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Preface

This textbook introduces a new approach to teaching an introductory course
in abstract algebra. This text can be used for either an undergraduate level
course, or a graduate level sequence. The undergraduate students would only
cover the the basic material on groups and rings given in chapters 1-4 and 9-
12. A graduate level sequence can be implemented by covering group theory in
one semester (chapters 1-8), and covering rings and fields the second semester
(chapters 9-15). Alternatively, one semester could cover part of the group
theory chapters and part of ring theory, while the second semester covers the
remainder of the book.

This text covers many graduate level topics that are not in most standard
introductory abstract algebra courses. Some examples are semi-direct prod-
ucts (section 6.4), polycyclic groups (section 8.3), solving Rubik’s Cube=-like
puzzles (section 8.4), and Wedderburn’s theorem (section 13.4). There are
also some problem sequences that allow students to explore interesting topics
in depth. For example, one sequence of problems outlines Fermat’s two square
theorem, while another finds a principal ideal domain that is not an Euclidean
domain. Hopefully, these extra tidbits of information will satisfy the curiosity
of the more advanced students.

What makes this book unique is the incorporation of technology into an
abstract algebra course. Either Mathematica® or GAP (Groups, Algorithms,
and Programming) can be used to give the students a hands-on experience
to groups and rings. It is recommended to use at least one of these in the
classroom. (GAP is totally free. See the section “Mathematica vs. GAP” for
more information about both of these programs.) Every chapter includes sev-
eral interactive problems that have the students use these programs to explore
groups and rings. By doing these experiments, students can get a better grasp
of the topic. However, there are plenty of non-interactive problems as well,
so the instructor can choose not to force students into using these programs.
The exception to this is in section 3.2, since the RSA encryption requires a
computer program of some kind.

But in spite of the additional technology, this text is not short on rigor.
There are still all of the classical proofs, although some of the harder proofs
can be shortened with the added technology. For example, Abel’s theorem
is much easier to prove if we first assume that the 60-element group As is
simple, which Mathematica or GAP can verify in the classroom in less than a
second. In fact, the added technology allows students to study larger groups,
such as some of the Chevalley groups.
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xiv Preface

This text has many tools that will aid the students. There is a symbols ta-
ble, so if a student sees an unfamiliar symbol, he can look up the description
in this table, and see where this symbol is first defined. The answers to the
odd-numbered problems are in the back, although the proofs are abbreviated.
There is an extensive index that not only lists the relevant pages for a partic-
ular terminology, but also highlights the page where the term is first defined.
A list of tables and figures allows students to find a multiplication table for a
particular group or ring.
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Mathematica® vs. GAP

This textbook incorporates either GAP or Mathematica to help students
visualize the important concepts of abstract algebra. It is recommended that
one of the two programs be used with the book, but it is not necessary to
have both. This section compares the two programs, and gives instructions
for how to use these programs with the files on the included CD.

Mathematica is a symbolic manipulator package published by Wolfram Re-
search, Inc. That is, it is a general purpose mathematical program used by
scientists, engineers, and analysts. Its main feature that sets it apart from
other symbolic manipulators is the graphics capabilities. In Mathematica 7.0,
one can plot a 3-dimensional object, then use the mouse to rotate the object
in three dimensions to see it from all possible angles.

GAP, on the other hand, has no graphics capabilities. It operates in a DOS
window (or UNIX) and hence cannot display anything besides the letters
that are typed on a keyboard. GAP stands for “Groups, Algorithms, and
Programming,” and is a system designed for computational work in abstract
algebra. Hence, GAP is a natural program to use with an abstract algebra
course.

Mathematica, however, was never designed to work problems involving ab-
stract algebra. This is only possible via the two included packages “group.m”
and “ring.m.” The first of these is used for the first eight chapters of the
text, while the other is used in the remaining chapters. Both files are in the
“math” folder on the CD provided with this book. These are just two of the
supporting files that are needed to use Mathematica or GAP with this text-
book. These two files allow Mathematica to work with groups a fluently as
GAP.

However, GAP has a big advantage over Mathematica—it is totally free.
GAP is open source, which means that the source code is available to anyone
who wishes to contribute to its vast library of abstract algebra operations.
The current version of GAP can be downloaded from

http://www.gap-system.org

This textbook requires at least version 4.4.12 (December 2008). All of the
outputs in this textbook use this version. Later versions may have slight
differences, such as the order in which the terms appear, but this will not
affect the functionality.

Mathematica is not free, but price information can be obtained from

xxiii
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http://www.wolfram.com

However, this book includes a 30-day Mathematica product trial. To download
your trial, go to

http://www.wolfram.com/books/resources

and enter the license number below to be guided through the installation
process.

Trial license number: L3272-0591

There is also a free Mathematica Player available from Wolfram, which will
be able to open the notebooks provided with this textbook. However, one
cannot execute any of the Mathematica commands with Mathematica Player.
Those who are using GAP might consider downloading Mathematica Player,
and directly opening the notebooks in the “math” folder on the CD to view
some of the graphics that are unable to be displayed in GAP.

IMPORTANT: In order to use either GAP or Mathematica for this text-
book, you will also need to install the supporting files into your computer.
Simply put the CD provided into the computer, and the installation program
should start running. If this program does not start automatically in any of
the Windows versions, click on the “Start” icon, and select “Run.” At this
menu, select “Browse.” and find the drive for the CD, and select the file
“AbstractAlgebraSetup.exe.” Hit “OK” to start the setup program running.
Follow the instructions to install either the Mathematica or GAP support-
ing files, or both, onto the computer. Another option would be to copy the
“math” and/or “gap” folders directly from the CD to the computer. This
method will work in any operating system. Note that this only loads the
supporting files, so you will also have to install Mathematica or GAP systems
as well.

Once the supporting files have been installed, then one of the packages can
be loaded into Mathematica with either of the two commands:

<< c:\math\group.m

<< c:\math\ring.m

This will only have to be done once in each Mathematica session.

Also in the supporting files are the 15 Mathematica notebooks “group01.nb”
through “group08.nb,” and “ring09.nb” through “ringl5.nb” which corre-
spond to the 15 chapters of the book. These notebooks allow a student to
walk through the examples in the book, along with other similar examples.
Included in these notebooks are all the theorems and proofs in the textbook.

The corresponding package for GAP, textbook.g, is in the “gap” folder on
the included CD. Once the supporting software from the CD has been loaded
to the computer, the GAP command


http://www.wolfram.com
http://www.wolfram.com/books/resources
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gap> Read("c:/gap/textbook.g");

will load the main package into the GAP session. As with Mathematica, this
package must first be loaded into GAP before any other of the commands in
this textbook will work.

Another of the supporting software files, “newrings.g” written by Alexander
Hulpke, is used in chapters 9 through 15. This package is automatically
loaded, if needed, when “textbook.g” is loaded. Future versions of GAP will
have this library package incorporated into the program. Unlike Mathematica,
GAP does not use notebooks, so all GAP commands shown in the textbook
must be typed in manually. (Not even copying and pasting will work.)

Both of the programs are interactive systems. Every expression that one
types into the computer is immediately evaluated, and the result is shown.
This is known as a read-evaluate-print loop. For example, when GAP is
first run, there will be a banner displayed, followed (eventually) by the GAP
prompt

gap>
To enter an expression into GAP, simply end the expression with a semi-
colon (;) and press the enter key.

gap> 3790;
2252963568087712425891397479476727340041449

GAP echoes the answer on the next line, showing that GAP can handle
numbers of enormous size. GAP then shows a new prompt to indicate that it
is ready for the next problem. From now on, the textbook will not show this
additional prompt.

Commands are entered into Mathematica a slightly different way. When
the Mathematica program first opens, there are no prompts, but you can type
anywhere into the “Untitled-1” window. Do not hit the enter key just yet.

3790

Instead of ending with a semi-colon, hold down the Shift key while pressing
the Enter key. Two things will happen: first a “In[1] :=” will appear in front
of the expression you entered, and also the result will be displayed

In[1] := 3790
Out[1]):= 8727963 568 087 712 425 891 397 479 476 727 340 041 449

Mathematica will number all of the input and output statements, but the
prompt does not appear until after some expression is entered. Because of
this, the “In[n]:=” and “Out[n]:=" are not shown in the textbook.

Had we put a semi-colon in Mathematica before pressing the Shift-Enter, we
would get a different effect. It computes the expression, but does not display
the answer. For example, entering
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a = 37900;

in Mathematica will assign the variable a a 430 digit number, but will not
display this number. To get this same effect in GAP, two semi-colons are
needed.

gap> a := 37900;;

Here is another difference between GAP and Mathematica. In Mathematica,
the equal sign is used to assign an expression to a variable, whereas in GAP
this is done with the := combination, with no space between the colon and
the equal sign.

In both programs, a variable is a sequence of letters and or digits, including
at least one letter. Mathematica insists that the variable name start with a
letter, which is a good practice to avoid confusion. Both programs are case
sensitive, so a is a different variable than A. Keywords, such as if or quit, are
not allowed as variables, but the list of keywords is too long to give here. None
of the lower case letters are keywords, so we can safely use the 26 variables a
through z.

Unlike GAP, Mathematica is able to have notebooks corresponding to each
chapter. By clicking on “File” and then sliding down to “Open,” one can
locate one of the 15 notebooks with the .nb extension in the c:\math directory.
When the notebooks are first opened, none of the “In[n] :=” or “Out[n] :="
will be present. This is because none of these commands has been executed
in this particular session of Mathematica. The first command at the top will
be the initialization, which will load either group.m or ring.m, which as we
mentioned before must be done first. Click on the bold-face command to
have the cursor on this command (it doesn’t have to be at the end) and press
Shift-Enter. Now the “In[l] := ” will appear, showing that this command
has been executed. All other bold-face commands can be executed the same
way. It is suggested that this be done in the order that they appear, but there
is nothing to prevent executing the statements in any order, or executing a
statement more than once. The “In[n] :=” and ”Out[n] :=" will show which
commands have been run and in what order. Just because there is an output
displayed for some input does not mean that this input has been executed.
For example, if the notebook displays

a=3"90
8727963 568 087 712 425891 397 479 476 727 340 041 449

b

and there is no “In[n] :=” in front of the line, then the value of a will still be
undefined even though the output is already displayed. This output is from a
previous session of Mathematica, and all variables are reset at the beginning
of each session. So for a to be given the value of 3%, this must be re-evaluated
using the Shift-Enter. Mathematica will then evaluate 3% and of course come

up with the same answer, but this time a “Out[n] :=” will appear in front of
the answer to show that it has been executed.
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Mathematica does not automatically expand an expression, although it
might rearrange the factors and terms.

(x7243x-1)(x"2—2x+4)
(4 — 22 + 22) (=1 + 3z + 2?)

Because we have not yet assigned a value to z, Mathematica assumes that it
is an indeterminate, so that it expresses the answer in terms of z. Also note
that Mathematica assumes that a number and letter next to each other are
to be multiplied together. In GAP, we must explicitly use the * for every
multiplication.

gap> (x72+3*x-1) *(x"2-2*x+4) ;
Variable: ’x’ must have a value

This time, get an error message, since GAP has not been told what x is
yet. Unlike Mathematica, GAP must have something assigned to a variable
in order to use it. If we want = to be an unknown quantity, or indeterminate,
we must assign to the variable z an indeterminate form. Basically, this tells
GAP that z is to be treated as an unknown quantity, but of a certain type.
In this case, we will suppose that x is an unknown rational number. (GAP is
not able to work with general real numbers—more about this later.) While
we are at it, we can tell GAP how this variable is to be displayed.

gap> x := Indeterminate(Rationals,"x");
b

gap> (x"2+3%x-1)*(x"2-2%x+4) ;
X"4+x73-3*x"2+14*x-4

GAP will automatically expand the expression. In order to do this in Math-
ematica, the Expand function is necessary.

Expand[%)]

—4 + 142 — 32% + 23 + 2*
Factor[%]

(4 — 22 + 22) (=1 + 3z + 2?)

Note that Mathematica uses the percent sign (%) as an abbreviation for
the last output. The corresponding GAP abbreviation is last.

gap> Factors(last);
[ x"2-2%x+4, x"2+3*x-1 ]

Here is another syntax difference between GAP and Mathematica: GAP
uses parentheses for functions, as the standard notation, but Mathematica
uses square brackets for functions. GAP mainly uses the square brackets for
lists, so the output shows a list of the factors.
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Note that we defined x to be a rational variable, not a real variable. The
truth is, GAP never works with real numbers or decimals. Since GAP is only
designed for working with groups, rings, and other similar objects, there is no
need for decimals. This means that all calculations done in GAP are exact.
Most calculations in Mathematica are also exact, but you do have the option
of finding a decimal approximation. For example, the first 50 digits of /2 are

N[Sqrt[2],50]
1.4142135623730950488016887242096930785696718753769

We get a surprise when we try to find v/2 in GAP:

gap> Sqrt(2);
E(8)-E(8)"3;

GAP puts the answer in terms of a number eg, which we will cover in
section 11.3. Other common irrational numbers, such as 7, cannot be entered
into GAP at all! This is only because of the specialized nature of the GAP
program.

Both GAP and Mathematica will point out any mistakes in the input line.
For example, if one types

gap> y := Indeterminate(Integers, "y");
y

gap> (y+2) (y+4);
Syntax error: ; expected
(y+2)£y+4);

GAP will realize a mistake, and point to the error with an arrow (7). GAP
will try to read your mind as to your intentions, and apparently GAP thought
that we were trying to input two expressions on the same line, separated by
a semi-colon. But in fact, we forgot the multiplication symbol. Rather than
retyping the line, we can press the up arrow key (or Ctrl-P) and the last line
will be redisplayed with the error. We then can use the arrow keys (or Ctrl-B
and Ctrl-F) to get to the erroneous location and fix the problem.

gap> (y+2)*(y+4);
yT2+6*y+8

Occasionally, GAP will encounter an error that it cannot handle, and enter
into a break loop. After a fairly long error message, a special prompt brk>
appears. This prompt is very useful for debugging the program to find just
where the error occurred and why, but for our purposes the best thing to do
is to enter quit; at the break prompt, and we will return to the place before
the error. Entering quit; at the gap> prompt will exit the program.

The most common error message of this type is the “no method found!”
error, which is at first rather cryptic.
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gap> (4 = 3) * 2;

Error, no method found!

For debugging hints type 7Recovery from NoMethodFound

Error, no 1st choice method found for ‘PROD’ on 2 arguments
called from <function>( <arguments> ) called from read-eval-loop
Entering break read-eval-print loop ...

you can ’quit;’ to quit to outer loop, or

you can ’return;’ to continue

brk>

This error means that GAP tried to perform some operation on an object
whose type did not match the operation. In this case, GAP simplified the
expression in the parentheses first. A standard equal sign is used to test
whether two objects are equal, and since 4 and 3 are obviously not equal, this
simplified to false. But then GAP tried to calculate false * 2, and looked
through the libraries to see if there is any method to multiply an integer with
false. Obviously, there is no such method, hence the error message.

The way to recover from this is to first type in quit; to get out of the break
loop, then fix the mistake.

brk> quit;
gap> (4 + 3) * 2;
14

The same typo also produces an error in Mathematica, but for a different
reason.

(4=3) *2
6

Mathematica returns an answer, but also displays a strange message,
“Set::setraw : Cannot assign to raw object 4. >"

in a separate Messages window. Because the equal sign in Mathematica is
used to assign a value to a variable, Mathematica thinks we are trying to
assign the value 3 to the number 4, which of course cannot be done. But
besides this, this value of 3 is multiplied by 2 to get the answer displayed.

Ironically, had we used a double equal sign, the Mathematica command
would not have produced an error.

(4 ==3) *2
2 False

The double equal sign is used in Mathematica to test if two expressions are
equal. Unlike GAP, Mathematica sees no problem in symbolically multiplying
False with an integer.

Other features of the two programs will be introduced in the textbook as the
need arises. With a little practice, you will find both programs are relatively
easy to use.
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Chapter 1

Understanding the Group Concept

1.1 Introduction to Groups

To help introduce us to the concept of groups, let us meet a triangle whose
dance steps give us the first example of a group. Terry the triangle is a simple
looking three-colored triangle that appears by the Mathematica® command

ShowTerry

Terry can perform the dance steps listed in table 1.1. Although Mathematica
animates these dance steps, one can understand the six steps without Math-
ematica by observing scenes in figure 1.1, taken from the animation close to
the completion of each step.

Terry can combine these dance steps to form a dance routine. But in any
routine, the ending position of the triangle is the same as that of performing
just one dance step. Thus, when the triangle gets “lazy,” it can perform just
one dance step instead of several. For example, a FlipRt followed by a Spin

TABLE 1.1: Terry’s dance steps

RotRt  rotate clockwise 120 degrees.

RotLft rotate counterclockwise 120 degrees.

Spin spins in three dimensions, keeping the top fixed.
FlipRt flips over the right shoulder.

FlipLft flips over the left shoulder.

Stay does nothing.
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RotRt RotLft

FlipRt FlipLft Stay

FIGURE 1.1: Scenes from Terry’s animated dance steps

TABLE 1.2: Multiplication table for Terry’s dance steps
Stay FlipRt RotRt FlipLft RotLft Spin

Stay Stay FlipRt RotRt FlipLft RotLft Spin
FlipRt | FlipRt Stay FlipLft  RotRt Spin RotLft
RotRt | RotRt Spin RotLft  FlipRt Stay FlipLft
FlipLft | FlipLft RotLft Spin Stay FlipRt  RotRt
RotLft | RotLft FlipLft Stay Spin RotRt  FlipRt

Spin Spin RotRt  FlipRt RotLft FlipLft Stay

puts Terry in the same position as a RotLft. These dance steps are combined
using the “multiplication table” in table 1.2.
The Mathematica commands that generated this table are

InitTerry;
MultTable[{Stay, FlipRt, RotRt, FlipLft, RotLft, Spin}]

whereas the corresponding GAP commands are

gap> Read("c:/gap/textbook.g");

gap> InitTerry();

[ Stay, FlipRt, RotRt, FlipLft, RotLft, Spin ]
gap> MultTable(Terry);

* |Stay FlipRt  RotRt FlipLft RotLft Spin
_______ +____________________________________________________
Stay |Stay FlipRt  RotRt FlipLft RotLft Spin
FlipRt |FlipRt  Stay FlipLft RotRt Spin RotLft
RotRt |RotRt Spin RotLft FlipRt Stay FlipLft
FlipLft|FlipLft RotLft Spin Stay FlipRt  RotRt
RotLft |RotLft  FlipLft Stay Spin RotRt FlipRt

Spin |Spin RotRt FlipRt RotLft  FlipLft Stay
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which produce an ASCII facsimile of the table. In both these tables, the first
dance steps are on the left, and the second dance steps are on the top, so one
can use the table to see that FlipRt - Spin = RotLft.

We can notice several things from these dance steps:

1.

The order in which the dance steps are performed are important. For
example, Spin - FlipRt # FlipRt - Spin.

. The combination of any two dance steps is equivalent to one of the six

dance steps. In other words, there are no “holes” in table 1.2.

The order in which a dance routine is simplified does not matter. That
is,

z-(y-z)=(x-y) =2

where z, y, and z represent three dance steps.

. Any dance step combined with Stay yields the same dance step. This

is apparent by looking at the row and column corresponding to Stay in
table 1.2.

. Every dance step has another dance step that “undoes” it. That is, for

every x there is a y such that x - y = Stay. For example, the step that
undoes RotRt is RotLft.

We will use the following mathematical terminology to express each of these
properties:

1.

2.

3.

4.

5.

The dance steps are not commutative.

The dance steps are closed under multiplication.
The dance steps are associative.

There is an identity dance step.

Every dance step has an inverse.

With just these properties, we are able to prove the following.

PROPOSITION 1.1
If y is an inverse of x, then x is the only inverse of y.

PROOF Let z be any inverse of y. Consider the product z-y-z. According
to the associative property,

z-(y-z)=(x-y) 2
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On the left side, we see that y - z is an identity element, so - (y-z) = z. But
on the right side, we find that z - y is an identity element, so (z -y) -z = z.
Therefore, x = z, and so « is the only inverse of y.

Notice that we did not yet assume that the inverses are unique, or even that
there is only one identity element. However, these facts immediately follow
from proposition 1.1. (See problems 1.8 and 1.9.)

DEFINITION 1.1 We use the notation 2! for the unique inverse of the
element x.

Proposition 1.1 can now be expressed simply as (z7!)~! = 2. This raises
the question as to whether other familiar exponential properties hold. For
example, does (z - y)~! always equal =1 - y=1?

gap> (FlipRt*Spin)“-1 = (FlipRt"-1)*(Spin~-1);
false

1 1 -1

Apparently (z - y)~"' is not always equal to z7% - y~!. Yet it is not hard to
determine the correct way to simplify (x - y)~*.

PROPOSITION 1.2

(x-y) =y a2l

PROOF  Since the inverse (z - y)~! is the unique dance step z such that

(z-y)- = = Stay,

1

it suffices to show that y~! - z~! has this property. We see that

—1 1

(z-y) - o H=2-(y-y )27 =2 -Stay -2~ =x-27! = Stay.

So(z-y)t=y - z7h I

Another pattern of the multiplication table of the dance steps is that each
row and each column in the interior part of the table contain all six dance
steps. For example, RotRt appears only once in the row beginning with
Spin. That is, there is only one solution to Spin - x = RotRt. We can show
why this pattern holds in general using inverses.

PROPOSITION 1.3
If a and b are given, then there exists a unique x such that

a-x=b.
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PROOF  Suppose that there is an x such that a -z = b. We can multiply
both sides of the equation on the left by a=' to give us

al (a-2)=a"t" b

Then
(e a)-z=a""' b

Stay -z =a"!-b.

So
z=a"1-b

Thus, if there is a solution, this must be the unique solution © = a~! - b. Let
us check that this is indeed a solution.

a-(at-b)=(a-a"')-b=Stay-b=b.
Thus, there is only one solution to the equation, namely a ' - b. I

This last proposition, when combined with problem 1.10, shows that the
interior of the multiplication table forms a “Latin square.” A Latin square is
a formation in which every row and every column contain each item once and
only once. The Latin square property is easy to check visually.

Even though there are very few of Terry’s dance steps, we already can see
some of the patterns that can appear when we consider the multiplication of
these dance steps. In the next section, we will consider another operation that
has many of the same patterns.

1.2 Modular Arithmetic

We have already seen that one operation, namely the combination of Terry’s
dance steps, turns out to have some interesting properties such as the Latin
square property. In this section we will find some other operations that have
this same property. These will involve the modulus of a number, and so we
must study the arithmetic on numbers modulo n.

The simple definition of the modulus of a number is the last digit of the
number when written in base n. We can also consider the modulus of a number
to be the remainder when that number is divided by n. Two numbers are
considered equivalent modulo n if the modulus of the numbers are the same.
The official definition is as follows.

DEFINITION 1.2
z =y (Mod n)
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if, and only if, there is an integer k£ such that

(x —y) =kn.

We first consider adding numbers together modulo 10. That is, after each
addition, we only consider the last digit of the result. The command

DefSumMod[10]

loads this new type of arithmetic into Mathematica. The period is then used
to add together to numbers from the set {0,1,2,3,4,5,6,7,8,9} modulo 10.
Although it seems strange to use the period instead of the plus sign, for
consistency Mathematica always uses the period for the operator, whatever
operation that operator performs. GAP can also be used to explore addition
modulo 10.

gap> (6 + 7) mod 10;

3
gap> (9 + 8) mod 10 = (8 + 9) mod 10;
true

The table for this operation on the set {0,1,2,3,4,5,6,7,8,9} is given by
gap> MultTable([0..9]);
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The corresponding Mathematica command would be

DefSumMod[10]
MultTable[{0,1,2,3,4,5,6,7,8,9}]

Notice that we still call this a “multiplication table” even though the operation
is closer to addition. Only in GAP can we use the abbreviation [0..9] for
the list [0,1,2,3,4,5,6,7,8,9]. Also, GAP uses context to determine that
we are to add modulo 10.

Having the table for addition modulo 10, we are able to establish the fol-
lowing properties:

1. For any two numbers z and y in {0, 1,2,3,4,5,6,7,8,9}, x-y is in the set.
(Recall that we are using the dot to indicate the operation, regardless
of what that operation is. In this example, the operation is addition
modulo 10.)
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2. (x-y)-z=x-(y-2) for any z, y, and z.
3. x-0==zxand 0-x =z for all x.

4. For any z, there is a y such that = -y = 0.
5 Forany z and y, z -y =y - z.

This operation can also be pictured by means of circular graphs. The Math-
ematica command

G=1{0,1,23,4,5,6,7,8, 9}
CircleGraph[G, Add[1] ]

5

CircleGraph[G, Add[4]] CircleGraph[G, Inv]

FIGURE 1.2: Circle graphs for (Mod 10) arithmetic

gives us the first picture in figure 1.2, which draws an arrow from each point
to the point given by “adding 1 modulo 10.” Figure 1.2 also shows what
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happens if we replace the 1 with 3 or 4. We get different looking graphs, but
all with the same amount of symmetry. The Mathematica command

CircleGraph[G, Add[1],Add[2],Add[3],Add[4],Add[5] ]

combines several of these circular graphs together, each drawn in a different
color. The last picture in figure 1.2 shows the additive inverse of each digit.
This was created with the command

CircleGraph[G, Inv]

Of course, we could do these same experiments by considering addition
modulo n with any other base as well as n = 10. The patterns formed by the
circular graphs are very similar. But we can also consider the operation of
multiplying modulo n. The Mathematica command

DefMultMod[7]

defines the period to be multiplication modulo 7. The multiplication table
of this new operation has similar properties as the table of dance steps for
the triangle, especially if we removed the 0 and only considered the digits
{1,2,3,4,5,6}. The identity element is 1, and each of the numbers has an
inverse. The GAP command

gap> MultTable([1..6]);

x[1 2 3 4 5 6
111 2 3 4 5 6
212 4 6 1 3 5
3]13 6 2 5 1 4
44 1 5 2 6 3
5|15 3 1 6 4 2
616 5 4 3 2 1

displays the multiplication table.

But when we try using a different base, we get a surprise. To display
the multiplication table for (Mod 10) arithmetic, we can either use the GAP
command MultTable([1..9]), or the Mathematica commands

DefMultMod|[10]
Mult Table[{0,1,2,3,4,5,6,7,8,9}]

to produce a table similar to table 1.3. We find several rows that do not
contain any 1’s. These rows indicate the numbers without inverses modulo
10. Only 1,3,7, and 9 have inverses. If we try this using 15 instead of 10, we
find only 1,2,4,7,8,11,13, and 14 have inverses.

But what if we consider the multiplication table of just those numbers that
have inverses modulo 157 We can use either the Mathematica commands

DefMultMod[15]
MultTable[{1, 2, 4, 7, 8, 11, 13, 14}]
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TABLE 1.3: Multiplication (Mod 10)

0o 1 2 3 4 5 6 7 8 9
0ojo 0 o 0 0 0O 0 0 O O
110 1 2 3 4 5 6 7 8 9
2|10 2 4 6 8 0 2 4 6 8
3]0 3 6 9 2 5 8 1 4 7
410 4 8 2 6 0 4 8 2 6
5/0 5 0 5 0 5 0 &5 0 5
6/ 0 6 2 8 4 0 6 2 8 4
710 v 4 1 8 5 2 9 6 3
8|0 8 6 4 2 0 8 6 4 2
910 9 8 7 6 5 4 3 2 1

TABLE 1.4: Invertible elements (Mod 15)
1 2 4 7 § 11 13 14

1 1 2 4 7 § 11 13 14

2 2 4 § 14 1 7 11 13

4 4 8 1 13 2 14 7 11

7 7T 14 13 4 11 2 1 8

8 8 1 2 11 4 13 14 7
11 | 11 7 14 2 13 1 8 4
13 |13 11 7 1 14 8 4 2
14 114 13 11 8 7 4 2 1

or the GAP command MultTable([1,2,4,7,8,11,13,14]); to produce ta-
ble 1.4. Once again, many of the same patterns are found that were in for
Terry’s multiplication, namely:

1. For any two numbers z and y in {1,2,4,7,8,11,13,14}, x - y is in that
set.

2. (x-y)-z=x-(y-2) for any z, y, and z.
3. z-1=zand 1 -z =z for all .

4. For any z, there is a y such that x -y = 1.
5. Forany z and y, z -y =y - x.

We can generalize these patterns to multiplication modulo n for any n.
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PROPOSITION 1.4

For n a positive integer greater than 1, let the dot () denote multiplication
modulo n. Let G be the set of all non-negative numbers less than n that have
inverses modulo n. Then the set G has the following properties:

1. For any two numbers x and y in G, x -y is in G.

2. (x-y)-z=x-(y-2) for any z, y, and z.

8. x-1=1-2==x for all .

4. For any x that is in G, there is a y in G such that x -y = 1.

5 Foranyzxz andy, z-y=1y- .

PROOF  Properties 2, 3, and 5 come from the properties of standard
multiplication.
Property 1 comes from proposition 1.2. If z and y are both invertible, then
y~! -2z~ !is an inverse of z - y, and so x - y is invertible modulo n.
Property 4 seems obvious, since if x is invertible modulo n, we let y = =
making x -y = 1. But we must check that y is also invertible, which it is since

y_1 =z

1

Of course, this does not tell us which of the numbers less then n have
inverses modulo n. To answer this question, we must first explore the prime
factorizations of numbers, and properties that this imposes onto the integers.

1.3 Prime Factorizations

In this section we will explore the basic properties of integers stemming
from the prime factorizations. We will denote the set of all integers,

{...,-3,-2,-1,0,1,2,3,.. .}

by the stylized letter Z. This notation comes from the German word for
number, Zahl. Many of the properties of factorizations refer only to positive
integers, which are denoted Z*.

We define a prime as an integer that has only two positive factors: 1 and
itself. This definition actually allows negative numbers, such as —5, to be
prime. Although this may seem to be a nonstandard definition, it agrees
with the generalized definition of primes defined in chapters 10 and 12. The
numbers 1 and —1 are not considered to be prime. The familiar property
of primes is that any integer greater than 1 can be uniquely factored into a
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product of positive primes. The uniqueness aspect of this statement will be
proven in chapter 12, in a much more generalized context. We will begin by
proving that every large number has at least one prime factor.

LEMMA 1.1
Every number greater than 1 has a prime factor.

PROOF Suppose that some number greater than 1 does not have a prime

factor. Then there is a smallest such number, called n. Then n is not prime,
otherwise n would have a prime factor. Then by definition, n must have a
positive divisor besides 1 and n, say m. Since 1 < m < n, and n was the
smallest number greater than 1 without a prime factor, m must have a prime
factor, say p. Then p is also a prime factor of n, so we have a contradiction.
Therefore, every number greater than 1 has a prime factor.

The proof of lemma 1.1 introduces an important strategy in proofs. Notice
that to prove that every number greater than 1 had a prime factor, we assumed
just the opposite. It was as if we admitted defeat from the very beginning!
Yet from this we were able to reach a conclusion that was absurd—a number
without a prime factor that did have a prime factor. This strategy is known as
reductio ad absurdum, which is Latin for “reduce to the absurd.” We assume
what we are trying to prove is actually false, and proceed logically until we
reach a contradiction. The only explanation would be that the assumption
was wrong, which proves the original statement.

In problem 1.33, you will be asked to use lemma 1.1 to prove that every
positive integer can be written as a product of primes. The Mathematica
command for finding the prime factorization of an integer is

FactorInteger[420]

12,23, {3, 1}, {5, 1}, {7, 1}}
whereas the gap command is

gap> FactorsInt(420);
[2,2,3,5, 7]

Mathematica lists the primes, along with how many times that prime divides
the number. GAP, on the other hand, can list the same prime several times.
As long as the integers are less than about 40 digits long, neither program
should have any trouble factoring them. However, integer factorization is
a difficult problem even with modern technology. For both programs, the
amount of time required is proportional to the square root of the second
largest prime in the factorization. [14, p. 133]

The prime factorizations lead to an important question. Is there a largest
prime number? The Greek mathematician Euclid answered this question us-
ing reductio ad absurdum in the third century B.C. [11, p. 183]
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THEOREM 1.1: Euclid’s Prime Number Theorem
There are an infinite number of primes.

PROOF  Suppose that there are only a finite number of prime numbers.
Label these prime numbers

p1:27 p2:37 p3:5a RS Pn-
Now consider the number
m=(2-3-5-7-11-13-+-p,) +1

This number is odd, so it cannot be divisible by 2. Likewise, m is one more
than a multiple of 3, so it is not divisible by 3. In this way we see that m
is not divisible by any of the prime numbers. But this is ridiculous, since m
must have a prime factor by lemma 1.1. Thus, the original assumption that
there is a largest prime number is false, so there are an infinite number of
prime numbers.

We define the greatest common divisor (GCD) of two numbers to be the
largest integer that divides both of the numbers. If the greatest common
divisor is 1, this means that there are no prime factors in common. We
say the numbers are coprime in this case. We can use Mathematica’s GCD
function or GAP’s GedInt function to quickly test whether two numbers are
coprime without having to factor them.

GCDJ[138153809229555633320990299469,
145730407810127891189961221324529]

gap> GcdInt (138153809229555633320990299469,
> 145730407810127891189961221324529) ;
1

There is an important property of the greatest common divisor, given in the
following theorem.

THEOREM 1.2: The Greatest Common Divisor Theorem
Given two positive integers x and y, the greatest common divisor of x and y
18 the smallest positive integer which can be expressed in the form

uxr + vy

with u and v being integers.

PROOF Let A denote the set of all positive numbers that can be expressed
in the form w - x 4+ v - y. Note that both x and y can be written in the form
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u-x +v-y, so we can consider the smallest positive number n that can be
written in the form u -z + v -y. Note that GCD(z,y) is a factor of both x
and y, so GCD(z,y) must be a factor of n.

Next, consider the number

k=xz Modn) with 0<k<n.

Then k = x + nr for some number r. But n = ux 4+ vy for some numbers u
and v. Thus,

k=x+ (ux +vy)r = (1 +ru)z + (rv)y,
so k is in A. But since n is the smallest positive integer in A, k cannot be
equivalent (Mod n) to any number less than n, other than 0. Thus,

=0 (Mod n).

Therefore, n is a divisor of z. By a similar reasoning, n is also a divisor of .
Thus, n is a common divisor of z and y, and since the GCD(x, y) is in turn a
divisor of n, n must be equal to GCD(z, y).

We can find the numbers u and v from the greatest common divisor theorem
(1.2) using either Mathematica or GAP. The Mathematica command

ExtendedGCD[105, 196]
{73 {_137 7}}

gives the GCD to be 7, and also says that v = —13 and v = 7 will satisfy
theorem 1.2, so (—13)-105+7-196 = 7. The corresponding GAP commands

gap> GcdInt(105,196);

7

gap> Gcdex(105,196) ;

rec( ged := 7, coeffl := -13, coeff2 := 7, coeff3 := 28,
coeffd := -15 )

give even more information. The u and v are given by coeffl and coeff2,
giving the same result as Mathematica, but GAP gives two more numbers
that can be added (or subtracted) to u and v to produce different answers.
Thus, v = —134+ 28 = 15 and v = 7 + (—15) = —8 is another solution.

In the last section we found that the invertible elements modulo n had
many of the properties of Terry’s dance steps. We now can determine which
numbers less that n have a multiplicative inverse modulo n.

PROPOSITION 1.5
Letn be in Z™. Then for x between 0 and n—1, x has a multiplicative inverse
modulo n if, and only if, © is coprime to n.
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PROOF If z and n are not coprime, then there is a common prime factor
p. In order for x to have a multiplicative inverse, there must be a y such that

z-y=1 (Mod n)

But this means that zy = 1 4+ wn for some w. This is impossible, since xy is
a multiple of p, but 1 4+ wn is one more than a multiple of p.

Now suppose that x and n are coprime. By the greatest common divisor
theorem (1.2), there are u and v in Z such that

ux +vn = GCD(z,n) = 1.

But then
ur =14 (—v)n,

and so u -2z =1 (Mod n). Hence, u is a multiplicative inverse of x. I

There is another property of modular arithmetic involving coprime numbers
that will be used often throughout the book, known to the ancient Chinese.

THEOREM 1.3: The Chinese Remainder Theorem
Ifu and v in Z* are coprime, then given any x and y in Z, there is a unique
k in Z such that

0<k<u-wv,

k=2 (Mod w),
and

k =y (Mod v).

PROOF TIronically, the way that we will show that there is such a number
is to show that there cannot be more than one such number!

Suppose we have two different numbers, k and ¢, which satisfy the above
conditions. Then

k—q=0 (Mod u) and k—q=0 (Mod v).

Thus, k— ¢ must be a multiple of both v and v. But since v and v are coprime,
the least common multiple of u and v is u-v. Thus, k — ¢ is a multiple of u - v.

However, both k£ and q are less then u - v. So the only way this is possible
is for £ — ¢ = 0, which contradicts our assumption that k£ and g were distinct
solutions.

Thus, we have shown that there cannot be more than one value for k. But
how does that help us prove that there must be such a k7 Notice that for any
number k,

k (Mod u)
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can have u possible values, from 0 to v — 1. Also,
k (Mod v)

can have v possible values, from 0 to v — 1. Thus, for any k, there are only
u - v possible values for the ordered pair

(k (Mod u), k (Mod v)).

What is shown above is that no two values of k£ between 0 and v-v — 1 can
give the same ordered pair. But there are exactly u - v such values of k.

Imagine having u - v “pigeonholes” labeled by these ordered pairs. If one
has u - v pigeons and u - v pigeonholes, and each pigeon goes into a pigeonhole
with no two pigeons going into the same hole, then every hole must be filled!

In the same way, since each of the u - v possible values of k£ produces one of
the u - v possible ordered pairs, and no two k’s can produce the same ordered
pair, each ordered pair must be produced by some (unique) value of k. And
this is what we wanted to prove.

This proof introduced a second technique to prove theorems, called the
pigeonhole principle. Whenever we have a mapping from n objects into n
other objects, and there are no duplications, then there must be a one-to-one
correspondence between the two sets of objects. This is an important principle
that we will use several times throughout this book.

Tronically, using the pigeonhole principle does not give us a way (short of
trial and error) of finding the value of k. However, there is a GAP command
that finds k given the 2 sets {u,v} and {z,y}:

gap> ChineseRem([125,81],[23,17]);
4148
gap> 4148 mod 125;

23
gap> 4148 mod 81;
17

1.4 The Definition of a Group

We are now ready to try to generalize the examples we have studied. We
will define a group abstractly using only the properties that all of our examples
had in common.

DEFINITION 1.3 A group is a set G together with an operation (-) such
that the following four properties hold:

1. (closure) For any z and y in G, z -y is in G.
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2. (identity) There exists a member e in G which has the property that
e-x=x-e=z for all z in G.

3. (inverse) For every x in G, there exists a y in G, called the inverse of x,
such that z -y = e.

4. (associative law) For any a, b, and ¢ in G, then (a-b)-c=a- (b-¢).

Terry’s dance steps give us the first example of a group, more commonly
referred to as the group of symmetries of a triangle, Ds.

The members of the group, whether they are numbers, dance steps, or
even ordered pairs, are called the elements of the group. The element e that
satisfies property 2 is called the identity element of the group.

The mathematical notation for an element x to be in a group G is

x € G.

Since propositions 1.1, 1.2, and 1.3 used only these four properties, the proofs
are valid for all groups, using the identity element e in place of the dance step
Stay.
Other examples of groups come from modular arithmetic. For n in ZT, we
considered the elements
{0,1,2,....,.n — 1},

with the operator () being the sum modulo n. This group will be denoted
L.

We also considered having the operator (-) denote the product modulo n,
and considered only the set of numbers less than n that are coprime to n.
Proposition 1.4 shows that this set also has the four properties of groups. We
will refer to this group by Z7.

The groups Z,, and Z} had a fifth property—the multiplication tables were
symmetric about the northwest to southeast diagonal. Not all groups have
this property, but those that do are important enough to give such groups a
special name.

DEFINITION 1.4 A group G is abelian (or commutative) if x -y =y -«
for all z,y € G.

Although these definitions appear to be ad hoc, in fact the four properties
of groups have been carefully chosen so that they will apply to many different
aspects of mathematics. Here are some important examples of groups that
appear on other contexts besides group theory:

Example 1.1
The set of integers Z, with the binary operation being the sum of two numbers.
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The identity element is 0, and —z is the inverse of x. This forms an abelian
group.

Example 1.2

Consider the set of rational numbers, denoted by Q. We will still use addition
for our binary operation. This is also an abelian group.

Example 1.3

Consider the set of all rational numbers except for 0. This time we will
use multiplication instead of addition for our group operation. The identity
element is now 1, and the inverse of an element is the reciprocal. This abelian
group will be denoted by Q*.

Example 1.4

Consider the set of all linear functions of the form f(z) = mx + b, with
m,b € R, m # 0. (The R represents the real numbers.) We multiply two
linear functions together by function composition. That is, if f(x) = mxz + b
and g(x) = nz + ¢, then

f-9=g9(f(x)) =n(mz+b)+c=(mn)x+ (nb+c).

Note that in f-g, we do f first, then g, so that it appears reversed in g(f(x)).
This group satisfies all of the group properties, but is not abelian. For ex-
ample, if f(x) = 2z + 3 and g(z) = 3z + 2, then f- g = g(f(x)) = 6z + 11,
whereas g - f = f(g(x)) =6z + 7. I

DEFINITION 1.5 The number of elements in a group G is called the
order of the group, and is denoted |G|. If G is has an infinite number of
elements, we say that |G| = oco.

Examples 1.1 though 1.4 have infinite order, and hence we cannot form mul-
tiplication tables for these groups. On the other hand, the smallest possible
group is given by the following example.

Example 1.5

Consider the group containing just the identity element, {e}. We can have
Mathematica give a multiplication table of this group by the following com-
mand:

InitGrouple];
MultTable[{e}]
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e

e (&

We call this group the trivial group. The last Mathematica command intro-
duces a new command—InitGroup[ ]. This command erases all previous
groups, and designates the new identity element. The command

ClearDefs
erases all groups, and returns the dot to its standard definition. I

It takes a bit more work to define the trivial group in GAP so that e is the
identity:

gap> f:=FreeGroup("e");;
gap> g:=f/[f.1];;

gap> e := g.1;;

gap> MultTable([e]);

*|e

_+_

ele

The meaning behind the command FreeGroup will be dealt with in section 2.2.

Note that sometimes the operator () means addition, sometimes it means
multiplication, and sometimes it means neither. Nonetheless, we can define
" to mean x operated on itself n times. Thus,

etc.

We want to formally define 2™ for any integer n. We let ¥ = e, the identity
element. We then define, for n > 0,

By defining the nth power in terms of the previous power, we have defined
2™ whenever n is a positive integer.
Finally, we can define negative powers by letting

"= (") ! if n>0.

This is an inductive definition, since it defines each power in terms of a pre-
vious power. This type of definition works well for proving simple propositions
about 2™.
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PROPOSITION 1.6
If x is an element in a group G, and m and n are integers, then

PROOF If m or n are 0, this proposition is very easy to verify:

m+0 mo_ em, m .0 :L,O—&-n . 1) sy 0 n

We will now prove the statement when m and n are positive integers. If n is
1, then we have

m+1l _ x(erl)fl . m 1

x z=a"- x,

using the inductive definition of the power of x.

We will now proceed by means of induction. That is, we will assume that
the statement is true for n = k — 1, and then prove that it is then true for
n = k. Then we will have that, since the statement is true for n = 1, and it
is true for each number that follows, it must be true for all positive n.

Thus, we will assume that

:L,m+(k:71) — ™. kfl.

But then

m-+k _ xm+k—1 . m k—1 k

x r=x" x cx=a™- 2",

Thus, by assuming the statement is true for n = k — 1, we found that it was
also true for n = k. By induction, this proves that z™*" m . g™ for all
positive n.

Once we have the statement true for positive m and n, we can take the
inverse of both sides to give us

(xm-‘rn)—l _ (.’IJ”>_1 . (xm)—l.

=T

But by the definition of negative exponents, this is

LM _ pmnmm

which, by letting M = —n and N = —m, proves the proposition for the case
of both exponents being negative.

Finally, if m and n have different signs, then (m + n) will either have the
same sign as —n, or the same sign as —m. If (m 4 n) has the same sign as
—n, then we have already shown that

m o _ x(m+n)+(—n) _ xm—&-n L

€T x

So we have 2™ - (z7")~t = ™t . x=". (7)1, and hence ™" = x™ . z".
If (m + n) has the same sign as —m, then we have already shown that

" = x(—m)-i—(m-‘rn) — ™. xm-‘rn.
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So we have (z=™)7 1. 2" = (z7™) - 2=™ . ™" and hence ™" = z™ . z".
Thus we have proven the proposition for all integers m and n. I

This last proof introduces an important method of proving theorems called
induction. Induction is based on the simple fact that if a set of positive
integers contains the number 1, and has the property that k£ is in the set
whenever k — 1 is, then the set must be all positive integers.

It is not hard to see why this must be true. If there were some positive
integer not in the set, then there must be a smallest positive integer k that
is not in the set. Since 1 is in the set, we see that k£ > 1, and since k is the
smallest number not in the set, k¥ — 1 must be in the set. But the property of
the set is that if £ —1 is in the set, then k also is. So we have a contradiction,
so there is no such k£, meaning the the set is indeed all positive integers.

This gives us a powerful tool for proofs. In fact, we really do not need to
introduce the variable k. To prove a statement for all positive integers n, we
can first prove the statement is true for n = 1, and then we can assume that
the statement is true for the previous case n — 1. This extra information often
gives us the leverage we need to be able to prove the statement is true for n.
Here is another example of the use of induction.

PROPOSITION 1.7

If x is an element in a group G, and m and n are in Z, then

(xm)n _ ir(mn) .

PROOF Notice that this statement is trivial if n = 0 and n = 1:
(xm)O —e= xm-O (Im)l — ™ = x(m~1).

We will again proceed by means of induction, which means we can assume
that the statement is true for the previous case, with n replaced by n — 1.
That is, we can assume that

(xm)nfl _ Im~(n71)'

Note that
(Im)n — (xm)nfl - xm-(nfl) L™

m-(n—1)+m _ N

By proposition 1.6, this is equal to x
So by induction, the proposition holds for positive n. To see that it holds
for negative n as well, simply note that

If n is negative, then —n is positive, so the second step is valid. I
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The principle of induction can easily be generalized. In proving a statement
is true for the case m, not only can we assume that it is true for n — 1, but
also we can assume that the statement is true for all values smaller than n
as well. Also, there is no reason why we must start with the number 1. Any
other integer can be used for the starting point. That is, we first prove the
statement is true for the case c. If we can then prove that the statement is
true for n, utilizing the assumption that the statement is true for all numbers
between ¢ and n — 1, then we have successfully proven that the statement is
true for all integers greater than c. Problems 1.27 through 1.33 give some
practice for using the principle of induction.

Problems for Chapter 1
Interactive Problems

1.1 If Terry was only allowed to do the dance steps FlipR#t or FlipLft, could
it get itself into all six possible positions? If possible, express the other four
dance steps in terms of these two. Either the Mathematica command

InitTerry
or the GAP command

gap> InitTerry(Q);
reloads Terry’s group.

1.2 Repeat problem 1.1, only allow Terry to do only the steps RotRt and
RotLft.

1.3 We saw that there were exactly four numbers less than 10 which were in-
vertible modulo 10. For what other values of n are there exactly four numbers
less than n which are invertible modulo n? Use Mathematica’s circle graph to
graph the inverse functions.

1.4 According to the Chinese Remainder Theorem (1.3), there is a number
less than 77 that is congruent to 4 Mod 11, and congruent to 6 Mod 7. Find
this number, using either GAP or Mathematica to help.

1.5 The following Mathematica command creates a multiplication table of
the five elements {e, a, b, c,d}. First execute this command:

InitGrouple];
Define[a.a, e]; Define[a.b, c|; Define[a.c, d]; Define[a.d, b];
Define[b.a, d]; Define[b.b, e]; Define[b.c, a]; Define[b.d, c|;
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Define[c.a, b]; Define[c.b, d]; Define[c.c, e]; Define|[c.d, a];
Define[d.a, c]; Define[d.b, a]; Define[d.c, b]; Define[d.d, e];
MultTable[{e, a, b, c, d}]

Notice that this multiplication table satisfies the “Latin square” property,
hence this multiplication satisfies proposition 1.3. Does this set form a group?
Why or why not?

Non-Interactive Problems

1.6 Suppose that Terry the Triangle has a friend who is a square. (Most of
us have had such a friend from time to time.) How many dance steps would
the square have? Construct a multiplication table of all of the square’s dance
steps. This group is referred to as Djy.

1.7 Suppose that Terry has a friend who is a regular tetrahedron. (A tetrahe-
dronm is a triangular pyramid.) How many dance steps would this tetrahedron
have?

1.8 Using only the four basic properties of groups, prove that there can be
only one identity element. That is, there cannot be two elements e and e’ for
whichz-e=e-z=zandz-e¢'=¢ -z =xforall z eG.

1.9 Using only the four basic properties of groups, prove that an element
cannot have two different inverses. That is, show that there cannot be to
elements y and 3 such that both z-y=cand z -3’ =e.

1.10 Prove that if a and b are two of Terry’s dance steps, then there is a
unique dance step x such that

z-a=>b.

This shows that every column in the multiplication table contains one and
only one of each element.

1.11 If two of Terry’s dance steps are chosen at random, what are the chances
that these two dance steps will commute?
Hint: There are 36 ways of choosing two dance steps. Count the number
of combinations that satisfy the equation z -y =y - x.

For problems 1.12 through 1.15: Construct a multiplication table for the set
of numbers modulo n.

Hint: Since these are the numbers that have multiplicative inverses modulo
n, proposition 1.4 shows that the multiplication table has the same properties
as Terry’s dance steps.

1.12 {1,2,4,5,7,8}, n=9 1.14 {1,5,7,11,13,17}, n = 18
1.13 {1,3,5,9,11,13}, n = 14 1.15 {1,5,7,11,13,17,19,23}, n = 24
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1.16 Find the GCD of the numbers 24 and 42. Find two integers v and v
such that 24u + 42v = GCD(24,42).

1.17 Find the GCD of the numbers 100 and 36. Find two integers u and v
such that
100u 4 36v = GCD(100, 36).

Hint: Examine the multiples of 36, in particular the last two digits.
1.18 Find a positive integer k < 35 such that

k=1 (Mod5) and k=0 (Mod 7).

Then find an integer p < 35 such that
p=0 Mod5) and p=1 (Mod 7).

Show how you can use p and k to compute a number n such that
n=z (Mod5) and n=y (Mod 7)

for a given x and y. The number n does not have to be less than 35.

1.19 Let u, v, and w be three positive integers that are mutually coprime.
That is, each is coprime to the other two. Given any z, y, and z in Z, prove
that there is a unique number k such that

0<k<u-v-w,

(Mod u),

k=cx
k=y (Mod v),

and
k=z (Mod w).

Hint: Use the Chinese remainder theorem (1.3).

1.20 Suppose that S is a finite set (not necessarily a group) which is closed
under the operator (-). Suppose also that the equation

a-r=a-y

holds if, and only if, x = y. Prove proposition 1.3 holds for the set S, even if
S is not a group.
Hint: Use the pigeonhole principle.

1.21 Consider the set of all non-negative integers, with addition as the binary
operation. Is this a group? Why or why not?
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1.22 If G is a group such that x2 = e for all elements z in G, prove that G
is commutative.

1.23 Let G be a group. Show that G is commutative if, and only if, (a-b)? =
a? - b? for all @ and b in G.

1.24 Let G be a finite group that contains an even number of elements.
Show that there is at least one element besides the identity such that a? = e.
Hint: Show that there are an even number of elements for which a? # e.

1.25 Let G be a finite group. Show that there are an odd number of elements
that satisfy the equation a® = e.

1.26 The following is a partially filled-in multiplication table for a group of
order 8.

a b c d e f g h
a b d c
b g e h
c e d g
d h b f
e c
f e b a
g e a g b
h a c

Fill in the remaining spaces in this multiplication table so that the resulting
set forms a group.

Hint: Once the row and column of the identity element are filled in, the
remaining table can be finished using only the Latin square property.

1.27 Use induction to prove that for all positive integers n,

n(n—&—l).

L2434 4n=""

1.28 Use induction to prove that for all positive integers n,
14+34+5+---4+(2n—1)=n>
1.29 Use induction to prove that for all positive integers n,

1)(2n +1
12492 1 g2 4. g2 = OF )6(”+ ),
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1.30 Use induction to prove that for all positive integers n,

n?(n+1)>2

P28 4304 gn? = ——

1.31 Use induction to prove that for all positive integers n,

) +2
1-2+2~3+3-4+...+n(n+1):%.

1.32 Use induction to prove that for all positive integers n,

LS S SRS S |
1-2 2-3 3-4 nn+1) n+1

1.33 Use generalized induction to prove that all integers greater than 1 are
either prime, or can be written as a product of primes.
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Chapter 2

The Structure within a Group

2.1 Generators of Groups

In this section we study finite groups, such as Terry’s group, Z,, and Z;.

By observing the properties of a single element within such a group, we gain

insight on how to program Mathematica® or GAP to work with finite groups.

We begin with the group Zig, which is loaded into Mathematica with the
command

DefSumMod[10]
We can map each element x to the element x - 3 with a circle graph
CircleGraph[{0, 1, 2, 3, 4, 5, 6, 7, 8, 9}, Add[3] ]

0

5
This graph allows us to visualize powers of 3 in the group Zy. If we follow
the arrows starting with 0, we have the sequence {0, 3,6,9,2,5,8,1,4,7,0...}.
This tells us that

30 =0, 3l =3, 32 =6, 33 =09, 3t =2 etc.

Recall that for this group the dot represents addition, so an exponent would
represent repeated addition. Note that every element in the group can be

27
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expressed as a power of 3. This property does not hold for all elements, since
the powers of 4 are seen to be {0,4,8,2,6,0,4,8, ...}, which does not include
all of the elements.

DEFINITION 2.1 We'll say that the element g € G is a generator of
the group G if every element of G can be expressed as a power of g.

The natural question that arises is whether a given element is a generator
of a group. This is not difficult for the group Z,.

PROPOSITION 2.1
The generators of Z, are precisely the integers between 0 and n that are
coprime to n.

PROOF  Suppose that g is a generator of Z,. Then 1 is able to be
expressed as a power of g, so we have that

¢ =1 (Mod n)

for some v. Since the group action of Z, is addition, raising to a power is
equivalent to repeated addition, or standard multiplication. Thus, we have
that

gv =1 (Mod n).

By proposition 1.5, there is such a v if, and only if, g is coprime to n.
Now suppose that g is coprime to n. By proposition 1.5, there is a v such
that
g’ =gv =1 (Mod n).

So 1 can be expressed as a power of g. But 1 is a generator of Z,,, and so every
element of Z,, can be expressed as a power of 1, say 1. Then that element
can be written as g(**) = (¢g¥)* = 1*. So every element can be expressed as
a power of g, hence g is a generator of Z,,.

The count of numbers less than n that are coprime to n is called the Fuler
totient function of n, and is denoted ¢(n). Thus, the number of generators of
Z, is precisely ¢(n). A small table of this function up to n = 36 is given in
table 2.1.

For larger values of n, we can use the Mathematica command EulerPhi or
the GAP command Phi.

EulerPhi[60]

gap> Phi(60) ;
16
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TABLE 2.1: Table of ¢(n)

n_¢(n) n_¢(n) n_¢(n) n_¢(n)
11 10 4 19 18 28 12
2 1 11 10 20 8 29 28
3 2 12 4 21 12 30 8
4 2 13 12 22 10 31 30
5 4 14 6 23 22 32 16
6 2 15 8 24 8 33 20
7 6 16 8 25 20 34 16
8 4 17 16 26 12 35 24
9 6 18 6 27 18 36 12

Hence, there are 16 generators of Zgy. Both programs use the following for-
mula for the totient function based on the prime factorization of the number.

THEOREM 2.1: The Totient Function Theorem
If the prime factorization of n is given by

— 1 T2 Tk
n_pl .p2 ‘pk7

where p1,p2,P3,...,Dk are distinct primes, and r1,72,73,...,T are positive
integers, then the count of numbers less then m which are coprime to n is
-1 p—1 -1
o(n) = (pr = 1) - p" 7 (p2 = 1) -9y = 1) T

PROOF To begin, let us show that if p is a prime, then ¢(p”) = (p—1)p"~*.

Note that the only numbers that are not coprime to p” will be multiples of
p. So of the numbers between 1 and p”, exactly 1/p of them will be multiples
of p. The remaining (1 — 1/p) - p” will be coprime, and this can be simplified
to (p—1)p" "

Next we want to show that if n and m are coprime, then ¢(nm) = ¢(n)p(m).
Let A denote the set of numbers that are less than n, but coprime to n. Let
B denote the set of numbers that are less than m, but coprime to m.

Then for any number coprime to n - m, that number, modulo n, must be
in the set A, while that number, modulo m, must be in B. Yet for every a in
A and b in B, there is, by the Chinese remainder theorem, a unique number
less than n - m that is equivalent to a (Mod n) and b (Mod m). This number
will be coprime to both n and m, and hence will be coprime to n - m.

Therefore, we have a one-to-one correspondence between ordered pairs
(a,b), where a is in A, and b is in B, and numbers coprime to n-m. Thus, we
have

¢(n-m) = ¢(n) - (m).

Finally, we can combine these results together. By simply noting that if

— T2 Tk
n_pl p2 ...pk7
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then pi*, p3?, p5®,...,p.* will all be coprime. Hence, we can find ¢ for each
of these terms, and multiply them together, giving us our formula. I

We can also consider finding generators for the groups of the form Z. For
example Z7, has four elements, {1,3,7,9}, and we find that two of these are
generators, 3 and 7. But Z also has four elements, {1,3,5,7}, yet none of
these elements are generators of the group! This becomes apparent as we look
at the multiplication table for Zg§.

gap> MultTable([1,3,5,7]1);
or, in Mathematica,

DefMultMod|8]
MultTable[{1, 3, 5, 7}]

13 5 7
111 3 5 7
313 1 7 5
515 7 1 3
717 5 3 1

Notice that the square of every element is equal to 1. Hence no element of Z§
can generate the whole group.

DEFINITION 2.2 We say a group is cyclic if there is one element that
can generate the entire group.

Although we have seen an example of a finite group that is not cyclic, we
will later see that the structure of any finite abelian group can be expressed
in terms of the cyclic groups.

Even when a group is not cyclic, we sometimes can find two elements by
which every element of the group can be expressed. For example, consider
the two elements 3 and 5 from the group Z3. Since 1 =3-3 and 7= 3-5, we
find that all four elements of the group can be written as some combination
of 3 and 5. We say that the set {3,5} generates the group.

Finally, consider the group of the dancing triangle, whose multiplication
table is given in table 1.2. By experimenting, we find that no single element
can generate the entire group. However, there are many ways in which we can
have two elements generating the entire group. For example, if we pick the
two elements RotRt and Spin, we find that the other four elements can be
expressed in terms of these two: Stay = Spin-Spin, FlipRt = Spin-RotRt
FlipLft = RotRt - Spin, and RotLft = RotRt - RotRt.

One of the keys for entering a group into Mathematica is finding one or two
elements (or sometimes even three are needed) that will generate the entire
group. This information begins to reveal the structure of the group itself.
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2.2 Defining Finite Groups in Mathematica and GAP

For some groups there is a single element that generates the entire group,
whereas in other groups two or more elements are required. In this section
we will show how a finite group can be entered into Mathematica or GAP
using a set of elements that generates the group. We will begin with a cyclic
group Z, which has a single generator which we will call . By the pigeonhole
principle, the sequence of n elements

e=a’,
z =zt
z-T =z,
3

r-r-x =71,

Lo L z=qz"D,
must mention every element of Z,, exactly once. This gives us a way to label
the elements of Z, in terms of the generator x. We also find that ™ = e.
Thus, we can define the group Z,, merely by saying “x is a generator of the
group, and n is the lowest number such that z” is the identity.”
There are Mathematica routines that allow us to quickly make these defi-
nitions. The two statements

InitGroup|e]
Define[x "5, €]

define 2° to be the identity e. This alone is sufficient to define the group Zs.
To view this group, we use the command

Z5 = Group[{x}]

which gives a list of all of the elements in the group, and assigns this list to
the identifier Z5. The multiplication table for this group produced by the
MultTable command is shown in table 2.2.

Once the group is defined, we can multiply elements of the group with the
dot, and Mathematica will simplify them.
x"4. x4
X.X.X
Notice that the elements can be entered into Mathematica using the power
notation, but they are displayed as a repeated product. Although the notation
{0,1,2,3,4} is more concise for this particular example, the use of generators
is more versatile, since almost all finite groups can be expressed in an easy
way using generators.

To define the same group in GAP using generators, we begin by defining
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TABLE 2.2: Table of Z5

e T xT-T r-T- T r-r-Tr-x

e e T T -T r-T-T r-r-Tr-x
xT xT T -T r-Tr-T r-r-r-T e
Tr-T xTr-T r-Tr-T r-r-Tr-x (& €T
r-Tr-T Xr-Tr-T r-r-r-T e T xTr-x

gap> f := FreeGroup("x");

<free group on the generators [ x ]>
gap> AssignGeneratorVariables(f);

#I Assigned the global variables [ x ]

There may also be a warning message saying that = was defined to be some-
thing else, but just ignore this warning. This defines a group with a generator
of z, and in fact inverses are automatically defined. GAP uses a star instead
of a dot for multiplication.

gap> x"5 * x7-7;

x"-2

At this point, though, we have an infinite group. We still need to declare that
x® = e. We do this by defining another group g as follows:

gap> g := £/[x"5];

<fp group on the generators [x]>

gap> AssignGeneratorVariables(g);

#I Global Variable ‘x’ already defined and will be overwritten
#I Assigned the global variables [ x ]

The £/[x75] is GAP’s way of declaring z° to be the identity. At this point,
g is defined to be the new group. To find its size and list its elements, we can
use the commands

gap> Size(g);
5

gap> List(g);
[ <identity ...>, x, x72, x73, x4 ]

The identity element of the group is listed as <identity ...>, which of course
is the yet unnamed identity element. But the multiplication table can still be
displayed.

gap> MultTable(g);

* le X x"2 x"3 x74
e Je X x"2 x°3 x74
x Ix x"2 x"3 x4 e
x"2|x"2 x"3 x74 e X
x"3|x"3 x4 e X x"2
x"4|x"4 e X x"2 x73
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When the table is displayed, the identity element is displayed as e, making the
table more concise that its Mathematica counterpart. The identity element
can be given any name by changing the variable DisplayIdentity, which has
a default setting of "e". If we multiply elements together,

gap> x4 * x74;
x"8

we find it doesn’t simplify yet. If we give the command

gap> SetReducedMultiplication(g);
gap> x4 * x74;
x"-2

then GAP will simplify products, but not always to the same product that
Mathematica will simplify it to.

For an example requiring two generators, consider Z§, which can be gener-
ated by @ = 3 and b = 5. This group can be entered into Mathematica with
the commands:

InitGrouple]
Define[a.a, €]
Define[b.b, €]
Define[b.a, a.b]

G = Groupl[{a, b}]

Note that we needed an extra Define statement to let Mathematica know
that a¢ and b commute with each other. We can actually define several groups
at the same time in Mathematica, as long as we use the same symbol for the
identity element. However, the command

InitGrouple]

clears all previously defined groups. This group can be defined in GAP in a
similar way.

gap> f:=FreeGroup("a","b");;

gap> AssignGeneratorVariables(f);

#I Assigned the global variables [ a, b ]
gap> h:=f/[a"2,b"2,a*b*axb];;

gap> List(h);

[ <identity ...>, a, b, a*b ]

gap> MultTable(h);

* le a b a*b
e e a b axb
a |a e axb b
b |b axb e a
a*blaxb b a e
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FIGURE 2.1: Three books that can be rearranged

By using a different identifier h for the new group, we still have the older
group g defined in terms of the different generator x. Notice that in GAP,
we “divide” f by a list of combinations that should reduce to the identity
element. Instead of declaring b-a = a - b as we did in Mathematica, we are
declaring that a-b-a-b = e. In problem 2.18, we see that this is equivalent
to saying b-a =a-b.

To do group operations, we still need the following commands:

gap> AssignGeneratorVariables(h);

#I Global variable ‘a’ already defined and will be overwritten
#I Global variable ‘b’ already defined and will be overwritten
#I Assigned the global variables [ a, b ]

gap> SetReducedMultiplication(h);

gap> bxa;

a”-1%b"-1

Clearly GAP’s definition of simplest form is not the same as Mathematica!
In GAP’s “dictionary,” a~! comes before a, and SetReducedMultiplication
will put the element into a form with the fewest multiplications, and for a
tie-breaker, GAP finds the form that comes first in a dictionary. Since GAP
considers a~! coming before a, a~! * b~! is before the simpler looking a * b.
Here is another example of a group. Suppose we have three different books
on a shelf, and we consider rearrangements of the books. Such a group of
arrangements can be entered in Mathematica with the command

InitBooks[3]

which begins by showing three differently colored books, as in figure 2.2. Two
ways we could rearrange the books are to swap the first two books, or move
the first book to the other end, sliding the other two books to the left. These
two operations can be animated in Mathematica by

MoveBooks[First]
MoveBooks[Left]

By letting e be the identity element, a be the first rearrangement, and b be
the rearrangement moving the books to the left, we find that all possible



The Structure within a Group 35

permutations of the books are generated by a and b. Since a®> = b = e,
and the combination a - b essentially switches the last two books, we see that
(a-b)? = e. Thus, we can define this group in GAP by

gap> f := FreeGroup("a","b");;

gap> a := f.1;;

gap> b := £.2;;

gap> g := £/[a"2, b3, (a*b)"2];;

gap> a := g.1;;

gap> b = g.2;;

gap> List(g);

[ <identity ...>, a, b, a*b, axb*a, b*a ]

gap> MultTable(g);

* le a b axb axb*a bx*a

e |e a b axb axbxa b*a

a |a e a*b b b*xa axb*a
b b bxa axb*a a e axb
axb |axb axb*a b*a e a b
axb*a|axb*a ax*b e b*a b a
b*a |b*a b a axb*a axb e

Notice that instead of using AssignGeneratorVariables, we set a to £.1,
meaning the first generator of f, and set b to f’s second generator, f.2.
Later, we set a and b to the generators of g. This is precisely what the
AssignGeneratorVariables command did.

To define this group in Mathematica, we begin with

InitGroup|e]
Define[a™ 2, €]
Define[b™3, €]

We also have to define b- a in terms of a - b, just as we did in defining Z5. We
observe that b-a = a-b- b instead of a-b. So to finish defining this group, we
have

Define[b.a, a.b.b]
G = Groupl[{a, b}]

This group is called Ss, the permutation group on three objects. (Obviously it
makes no difference what the three objects are. Books are just one possibility.)
Table 2.3 shows the multiplication table.

Although many of the properties of groups can be verified by looking at the
table, the associativity is not obvious. We can have Mathematica verify that
the associative property holds for G with the command

CheckGroup[G]

If we try to take an inverse of an element using Mathematica,

(a.b)"(-1)
b—l a1
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TABLE 2.3: Multiplication table for Ss

e a b a-b b-b a-b-b
a b a-b b-b a-b-b
a a e a-b b a-b-b b-
b b a-b-b b-b a e a-
a-b a-b b-b a-b-b e a
b-b b-b a-b a-b-b b a
a-b-b|a-b-b b a b-b a-b

we find that Mathematica uses proposition 1.2 to express the answer in terms
of a=! and b~!. But unlike GAP, Mathematica does not yet know the inverses
of a and b. We can remedy the situation with two more Define commands:

Define[a™ (-1), a]
Define[b™ (-1), b.b]
Mathematica can now find the inverse of any element x by entering either z~!
or 1/x.

Although the two programs display the elements of the group differently,
we can get GAP to display a table very similar to Mathematica’s with the
commands

gap> L := ListGroup(g);
[ <identity ...>, a, b, a*b, b"2, a*xb”2 ]
gap> MultTable(L);

which will force the elements to be in a certain order in the table, and ex-
pressed in a certain way.

The multiplication tables for Terry’s group and Ss are very similar. By color
coding the elements in the table, we see that the color patterns of the two
multiplication tables are identical. Thus, these two groups behave in exactly
the same way, even though the elements have different names. We say that
these groups are isomorphic. We will cover isomorphic groups in chapter 4.

Finally, let us consider the group of rotations on the octahedron. Mathe-
matica’s command

ShowOctahedron

displays a colored octahedron like the one in figure 2.2. There are eight
triangles forming this solid. Three ways of rotating this figure are given by

RotateOctahedron|a]
RotateOctahedron|b]
RotateOctahedron|c]
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FIGURE 2.2: Octahedron with eight equilateral triangles

The first of these flips the front horizontal edge, turning it upside down. The
second rotates the closest face counterclockwise, while the third rotates the
closest vertex clockwise. If we let e be the identity element of this group, it
is easy to see that

a® =e, b =e, c =e,

and hence
a*l =a, b71 _ b2, C71 _ CS.

After some experimenting, we find that b-a-b-a=e,c-b-c-c-a=¢e, and
c-a-c-a-b=e. From these identities, we can come up with the identities

ba=0b-a) =01 b =0a b

cb=(c-c-a)t=at-ctct=a- - EF=a- t=a

coa=(ctab)t=btatc=b*a-c=b-a-b*c=a-b*-c=a-b-c

This allows us to define b - a, ¢-a, and ¢ - b in terms of operations that
are performed in alphabetical order. This is the key to defining a group in
Mathematica.

InitGrouple];
Define[a™ 2, €]
Define[b™ 3, €]
Define[c ™4, €]
Define[1/a, a]
Define[1/b, b™2]
Define[l/c, ¢ 3]
Define[b.a, a.b.b]
Define|[c.a, a.b.c]
Define[c.b, a.c.c]
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G = Groupl[{a, b, c}]

{e, a, b, ¢, a-b, a-¢, b-b,b-¢c, c-c,a-b-b,a-b-c,a-c-c, b-b-c,
b-c-c,c-c-c,a-b-b-c,a-b-c-c ac-c-c,bb-cc b-c-c-ec,
a-b-b-c-c,a-b-ccec,bbccoeadbbcococh

By expressing the product of any two generators in terms of a combination in
alphabetical order, Mathematica will make replacements in any combination
until it is finally a combination of generators in alphabetical order, and then
stop. We will cover the details of this process in section 8.3.

We call this group the octahedral group. The command

Length[G]

shows this group has 24 elements. This group is too large to print a complete
multiplication table, but Mathematica is able to produce a color-coded table
for groups of up to 27 elements.

The corresponding GAP commands for this group are

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=£f.2;; c:=f£.3;;

gap> g:=f/[a"2, b~3, c"4, bxaxb*a, cxb*ckc*a, ckaxc”3*axb];;

gap> Size(g);

24

gap> a:=g.l;; b:=g.2;; c:=g.3;;

gap> SetReducedMultiplication(g);

gap> G := List(g);

[ <identity ...>, a"-1%b"-1, b, a"-1*b"-1%c, c¢~-2, a"-1, c,
b -1*%c™-1%b"-1, b"-1, c*xa"-1, c "-1*xa"-1, a"-1*xb"-1*c"-1,
a“-1xb, b"-1%c, c*xb, c”-1, a"-1*c, b -1%xc™-2, a"—-1*xbxc™-1,
b*c, ¢ -1*b"-1, b -1*c™-1, a"-1*c™-1, b*c"-1 ]

Unfortunately, the multiplication table for this group is much too big for the
screen in GAP. However, we can still multiply two elements in the list

gap> G[4]1*G[7];
b -1%c™-1xb"-1

and see that we will always get another member of the list. This group will
be an important example later on.

Notice that unlike Mathematica, we did not have to find b-a, c-a, and ¢-b in
terms of elements multiplied in alphabetical order. This shows that entering
groups in GAP is actually more flexible than with Mathematica, which uses
a totally different algorithm.

2.3 Subgroups

A natural question to ask is whether we can have a smaller group inside
of a particular group. We begin by saying that H is a subset of a group G,
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denoted H C G, if H consists only of the elements of G. The empty set
{ } is always considered to be a subset, but we will restrict our attention to
non-empty subsets.

DEFINITION 2.3 We say that H is a subgroup of G if H is a non-empty
subset of G and H is a group with respect to the operation (-) of G.

To see if H is a group, we must test all four of the group properties. But
the associative property of H is guaranteed because the original group G is
associative. The remaining three properties,

1. H is closed under multiplication. That is, x - y € H whenever z and
ye H.

2. The identity element of G is in H.

3. Every element of H has its inverse in H. That is, z7! € H whenever
r e H.

can be combined into one simple test.

PROPOSITION 2.2
Let HC G and H # { }. Then H is a subgroup of G if, and only if, we have

-y teH for all x,y € H.

PROOF First of all, we need to see that if H is a subgroup, then z - y~*
is in H whenever z and y are in H. By property (3), y~! is in H, and so by
property (1), -y~ ! isin H.

Conversely, let us suppose that H C G, H # { }, and whenever z,y € H,
then x-y~! € H. We need to see that properties (1) through (3) are satisfied.

Since H is not the empty set, there is an element 2 in H, andso z-2~! = ¢
is in H. Thus, property (2) holds.

Next, we have that if y is in H, then e-y~
(3) holds.

Finally, if x and y are in H, then y~
in H. Thus, property (1) also holds.

I = ¢~1isin H, and so property

Visin Hyandsoz - (y™ 1) t=2z-yis

Let us look at S3, defined in Mathematica by the commands

InitGrouple];
Define[a™ 2, €]
Define[b™ 3, €]
Define[b.a, a.b.b]
Define[1/a, a]
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Define[1/b, b™2]
G = Groupl[{a, b}]

or by the GAP commands

gap> f:=FreeGroup("a","b");; a:=f.1;; b:=f
gap> g:=f/[a"2, b~3, (a*b)"2];; a:=g.1;; b:
gap> G := ListGroup(g);

[ <identity ...>, a, b, a*b, b~2, a*b”2 ]

We can find smaller groups within this one, such as
H = {e,b,b*}.

It is easy to see that if  and y are in H, then x -y~ ! is in H. Therefore, this
is a subgroup.
Next, consider the group Z. If we let k be any integer then we can let

kZ={k-xz | z€Z}

denote the multiples of k. Since the difference of two multiples of k is again
a multiple of k, kZ is a subgroup of Z.

If we take the intersection H N K of two subgroups of G, we can ask whether
we will obtain another subgroup of G. For both Mathematica and GAP,
this is done by the command Intersection. For example, we can take the
intersection of two sets

H = {e, b, b"2}
K = {e, a}
Intersection[H, K]

or in GAP

gap> e := Identity(g);
<identity ...>

gap> H := [e, b, b"2];;
gap> K := [e, al;;

gap> Intersection(H, K);
[ <identity ...> ]

to find the set of all elements in common with H and K. Note that sets are
entered using curly braces in Mathematica, but with square brackets in GAP.
Moreover, we can consider taking the intersection of a collection of many sets.
If we let

gap> L := [[e, a, bl, [e, a*b, bl, [e, a, b, b~21]1;;

L = {{e, a, b}, {e, a'b, b}, {e, a, b, b"2}}

”

then L represents a “set of sets.” We can take the intersection of all of the
sets in this collection with the command
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Intersection[L]
or

gap> Intersection(L);
[ <identity ...>, b ]

The mathematical notation for this intersection is

N H

Hel

PROPOSITION 2.3
Given a group G and a non-empty collection of subgroups, donated by L, then
the intersection of all of the subgroups in the collection

H*:ﬂH

HelL

s a subgroup of G.

PROOF First of all, note that H* is not the empty set, since the identity
element is in each H in the collection. We now can apply proposition 2.2. Let
x and y be two elements in H*. Then, for every H € L we have x, y € H.
Since each H is a subgroup of G, we have

r-y ' e H

1

Therefore, x - y~* is in H*, and so H* is a subgroup of G. I

This proposition allows us to generate a subgroup of G from any subset of

G.

DEFINITION 2.4 Given a subset S of a group G, we define the subgroup
generated by S to be
S1=( H

HelL

where L denotes the collection of subgroups of G that contain the set S.

Actually, [S] is the smallest subgroup of G that contains S. Hence, we can
determine [S] another way. It is clear that [S] contains all of the products of
the form

T Ty Ty T,

where either
z, €S or x;les (1<k<n).
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But the set of all such products forms a subgroup H of G that contains S.
Thus, H = [5].

The command Group finds [S] for any set S. Thus, we can find the subgroup
of S3 generated by the element b by the Mathematica command

Group[{b}]

which produces the subgroup {e, b, b*} we observed before. The corresponding
GAP commands are

gap> Group(b);

Group([ b 1)

gap> List(last);

[ <identity ...>, b, b~2 ]

Notice that the Group command in GAP did not automatically list out the
elements in the subgroup. We needed an extra List command to see the
elements. The subgroup generated by the set {b,a - b} is

gap> List(Group(b, a*b));
[ <identity ...>, b*a*b, b, a*b, b~2, b 2*a*b ]

Group[{b, a.b}]

which produces the entire group. Note that if SetReducedMultiplication is
not entered in GAP, the elements may appear in nonstandard combinations.
Had we entered

gap> SetReducedMultiplication(g);
gap> List(Group(b, a*b));
[ <identity ...>, a"-1, b, a"-1%b, b~-1, a™-1*b"-1 ]

we would get exactly the same thing as List(g).
Let’s look at a larger group. The following Mathematica and GAP com-
mands reload the octahedral group of order 24:

InitGrouple];

Define[a™ 2, e]; Define[b™ 3, e]; Define[c” 4, €]
Define[1/a, a]; Define[1/b, b™2]; Define[l/c, ¢~ 3]
Define[b.a, a.b.b]; Define|[c.a, a.b.c]; Define[c.b, a.c.c]
G = Groupl{a, b, c}]

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=f.2;; c:=f.3;;

gap> g:=f/[a"2, b~3, c”4, bxaxb*a, cxb*ckc*a, ckaxc”3*axb];;

gap> a:=g.1l;; b:=g.2;; c:=g.3;;

gap> SetReducedMultiplication(g);

gap> h := List(g);

[ <identity ...>, a"-1%b"-1, b, a"-1*b"-1%c, c¢~-2, a"-1, c,
b -1*%c™-1%b"-1, b"-1, c*xa"-1, c "-1*%xa"-1, a"-1*xb"-1*c"-1,
a“-1xb, b"-1*c, c*xb, c™-1, a"-1*c, b -1*xc™ -2, a"—-1*xbxc™-1,
b*c, ¢ -1*b"-1, b -1*c™-1, a"-1*c™-1, b*c -1 ]



The Structure within a Group 43

With the command
Group[{c}]

or

gap> List (Group(c));
[ <identity ...>, ¢™-2, ¢, ¢"-1 ]

we find that [{c}] is a subgroup of order 4. Likewise, [{b,c}] produces the
whole group. Hence, the octahedral group can be generated in GAP with just
two of the elements. For convenience, we originally used three elements to
define the group in Mathematica. Besides, it is easier to put the octahedron
back into its original position using three types of rotations instead of just
two.

Finally, the subgroup

Group[{a, b}]

gap> List(Group(a,b));
[ <identity ...>, a”-1%b"-1, b, a”-1, b™-1, a"-1%b ]

is simply another copy of the group S3. Thus, there is a copy of S3 inside of
the octahedral group. Notice that in GAP, the set of elements does not have
to be enclosed as a set (this is optional), whereas Mathematica does require
the elements to be in a set, even if there is only one element.

Let us now consider the cyclic subgroups of a group G. Notice that if we
pick any element x of G, then [{z}] will always be a cyclic subgroup of G.
This subgroup is usually denoted by [z].

DEFINITION 2.5 Let G be a group and let z be an element in G. We
define the order of x to be |[z]|. That is, if [z] is finite the order of z is the
number of elements in [z]. If [z] is an infinite group we define the order of =
to be infinity.

PROPOSITION 2.4
Suppose that the element x has finite order n. Then n is the smallest positive
integer such that x™ = e. Furthermore,

[z] = {e,x, 2% 2% ... 2" 1}

PROOF  Since [z] is finite, not all of the elements {20, 21, 2% 23 24, ...}
can be distinct. Suppose that zP = z? for two integers p and ¢, with p > q.
Then z(P=9) = ¢ and (p—¢q) > 0. So there exists a positive integer 7 such that
" = e. We can let n be the smallest such integer. We want to prove that

0

(2] = {e =20 2! 2% 23, .. 2"}
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with these elements distinct. Indeed, if P = 29 with 0 < ¢ < p <n — 1, then
2P7% = e and 0 < p — ¢ < n, which contradicts the definition of n. Therefore,
the elements in

{e=a a2 23 .. 2" 1)

are all distinct.

Finally, we need to show that if y is in [z], then there exists a ¢ such that
29 =y, with 0 < ¢ < n—1. But y = 2* for some k € Z. We can define
g =k (Mod n). Then 0 < ¢ < n —1 and furthermore, there is an integer r
such that k — g =n-r. Thus,

y=zxk =z — (g0 gl = " gl = 29,

So every element of [z] is of the form z?, with 0 < ¢ <n — 1. I

PROPOSITION 2.5
Suppose that = has infinite order. Then x™ is not the identity element for all
nonzero integers n. Furthermore,

2 1,0 1,2 .3 }
)

[l‘]:{...7_’1,‘_3,1‘_ ’,’13_ , T =e,x,x°,x°, ...

where the powers of x are all distinct.

PROOF  Suppose that ™ = e for some nonzero n. It suffices to consider
the case n > 0, for if 2" = e, then 7" =e.
By exactly the same reasoning as was used to prove proposition 2.4, we see
that

[z] = {e =20, 2t 2% 23, ... 2" 1),

But this contradicts the fact that [x] was infinite. Therefore, 2™ = e only if
n = 0.

Moreover, if 2P = 29, then P77 = ¢ and so p — ¢ = 0 by what we have just
proved. Thus, the powers of x are all distinct. I

Even though the group in proposition 2.5 cannot be defined in Mathematica
because it is infinite, it can be defined in GAP. In fact, we defined an infinite
group in the process of defining all of the other groups. If we have x as the
generator of an infinite group, then the group is defined by the following:

gap> f:=FreeGroup("x");; x := f.1;;
gap> Size(f);

infinity

gap> x"4 * x7-7;

x"-3

Granted, we cannot display all of the elements as we did for the other groups
(List (£) produces an error message), but we can still multiply elements of
this group.
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Because of propositions 2.4 and 2.5, we know that any cyclic group G is
either a finite group
G={ez,2* 2% . .. "}

which resembles the group Z,, or is an infinite group
_ -3 ,.-2 -1 0 _ 1,2 .3
G={...,z70 7%z 2’ =ex,2°,2°,...},

which resembles the group Z.

We can use Mathematica or GAP to quickly find the order of any element in
the group. For example, to find the order of the element b- ¢ of the octahedral
group (which was not erased by the infinite group, since it used different
generators), we type

Length[Group[{b.c}]]

gap> Order (b*c) ;
4

to see that the order of this element is 4. We can also use Mathematica to
find the number of elements of a group of a given order. For example, we can
find the number of elements of order 2 by squaring all of the elements, and
counting the number of times the identity appears. Of course the identity
squared will be the identity, which we do not count. For example, the number
of elements of order 2 of the group Zi5

DefSumMod[12]
G = Group[{1}]

can by found by the command

G™2
{0, 2, 4, 6, 8, 10, 0, 2, 4, 6, 8, 10}

which computes the square of each element in the group. Only 0 and 6 satisfy
22 =0, and 0 is of order 1. Thus, there is only one element of order 2 in the
group Zio.

This trick of raising the entire list to a power will not work in GAP. However,
we can apply a function to all of the elements in a list with a special feature
of GAP’s List command.

gap> f:=FreeGroup("x");; x := £.1;;

gap> g:=f/[x"12];; x:=g.1;;

gap> Z12 := List(g);

[ <identity ...>, x"9, x4, x"6, x, x°3, x°8, x"10, x5, x77,
x"2, x"11 1]

gap> List(Z12, Order);

[1, 4, 3, 2, 12, 4, 3, 6, 12, 12, 6, 12 1]
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When the List command has a second argument, it applies this function to
every element in the list. This is a handy shortcut for sending each element
of the list into any function. Using either Mathematica or GAP, we see that
there is only one element of order 2, two elements each of order 3, 4, and 6,
and four elements of order 12.

It is apparent that finding the number of elements of order k involves finding
the number of solutions to the equation z* = e. To help us find the number of
solutions for a cyclic group, let us first prove the following proposition about
modular multiplication.

PROPOSITION 2.6

Let n and k be two positive integers. Then
x-k=0 (Mod n)

if, and only if,

_a-n
- GCD(n, k)

xT

for some integer a.

PROOF First of all, notice that if

B a-n
¥~ GCD(n, k)’
then
v a-n-k n k
B GCD(n, k) N GCD(n, k)’

and since GCD(n, k) is a divisor of k, we see that z - k is a multiple of n.
Thus,
x-k=0 (Mod n).

Now suppose that x - k is a multiple of n. We want to show that

z - GCD(n, k)
n

is in fact an integer. By the greatest common divisor theorem (1.2), there
exist integers u and v such that GCD(n, k) = u-n+ v - k. Then

z-(u-n+v-k) z-k-v
a=——— ‘=z -u+ .
n n

Since x - k is a multiple of n, we see that a is an integer. Thus,

a-n

¥~ GCD(n, k)
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for some integer a. I

We can now find the number of elements in a cyclic group that satisfies the

equation zF = e.

COROLLARY 2.1
There are precisely GCD(n, k) elements of Z,, such that z* = e.

PROOF Let z be a generator of Z,,, and let x = z¥ be an element of Z,,.
Then 2% = (2¥)* = 2¥"* which is equal to the identity if and only if

y-k=0 (Mod n).

By proposition 2.6, this is true if and only if

a-n

Y= GCD(n, k)

for some integer a. Hence, the number of possible values of y between 0 and
n — 1 for which z¥* = e is
n

7GCDG R ~ GCP:K).

Each such value of y between 0 and n— 1 produces a different solution z = 2¥,
so there are exactly GCD(n, k) solutions.

We are now ready to consider a more complicated group. One of the puz-
zles that is related to the Rubik’s Cube®is called the Pyraminx™. The
Pyraminx™ consists of a triangular pyramid, with each of the four triangu-
lar sides partitioned into nine smaller triangles. The four “tips” can rotate,
but this does not affect the puzzle. The command

ShowPuzzle

shows a simplified puzzle with the four tips chopped off, as in figure 2.3. In
fact, removing the four tips gives us the advantage of being able to see the
colors on the back side of the puzzle through the hole created. Now the four
corners of this puzzle can rotate clockwise, using the commands

RotatePuzzle|f]
RotatePuzzle[b]
RotatePuzzle[l]
RotatePuzzle[r]

We can always put the puzzle back into its original form with the command

ResetPuzzle
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FIGURE 2.3: The Pyraminx™ puzzle without tips

The set of all actions on the puzzle forms a group, called the Pyraminx™

group. This group is generated by the elements {¢, b, r, 1}, and has over 900,000
elements! We can animate a sequence of moves as we did for the octahedron:

RotatePuzzle[b.f]

We can find the order of this element by repeatedly executing this command
until the puzzle is back in order. In this particular case, the order of the
element b - f is 15, meaning that we have to execute this procedure 15 times
before we are back where we started.

Throughout this course, we will develop tools to work with groups that
will help us to solve this puzzle, and others like it. The solution to the
Pyraminx™ for example, is covered in section 8.4.

Problems for Chapter 2
Interactive Problems
2.1 Use Mathematica’s circle graph to find all of the generators of the group
Z21~

2.2 Use Mathematica or GAP to see if there an element of Z3; that generates
Z3s. If so, how many such elements are there?

2.3 Use Mathematica or GAP to define a group that has two elements, a and
b, such that a® =b* = ¢, and b-a = a?-b. (In GAP, use (b-a)/(a®-b) = e.)
How many elements does this group have?
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2.4 Use problem 2.3 to find the subgroup generated by the set {a,b*}. How
many elements does this subgroup have?

2.5 Use Mathematica to find the order of the elements b- f, b- f-r- f- f,
and f-b-r in the Pyraminx™ group.

2.6 Can you use Mathematica to find an element of the Pyraminx™ group
that has order 307
Hint: Exactly five of the six edges must be moved out of place. The sixth
edge must flip as well.

2.7 Find all of the generators of the group Zs4. Then have Mathematica or
GAP construct a multiplication table for the group Z3,.

2.8 Since the elements b and ¢ could generate the octahedral group, define
this group in GAP using only b and c.
Hint: Besides b = ¢ and ¢* = e, GAP will need one more equation. What
is the order of b2 - ¢?

2.9 Define a group in GAP that is generated by two elements a and b, with
a® =b® = (a-b)? = e. How big is the group?

Non-Interactive Problems

For problems 2.10 through 2.12: Find all of the generators of the following
groups. How many generators are there?

2.10 Z; 2.11 Z;, 2.12 Zj

For problems 2.13 through 2.16: Use the totient function theorem (2.1) to
find the size of the following groups:

2.13 Ziy 2.14 Ziy0 2.15 Zios 2.16 Z3gs

2.17 Using the totient function theorem (2.1), prove that there is no value
of n for which ¢(n) = 14.

2.18 Show that if a? = b? = e, then saying that b-a = a - b is equivalent to
saying that a-b-a-b=ce.

2.19 In defining S3, we used three facts about the group: a? = e, b = e,
and b-a = a-b?. Using just these facts without Mathematica or GAP, prove
that b2 -a = a - b.

2.20 The group defined in problem 2.3 has elements a and b such that a® = e,
b* = e, and b-a = a®-b. Using just these facts without Mathematica or GAP,
prove that b% - a = a3 - b3.
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2.21 Write down the multiplication table for the group of symmetries of a
regular tetrahedron.

Hint: Consider the octahedron with the red, yellow, orange, and cyan faces
extended as to cover the other four faces. This gives us a tetrahedron, so
the symmetries of a tetrahedron must be a subgroup of the octahedral group.
Number the elements 1,2,3,...,9, 7, E,W, with 1 as the identity element.
Then fill in the rest of the table. Once several elements are put in, use the
Latin square property to speed up the process.

2.22 Suppose we considered rearranging four books on a shelf instead of
three. How many ways could we rearrange the books?

For problems 2.23 through 2.25, find all of the subgroups of the following
groups:

2.23 Zj9 2.24 Zy 2.25 Z75 (see table 1.4)

2.26 Use geometry to figure out how many elements of the octahedral group
are of order 4. (Rotations by 90 degrees.) How many elements are of order
37 Of order 2?7 Check these figures by adding up these numbers, and adding
one for the identity element, and show that this gives 24.

2.27 Prove that no element of the Pyraminx™ group can have order greater
than 30.
Hint: Consider corners and edges separately. See the hint for problem 2.6.

2.28 Use corollary 2.1 to find the number of solutions to the equation 2 = e

in the group Z;3. How many solutions are there to the equation 23 = e in
this group? How many elements of order 9 are in this group?

Hint: For an element to be of order 9, it must solve 22 = e, and not solve
x" = e for any lower value of n.

2.29 Using only corollary 2.1, determine the number of elements of Z,5 that
are of order 6. (See the hint for problem 2.28.)

2.30 Prove that any subgroup of a finite cyclic group is cyclic.

2.31 Prove that if k is a divisor of n, then there are exactly ¢(k) elements
of the group Z,, that are of order k.

Hint: First do the case when n = k. Then use corollary 2.1 to show that
the number of elements of order k for the groups Z, and Zj is the same.

2.32 Use problem 2.31 to show that
n=> ¢k

where the sum has one term for each positive divisor k of n.
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2.33 If a cyclic group has an element of infinite order, how many elements
of finite order does it have? Prove your answer.

2.34 Let p be a prime number. If a group G has more than p — 1 elements
of order p, prove that G' cannot be a cyclic group.

2.35 Let G be an abelian group. Show that the set of elements of G that
has finite order forms a subgroup of GG. This subgroup is called the torsion
subgroup of G.

2.36 Let G be an arbitrary group, with a and b two elements of G. Show
that a - b and b - a have the same order.
Hint: First show by induction that (a-b)"* =a- (b-a)™ 1V -b.

2.37 Suppose that G is a group with exactly one element of order 2, say z.
Prove that -y =y -z for all y in G.

2.38 Let p be an odd prime number, and let G = Z;. Show that the set
H={a* | z€2Z}}

forms a subgroup of G of order (p—1)/2. This subgroup H is called the group
of quadratic residues modulo p.
Hint: Once you have shown that H is a subgroup, show that

=1 (Mod p)

has exactly two solutions. Finally show that every element of H is derived
from exactly two elements of Z7.



This page intentionally left blank



Chapter 3

Patterns within the Cosets of
Groups

3.1 Left and Right Cosets

We introduced subgroups in the last chapter, but left many questions unan-
swered. For example, is there any relationship between the size of the group
and the size of one of its subgroups?

In this chapter we will introduce the tool of cosets to determine many of the
properties of subgroups, including what possible sizes the subgroups could be.
To understand cosets, let us begin by looking at some cases where an element
does not generate the group, in hopes of finding some patterns in the circle
graphs. For example, consider the element 4 from the group Z;¢. This element
does not generate the entire group, as evident from the two types of arrows
in the circle graph.

DefSumMod[10]
CircleGraph[{0, 1, 2, 3, 4, 5, 6, 7, 8, 9}, Add[4] ]

The solid arrows connect the points {0,2,4, 6,8}, while the dotted arrows
connect the points {1, 3,5,7,9}. Thus, the group is partitioned into two sets,
and no arrow connects these two.

53
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One of the two sets is actually a subgroup of Z;q, the subgroup generated
by the element 4. The other set is obtained by adding 1 to each element of
the subgroup. Similar patterns arise when we use different elements of Z;(
instead of 4.

Stay Stay

Spin FlipRt Spin FlipRt

RotLft RotRt RotLft RotRt

FlipLft FlipLft
CircleGraph[G, LeftMult[Spin]]  CircleGraph[G, RtMult[Spin]]

FIGURE 3.1: Circle graphs showing the cosets of [Stay, Spin]

We can try a similar partitioning on non-abelian groups, such as Terry’s
group. If we consider forming a circle graph that sends each element to that
element multiplied by Spin, we immediately see that we have a choice as to
whether we have x map to x - Spin or to Spin - x. The circle graph for the first
option is shown in the left half of figure 3.1. This leads to a partition of the
group into the sets {Stay, Spin}, {RotRt, FlipLft}, and {RotLft, FlipRt}.
The latter option, shown on the right side of figure 3.1, is to multiply on the
right instead of the left, giving the partition {Stay, Spin}, {RotR#t, FlipRt},
and {RotLft, FlipLft}. In both cases, one of the sets in the partition is the
subgroup H = {Stay, Spin}, but the other sets are different.

DEFINITION 3.1 Let G be a group, and let H be a subgroup of G. If
z is an element of G, we define the set

cH={z-y | ye H}
The set xH is called a left coset of H. Likewise,

Hx={y-z | yeH}
is a right coset of H.

Mathematica® mimics this notation. Thus,
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H . RotRt
forms a right coset by multiplying every element in H by RotRt. Likewise
RotRt . H

forms a left coset. In GAP, though, we use a function Mult which multiplies
two sets of elements from a group. The first argument gives the entire group,
and the next two arguments can either be an element or a set of elements
from this group.

gap> InitTerry();

[ Stay, FlipRt, RotRt, FlipLft, RotLft, Spin ]
gap> H := [Stay, Spinl;;

gap> Mult(Terry, H, RotRt);

[ FlipRt, RotRt ]

gap> Mult(Terry, RotRt, H);

[ RotRt, FlipLft ]

We will denote the set of all left cosets of the subgroup H of G by G/H,
and will denote the set of all right cosets of this subgroup by H\G. Notice
that the notation for right cosets uses a backward slash. In both cases, the
subgroup can be considered to be on the “bottom,” but since a right coset
Hz has the subgroup on the left, we use H\G, which also has H on the left,
to list all such right cosets.

Mathematica and GAP find all left and right cosets of G with H with the
commands

LftCoset[G, H]
and
RtCoset[G, H]

gap> LftCoset(Terry,H);
[ [ Stay, Spin ], [ FlipRt, RotLft ], [ RotRt, FlipLft ] ]
gap> RtCoset (Terry,H);
[ [ Stay, Spin 1, [ FlipRt, RotRt ], [ FlipLft, RotLft ] ]

Each coset is displayed as a list of elements, so we end up with a “list of
lists,” giving all of the cosets.

We immediately see some patterns in the cosets. First of all, all of the
cosets are the same size. Also, every element of the group appears once, and
only once, in each of the two coset lists. We will prove that these patterns are
true in general with two lemmas.

LEMMA 3.1
Let G be a group and H be a finite subgroup of G. Then all left and right
cosets of G with respect to H contain |H| elements.
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PROOF It is clear from the definitions that Hu and uH each contains at
most |H| elements. In order to prove that the number is exactly |H| we need
to show that two distinct elements of H produce two different elements in the
cosets. Suppose that this were not the case in a right coset. We would have
two different elements z and y in H for which

T-u=y-u,

but multiplying on the right by u~! gives # = y, a contradiction. Similar
reasoning works for left cosets. If

U =u-y,
multiplying on the left by u~! shows that z = y. I

Next we must show that every element of G is in exactly one left coset and
one right coset. This can be worded as follows:

LEMMA 3.2
If two left or two right cosets have an element in common, they are in fact
the same coset. That is,

HxNHy#{} implies that Hxz = Hy,
and
xHNyH #{} implies that «H = yH.
PROOF  We begin with right cosets. Suppose there is an element g €
Hzx N Hy. Then there are elements h and k in H such that

g=h-z=k-y.

Therefore,

z=h"t k- Y,
and so
(*) Hr=Hh ' k-y.

Since H is a subgroup, h=! -k € H, so that H - h~! -k C H. Moreover, if u
is in H, then
u=(u-k"'-h)(h' k)€ Hh ' k.

Therefore
HCHh 'k,

and we have shown that H = Hh~! . k. Combining this with (x) gives us
Hx = Hy.
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We can do left cosets in the same way. If there is an element ¢ € tH NyH,
then there are elements h and k in H such that

g=z-h=y-k.
Therefore,
r=y-k-h7

and so 0
tH=vy k-h'H=yH.

With these two lemmas, we can show that the size of any subgroup is related
to the size of the original group.

THEOREM 3.1: Lagrange’s Theorem
Let G be a finite group, and H a subgroup of G. Then the order of H divides
the order of G. That is, |G| =k - |H| for some positive integer k.

PROOF We can use either left cosets or right cosets to prove this, so let
us use right cosets. Every element of x in G is contained in at least one right
coset. For example, z is contained in Hz. Let k& be the number of distinct
right cosets. Then, if the right cosets are

Hzxi,Hxo, Hxs, ..., Hxy,
we can write
G=HriUHxy UHz3U---U Huxy.

The U’s represent the union of the cosets. But by lemma 3.2, there are no
elements in common among these sets, and so this union defines a partition
of G. By lemma 3.1, each cosets contains |H| elements. So |G| = k- |H|. [

Lagrange’s theorem, which seems apparent when looking at the cosets of a
subgroup, turns out to have some far-reaching consequences. Let us look at
some of the results that can be obtained using Lagrange’s theorem.

COROLLARY 3.1
Let G be a finite group, and let x be an element of G. Then the order of x
divides |G)|.

PROOF The order of = equals the order of the subgroup [z] of G. There-
fore, by Lagrange’s theorem (3.1), the assertion follows. I

COROLLARY 3.2
Let G be a finite group of order n and let x be an element of G. Then

r = €.
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PROOF Let m denote the order of z. By corollary 3.1, n = mk for some

integer k. Then we have 2" = 2 = (2™)* = ek =¢.

COROLLARY 3.3

A group of prime order is cyclic.

PROOF Suppose G is of order p, which is prime. Then the only positive
divisors of p are 1 and p, so by Lagrange’s theorem (3.1) any subgroup must
be of order 1 or p. If z is any element of G besides the identity, then [xE]
contains x as well as the identity. Thus, G = [z] so G is cyclic.

COROLLARY 3.4
Let n be a positive integer, and x a number coprime to n. Then

2?™ =1 (Mod n),

where ¢(n) is Euler’s totient function.

PROOF We simply apply corollary 3.2 to the group Z;. This group has
@(n) elements, and if z is coprime to n then x is a generator of Z,,, so x is in
zr.

In particular, when n = p is prime, we have

P~ =1 (Mod p).

This result is known as Fermat’s little theorem.

DEFINITION 3.2 1If H is a subgroup of GG, we define the indezx of H in
G, denoted [G: H], to be the number of right cosets in H\G. Of course this
is the same as the number of left cosets in G/H.

Notice that when G is a finite group we have by the argument in Lagrange’s
theorem (3.1) that |G| = |H| - [G: H].

3.2 How to Write a Secret Message

It was mentioned in the last section that Lagrange’s theorem (3.1) has some
far-reaching implications. One of these implications is the ability to write a
message that no one can read except for the person to whom the message is
sent, even if the whole world knows the code!
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To introduce this code, we begin by considering the group Z35, whose order
is ¢(33) = 20. The elements of Z3; are

{1,2,4,5,7,8,10,13, 14, 16,17, 19, 20, 23, 25, 26, 28, 29, 31, 32}.

Consider the mapping that sends every element to its square. In essence we
are defining a function f(x) = 22 on this group. We can make a circle graph
in Mathematica that maps each element to its square by the command

DefMultMod|[33]
CircleGraph[{1,2,4,5,7,8,10,13,14,16,17,19,20,23,25,26,28,29,31,32},
Pow|[2]]

which produces figure 3.2.

FIGURE 3.2: Circle graph for squaring in Z3,

This graph is rather perplexing. The squares of 2, 13, 20, and 31 are all 4.
The elements having “square roots” have four of them, while the majority of
the elements do not have square roots.

If we try cubing each element instead, using the command

CircleGraph[{1,2,4,5,7,8,10,13,14,16,17,19,20,23,25,26,28,29,31,32},
Pow[3]]

we get figure 3.3. This graph has a very different behavior: no two elements
have the same cube. Also, every element has a “cube root.” The terminology
used for standard functions over the real numbers can be used for functions
defined on groups.
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32 2
31 4

FIGURE 3.3: Circle graph for cubing in Z3;

DEFINITION 3.3 We say that a function f(z) is one-to-one if the only
way for f(xz) = f(y) is for x = y. We say that a function f(x) is onto if for
every y, there is an x such that f(x) =y.

In terms of the circle graphs, a one-to-one function cannot have two arrows
pointing to the same point. Likewise, an onto function will have at least one
arrowhead at each point. We see from figure 3.3 that the cube function is
both one-to-one and onto. Thus, every element has a unique cube root.

In fact, the cube root of any element in this group can be found by taking
the seventh power of the element! This is because ¢(33) = 20, so using
corollary 3.4,

The key difference between the squaring function and the cubing function
stems from the fact that 3 is coprime to ¢(33) = 20, whereas 2 is not.

PROPOSITION 3.1

Suppose G is a finite group of order m, and that v is some integer which is
coprime to m. Then the function f(x) = x” is one-to-one and onto. In other
words, we can always find the unique r-th root of any element in G.

PROOF Since G is of order m, we have by corollary 3.2 that ™ = e for
all z in G. If » and m are coprime, then r is a generator in the additive group
Zpm. But this means that r is an element of the group Z;,, and so there is an
inverse element s = r~!. Thus, s-r = 1 in Z. Another way we could say
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this is
sr=km+1
for some integer k.
Now we are ready to take the r-th root of a number. If y is an element of
G, then the r-th root of y in G is merely y°. To see this, note that

(ys)r _ ysr _ y(k?n-{-l) — (ym)k Yy = ek Ly =uy.

So y® is one r-th root of a. But y® must be a different element for every y in
@G, since the r-th power of y?® is different. Since the r-th root of every element
of G is accounted for, by the pigeonhole principle there cannot be two r-th
roots to any element. Thus, y° gives the unique r-th root of y in G. I

Let us now consider the cubes of all numbers from 0 to 32. This will no
longer be a group, since we have included non-invertible elements. But with
the circle graph shown in figure 3.4, we find that the mapping x — 3 is still
one-to-one and onto. Thus, we can still find the cube root of a number modulo
33 by taking the seventh power modulo 33. The reason is given in the next
proposition.

FIGURE 3.4: Circle graph for cubing modulo 33

PROPOSITION 3.2
Suppose n is a product of two distinct primes and

r-s=1 (Mod ¢(n)).
Then for all values of x less then n,

(z")* =2 (Mod n).
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PROOF If z is coprime to n, then proposition is true by proposition 3.1.
Suppose z is not coprime to n = p - ¢, where p and ¢ are the two distinct
primes. By the totient function theorem (2.1), ¢(n) = (p — 1) - (¢ — 1). The
number z would be a multiple of either p or ¢, say p. Then

x’l"'S — (p . a)’I"S — pT"S . aT'S

will be a multiple of p. Also, x is not a multiple of ¢ since z is less than
n. Since r-s =1 (Mod (p—1)(¢—1)), r-s =1 (Mod (¢ — 1)). Thus, by
proposition 3.1 again, we have

2™ =z (Mod q).

Since we also have 2" = x (Mod p), by the Chinese Remainder Theorem
(1.3), we have, since p and ¢ are coprime,

2" =z (Mod pg = n). 0

The function z — 23 is not only one-to-one and onto, but also mixes up
the numbers 0 through 32 fairly well. This suggests an encryption scheme.
We can first convert a message to a sequence of numbers using table 3.1. For
example,

CAN YOU READ THIS

becomes
3,1, 14, 0, 25, 15, 21, 0, 18, 5, 1, 4, 0, 20, 8, 9, 19.

The encryption scheme is to replace each number with its cube, modulo 33.

TABLE 3.1: Standard code sending

letters to numbers

A = 1|J = 10]S = 19
B = 2|K = 11|T = 20
C = 3|L 12| U 21
D = 4\M = 13|V = 22
E = 5|N = 14| W = 23
F = 6|0 15| X 24
G = T7|P = 16|Y = 25
H = 8|Q = 17|72 = 26
I = 9|R 18 | Space = 0.

This gives us

27,1,5,0,16,9, 21, 0, 24, 26, 1, 31, 0, 14, 17, 3, 28.
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To decipher this, one would take the seventh power of each number in the
sequence modulo 33, and convert back to letters in the alphabet.

The main drawback with this code is that, for longer messages, the letter
E which encodes to 26 would appear most frequently in the encoded string.
Someone who didn’t know the code might deduce that 26 stands for E without
knowing anything about algebra. But also anyone who knew how to encrypt
the message could use proposition 3.1 to decipher the message, for they could
deduce that 7 is the inverse of 3 modulo 20. What we need is a code in which
everyone would know how to encrypt a message, but only the person who
originated the code could decipher.

We can solve both of these problems just by picking n to be the product of
two huge prime numbers p and ¢, say 80 digits each. Then ¢(n) = (p — 1) -
(¢ —1). We then pick r to be a number of at least four digits that is coprime
to ¢(n). The encryption scheme is then

z—y=2z" (Mod n).

We decode this by finding s = r~! in the group Z,- By proposition 3.2,
the operation
y— z=1y° (Mod n)

“undoes” the encryption, since
(z")® =z (Mod n).

One big advantage of using huge numbers for the code is that we can encrypt
an entire line at a time. For example,

CAN YOU READ THIS
can be encrypted by the single number
0301140025152100180501040020080919

by having every two digits represent one letter (still using table 3.1). This
prevents cracking the code using the frequencies of the letters. But the unusual
advantage of this code is that only the originator of the code can decipher a
message, even if the encryption scheme and the values of n and r were made
public.

In order to decode a message, one must know the value of s, which is given
by the inverse of r (Mod ¢(n)). This is easy to do with Mathematica or GAP
once ¢(n) is known, but how difficult it is to find ¢(n)! One needs to know the
prime factorization of n, which would be about 160 digits long. Even GAP
or Mathematica could not factor this in a reasonable amount of time. In fact,
adding two digits to p and ¢ makes the factorization 10 times harder. So by
making the prime numbers larger, we can be assured that the factorization
cannot be done within one’s lifetime. [6, p. 21] Thus, without knowing the
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original primes p and ¢ that were multiplied together, it is virtually impossible
to determine s.

This encryption scheme is called the Rivest-Shamir-Adleman encryption.[6,
p. 374] Both Mathematica and GAP have built in routines that allow us to
experiment with RSA encryption. The Mathematica function

p = NextPrime[123456789012345678901234567890\
12345678901234567890123456789012345678901234567890]

finds the next prime number larger than that 80 digit number. In GAP, the
corresponding function is NextPrimeInt. Since we want n to be the product
of two large primes, we will find another large prime ¢, and multiply these
primes together.

gap> p := NextPrimeInt(123456789012345678901234567890\

> 12345678901234567890123456789012345678901234567890) ; ;
#I IsPrimelnt: probably prime, but not proven:

12345678901234567890123456789012345678901234567890123456789012\
345678901234567997

gap> q := NextPrimelInt (987654321098765432109876543210\

> 98765432109876543210987654321098765432109876543210) ; ;
#I IsPrimeInt: probably prime, but not proven:

98765432109876543210987654321098765432109876543210987654321098\
765432109876543391

gap> n := p*q;;

In both GAP and Mathematica, we can use a backslash to break the input
into two lines, and it will be read as a single line. GAP issues a warning that
these numbers are only probably prime, but the odds of a non-prime number
passing the prime test are astronomically small, so we can safely assume that

these are indeed prime. This is true in Mathematica as well, but no warning
is issued. In Mathematica, we finish this up with the commands

q = NextPrime[987654321098765432109876543210\
98765432109876543210987654321098765432109876543210]

n=pq

The number n can be made public, along with any four digit number r that
is coprime to both p — 1 and g — 1. For simplicity, we will use a four digit
prime number.

r = NextPrime[1234]

gap> r := NextPrimelInt(1234);
1237

We can verify that this is coprime to (p — 1)(¢ — 1) by computing
GCD[ (p-1)(q-1), r ]

or
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gap> GecdInt((p-1)*(q-1), 1);
1
which returns 1.
To encrypt a message, the command
x = MessageToNumber[ "HERE IS A MESSAGE"]

converts any sentence into a number. Note that the message is put in quota-
tion marks. This number can now be encrypted by the command

y = PowerMod| x, r, n ]
In GAP, we use PowerModInt instead of PowerMod.

gap> x := MessageToNumber ("HERE IS A MESSAGE");
805180500091900010013051919010705

gap> y := PowerModInt(x, r, n);
14724730500997597506102032344396082021733211823548530129332813\

79106660097841745903879602610137146145206880730757815860390004\
76825576155377145604282754058969344

Deciphering a message is very similar, only we will use the secret number
s instead of r. Suppose a friend, knowing the values of n and r, gives the
message

y = 6955740514702440687061142665742560438277560654407470\
32387700788446830783525388331288538827113160595765080505\
966693143199918635215093570816224139063616551830794

gap> y := 6955740514702440687061142665742560438277560654407470\

> 32387700788446830783525388331288538827113160595765080505\
> 966693143199918635215093570816224139063616551830794 ; ;

To decode the message, we first need to know the value of s, which is the
inverse of r modulo (p — 1)(¢ — 1). Thus, the command to find s is given by

s = PowerMod|[ r, -1, (p—1)(g-1) ]

gap> s := PowerModInt(r, -1, (p-1)*(q-1));;
Next, compute y* (Mod n) by the command

x = PowerMod| y, s, n |

Finally, the command

NumberToMessage|[x]

puts the message into readable form. In GAP, these final steps are as follows:
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gap> x := PowerModInt(y, s, n);

13555570006355005170003740333000669363930052555859645400705855\
006958555493

gap> NumberToMessage (x) ;
"Meet me at 7:30 p.m. behind the shed."

You may notice that the encryption in table 3.1 has been expanded to allow
lower case letters and punctuation. There are many other applications to this
code besides sending secret messages. For example, suppose to get an account
at the Electronic Bank, you pick two large random prime numbers, p and gq.
The bank then gives you the account number n = p - ¢, and a number r, and
makes these public. The bank also gives you the secret number

s=r"1 (Mod (p—1)(g — 1)).
You use the number s to decode messages such as

MessageToNumber|
"Check 1034: Pay to the order of John Brown $43.50"]
x = PowerMod[%, s, n]

gap> MessageToNumber (
> "Check 1034: Pay to the order of John Brown $43.50");

35855536100313033344000001651750070650070585500656854556800655\
6001065586400026865736400833433933530

gap> x := PowerModInt(last, s, n);
75988620333380419175786780439758234015888858383083768972777759\

85015878822767049416948949038971220635472890765736415533604270\
75056899824700000369186330479499918

This number, along with your account number and the number r, is sent to
John Brown. His bank can verify that this number is in fact a check as follows:

y = PowerMod] x, r, n ]
NumberToMessage[y]

gap> y := PowerModInt(x, r, n);;
gap> NumberToMessage (y) ;
"Check 1034: Pay to the order of John Brown $43.50"

This proves that the only person knowing s sent this message. Hence, the
encryption acts as a signature to the check. Using this method, one can send
an “electronic check” (even through e-mail) that is virtually impossible to
forge.

3.3 Normal Subgroups

We can define a product of any subset of a group G by an element of G in
the same way that we defined a product of a subgroup and an element. That
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is, if X is any subset of G, we can define

Xu={z-u | z€X}, and
uX ={u-z | zeX}.

If X and Y are two subsets of a group G, we can also define
X-Y={zry | reXandyeY}

By defining the product of subsets in this way, we find that {u} - X = uX.
We also discover that

X-(Y-Z2)=(X-Y)-Z

This raises some interesting questions. If X and Y are subgroups of G, will
X -Y be a subgroup? Suppose X and Y are cosets of G with respect to a
subgroup H. Will X -Y be a coset of G7

We will use the octahedral group of order 24 to experiment. In Mathematica,
this can be reloaded with the commands

InitGrouple]; Define[a™2, e]; Define[b™ 3, e]; Define[c "4, €]
Define[1/a, a]; Define[1/b, b™2]; Define[l/c, ¢ 3]
Define[b.a, a.b.b]; Define|[c.a, a.b.c]; Define[c.b, a.c.c]

G = Groupl[{a, b, c}];

Two sample subgroups of order 4 are given by

H = Groupl{c}]
{e, ¢, c-¢c, c-c-c}

and

K = Group[{b.c}]
{e, b-¢c,a-b-c-c,a-b-b-c-c-c}

whose product can be computed using Mathematica.

H.K
{¢, e, a-b, a-c, b-b,
a-c-c-c, b-b-c-c,

‘¢, c-C, a
-c-c-c,

b
b

&~ o
-~ o
@@

In GAP, the commands are

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=£f.2;; c:=£.3;;

gap> g:=f/[a"2,b"3,c"4, b*a/(a*xb*b), cxa/(a*b*xc), cxb/(axcxc)];;

gap> a:=g.1;; b:=g.2;; c:=g.3;;

gap> G := ListGroup(g);

[ <identity ...>, a, b, a*b, b"2, axb™2, c, a*c, b*c, axb*c,
b"2xc, a*xb"2*xc, c”2, a*c”2, bxc~2, axbxc”2, b"2*%xc”2,
axb”2*xc”2, ¢~3, a*c”3, bxc~3, axb*c~3, b"2*%c”3, axb"2*xc"3 ]
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gap> H := Group(c);

Group([ ¢ 1)

gap> K := Group(b*c);

Group([ b*c 1)

gap> Mult(G,H,K);

[ <identity ...>, a*b”2, a*b"2*c, c”2, c, a*b”2*c"2, b"2,
a*xb"2*%c”3, a*b, c”3, a*c, b"2*%c”2, b*c, axb*c”2, axc”3,
b*c~3 ]

Both GAP and Mathematica show a set containing 16 elements. This cannot
be a subgroup by Lagrange’s theorem (3.1), since 16 is not a factor of 24.
Note that by having G be the ListGroup of the group in GAP, the elements
are displayed the way Mathematica displays the elements. This causes GAP’s
output for many operations to match Mathematica’s output.

If we consider multiplying two right cosets of H, say the third and the fifth,

gap> R := RtCoset(G,H);

[ [ <identity ...>, ¢”2, ¢, ¢c°3 1],
[ a*b~2, axb~2*c, a*b"2%c”2, a*xb~2*xc"3 ],
[ b, b"2%c, a*c™2, a*xb*c~3 ], [ a, a*b*c, b*xc"2, b 2*xc~3 ],
[ b°2, a*c, axbxc™2, bxc"3 ], [ a*xb, b"2*c"2, b*c, a*c™3 ] ]

gap> Mult(G, R[3], R[51);

[ <identity ...>, a*b”2, b, a*b”"2*c, c”2, a, c, a*xb"2*c"2,
a*b*c, bxc~2, a*xb"2xc”3, b"2*xc, a*c”2, c~3, axb*c~3,
b~2xc~3 ]

we get something equally fruitless. However, a left coset multiplied by a right
coset produces a glimmer of hope:

gap> L := LftCoset(G,H);
[ [ <identity ...>, ¢”2, ¢, ¢c°3 1],
[ a*b”2, axb~2*c, a*b”2%c”2, a*xb~2*xc"3 ],
[ b, bxc™2, b*c, bxc"3 ], [ a, a*c™2, a*xc, a*xc~3 ],
[ b2, b"2%c, b 2*xc"2, b"2*c"3 ],
[ axbxc, a*b, axbxc~3, axbxc™2 ] ]
gap> Mult(G, L[3], R[5]);
[ <identity ...>, a*b™2%c, axc™2, b 2xc"3 ]

which a MultTable command shows is indeed a subgroup. In fact, experi-
menting shows that any left coset in L times a right coset in R will give four
elements, which looks like some sort of coset.

So what happens if we find a subgroup for which the right cosets and the
left cosets are the same? Then the product of a left coset and a right coset
would merely be the product of two cosets. An example of such a subset is

M = {e, c.c, a.b.b.c, a.b.b.c.c.c}
which we can verify in Mathematica by the commands

R = RtCoset|[G, M]
L = LftCoset[G, M]
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or in GAP as follows:

gap> M := Group(c~2, a*b~2xc);

Group([ c~2, a*xb™2*c 1)

gap> R := RtCoset(G,M);

[ [ <identity ...>, a*b™2%c, c~2, a*b"2xc"3 ],
[ a*b"2, c, axb™2*c"2, c¢c"3 1, [ b, axb*c, b*c™2, a*xb*c”3 ],
[ a, b"2%c, a*c™2, b"2%c"3 ], [ b"2, a*xc, b"2%c"2, axc~3 ],
[ a*b, bxc, a*bxc™2, b*c"3 ]

gap> L := LftCoset(G,M);

[ [ <identity ...>, a*b"2*c, c
[ axb~2, c, a*xb™2xc"2, c~3 ],
[ a, b™2%c, a*xc™2, b™2%c"3 ],
[ a*xb, b*c, axb*c™2, b*c~3 ]

"2, axb"2%c"3 ],
[ b, axb*c, bxc™2, a*b*c~3 ],
[ b°2, axc, b™2*c~2, a*c"3 ],

Two of these cosets are

H = {a, a.c.c, b.b.c, b.b.c.c.c}
K = {b, a.b.c, b.c.c, a.b.c.c.c}

and the product H - K turns out to be another coset. In fact, the product of
any two cosets of the subgroup M will yield a coset of M.

gap> Mult(G,R[4],R[3]);
[ axb, bxc, a*b*c”™2, bxc~3 ]

First, let us give some terminology for this special type of subgroup.

DEFINITION 3.4 A subgroup H of the group G is said to be normal
if all left cosets are also right cosets, and conversely, all right cosets are also
left cosets. That is, H is normal if G/H = H\G.

Next, we need a way to test whether a subset is normal.

PROPOSITION 3.3
A subgroup H is a normal subgroup of G if, and only if, uHu™' = H for all
elements u in G.

PROOF First of all, suppose H is normal, and let u be an element of G.
Then uH and Hu both contain the element u. Since the left and right cosets
are the same, we have

uH = Hu.

Multiplying both sides on the right by v~ gives
uwHu ' = Hu-u'=H.
Now, suppose that uHu~' = H for all elements v in G. Then

Hu= (uHu ') -u=uHe = uH.



70 Abstract Algebra: An Interactive Approach
Thus, every left coset is also a right coset, and vice versa. I

This gives us a way to determine if a subgroup is normal, but we can improve
on this test.

PROPOSITION 3.4
Let H be a subgroup of G. Then H is normal if, and only if,

wHu ' CH

for all elements u € G.

PROOF The “only if” part of this statement is obvious from proposi-
tion 3.3. So let us suppose that for all u in G,

uHu ' C H.
However, since (u=!)~! = u, we have
uw ! Hu=u'Hu ') CH

Multiplying every element in the set by u on the left gives us Hu C uH, and
multiplying on the right by =1 gives us H C uHu~'. Since we also have that
uHu~! C H, we can conclude that uHu "' = H. Then from proposition 3.3,
H is normal.

Thus, to test whether H is a normal subgroup, we simply have to show that
g-h-g~1isin H whenever h € H and u € G. There are many other examples
of normal subgroups. For example, if G is any group, then the subgroups
{e} and G are automatically normal. These normal subgroups are said to be
trivial. If G is commutative, then any subgroup will be a normal subgroup.
Here is another way to tell a subgroup is normal.

PROPOSITION 3.5
If H is a subgroup of G with index 2, then H is a normal subgroup.

PROOF Since H is a subgroup of G with index 2, there are two left cosets
and two right cosets. One of the left cosets is eH, which is the set of elements
in H. The other left coset must then be the set of elements not in H. But
the same thing is true for the right cosets, so the left and right cosets are the
same. Thus, H is normal.

When we have a normal subgroup, the set of cosets will possess more prop-
erties than for standard subgroups. We will explore these in the next section.
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3.4 Quotient Groups

In the last section we observed a case where H was a normal subgroup of G,
and the product of two cosets yielded another coset. Let us begin by proving
that this will always happen for normal subgroups.

LEMMA 3.3
If N is a normal subgroup of G, then the product of two cosets of N is again
a coset of N. In fact,

aN -bN = (a-b)N.

PROOF We simply observe that
aN-bN=a-(Nb)-N=a-(bN)-N=(a-b)-(N-N)={(a-b)N.
Note that Nb = bN because N is a normal subgroup. I

This result is very suggestive. If we can multiply two cosets to produce
another coset, will the set of all cosets form a group?

THEOREM 3.2: The Quotient Group Theorem
Let N be a normal subgroup of G. Then the set of all cosets is a group, which
is denoted by G/N, called the quotient group of G with respect to N.

PROOF We simply have to check that G/N satisfies the four requirements
in definition 1.3. The closure property is given by lemma 3.3. To check
associativity,

aN - (bN-¢cN)=aN-(b-¢)N=(a-(b-¢))N
=((a-b)-¢c)N=(a-b)N-cN = (aN -bN)-cN.

The identity element is eN = N, and we can check that

eN-aN = (e-a)N = aN, and
aN -eN = (a-e)N = aN.

Finally, the inverse of alV is a1 N, since

aN-a*N=(a-a )N =eN = N, and
a'N-aN = (a"'-a)N =eN = N.

Thus, the set of all cosets forms a group. I
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One of the easiest groups to consider is the group of integers Z under addi-
tion. A subgroup of Z would counsist of all multiples of k, with k > 0. (k=0
and k = 1 produce the two trivial subgroups.) We will denote this normal
subgroup of Z by kZ. All elements in each coset would be equivalent modulo
k. Thus, there would be k cosets of kZ (except when k = 0). Hence, Z/kZ is
essentially the same group as Z;. The notation

x =y (Mod k)

indicates that = and y belong to the same coset of the subgroup kZ.
We can extend this notation to any normal subgroup. We say that

z =y (Mod N)

to indicate x and y belong in the same coset of G with respect to N. It is
easy to see that

r=y (Mod N) if, and only if, z-y~'e N.

The partitioning of the cosets makes it obvious that equivalence (Mod N)
satisfies the following three properties:

1. (Reflexive) Every element z is equivalent to itself.
2. (Symmetric) If z is equivalent to y, then y is equivalent to x.

3. (Transitive) If x is equivalent to y, and y in turn is equivalent to z, then
x is equivalent to z.

DEFINITION 3.5 Any relationship that satisfies these three properties
is called an equivalence relationship.

Any equivalence naturally divides a set up into smaller subsets, where mem-
bers of each subset are equivalent to each other. These subsets are called
equivalence classes.

In the last section we found a normal subgroup of the octahedral group,
namely

M = {e, c.c, a.b.b.c, a.b.b.c.c.c}

The cosets, or equivalence classes, with respect to this subgroup are given by
the command

Q = LftCoset|[G, M]

We can use Mathematica to give us a multiplication table of the quotient
group Q.
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MultTable[Q)]

{a,a.c.c,b.b.c,b.b.c.c.c}

{b,a.b.c,b.c.c,a.b.c.c.c}

{c,a.b.b,c.c.c,a.b.b.c.c}

{e,c.c,a.b.b.c;a.b.b.c.c.c}

{a.b,b.c,a.b.c.c,b.c.c.c}

{a.c,b.b,a.c.c.c,b.b.c.c}

Since the names of the elements are so long, Mathematica uses a color code for
the elements, which is shown here as shading. Notice that this table is very
similar to the table for the group S3, but is not quite the same color pattern,
since the identity element of () is not listed first. If we do these calculations
in GAP, we do not have this problem. Note: If the group is still loaded from
the last section, we can skip to the Q := RtCoset(G,M); command.

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=f.2;; c:=f.3;;

gap> g:=f/[a"2, b~3, c"4,b*a/(axb*b),c*a/(a*b*c),c*b/(a*xc*c)];;

gap> a:=g.1l;; b:=g.2;; c:=g.3;;

gap> G := ListGroup(g);

[ <identity ...>, a, b, a*b, b~2, a*b”~2, c, a*c, b*c, axb*c,
b~2xc, a*xb"2*xc, c”2, a*c”2, bxc"2, axb*xc”2, b"2*xc"2,
a*b"2%c”2, c~3, a*c"3, b*c"3, axb*c"3, b"2%c"3, a*xb~2*c"3 ]

gap> M := Group(c~2, a*b~2xc);;

gap> Q := RtCoset(G,M);

[ [ <identity ...>, axb™2xc,

[ a*b"2, c, a*b™2%c"2, c~3

c"2, axb"2*xc"3 ],

1,
[ a, b™2%c, a*xc™2, b™2%c"3 ],

]

[ b, axb*c, b*c~2, a*b*c”3 ],
[ b"2, axc, b™2*c"2, a*c"3 ],

[ axb, b*c, axbxc™2, b*c~3 ] 1]
gap> NumberElements := true;;
gap> MultTable(Q);
* [Tt 2 3 4 5 6

+
[e,axb™2xc,c”2,a*xb™2*xc"3] |1 2
[axb~2,c,a*xb"2*c"2,c"3] |2 1
[b,a*bxc,b*c”2,a*xbxc"3] |3 6
[a,b"2%c,a*c"2,b"2%c"3] |4 5
[b°2,a*c,b"2%c"2,a*xc”3] |5 4
[axb,b*c,a*xb*xc™2,b*c"3] |6 3
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The command NumberElements := true;; allows larger tables to be dis-
played by substituting a number for each element. Since the order of the
elements along the top is the same as the order in the leading column, it is
easy to determine which element (coset) corresponds to which number. The
group Ss is already defined in Mathematica and GAP as a subset of the oc-
tahedral group. This subset is given by

H = {e, a, b, a.b, b.b, a.b.b}

Thus, the multiplication table of S3 is given by
gap> e := Identity(g);

<identity ...>

gap> H := [e, a, b, a*b, b™2, a*b™2];;
gap> MultTable(H);

—
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With this particular arrangement of the elements, we see that the number
patterns for Q and H match. In chapter 4, we will define two groups that
have the same number or color pattern as being isomorphic.

Problems for Chapter 3

Interactive Problems

3.1 This exercise is required in order to do the RSA encryption problem 3.2
or 3.3. Using Mathematica’s NextPrime command, or GAP’s NextPrimeInt,
find two large prime numbers p and ¢, at least 80 digits each. This is done by
the two Mathematica commands

p = NextPrime[ large number goes here |
q = NextPrime[ another large number goes here |

or the GAP commands

gap> p :
gap> q :

We will use the value » = 10007. Verify that this number is coprime to
p—1and g — 1 by executing the following:

GCD[(p-1)(q-1), 10007]

NextPrimeInt( large number goes here );;
NextPrimeInt( another large number goes here );;
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or
gap> GcdInt( (p-1)*(g-1), 10007);

If this yields 10007 instead of 1, go back and find new values for p and gq.
Once the GCD is 1, compute n = p - ¢, and save this on a thumb drive. To
do this, place your thumb drive in the computer (say it becomes the E: drive)
and enter:

n=pq
Save["E:/nfile", n]
or in GAP,

gap> n := p*q;;
gap> PrintTo("E:/nfile", "n:=",n,";");

Note: If the thumb drive is some other drive, such as the F: drive, you will
have to replace the E: with F: in the last statement, and also the statements
below. Next, find the secret number s, which deciphers a message:

s = PowerMod[10007, -1, (p—1)(g—1)]

or

gap> s := PowerModInt (10007, -1, (p-1)*(q-1));

You will want to save this number for future reference. With your thumb
drive still in the computer, enter

Save["E:/secret", s]

or

gap> PrintTo("E:/secret","s:=",s,";");

This number will be needed for future assignments. Don’t lose it! Finally,
e-mail the “nfile” file as an attachment to the professor. Alternatively, you

can cut and paste the contents of “nfile” into the body of the message. Do
not send the contents of the secret file.

3.2 Using the values of n and s from problem 3.1, send an “electronic check”
to your favorite professor for $100.00. This check will be in the form of a huge
number, z. Once this number is found, insert your thumb drive and enter

Save["E:/check", x]
or

gap> PrintTo("E:/check","x:=",x,";");

E-mail the file “check” as a file attachment, or cut and paste the contents of
the file into the body of a letter.
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3.3 After doing problem 3.1, you will receive a response with an attachment
file “message.” Save this to your thumb drive and enter

<<E:/message
<<E:/nfile
<<E:/secret

or in GAP,

gap> Read("E:/message");
gap> Read("E:/nfile");
gap> Read("E:/secret");

The first command sets y to the encrypted message, while the second com-
mand reads in your value of n. The third command loads the secret number
into s that you were asked to save in problem 3.1. Using this value of s,
decode the message and hand in (on paper) what it says.

3.4 B. L. User tried creating his encryption number with the two primes

p = NextPrime[7158702734571975487341567156785678216374\
1561519737155752525673649286739584756092]
q = NextPrime[ p+1 ]

or, in GAP,

gap> p := NextPrimelInt(7158702734571975487341567156785678216374\
> 1561519737155752525673649286739584756092) ; ;
gap> q := NextPrimeInt(p+1);;

When he publicized the product n = pq, along with the value r = 6367, he
received a message from a friend:

y = 3092722521993064335403878476414515883199432204869058005976140\
7250735465231068482494915312824566404543856784721076165212420\
43590910817888839981759972041752306977

What did this message say?

3.5 Show that there is a group ) which is generated by two elements a and
b, for which

at =e, b? = a2, b-a=a®-b, a® +# e.
This can be entered into Mathematica with the command

InitGrouple];
Define[a™ 4, €]
Define[b™2, a™ 2]
Define[b.a, a.a.a.b]
Q = Group[{a, b}]
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or in GAP by the commands

gap> f := FreeGroup("a","b");; a := £.1;; b := £.2;;
gap> g := £/[a"4,(©"2)/(a"2), (b*xa)/(a"3*b)];;

gap> a := g.1;; b := g.2;;

gap> Q := List(g);

Find all subgroups of this group, and show that all subgroups are normal,
even though the group is non-abelian. (Write down the list of left cosets and
right cosets for each subgroup found.)

3.6 Define G = Zj5 in Mathematica. How many elements does this group
have? Consider the subgroup H generated by the element 11. A circle graph
demonstrating the cosets G/H can be obtained by the command

CircleGraph[G, Mult[11]]

By looking at the circle graph, determine the cosets of G with respect to H.
What is the order of the element 2 - H in the quotient group G/H?

3.7 Use Mathematica or GAP, along with a bit of trial and error, to find a
subgroup of order 12 of the octahedral group. Show that this subgroup is a
normal subgroup. The following reloads the octahedral group:

InitGrouple]; Define[a™2, e]; Define[b™3, e]; Define[c "4, €]
Define[1l/a, a]; Define[1l/b, b™2]; Define[l/c, ¢ 3]

Define[b.a, a.b.b]; Define[c.a, a.b.c]|; Define[c.b, a.c.c]

G = Groupl[{a, b, c}]

or

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=f.2;; c:=f.3;;

gap> g:=f/[a"2,b73,c"4, b*a/(axb*b), c*a/(a*xb*c), c*b/(axc*c)];;
gap> a:=g.1l;; b:=g.2;; c:=g.3;;

gap> G := ListGroup(g);;

Non-Interactive Problems

3.8 Prove that the order of Z; is even whenever n > 2.
Hint: Find a subgroup of order 2.

3.9 Without using Mathematica or GAP, but rather by taking advantage of
corollary 3.4, compute 52! (Mod 7) and 7%! (Mod 10).

3.10 Show that if H is a subgroup of G, and the left coset *H is also a
subgroup of G, then x is in H.

3.11 Show that if an element y of a group G is in the right coset Hzx, where
H is a subgroup of G, then Hy = Hz.



78 Abstract Algebra: An Interactive Approach

3.12 Let |G| = 33. What are the possible orders for the elements of G?
Show that G must have an element of order 3.

3.13 Show that proposition 3.2 is still true if n is the product of three distinct
primes. In fact, many applications of the RSA code use three large primes
instead of two.

3.14 Show that proposition 3.2 is no longer true if we let n = p? for some
prime p.

3.15 Show that if G is an abelian group, and X and Y are two subgroups
of G, then X -Y is a subgroup of G.

3.16 List all of the left and right cosets of the subgroup { Stay, FlipRt }
of Terry’s group. Are the left and right cosets the same?

3.17 List all of the cosets of the subgroup {0, 4,8} of Z;s.
3.18 List all of the cosets of the subgroup {1,4} of Z}5. (See table 1.4.)

For problems 3.19 through 3.21, write the multiplication table for the fol-
lowing quotient groups:

3.19 Z15/{0,4,8} 3.20 Z12/{0,6} 3.21 Z7;/{1,4} (See table 1.4.)
3.22 Find all of the normal subgroups of S3. (This is Terry’s group.)

3.23 Let Q be the additive group of rational numbers. Show that the group
of integers Z is a normal subgroup of Q. Show that Q/Z is an infinite group
in which every element has finite order.

3.24 Let G be the group from example 1.4 in section 1.4, the group of linear
functions of the form f(z) = mz + b, with m,;b € R, m # 0. Let N be the
subset of G for which m = 1, that is,

N={¢(x)=z+b | beR}
Show that N is a normal subgroup of G. Describe the quotient group G/N.

3.25 Let G be the group of linear functions as in problem 3.24. Let T be
the subset of G for which b = 0, that is,

T={¢(x)=ma | meR, m=#0}.

Show that T is a subgroup of G, but not a normal subgroup. If f(z) = 22+ 3,
describe both the left and right cosets f -7 and T - f.

3.26 Prove that the quotient group of a cyclic group is cyclic.

3.27 Prove that the quotient group of an abelian group is abelian.



Chapter 4

Mappings between Groups

4.1 Isomorphisms

The quotient group G/M we saw at the end of the last chapter turned out to
be very similar to the group S3. They are technically distinct, since the names
for their elements are totally different. Yet we could find a correlation between
the elements of the two groups so that the corresponding multiplication tables
would have identical color patterns. Here is one such possible correlation
between the two groups:

e—{e, c? a-b?c a b}
a{c,a b 3 a2}
bes{bya-b-c,b-c* a-b-c*}
a-be{a,a-c% b*-c, b*- 3}
b {a-c, b’ a ¢, b2}
a-b® = {a-bb-ca-b-c* b}

Suppose we use this correlation to define a function f(x) sending each element
of S5 to an element of G/M. Thus,

fley={e,? a-b* ¢, a-b*-*}
fla)={c,a-b* c a-b*-c*}
f)y={b,a-b-c,b-c* a-b-c*}
fla-b)={a,a-c2 b ¢ b* 3}
f*) ={a-c, v* a-c b*.c*}
fla-v*)y={a-b,b-c,a-b-c* b-c*}

The fact that the corresponding multiplication tables have the same color
patterns can now be expressed simply by

flx-y)=f(z)- f(y)

Also, the function f(x) maps different elements of Sz to different elements of
G/M. That is, f(z) is one-to-one, or injective. Finally, every element of G/M

79
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appears as f(z) for some element x. This is expressed by saying that f(x)
is onto, or surjective. A function that is both one-to-one and onto is called
bijective.

DEFINITION 4.1 Let G and G2 be two groups. An isomorphism from
G1 to G is a one-to-one function sending elements of G to elements of G4
such that

flx-y)=f(x)- fly) forall z,y € Gy.

If there exists an isomorphism from G; to G that is also onto, then we say
that G1 and G5 are isomorphic, denoted by

G1 ~ GQ.

For example,
Sg ~ G/M

because of the existence of the function f(z), which we saw was both one-to-
one and onto.

One of the important yet extremely hard problems in group theory is to
find all of the non-isomorphic groups of a given order. Although this is still
an unsolved problem, we have the following upper bound for the number of
groups.

PROPOSITION 4.1
There are at most n(®”) non-isomorphic groups of order n.

PROOF If two groups have the same multiplication table, they are isomor-
phic, so a group is completely determined by its multiplication table. Notice
that each element of this table must be one of n elements, and there are n?
entries in the table. So there are n(”) ways of creating such a table. I

Of course, not very many of these tables will actually form a group. In
fact, in some cases we can show that there is only one non-isomorphic group
of order n.

PROPOSITION 4.2
For n a positive integer, every cyclic group of order n is isomorphic to Z,.

PROOF Let G be a group of order n, and let g be a generator of G. Then
g™ =e, and

G={e=¢"9"9%¢....a" '}
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Define f: Z,, — G by
fl@)=g" (0<z<n-1)

That is, f will map the elements of Z,, to elements of G. Clearly f is one-to-
one and onto, and we would like to show that it is an isomorphism. Suppose
x and y satisfy

0<z,y<n—1.

We let 2 = z+y (Mod n). Then we can find an m such that x+y = mn+2z.
Now, f(x +y) = f(z) = g* by the definition of f. Thus,

flaty)=g" =gV =g g¥ (¢") " =g" g = f(2) f(y).

Since f is an isomorphism of Z, onto G, we have G =~ Z,,. I

In particular if p is prime, corollary 3.3 indicates all groups of order p are
cyclic. Thus all groups of order p are isomorphic to Z,.

For example, there is only one group each, up to isomorphism, of sizes 2,
3, 5, and 7, namely Zy, Z3, Z5, and Z7. Our goal for this section is to find all
of the possible groups, up to isomorphism, up to order 8. To help us in this
endeavor we have the following lemma.

LEMMA 4.1
Suppose a group G whose order is greater than 2 has all non-identity elements
being of order 2. Then G has a subgroup isomorphic to Zg.

PROOF  Since the order of G is greater than 2, there are two distinct
elements a and b besides the identity element e. Then we have a2 = b = e.
Consider the product a - b. It can be neither a nor b since this would imply
the other was the identity. On the other hand, a - b = e implies

a=a-e=a-(b-b)=(a-b)-b=e-b=0.
So a - b is not the identity either. So there must be a fourth element in G,

which we will call ¢, such that a-b = ¢. Since all elements of G are of order

2, we have ¢? = e.

Finally, note that
b-a=e-b-a-e=a-a-b-a-b-b=a-(a-b)>b=a-c*b=a-eb=ab=c.
With this we can quickly find the remaining products involving a, b, and c.
ca=baa=0b, cb=abb=a, a-c=a-ab=m>o, b-c=b-b-a=a.

Hence, the set H = {e,a,b,c} is closed under multiplication, contains the
identity, and also contains the inverses of every element in the set. Hence, H
is a subgroup of GG. The multiplication table for H
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e a b ¢
ele a b c
ala e ¢ b
blb ¢ e a
clec b a e

shows that this is isomorphic to Z§ using the mapping
fle)
(a)

(
(

~

~

b)

c)

We can now use GAP or Mathematica® to find all non-isomorphic groups
of order up to 8. For example, if we have a group of order 6, any element of
order 6 would imply that it is isomorphic to Zg. We can’t have all non-identity
elements to have order 2, or else lemma 4.1 would give a subset of order 4,
violating Lagrange’s theorem (3.1). Thus, there must be an element b of order
3. Then N = {e, b, b*} is a normal subgroup of order 3 by proposition 3.5. If

2is b or b2, then a is of order 6, so to get something different a? must be e.
Then since N is normal b a is either b, a - b, or a-b>. GAP can eliminate the
first two possibilities:

I
N oW e
=

~

gap> f:=FreeGroup("a","p");; a := £.1;; b := £.2;;
gap> g:=f/[a"2, b~3, b*xa/bl;; a := g.1;; b := g.2;;
gap> Size(g);

3

; b o=

gap> f:=FreeGroup("a","b"); =f.1;; f.
a:=g.l;;b

gap> g:=f/[a"2, b3, b*a/(a*b)],,
gap> Drder(a*b)
6

The first case shows that we no longer have a group with six elements (a
becomes e), and the second case still has an element of order 6. The last case
of course is the S3 we are familiar with. Hence, there are two non-isomorphic
groups of order 6, Zg and Ss.

A similar exhaustive search can be used to find all groups of order 8. If such
a group has all non-identity elements of order 2, then by lemma 4.1 there is a
subgroup {e, a,b,a -b}. By problem 1.22, the group is commutative, so if we
pick c to be any other element, then ¢2 =e,c-a=a-c,andc-b="b-c.

gap> f:=FreeGroup("a","b","c");; a:= f.1;; b:=f.2;; c:=£.3;;
gap> g:=f/[a"2, b"2, c"2, b*a/(a*b), c*a/(a*c), c*b/(bxc)];;
gap> Size(g);

8

So there is only one group of order 8 for which all non-identity elements are of
order 2. But we can find such a group—Z23,, whose table is given in table 4.1.



TABLE 4.1:

Mappings between Groups

Multiplication table for Z3,

1 5 7T 11 13 17 19 23
1 1 5 7T 11 13 17 19 23
) 5 1 11 7 17 13 23 19

711 1 5 19 23 13 17
11 11 7 5 1 23 19 17 13
13113 17 19 23 1 5 7 11
17|17 13 23 19 5 11
19119 23 13 17 7 11 1
23123 19 17 13 11 7 5)

83

If |G| = 8 and G is not isomorphic to either Zg or Z3,, then there must
be an element b of order 4. Then S = {e, b, b?, b3} is a normal subgroup, and
we can let a be any element not in S. Since G/S has order 2, a? must be in
S, but if either a® = b or a2 = b>, then a will have order 8. Also, b-a & S,
but b-a # a, since this would force b = e. So a? is either e or b, and b - a is
either a - b,a - b%, or a - b>. These six possibilities can be tried out in GAP or

Mathematica.

gap> f:=FreeGroup("a","b");; a := £.1;; b :
gap> g:=f/[a"2, b"4, b*a/(axb~3)];; a := g.
gap> Size(g);

8

gap> f:=FreeGroup("a","b");; a := £.1;; b :
gap> g:=f/[a"2/(b"2), b~4, b*a/(axb"3)];;
gap> Size(g);

8

gap> f:=FreeGroup("a","b");; a := £.1;; b :
gap> g:=f/[a"2, b4, b*xa/(a*b"2)];; a := g.
gap> Size(g);

2

gap> f:=FreeGroup("a","b");; a := f.1;; b :
gap> g:=f/[a"2/(b"2), b~4, b*a/(a*b~2)];
gap> Size(g);

2

gap> f:=FreeGroup("a","b");; a := £.1;; b :
gap> g:=f/[a"2, b~4, b*a/(axb)];; a := g.1;
gap> Size(g);

8

gap> f:=FreeGroup("a","b");; a := £.1;; b

gap> g

gap>
8

Size(g);

:=f/[a~2/(b"2), b4, bxa/(axb)];; a :

a

[y

H

;a

O Hh

H

=g.2;;

=g.2;;

The first possibility gives rise to the group Dg4, the symmetry group of the
square studied in problem 1.6. The multiplication table shown in table 4.2
can be generated by the Mathematica commands:
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InitGrouple];
Define[a™ 2, €]
Define[b ™4, €]
Define[b.a, a.b.b.b]
D4 = Group|[{a, b}]

TABLE 4.2: Multiplication table for Dy

e a b a-b b2 a-b? b3 a-b?

a b a-b b2 a-b? b3 a-b?

a-b b a-b? b2 a-b? b3

b b a- b b? a b3 a-b e a-b?

a-b a-b b3 a-b? e a- b b a b2

b2 b? a-b? b? a-b® e a b a-b
a-b? | a-b? b2 a-b? b3 a e a-b

b3 b3 a-b e a-b? b a-b? b? a
a-b | a-b? b a b? a-b b3 a-b?

The second possibility produces a new group called the quaternion group
Q, described by the following;:

InitGrouple];
Define[a™ 4, €]
Define[b™2, a™ 2]
Define[b.a, a.a.a.b]
Q = Groupl{a, b}]

Although the group can be defined in terms of only two generators, it is more
natural to use the notation that appears in table 4.3.

TABLE 4.3: Multiplication table for @

1 I J K -1 -1 —-J -K

1 1 I J K -1 -1 —-J -K
1 1 -1 K -J I 1 -K J
J J -K -1 1 —J K 1 -1
K K J -1 -1 -K —J 1 1
-1 -1 -1 —-J -K 1 1 J K
-1 -1 1 -K J 1 -1 K —-J
-J | =J K 1 —1I J -K -1 1
-K | -K —-J 1 K J —I -1
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The next two possibilities failed to produce a group of order 8, and the
last two possibilities are both isomorphic to Z7; that we have seen before. In

summary, we have the following groups up to order 8:

n = 1: The one element must be the identity, so we have just
the trivial group, {e}.

n = 2: Since 2 is prime, the only non-isomorphic group is Z,.
n = 3: Since 3 is prime, the only non-isomorphic group is Zs.
n =4: By lemma 4.1, there are two non-isomorphic groups: Z, and Z3.
n =5: Since 5 is prime, the only non-isomorphic group is Z5.

n = 6: There are two non-isomorphic groups: Zg and the
non-abelian group Ss.

n = 7: Since 7 is prime, the only non-isomorphic group is Z7.

n = 8: There are three abelian groups, Zg, 275, and Z3, and two non-abelian
groups, D4 and Q.

Finally, table 4.4 gives of the number of non-isomorphic groups of order n,
when n is not prime.

TABLE 4.4: Groups of order n

n groups| m groups| m groups| m groups| mn groups
4 2 26 2 46 2 65 1 85 1
6 2 27 5 48 52 |66 4 86 2
8 ) 28 4 49 2 68 ) 87 1
9 2 30 4 50 5 69 1 88 12
10 2 32 51 |51 1 70 4 90 10
12 5) 33 1 92 5) 72 50 91 1
14 2 34 2 54 15 |74 2 92 4
15 1 35 1 95 2 75 3 93 2
16 14 |36 14 |56 13 |76 4 94 2
18 5 38 2 57 2 7 1 95 1
20 5 39 2 o8 2 78 6 96 230
21 2 40 14 |60 13 |80 52 98 5
22 2 42 6 62 2 81 15 99 2
24 15 |44 4 63 4 82 2 100 16
25 2 45 2 64 267 |84 15 102 4
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4.2 Homomorphisms

It is easy to see the application of isomorphisms, since these functions show
how two groups are essentially the same. But suppose we have a function
between two groups for which f(z-y) = f(x)- f(y), but this function may not
be one-to-one or onto. Can we still glean some information about the groups
from this function?

DEFINITION 4.2 Let G and M be two groups. A function
f:G—-M

mapping elements of G to elements of M is called a homomorphism if it
satisfies

fle-y)=f(x) fly) forall z,y € G.

The group G is called the domain of the homomorphism, and the group M
is called the target of the homomorphism. Note that a homomorphism need
not be either one-to-one or onto.

Let us look at some examples of homomorphisms.

Example 4.1
Let G be any group, and let M be a group with identity e. If we let

fle)=e forallzeG

then f will obviously be a homomorphism. This is called the trivial homo-
morphism. I

Example 4.2
Let R* = R — {0} be the group of nonzero real numbers under multiplication,
and let f(x) = 2. This forms a homomorphism

[ R* - R*

so homomorphism maps a group onto itself. Note that this homomorphism
is neither one-to-one nor onto since f(—2) = f(2) = 4, yet there is no real
number such that f(x) = —1.

Example 4.3

We can generalize example 4.2 as follows: Let G be any commutative group,
and let n be any integer. We can define f(z) = 2™. Then f(x) is a homomor-
phism from G to itself, since

flo y) = (@ 9)" =a2" " = f(z) - F(y). 0
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We can prove a few properties that must be true of all homomorphisms.

PROPOSITION 4.3
Let f : G — M be a homomorphism. Let e denote the identity of G. Then
f(e) is the identity element of M.

PROOF Since e- e = e in the group G, we have

fle) = f(e-e) = f(e)- fle).

Multiplying both sides by [f(e)]~! gives us that f(e) is the identity element
of M.

PROPOSITION 4.4
If f: G — M is a homomorphism, then f(a=1) = [f(a)]7.

PROOF We merely need to show that f(a)- f(a™!) is the identity element
of M. If e represents the identity element of G, then

fa)- fla™) = fla-a™") = f(e).
By proposition 4.3 this is the identity element of M. So

fl@™t) =[f@)] [

To define homomorphisms using Mathematica or GAP, we must first define
the two groups G and M simultaneously. Let us first load the octahedral
group with the following commands:

InitGrouple];

Define[a™ 2, e]; Define[b™3, e]; Define[c" 4, €]
Define[1l/a, a]; Define[1l/b, b™2]; Define[l/c, ¢ 3]
Define[b.a, a.b.b]; Define[c.a, a.b.c|; Define[c.b, a.c.c]
Oct = Group[{a, b, c}]

Next let us define the quaternion group @ from the last section. We will use
the letters ¢ and j for the generators.

Define[i "4, e]; Define[j "2, i™2]

Define[1/i, i~ 3]; Define[1/j, i.i.j]

Q = Group({i, j}]

Notice that we did not perform an InitGroup in defining the second group,

since this command would have cleared the first group.
We can define the same two groups in GAP as follows:
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gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=f.2;; c:=f.3;;
gap> Oct:=f/[a"2,b"3,c"4, b*axb*a, c*a/(a*xbxc), c*b/(a*xcxc)];;
gap> SetReducedMultiplication(Oct);

gap> a:=0ct.1;; b:=0ct.2;; c:=0ct.3;;

gap> f:=FreeGroup("i","j");; i:=f.1;; j:=f.2;;

gap> Q:=f/[174, 172xj*2, ixj*i*jl;; 1:=Q.1;; j:=Q.2;;

To define a homomorphism, we only need to tell GAP or Mathematica
where the generators are sent. Thus, to define the function

e — e,

2

T — c,

i2—>e,
i3—>62,
joa-b e,
i-j—a-b®-c3,
b
3.

)

c
c
i’ j—a-b-c
c

i j—a-b-
we have only to define F'[i] and F[j]. In GAP, this is done with the command

gap> F := GroupHomomorphismByImages(Q,Oct,[i,j],[c"2,a*xb™2xc]);
[Li, 1 > [ c -2, a-1*%b"-1xc ]

To plug a value into this function in GAP, we use the Image command

gap> Image(F,i*j);
a"-1xb"-1*xc”-1

We can use the List with the function feature to see where each element is
mapped.

gap> List(Q);

[ <identity ...>, i, j, i°2, i*j, i3, i"2%j, i°3%j ]

gap> List(Q, x->Image(F,x));

[ <identity ...>, c"-2, a”"-1*b"-1xc, <identity ...>,
a"-1*b~-1%c”-1, c™-2, a~-1*b~-1%c, a~-1*b"-1%c~-1 ]

To define this homomorphism in Mathematica, we have to first explain that
F will be a homomorphism,

Homomorph[F]
and then define this function on the generators of @,

Define[F[i], c.c]
Define[F[j], a.b.b.c]
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Mathematica can check whether this function is a homomorphism by the com-
mand

CheckHomo[F, Q]
True

where @ is the domain of the homomorphism F'. Since Mathematica returns
a value of “True,” the function F' is indeed a homomorphism. (GAP auto-
matically does this check for you. Had this not been a homomorphism, GAP
would have returned “fail.”) The command

GraphHomol[F, Q]

will have Mathematica draw a picture of this homomorphism as shown in
figure 4.1.

e » ¢
i q

j q

b cC

i

ij

N » a-b-bec
111

i
i a-b-b-c-c-c

FIGURE 4.1: Diagram of the homomorphism F

We can apply a homomorphism f to a set of elements by applying the
homomorphism to each element in the set, and consider the set of all possible
results. For example, consider the set of real numbers S = {-2,-1,1,2,3,4}.
Let f(z) be the homomorphism in example 4.2 above, f(z) = z2. Then

F(8) ={1,4,9,16}.

The set f(S) is smaller than the set S, since the homomorphism mapped two
elements to both 1 and 4.

To apply the homomorphism to a set of elements in Mathematica, we must
enclose the set inside an additional pair of curly braces to let Mathematica
know that we are considering a set, rather than a coset. For example, the set
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S = {i, i.j, i.i.i, i.i.i.j}

is a subset of @), so we can consider applying F' to this set. This is done not
by entering F[S], but by the command

F[{S}]

to keep Mathematica from interpreting S as a coset of a subgroup, which S
happens to be. GAP does not need any extra set of braces.

gap> Image(F, [i,i*j, i°3, i"3%j1);
[ c°-2, a~-1%b"-1xc"-1 ]

PROPOSITION 4.5
If f : G — M is a homomorphism and H is a subgroup of G, then f(H) is
a subgroup of M.

PROOF We want to show that f(H) is a subgroup using proposition 2.2.
If uw and v are elements in f(H), there must be elements « and y in H such
that f(z) = u, and f(y) = v.

Then z -y~ ! is in H, and so
fla-y™)=f) - fly™) = Ff) [f@ " =uv
is in f(H). So by proposition 2.2, f(H) is a subgroup of M. I

DEFINITION 4.3 If
f:G—>M

is a homomorphism, then the group f(G) is called the range, or image of the
homomorphism f. We denote this set by

Im(f).

We can also consider taking the inverse homomorphism f~! of an element
or a set of elements. Because homomorphisms are not always one-to-one,
f~1(x) may not represent a single element. Thus, we will define f~*(z) to be
the set of numbers such that f(y) = x. Likewise, we define

i ) ={y | fly)eH}

We can use Mathematica’s HomolInverse command to take the inverse
homomorphism of an element or set of elements.

Homolnverse[F, c.c, Q]

finds F~1(c?), using Q is the domain of F. The command
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Homolnverse[F, {a, b, a.b.b.c}, Q]

finds the inverse of a set of elements. The corresponding GAP command is
PrelImage:

gap> PrelImage(F, [c”2, a*b™2*c] );
[ i, j, 173, i72%j ]

In Mathematica, not all of the elements in the set have to be in the image of
F, but in GAP they do.

DEFINITION 4.4 1If f is a homomorphism from G to M and e is the
identity element of M, then we define the kernel of f to be the set

Ker(f) = f~(e).

The commands

Kernel[F, Q]
or

gap> Kernel(F);
Group([ i"-2 1)
gap> List(last);
[ <identity ...>, i"-2 ]

can be used to find the kernel of a homomorphism.

PROPOSITION 4.6
If f is a homomorphism from G to M, then the kernel of f is a normal
subgroup of the domain G.

PROOF First we need to show that the kernel of f is a subgroup of G.
If e is the identity element of M, and if a and b are two elements of Ker(f),
then

fla-b™Y)=fla) - fb) " =e-e 't =e,
so a - b~! is also in the kernel of f. Thus, by proposition 2.2, Ker(f) is a
subgroup.
Now let us show that Ker(f) is a normal subgroup of G. Let a be an element
in Ker(f), and g be any element in G. Then by proposition 3.4, since

flg-a-g ) =1f9)-fla)- flg™") = flg)-e-[f(9) " =e,

g-a-gtisin Ker(f), and so Ker(f) is a normal subgroup. I

Figure 4.1 is very suggestive. The inverse image of any element is a coset
of {e,i?}. The next proposition explains why this is so.
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PROPOSITION 4.7
Let f be a homomorphism from the group G to the group M. Suppose that y
is in the image of f, and that f(x) =y. Then

M) = = Kex(f).

PROOF  First let us consider an element z € x - Ker(f). Then z =z - k
for some element k in the kernel of f. Therefore,

f(2) = flz k) = f(x)- f(k) = f(z)-e= [(z)

since k is in Ker(f). Here, e is the identity element of M. But f(z) =y, and
so z € f~1(y). Thus we have proved that

M) S @ Ker(f).

To prove the inclusion the other way, note that if z € f~1(y), then f(2) =y,
and so we have

fa™ ) =[f@] 7 f) =y y=e

Thus, 7! - 2 is in the kernel of f, and since z = x - (x7! - 2) € x - Ker(f), we
have

z - Ker(f) € f'(y). [

We now have a quick way to determine if a homomorphism is an isomor-
phism.

COROLLARY 4.1
Let f : G — M be a homomorphism. Then f is an injection (one-to-one) if,
and only if, the kernel of f is the identity element of G.

PROOF If f is an injection, it is clear that the kernel would just be
the identity element. Suppose that the kernel is just the identity. Then
proposition 4.7 states that if h is in the image of f, then f~!(h) consists of
exactly one element. Therefore, f is one-to-one.

In particular, if the image of a homomorphism f : G — M is all of M, and
the kernel is {e}, then G ~ M.
We can also consider what happens if we take the inverse image of a sub-

group.

COROLLARY 4.2

Let f : G — M be a homomorphism. Let H be a subgroup of M. Then
f~Y(H) is a subgroup of G. Furthermore, if H is a normal subgroup of M,
then f=*(H) is a normal subgroup of G.
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PROOF Letxand y bein f~!(H). Then since f(z-y~!) = f(x)-[f(y)] 71,

which is in H, we have that x-y~! is in f~!(H). Thus, by proposition 2.2,
f~1(H) is a subgroup of G.

Now suppose that H is a normal subgroup of M. Then if y is in f~1(H),
and z is in G, then f(z-y-271) = f(x) - f(y) - [f(z)]"!. Since f(y) is in
H, which is normal in M, we have that f(x) - f(y) - [f(x)]~! is in H. Thus,
z-y-2z isin f~1(H), and so by proposition 3.4, f~1(H) is normal in G. [J

We are now in a position to show how homomorphisms can be used to reveal
relationships between different groups. There are three such relationships to
be revealed, and these are covered in the next section.

4.3 The Three Isomorphism Theorems

We have seen in the last section that the kernel K of a homomorphism is
always a normal subgroup of the domain G. Furthermore, proposition 4.7
proves what is suggested by figure 4.1, that the inverse image of any element
is essentially a coset of K. Hence, the inverse image f~!(y) can be considered
as an element of the quotient group G/K. This leads us to the first of three
very useful theorems for finding isomorphisms between groups.

THEOREM 4.1: The First Isomorphism Theorem
Let f : G — M be a homomorphism with Ker(f) = K, and Im(f) = 1. Then
there is a natural isomorphism

¢:1—G/K

which is surjective. Thus, [ ~ G/K.

PROOF It should be noted that this theorem states more than just I ~
G/ K, but that there is a natural isomorphism between these two groups. This
isomorphism is given by

¢(h) = f7(h).

Proposition 4.7 states that whenever h is in the image of f, f~1(h) is a
member of the quotient group G/Ker(f). Thus, ¢ : I — G/K is properly
defined.

Let us show that the mapping ¢ is one-to-one. Suppose ¢(x) = ¢(y) for two
different elements of I. Then f(¢(x)) = f(é(y)). But f(o(z)) = f(f1(x)) is
the set containing just the element z, and also f(¢(y)) is the set containing
just the element y. Thus, x = y, and we have shown that ¢ is one-to-one.
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Now let us show that ¢ is onto. If zK is an element of G/K, then f(z) € I.
Thus,

v € f7(f(2)) = ¢(f(2)) € G/K.

So we have that z is an element of both cosets K and ¢(f(x)). Since two
different cosets have no elements in common, we must have ¢(f(z)) = zK.
We have therefore that any coset in G/K is mapped by ¢ from an element in
I, so ¢ is surjective.

Finally, we want to show that ¢ is a homomorphism. That is, we wish to
show that

Fr) - f N w) = f (v w).
Let z € f~1(v) and y € f~}(w). Then f(x) = v and f(y) = w, so we have
f-y)=f(x)- fly) =v-w.

Hence,
vy € f(v-w).

Since f~1(v)- f~Y(w) and f~1(v-w) are two cosets in G/K, and both contain
the element z - y, they must be the same coset. So we have that

$(v) - p(w) = p(v - w).

The natural isomorphism ¢ can be pictured by drawing a diagram:

G — I

G /Ker(f)

This diagram suggests that there ought to be a mapping that goes directly
from G to G/Ker(f) without involving the homomorphism f.

PROPOSITION 4.8
Let G be a group, and N be a normal subgroup of G. Then there is a natural
isomorphism

in:G— G/N

given by in(a) = a- N. This homomorphism is surjective, and Ker(iy) = N.
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f

G — I

\ /

G/Ker(f
FIGURE 4.2: Commuting diagram for first isomorphism theorem

PROOF To show that iy is a homomorphism, we note that if ¢ and b are
elements of GG, then

n(a-b)=a-b-N=a-N-b-N=in(a) in(b).

Also, iy is clearly surjective. To find the kernel of iy, we note that the
identity element of G/N is eN = N, and so z is in the kernel if, and only if,

in@)=N<=az-N=N<=zeN.

Therefore, the kernel of iy is N. [

We call the homomorphism ¢ the canonical homomorphism associated with
N. We can add this homomorphism to our diagram to produce figure 4.2.

The mapping ¢ is shown with a double arrow to show that ¢ is an iso-
morphism, hence invertible. In this diagram, the functions defined by two
paths with the same beginning and ending point produce the same composi-
tion function. That is, ¢(f(z)) = in(z) and ¢~ (in(x)) = f(x). We say that
the diagram is commutative.

If we consider a group with two normal subgroups, one of which is a sub-
group of the other, we begin to see more patterns. Let us reload the octahedral
group in GAP, and look at two normal subgroups.

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=£f.2;; c:=£.3;;

gap> Oct:=f/[a"2,b"3,c"4, b*axb*a, c*a/(axb*c), cxb/(a*xc*c)];;

gap> a:=0ct.1;; b:=0ct.2;; c:=0ct.3;;

gap> G := ListGroup(Oct);

[ <identity ...>, a, b, a*b, b"2, axb™2, c, a*c, b*c, axbx*c,
b"2xc, a*xb"2*%c, c”2, a*c”2, bxc"2, axbxc”2, b"2*xc”2,
axb”2*xc”2, c¢~3, a*c”3, bxc~3, axb*c~3, b"2*%c”3, axb"2*xc"3 ]

gap> H:=Group(b,c"2);

Group([ b, c"2 1)

gap> N:=Group(c~2, a*xb”2%c);

Group([ c~2, a*xb™2*c 1)

gap> Size(H);

12
gap> Size(N);
4
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Both H and N are normal subgroups, so we can consider two different quotient
groups.

gap> Q1 := RtCoset(G,H);
[ [ <identity ...>, b, a*b™2xc, c~2, b2, a*b*c, b*c"2,
axb”2xc”3, a*c, b 2*xc”2, ax*bxc~3, axc~3 ],
[ axb~2, a, c, axb~2%c~2, axb, b"2%c, axc~2, c~3, bx*c,
a*xb*c”2, b 2*xc”~3, b*c"3 ] ]
gap> Q2 := RtCoset(G,N);
[ [ <identity ...>, a*b™2%c, c~2, a*b"2xc"3 ],
[ a*b"2, c, a*xb"2xc~2, ¢c°3 ], [b, axb*c, b*c"2, axbxc~3 ],
[ a, b"2%c, a*c™2, b"2%c"3 ], [b~2, a*c, b 2%c~2, a*xc"3 ],
[ a*b, b*c, axbxc~2, bxc~3 ] ]

At this point there doesn’t seem to be much connection between these. But
notice that N is also a subgroup of H. Is this a normal subgroup? To find
out let us determine the left and right cosets of H with respect to N.

gap> RtCoset(H,N);

[ [ <identity ...>, b*c"2*%b~2, c”2, b"2*c"2*b ],
[ b, b"2%c"2*%b~2, b*c"2, c™2*xb ],
[ 72, c"2*¥b"2, b"2*c”2, b*c™2xb ] ]

gap> Q3 := LftCoset(H,N);

[ [ <identity ...>, b*c"2*%b~2, c”2, b"2%c"2*b ],
[ b, b"2%c"2*%b"2, b*c"2, c™2*xb ],
[ 72, c"2*¥b"2, b"2*c"2, b*c™2xb ] ]

Since these two are the same, N must be a normal subgroup of H. We can
prove this in general.

LEMMA 4.2
Let N be a normal subgroup of G, and suppose that H is a subgroup of G
which contains N. Then N is a normal subgroup of H.

PROOF Since N is a group, and is contained in H, N is a subgroup of
H. For any z in H, we have that

z-N-z7'=N

since z is also in G. Therefore, by proposition 3.4, N is a normal subgroup of
H.

Thus, if both H and N are normal subgroups of G, and N C H, then there
will be three quotient groups to consider: G/H, G/N, and H/N. But H/N
will be a subgroup of G/N. Could this be a normal subgroup? In the case we
are looking at, Q3= H/N contains half of the elements of Q2= G/N, so it is
normal, giving us a fourth quotient group:



Mappings between Groups 97

gap> Q4 := RtCoset(Q2, Q3);
[ [ [ <identity ...>, a*b"2xc, c"2, a*b™2*c"3 ],
[ b, axb*c, bxc~2, axb*c~3 ],
[ b"2, a*c, b 2xc"2, a*c"3 ] ],
[ [ axb™2, c, axb"2*xc"2, ¢c"3 1, [ a, b"2*c, a*xc™2, b"2xc"3 ],
[ a*b, b*c, axbxc™2, bxc"3 ] ] 1]

Before we try to interpret this mess, let us first see why H/N will be a normal
subgroup of G/N in general.

LEMMA 4.3
If H and N are normal subgroups of G, and if N is a subgroup of H, then
H/N is a normal subgroup of G/N.

PROOF From lemma 4.2, N is a normal subgroup of H. A typical element
of G/N is
g- Na

where ¢ is an element of G. A typical element of H/N is
h-N,

where h is an element of H. Thus, H/N is contained in G/N, and so H/N is
a subgroup of G/N.

To show that H/N is in fact a normal subgroup of G/N, we will use propo-
sition 3.4. That is, we will see if

(g-N)-(h-N)-(g-N)~*

will always be in H/N. But this simplifies to (g-h-g~')-N,and g-h-g~!
is in H since H is a normal subgroup of G. Therefore, (g-h-g~')- N is in
H/N, and hence H/N is a normal subgroup of G/N. I

The “quotient group of quotient groups” Q4 = (G/N)/(H/N) is a list con-
taining two lists, each of which contains several lists of elements. If this is too
many nested lists for you to handle, imagine what would happen if we removed
the innermost brackets. This would simplify the output to just a list of two
lists, each of which contains 12 elements. But by looking carefully, we can see
that we would get exactly Q1. We can use the canonical homomorphisms as
a tool to strip away these inside level brackets.

THEOREM 4.2: The Second Isomorphism Theorem
Let H and N be normal subgroups of G, and let N be a subgroup of H. Then

(G/N)/(H/N) ~ G/H.
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PROOF We will use the example to guide us in finding a mapping from
(G/N)/(H/N) to a set of elements in G. We have a canonical mapping from
G to G/N, and another canonical mapping from G/N to (G/N)/(H/N). Let
us call these mappings ¢ and f, respectively. Thus, we have the following
diagram:

G —¢>- G/N

(G/N)/(H/N)

For an element x in G, the composition homomorphism f(¢(z)) gives the
element of (G/N)/(H/N) which contains z somewhere inside of it. Since f
and ¢ are both surjective, the composition f(¢(z)) is surjective. Thus, the
inverse of this homomorphism, ¢=1(f~1(y)), gives a list of elements of G that
are somewhere inside of the element y. This inverse is the mapping that
removes the interior brackets. We only need to check that this is in fact a
coset of G/H. Let us determine the kernel of the composition homomorphism

f(o(@)).
Note that if  is in G, and e is the identity element of (G/N)/(H/N), then

z € Ker(fo¢) <= f(o(x)) =e
<= ¢(z) € Ker(f) = H/N
= zxec¢ '(H/N)=H.

Therefore, the kernel of the composition f(¢(x)) is H, and so from the first
isomorphism theorem (4.1),

(G/N)/(H/N) ~ G/H. I

G —¢> G/N

FIGURE 4.3: Commuting diagram for second isomorphism theorem
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We can describe the second isomorphism theorem visually by the diagram
in figure 4.3. Since H is the kernel of the composition homomorphism

f(¢): G —(G/N)/(H/N)

we have by the first isomorphism theorem that this diagram commutes.

We observed in section 3.3 that the product of two subgroups H and K was
not necessarily a subgroup. However, it is possible that if one of the groups
is normal, then indeed the product H - K would be a subgroup. Let us try it
on the octahedral group we already defined.

gap> H := Group(c);;

gap> M := Group(a*b~2xc,c”2);;

gap> HM := Mult(G,H,M);

[ <identity ...>, a*b”2, axb"2*c, c”2, c, a*b™2*c”2, a*xb"2*c"3,
c"3 ]

gap> Size(Group(last));
8

Since the group generated by these eight elements has only eight elements,
these eight elements are a subgroup. What happens if we try this in the other
order?

gap> Mult(G,M,H);
[ <identity ...>, a*b”2, axb"2*c, c"2, c, a*b™2*c”2, a*xb"2%xc”3,
c"3 ]

We discovered that not only is H - M a subgroup, but also M - H is exactly
the same as H - M. It is not hard to see the connection between these two
facts.

LEMMA 4.4
Suppose H and K are two subgroups of G. Then H - K is a subgroup if, and
only if,

H - K=K-H.

PROOF  Let us first suppose that H - K is a subgroup. Let h € H and
ke K.

We wish to show that the element h -k in H - K is also in K - H. Since
H - K is a subgroup, (h-k)~!isin H- K. Thus, (h-k)~! = 2 -y for some
r€Handy € K. But then, h-k=(z-y) t=y -2, andy ' -2 lisin
K - H. Thus,

H-KCK-H.

By a similar argument, the inverse of any element in K- H must be in H- K,
and so K - H C H - K. Therefore, we have H - K = K - H.

Now, let us suppose that H - K = K - H. We want to show that H - K is
a subgroup. Let h,x € H and k,y € K so both h -k and z - y are elements
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of H - K. By proposition 2.2, it is enough to show that (h - k) - (x - y)~! is
in H-K. But (k-y™!)-27lisin K- H = H - K, and so there must be two
elements u € H and v € K such that (k-y~!)- 27! = u-v. Then we have

(h-k)-(x-y) t=h-k-y a2t =(h-u)-v
which is in H - K. Thus, H - K is a subgroup if, and only if, H - K = K - H. I

We are now in a position to show that H - K is a subgroup if one of the
subgroups H or K is normal.

LEMMA 4.5
If H is a subgroup of G, and N is a normal subgroup of G, then H - N is a
subgroup of G.

PROOF Ifhc€ Handn € N, then h-n-h~'isin N, since N is normal.
Then

h-n=(h-n-h')-h

isin N-H. Thus, H-N C N -H.
By a similar argument N-H C H-N,so H- N = N - H. Therefore, H - N
is a group by lemma 4.4.

Lemma 4.5 gives us a second way of forming a new subgroup from two
subgroups. The first was given in proposition 2.3—the intersection of two
subgroups is again a subgroup. Recall that the Mathematica command

Intersection[H, M]

or the GAP function

gap> Intersection(H, M);

Group(<fp, no generators known>)

gap> J := List(last);

[ <identity ...>, ¢c™-2 ]

finds the intersection of two subgroups. If; as in lemma 4.5, one of the two

subgroups is normal, we have the following.

LEMMA 4.6
If N is a normal subgroup of G, and H is a subgroup of G, then

HNN

18 a normal subgroup of H.
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PROOF Given elements h € H and x € H N N, we note that since x is
in N which is a normal subgroup of G, h-x-h~!isin N. Also, z is in H, so
h-z-h~'isin H. Thus,

h-z-h '€ HNN,
and so by proposition 3.4, the intersection is a normal subgroup of H. I

We can ask whether there is a relationship between to two quotient groups
H/(HNN) and (H-N)/N.

gap> RtCoset(H,J);

[ [ <identity ...>, ¢c”2 1, [ c, ¢c"31]1 ]

gap> RtCoset (HM,M);

[ [ <identity ...>, a*b™2%c, c~2, a*b"2xc"3 ],
[ axb~2, ¢, a*xb™2xc"2, ¢c~3 ] ]

Notice that each coset in H - M /M contains one of the cosets from H/J. In
fact, if we threw out all elements in a coset of H - M/M that were not an
element of H, we would get a coset of H/J. This provides us the mechanism
to prove the isomorphism.

THEOREM 4.3: The Third Isomorphism Theorem
Suppose that N is a normal subgroup of G, and that H is a subgroup of G.
Then

H/(HNN)=~(H-N)/N.

PROOF By lemma 4.5, H - N is a subgroup, and by lemma 4.2, N is a
normal subgroup of H - N. Also, by lemma 4.6, H N N is a normal subgroup
of H, and so both of the quotient groups are defined.

We will use the two homomorphisms that we discovered were useful for
creating a filter, that is,
i:H—H-N

f:H-N— (H-N)/N

where ¢ is the identity mapping i(h) = h, and f is the canonical homomor-
phism. This gives us the following diagram:

H —>H-N

(H-N)/N
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H — > H-N

FIGURE 4.4: Commuting diagram for third isomorphism theorem

We can now consider the combination of the two,
fG(h)):H— (H-N)/N.

We want to find the kernel of this composite homomorphism, for then we
can use the first isomorphism theorem (4.1). If we let e denote the identity
element of (H - N)/N, then

heKer(f i) < f(i(h) =e
<= i(h) € Ker(f) =N
< heN and heH
< he HNN.

So by the first isomorphism theorem (4.1), we have
(H-N)/N ~ H/(HnN). [

We can describe the third isomorphism theorem (4.3) pictorially through the
diagram in figure 4.4, which is commutative according to the first isomorphism
theorem (4.1): Note that this diagram demonstrates that

|H|/|H N N|=[H-N[/[N|.

We conclude this chapter by showing that |H|/|HNN| = |H - N|/|N| even
when neither of the groups H nor N is a normal subgroup.

PROPOSITION 4.9
Let H and K be two subgroups of a finite group G. Then the number of
elements in the product H - K s given by

H] K]

H-K| =121
| = EnE]
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PROOF Even though H - K is not a group, it still makes sense to consider
the set of left cosets (H - K)/K. A typical left coset belonging to (H - K)/K
would be h - k- K, where h is an element of H, and k is an element of K.
By lemma 3.1, all cosets contain | K| elements, and by lemma 3.2 two cosets
would intersect if, and only if, they are equal. Thus the elements of H - K are
distributed into non-overlapping cosets, each having |K| elements. Thus, the
number of cosets in (H - K)/K is

|H - K|
|(H - K)/K|=—7
|K|
Likewise, we have
|H|
H/(HNK)| = ———.
H/(HOK)| = e

Thus, if we can show that |H/(HNK)| = |(H - K)/K]|, we will have proven
the proposition. Let us define a mapping (not a homomorphism) that will
relate the elements of these two sets. Let

¢:(H - K)/K— H/(HNK)
be defined by
¢(h-K)=h-(HNK).

To see that this is well defined, note that if h- K = z - K for two elements
hand z in H, then h~!-2- K = K, so h~! - 2 must be in K. Since h and z
are also in H, h™! - z is in the intersection, and so

- (HNK)=h-(h"' 2)-(HNK)=h-(HNK).

On the other hand, if h- (HNK) = z- (HN K), then h~! - 2 would have to
be in the intersection of H and K. So then, h- K = x- K. Hence the mapping
is one-to-one. It is clear that the mapping is also surjective. Hence, ¢ is a
bijection, and the proposition is proved.

Problems for Chapter 4

Interactive Problems

4.1 Prove that there are exactly two non-isomorphic groups of order 10. Find
these two groups, and have Mathematica or GAP produce the multiplication
tables.

Hint: Follow the logic for n = 6.
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For problems 4.2 through 4.4: Each of the following groups is of order 8.
Which of the known five groups (Zs, Z34, Z3i5, D4, or Q) is each of these
isomorphic to? First have GAP or Mathematica display a table of the new
group, and then rearrange the elements of one of the five known groups so
that the color/number patterns in the two tables are identical.

4.2 Zj, 4.3 Z3, 4.4 73,

4.5 Define Terry’s group in Mathematica with the command
InitTerry

and then define the group S5 using “Stay” as the identity element.

Define[a™ 2, Stay]
Define[b™3, Stay]
Define[1l/a, a]
Define[1/b, b™2]
Define[b.a, a.b.b]
S3 = Group[{a, b}]

Now define an isomorphism F' from S3 to Terry’s group. Use Mathematica’s
CheckHomo command to verify that your function is a homomorphism.
Finally, find the kernel of F' to prove that F' is an isomorphism.

4.6 Use Mathematica or GAP to find all of the homomorphisms from S35 to
itself. Label these homomorphisms F'1, F'2, F3, etc. How many of these are
isomorphisms? The following reloads S3 into Mathematica:

InitGrouple];

Define[a™ 2, e]; Define[b™3, €]
Define[1/a, a]; Define[1/b, b™2]
Define[b.a, a.b.b]

S3 = Groupl[{a, b}]

or, to load this group in GAP:

gap> f FreeGroup("a","b");; a := £.1;; b := 2

gap> g := £/[a"2, b"3, b*a/(a*xb”2)];; a := g.1;; b := g.2;;
gap> S3 := Group(a,b);

Group([ a, b 1)

gap> List(83);

[ <identity ...>, a, b, a*b, axb*a, b*a ]

Non-Interactive Problems

4.7 Prove that if f is a surjective isomorphism from a group G to a group
M, then f~! is a surjective isomorphism from M to G.
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4.8 If G1, G2, and G5 are three groups, and f is an isomorphism from G; to
G4, and ¢ is an isomorphism from G, to G, prove that ¢(f) is an isomorphism
from G7 to Gs.

4.9 Find an isomorphism between the group consisting of the four complex
numbers

{1,-1,¢,—i}
and the group Z4.

For problems 4.10 through 4.18: Find an isomorphism between the two
groups.

4.10 Zg and Z7 4.13 Zg and Zjg 4.16 Z;5 and Z{4
4.11 Zg and Z; 4.14 Zyp and 27, 4.17 Z;5 and Z3g4
4.12 Zg and Z7, 4.15 Zjp and Z3, 4.18 Z3 and Zj,

4.19 Let G be an arbitrary group. Prove or disprove that f(z) = x~! is an

isomorphism from G to G.
4.20 Prove that any infinite cyclic group is isomorphic to Z.

4.21 Prove that if both H and N are normal subgroups of a group G, then
H - N is a normal subgroup of G.

4.22 If ¢ is a homomorphism from an abelian group G to a group M, show
that Im(¢) is abelian.

4.23 If ¢ is a homomorphism from a cyclic group G to a group M, show
that Im(¢) is a cyclic group.

4.24 Let X, Y, and Z be three subgroups of a finite group G, with ¥ normal.
Use proposition 4.9 to find a formula for the number of elements in X - Y - Z.

4.25 Let Z be the group of integers using addition. Show that the function
¢(z) = 2z is a homomorphism from Z to itself. What is the image of this
homomorphism? What is the kernel?

4.26 Let Z be the group of integers using addition. Show that the function
¢(x) = —x is a homomorphism from Z to itself. Show that this mapping is in
fact one-to-one and onto.

4.27 Let Z be the group of integers using addition. Show that the function
¢(z) =z + 3 is not a homomorphism from Z to itself.

4.28 Let R* denote the group of nonzero real numbers, using multiplication
as the operation. Let ¢(x) = 2% Show that ¢ is a homomorphism from R*
to R*. What is the kernel of this homomorphism? What is the image of the
homomorphism?
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4.29 Let R* denote the group of nonzero real numbers, using multiplication
as the operation. Let ¢(x) = 2z. Show that ¢ is not a homomorphism from
R* to R*.

4.30 Let R* denote the group of nonzero real numbers, using multiplication
as the operation. Recall that R is the group of real numbers using addition
for the operation. Let ¢(x) = In|z|. Show that ¢ is a homomorphism from
R* to R. What is the kernel of this homomorphism?

4.31 Let R* denote the group of nonzero real numbers, using multiplication
as the operation. Recall that R is the group of real numbers using addition
for the operation. Let ¢(x) = e*. Show that ¢ is a homomorphism from R to
R*. What is the image of this homomorphism?

4.32 Let RJt] denote the group of all polynomials in ¢ with real coefficients
under addition, and let ¢ denote the mapping &(f) = f’, which sends each
polynomial to its derivative. Show that ¢ is a homomorphism from R[t] to
R[t]. What is the kernel of ¢?

4.33 Let R[t] denote the group of all polynomials in ¢ with real coefficients
under addition. Prove that the mapping from R[¢] into R given by f(t) — f(3)
is a homomorphism. Give a description of the kernel of this homomorphism.

4.34 Find a homomorphism ¢ from Z{; to Z75 with kernel {1,11} and with
6(2) = 7.

4.35 Find a homomorphism ¢ from Z3, to Z3, with kernel {1,11} and with
o(7) =13.

4.36 Find a homomorphism from the quaternion group () onto Z3.
Hint: The kernel must be a normal subgroup of order 2. See table 4.3 for
a multiplication table of Q.

4.37 Let k be a divisor of n. Show that the mapping ¢(z) = x (Mod k) is
a homomorphism from Z; to Z;. Find a formula for the number of elements
in the kernel.

4.38 Find all of the homomorphisms from Z, to Z3.
4.39 Find all of the homomorphisms from Zg to Ss.

4.40 Prove that there can be no nontrivial homomorphisms from S3 to Zs.
Hint: What are the normal subgroups of S37

4.41 Suppose that there is a homomorphism from a finite group G onto Zs.
Prove that there are normal subgroups of G with index 2 and 3.

4.42 Suppose that H and K are distinct subgroups of G of index 2. Prove
that H N K is a normal subgroup of G of index 4 and that G/(H N K) ~ Z3.



Chapter 5

Permutation Groups

5.1 Symmetric Groups

In this chapter we will explore permutation groups or the symmetric groups,
which have important applications. In fact, we have already seen one example
of a symmetric group, S3. We can easily generalize this group, and consider
the group of all permutations of n objects. For example, with four books the
beginning position would be

InitBooks[4]

There are six Mathematica® operations that rearrange these books.

MoveBooks[First] swap the first two books.
MoveBooks[Last] swap the last two books.
MoveBooks[Left] move the first book to the end,
sliding the other books to the left.
MoveBooks[Right] move the last book to the beginning,
sliding the other books to the right.
MoveBooks[Rev] reverse the order of the books.
MoveBooks[Stay]| leave the books as they are.

For three books, any permutation can be obtained by just one of these six
commands. But with four books it is a bit tricky to arrange the books in a
particular order. With even more books, it becomes very cumbersome. Thus,
we introduce a new notation for a permutation that explicitly states where
each book ends up. For example, after a MoveBooks[Left] command we
find that the 1st book ended up in the 4th position, the 2nd book ended up

107
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in the 1st position, the 3rd book ended in the 2nd position, and the 4th book
ended in the 3rd position.

The permutation can be represented writing the ending position under the
starting position for the four objects:

1 2 3 4

4 1 2 3)°
We can multiply the permutations using the new notation. For example, to
calculate Left-Last, we have

123 4\ (1 2 3 4\ _ (1 2 3 4
4 1 2 3 12 4 3/ \3 1 2 4)°

On the other hand, Last-Left is given by

123 4\ (1 2 3 4\ _(1 2 3 4
1 2 4 3 41 2 3) \4 1 3 2)°

We can interpret each permutation as a function whose domain is a subset

of the integers. For example, the permutations f(z) = <§ g i’ i) and

o(x) = <; ; i 111> can be thought of as two functions for which
f)=2 ¢(1) =2
f2)=3 ¢(2) =3
fB)=1 ¢(3) =4
fl4)=4 ¢(4) =1

Note that f(z) appears directly below z in the permutation ; § i’ i)

The product of the permutations is the same as the composition of the two
functions. Thus,

o(f(1)) = (2) =3
P(f(2) = 6(3) =4
P(f(3)) = (1) =2
¢(f(4)) = ¢(4) = L.

Thus, the composition function of doing f first, and then ¢, is f-¢ = ¢(f(z)) =

3 4 2 1
right. However, composition of functions, such as ¢(f(z)), is performed from
right to left (the inside function is applied first). So when representing a

<1 23 4). Note that permutations are always performed from left to
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permutation as a function, we must reverse the order that the functions appear
in the formula.

To enter a permutation into Mathematica or GAP, only the bottom line is
needed. A permutation in S, can be entered in Mathematica as

P[$17$27$3,...,.’L’n],

where x1, z2, x3, ... 1, are distinct integers ranging from 1 to n. This permu-
tation corresponds to the function

f(1) = =
f(2) = 2
f(3) = a3
f(’/l) Tn

Thus the Mathematica product
P[4,3,5,1,2] . P[5,4,1,2,3]

yields P[2,1,3,5,4]. On the other hand,
P[5,4,1,2,3] . P[4,3,5,1,2]

yields P[2,1,4,3].

Since the composition function maps 5 to itself, Mathematica drops the 5,
treating this as a permutation on four elements instead.

When we enter the same permutations into GAP, they become transforma-
tions.

gap> P([4,3,5,1,2]);

Transformation( [ 4, 3, 5, 1, 21 )
gap> P([4,3,5,1,2])*P([5,4,1,2,3]);
Transformation( [ 2, 1, 3, 5, 4] )
gap> P([5,4,1,2,3])*P([4:3’5’1,2]):
Transformation( [ 2, 1, 4, 3, 5] )

Note that GAP does not drop the final 5 as Mathematica did.
Mathematica can use the circle graphs on the set {1,2,...,n} to visualize
permutations. For example,

CircleGraph[{1, 2, 3, 4, 5}, P[4, 3, 5, 1, 2]]

produces the circle graph on the left side of figure 5.1. The dotted arrows
form a triangle that connects 2, 3, and 5, while the dotted “double arrow”
connects 1 and 4. So this circle graph reveals some additional structure to
the permutation that we will study later.

We can graph two or more permutations simultaneously. The command
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4

FIGURE 5.1: Circle graphs of permutations

CircleGraph[{1, 2, 3, 4, 5}, P[4, 3, 5, 1, 2], P[5, 4, 1, 2, 3]]

produces the circle graph on the right of figure 5.1. Here, the solid arrows
represent the permutation P[4,3,5,1,2], while the dotted arrows represent
P[5,4,1,2,3]. If one imagines a permutation formed by traveling first through
a solid arrow, and then through a dotted arrow, one obtains the permutation
P[2,1,3,5,4], which is P[5,4,1,2,3] - P[4,3,5,1,2].

The inverse of a permutation can be found using Mathematica or GAP.

P[4937571a2]/\(71)

gap>PermInv(P([4,3,5,1,2]1));
Transformation( [ 4, 5, 2, 1, 31 )

The circle graph of the inverse permutation is similar to the circle graph of
P[4,3,5,1,2] except that all arrows are going in the opposite direction. The
product of a permutation and its inverse of course will yield the identity
element, denoted by P[ | in Mathematica,

P[4,3,5,1,2] . P[4,5,2,1,3]
P[]

or in GAP,

gap> P([4,3,5,1,2])*P([4,5,2,1,3]);
Transformation( [ 1, 2, 3, 4, 5] )

Both Mathematica and GAP can treat a permutation as a function, but Math-
ematica’s notation is more standard:

P[4,3,5,1,2][2]

yields f(2) = 3. To do the same thing in GAP, we raise 2 to the power of the
transformation.

gap>2°P([4,3,5,1,2]1);
3
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In spite of the simplicity of the notations for a permutation, we will find
that there is yet another notation that is even more concise. We will study
this in the next section.

5.2 Cycles

Although GAP is able to multiply transformations together, GAP prefers
that permutations be entered in terms of cycles. In the circle graph for the
permutation P[4,3,5,1,2], we saw that the arrows connecting 2, 3, and 5
were of one color, while a different colored arrow connected 1 and 4. By
experimenting, we find that other permutations such as P[4,5,2,3,1] have
circle graphs with arrows of only one color, as in figure 5.2.

4 3

FIGURE 5.2: Circle graph of a cycle

These arrows indicate that the permutation can be expressed by a single
chain

1—-4—-3—-2—>5—1.

Other permutations, such as P[2,4,1,6,5, 3], have every straight arrow of the
same color, even though there is one point (5) that maps to itself. We can
still express this permutation as a single chain

1-2—-4—-6—-3—1,

if we stipulate that all numbers that are not mentioned in the chain map to
themselves.



112 Abstract Algebra: An Interactive Approach

DEFINITION 5.1 Any permutation that can be expressed as a single
chain is called a cycle. A cycle that moves exactly r of the numbers is called
an r-cycle.

Let us introduce a concise notation for cycles. We can abbreviate a chain
such as

1-2—-54—-56—3—1,

to simply
(12463).

This is called the cycle notation for the permutation. Each number in the
cycle is mapped to the next number. The last number in the cycle is mapped
to the first number. In general, the r-cycle

(ivinis . . .iy)

represents the permutation that maps i; to io , is to i3, etc., and finally 4,
back to i;. Notice that

.. N—1 e ..
P = ...
(i11283 ... 0p) (ipip_1 ... i3i211),

so the inverse of an r-cycle will always be an r-cycle. The identity element
can be written as the O-cycle ().

A 1-cycle is really an oxymoron (a contradiction in terms), for there can
be no one-to-one mapping that moves only one element and leaves the others
fixed. We say that an r-cycle is a nontrivial r-cycle if r > 1.

Most permutations cannot be written as a single chain. This is evident from
looking at the circle graph for the permutation P[4,3,5,1,2]. However, the
two different types of arrows suggest that this permutation could be expressed
as two cycles, one that represents the triangle from 2 to 3 to 5, and back
to 2, and the other that exchanges 1 and 4. These two permutations are
P[1,3,5,4,2] and P[4,2,3,1,5]. These two cycles multiply together to give
P[4,3,5,1,2]. In fact, this product can be done in either order. If we write
these two permutations in cycle notation,

P[1,3,5,4,2] = (235),  P[4,2,3,1,5] = (14),

we notice that there are no numbers in common between these two cycles.

DEFINITION 5.2 Two cycles
(iriziz...ir)  and  (jijajs- .. Js)

are disjoint if none of the i’s are equal to any of the j’s.
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LEMMA 5.1

Let x be an element of S, which is not the identity. Then x can be written
as a product of nontrivial disjoint cycles. This representation of x is unique
up to the rearrangement of the cycles.

PROOF  Let us say that x fixes the integer ¢ if z(i) = i. We will use
induction on the number of integers not left fixed by x, denoted by m. Because
x is not the identity, there is at least one integer not fixed by z. In fact, m
must be at least 2, for the first integer must have somewhere to go.

If m = 2, then only two numbers ¢; and i are moved. Since these are the
only two integers not fixed, z must be a 2-cycle (i1i2).

We now will assume by induction that the lemma is true whenever the
number of integers not left fixed by z is fewer than m. Let i; be one integer
that is not fixed, and let i = x(i1). Then x(iz) cannot be iy for x is one-
to-one, and if x(is) is not 41, we define i3 = x(i). Likewise, 2(i3) cannot be
either is or i3, since x is one-to-one. If z(i3) is not i1, we define iy = x(i3).

Eventually this process must stop, for there are only m elements that are
not fixed by . Thus, there must be some value k such that x (i) = ;. Define
the permutation y to be the k-cycle (i1igisz...i;). Then z -y~ fixes all of
the integers fixed by x, along with 41,5, 43, ...,4,. By induction, since there
are fewer integers not fixed by = - y~! then by z, 2 - y~! can be expressed by
a series of nontrivial disjoint cycles ¢ - ¢o - ¢3---¢;. Moreover, the integers
appearing in c¢; - ¢a - c3 - - - ¢; are just those that are not fixed by x-y~'. Thus,
c1C-c3--- ¢ are disjoint from y. Finally, we have

T=1Y-CL-C2-C3" " Ct.

Therefore, x can be written as a product of disjoint nontrivial cycles. By
induction, every permutation besides the identity can be written as a product
of nontrivial disjoint cycles.

For the uniqueness, suppose that a permutation x has two ways of being
written is terms of nontrivial disjoint cycles:

33261'CQ'C3"'CT:dl'dg'dg"'ds.

For any integer i; not fixed by z, one and only one cycle must contain ;.
Suppose that cycle is ¢; = (i14283 . ..%4). But by the way we constructed the
cycles above, this cycle must also be one of the di’s. Thus, each cycle ¢; is
equal to dj, for some k. By symmetry, each dj, is equal to c; for some j. Thus,
the two ways of writing = in terms of nontrivial disjoint cycles are merely
rearrangements of the cycles.

Lemma 5.1 gives us a succinct way to express permutations. Mathematica
uses the notation

C[2,3,4,5]
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to denote the cycle (2345). Mathematica can multiply two cycles together,
C[2,3,4,5] . C[1,2,4]

forming the answer as a product of two disjoint cycles. In GAP, the cycles
are expressed using only parentheses. Thus, this product in GAP is written

gap> (2,3,4,5)*(1,2,4);
(1,2,3)(4,5)

Note that when two cycles are disjoint, we do not need the times sign between
them. In fact, GAP sees (1,2,3)(4,5) not as a product, but as a single per-
mutation. We call this the cycle decomposition of the permutation. We can
convert from the cycle notation to the permutation and vice versa in GAP
with the commands

gap> CycleToPerm( (1,3,4)(2,5) );
Transformation( [ 3, 5, 4, 1, 21 )
gap> PermToCycle(last);
(1,3,4)(2,5)

These commands also work in Mathematica.

CycleToPerm[ C[1,3,4] . C[2,5] ]
P[3,5,4,1,2)

PermToCycle[ P[4,6,1,8,2,5,7,3] ]
C[1,4,8,3] - C[2,6,5

We may even mix the two notations in Mathematica within an expression,
such as:

C[1,2,3] . P[3,1,2,5,4] . C[4,5]

Whenever Mathematica encounters a mixture like this, it puts the answer
in terms of cycles. In this case the result is the identity permutation, so
Mathematica returns C[ ], which corresponds to the 0-cycle ().

The group Sy is generated by P[2,1], P[2,3,1], and P[4,3,2,1]. Thus, we
can produce the symmetric group S4 in Mathematica.

S4 = Group[{P[2,1], P[2,3,1], P[2,3,4,1]}]

To form a group of permutations in GAP, we must use the cycle notations.
Thus, Sy is created in GAP with the command

gap> S4 := Group( (1,2), (1,2,3), (1,2,3,4) );

Group([ (1,2), (1,2,3), (1,2,3,4) 1)

gap> List(S4);

[ O, (1,4(2,3), (1,2)(3,4), (1,3)(2,4), (2,4,3), (1,4,2),
(1,2,3), (1,3,4, (2,3,4, (1,4,3), (1,2,4), (1,3,2), (3,4,
(1,4,2,3), (1,2), (1,3,2,4), (2,4), (1,4,3,2), (1,2,3,4),
(1,3), (2,3), (1,4), (1,2,4,3), (1,3,4,2) 1]

gap> Size(84);

24
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The size of Sy is 24 elements, since there are 24 ways to arrange four books
on a shelf. In general, the size of S, is n!, where

nl=n-n—1)-n—2)-(n—3)-...-2-1.

The number n! is read “n factorial.” Table 5.1 gives a short table for n!.

TABLE 5.1: n! forn <10

1 =1 6! =720

21 =2 7 = 5040

31 =6 8! = 40320
41 =24 9! = 362880
51 =120 10! = 3628800

Both S, and the octahedral group have 24 elements, so we could ask if
these two groups are isomorphic. The octahedral group can be reloaded by
the commands

InitGrouple];

Define[a™ 2, e]; Define[b™ 3, e]; Define[c "4, €]
Define[1/a, a]; Define[1/b, b™2]; Define[l/c, ¢ 3]
Define[b.a, a.b.b]; Define[c.a, a.b.c|; Define[c.b, a.c.c]
G = Groupl[{a, b, c}]

or, in GAP,

gap> f:=FreeGroup("a","b","c");; a:=f.1;; b:=£f.2;; c:=£.3;;
gap> G:=f/[a"2,b"3,c"4,b*xa/(a*b*xb) ,c*a/(a*b*c) ,c*b/(a*xc*c)];;
gap> a:=G.1;; b:=G.2;; c:=G.3;;

Let us begin by defining a homomorphism from the subgroup generated by
a and b to S3, since we know that this is an isomorphism.

gap> H := Group(a,b);

Group([ a, b 1)

gap> F := GroupHomomorphismByImages(H,S4, [a,b], [(1,2),(1,2,3)1);
[a: b] -> [ (1’2), (1,2’3) ]

To define this homomorphism in Mathematica, we have to be a bit more
careful, since the identity of G is e, whereas the identity of Sy is (). We
accomplish this change of identity notation by specifying the identity element
of the target group when we define the homomorphism.

Homomorph[ F, P[] ]
Define[ F[a], P[2,1] ]
Define[ F[b], P[2,3,1] ]
H = Group[{a, b }];
CheckHomolF, H]
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Both Mathematica and GAP show that so far, this homomorphism is con-
sistent. To finish this homomorphism we only need to define F[c]. Since ¢
must map to an element of order 4, there are six possibilities: (1234), (1243),
(1324), (1342), (1423), and (1432). A little trial and error finds the right
combination.

Define[ F|c], P[2,4,1,3] ]
CheckHomolF, G]

In GAP, we have to redefine the homomorphism from scratch each time, until
we get one that works.

gap> F := GroupHomomorphismByImages(G,S4, [a,b,c],
> [(1,2),1,2,3),(01,2,3,4)]);

fail

gap> F := GroupHomomorphismByImages(G,S4, [a,b,c],
> [(1,2),(1,2,3),(1,2,4,3)1);

[a, b,c]l—>1[,2), (1,2,3), (1,2,4,3) 1]

Next we want to see that F' is an isomorphism by showing that the kernel of
F,

gap> List(Kernel(F));
[ <identity ...> ]

or, in Mathematica,
Kernel[F, G]

reveals the kernel is just the identity. Then by the pigeonhole principle, the
image of F' must be all of Sy, so G = Sj4.

In Mathematica, we can create a circle graph of a cycle, or product of cycles,
just as we did for permutations. We can even treat a cycle as a function, as
we did for permutations. For example,

C[1,4,8,3][3]

determines where the cycle (1483) sends the number 3. However, to evaluate
a product of cycles at a given number, an extra pair of parentheses is needed:

(C[1,4,8,3] . C[2,6,5])[5]

In GAP, evaluating a cycle or product of disjoint cycles at a number is ac-
complished by raising the number to the cycle. Thus,

gap> 3°(1,4,8,3);

1

gap> 5°(1,4,8,3)(2,6,5);
2
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As long as the multiplication sign is not between the disjoint cycles, GAP sees
this as a single permutation, so no parentheses are needed.

DEFINITION 5.3 A transposition is a 2-cycle (i1i2), where iy # is.

Observe that i; can be any of the n numbers, and i can be any of the
remaining n — 1 numbers, but this counts each transposition twice, since
(i112) = (igi1). Thus, there are

nn—1) n?-n

2 2

transpositions of S,,.

LEMMA 5.2
Forn > 1, the set of transpositions in S,, generates S, .

PROOF  We need to show that every element of S, can be written as a
product of transpositions. The identity element can be written as (12)(12),
so we let  be a permutation that is not the identity. By lemma 5.1, we can
express x as a product of nontrivial disjoint cycles:

$=(211223ZT)(jljgjs)(k‘lkjgkt)

Now, consider the product of transpositions
(tp—18y) - (ip—2ip_1) - - (1283) - (i192) - (Js—1Js) - (Jrg2) - (Ke—1ke) - - - (kika) -~ - -.

Note that this product is equal to z. (Recall that we are working from left
to right.) Therefore, we have expressed every element of S,, as a product of
transpositions.

Of course, a particular permutation can be expressed as a product of trans-
positions in more than one way. But an important property of the symmetric
groups is that the number of transpositions used to represent a given permu-
tation will always have the same parity, that is, even or odd. To show this,
we will first prove the following lemma.

LEMMA 5.3
The product of an odd number of transpositions in S,, cannot equal the identity
element.

PROOF  Since Sy only contains one transposition, (12), raising this to
an odd power will not be the identity element, so the lemma is true for the
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case n = 2. So by induction we can assume that the lemma is true for S,_.
Suppose that there is an odd number of transpositions producing the identity
in S,,. Then we can find such a product that uses the fewest number of
transpositions. At least one transposition will involve moving n, since the
lemma is true for S,,_1. Suppose that the m-th transposition is the first one
that moves n. For all possibilities that use the same number of transpositions,
we can find one in which m is as large as possible. If only the last transposition
moves n, then the product would not be the identity, so there is at least
one transposition beyond the m-th. But then the m-th and the (m + 1)-th
transpositions are one of the four possibilities

(nz)(nz),  (nx)(ny),  (nz)(zy), or (nz)(yz)

for some x, y, and z. In the first case, the two transpositions cancel, so we
can form a product using a fewer number of transpositions. In the other three
cases, we can replace the pair with another pair,

(nz)(ny) = (xy)(na);  (nz)(zy) = (zy)ny); (ne)(yz) = (y2)(nz);

for which m is larger. In all cases, we violate minimality, so there is no odd
product of transpositions in .S,, equaling the identity.

We can use this lemma to prove the following theorem.

THEOREM 5.1: The Signature Theorem
For the symmetric group Sy, define the function

c:8,—7Z

by
o(x) = (~1)N@),

where N (z) is the minimum number of transpositions needed to express x as
a product of transpositions. Then this function, called the signature function,
is a homomorphism from S, to the set of integers {—1,1}.

PROOF By lemma 5.2, every element of .S,, can be written as a product
of transpositions, so o(x) is well defined. Obviously this maps S,, to {—1, 1},
so we only need to establish that this is a homomorphism. Suppose that
o(xz-y) # o(x)-o(y). Then N(z-y)— (N(z)+ N(y)) would be an odd number.
Since N(x~!) = N(x), we would also have N(z-y)+ N(y~!) + N(z~!) being
an odd number. But then we would have three sets of transpositions, totaling
an odd number, which when strung together produce = -y -y~ 27! = ().
But this contradicts lemma 5.3, so in fact o(z - y) = o(x) - o(y) for all z and
y in S,,.
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Because of the importance of the signature function, it is not surprising that
Mathematica has the signature function built in. For example, the signature
of P[4,3,5,1,2] is given by

Signature[ P[4,3,5,1,2] ]

The signature of an r-cycle will be —1 if r is even, and +1 if r is odd. Un-
fortunately, Mathematica will not compute the signature of a cycle directly.
One must first convert the cycle or product of cycles into a permutation us-
ing the command CycleToPerm, and then compute the signature. Thus, the
signature of the product of cycles

(1427)(673)
is given by
Signature[ CycleToPerm| C[1,4,2,7] . C[6,7,3] ] ]
The corresponding function in GAP is SignPerm:

gap> SignPerm( (1,4,2,7)%(6,7,3) );
-1

DEFINITION 5.4 A permutation is an alternating permutation or an
even permutation if the signature of the permutation is 1. A permutation is
an odd permutation if it is not even, that is, if the signature is —1. The set of
all alternating permutations of order n is written A,.

COROLLARY 5.1
The set of all alternating permutations A, is a normal subgroup of Sy. If
n > 1, then S, /A, is isomorphic to Zs.

PROOF Clearly A, is a normal subgroup of S,,, since A,, is the kernel
of the signature homomorphism. Also if n > 1, then S,, contains at least
one transposition whose signature would be —1. Thus, the image of the
homomorphism is {—1,1}. This group is isomorphic to Z. Then by the first
isomorphism theorem (4.1), S,,/A,, is isomorphic to Zs.

PROPOSITION 5.1
For n > 2, the alternating group A, is generated by the set of 3-cycles.

PROOF  Since every 3-cycle is a product of two transpositions, every 3-
cycle is in A,,. Thus, it is sufficient to show that every element in A,, can be
expressed in terms of 3-cycles. We have already seen that any element can
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be expressed as a product of an even number of transpositions. Suppose we
group these in pairs as follows:

x = [(i1j1) - (k1l1)] - [(G22) - (K2l2)] - -« [(ingn) - (knln)].

If we could convert each pair of transpositions into 3-cycles, we would have
the permutation x expressed as a product of 3-cycles. There are three cases
to consider:

Case 1:
The integers iy, jm, km, lm are all distinct. In this case,

(imjm) : (kmlm) = (imjmlm) . (imkmlm)-

Case 2:

Three of the four integers iy, , jm, km, lm are distinct. The four combinations
that would produce this situation are i,,, = kpy, @ = by, Jm = km, OF Jn = L.
However, these four possibilities are essentially the same, so we only have to
check one of these four combinations: i,, = k,,. Then we have

(ijm) . (imlm) = (im.jmlm)'

Case 3:

Only two of the four integers i,,, jm, km, and [, are distinct. Then we must
either have i,, = k,, and j,, = l,, or i, = l,,, and j,, = ky,. In either case,
we have

(imjm) - (kmlm) = () = (123)(132).

In all three cases, we were able to express a pair of transpositions in terms
of a product of one or two 3-cycles. Therefore, the permutation = can be
written as a product of 3-cycles.

Let us use this proposition to find the elements of A4. We know that this
is generated by 3-cycles, and has 4!/2 = 12 elements. Since

Group[{C[1,2,3], C[1,2,4]}]

gap> List(Group( (1,2,3),(1,2,4) ) );
[ O, (1,3)(2,4), (1,2)(3,4, 1,4)(2,3), (2,3,4), (41,3,2),
(1,2,4), (1,4,3), (2,4,3), (1,3,4), (1,2,3), (1,4,2) ]

has 12 elements, this must be Ay. Eight of the twelve elements are 3-cycles.
The other four elements form a subgroup that we have seen before.
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5.3 Cayley’s Theorem

The circle graphs produced in section 5.1 demonstrated the property that
every permutation was one-to-one and onto. In fact, every one-to-one and
onto function on a finite set can be seen as a permutation on that set. For
example, we saw one-to-one and onto circle graphs in section 3.1 while working
with cosets. To demonstrate, let us work with the group @ of order 8:

InitGrouple];

Define[i "4, €]

Define[j "2, i~ 2]

Definelj.i, i.i.i.j]

Q = Group({i, j}]

To find the left and right cosets of a subgroup generated by i, we use the
commands

CircleGraph[Q, RightMult][i]]
CircleGraph[Q, LeftMult]i]]

which produce the two circle graphs in figure 5.3.

i i
CircleGraph[Q, RightMult[i]] CircleGraph[Q, LeftMult[i]]

FIGURE 5.3: Circle graphs for multiplying by 4

If we number the elements of @ from 1 to 8, starting with e and going
clockwise around the circles of figure 5.3, we find that the left circle graph
mimics the permutation P[2,4,5,6,7,1,8,3] = (1246)(3578), while the second
graph is similar to the permutation P[2,4,8,6,3,1,5,7] = (1246)(3875). If we
used different elements of ) in place of the i, we would have a different set of
permutations. Thus, we can define two functions, ¢(x) and f(z), which map
elements of @) to Sg. Table 5.2 shows both of these two functions.
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TABLE 5.2: Permutations for Q
o) 1)
RightMult|x] LeftMult[z]
0 0
(1246)(3578) (1246)(3875)
J (1347)(2865) (1347)(2568)
i? (14)(26)(37)(58) (14)(26)(37)(58)
i (1548)(2367) (1548)(2763)
3 (1642)(3875) (1642)(3578)
2 (1743)(2568) (1743)(2865)
i3 - (1845)(2763) (1845)(2367)

Let us use GAP to see if either of these is a homomorphism. First we have
to define both @ and Sg in GAP.

gap> f := FreeGroup("i","j");; i:=f.1;; j:=f.2;;

gap> Q := £/[i74,j°2/1i"2,j*i/(i"3%j)];; 1i:=Q.1;; j:=Q.2;;
gap> S8 := SymmetricGroup(8);

Sym( [ 1 ..81)

gap> Size(S8);

40320

Notice that the GAP command SymmetricGroup automatically defines Sg.
We are now ready for the homomorphism.

gap> phi := GroupHomomorphismByImages(Q,S8, [i,j],

> [(1,2,4,6)(3,5,7,8), (1,3,4,7)(2,8,6,5)]1);

(i, 31 > 1[ (1,2,4,6)(8,5,7,8), (1,3,4,7)(2,8,6,5) ]
gap> Image(phi, i*j);

(1,8,4,5)(2,7,6,3)

So although this produces a homomorphism, it isn’t ¢, since it maps ¢ - j to
(1845)(2763) instead of (1548)(2367). So ¢ must not be a homomorphism.
Let us try seeing if f is a homomorphism.

gap> F := GroupHomomorphismByImages(Q,S8, [i,j],

> [(1,2,4,6)(3,8,7,5), (1,3,4,7)(2,5,6,8)]1);

[ i: J ] -> [ (1’2,4’6)(3’8:7,5): (1:3,4’7)(2’5,6’8) ]
gap> Image(F,ixj);

(1,5,4,8)(2,7,6,3)

gap> Image(F,i73%j);

(1,8,4,5)(2,3,6,7)

This time, f(i-j) and f(i® - j) is exactly the permutation produced by
LeftMult. So f is a homomorphism, even though ¢ is not. We can easily
generalize this to prove the following.
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THEOREM 5.2: Cayley’s Theorem
Every finite group of order n is isomorphic to a subgroup of Sy,.

PROOF Let G be a group of order n. For each g in G, define the mapping
pg:G—G

by pg(v) =v - g. For a given g, if p,(v) = pg(w), then v-g=w- g, so v =w.
Hence, p, is a one-to-one mapping. Also,

pyv-g ) =v-g ' g=n.

So every element of G is mapped by an element of G. Thus, p, is also an onto
mapping, and hence is a permutation of the elements of G.

We now can consider the mapping ¢ from G to the symmetric group S|g
on the elements of G, given by

?(9) = py

Now, consider two elements ¢(z) and ¢(y). The product of these is the
mapping
v = py(p2(v)) =py(v-2) = (v-z) y=0v-(x-y)

Since this is the same as ¢(z - y), ¢ is a homomorphism.

The element z will be in the kernel of the homomorphism ¢ only if ¢, (v)
is the identity permutation. This means that v - x = v for all elements v in
G. Thus, the kernel consists just of the identity element of G, and hence ¢ is
an isomorphism. Therefore, GG is isomorphic to a subgroup of S|

There is a GAP command IsomorphismPermGroup that applies Cayley’s
theorem to any finite group.

gap> iso := IsomorphismPermGroup(Q);

(i, 31 > [ (1,2,6,3)(4,8,5,7), (1,4,6,5)(2,7,3,8) 1]
gap> Image(iso, i*j);

1,7,6,8)(2,5,3,4)

The slight difference between this isomorphism and the first one that we dis-
covered comes from the fact that GAP ordered the elements of @ differently.

Here is another example: the group D4, whose multiplication table is given
in table 4.2 in chapter 4,

’

£f.2;;
b:= D4.2;;

gap> f := FreeGroup("a","b");; a:=f.1;; b:=
4.1;;

gap> D4 := £/[a"2, b~4, axb*axb];; a:= D

gap> iso := IsomorphismPermGroup(D4) ;

[a, b1 ->1T[(2,3, (1,2,4,3)]

gap> List(Image(iso));

[ O, (2,3), (1,3,4,2), (1,3)(2,4), (1,4, (1,4)(2,3),
(1,2)(3,4), (1,2,4,3) ]
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Although Cayley’s theorem (5.2) shows that D, is a subgroup of Ss, GAP
actually found a subgroup of Sy containing an isomorphic copy of Ds. How
did GAP do this? Let us consider a non-normal subgroup of Dy:

InitGrouple];

Define[a™ 2, e]; Define[b™4, e]; Define[b.a, a.b.b.b]
D4 = Group[{a,b}];

H = {e, a}

We saw in Cayley’s theorem (5.2) that LeftMult applied to the elements
of the group derived a homomorphism. What if we applied LeftMult to
the cosets of the group? Recall that LeftMult[x] can be thought of as a
function p,(v) = v - x, that is, it multiplies the argument of the function
to the left of x. If we apply this function to a right coset of H, we have
p.(H-g) = H - g-x, which yields another right coset. (Left cosets won’t work
here, since p,(g- H) = g - H - x, which is neither a left nor right coset.) The
list of right cosets is given by

R = RtCoset[D4, H]
{{b,a-b},{e,a},{b-b,a-b-b},{b-b-ba-b-b-b}}

If we multiply each coset to the left of a fixed element of the group, say a or
b, we get the circle graphs in figure 5.4.

{b, a-b} {b, a-b}
{bga a"bg} {67 a} {bga a'bg} {e’ a}
{b-b, a-b-b} {b-b, a-b-b}
CircleGraph[R, LeftMult[a]] CircleGraph[R, LeftMult[b]]

FIGURE 5.4: Circle graphs for multiplying cosets of Dy

We see that each coset is mapped to another coset, so once again we can
treat each circle graph as a permutation. By numbering the cosets in the
order that they appear in R, we see that LeftMult[a] acts as the permu-
tation P[4,2,3,1] = (14), whereas LeftMult[b] acts as the permutation
P[3,1,4,2] = (1342). Mathematica or GAP can check that this extends to a
homomorphism.
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gap> S4 := SymmetricGroup(4);

Sym( [ 1 .. 41)

gap> F := GroupHomomorphismByImages(D4,534, [a,b],
> [(1,4),(1,3,4,2)]);

[la,b] > [ (1,4), (1,3,4,2) ]

gap> List(Kernel(F));

[ <identity ...> ]

Since the kernel is just the identity element, we see that there is a subgroup of
S, isomorphic to D4. Note that this is a much stronger result than Cayley’s
theorem (5.2), which only says that D, is isomorphic to a subgroup of the
larger group Sg.

PROPOSITION 5.2

Let G be a finite group of order n, and H a subgroup of order m. Then
there is a homomorphism from G to Sk, with k = n/m, and whose kernel is
a subgroup of H.

PROOF Let Q be the set of right cosets H\G. For each g in G, define
the mapping
Pg : Q—Q
by pg(H - ) = H - x - g. Note that this is well defined, since if H -z = H - y,
then H-xz-g=H -y -g.
For a given g, if py(H -z) = py(H -y), then H-z-g = H-y-g,s0 H-x = H -y.
Hence, p, is a one-to-one mapping. Also,

pg(_EI’.l'.gil):_I:I.l'.gi]'.g:]q'.l'7

so every element of () is mapped by an element of (). Thus, p, is also an onto
mapping, and hence is a permutation of the elements of Q.

We now can consider the mapping ¢ from G to the symmetric group S|g
on the elements of ), given by

?(9) = pg-

Now, consider two elements ¢(g) and ¢(h). The product of these is the
mapping

H-z—py(py(H z)=pp(H-z-g)=H-z-(g9-h).

Since this is the same as ¢(g - h), ¢ is a homomorphism.

Finally, we must show that the kernel of ¢ is a subgroup of H. The element
g will be in the kernel of the homomorphism ¢ only if p,(H - x) is the identity
permutation. This means that H -z - g = H - x for all right cosets H - x in Q.
In particular, the right coset H -e = H is in @), so H - ¢ = H. This can only
happen if ¢ is in H. Thus, the kernel is a subgroup of H. We have found a
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homomorphism ¢ from the group G to the group S|g = Sk, whose kernel is
a subgroup of H. I

We see one application of this proposition in the case of Dy. Since H was
a subgroup of order 2 which was not normal, the only normal subgroup of G
that is contained in H is the trivial subgroup. Thus, the homomorphism is
an isomorphism, and we find a copy of D, inside of Sy instead of having to
look in the larger group Sg. This idea can be applied whenever we can find a
subgroup of G that does not contain any nontrivial normal subgroups of G.

But there is another important ramification from this proposition. We can
prove the existence of a normal subgroup of a group, knowing only the order
of the group!

COROLLARY 5.2

Let G be a finite group, and H a subgroup of G. Then H contains a subgroup
N, which is a normal subgroup of G, such that |G| divides (|G|/|H|)!- |N]|.

PROOF By proposition 5.2, there is a homomorphism ¢ from G to Sk,
where k = |G|/|H|. Furthermore, the kernel is a subgroup of H. If we let N
be the kernel, and let I be the image of the homomorphism, we have by the
first isomorphism theorem (4.1) that

G/N =~ I.

In particular, |G|/|N| = |I|, and |I] is a factor of |Sg| = k!. This means that
|G| is a factor of k! |N|.

Here is an example of how we can prove the existence of a nontrivial normal
subgroup, using just the order of the group. Suppose we have a group G of
order 108. Suppose that G has a subgroup of order 27. (We will find in
section 7.4 that all groups of order 108 must have a subgroup of order 27.)
Using |G| = 108 and |H| = 27, we find that G must contain a subgroup N
such that 108 divides (108/27)! - [N| = 24 - |[N|. But this means that |N]|
must be a multiple of 9. Since N is a subgroup of H, which has order 27,
we see that IV is of order 9 or 27. Hence, we have proven that G contains a
normal subgroup of either order 9 or 27. This will go a long way in finding
the possible group structures of GG, using only the size of the group G.
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5.4 Numbering the Permutations

Although using cycles to denote permutations is more succinct in most
cases and more readable, Mathematica works much faster using the standard
permutation notation. Thus, for large time consuming operations, such as
checking that a function is a homomorphism, it will be much faster using the
PJ...] notation than the C[...] notation. For example, we saw using Cayley’s
theorem that there was a copy of @ inside of Sg. It was generated by the
elements

f(i) = P[2,4,8,6,3,1,5,7] and f(4)=P[3,5,4,7,6,8,1,2].
Thus, we could form a group isomorphic to @ by the command
Q = Group[{P[2,4,8,6,3,1,5,7], P[3,5,4,7,6,8,1,2]}]
Alternatively, we could have used the cycle notation.
Q = Group[{C][1,2,4,6] . C[3,8,7,5] , C[1,3,4,7] . C[2,5,6,8]}]

gap> Q := Group( (1,2,4,6)(3,8,7,5), (1,3,4,7)(2,5,6,8) );;
gap> List(Q);

L O, (1,4)(2,6)(3,7)(5,8), (1,6,4,2)(3,5,7,8),
(1,2,4,6)(3,8,7,5), (1,7,4,3)(2,8,6,5), (1,3,4,7)(2,5,6,8),
(1,5,4,8)(2,7,6,3), (1,8,4,5)(2,3,6,7) ]

Even though the cycle notation reveals more of the structure of the group
(such as the order of each of the elements), it takes Mathematica longer to
work with cycles. On the other hand, GAP requires working with the cycles
notation, since it cannot form a group from transformations.

This section introduces a way to work with permutations in Mathematica
or GAP that combines succinctness and speed. Mathematica has a preset
order in which it lists the permutations.

[
2nd permutation = P[2,1]
3rd permutation = P[1, 3, 2]
4th permutation = P[3,1, 2]
5th permutation = P[2,3, 1]
6th permutation = P([3,2,1]
7th permutation = P[1, 2,4, 3]

24th permutation = P[4, 3,2, 1]
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Notice that the first 2 permutations give the group S, the first 6 give S3, and
the first 24 elements give Sy. This pattern can be extended to higher order
permutations, so that the first n! permutations gives the group 5,.

The order of the permutations are designed so that Mathematica or GAP
can quickly find the n-th permutation on the list. For example,

NthPerm[2000]
P[4,1,7,6,3,2,5]

gap> NthPerm(2000) ;
(1,4,6,2)(3,7,5)

finds the 2000th permutation on this list without having to find the previous
1999. Notice that Mathematica returns a permutation, whereas GAP returns
the answer in terms of cycles. Mathematica and GAP can also quickly deter-
mine the position of a given permutation on this list. The command

PermTolInt[P[4,1,7,6,3,2,5]]

gap> PermToInt( (1,4,6,2)(3,7,5) );
2000

converts the permutation back to the number 2000.

Rather than spelling out each permutation, we can now give a single num-
ber that describes where the permutation is on the list of permutations. This
will be called the integer representation of the permutation. Although this
representation hides most of the information about the permutation, Math-
ematica and GAP can quickly recover the needed information to do group
operations.

For example, we can multiply the 3rd permutation with the 21st on the list
with the command

NthPerm[3] . NthPerm[21]

gap> NthPerm(3)*NthPerm(21);
(1,2,3,4)

If we wanted this converted back to a number, we would type

PermTolInt][ NthPerm[3] . NthPerm|[21] ]

gap> PermToInt (NthPerm(3)*NthPerm(21));
19

Hence the 3rd permutation times the 21st permutation gives the 19th per-
mutation. If we had multiplied in the other order, we would get 23 instead,
indicating that the group is non-abelian.

Mathematica provides a shortcut to the previous types of calculations. By
entering the command
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InitPermMultiplication

we can use the dot product to multiply numbers as if they were permutations.
Thus

3.21
19

multiplies the 3rd and 21st permutations, and automatically converts this
back to a number. Also, the command

237 (-1)
18

finds that the inverse of the 23rd permutation is the 18th permutation. Notice
that we need to leave a space between the number and the dot, to distinguish
the dot from a decimal point.

This integer representation of the permutations allows us to find other
groups within the permutations easily. For example, the quaternion group
was generated by the elements

P[2,4,8,6,3,1,5,7] and P[3,5,4,7,6,8,1,2].
Converting these to integer representations

PermTolnt| P[2,4,8,6,3,1,5,7] |
7159

PermTolnt[ P[3,5,4,7,6,8,1,2] ]
34587

we find that the quaternion group can be represented by

TABLE 5.3: Integer representation of Q
1 7159 12569 18499 23992 25576 34587 37277

1 1 7159 12569 18499 23992 25576 34587 37277
7159 | 7159 18499 23992 25576 34587 1 37277 12569
12569 | 12569 37277 18499 34587 7159 23992 1 25576
18499 | 18499 25576 34587 1 37277 7159 12569 23992
23992 | 23992 12569 25576 37277 18499 34587 7159 1
25576 | 25576 1 37277 7159 12569 18499 23992 34587
34587 | 34587 23992 1 12569 25576 37277 18499 7159
37277 | 37277 34587 7159 23992 1 12569 25576 18499
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InitPermMultiplication
G = Group[{7159, 34587}]
{1,7159, 12569, 18499, 23992, 25576, 34587, 37277}

This gives the whole group on a single line which encodes the entire structure
of the group. Finally, the command MultTable[G] produces table 5.3.

Unfortunately GAP cannot redefine the product of two integers. However,
we can still use the succinctness of the integer representation when displaying
the multiplication tables by setting the variable IntPermMultiplication to
true.

gap> Q := Group( (1,2,4,6)(3,8,7,5), (1,3,4,7)(2,5,6,8) );;
gap> List(Q, x -> PermToInt(x) );

[ 1, 18499, 25576, 7159, 12569, 34587, 37277, 23992 ];

gap> ResetTableOptions();

gap> IntPermMultiplication := true;

true
gap> MultTable(Q);

ll 7159 12569 18499 23992 25576 34587 37277
I
|

1 7159 125669 18499 23992 25576 34587 37277
7159 |7159 18499 23992 25576 34587 1 37277 12569
12569|12569 37277 18499 34587 7159 23992 1 25576
18499118499 25576 34587 1 37277 7159 12569 23992
23992123992 12569 25576 37277 18499 34587 7159 1

2557625576 1 37277 7159 125669 18499 23992 34587
3458734587 23992 1 12669 25576 37277 18499 7159
37277137277 34587 7159 23992 1 12569 25576 18499

This integer representation of the permutations allows us to form such a table,
and has many other advantages over cyclic permutations, especially when we
are working with extremely large subgroups of a symmetric group. Note that
the command

gap> ResetTableOptions();

puts the MultTable options back to their default mode.

Problems for Chapter 5
Interactive Problems

5.1 Use Mathematica or GAP to find a pair of 3-cycles whose product is a
3-cycle. Can there be a product of two 4-cycles that yields a 4-cycle?

5.2 Use the proof of Cayley’s theorem (5.2), with GAP’s or Mathematica’s
help, to find a subgroup of Sg that is isomorphic to the dihedral group Dj.
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5.3 Use Cayley’s theorem (5.2) to find a subgroup of Sg that is isomorphic
to Zs,.

5.4 Find the elements of A4 converted to the integer representation. Is there
a pattern as to which positive integers correspond to the even permutations,
and which correspond to odd? Does the pattern continue to As?

5.5 Use Mathematica or GAP to find all elements of S7 whose square is
P[3,5,1,7,6,2,4] = (13)(256)(47).
Hint: Use a “for” loop to test all of the elements of S7:

For[i = 1, i <= 5040, i++,
If| NthPerm[i] 2 == P[3,5,1,7,6,2,4],
Print[NthPerml[i]]]]

In GAP, the corresponding commands are

gap> for i in [1..5040] do

> if ( NthPerm(i)~2 = (1,3)(2,5,6)(4,7) ) then
Print ( NthPerm(i),"\n" );

fi;
od;

vV VvV

5.6 Use Mathematica or GAP to find all elements of Sg whose cube is
P[3,5,6,1,2,4] = (1364)(25). (See the hint for problem 5.5.)

Non-Interactive Problems

5.7 Compute the product
123456\ (123456
51 6 3 2 4 4 2 1 6 3 5)/)°

5.8 Form a multiplication table of S3 using the permutation notation for the
elements. That is, use the elements

G — 123 123 123 123 123 123
5= 123 /7°\132/)'\213/)7\231/)°\312/)"\ 321 ’

5.9 Find the six elements of S, that are of order 4.
Hint: All four of the numbers must move.

5.10 Find a nontrivial element of S5 that commutes with the permutation

(1 2 3 45
=\ 4 2 3 5 1)



132 Abstract Algebra: An Interactive Approach

5.11 Find a permutation z in Sy that solves the equation

(123 Ay _ (1 2 3 4y
1 3 4 2/ \4 1 3 2
(There are in fact three different answers.)

For problems 5.12 through 5.15: Find the product of the cycles without using
GAP or Mathematica.

5.12 (156)-(3524)-(1435)  5.14 (172384) (135246)-(24358)
5.13 (247)-(1364)-(17536) 5.15 (1935248)-(273954)-(4768)

5.16 Simplify the product of the cycles
(132)(243)(354)---(n—1 n+1 n)(n n+2 n+1)

for n > 1.
Hint: Try it with n = 2, n = 3, and n = 4 to see a pattern. Then prove
using induction that the pattern persists.

5.17 Find the order of the permutations
(125)(34) and (125)(3467).

5.18 Prove that the order of a permutation written in disjoint cycles is the
least common multiple of the orders of the cycles.

5.19 Show that Ag contains an element of order 15.
Hint: See problem 5.18.

5.20 Show that if H is a subgroup of S,,, then either every member of H is
an even permutation or exactly half of them are even.

5.21 Find a subgroup of S4 that is isomorphic to Zg.
Hint: Look at the proof of Cayley’s theorem (5.2).

5.22 Find a subgroup of S5 that is isomorphic to Z5. (Do you really need
Cayley’s theorem (5.2) for this one?)

5.23 According to Cayley’s theorem (5.2), the quaternion group @ is iso-
morphic to a subgroup of Sg. Show that @ is not isomorphic to a subgroup
of 57.

Hint: Assume that a subgroup is isomorphic to Q. Is the permutation
corresponding to —1 = 3% odd or even? How many disjoint cycles can it
contain? What possible permutations can i, j, k, —i, —j, and —k be mapped
to? From this, produce a contradiction.



Permutation Groups 133

5.24 In the text we found a group isomorphic to D, actually contained in
S4, which is a much smaller group than Sg used by Cayley’s theorem (5.2).
What is the smallest symmetric group that contains a subgroup isomorphic
to Z547

5.25 Mathematica views the permutations

1 2 3 45 q 1 2 3 4

2 1435 an 2 1 4 3
as being the same permutation, P[2,1,4,3]. But are these really the same?
If not, why can Mathematica use the same notation for these two elements?

5.26 The function ¢(z) defined in section 5.3, which used RightMult in-
stead of LeftMult, was seen not to be a homomorphism. Show that

oz -y) = o(y) - d(x).
A function with this property is called an anti-homomorphism.

5.27 Let Sq be the collection of all one-to-one and onto functions from Z*
to Z* that only move a finite number of elements. Prove that Sq is a group.
Show that we can write

%:G&
n=1

How should we interpret this union?

5.28 Let S5, be the collection of all one-to-one and onto functions from Z*
to Z*. Prove that S, is a group. Find an element of this group that is not
in Sq. (See problem 5.27.)

5.29 Consider the set G of all one-to-one and onto functions f(z) from Z*
to Z* such that there is some integer M for which

lf(z) —z| <M Vz € ZT.

(The value of M is different for different elements of the group.) Prove that
G is a group containing Sq. Find an element of G that is not in Sq. Find an
element of S, that is not in G. (See problems 5.27 and 5.28.)

5.30 Show that if G is a group of order 35, and H is a subgroup of order 7,
then H is normal.
Hint: Use corollary 5.2.

5.31 Use corollary 5.2 to show that if G is a group of order p-m, where p is
prime and p > m, then any subgroup of order p is normal.
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5.32 Let G be a group, and H be a subgroup containing exactly 1/3 of the
elements of G. Use corollary 5.2 to show that either H is normal, or exactly
half the elements of H form a normal subgroup of G.

5.33 How many elements of order 5 are there in Sg?

5.34 A card-shuffling machine will always shuffle cards in the same way
relative to the order in which they were given. All of the spades arranged in
order from ace to king are put into the machine, and then the shuffled cards
are re-entered into the machine again. If the cards after the second shuffle are
in the order 10, 9, 4, Q, 6, J, 5, 3, K, 7, 8, 2, A, what order were the cards in
after the first shuffle?

5.35 A subgroup H of the group S, is called transitive on B = {1,2,...,n}
if for each pair i, j of elements of B, there exists an element f in H such that
f(@) = j. Show that there exists a cyclic subgroup H of S,, that is transitive
on B.

5.36 Let ¢ denote an r-cycle in S,, and let = be any permutation in S,.
Show that 271 - ¢ - x is an r-cycle.

5.37 Let ¢ and f denote two disjoint cycles in S;,, and let x be any permu-
tation in S,. Show that 27! -¢ -z and 27! - f - 2 are disjoint cycles. (See
problem 5.36.)



Chapter 6

Building Larger Groups from
Smaller Groups

6.1 The Direct Product

In this chapter, we will use the smaller groups that we have previously
studied as building blocks to form larger groups. We will discover that all
finite abelian groups can be constructed using just the cyclic groups Z,.

One way in which we can create a larger group from two smaller groups is
to consider ordered pairs (g1, g2), in which the first component g is a member
of one group, and the second component g, is an element of a second group.
We then can multiply these ordered pairs component-wise.

DEFINITION 6.1 Given two groups H and K, the direct product of H
and K, denoted H x K, is the group of ordered pairs (h, k) such that h € H
and k € K, with multiplication defined by

(hlakl) : (hQakQ) = (hl : h27k1 : k2)

The four group properties for the direct product are easy to verify. Certainly
H x K is closed under multiplication, since the component-wise product of
two ordered pairs is again an ordered pair. If e; is the identity element for H,
and ey the identity element for K, then (e, es) would be the identity element
of the direct product. Also, the inverse of an ordered pair (h, k) is (h=1, k~1).
Finally, the associative law would hold for H x K, since it holds for both H
and K.

Example 6.1

Let H = Z, and K = Z5. Consider the direct product G = Z4 X Zs. Since
Z4 consists of the elements {0, 1,2,3} and Z3 consists of {0, 1}, the set of all
ordered pairs (h, k) with h € Z; and k € Z5 is

{(070)7 (Oa 1)7 (1a 0)» (17 1)v (270)7 (2v 1)7 (37 O)a (3’ 1)} |:|

135
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The multiplication table for Z4 x Z5 is given in Mathematica® by the fol-
lowing group of commands:

InitGroup|[0];
{x- y-}-{z-, w_} := {Mod[x+z, 4], Mod[y+w, 2]}
MultTable[ {{0,0},{0,1},{1,0},{1,1},{2,0},{2,1}, {3,0},{3,1}}]

(Note that curly braces are used here instead of parentheses.) In GAP, we
have to first define Z, and Z, separately, and then form the direct product.

gap> f:=FreeGroup("a");; a := f.1;;

gap> Z4 f/[a"4];;

gap> Z2 := f/[a"2];;

gap> G := DirectProduct(Z4,Z2);

<fp group on the generators [ f1, f2 ]>

gap> List(G);

[ <identity ...>, f1, 2, £f172, f1*f2, £1°3, f172%f2, f173*f2 ]
gap> NumberElements := true;;

gap> MultTable(G);

* 1 2 4 5 6 7 8
e 1 2 3 4 5 6 7 8
£1 2 4 5 6 7 1 8 3
£2 3 5 1 7 2 8 4 6
f1°2 |4 6 7 1 8 2 3 5
f1xf2 |5 7 2 8 4 3 6 1
f1°3 |6 1 8 2 3 4 5 7
f1°2%f2(7 8 4 3 6 5 1 2
f1°3*f2]8 3 6 5 1 7 2 4

Notice that GAP picks f1 and £2 as the generators of this new group. As a
result, the multiplication table is slightly too large to display unless we set
the NumberElements to true. Nonetheless, we see that this group of eight
elements is abelian, has an element of order 4, yet has no element of order 8.
Thus by process of elimination, this group must be isomorphic to Zj5.

PROPOSITION 6.1
Let H and K be two groups. Then H x K is commutative if, and only if,
both H and K are commutative.

PROOF First, suppose that H and K are both commutative. Then for
two elements (hi, k1) and (he, k2) in H X K, we have
(h17k1) : (h27 k2) = (hl : h?vkl : k2) = (hQ : h/la kQ : kl) = (h27 k2) : (h17k1)-

So the two elements in H x K commute. Hence, H x K is commutative.
Now suppose that H x K is commutative. If we let e; and e be the identity
elements of H and K, respectively, then we have

(h1-ha,e2) = (hy,e2) - (ha,e2) = (ha,e2) - (h1,e2) = (ha - hi,e2)
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and
(e1,k1 - ko) = (e1, k1) - (e1,k2) = (e1,k2) - (e1, k1) = (e1, ko - k1).
Thus, hy - hg = ho - hy and ky - ko = ko - k1 for all hy and hs in H, and all k;

and ko in K. Hence, both H and K are commutative.

It is easy to find the number of elements in a direct product. If H has order
n, and K has order m, then the number of ordered pairs (h, k) would be n-m.
We can generalize the direct product to a set of more than two groups. Let

Gi1,G2,Gs,...,G,

be a collection of n groups. Then we define G; X Gy X G3 X -+ X G, to be
the set of ordered n-tuples (g1, 92,93, - - -, gn) With multiplication defined by

(917927"'7977.) : (hlahQa"'ahn) = (gl 'h1792 'h27~"7gn hn)

The direct product of more than two groups can also be defined by taking the
direct product of direct products. That is, given three groups G, H, and K,
we could define both (G x H) x K and G x (H x K). But the mappings

f:(GxH)xK—-GxHxxK

and
¢:Gx(HxK)—-GxHxK

given by f(((g,h),k)) = (g, h, k) and ¢((g, (h,k))) = (g, h. k) are clearly sur-
jective isomorphisms. Thus,

(GxH)xK~GxHxK~Gx(HxK).
It also should be noted that there is the natural mapping
f:HxK—KxH
given by f((h,k)) = (k,h). This shows that H x K =~ K x H.

DEFINITION 6.2 Let G be a group. We say that G has a decomposition
if G = H x K, where neither H nor K is the trivial group.

For example, the group Zjs has a decomposition, since we saw in exam-
ple 6.1 that this group is isomorphic to Z; x Z5. We would like to find a way
of testing whether a general group can be decomposed into smaller groups.
The following theorem gives us this test.

THEOREM 6.1: The Direct Product Theorem
Let G be a group with identity e, and let H and K be two subgroups of G.
Suppose the following two statements are true:



138 Abstract Algebra: An Interactive Approach
1. HN K = {e}.
2. Forallhe H andke K, h-k=k-h.

Then H-K ~ H x K.

PROOF First, let us show that every element in H - K can be uniquely
written in the form h - k, where h € H and k € K. Suppose that

hi k1 = hgy - k.

Then hy'-hy = ky-k7 ', Since this element must be in both H and K, and
the intersection of H and K is the identity element, we have that

hol hy =ko kit =e.

Thus, h1 = ho and k1 = ko. Therefore, every element of H - K can be written
uniquely as h - k, where h is in H, and k is in K.

Next, we need to show that H - K is a group. Since h -k = k- h for all
h € H and k € K, we have that H - K = K - H. Thus, by lemma 4.4, H - K
is a subgroup of G.

We can now define a mapping

6 H K—HxK

by ¢(z) = (h,k), where h and k are the unique elements such that h € H,
k € K, and x = h - k. It is clear that ¢ is one-to-one, since the element
(h,k) can only have come from h - k. Also, ¢ is onto, for the element h - k
maps to (h,k). All that remains to show that ¢ is an isomorphism is that
o(x-y) =o(x) - d(y). Let x = hy - k1, and y = ha - ko. Then

¢(x-y) = ¢(h1- ki ha-k2)
= ¢(h1 - hy - ki - ko)
= (hy - ha, ky - ko)
= (h1, k1) - (h2, k2)
= ¢(z) - $(y).

Thus, ¢ is an isomorphism, and so H - K ~ H x K. I

We can use this theorem to define the direct product of two groups in
Mathematica. Suppose we wish to generate the direct product S3 x Z5. We
first must define the two groups in Mathematica using the same identity ele-
ment and different letters for the generators. The group S3 is defined by the
commands
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InitGrouple];

Define[a™ 3, e]; Define[b™2, €]
Define[b.a, a.a.b]

Define[1l/a, a”2]; Define[1/b, b]
H = Groupl{a, b}

Now let us define Zg, using ¢ and d for the two generators.

Define[c” 2, e]; Define[d "2, €]
Define[d.c, c.d]

Define[1/c, c]; Define[1/d, d]
K = Groupl[{c, d}];

Of course we did not use the InitGroup command before defining the second
group, otherwise we would have cleared the first group. Notice that

Intersection[H, K]

is just the identity element, so the first condition of the direct product theorem
is satisfied.

In order for the second condition of the direct product theorem to be satis-
fied, every element of H must commute with every element of K. This will be
true as long as all of the generators of H commute with all of the generators
of K. Since there are 2 generators of H and 2 of K, we can tell Mathematica
that the generators commute using 2 - 2 = 4 definitions:

Define[c.a, a.c]; Define[c.b, b.c]
Define[d.a, a.d]; Define[d.b, b.d]

We have to be consistent in the direction of these definitions. That is, we
must define an element of the form k- h to h - k, where h is in H, and k is in
K. This informs Mathematica to express all elements as h - k.

According to the direct product theorem H - K is now the same as H x K.
Here, then, is the direct product:

H.K

Alternatively, we could find the smallest group that contains all of the gener-
ators:

G = Group[{a, b, c, d}]

In GAP, we have the option of defining the groups separately, and use the
DirectProduct that we used for Z; x Z5. But to have more control as to
the names of the generators, we can define the direct product as we did in
Mathematica.



140 Abstract Algebra: An Interactive Approach

gap> f: =FreeGroup("a" , np" s nen s Ildll) 3

gap> a := f£f.1;; b:=f.2;; c:= £.3;; d:=f£.4;;

gap> g:= £/[a"3,b"2,b*axbx*a,

> ¢c72,d72,c*kd*xc*d,

> c*a/(axc),cxb/(bxc) ,d*a/(a*d) ,d*b/ (b*xd)];;

gap> List(g);

[ <identity ...>, b, ¢, d, a, b*xc, b*d, a"2*b, c*d, axc, axd,
a”2, bxcxd, a"2xbxc, a“2*xbxd, a*b, a*c*d, a"2xd, a~2*xbxcxd,
axb*xc, axb*d, a"2*c*d, axb*cxd ]

gap> Size(g);

24

This gives us a group of 24 elements. Since Sy also has 24 elements, we could
ask if these are isomorphic. But recall that Sy had exactly 9 elements of order
2, whereas the computation

G2
{e, a-a, e e e a, e a-a a-a, e e e € aace e aacee,e, ada,

e, e}

gap> SetReducedMultiplication(g);
gap> List(g, x -> x72);

[ <identity ...>, <identity ...>, <identity ...>,
<identity ...>, a“-1, <identity ...>, <identity ...>,
<identity ...>, <identity ...>, a"-1, a”-1, a, <identity ...>,
<identity ...>, <identity ...>, <identity ...>, a"-1, a, a,
<identity ...>, <identity ...>, <identity ...>, a,
<identity ...> ]

reveals that G has 15 elements of order 2. Thus, S4 is not isomorphic to
Sg X Zg

This trick of counting the number of solutions to ¢g” = e for some n is an
efficient way of showing that two groups are not isomorphic. We essentially
used this with n = 2 to show that S3 x Z§ is not isomorphic to Sy. In fact, it
is rather easy to count these solutions for direct products.

PROPOSITION 6.2

Let H and K be finite groups, and let n be a positive integer. If there are r
elements of H such that a™ is the identity in H, and s elements of K such
that b™ is the identity element of K, then there are r - s elements of H x K
such that ¢ is the identity element of H X K.

PROOF Let e; denote the identity element of H, and es denote the
identity element of K. An element ¢ = (h,k) in H x K solves the equation
" = (e1,e2) if and only if

A" =e; and k" = eq.
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Since there are r solutions to the former, and s solutions to the latter, there
are r - s ordered pairs (h, k) that solve both of these equations. Thus, there
are r - s elements of H x K for which ¢"™ = (eq, e3). I

For example, there are 4 elements of S3 satisfying the equation 22 = e, and
4 elements of Zg that satisfy this equation. Thus, there are 16 elements of
Ss x Z% that satisfy 22 = e, one of which is the identity. Thus, we quickly see
that there are 15 elements of order 2.

As powerful as the direct product theorem (6.1) is, it is often difficult to
check that h-k =k -h for all h € H and k € K. Here is a more convenient
way of showing that a group can be expressed as a direct product of two
subgroups.

COROLLARY 6.1

Let G be a group with identity e, and let H and K be two normal subgroups
of G. Then if HNK ={e}, then H- K =~ H x K.

PROOF  The first condition of the direct product theorem (6.1) is given,
so we only need to show that the second condition holds. That is, we need to
show that h -k =k-h forall hin H, and kin K. Let h € H and k € K.

Since K is a normal subgroup of G, h-k-h~'isin K. Thus, h-k-h~!- k7!
isin K.

But H is also a normal subgroup of G, so k-h~' - k™! is in H. Hence,
h-k-h= ' -k lisin H.

We now use the fact that the only element in both H and K is e. Thus,
h-k-h™ 1. k™! = ¢, which implies h - k¥ = k- h. Therefore, the second
condition of the direct product theorem (6.1) holds, and so by this theorem,
H-K~HXxK.

6.2 The Fundamental Theorem of Finite Abelian Groups

In this section, we will show how we can construct any finite commutative
group by considering the direct products of the cyclic groups Z,. We will
even be able to find all abelian groups of a given order.

Let us begin with a simple example, Zg. Can we express this as the direct
product of two smaller groups? By the direct product theorem, we must find
two subgroups of Zg whose intersection is just the identity element, and whose
product is the whole group. It is not hard to see that the subgroups

H=1{0,3} and K ={0,2,4}



142 Abstract Algebra: An Interactive Approach

satisfy these two conditions. Thus, Zg ~ Z5 x Z3. This is easily verified using
Mathematica or GAP. We can first define the group Z; x Zs:

gap> f:= FreeGroup("a","b");; a:=f.1;; b:=f.2;;
gap> g:= f/[a"2, b"3, b*xa/(axb)];; a:=g.1;; b:=g.2;;
gap> Order (axb) ;

6

gap> StructureDescription(g);
n 06 n

Since we have an element of order 6, the product Zs x Z3 must be isomorphic
to Zg. GAP’s StructureDescription command is another way to verify this.
GAP uses “C6” instead of Zg for the cyclic group of order 6.

Observe the groups H = {0,3} and K = {0,2,4} in this example. Notice
that H consists of all of the elements such that h? = 0, and K consists of all
the elements such that k3 = 0. These two subgroups had only the identity
element in common. We can extend this observation to general abelian groups.

LEMMA 6.1

Let G be an abelian group of order mn, where m and n are coprime. Then
H={heG | h"=¢}

and

K={keG | k'=e¢}
are both subgroups of G, and G ~ H x K.

PROOF  To check that H and K are indeed subgroups simply observe
that since G is commutative the functions ¢(z) = 2™ and f(z) = =™ are both
homomorphisms of G. Then H and K are the kernels of the mappings ¢ and

f

To show that H and K have only the identity element in common, we
consider an element x in the intersection. By the Chinese remainder theorem
(1.3), there exists a non-negative number k < m - n such that

k=1 (Mod m) and k=0 (Mod n).
Then k = (1 4+ mb) for some number b. Thus,
g =) — g (VY =g =
since z is in H. Yet k = nc for some number ¢, so
F =gt = (a") =€ =¢

since z is in K. Thus, z = e, and so H N K = {e}. Since G is abelian, the
direct product theorem (6.1) proves that

H -K~Hx K.
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All that is left to prove is that G = H - K. Let g be an element in G. Since
m and n are coprime, by the greatest common divisor theorem (1.2) there
exists a and b such that

an + bm = GCD(m,n) = 1.

Then
g= gl — g(an+bm) — gan . gbm.
Now, (¢™")™ = (¢*)™™ = e, so ¢g°" is in H. Likewise, g™ is in K. Thus,
every element of G is in H - K, and so

G~HXxK. [

Unfortunately, the lemma does not tell us that H and K are proper sub-
groups. It is conceivable that either H or K from lemma 6.1 is the whole
group, and the other is just the identity element. We would still have G =
H x K, but this would not give a decomposition of G. The next lemma uses
induction to show that, in fact, H and K must be nontrivial subgroups.

LEMMA 6.2
If G is a finite abelian group and p is a prime that divides the order of G,
then G has an element of order p.

PROOF We will proceed using induction on the order of G. If |G| = 2
then p must be 2 and G must isomorphic to Zs, and so there is an element of
order 2 in G.

In fact, whenever |G| is a prime number, then p must be |G|, and G must
be isomorphic to Z,. So again, there would be an element of order p in G.

Suppose that the assumption is true for all groups of order less than |G|.
If G does not have any proper subgroups, then G would be a cyclic group of
prime order (which we have already covered.) Thus, we may assume that G
has a subgroup N that is neither G nor {e}.

Since G is abelian all subgroups are normal. Thus we could consider the
quotient group G/N. Since |G| = |[N|-|G/N|, p must divide either |N| or
|G/N|. If p divides N, then because N is a smaller group than G, by induction
N must have an element of order p, which would be in G.

If p does not divide |N| it must divide |G/N|. Since G/N is a smaller group
than G, by induction G/N must have an element of order p. This element
can be written a - NV for some a in G.

Since a - N is of order p, a cannot be in IV, yet ¢ must be in N. If the
order of N is g, we would have by corollary 3.2 that (a?)? = e.

If b = a? is not the identity, then b = e, and so b would be the required
element. But if b = e, then (a- N)? = N. But a- N was of order p, and so
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p must divide g. But we assumed that p did not divide ¢ = |N|. Hence, b is
not the identity, and so G has an element of order p. I

Later on we will see that lemma 6.2 is true for all groups, not just abelian
groups. However, the result for abelian groups is sufficient for this chapter.
This lemma guarantees that the subgroups H and K generated by lemma 6.1
must be proper subgroups. In fact, there are times when it is possible to
predict the size of the subgroups H and K.

LEMMA 6.3

Let G be an abelian group of order p™ -k where p is prime, k is not divisible by
p, and n > 0. Then there are subgroups P and K of G such that G ~ P x K,
where |P| = p™, and | K| = k.

PROOF Since p" and k are coprime, we can use lemma 6.1 to form the
subgroups
P={zeqG|zP) =¢}

and
K={zecG|2"=e¢}

By lemma 6.1 these two subgroups have only the identity in common, and
G ~ Px K. If p divided |K]|, then by lemma 6.2, K would contain an element
of order p. But this element would then be in P as well, which contradicts
the fact that only the identity element is in common between P and K. So p
does not divide the order of K.

Also note that the order of every element of P is a power of p. Thus,
lemma 6.2 tells us that no other prime other than p divides |P].

Finally, note that |G| = p™ - k = |P| - |K|. Since p does not divide |K|, we
have that p™ must divide |P|. But no other primes can divide |P|, and so
|P| = p™. Hence, |K|=k.

Lemma 6.3 is a tremendous help in finding the decomposition of abelian
groups. To illustrate, suppose we have an abelian group G of order 24. Since
24 = 23 .3, lemma 6.3 states that G is isomorphic to a direct product of a
group of order 8 and a group of order 3. Thus, G must be one of the groups

Zg X Zg, Zik5 X Z3, or 254 X Zg.

If we can find all abelian groups of order p™ for p a prime number, then we
will in a similar manner be able to find all finite abelian groups.

Hence, our next line of attack is abelian groups of order p™, where p is
prime. If this is not a cyclic group, we can find a decomposition for this group
as well.
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LEMMA 6.4
Suppose P is an abelian group of order p”, where p is a prime. Let x be an
element in P that has the mazimal order of all of the elements of P. Then

P~ X xT, where X is the cyclic group generated by x, and T is a subgroup
of P.

PROOF We will use induction on n. If n = 1, then P is a cyclic group
of order p, and hence is generated by non-identity element x in P. We then
have X = P, so we can let T = {e}, and P~ X x T.

Now suppose that the assertion is true for all powers of p less than n. Notice
that the order of every element of P is a power of p. Thus, if we let « be
an element with the largest order, say m, then the order of all elements in P
must divide m. Hence, g™ = e for all elements ¢g in P.

We now let X be the subgroup generated by x. If X = P, then we can
again let T' = {e} and we are done. If X is not P, we let y be an element of P
not in X which has the smallest possible order. Then since the order of y? is
less than the order of y, y? must be in X. This means that y? = z¢ for some
0<g<m.

Since y is in P, y™ = e. But

Y™ = (yp)(m/p) _ (xq)(m/:ﬂ) — x(mQ/P)'

Because x is of order m, this can be the identity only if mg/p is a multiple
of m. Hence, ¢ is a multiple of p.
If we let k = 2~(¢/P) .y then k is not in X because y isn’t, and

kP — (x*(Q/P))p P =79 yP =277 29 =e.

Therefore, we have found an element k of order p that is not in X. If we let
K be the group generated by the element k, then X N K = {e}.

Consider the quotient group P/K. What is the order of zK in P/K? We
see that

@K)'=K<=r"eK<a21"cXNK<<=1"=e.

Therefore, the order of zK is the same as the order of z, which is m. Also
note that no element of P/K can have an element of higher order since a™ = e
for all elements a in P.

Now we use the induction! Since the order of P/K is less than the order of
P, and zK is an element of maximal order, we have by induction that

P/K ~Y x B,

where Y is the subgroup of P/K generated by K, and B is a subgroup of
P/K such that only the identity element K is in the intersection of Y and B.
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Let ¢ be the canonical homomorphism from P to P/K given by ¢(g) = gK.
Let T = ¢~ !(B). Then T is a subgroup of P.

If g isin both X and T, then ¢(g) is in both Y and B. Since the intersection
of Y and B is the identity element, we have ¢(g) = g- K = K. Thus, g is in
the subgroup K. But X N K = {e}, so we have

XNT ={e}.

Thus, by the direct product theorem (6.1), we find that X - T~ X x T.

We finally need to show that P = X -T. Let u be an element in P, and
since P/K ~ Y x B, we can write ¢(u) as (zK) - (kK) for some number b,
and some kK in B. Then

vex k- KCX-T.
Thus, P=X-T,andso P~ X xT. I

To illustrate the application of lemma 6.4, consider the group Z3,. All non-
identity elements of Z3, are of order 2, so this is the maximal order. Thus,
lemma 6.4 states that Z3, can be decomposed into Zs and a group of order
4. Since we have seen that Zy x Zy ~ Z}5, the only other choice is Zy x Zg.

Now we apply lemma 6.4 to Zg. This is of order 4, and all elements besides
the identity are of order 2, so Z§ can be decomposed into Zs and a group of
order 2, which must be Zy. Thus, Z§ ~ Zy x Z3, and so

254%22 ><Z2 XZQ.

We have found a way to decompose any abelian group, as long as its prime
decomposition consists of at least two different primes. But now we want to
address the issue as to whether a decomposition is unique. Can two different
decompositions be isomorphic?

The main tool for testing whether two groups are isomorphic is to count
elements of a given order. It is natural to ask how many elements there are
of a given order for a decomposition of cyclic groups.

LEMMA 6.5
Let p be a prime number, and G be the direct product of cyclic groups
Zpmiy X L(pmay X o X Zgmsy X ZLpy X Lpy X =2+ X Ly,

where myi,ma, ..., m; are positive integers, and ri,T2,...,Ts are coprime to
p. Then the number of elements of G of order p™ is given by

Sk MinGm ) _ (24 MG )

where Min(my,n) denotes the minimum of my and n.
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PROOF  We begin by noticing that the number of elements of order p™ is
characterized by the elements y of G such that

y®) =¢, but y®" ) £e,

where e is the identity of G. Thus, if we can find the number of solutions
to the first equation, y®") = e, we are on our way to finding the number of
elements of order p”.

Since G is expressed as a direct product we can use proposition 6.2 and
find the number of solutions to y®") = e for each factor in the product,
and multiply these numbers together. Since each factor is cyclic, we can use
corollary 2.1. For all of the factors Z,,, Z,,, ... Z,_, there is only one solution
to y®") = e, since GCD(r4,p") = 1. On the other hand, the number of
solutions to y®") = e in Zpmr) 18

GCD(pm’“,pn) _ pMin(m;mn).

Thus, the number of solutions to y®") = e for the group G is the product of
the above for factors 1 through j of GG, which gives us a grand total of

p(z i:l Min(my ,n))

solutions. However, not all of these solutions will be elements of ?rder p". We
have to subtract the number of solutions to the equation y®" ) = e giving

us

p(zzzl Min(mk,n)) _ p(Zf;/zl Min(m,k,n—l))

elements of G of order p™. I

We are now ready to show that all finite abelian groups can be represented
as the direct product of cyclic groups. However, we would like to show at the
same time that such a representation is unique. To this end we will use the
previous lemma in conjunction with the following.

LEMMA 6.6
Let m1,ma,mg3,...,m; be a set of positive integers, and define f(n) as

fln) = Z Min(my,n)
k=1

where Min(my,n) denotes the minimum of my and n. Then the number of
times that the integer n appears in the set of integers mq,ma, ms,...,m; is
given by

2f(n) = f(n=1) = f(n+1).
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PROOF Let us begin by observing the value of the expression
2 Min(mg,n) — Min(myg,n — 1) — Min(mg,n + 1).

When my, < n, then Min(my,n) = Min(my,n — 1) = Min(myg,n + 1) = my,
and so the above evaluates to 0. On the other hand, if m; > n, then the
above expression simplifies to be

2(n)—(n—1)—(n+1)=0.

However, if my = n, then Min(my,n) = n, Min(mg,n — 1) = n — 1, and
Min(myg,n + 1) = n. Hence, we have

2 Min(mg, n) — Min(myg,n — 1) — Min(mg,n+ 1) =2n—(n—1) —n = 1.
Thus, we see that

1 ifmp=n

2 Min(mg,n) — Min(myg,n — 1) — Min(mg,n + 1) = {O ifmy £ 0
k

Thus, if we sum the above expression for k going from 1 to j, we will count
the number of terms my that are equal to n. Hence this count will be

Z 2 Min(myg, n)—Min(mg, n—1)—Min(myg, n+1) = 2f(n)— f(n—1)—f(n+1).
k=1
I

We can now use lemmas 6.3 through 6.6 to prove the following.

THEOREM 6.2: The Fundamental Theorem of Finite Abelian
Groups
A nontrivial finite abelian group is isomorphic to

Ziprry X Zippay X Zmay X - Zpre),

where p1,pa, P3, - - -, Ds are prime numbers (not necessarily distinct). Further-
more, this decomposition is unique up to the rearrangement of the factors.

PROOF We will proceed on induction on the order of the group. If the
order of the group is 2, then the theorem is true since the group would be
isomorphic to Z;. Let G be a finite abelian group and suppose the theorem
is true for all groups of order less than G. Let p be a prime that divides the
order of G. By lemma 6.3, G = P x K, where P is the subgroup containing
the elements of order p™ for some m.

Furthermore, if x is an element of maximal order in P, and X is the group
generated by z, then by lemma 6.4, G = X x T x K. Since X will be a
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nontrivial cyclic group the orders of T' and K will be less than G. Thus, by
induction, 7" and K can be written as a direct product of cyclic groups whose
orders are powers of primes. Since X is also a cyclic group of order p", G
can be written as a direct product of cyclic groups whose orders are powers
of primes.

We next have to show that this decomposition is unique. We will do this by
showing that the number of times Z,») appears in the decomposition, where
p is a prime, is completely determined by the order of the elements in the
group G. From lemma 6.5, the number of elements of order p” is given by

p(z Min(my,n)) 7p(z Min(my,,n—1))

where the sum is taken over all k£ such that pp = p. Thus, we see that
fp(n) = Z Min(my, n)
PL=P

will be completely determined by the order of the elements of G, and hence
determined by the group G. But then by lemma 6.6 the number of times that
Zpny appears in the decomposition is given by

2fp(n) = fp(n —1) = fp(n +1).

Hence, the decomposition of G as a direct product of cyclic groups of the form
Z(pny 18 unique. I

From this theorem, we can easily find all non-isomorphic abelian groups of
a given order. For example, to find all non-isomorphic abelian groups of order
16, we note that all such groups are direct products of the cyclic groups of
orders 2, 4, 8, or 16. This gives us five combinations:

Zz X ZQ X ZQ X ZQ, ZQ X Z2 X Z47 Z4 X Z4, ZQ X Zs, and Zlﬁ.
Since the fundamental theorem (6.2) also states that the representation is

unique, these five groups must be non-isomorphic to each other.

COROLLARY 6.2

Let P(n) denote the number of ways in which n can be expressed as a sum of
positive integers, without regard to order. Then if p is a prime number, there
are exactly P(n) non-isomorphic abelian groups of order p™.

PROOF By the fundamental theorem of abelian groups (6.2), every
abelian group of order p™ must be isomorphic to

Z(p'rnl) X Z(p'rnz) X Z(p'rng) X e X Z(p'rns).
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Also,

mi o ,ma | m3

pmtep™E e pme e phe = pt
Hence my + mo +m3 + - - - + ms = n. Furthermore, the decomposition of the
abelian group is unique up to rearrangement of the factors. Thus, there is
a one-to-one correspondence between non-isomorphic abelian groups of order
p" and ways n can be written as a sum of positive integers without regard to
order.

We call P(n) the number of partitions of n. We can have Mathematica
count the number of partitions for us. For example, to find the number of
partitions of the number 4, we can enter

PartitionsP[4]

in Mathematica, or

gap> NrPartitions(4);
5

to find that there are five groups of order 2*. The number of partitions
increases exponentially with n; in fact a Mathematica plot reveals that it
grows approximately like the function ev™.

We can now find the number of non-isomorphic abelian groups of any order.

COROLLARY 6.3
Let n > 1 be an integer with prime factorization

p;nl .p;nz .pgn?’ .. .p;nk7
where p1,p2,P3, - - -, Pk are distinct primes. Then the number of non-isomor-

phic abelian groups of order n is given by

P(mq) - P(mg) - P(ms)--- P(my).

PROOF We know from the fundamental theorem of abelian groups (6.2)
that each such group is isomorphic to a direct product of cyclic groups whose
order is a power of a prime. If we collect all factors involving the same primes
together, we find that such a group is isomorphic to a direct product of a
series of groups of orders pi"!, py'?, p5*®,- -, pp*.

We know from corollary 6.2 that there are exactly P(r) non-isomorphic
abelian groups of order p”. Thus, there are P(m;) possible groups for the i-th
factor in this decomposition. Therefore, there are

P(my) - P(mg) - P(mg) - - - P(my)
possible ways of forming a product of groups with orders

st Mo ms3 mg
pl 7p2 up3 7"'7pk .
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Since the fundamental theorem of abelian groups (6.2) also states that the
decomposition is unique up to the rearrangement of the factors, every group
thus formed is isomorphically different. So we have exactly P(m;) - P(m2) -
P(ms3) - - - P(my) non-isomorphic abelian groups of order n.

For example, suppose we wish to find the number of non-isomorphic abelian
groups of order 180 billion. Since 180,000,000,000 = 2! -32 .50 we have that
the number of groups is

PartitionsP[11] * PartitionsP[2] * PartitionsP[10]

gap> NrPartitions(11) * NrPartitions(2) * NrPartitions(10);
4704

giving us 4704 abelian groups of order 180 billion.

6.3 Automorphisms

We have already studied several examples of homomorphisms and isomor-
phisms between two groups, but suppose we considered a mapping from a
group to itself. For example, we could consider the following mapping from
Zg onto itself:

DefMultMod|[8]
CircleGraph[{0,1,2,3,4,5,6,7}, Mult[3]]

which produces figure 6.1. This mapping could be considered as the permu-
tation

F=P[3,6,1,4,7, 2, 5]

since the element 0 is left fixed. We can now treat F' as a function, and ask
whether this is a homomorphism on Zg. The command

DefSumMod|[8]
Z8 = Group|[{1}]
CheckHomolF, Z8]

verifies that F' is a homomorphism from Zg onto itself.
In GAP, we have to first define a group for which a® = e. Then we find a
map that sends a to a>.

gap> f:=FreeGroup("a");; a := f.1;;

gap> g:=f/[a"8];; a := g.1;;

gap> F := GroupHomomorphismByImages(g,g, [al, [a~3]);
Lal ->[a"3]

gap> List(Kernel(F));

[ <identity ...> ]
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0

4

FIGURE 6.1: Multiplying by 3 in Zg

This shows that in fact the homomorphism is one-to-one and onto.

DEFINITION 6.3 An automorphism of the group G is a homomorphism
from G to G which is one-to-one and onto.

We can find another automorphism of Zg by sending a to a® instead of a>.
In fact, it is possible to define the product of two automorphisms as follows: If
f and ¢ are both automorphisms of G, then f-¢ is the mapping x — ¢(f(z)).
This leads us into the proof of the following.

PROPOSITION 6.3

Given a group G, the set of all automorphisms on G forms a group, denoted
Aut(G). In fact, Aut(G) is a subgroup of the group of permutations on the
elements of G.

PROOF The mapping i(z) = z for all x in G is obviously an automor-
phism on G, so the set of all automorphisms on G is non-empty. Also, each
automorphism is a permutation on the elements of G. Suppose ¢ and f are
two automorphisms on G. Then ¢(f(z)) is a one-to-one and onto mapping
from G to G.

Furthermore,

o(f(x-y)) = o(f(x) - f(y)) = o(f(2)) - o(f(v))-

So ¢(f(x)) is a homomorphism on G, so f - ¢ is an automorphism of G.
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Also, since f is one-to-one and onto, f~! exists on G, and

U@ W)= @) - F(F ) =2y

Taking f~! of both sides of the equation gives us

SN - Ny =),

So f~! is a homomorphism. So f~!, and thus ¢ - f~! are automorphisms
of G. Therefore by proposition 2.2, Aut(G) is a subgroup of the group of
permutations on the elements of G.

Let’s see if we can find the automorphism group for Zg. The element 1 must
be mapped by an automorphism to an element of order 8. Thus, 1 is mapped
to either 1, 3, 5, or 7. But since 1 is a generator of Zg, this would completely
define the automorphism. Thus, there at most four elements of Aut(Zs). But
we have already seen three nontrivial automorphisms (multiplying by 3, by 5,
and the product of these two), so we have exactly four automorphisms of Zg.
This automorphism group can quickly be seen to be isomorphic to Z3.

GAP can find the automorphism group of Zg as follows:

gap> f:= FreeGroup("a");; a:=f.1;;

gap> Z8 := f/[a"8];; a:=Z8.1;;

gap> SetReducedMultiplication(Z8);

gap> G := AutomorphismGroup(Z8);

<group with 2 generators>

gap> L := List(G);

[ IdentityMapping( <fp group of size 8 on the generators [a]> ),
lal]->[a3],[al->[a-3],[al->[a-11]1]

We see that the automorphism that we first defined is the second one in this
list. We can evaluate one of the automorphisms at an element of Zg by using
the notation x~f, where f is the automorphism, as we did for cycles.

gap> a"L[2];
a3
gap> (a~3)"L[3];

Lr2] * L[3] = L[4];
true

This last command shows that we can multiply automorphisms in GAP, and
produce another automorphism. This means that we could display a mul-
tiplication table of G, but each element has a very long name in GAP. A
better alternative is to find a permutation group isomorphic to G using the
NiceObject command.

gap> H := NiceObject(G);
Group([ (1,4)(2,3), (1,3)(2,4) 1%}
gap> ResetTableOptions();
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gap> MultTable(H);

S 1o @a@3 1,324 1,2@6,4)
O | O (1,4)(2,3) (1,3)(2,4) 1,2)(3,4)
(1,4)(2,3)1(1,4(2,3) O (1,2)(@3,4) (1,3)(2,4)
1,3)2,11,3)(2,4) (1,2)(3,4) O (1,4)(2,3)
1,2)@,911,2)@3,4) (1,3)02,4) (1,402,3) O

This multiplication table clearly shows that Aut(Zs) ~ Z§. It is not hard to
generalize this result.

PROPOSITION 6.4

Aut(Z,) ~ Z*.

n

PROOF Consider the mapping
¢ ZF — Aut(Z,)

given by ¢(j) = f;, where fj(z) = j -z (Mod n). Then given two elements j;
and jo in Z;, we have that

fin (f52(2)) = g1+ (Goz) (Mod n) = (j2 - jr)z (Mod n) = fj, ., (x).
So
¢(j2) - #(31) = fir - fio = firge = @02 - J1)-

Hence, ¢ is a homomorphism from Z* to Aut(Z,). To see that ¢ is one-to-
one, note that f;(1) = j, and so f;, = f;, only if j1 = jo. To see that ¢ is
onto, we consider a general automorphism f of Z,,. Since 1 is a generator of
Zn, f(1) must also be a generator of Z,,. But f will be completely determined
by knowing f(1). Thus, the number of automorphisms is at most the number
of generators in Z;. But we have an automorphism for each such generator,
accounting for all automorphisms of Z,.

So far, the automorphism group is smaller than the original group. But let
us look at a non-cyclic group, Z3.

InitGrouple];

Define[a™ 2,e]; Define[b™2,e]
Define[b.a, a.b]

Define[1/a, a]; Define[1/b, b]
G = Groupl{a, b}]

There are in fact six automorphisms of this group. The automorphism

fle)=e

fla) =10

fb)=a
fla-b)y=a-b
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can be represented as a transposition (a b). Note that here, we are using the
cycle notation with elements in place of numbers. This is allowed in Math-
ematica, but not in GAP. So this function can be entered into Mathematica
simply as

F = CJa, b]

Mathematica can check if this is an automorphism of Zg.
CheckHomolF, G]

The other automorphisms of Z§ can be found quicker in GAP.

gap> f:= FreeGroup("a","b");; a:=f.1;; b:=f.

gap> g:= f/[a"2,b"2,b*a/(axb)];; a:=g.1;; b:

gap> SetReducedMultiplication{g};

gap> G := AutomorphismGroup(g) ;

<group with 4 generators>

gap> L := List(G);

[ IdentityMapping(<fp group of size 4 on the generators [a,b]>),
[a, b] >[a, aa-1%b"-1 ], [a, b] > [ b, al,
La,b] >[b, a-1*b"-1 1, [ a, b] > [ a~-1*b"-1, a ],
[a,b] > [a-1%b"-1, b ] ]

gap> List(NiceObject(G));

[ O, (1,2,3), (1,3,2), (2,3), (1,2), (1,3) ]

The automorphism we found earlier is the third one in this list, and when GAP
converts this to a subgroup of a permutation group, we get the six elements
of S3. Hence Aut(Z§) ~ Ss.

For the next example, let us look at the automorphisms for the quaternion
group Q.

InitGrouple];

Define[i"4, e]; Define[j "2, i™2]
Definel[j.i, i.i.i.j]

Define[1/i, i~ 3]; Define[1/j, i.i.j]
Q = Groupl{i, j}]

If f is an automorphism of @, then f(e) = e, but also f(i?) must be i?, since
this is the only element of order 2. All of the other elements are of order 4, so
f (@) could be any one of the remaining six elements. Once f(7) is determined,
we have that f(i®) = f(i)3. Then f(j) would be one of the remaining four
elements. Since ¢ and j generate @, f will be determined by knowing f(¢)
and f(j). Thus, there is a maximum of 6 - 4 = 24 automorphisms.

For non-commutative groups, there is a quick way to find many of the
automorphisms. Let G be a non-commutative group, and let x be any element
in G. The mapping f, : G — G defined by

foy) =2t y-a
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will always be an automorphism, for
foly-2) =27ty zra=""y-a)- (a7 2o 2) = fuly) - ful2).
Also, f, is one-to-one and onto, for its inverse is f,-1.
DEFINITION 6.4 An automorphism ¢(y) of a group G is called an inner
automorphism if there is an element = in G such that
o(y)=a"t-y-x for all y € G.

The set of inner automorphisms of G is denoted Inn(G).

It is fairly easy to find the inner automorphisms on Q. If we choose z = i,
we have the mapping

fle)=i-e-i=c¢ f(@3) =i -i=43
@) =i ii=i Fi3) = (i-g) =i
fG)=-j-i=i-j f@-g) =i (2-j)i=j
Ji2) =i i =i ) = (@) i=i
In GAP, the command InnerAutomorphism allows us to enter this mapping.
gap> f := FreeGroup("i","j");; i := £.1;; J = £.2;;
gap> Q := £/[i"4, i"2%j"2, 3*1/(1 3*3)],, =Q.1;5 j = Q.2;;

gap> SetReducedMultlpllcatlon(Q)
gap> F := InnerAutomorphism(Q,i);

gaP> J°F;
j°-1

In GAP, this inner automorphism is simply referred to as ~i. This is mainly
because GAP uses an abbreviation z¥ for y=! -z - y.
In Mathematica, the automorphism has to be entered as cycles containing

the elements of Q.

F = CJj, i.i.j] . C[i.j, i.i.1.j]

If we use x = j or x = ¢ - j instead of x = i, we get the automorphisms

G = CJi, i.i.i] . C[i.j, i.i.1.]]

H = CJi, i.i.i] . CJj, i.i.i]

In fact, these three automorphisms, along with the identity automorphism,

form a group. These are the only four inner automorphisms.
However, there are many more automorphisms of ). The commands

Homomorph[X]
Define[X]i], i
Define[X[j], i.j]
CheckHomo[X, Q]
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show that there is another homomorphism from @ to itself, which can be
shown to be one-to-one and onto. Also, the commands

Homomorph([J]
Define[J][i], i.j]
Define[J]j], j]
CheckHomol[J, Q]

show that there is yet another automorphism on (. These two automor-
phisms, along with the group of 4 previously found, generate a total of 24
automorphisms. We can get all of the automorphisms in GAP as follows:

gap> A := AutomorphismGroup(Q);
<group of size 24 with 4 generators>
gap> L := List(4);;

gap> L[2];

[ i-1, i"-1%j°-1 ] -> [ i"-1, j~°-1]
gap> L[3];

i

Although there are too many automorphisms to list here, we can notice that
the inner automorphisms are embedded in this list. What is this group iso-
morphic to? We can have GAP provide the answer.

gap> StructureDescription(A);
n S4l|

In fact, Aut(Q) =~ Sy, as can be seen by figure 6.2. Each rotation of the
octahedron represents an automorphism of Q. For example, rotating the front
face 120° clockwise corresponds to the automorphism

(i j ig)@® %5 i°j).
So the automorphism group is isomorphic to the octahedral group, which we
saw was isomorphic to Sy.
Although the inner automorphisms did not produce the full automorphism
group, this set of inner automorphisms turns out to be a very important

subgroup of the automorphism group. Let us discover the first main property
of this subgroup.

PROPOSITION 6.5
Let G be a group. Then Inn(G) is a normal subgroup of Aut(G).

PROOF  First we need to show that Inn(G) is a subgroup. Let f,(y) =
2" .y -z be an inner automorphism. The inverse can be easily found by
observing

1

ye fiitv) =2~ -y-xzv(z}y:x-zwx_l;}y:f(w_l)(v),
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ij

@

FIGURE 6.2: Labeling the octahedron to show Aut(Q)

so the inverse of f, is also an inner automorphism.
If we consider two inner automorphisms f, and f,, then

(fo f) ) = fy(fa@) =yt (@7 vea) oy = (@) 7" 0 (@) = flay (v)-

Thus the product of two inner automorphisms is also an inner automorphism.
So by proposition 2.2, Inn(G) is a subgroup of Aut(G).

Finally, we need to show that Inn(G) is normal in Aut(G). Let ¢ be any
automorphism and let f, = 2~ -y - = be an inner automorphism. Then

(@ fo o)) =07 (fa(d(v)) = ¢~ (@ " - ($(v)) - ).

Since ¢! is a homomorphism, this will simplify.
¢~ @™ ((v) - x) = 67 (2T 9T H(B(v)) o (2)
(05 Ha) ™ v g(2) ™ = fomii (V).

So ¢ - fr - »~ ! is an inner automorphism of G. Therefore, by proposition 3.4,
Inn(G) is a normal subgroup of Aut(G).

For example, we found four inner-automorphisms of ). By looking at the
multiplication table for these four elements, we see that Inn(Q) ~ Z3.

DEFINITION 6.5 We define the outer automorphism group to be the
quotient group
Out(G@) = Aut(G)/Inn(G).
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The outer automorphism group of @) must contain six elements, and with
some experimenting in Mathematica, one finds that Out(Q) is non-abelian.
Therefore, Out(Q) = Ss.

Let us look at one last example—Z23,. We can load this group into Mathe-
matica with the following commands:

InitGrouple];

Define[a™ 2, e]; Define[b™ 2, e]; Define[c” 2, €]
Define[b.a, a.b]; Define[c.a, a.c]; Define[c.b, b.c]
Define[1/a, a]; Define[1/b, b]; Define[l/c, c]

Y = Group[{a, b, c}]

Suppose ¢(z) is an automorphism of Z3,. Naturally ¢(e) = e, but ¢(a) could
be any of the seven remaining elements of order 2. Also, ¢(b) could be any one
of the remaining six elements. Then we would have ¢(a-b) = ¢(a) - ¢(b). But
¢(c) could be any of the four elements left over. Since the group is generated
by {a,b, c}, there are at most 7-6 -4 = 168 possible automorphisms.

One possible automorphism would be to send a to b, b to ¢, and ¢ back to
a. This is represented by the permutation

F = CJ[a, b, ¢] . C[a.b, b.c, a.c]
CheckHomo[F, Y]

which Mathematica verifies is an automorphism. Another automorphism,
given by

G = CJb, a.b] . C[b.c, a.b.c]
CheckHomo|[G, Y]

indicates that there may indeed be many automorphisms. These can be
checked by GAP as follows:

gap> f:= FreeGroup("a","b","c");; a:=f.1;; b:=f.2;; c:=£.3;;
gap> g:= £/[a"2,b72,c"2,a*b*axb,axc*a*c,b*xcxbxc];;

gap> a:= g.1;; b:=g.2;; c:=g.3;;

gap> F := GroupHomomorphismByImages(g,g, [a,b,c],[b,c,al);

[a, b, c] >[b, c, al

gap> List(Kernel(F));

[ <identity ...> ]

gap> G := GroupHomomorphismByImages(g,g, [a,b,c],[a, axb, cl);
gap> List(Kernel(®));

[ <identity ...> ]

gap> A := AutomorphismGroup(g);

<group with 4 generators>

gap> Size(A);

168

GAP has indicated that the automorphism group is indeed as large as we had
predicted it could be. It would be more concise if we could use permutations
for a group this large. If we order the non-identity elements a = 1, b = 2,
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c=3,a-b=4,a-c=5b-c=6,anda-b-c=7, we can convert F' and G
to standard permutations (1,2,3)(4,5,6) and (2,4)(6,7). Once we have all of
the elements as permutations, we can use the integer notation to list them.

gap> A := Group( (1,2,3)(4,6,5), (2,4)(6,7) );

Group([ (1,2,3)(4,6,5), (2,4)(6,7) 1)

gap> List(A, x->PermTolInt(x) );

[ 1, 244, 149, 918, 2380, 1732, 2002, 735, 2183, 1475, 1649,
1079, 2471, 3936, 3195, 3817, 4753, 5023, 3595, 4190, 2632,
1881, 1311, 2847, 4309, 4904, 3476, 3358, 2677, 2107, 1123,
404, 496, 670, 1432, 3991, 4616, 3032, 2918, 3622, 4384, 4558,
775, 2240, 1537, 1662, 1014, 2476, 3898, 61, 331, 231, 953,
2345, 1775, 1992, 1851, 1229, 2787, 4205, 4817, 3372, 3276,
3177, 3755, 4713, 4931, 3486, 4098, 2562, 3973, 4581, 3019,
2900, 3662, 4366, 4476, 2647, 2042, 1088, 374, 548, 640, 1362,
1807, 1202, 2761, 4226, 4874, 3412, 3298, 1837, 1267, 2821,
4269, 4847, 3455, 3336, 4035, 4657, 3099, 2981, 3689, 4428,
4498, 4017, 4595, 3059, 2963, 3702, 4410, 4536, 753, 2201,
1461, 1582, 970, 2418, 3876, 793, 2258, 1496, 1622, 1052,
2510, 3958, 3151, 3776, 4735, 4970, 3508, 4156, 2602, 3133,
3741, 4695, 4965, 3573, 4151, 2592, 2691, 2069, 1133, 437,
593, 684, 1402, 2721, 2151, 1185, 467, 558, 714, 1392, 87,
357, 187, 908, 2366, 1796, 2032, 27, 270, 122, 856, 2304,
1692, 1962 1]

In Mathematica, we can merely note that F' is the 149th permutation, and G
is the 735th. Thus, we get the same result with the commands

InitPermMultiplication

A = Group[{149, 735}]

{1, 27, 61, 87, 122, 149, 187, 231, 244, 270, 331, 357, 374, 404, 437, 467,

496, 548, 558, 593, 640, 670, 684, 714, 735, 753, 775, 793, 856, 908, 918,
953, 970, 1014, 1052, 1079, 1088, 1123, 1133, 1185, 1202, 1229, 1267, 1311,
1362, 1392, 1402, 1432, 1461, 1475, 1496, 1537, 1582, 1622, 1649, 1662, 1692,
1732, 1775, 1796, 1807, 1837, 1851, 1881, 1962, 1992, 2002, 2032, 2042, 2069,
2107, 2151, 2183, 2201, 2240, 2258, 2304, 2345, 2366, 2380, 2418, 2471, 2476,
2510, 2562, 2592, 2602, 2632, 2647, 2677, 2691, 2721, 2761, 2787, 2821, 2847,
2900, 2918, 2963, 2981, 3019, 3032, 3059, 3099, 3133, 3151, 3177, 3195, 3276,
3298, 3336, 3358, 3372, 3412, 3455, 3476, 3486, 3508, 3573, 3595, 3622, 3662,
3689, 3702, 3741, 3755, 3776, 3817, 3876, 3898, 3936, 3958, 3973, 3991, 4017,
4035, 4098, 4151, 4156, 4190, 4205, 4226, 4269, 4309, 4366, 4384, 4410, 4428,
4476, 4498, 4536, 4558, 4581, 4595, 4616, 4657, 4695, 4713, 4735, 4753, 4817,
4847, 4874, 4904, 4931, 4965, 4970, 5023}

Notice that Mathematica orders the numbers, making it easier to find a par-
ticular element. The group Aut(Z3,) has some special properties that we will
explore in the next chapter.
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We have now seen several examples where the group of automorphisms is
larger than the original group. But this group of automorphisms can also be
used as a tool for connecting two groups to form an even larger group, in much
the same way that two groups formed the direct product. The next section
will explore this methodology.

6.4 Semi-Direct Products

We have already seen one way to combine two groups H and K to form the
direct product H x K. In this section we will see another way to combine to
groups H and K. Once again the larger group will have isomorphic copies of
H and K as subgroups, but only one of the two subgroups will be a normal
subgroup.

Suppose that H and K are any two groups, and suppose that we have a
homomorphism ¢ : H — Aut(K). Because the function ¢ returns another
function, we will write ¢, instead of ¢(h). The expression ¢ (k) represents
the automorphism ¢, evaluated at the element k. That is, if h; and ho are
two elements of H, then ¢y, (k) and ¢y, (k) will be two automorphisms of K,
and also ¢h1-h2 (k) = ((bhl ¢h2)(k) = ¢h2 ((bhl (k)) (Recall that ¢h1 '(bhz means
we do ¢p, first, then do ¢p,.)

There will always be at least one homomorphism from H to Aut(K), the
trivial homomorphism. However, there will often be several nontrivial homo-
morphisms from H to Aut(K). For each such homomorphism, we can define
a product of H and K.

DEFINITION 6.6 Let G be the set of all ordered pairs (h, k), where h is
in H and k is in K. Let ¢ be a nontrivial homomorphism from H to Aut(K).
Then the semi-direct product of K with H through ¢, denoted H><¢K, is the
set G with multiplication defined by

(h1,k1) - (h2, ko) = (h1 - h2, ¢n,(k1) - k2).

PROPOSITION 6.6
The semi-direct product of K with H through ¢ is a group.

PROOF It is clear that the product of two ordered pairs in G is an ordered
pair in G. If we let e; denote the identity element of H, and es; denote the
identity element of K, then

¢el (kl) = k17
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since ¢ must map e; to the identity automorphism of K. Thus

(h1, k1) - (e1,e2) = (h1 - €1, e, (k1) - e2) = (h1, k1),

and
(e1,€2) - (ha,k2) = (€1 - ha, dny(e2) - k2) = (ho, k2).

So (e1,e2) acts as the identity element of G.
Next we note that the element (h, k) has an inverse (h=1, ¢, -1 (k~1)), since

(W, o1 (k7)) - (hyk) = (W™ -y on(dp-1 (K1) - k)
= (617¢61(k_1) ! k) = (el7k_1 : k) = (61762)7

and

(hyk) - (W™ (k7)) = (h- 7y (K) - dp-a (K1)
= (e1, dp-1 (k- k7)) = (e1,0p-1(e2)) = (ex, e2).

The final thing we need to check is that the multiplication on G is associa-
tive. Note that

(h1, k1) - [(ha, k2) - (h3, k3)] = (h1, k1) - (ha - ha, @y (K2) - ks3)
= (h1 - ha - hg, Pny.hy (k1) - Pny(k2) - k)

while

[(h1, k1) - (ha, k)] - (ha, k3) = (ha - ha, dn, (k1) - k2) - (hs, ka)

= (h1 - ha - ha, dns(dn, (k1) - ka) - k3)

= (h1-ha - h3, Ony(dn, (k1)) - dny(ke) - k3)
= (

hi - ha - h3, nyny (k1) - dny(k2) - k3)
Hence the multiplication on G is associative and so G forms a group. I

We can define a semi-direct group in GAP using the definition. Suppose
that we wish to find a semi-direct product of the form Z4x ¢Z§. The first step
is to define both Z, and Zg. We will use a for the generator of Z,, and b and
¢ for the generators of Z3.

gap> f:= FreeGroup("a");; a:=f.1;;

gap> Z4 := f/[a"4];; a := Z4.1;;

gap> f:=FreeGroup("b","c");; b:=f.1;; c:=f.2;;
gap> g:=f/[b"2,c"2,b*cxbxc];;

Now we find the automorphism group of Z3.
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gap> A := AutomorphismGroup(g) ;

<group with 4 generators>

gap> L := List(A);

[ IdentityMapping(<fp group of size 4 on the generators [b,c]>),
[ b1, ¢-1 I]->[ b™-1, cxb ], [ b°-1, ¢c”-1 ]->[ ¢”-1, b~-1 1],
[ b°-1, ¢c™-1 1->[ ¢c"-1, b -1xc"-1 ],
[ b°-1, ¢”-1 ]->[ c*b, b~-1 1,
[ b™-1, ¢™-1 1->[b"-1%c"-1, c~-1] ]

A homomorphism that maps Z, to this group must send the identity element
to an element of order 2 or 4, but Aut(Z¥) has only six elements, so we must
find one of order 2. The third element in this list will do, since it exchanges
b= and c¢7!.

gap> phi := GroupHomomorphismByImages(Z4,A, [al, [L[3]]);
lal] >[[b-1,c-1] ->[c-1, b-11]1]

Notice that we now have a mapping that sends elements of Z; to mappings.
With this, we can define the semi-direct product Z4x ¢Z§‘ with the commands

gap> Size(Z4);
4

gap> S:= SemidirectProduct(Z4,phi,g);
<pc group with 4 generators>

gap> NumberElements := true;;

gap> MultTable(S);

* ll 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
e [Tt 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
4 |2 1 4 3 6 5 8 7 11129 10 15 16 13 14
£3 |3 4 1 2 7 8 5 6 109 12 11 14 13 16 15
£3*xf4 [4 3 2 1 8 7 6 5 1211 109 16 15 14 13
2 |5 6 7 8 1 2 3 4 13 14 15 16 9 10 11 12
f2xf4 |6 5 8 7 2 1 4 3 1516 13 14 11 12 9 10
f2x£3 |7 8 56 6 3 4 1 2 14 13 16 156 109 12 11
f2x£3xf4 |8 7 6 5 4 3 2 1 16 15 14 13 12 11 10 9
f1 |9 10 11 12 13 1415165 6 7 8 1 2 3 4
f1xf4 |10 9 12 11 14 1316157 8 5 6 3 4 1 2
£f1%£3 |11 129 10151613146 5 8 7 2 1 4 3
f1x£3xf4 |12 11 10 9 16 1514138 7 6 5 4 3 2 1
f1x£2 |13 14 1516 9 10 11 121 2 3 4 5 6 7 8
f1xf2xf4 |14 13 16 15109 12113 4 1 2 7 8 5 6
f1xf2x£3 |15 16 13 14 11 129 102 1 4 3 6 5 8 7
f1xf2x£3xf4|16 156 14 13 12 11 109 4 3 2 1 8 7 6 5

Before the SemidirectProduct command will work, we must calculate the
size of the first group, Z4 in this case. Finding the size of the group establishes
the elements of the group. Other commands that list the elements of the first
group would also work, such as the List or MultTable commands.

GAP defines this non-abelian group of order 16 using four different gener-
ators £1, £2, £3, and £4. But if we look carefully, we see that £1 generates a
copy of Z4, while £3 and f4 generate a copy of Zg. It appears that the semi-
direct product, like the direct product, contains copies of the two original
groups within the product.
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LEMMA 6.7
Let G = H><¢K be the semi-direct product of K with H through the homomor-

phism ¢. Suppose that ey is the identity element of H, and ey is the identity
element of K. Then
H={(he2) | heH}

is a subgroup of G, and
K ={(e1,k) | keK}

is a normal subgroup of G. Furthermore, H ~ H, K ~ K, and HN K is the
identity element of G.

PROOF We will use proposition 2.2 and observe that

(hyea) ™t = (W™, dp-1(e2)) = (W1, ea),

S0
(h1,e2)-(ha,e2) ™ = (h1,e2)(hy ' e2) = (hl'h2_1;¢h;1(62)'62) = (h1-hy ', ea).

Thus, whenever a and b are in H, a-b~' isin H. So H is a subgroup.
Also,
(e1, k)7 = (ex, e, (k1)) = (e, k71,

SO
(e1,k1) - (e1, k) ™" = (er, k1) - (ex, ka ') = (e, de, (k1) - k') = (ex, by - k3 ).

Thus, a - b~ ! is in K whenever a and b are in K. So K is also a subgroup by
proposition 2.2. To show that this group is also a normal subgroup we look
at

[(hykr) - (1, k)] - (hyker) ™ = (hy e, (K1) - k) - (B, i (R 1)
= (e1, dp-1(k1 - k) - dp-1 (k1))
= (e1, ¢p-1 (k1 - ko - k7).

lis in K whenever k is in K, by proposition 3.4 K is a normal

Since g-k-g~
subgroup of G.

Finally, the two mappings
fi(h) = (h,e2)  and  fao(k) = (e, k)

are isomorphisms from H onto H and K onto K, respectively, as seen by the
above computations. Also, it is clear that the intersections of the two groups

give just {(e1, e2)}.
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Since the semi-direct product contains copies of the two smaller groups
within itself, the natural question is whether an arbitrary group G can be
expressed as a semi-direct product of two of its subgroups. The conditions for
which this happens is set forth in the following theorem.

THEOREM 6.3: The Semi-Direct Product Theorem
Suppose that a group G has two subgroups H and N whose intersection is the
identity element. Then if N is a normal subgroup of G and H is not a normal
subgroup of H - N, then there exists a nontrivial homomorphism ¢ from H to
Aut(N) such that
H-N=~Hx ¢N .

PROOF Note that since H is a subgroup of GG, and N is a normal subgroup
we have by lemma 4.5 that H - N is a subgroup of G. We next want to define
the homomorphism ¢. For each h in H, we define

én(n)=h"t-n-h

for all n € N. We first need to show that ¢, is an automorphism on N for each
h in H, and then we need to show that ¢ itself is a nontrivial homomorphism.
Note that

¢n(n1-nz) =h~"-ni-ng-h=(h""-ni-h)-(h™' - na-h) = gn(n1) - Pu(n2).
So ¢y, is a homomorphism from N to N. Since
ye¢}:1(n)<:>h_lyh=n<:>y:hnh—1

we see that ¢, is a one-to-one and onto function. Thus, ¢, is an automorphism
of N.

Next, we need to see that ¢ itself is a homomorphism from H to Aut(V).
Note that

((bhl : ¢h2)(n) = ¢h2 ((bhl (’I’L))
= ¢ny(hy" -1 i)
=hyt-hytn-hy - hy
= (hi-ho)™ - (hy - hg) = bpyony(n).

S0 @y * Ghy = P(hy-ny) and we see that ¢ is a homomorphism. In fact, the
homomorphism must be nontrivial, because if ¢ (n) = n for all h and n, then
since ¢n(n) = h™'-n-h = n we have that n-h = h-n for all h in H, and
n in N. This would indicate that H is a normal subgroup of H - N, which
contradicts our original assumption. Thus, ¢ is a nontrivial homomorphism.

We can now proceed in a similar way that we proved the direct product
theorem (6.1). However, it will be easier if we first show that every element
in H - N can be uniquely written in the form h - n, where h € H and n € N.
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Suppose that we have
h1 s N1 :hg-’ng.

Then hy' - hy = ny -ny'. Since this element is in both H and N, which has
just the identity element in the intersection, we must have

hy' hy=ny-nit =e.

Therefore, hy = hy and ny = ny. Thus, we have shown that every element of
H - N is written uniquely as h - n, where h is in H, and n is in N.
We now want to create a mapping

f:H'N—>HD<¢N

defined by
f(v) = (h,n),
where h and n are the unique elements such that h € H, n € N, and v = h-n.
The function f is one-to-one since the element (h,n) can only come from h-n.
Also, the element h - n maps to (h,n) so f is onto.
The final step is to show that f is a homomorphism. Let v = hy - ny, and
w = hg - na. Then

U'w:h1'n1~h2'n2=(h1~h2)'(h2_1'7’b1'h2'n2).

Since N is a normal subgroup, h;l -nq - ho isin N, and so h;l “nq-hg-ng is
in N while hy - hg is in H. Thus,

Fo-w) = f((h1-ha) - (hy" -y hy o))
:(h1~h2,h2_1on1~h2~n2)
= (hl : h2,¢h2 (nl) ~n2)
= (h1,n1) - (h2,n2) = f(v) - f(w).

So f is an isomorphism, and we have H - N =~ HI><¢N. I

Note that if both H and N are normal subgroups of H - N, we have by
corollary 6.1 that H - N ~ H x N.

We will use the semi-direct product theorem to define this product in Math-
ematica. After defining the two groups H and N using the same identity
element, we must find the homomorphism ¢ from H to Aut(N). As in the
case of the direct product, We will want to express every element of the form
h-n, where h is in H, and n is in N. From the definition, we see that

(h,€2) ’ (elyn) = (h ' 61,¢€1(€2) : TL) = (h?n)v

So for each generator a of H, and each generator b of N, we can calculate
how b . a should be defined by evaluating (e1,b) - (a,e2) = (a, ¢q(b)). Thus
we make a definition in Mathematica of the form
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Define[b.a, a . ¢4(b) ]

where we replace the expression ¢, (b) with its element of N.
Suppose we want to find a semi-direct product of Zs with Z,.

InitGrouple];
Define[a™2, €]
Define[1l/a, a]
Z2 = Group[{a}]
Define[b ™5, €]
Define[1/b, b™4]
Z5 = Group[{b}]

After loading the groups Zs and Z5, we want to find a nontrivial homomor-
phism ¢ from Zs to Aut(Zs). But Aut(Zs) ~ Z} ~ Z,. Since the element a
is of order 2, ¢, must be of order 2 to keep the homomorphism from being
trivial. But it is easy to find the one element of Aut(Zs) of order 2:

p(n) =n"".

In fact, this will always be an automorphism whenever N is an abelian group.
As long as N has an element that is not its own inverse, this automorphism
will be of order 2. If we let ¢,(n) = n~, then ¢, (b) = b*. Thus, the definition

Define[b.a, a.b.b.b.b]
completes the definition of the semi-direct product.

G = Groupl{a, b}]
{e,;a,b,a-b,b-b,a-b-b,b-b-b,a-b-b-b,b-b-b-b,a-b-b-b-b}

The corresponding GAP commands are

gap> f := FreeGroup("a","b");; a := f.1;; b := £.2;;
gap> g := f/[a"2, b"5, bxa/(a*b”4)];; a := g.1;; b := g.2;;

gap> L := ListGroup(g);

[ <identity...>, a, b, a*b, b2, a*b”2, b~3, a*b”3, b4, a*xb”4 ]
gap> ResetTableOptions();

gap> MultTable(L);

* le a b axb b~2 a*b”2 b~3 a*b~3 b4 axb”~4
_____ +__________________________________________________________
e e a b axb b"2 axb”2 b~3 a*xb”3 b4 axb~4
a a e axb b a*xb”2 b~2 a*xb”3 b~3 a*b”4 b~4

b b a*b”4 b”2 a b~3 axb b~4 axb”2 e axb”~3
axb axb b74 axb”2 e axb”3 b axb”™4 b~2 a b~3
b~2 b~2 axb”3 b~3 axb”™4 b~4 a e axb b axb~2
a*xb”2|a*b”2 b~3 axb”3 b~4 a*xb”4 e a b ax*xb b~2
b~3 b~3 axb”2 b~4 axb”3 e axb™4 b a b~2 axb
axb~3|a*b”3 b~2 axb”4 b~3 a b~4 axb e axb”2 b

b~4 b~4 axb e axb”2 b axb”~3 b~2 a*xb”4 b~3 a
a*b”4 |a*b”4 b a b~2 ax*xb b~3 a*b”2 b~4 a*b~3 e

which show that this is a non-abelian group of order 10. If we ask GAP what
this group is,
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gap> StructureDescription(g);
IID10 n

we find that this group is D10, which is GAP’s way of saying the dihedral
group that has 10 elements, or Ds.

DEFINITION 6.7 Let n > 2, and let ¢ be the homomorphism from
Zy = {e,a} to Aut(Z,) given by

(b@(k) = ka ¢<L(k) - k'_l-

Then the semi-direct product Z5 X ¢Zn is called the dihedral group of order 2n.
It is denoted D,,, and is a non-abelian group of order 2n.

The commands

InitGrouple];
Define[a™2, €]
Define[b " n, €]
Define[1/a, a]
Define[1/b, b™ (n—1)]
Define[b.a, a.(1/b)]
Dn = Group[{a, b}]

define the group D,,. The corresponding GAP commands are

gap> f := FreeGroup("a","b");; a := £f.1;; b := £.2;;
gap> g := £/[a"2, b™n, a*bxaxbl; a := g.1;; b:= g.2;;

The symbol n must be replaced with an integer before executing these
commands. When n = 3, we get a non-abelian group of order 6, so D3 ~ S3.

Note that the semi-direct product may greatly depend on the choice of the
homomorphism ¢. Consider finding the semi-direct products of Zg with Z,.
Since Aut(Zg) ~ Z3 has three elements of order 2, there are three nontrivial
homomorphisms from Z; to Aut(Zs). One of these produces the dihedral
group Dg above, but the other two homomorphisms produce the groups

InitGrouple];

Define[a™2, e]; Define[b™8, €]
Define[1l/a, a]; Define[l/b, b™ 7]
Define[b.a, a.(b™3)]

G = Groupl[{a, b}]

and

InitGrouple];

Define[a™2, e]; Define[b™8, €]
Define[1/a, a]; Define[1/b, b™ 7]
Define[b.a, a.(b™5)]

M = Group[{a, b}]
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in Mathematica. These two groups along with Dg can be entered in GAP at
the same time as follows:

gap> f:= FreeGroup("a","b");; a := f.1;; b := £.2;;
gap> D8:=f/[a"2, b"8, b*a/(a*b~7)];;

gap> G := £/[a"2, b"8, b*a/(a*xb”3)];;

gap> M := f£/[a"2, b"8, b*a/(a*xb”5)];;

gap> StructureDescription(D8);

IID16II

gap> StructureDescription(G);

IIQD16II

gap> StructureDescription(M);

cg : C2"

GAP’s structure description shows that these three groups are all different.
The group G is called a quasidihedral group, whereas the group M has no
special name. GAP uses the colon to show a semi-direct of C8 with C2.
GAP uses “C8” for the cyclic group of order 8, that is, Zg. Thus, structure
description of M shows that it is a group of the form Z5x Zg.

Here is another way of showing that the three groups are different:

gap> SetReducedMultiplication(D8) ;

gap> SetReducedMultiplication(G);

gap> SetReducedMultiplication(M);

gap> List(D8, x -> x72);

[ <identity ...>, <identity ...>, b2, b~-4, <identity ...>,
<identity ...>, <identity ...>, <identity ...>, b"-2, b"2,
b~-4, <identity ...>, <identity ...>, <identity ...>, b"-2,
<identity ...> ]

gap> List(G, x -> x72);

[ <identity ...>, <identity ...>, b"2, a"-1*b"-1xa”-1*b"-1,
<identity ...>, a"-1%b"-1*a"-1xb"-1, <identity ...>,
<identity ...>, b"-2, b2, a"-1xb"-1*a"-1xb"-1,
a"-1*%b"-1xa”-1%b"-1, a"-1xb"-1*%a”"-1%b"-1, <identity ...>,
b"-2, a"-1*b"-1%xa"-1*b"-1 ]

gap> List(M, x -> x72);

[ <identity ...>, <identity ...>, b"2, a”-1*b~-1*a"-1%b,
<identity ...>, b"-2, a"-1xb"-1*a”-1%b, <identity ...>, b™-2,
b"2, a"-1*b"-1*a"-1xb, b~2, b"-2, a"-1*b"-1*a"~-1%b, b"-2, b~2]

This simple test shows that Dg has nine elements of order 2, while the group
G has five elements of order 2, and the group M has only three elements of
order 2.

We see that the semi-direct product Z5X ¢Z8 depends on the choice of the
homomorphism ¢. In fact, even though the three elements of Aut(Zs) of
order 2 are essentially equivalent (since the automorphisms of Z% included
all permutations of these three elements), we see that the three elements
produced three different semi-direct products.

This example is really more of an exception rather than a rule. Part of what
makes this example unusual is that the automorphism group Z3§ is abelian,
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and hence does not have any nontrivial inner automorphisms. If two homo-
morphisms ¢ and f from H to Aut(NV) are related through an inner automor-
phism of Aut(V), then the corresponding semi-direct products will if fact be
isomorphic.

PROPOSITION 6.7
Let ¢ be a homomorphism from a group H to the group Aut(N). Suppose
that f is another homomorphism such that

fa(n) = w(on(w™ (n))),
where w(n) is an automorphism of N. Then Hx N~ HxN.

PROOF Let us write G = H|><¢M, and M = HKfN. These are two
different groups, even though they are both written using ordered pairs. Let

us define a mapping
v:G—M

defined by

v((h,n)) = (h,w(n)).
Because w(n) is one-to-one and onto, certainly v is one-to-one and onto. All
we would have to check is that

v((h1,m1)) - v((h2, n2)) = v((h1,m1) - (h2,n2)).
We have that

v((h1,n1)) - v((h2,n2)) = (h1,w(n1)) - (h2,w(n2))

= (h1 - ha, fa,(w(n1)) - w(n2))

= (h1 - ha, w(¢n, (W™ (w(ny)))) - w(nz))
= (

hy - ha, w(én,(n1)) - w(ng)).
On the other hand,

v((h1,n1) - (ha,n2)) = v((h1 - ha, dn, (1) - n2))
= (hl ' h27w(¢h2 (nl) . 77,2))
= (h1 - h2,w(Pn, (1)) - w(n2)).

Since these are equal, we have an isomorphism. I

It is also clear that two homomorphisms ¢ and f are related through an
automorphism of H, the semi-direct products must be isomorphic since we are
merely relabeling the elements of H. As a result there will be many instances
in which there will be only one non-isomorphic semi-direct product of K by
H. In this case, we can denote the semi-direct product as Hx N, without
having to specify the homomorphism ¢.
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Problems for Chapter 6
Interactive Problems

6.1 Use GAP or Mathematica to define the group Zs x Zg. Show that this
group is not isomorphic to Zi,.

6.2 Define the group S5 x Zs in Mathematica or GAP. Show that this group
is not isomorphic to Ay4.
Hint: Count elements of order 2.

6.3 Use Mathematica’s PartitionsP command or GAP’s NrPartitions
command to find the number of abelian groups of order 120,000.

For problems 6.4 through 6.7: Find all of the automorphisms of the following
groups.
Hint: For the non-abelian groups, find the inner automorphisms first.

6.4 Ss 6.5 7 6.6 D, 6.7 Ds

6.8 Show that there is only one semi-direct product Zyx 2. Which of the
five groups of order 8 is this isomorphic to?
Hint: Use proposition 6.7.

6.9 Use Mathematica or GAP to find the only semi-direct product Z§x Z3.
Is this group isomorphic to any of the three groups of order 16 found by
considering Z5 D<¢Z8?

6.10 Use Mathematica or GAP to define the only possible semi-direct prod-
uct Z,x Z3. Show that this group is different than both A, and S5 x Zs.

6.11 From problems 6.1, 6.2, 6.10, and section 6.4, we have found six groups
of order 12: Zy5, Zy X Zg, A4, Dg, S3 X Zy, and Zy4x Z3. Yet table 4.4 in
chapter 4 indicates that there are only five non-isomorphic groups of order
12. Which two of these groups are isomorphic? Use Mathematica or GAP to
show the isomorphism.

Non-Interactive Problems

6.12 We have shown by process of elimination that Z, x Z5 is isomorphic
to Z75. Demonstrate the isomorphism by giving multiplication tables for the
two groups with the same pattern.

6.13 Demonstrate that Z3 x Zs is isomorphic to Zg.
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6.14 Construct a multiplication table for Z; x Z3.
6.15 Construct a multiplication table for Z3 x Z3.
6.16 Let G = H x K, and define

H={(h,e) | heH}

and
K={(ek) | keK}.

Prove that G/H ~ K and G/K ~ H.

6.17 Let n be any integer greater than 1. Prove that Z, x Z,, is not isomor-
phic to Z,,2.

For problems 6.18 through 6.20: Find, up to isomorphism, all abelian groups
of the following orders:
6.18 |G| =32 6.19 |G| =210 6.20 |G| = 200

6.21 What is the smallest positive integer n for which there are exactly four
non-isomorphic abelian groups of order n?

6.22 Calculate the number of elements of order 4 in the groups
Z167 Zg X Z27 Z4 X Z4, and Z4 X ZQ X ZQ.

6.23 How many elements of order 25 are in Zs x Zos? (Do not do this
exercise by brute force.)

6.24 An abelian group G of order 256 has 1 element of order 1, 7 elements
of order 2, 24 elements of order 4, 96 elements of order 8, and 128 elements
of order 16. Determine up to isomorphism the group G as a direct product of
cyclic groups.

Hint: Use lemma 6.5 to determine the value of the function

J
fx) =7 Min(ny,z)
k=1
for x =1, 2, 3, and 4. Then use lemma 6.6 to determine how many times Zs,

Zy, Zg, and Zi1g appear in the decomposition.

6.25 If an abelian group G of order 40 has exactly three elements of order
2, determine up to isomorphism the group G.

6.26 Classify the integers n for which the only abelian groups of order n are
cyclic.
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6.27 Prove that if G is a finite group of order n, then Aut(G) is isomorphic
to a subgroup of S,,_1.

6.28 Prove that any finite group of order greater than 2 has at least two
automorphisms.

6.29 Prove that if G is not abelian, then Aut(G) is not cyclic.
6.30 Find Aut(Z).
6.31 Find two non-isomorphic groups G and M for which Aut(G) ~ Aut(M).

6.32 Let ¢ : Z3 — Aut(Zf) be defined as follows: ¢1(x) = ¢3(x) = x for all
zin Zg. ¢5(1) = ¢7(1) = 1. ¢5(3) = ¢7(3) = 5. ¢5(5) = ¢7(5) = 3. ¢5(7) =
¢7(7) = 7. Compute the following in Z3 25 (5,3) - (3,5), (3,5) - (5,3),
(7,5)7".

6.33 Show that there is only one semi-direct product of the form ZzxZg.
Form a multiplication table of this group. You have seen this group before.
Do you recognize it?

6.34 Show that there is only one semi-direct product of the form ZsxZ.
Describe this group.

6.35 Show that there is only one semi-direct product of the form ZxZ.
Describe this group.

6.36 Let G be any group, and let i be the identity mapping from Aut(G)
to itself. We can define the semi-direct product H = Aut(G) x.G. The group
H is called the holomorph of G. Show that every automorphism of G is the
restriction of some inner automorphism of the holomorph H.
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Chapter 7

The Search for Normal Subgroups

7.1 The Center of a Group

We saw several instances in the last chapter in which the structure of a group
hinges on its normal subgroups. Thus, we will want to develop techniques for
finding all of the normal subgroups of a given group G. We will discover in
the process that some of the normal groups have additional properties. We
will naturally concentrate our attention to non-abelian groups, since every
subgroup of an abelian group is normal.

Let us begin by considering the quaternion group ). This can be created
in GAP by the command InitQuaternions().

gap> InitQuaternions();

#I default ‘IsGeneratorsOfMagmaWithInverses’ method returns
‘true’ for [ i, j ]

gap> MultTable(Q);

* | (-Dxe (-1)*i (-1)*j (-1)*k k j i e
______ +_______________________________________________________
(-1)*ele i ] k (D*k (1) (-1)*i (-1)*e
(-D)*ili (-Dx*e k (-1)*j j (-1)*k e (-1)*i
D=*jl3 (-Dxk (-1)*xe i (-1)*i e k (-1)%j
(-1)*k|k j -D)*i (~1)*e e i (-1)*j (-1)*k
k | (-1)*k (-1)*j i e (-1)*e (-1)*i j k
j | (-1)*j k e (-*i i (-1)*e (-1)*k j
i [(-1)*i e -D*k j (-D*j k (-1)*e i
e [(-Dxe (-1)*i (-1)xj (-1)*k k j i e
®

The equivalent in Mathematica™ would be

InitGrouple];

Define[i" 4, e]; Define[j "2, i™2]
Define[j.i, i.i.i.j]

Define[1/i, i”3]; Define[1/j, i.i.j]
Q = Groupl{i, j}]
MultTable[Q];

which produces table 7.1.
There is only one element of order 2 in this group, namely (-1)*e (or i* in
Mathematica.) But this element has another important property. Notice that

2

175
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TABLE 7.1: Multiplication table for @

e i J i? i-] i3 i2-j 3.y
e e i J i? i-] i3 2.5 3.y
i i i? -] i3 i%-j e i3 J
7 J i35 i2 2. ) i-] e i3
i2 i2 i3 2.5 e i3 ) J 1-J
1] 1] i3 i3 j i? 2.3 e
i3 i3 i3] ) J i? i-j i3
2.7 | ? 1] e J i3 i3 i? 1
i3 i3 i2- ) 1] e J i3 i?

the locations of the 2 in table 7.1 form a symmetrical pattern along the main
diagonal. This indicates that whenever a - b = 4%, then b - a = i? in Q. Hence
b=a"'-i2 =42-a~'. Therefore, i> commutes with all of the elements of Q.

DEFINITION 7.1 Given a group G, the center of G is defined to be the

set of elements x for which z -y = y - x for all elements y € G. The center
of a group G is customarily denoted Z(G) because of the German word for
center, zentrum. [1, p. 150]

From this definition, we see that i € Z(Q). It is also clear that e € Z(G)
for all groups, since e -y = y - e. By examining table 7.1 we find that there
are no other elements of Q in Z(Q), so Z(Q) = {e,i?}. This is obviously a
subgroup, but it turns out to be a normal subgroup because of the following
proposition.

PROPOSITION 7.1
Given a group G, then Z(G) is a normal subgroup of G.

PROOF First, we need to show that Z(G) is a subgroup of G. If z and
y are in Z(G), and a is any element in G, then

rT-Yy-a=x-a-Y=a-T- Y.

So x - y commutes with all of the elements of G. Thus, z -y is in Z(G).
Also, we have

So 1

of G.

must also be in Z(G). Thus, by proposition 2.2, Z(G) is a subgroup
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Next, we can see that

So a-x-a~!isin Z(G) whenever x is in Z(G) and a is in G. Thus, by
proposition 3.4, Z(G) is a normal subgroup of G.

We use the command GroupCenter to find the center of a group in Math-
ematica. For example, the command

Z = GroupCenter[Q]

verifies our earlier observation that Z(Q) = {e,i*}. In GAP, the command is
simply Center or Centre.

gap> List(Center(Q));
[ (-D*e, e ]

Although the center always produces a normal subgroup, this subgroup is not
always interesting. For example, Mathematica or GAP can show that the
center of the group S5 is just the identity element.

gap> 83 := Group( (1,2), (1,2,3) );
Group([ (1,2), (1,2,3) 1D

gap> List(Center(S3));

[ O]

Whenever the center is just the identity element, we say the group is centerless.
In fact, all of the permutation groups S,, bigger than S3 are centerless. Since
the proof involves an even permutation, we will find the center of A, at the
same time.

PROPOSITION 7.2
If n > 3, then the groups S,, and A, are centerless.

PROOF  Suppose that ¢ is an element of S, or A, which is not the
identity. We need to show that ¢ cannot be in the center of either S, or A,,
which amounts to finding an element of A,, that does not commute with ¢.

Since ¢ is not the identity, there is some number x that is not fixed by ¢,
say z is mapped to y. Since n > 3, there is at least one number not in the
list {z,y,é(y)}. Let z be one of these remaining numbers. Finally, we let f
be the 3-cycle (zyz).

Since f is an even permutation f is in A,. Then ¢- f sends x to z, but f-¢
sends x to ¢(y) # z. Thus, f-¢ # ¢ f, and ¢ is not in the center of either
A, or S,.

The other extreme is if Z(G) is the entire group G. This happens if, and
only if, the group G is abelian.
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Since Z(N) is a normal subgroup of G, what is the quotient group? The
answer is rather interesting.

PROPOSITION 7.3
If G is a group, then G/Z(G) ~ Inn(G).

PROOF We begin by observing that the mapping
¢: G — Inn(G)

given by

Go(y) =z y-a!
is a homomorphism, as we saw in the proof of the semi-direct product theorem
(6.3). By the definition of the inner automorphisms, this mapping is surjective.
However, this mapping is not necessarily injective. Let us determine the kernel
of ¢.

Suppose that ¢, is the identity homomorphism. Then ¢, (y) = y for all y
in G. This means that -y -z ! =y, or -y =y -z, for all y in G. Thus, z
is in the center of G.

Now, suppose « is in Z(G). Then ¢,(y) =z -y -z =y-x-27 1 =y, 0 ¢,
is the identity homomorphism. Thus the kernel of ¢ is precisely the center of
Z(@G). Therefore, by the first isomorphism theorem (4.1), we have

G/Z(G) =~ Inn(G). U

The center of a group possesses a characteristic that is even stronger than
that of a normal subgroup. To illustrate this characteristic, consider the next
proposition.

PROPOSITION 7.4
Let N be a normal subgroup of a group G. Then Z(N) is a normal subgroup
not only of N, but also of G.

PROOF Let g be an element of G, and z an element of Z(N). We need
to show that g-z-¢g~!isin Z(IN). Since N is a normal subgroup of G, we
certainly know that g-z-¢g~!is in N, so the way to test that it is in Z(N) is
to show that it commutes with every element of V.

Let n be an element of N. We want to show that g-z-g7 -n=n-g-z-g7".
Let h =g '-n-g. Then hisin N, since N is normal in G. Also,n = g-h-g~ 1,
SO

1 1

) (g-h-g)=g-2-h-g'=g-h-z-g"
1

=(g-h-g")(g-2-9g)=n-g-z-g"
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Hence, g-z-¢g~! commutes with every element n in N, so g-z-g~ ! isin Z(N).

By proposition 3.4, we have that Z (V) is a normal subgroup of G. I

This proposition demonstrates a rather unusual property of a center of a
group. In general, the normal subgroup of a normal subgroup is not necessarily
a normal subgroup. Consider M = {(), (12)(34), (13)(24), (14)(23)}, which is
a normal subgroup of Sy, and H = {(), (12)(34)}, which is a normal subgroup
of M.

gap> 84 := Group( (1,2),(1,2,3), (1,2,3,4) );
Group([ (1,2), (1,2,3), (1,2,3,4) 1)

gap> M := Group( (1,2)(3,4), (1,3)(2,4) );
Group([ (1,2)(3,4), (1,3)(2,4) 1)

gap> H := Group( (1,2)(3,4) );

Group([ (1,2)(3,4) 1)

gap> IsNormal(S4,M);

true
gap> IsNormal(M,H);
true
gap> IsNormal(S4,H);
false

So H is not a normal subgroup of Sj.

However, the center of a group Z(N) is a normal subgroup of G, even
though Z(N) contains no information about the larger group G. Any group
that contains N as a normal subgroup, such as a semi-direct product of N by
another group, will have Z(N) as a normal subgroup.

7.2 The Normalizer and Normal Closure Subgroups

In the last section, we found a subgroup of N that was not only normal,
but also was normal in any group G for which N was a normal subgroup. In
this section, we will essentially turn the question around: Given a subgroup
H of G, can we find a subgroup N of G for which H lies inside of N as a
normal subgroup?

DEFINITION 7.2 Let S be a subset of a group G. We define the
normalizer of S by G, denoted N¢(S), to be the set

Ng(S)={g9eG | g-5-g' =85}

Notice that this definition allows for S to be merely a subset of G, not
necessarily a subgroup. We will later find uses for having a more generalized
definition. For now, let us show that the normalizer has some of the properties
that we are looking for.
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PROPOSITION 7.5
Let S be a subset of the group G. Then Ng(S) is a subgroup of G.

PROOF Suppose x and y are in Ng(S). Then x-S 27! = S, and
y-S-y~'=8. Thus, S=y"!-5- -y, and so

(x'yil)'s'(x'yil)il=$'(y71~S-y)-x71:x~5-z*1:S_

Thus, z -y~ ! is in Ng(9), and so by proposition 2.2, Ng(S) is a subgroup of
G.

If, in addition, S is a subgroup of G, then the normalizer lives up to its
name.

PROPOSITION 7.6
Let H be a subgroup of the group G. Then Ng(H) is the largest subgroup of
G that contains H as a normal subgroup.

PROOF  First, we must check to see that H is a normal subgroup of
N¢(H). But this is obvious, since g+ H - g~ = H for all g in Ng(H).

Next, we must see that Ng(H) is the largest such group. Suppose that
Y is another subgroup of G that contained H as a normal subgroup. Then
y-H-y= ' =H forally € Y. Thus, Y C Ng(H).

Since any subgroup of G that contains H as a normal subgroup is itself
contained in Ng(H), we have that Ng(H) is the largest such group.

The Mathematica command
Normalizer[G, H]

finds the normalizer Ng(H) of the set H in G. Suppose we consider the
quaternion group Q.

InitGrouple];

Define[i" 4, e]; Define[j~2,i" 2]
Definel[j.i, i.i.i.j]

Define[1/i, i~ 3]; Define[1/j, i.i.j]
Q = Groupl{i, j}]

Let begin by finding the normalizer of a single element ¢. The Mathematica
command

H = Normalizer|Q, {i}]

gives the subgroup of order 4 generated by i, namely {e,i,i2,i®}. We could
now consider the normalizer of this subgroup by Q.
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Normalizer[Q, H]

This gives us the entire group @, the largest subgroup of @ for which H is
normal. In general, whenever H is a normal subgroup of GG, the normalizer of
H by G will be the whole group G.

In GAP, we have two different commands to do what the Mathematica
command Normalizer does. If we have just a single element, we use the
Centralizer command to find Ng({g}). When the GAP’s Normalizer com-
mand is used with a single element, GAP finds the normalizer of the subgroup
that is generated by this element, hence Ng(H), for H = [g].

gap> InitQuaternions();

#I default ‘IsGeneratorsOfMagmaWithInverses’ method returns
‘true’ for [ i, j ]

gap> List(Centralizer(Q,i));

[ (-1)*e, (-1)*i, i, e ]

gap> List(Normalizer(Q,i));

[ (-Dxe, (-D=*i, (-1)xj, (-*k, k, j, i, e ]

This points out that Ng({g}) is not the same thing as N ([g]), the normalizer
of the group generated by g.

In Mathematica, we can find the normalizer of any subset, even one that is
not a subgroup. For example, the normalizer of the subset {i,j} is

Normalizer[Q,{i, j}]
{e,i-i}

which contains neither i nor j. Only when H is a subgroup or a single element
can we be assured that Ng(H) will contain H. In the latter case, when H is
a single element g, Ng({g}) will consist of all elements of G that commute
with g.

We have seen that the normalizer of a subgroup H by G finds the largest
subgroup of G that contains H as a normal subgroup. What if we asked for
the smallest subgroup containing H that is a normal subgroup of G?7 Whether
H is a subgroup or a subset, we can use the following proposition.

PROPOSITION 7.7
Let S be a subset of a group G. Then the smallest group containing S that
s a normal subgroup of G is given by

N =[N,
NeL

where L denotes the collection of normal subgroups of G that contain S.

PROOF The group G itself is in the collection L, so this collection is not
empty. Thus, by proposition 2.3, N* is a subgroup of G.
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Also, since each N in the collection contained the set S, the intersection
will also contain S. All that needs to be shown is that N* is normal.

If n is an element of N*, and g is an element of G, then since each N is a
normal subgroup of G, and n would be in all of the groups IV,

g-n-gteN forall NelL.

Thus, g -n- g~ ! is in the intersection of all of the N’s, which is N*. Hence,

by proposition 3.4, N* is a normal subgroup of G.

We will call this subgroup the normal closure of S. The Mathematica
command

NormalClosure[G, S]

computes this subgroup for the subset S. In GAP, S must be a subgroup for
this to work. So ironically, we first have to find the subgroup generated by a
set before finding the normal closure. Thus, for a single element, we use

gap> List(NormalClosure(Q, Group(i) ) );
[ (-Dxe, (-1)*i, i, e ]

With this command we can systematically find all normal subgroups of a given
group. For example, suppose we want to find all of the normal subgroups of
S3, using the generators a and b. We would like to see if there are any other
normal subgroups besides the two trivial groups. Since a proper subgroup
must contain one of the elements {a,b,a - b,b, a - b*}, we have five groups to
try.

gap> f:=FreeGroup("a","b");; a:=f.1;; b:=f.
gap> S3:=f/[a"2,b"3,b*a*b*al;; a:=S3.1;; b:
gap> List(NormalClosure(S3,Group(a)));

[ <identity ...>, a, b, a*b, ax*b*a, b*a ]
gap> List(NormalClosure(S3,Group(b)));

[ <identity ...>, b, b"2 ]

gap> List(NormalClosure(S3,Group(a*b)));

[ <identity ...>, a, b, a*b, axb*a, b*a ]
gap> List(NormalClosure(S3,Group(b~2)));

[ <identity ...>, b, b"2 ]

gap> List(NormalClosure(S3,Group(a*b~2)));
[ <identity ...>, a, b, a*b, axb*a, bxa ]

We see that using b and b? produces the normal subgroup of order 3, As. The
other elements produced the whole group. In fact, if we considered a normal
subgroup generated by two elements, it is obvious that this would have to
contain a normal subgroup already found. But the smallest found was Ag,
and no larger subgroup could still be proper. Thus, we have used GAP to
prove that the only proper normal subgroup of S5 is Az. Similar commands
will also work in Mathematica.
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This method of exhaustion works well for small groups, but one can imagine
that this method would be time consuming for larger groups. In the next
section, we will find a shortcut so that we will not have to try every element
of the group, but rather just a handful of elements.

7.3 Conjugacy Classes and Simple Groups

In the last section, we used the GAP command NormalClosure(G, S) to
find the smallest group containing the subset S that was a normal group of G.
Let us look closely at how this command works. We know that if the element
a is in this normal group, then ¢~ !-a- g must also be in the group for all g in
G. Many of the elements that must be in the normal subgroup can be found
in this way.

DEFINITION 7.3 Let G be a group. We say that the element u is

conjugate to the element v if there exists an element g in G such that u =
1

g lv-g.

Note that every element is conjugate to itself, for we can let g be the identity
element. Also note that if u is conjugate to v, then v is also conjugate to u.
Finally, if u is conjugate to v, and v in turn is conjugate to w, we can see that
u is conjugate to w. This is easy to see, since there is a ¢ and h such that
u=g '-v-gandv=h"' -w-h. Then

u:gflfug:gfl(hilwh)g:(hg)flw(hg)

Recall that in definition 3.5, we defined an equivalence relationship as any
relationship having three properties:

1. Every element u is equivalent to itself.
2. If u is equivalent to v, then v is equivalent to w.

3. If w is equivalent to v, and v in turn is equivalent to w, then u is
equivalent to w.

These were called the reflexive, symmetric, and transitive properties. We
used the equivalence relationships of cosets in section 3.4 to form a partition
of the group, which gave us the quotient groups. In the same way, we can use
the equivalence relationship of conjugates to form a different partition of the
group, called conjugacy classes. Unlike cosets, though, the conjugacy classes
will not be all the same size. The conjugacy class containing the element u is
given by
{97 u-g | geG}
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The command for finding all of the conjugacy classes of a group G for
both Mathematica and GAP is ConjugacyClasses. Let us find the conjugacy
classes of Sy, which are generated by the cycles (1 2) and (2 3 4).

gap> S4 := Group( (1,2), (2,3,4) );

Group([ (1,2), (2,3,4) 1D

gap> L := ConjugacyClasses(S4);

[ O°G, (1,2)°G, (1,2)(3,4)°G, (1,2,3)°G, (1,2,3,4)°G ]

GAP lists five conjugacy classes, but abbreviates each in the form z~G. Recall
that GAP uses 27y to represent y~'zy, so it makes sense that z~G would
mean {g~'-xz-g | g€ G}. Yet one must use the command

gap> ConjugacyClass(S4, (1,2));
(1,2)°G

to enter a particular conjugacy class into GAP. To see all of the elements in
each conjugacy class, we can use a nested List command.

gap> List(L, x -> List(x));
(LCOI, [ @,2, (1,3, 1,4, (2,3), (2,4, 3,4 1,
[ (1,2)(3,4), (1,3)(2,4, (1,42,3) 1,
[ (1,2,3), (1,3,2), (1,4,2), (1,2,4), (1,3,4), (1,4,3),
(243), (2,3,4) 1,
[ (1,2.3,4), (1.2,4,3), (1,3,2,4), (1,3,4,2), (1,4,2,3),
(1,4,3,2) 11

The corresponding Mathematica commands for listing these conjugacy classes,
albeit in a different order, are as follows:

S4 = Group[{C[1,2], C[2,3,4]}]
ConjugacyClasses[S4]

The identity element is in a class by itself since g~!-e-g will always produce e.

But the cycle notation reveals an interesting fact about the other four classes:
one contains all of the transpositions, one contains all of the 3-cycles, one
contains all of the 4-cycles, and one conjugacy class contains the products of
two disjoint transpositions. Problems 5.36 and 5.37 may help shed some light
on why this happens.

The conjugacy classes are very useful for finding normal subgroups, since
whenever one element of a conjugacy class is in a normal subgroup of G, the
entire conjugacy class must be in the normal subgroup. Thus, in order to find
all normal subgroups of S; we only have to try the different combinations
of the conjugacy classes. Furthermore, the identity element is guaranteed to
be in every subgroup. So to find all of the nontrivial normal subgroups, we
only have to consider using one element from each conjugacy class besides the
identity. Using GAP’s list of the conjugacy classes shows that it selects the
elements

S =1(1,2), (1,2)(3,4), (1,2,3), (1,2,3,4)}.
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So we can consider taking the normal closure of any nontrivial subset of S.
Thus, any nontrivial normal subgroup of S; must be one of the 14 possible
groups:

NormalClosure[S4, { C[1,2] }]

NormalClosure[S4, { C[1,2].C[3,4] }]
NormalClosure[S4, { C[1,2,3] }]

NormalClosure[S4, { C[1,2,3,4] }]

NormalClosure[S4, { C[1,2] , C[1,2].C[3,4] }]
NormalClosure[S4, { C[1,2] , C[1,2,3] }]
NormalClosure[S4, { C[1,2] , C[1,2,3,4] }]
NormalClosure[S4, { C[1,2].C[3,4] , C[1,2,3] }]
NormalClosure[S4, { C[1,2].C[3,4] , C[1,2,3,4] }]
NormalClosure[S4, { C[1,2,3] , C[1,2,3,4] }]
NormalClosure[S4, { C[1,2] , C[1,2].C[3,4], C[1,2,3] }]
NormalClosure[S4, { C[1,2] , C[1,2].C[3,4], C[1,2,3,4] }]
NormalClosure[S4, { C[1,2] , C[1,2,3] , C[1,2,3,4] }]
NormalClosure[S4, { C[1,2].C[3,4], C[1,2,3] , C[1,2,3,4] }]

The 15th combination
NormalClosure[S4,{C|[1,2], C[1,2,3], C[1,2,3,4], C[1,2].C[3,4]}]

obviously would give us the whole group. We can try these out in GAP as
follows:

gap> Size(NormalClosure(S4,Group( (1,2) ) ) );
24
gap> Size(NormalClosure(S4,Group( (1,2)(3,4) ) ) );

4

gap> List(NormalClosure(S4,Group( (1,2)(3,4) ) ) );
[ O, (1,2)(3,4), (1,3)(2,4), (1,4(2,3) ]

gap> Size(NormalClosure(S4,Group( (1,2,3) ) ) );

12

gap> List(NormalClosure(84,Group( (1,2,3) ) ) );

L O, 1,3,2), (1,2,3), (1,4,3), (2,4,3), (1,3)(2,4), (1,2,4),
(1,4)(2,3), (2,3,4), (1,3,4), (1,2)(3,4), (1,4,2) ]

gap> Size(NormalClosure(S4,Group( (1,2,3,4) ) ) );

24

Although this only does 4 of the 14 combinations, with a little logic we see
that all other combinations will produce one of the groups we see here. If
either (12) or (1234) is included, we would have all 24 elements. If (123) is
included, then we might as well include (12)(34), since this was in the normal
subgroup. Note that lemma 5.2 predicts that the normal closure of (12) is Sy,
and the normal closure of (123) is A4 as guaranteed by proposition 5.1. The
normal closure of (12)(34) produces a normal subgroup of order 4 isomorphic
to Z§. Thus, by using the conjugacy classes we have found that the only
proper normal subgroups of Sy are A4 and the group isomorphic to Zg§.
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If we repeat this procedure with the group As (which also has only five
conjugacy classes), GAP or Mathematica shows that there are no proper nor-
mal subgroups of As. (See problem 7.19 for a non-computerized way to prove
this.)

gap> A5 := Group( (1,2,3), (3,4,5) );

Group([ (1,2,3), (3,4,5) 1)

gap> ConjugacyClasses(A5);

[ O°G, (1,2)@3,4°G, (1,2,3)°G, (1,2,3,4,5)°G, (1,2,3,5,4)7°G ]
gap> Size(NormalClosure(A5, Group( (1,2)(3,4) ) ) );

60

gap> Size(NormalClosure(A5, Group( (1,2,3) ) ) );

60

gap> Size(NormalClosure (A5, Group( (1,2,3,4,5) ) ) );

60
gap> Size(NormalClosure(A5, Group( (1,2,3,5,4) ) ) );
60

Since the normal closure of any of these four elements yields the whole group,
there can be no nontrivial normal subgroups of As.

DEFINITION 7.4 A group is said to be simple if it contains no normal
subgroups besides itself and the identity subgroup.

The groups Z,,, for p a prime number, are the first examples we have seen
of simple groups. We now have seen an example of a non-cyclic simple group,
As. In fact this is the smallest non-cyclic simple group! (See problem 7.39.)
GAP can prove that the group is simple in one step.

gap> IsSimple(A5);
true

Let us find other simple groups. The natural place to look is higher order
alternating groups. We begin by showing that all 3-cycles are in one conjugacy
class.

LEMMA 7.1
If n > 4, any two 3-cycles are conjugate in A,,. Furthermore, the conjugate
of a 3-cycle is again a 3-cycle.

PROOF  We begin by showing that the conjugate of a 3-cycle is again a
3-cycle. Let (abc) be a 3-cycle, and let ¢ be any permutation in A,,. Define
the values = ¢(a), y = ¢(b), and z = ¢(c¢). Then we can compute

¢~ (abe) d=(vy2).

Thus the conjugate of a 3-cycle is another 3-cycle.
Next we will show that any 3-cycle is conjugate to the element (123) in
Ap. Let (uvw) be a 3-cycle. Since n > 4 there must be at least two numbers
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not mentioned in this 3-cycle, so we will call two of them x and y. Consider
the permutation
(1 2 3 4 5 ---
¢_<u vow T Yy >

Here, the dots indicate that when n > 5, we can complete the permutation in
any way so that the numbers on the bottom row will be a permutation of the
numbers 1 through n.

Now ¢ will either be an even permutation or an odd permutation. If ¢ is
an odd permutation, we can consider instead the permutation

b= 12 3 4 5 ---
\uw v ow oy = o)
So we may assume that ¢ is an even permutation. Thus ¢ is in A4,,, and we
can compute
¢~ (123)- ¢ = (uvw).

Therefore, any 3-cycle is conjugate to (123), and so any two 3-cycles are
conjugate to each other in A,, whenever n > 4.

With this lemma, we can show that A,, will be a simple group whenever
n > 4. This was originally proved by Abel using a long case-by-case argument.
Since GAP or Mathematica has already shown that As is simple, most of the
cases can be covered at once.

THEOREM 7.1: Abel’s Theorem
The alternating group A, is simple for all n > 4.

PROOF  Suppose that N is a proper normal subgroup of A,, and let ¢
be an element of N besides the identity. By proposition 7.2, A, is centerless.
Since proposition 5.1 tells us that A, is generated by 3-cycles, there must be
at least one 3-cycle that does not commute with ¢, say (abc). Thus, ¢-(abc)
is not equal to (abc) - ¢, or equivalently, (abc) - ¢ - (acb) - ¢~! is not the
identity element.

Since N is a normal subgroup, (abc) - ¢ - (acb) must be in N. Therefore,
(abc)-¢-(ach) ¢! must also be in N. But ¢-(acb) ¢~ is the conjugate of
a 3-cycle, so by lemma 7.1 this is also a 3-cycle, say (zy z). Thus, N contains
a product of two 3-cycles, (abc) - (zy z), which is not the identity.

Suppose that the cycles (abc) and (xyz) are disjoint 3-cycles. Then we
can conjugate the product by the 3-cycle (czy) to get another element in N:

(cyz)-[(abe)- (zy2)]-(czy) = (abz) - (cy ).

We now have two elements of N that consist of two disjoint 3-cycles. If we
multiply these two elements together we get

[(abz)-(cyx)]-[(abe) - (xyz)] =(aczbzx) = (acx)- (xzb).
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This must also be in N. Thus N contains a product of two 3-cycles that are
not disjoint. In essence we can say that there is a non-identity element of N
that moves at most five numbers, labeled a, b, ¢, z, and z.

Here’s where we can take advantage of the fact that As is known to be
simple. Consider the subgroup H of A, consisting of all even permutations
of the five numbers a, b, ¢, x, and z. We have just showed that there is a
nontrivial intersection of N and H. Let this intersection be M. Whenever x
isin M and his in H, then h-z-h~!is in both H and N. Thus h-2-h~!is
in M. Hence M is a nontrivial normal subgroup of H.

But H is isomorphic to A5 which we have proven using Mathematica or
GAP to be a simple group. Thus M must be all of H. In particular M
contains a 3-cycle, and so N contains a 3-cycle. By lemma 7.1 all 3-cycles of
A, are conjugate, so N contains all 3-cycles of A,,. Finally, by proposition 5.1
the 3-cycles generate A,,, so N must be all of A,,. Therefore, A, is simple
whenever n > 4.

COROLLARY 7.1
If n > 4 then the only proper normal subgroup of S, is Ay,

PROOF  Suppose that there were another normal subgroup, N. Then
the intersection of N with A,, would be another normal subgroup of S,,, and
so would be a normal subgroup of A,,. Since A, is simple for n > 4, this
intersection must either be the identity or all of A,.

Suppose that the intersection is all of A,,. Then NV contains A,,, and if NV is
not equal to A,, N would contain more than half of the elements of S,,. But
this would contradict Lagrange’s theorem (3.1) unless N = S,,.

Suppose that the intersection of N and A, is just the identity element.
Then since both N and A,, are normal subgroups, we have by corollary 6.1,

N-A,~NxA,,.

If NV is not just the identity element, this quickly leads to a contradiction, for
N could have order of at most 2, telling us that .S,, was isomorphic to Zs x A4,,.
But this is ridiculous, for we saw in proposition 7.2 that S, was centerless,
whereas Z3 x A,, has both (0, ( )) and (1, ( )) in its center. Therefore, the only
normal subgroups of S, for n > 4 are 5, itself, A,,, and the identity element.

We now have found two sequences of simple groups, namely Z, for p being
a prime number, and A,, for all n > 4. Are any of the other groups that we
have looked at simple groups? Consider the group Aut(Z3,), a group of order
168 generated by the 149th and 735th permutation elements.

InitPermMultiplication
A = Groupl[{149, 735}]
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As large as this group is, Mathematica can still quickly find the conjugacy
classes.

ConjugacyClasses[A]
{{1}, {27, 61, 87, 122, 270, 404, 593, 640, 714, 735, 775,
1582, 1807, 2380, 2691, 3032, 3151, 3755, 4017, 4476, 4498},
{149, 187, 244, 357, 374, 467, 548, 558, 856, 1014, 1123, 1311,
1362, 1392, 1402, 1432, 1461, 1622, 1649, 1775, 1851, 1881, 2032,
2151, 2258, 2345, 2366, 2510, 2592, 2647, 2677, 2821, 2918, 3019,
3099, 3177, 3195, 3276, 3412, 3508, 3689, 3741, 3817, 3898, 3973,
3991, 4098, 4205, 4366, 4384, 4410, 4428, 4616, 4713, 4817, 4970},
{231, 331, 437, 496, 670, 684, 753, 793, 908, 1079, 1088, 1229,
1496, 1662, 1692, 1837, 1992, 2042, 2201, 2304, 2476, 2632,
2721, 2787, 2900, 3059, 3133, 3298, 3476, 3595, 3702, 3776,
3876, 4035, 4151, 4269, 4536, 4558, 4595, 4735, 4874, 4931},
{918, 970, 1185, 1267, 1475, 1796, 2002, 2069, 2240, 2471, 2562, 2761,
2981, 3336, 3372, 3573, 3622, 3958, 4156, 4309, 4581, 4753, 4904, 4965},
{953, 1052, 1133, 1202, 1537, 1732, 1962, 2107, 2183, 2418, 2602, 2847,
2963, 3358, 3455, 3486, 3662, 3936, 4190, 4226, 4657, 4695, 4847, 5023} }

So we have six conjugacy classes of this group, one of which is just the
identity. The other five classes can be represented by first element in each
list, which in Mathematica are the 27th, 149th, 231st, 918th, and 953rd per-
mutations. To get this list in GAP, we can first define the group generated
by the permutations (1,2, 3)(4,6,5) and (2,4)(6,7).

gap> A := Group( (1,2,3)(4,6,5), (2,4)(6,7) );

Group([ (1,2,3)(4,6,5), (2,4)(6,7) 1)

gap> L := ConjugacyClasses(A);

[ O-G, (3,5)(®6,7"G, (2,3,4,5)(6,7)°G, (2,3,6)(4,5,7)°G,
(1,2,8,4,6,7,5)°G, (1,2,3,5,7,4,6)°G ]

gap> List(L, x->Size(x));

[ 1, 21, 42, 56, 24, 24 ]

Once again, we see six conjugacy classes, one being the identity element,
and the other five represented by the permutations (35)(67), (2345)(67),
(236)(457), (1234675), and (1235746). We can then verify that the
normal closure of each of these five elements yields the whole group.

gap> Size(NormalClosure(A, Group( (3,5)(6,7) ) ) );

ég§> Size(NormalClosure (A, Group( (2,3,4,5)(6,7) ) ) );
ég§> Size(NormalClosure(A, Group( (2,3,6)(4,5,7) ) ) );
ég?p Size (NormalClosure(A, Group( (1,2,3,4,6,7,5) ) ) );
%§§> Size(NormalClosure(A, Group( (1,2,3,5,7,4,6) ) ) );
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Thus, any proper normal subgroup cannot contain any of these five elements;
we have shown that there are no proper normal subgroups, so Aut(Z3,) is a
simple group. This is slightly easier in Mathematica:

NormalClosure[A, {27}]

NormalClosure[A, {149}]
NormalClosure[A, {231}]
NormalClosure[A, {918}]
NormalClosure[A, {953}]

This is the second largest non-cyclic simple group. (A4s is the smallest and Ag
is the third smallest.) See problems 7.22 through 7.25 for more examples of
simple groups.

In fact, Aut(Z3,) is the beginning of yet another infinite family of sim-
ple groups, called the Chevalley groups. We will not go into all of the
ways this group can be generalized to produce these other groups, but we
will mention an important result that has taken place during the 20th cen-
tury. It was once thought that all finite simple groups were either the cyclic
groups of prime order, the alternating groups, or one of the Chevalley or
twisted Chevalley groups. (One of these groups turns out to be not quite
simple. Yet taking half of the elements forms a new simple group, just as
we took half of the elements of S, to form the simple groups A,.) But
there were several other simple groups that were discovered, called sporadic
groups. In the 1960s and 1970s it was proved that there are exactly 26 spo-
radic groups, ranging in size from a mere 7,920 elements to the monstrous
808,017,424,794,512,875,886,459,904,961,710,757,005,754,368,000,000,000 ele-
ments! These 26 sporadic groups are listed in [13]. Because these have been
proven to be the only sporadic groups, all finite simple groups are now known.

7.4 The Class Equation and Sylow’s Theorems

In working with the conjugacy classes from the last section, we may have
noticed a pattern in the size of each of the conjugacy classes. For example,
the conjugacy classes of Sy are given by

gap> S4 := Group( (1,2), (2,3,4) );
Group([ (1,2), (2,3,4) 1)
gap> L := ConjugacyClasses(54) ;
[ O°G, (1,2)°G, (1,2)(3,4)°G, (1,2,3)°G, (1,2,3,4)°G ]
gap> List(L, x -> List(x));
(L O, [ @,2, (1,3, (1,4, (2,3), (2,4, 3,4 1,
[ (1,2)(3,4), (1,3)(2,4), (1,42,3) 1,
[ (1,2,3), (1,3,2), (1,4,2), (1,2,4), (1,3,4), (1,4,3),
(2)4,3)) (2’3’4) ]’
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[ 4), (1,2,4,3), (1,3,2,4), (1,3,4,2), (1,4,2,3),
2) 11

(1,2,3,
(1,4,3,
The first class has only the identity element, the class with the transpositions
has exactly six elements, while the other classes are of orders 3, 8, and 6. Im-

mediately we see that the number of elements in the classes may be different.
We have the obvious relationship

1+6+3+8+6=24,

the order of the group, since every element in the group belongs to one and
only one conjugacy class. Is there another pattern? Let us compare this with
the conjugacy classes of Aut(Z3,). There were six conjugacy classes of size 1,
21, 42, 56, 24, and 24. We can check that

1421442456 4 24 4 24 = 168.

But another pattern is becoming clear that is akin to Lagrange’s theorem
(3.1). Notice that the number of elements in each class is always a divisor of
the order of the group.

LEMMA 7.2
Let G be a finite group, and let g be an element of G. Then the number of
elements of G that are conjugate to g is given by

G|
INa({gD)I

where Ng({g}) denotes the normalizer of the single element {g}.

PROOF We saw in proposition 7.5 that Ng({g}) is a subgroup of G. We
want to determine all possible conjugates of the element g. Note that if v and
v are two elements of G, then u-¢g-u~' and v - ¢-v~! will represent the same
element if, and only if,

— (vt u)-g- (v
— v ' ueNa({g})

< ucv-Ne({g})

< u-Ng({g}) =v Ne({g}).

Thus v -g-u~' and v-g-v~! represent the same element if, and only if,
u and v belong to the same left coset of Ng({g}). Therefore, to count all
of the possible conjugates of g, we merely count the number of left cosets of
N¢({g}), which is

G|

[Na({gh)l"
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I

We have already observed that the sum of the number of elements in each
of the conjugacy classes must give the number of elements in the group. Since
we now know how many elements are in each conjugacy class, we can derive
what is called the class equation.

THEOREM 7.2: The Class Equation Theorem
Let G be a finite group. Then

G|
|G| = )
2 WalioD)]
where the sum runs over one g from each conjugacy class.

PROOF We simply observe that every element of G appears in exactly
one of the conjugacy classes. Thus, |G| is the sum of the sizes of all of the
conjugacy classes. We have by lemma 7.2 that the size of each conjugacy class
is

G|
[Na({g})l

where g is a representative element of the conjugacy class. Thus we get the
class equation.

We will see many very important applications of this equation, but let us
begin by learning what this has to say about groups whose order is a power
of a prime.

COROLLARY 7.2
If G is a group of order p™ where p is a prime and n is a positive integer,
then Z(G), the center of G, is not just the identity element.

PROOF First we observe that an element g is in the center of G if, and
only if, y - g -y~ = g for all y in G, which would happen if, and only if, the
conjugacy class of g consists of just g by itself.

Now suppose G is centerless. Then the only conjugacy class that contains
just one element would be the class {e}. All other conjugacy classes would
have a size that is a divisor of p™, so the number of elements in the other
conjugacy classes would be a power of p. But this is impossible since the
sum on the right hand side of the class equation (7.2) would be congruent to
1 (Mod p), while the left hand side of the class equation would be p™ which
is congruent to 0 (Mod p). Therefore, G is not centerless.
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This corollary is useful in finding all non-isomorphic groups of order p™,
where p is a prime. For example, we can easily find all non-isomorphic groups
of order p?.

COROLLARY 7.3
If p is a prime then there are exactly two non-isomorphic groups of order p2,
namely Z,2 and Z, X Zy.

PROOF If G is a group of order p?, then by corollary 7.2, G has a
nontrivial center. Since the number of elements of Z(G) must divide p?, so
|Z(@G)| is either equal to p or p?.

Suppose that |Z(G)| = p. Then there exists an element g not in Z(G).
Then Ng({g}) denotes the set of elements that commute with g. Certainly

Z(G) € Na({g}),

and also
g € Ne({g}),

so Ng({g}) contains at least p + 1 elements. But this is a subgroup of G, so
the number of elements must divide p?. Hence, Ng({g}) contains all of G, but
this would say that g is in the center Z(G), which contradicts our assumption.
Thus, there are p? elements in Z(G) and hence G is an abelian group.

Finally, we can use the fundamental theorem of finite abelian groups (6.2)
to say that G must be isomorphic to the direct product of cyclic groups. It is
easy to see that there are exactly two possibilities for such a product to have
p? elements, namely Z,» and Z, x Z,.

In particular we can use corollary 7.3 to see that there are only two non-
isomorphic groups of order 9, Zg and Z3 X Zs.

One of the keys for finding all groups of a certain order is knowing whether
there is a normal subgroup or a certain order. The next proposition will allow
us to know that there will be a normal subgroup without knowing the structure
of the group.

PROPOSITION 7.8

Let G be a group of order p™. Then G contains a normal subgroup of order
pnfl‘

PROOF We will proceed by using induction on n. Note that if n = 1,
then there is obviously a normal subgroup of order p'~! = p® = 1, namely
the trivial subgroup {e}.

Suppose that we know that every group of order p”~! has a normal subgroup
of order p"~2. Let G be a group of order p". Then by corollary 7.2, the center



194 Abstract Algebra: An Interactive Approach

of G is not just the identity element. Since p would then divide the order of
Z(@G), by lemma 6.2 there is an element of Z(G) of order p, say x. Then
the group generated by x would be of order p, and since x is in the center,
all elements of G would commute with . Thus, X = [z] would be a normal
subgroup of G.

We then can consider the quotient group G/X. This would have order

p"~ 1, and we would have the canonical homomorphism

¢:G—G/X

whose kernel is the subgroup X. By the induction hypothesis, G/X is a group
of order p”~!, and so has a normal subgroup of order p"~2, say Y.

We will now “lift” the subgroup Y back to the original group. Since ¢=(Y)
is the inverse image of a normal subgroup, by corollary 4.2, this is a normal
subgroup of G. Note Y is a set of cosets, and that g € ¢~1(Y) if, and only if,
g is contained in one of the cosets of Y. Since each of the cosets of Y contains
p elements, it is clear that the size of ¢~ 1(Y) is p- p"~2 = p"~!. Therefore,
we have proved by induction that there is a normal subgroup of G of order
pnfl.

We now are ready to start finding normal subgroups of a more general
group, knowing only the group’s order. The most important set of theorems
that tackle this problem are by a Norwegian high school teacher named Ludwig
Sylow (1832-1918). [1, p. 324] Before we work on finding normal subgroups
let us see if we can find a subgroup of a given order within a group.

THEOREM 7.3: The First Sylow Theorem

Suppose that G is a group of order p™ - m, where p is a prime, and m is
coprime to p. Then G has a subgroup of order p™.

PROOF We will proceed by using induction on the size of the group G.
That is, we will assume that the theorem is true for all groups smaller than

G.

If p™ divided |H| for some proper subgroup H of G, then by our induction
hypothesis, H would have a subgroup of order p™, which would be a subgroup
of G for which we are searching. So we may assume that p™ does not divide
the order of any proper subgroup of G.

In particular, if ¢ is not in the center of G, then Ng({g}) will not be all
of G. Hence, p™ does not divide |[Ng({g})|- But since p™ does divide |G|, we
have from lemma 7.2 that the number of conjugates of ¢ is |G|/|Na({g})],
which must be a multiple of p.
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Now we can use the argument that we used in corollary 7.2. The class
equation theorem (7.2) states that

R
G =2 et

where the sum runs over one g from each conjugacy class. For those g in the
center of G, |G|/|Na({g})| will be 1, while for all other terms, |G|/|Na({g})|
will be a multiple of p. Since the sum is p™ - m which is a multiple of p, the
number of elements in Z(G) must be a multiple of p.

Since Z(G) is an abelian group and p divides Z(G), we have by lemma 6.2
that there is an element of Z(G) of order p, say . We now can proceed in the
same way as we did in proposition 7.8. Since z is in the center, all elements
of G would commute with z, and so X = [z] would be a normal subgroup of
order p.

The quotient group G/X would then have order p"~
have the canonical homomorphism

L. m, and we would

$p:G—G/X

whose kernel is the subgroup X. By the induction hypothesis, G/X is smaller
than G, and so has a subgroup of order p»~!, say Y. We can then lift Y back
to the original group. Since ¢~!(Y) is the inverse image of a subgroup, by
corollary 4.2, this is a subgroup of G. But the kernel of the homomorphism is
of order p, so the size of $~1(Y) is p- p"~! = p™. Therefore, we have proved
by induction that there is a subgroup of G of order p™.

Since the first Sylow theorem guarantees the existance of at least one sub-
group of order p™ for a group of size p™ - m, we will give a name to these
subgroups.

DEFINITION 7.5 If G is a group of order p™ - m, where m is coprime
to the prime p, then a subgroup of order p™ is called a p-Sylow subgroup.

Let us give a quick application of the first Sylow theorem (7.3). Suppose we
have a group G of order 10. There is guaranteed to be a 2-Sylow subgroup,
say H, and a 5-Sylow subgroup, say K. Obviously,

H =~ 7, and K=~ Zs.

Furthermore, the intersection of H and K must just be the identity element,
since Z5 does not have any elements of order 2. Also, K is a subgroup of G
with index 2, so by proposition 3.5, K is a normal subgroup of G. If H is also
normal, we have by the direct product theorem (6.1) that

H-K%HXK%ZQXZ5NZ10.
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On the other hand, if H is not a normal subgroup, then by the semi-direct
product theorem (6.3)
H K~ Hx ¢K

for some nontrivial homomorphism ¢ from H to Aut(K). But in chapter 6, we
found that there was only one nontrivial homomorphism, yielding the dihedral
group Djs. In either case, H - K is of order 10, so G is either isomorphic to
ZlO or D5.

Even though Sylow’s first theorem (7.3) guarantees that there will be at
least one p-Sylow subgroup, there may be more than one. The next of Sylow’s
theorems shows that any two p-Sylow subgroups are related.

THEOREM 7.4: The Second Sylow Theorem
If H and K are two p-Sylow subgroups of G, then there exists an element u
in G such that H=u-K -u~".

PROOF Let G be a group of order p™ - m, where m is coprime to the
prime p. We begin by showing that whenever K is a p-Sylow subgroup of G
then u - K - u~! will also be a p-Sylow subgroup for all u in G. Note that the
number of elements in u- K - v~ ! is also p™, and if u-ky -u~ and w - ko - u™?!
are two elements of v - K - u~!, then

(w-ky-u™) (uko-u™) P =ukyou (u kgt uT ) = (b kg ) uTh

which is in u- K -u~'. So by proposition 2.2, - K -u~! is a p-Sylow subgroup
of G.

If there is only one p-Sylow subgroup of G there is nothing to prove. Suppose
H and K are two subgroups of order p™. Let us call two elements u and v of
G to be “related” if u = h-v-k for some h in H and k in K. Note that every
element is related to itself, for u = e-u - e, and e is in both H and K. Also,
if u is related to v, then v is related to u, for

u=h-v-k<=v=hr"1u- -k

Finally, if w is related to v, and v is related to w, then w = hy - v - k; and
v = hg - w - kg, and so

uzhl'(hQ'UJ'kJQ)'kl:(hl'hQ)"lU'(kQ'lﬁ),

so u and w are related. Therefore, we can partition the group G into “fami-
lies,” where each family consists of all elements related to one element.

Now suppose that there are j families, and we select one element u; from
each family. Each of the families can be described as H - u; - K. Hence, we
can write

G=(H u-K)U(H uy-K)U---U(H-u; - K).
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Since each of the families have no elements in common, we have
G| =|H wi-K|+|H uy-K|+---+|H u; K|

How many elements are in each family? We note that H - u; - K has the
same number of elements as H -u; - K -u; ' . We saw that u; - K -u; ' is a
group, and so even though the product of two groups was not always a group,
proposition 4.9 gave us the number of elements in the set to be

[H] - Jui - K u | P "
HO (ui- K -uy ) [HO (u - K -u b))

(2

\H-u;- K| =|H u;- K -u; | =

If we plug this formula into the equation above it, we have that

prem = p"-p" p-p" . P p”
|H O (uy - K -up Y] [HO (ug - K -uy ) |H O (uy - K i )|

Note that the intersection of two groups is a subgroup of both the groups,
and so the denominators will all be powers of p. Dividing both sides of the
equation by p”, we have

mn n n

m = p = + p = +...+ p — .
|[HN(uy - K-uy )| [HN(ug- K -uy ) |Hﬂ(uj-K-uj )|

Since m is not a multiple of p, there must be some term on the right hand
side of this equation that is not a multiple of p. But this can happen only if
one of the denominators is p™, that is,

[H O (ui - K -yt = |H

for some i. Since H and w; - K - u; ! both have p" elements, we must have
H=u; - K- u;l. Therefore, for any two p-Sylow subgroups of G, there is a

wsuch that H =u- K -u~1. [

The second Sylow theorem (7.4) allows us to know exactly when a p-Sylow
subgroup is normal.

COROLLARY 7.4
The group G has only one p-Sylow subgroup for a given prime p if, and only
if, G has a p-Sylow subgroup that is normal.

PROOF  Suppose that H is the only p-Sylow subgroup of G. Then for
any element v in G, u- H - u~! will be a p-Sylow subgroup of G. But since
there is only one p-Sylow subgroup, we have u - H -u~! = H for all u in G.
Hence, H is a normal subgroup.
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Now suppose that H is a normal p-Sylow subgroup of G. By the second
Sylow theorem (7.4) every other p-Sylow subgroup is of the form u - H - u~!.
But since H is normal, u - H - w~' = H. Therefore, H is the only p-Sylow
subgroup. I

The natural question that corollary 7.4 raises is, “How do we know if there
is only one p-Sylow subgroup?” The next lemma allows us to find the number
of p-Sylow subgroups in terms of the size of the normalizer. In fact it allows
us to find the number of p-Sylow subgroups of a certain type.

LEMMA 7.3

Let G be a group of order p™ - m, and let P be a p-Sylow subgroup of G. Let
H be any other subgroup of G. Then the number of p-Sylow subgroups that
can be written as u- P -u~! with u an element of H is given by

"o
[Na(P) N H|

PROOF Since P is a subgroup of G, Ng(P) is a subgroup of G, so the
intersection of Ng(P) and H will be a subgroup of G. We can use the same
argument as lemma 7.2, and note that if u and v are two elements of H, then
uw-P-u"!and v- P-v~! will represent the same p-Sylow subgroup if, and
only if|

w-P-ult=v-PovleovtluwPultov=P

= (wlu)-P-(vu)t=P

v ' ueNg(P)NH

<~ u€v-(Ng(P)NH)

< u-(Ng(P)NH)=v-(Ng(P)NH).
Thus, - P-u~' and v - P - v~! represent the same p-Sylow subgroup if,
and only if, u - (Ng(P) N H) and v - (Ng(P) N H) are the same left cosets
of Ng(P) N H. Therefore, the number of p-Sylow subgroups that can be
expressed as u - P -« ™', with « an element of H, is

H
|Na(P) N H| [

We now are ready to prove the last of Sylow’s theorem, which in many cases
will tell us the number of p-Sylow subgroups of a group.

THEOREM 7.5: The Third Sylow Theorem
Suppose that the number of p-Sylow subgroups of G is k. Then k divides |G|,
and k=1 (Mod p).
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PROOF  Suppose that we label the p-Sylow subgroups of G as Py, Pi,
Py, ..., Pr_1. Let us partition all of the p-Sylow subgroups of G into different
categories where two p-Sylow subgroups F; and P; are in the same category
if there is an element u in P, such that

PjZU-B'Uil.

Note that Py would be in its own category while the number of p-Sylow
subgroups in the other categories would be, according to lemma 7.3,

| Pl
INa(P;) N P

where P; is one p-Sylow subgroup in the category.

Recall that the normalizer of each P; contains P; as a normal subgroup,
so Ng(P;) is divisible by p™, and hence by corollary 7.4 the only p-Sylow
subgroup of Ng(P;) is P;. Thus, the intersection of Ng(P;) with Py is smaller
than Py when ¢ > 0. Since the order of Py is p”, we have that the number of
p-Sylow subgroups in each category, besides the category containing just Py,
is a power of p, and hence is a multiple of p.

Therefore, the total number of p-Sylow subgroups is one more than a mul-
tiple of p, so k =1 (Mod p).

Finally, if we let H = G in lemma 7.3, we find that the number of conjugates
of Py is

G|
[Ne(Po)|’

By the second Sylow theorem (7.4), this would give us all of the p-Sylow
subgroups. Therefore, k is also a divisor of the order of the group G.

These three theorems of Sylow provide a means of finding normal subgroups
of a group G just from knowing the order of G. For example, suppose that a
group is of order 45. Since 32 divides 45, there is a 3-Sylow subgroup of order
9. We also know that the number of 3-Sylow subgroups divides 45, so this
number must be 1, 3, 5, 9, 15, or 45. However, the number must be congruent
to 1 (Mod 3). Thus, the only possibility is that there is only one subgroup of
order 9, say H. But then this subgroup is normal.

We can use the same argument to find a normal subgroup of order 5. Again,
the number of 5-Sylow subgroups must be 1, 3, 5, 9, 15, or 45. But this number
must also be congruent to 1 (Mod 5), so there is only one subgroup of order
5, and this group must also be normal.

Although the Sylow theorems are powerful tools, when combined with the
tools of semi-direct products and the computational power of GAP or Math-
ematica, we can determine most of the groups of a given order. For example,
let us see if we can find all of the groups of order 12.

If G is a group of order 12, since the divisors of 12 are 1, 2, 3, 4, 6, and 12,
by the third Sylow theorem there are either one or four 3-Sylow subgroups and
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there are either one or three 2-Sylow subgroups. Let H be a 3-Sylow subgroup,
and let K be a 2-Sylow subgroup (which will be of order 4). Certainly the
intersection of H and K is just the identity element since K cannot contain
an element of order 3.

Let us show that either H or K is normal. If H is not normal, there must
be four 3-Sylow subgroups of G. Each of these 3-Sylow groups contains two
different elements of order 3, so G would have eight elements of order 3. But
that would leave only four elements left over, and so K must be composed of
all of those four elements. Then there would be only one 2-Sylow subgroup,
which would be normal.

By the direct product theorem (6.1) and the semi-direct product theorem
(6.3), H - K would have to be of one of the following forms:

1. H - K ~ Z3 X Zy ~ Z9,

2. H- K~ ZsxX Z§ = Z3 X Zy X Za,
3. H-K%ng¢Z47

4. H-K%ngd)Zg,

5. H-KzZ4><¢Zg,

6. H-K%Z§I><¢Z3.

In all six cases H - K contains 12 elements, and so G = H - K. Let us work
these six cases separately. The first two give the two possible abelian groups
of order 12. Case 3 is actually impossible, since Aut(Z,) ~ Z; has only two
elements, and therefore has no elements of order 3. Therefore, there is no
nontrivial homomorphism from Z3 to Aut(Z4). The other three cases are as
follows:

Case 4

An element of order 3 in Z3 must map to an element of order 3 in Aut(Zy),
which is isomorphic to S3. There are two elements of order 3 in S3, and these
two elements are conjugates. By proposition 6.7, it does not matter which
element of Zs maps to which elements in Aut(Z%), so the semi-direct product
Zs I><¢Z§ is unique up to isomorphisms. But A, is a group of order 12, has a
normal subgroup isomorphic to Z§, and does not have a normal subgroup of
order 3. Thus, A4 must be this unique semi-direct product Zsx Z3.
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Case 5

The homomorphism ¢ must map a generator of Z, to a nontrivial element
of Aut(Z3). But Aut(Z3) has only two elements, so this homomorphism is
uniquely determined. The group is generated by the Mathematica commands

InitGrouple];

Define[a™ 3, e]; Define[b ™4, €]
Define[1/a, a™2]; Define[1/b, b™ 3]
Define[b.a, a.a.b]

M = Group|[{a, b}]

or the GAP commands

gap> f := FreeGroup("a","b");;

gap> a := f.1;; b:=f.2;;

gap> g := £/[a"3,b"4,b*xa/(a*xa*xb)];;
gap> NumberElements := true;

true

gap> MultTable(g);

* ll 2 5 6 7 8 9 10 11 12
e [t 2 3 4 5 6 7 8 9 10 11 12
b |2 3 56 6 1 7 9 104 11 1238
b~2 3 51 7 2 9 4 116 128 10
a 4 107 8 122 111 5 6 3 9
b3 5 1 2 9 3 4 6 127 8 10 11
a2« |6 11 9 108 3 122 1 7 5 4
axb”2 |7 124 11105 8 3 2 9 1 6
a2 8 6 111 9 103 4 122 7 5
a“2xb"3|9 8 6 12111 105 3 4 2 7
a*b 107 122 4 115 6 8 3 9 1
a"2xb"2|11 9 8 3 6 121 7 105 4 2
axb”~3 124 105 7 8 2 9 111 6 3

From the multiplication table, this non-abelian group has only one element of
order 2. Thus, it is not isomorphic to any group we have seen before. If we
ask GAP for the description of the structure,

gap> StructureDescription(g);
"C3 : C4"

which can be interpreted as Z,x Z3. This is how we will identify this group.

Case 6

Since Aut(Z3) contains only two elements, the homomorphism ¢ is com-
pletely determined by its kernel. The kernel of ¢ cannot be just the identity,
since there is not an isomorphic copy of Z§ in Aut(Z3). On the other hand,
the kernel of a nontrivial homomorphism cannot be all of Z&. Thus, the ker-
nel contains exactly two elements, and because there are automorphisms of
Z§ mapping one subgroup of order 2 to any other, it will not matter which

subgroup of order 2 we pick. Thus, there is a unique semi-direct product
ZEX Zs.
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The obvious group of order 12 that we have yet to consider is Zy x Ss.
This has a normal subgroup of order 3, so by process of elimination must be
Zix Zs. In summary, we have found five possible groups of order 12:

Zlg, A4 Z2 X Z2 X Zg ZQ X Sg and Z4l><Zg.

Let us summarize our findings formally with a proposition.

PROPOSITION 7.9
There are exactly 28 non-isomorphic groups of order less than 16.

PROOF  The trivial group is the only group of order 1, and since 2, 3, 5,
7, 11, and 13 are prime, we have only one non-isomorphic group of each of
these orders.

In chapter 4 we found that the only non-isomorphic groups of order 4 were

Zy and Z3,
the only non-isomorphic groups of order 6 were
Zg and Ss,
and the only non-isomorphic groups of order 8 were
Zs, Zis, Zsy, @, and Dy.
By corollary 7.3 the only two non-isomorphic groups of order 9 are
Zy and Z3 X Z3.

We have already used the first Sylow theorem (7.3) to find all of the non-
isomorphic groups of order 10:

ZlO and D5.
We just found all of the groups of order 12:
Z12, A47 ZQ X Z2 X Z3, Z2 X 537 and Z4D<Z3.

We can use the same argument to find all of the non-isomorphic groups of
order 14. If |G| = 14, there must be a 7-Sylow subgroup of G, say K. Since
K contains half the elements, by proposition 3.5, K is normal. We also must
have a 2-Sylow subgroup, H. Since K cannot have an element of order 2,
H and K have only the identity element in common. If H is normal, then
H - K~ HXK ~ Zy X Zy = Z14. If H is not normal, by the semi-direct
product theorem (6.3),

H K~ Hx ¢>K
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for some homomorphism ¢ from H to Aut(XK). In either case H - K has 14
elements, and so G = H - K. Also, ¢ is determined by where the non-identity
element of H is mapped. Since this must be an element of Aut(K) of order

2, and since
Aut(K) = Aut(Z7) = Z7 = Zg

has only one element of order 2, there can only be one such homomorphism.
Since D7 is a non-abelian group of order 14, this must be the one semi-direct
product that we found. Thus, the only two groups of order 14 are

Z14 and D7 .

Let us move on to find all groups of order 15. Suppose |G| = 15. Then
the number of 3-Sylow subgroups and the number of 5-Sylow subgroups must
both divide 15, so both of these numbers must be one of 1, 3, 5, or 15. But
1 is the only number in this set that is congruent to 1 (Mod 5). So there is
only one 5-Sylow subgroup, K. Likewise, 1 is the only number in the set that
is congruent to 1 (Mod 3). So there is only one 3-Sylow subgroup, H. By
corollary 7.4, both K and H are normal subgroups of G, and the intersection
must be just the identity element. Thus, by corollary 6.1,

H'KAN.»HXK%Z3XZ5%Z15.

Since this has all 15 elements, this must be all of G, and so there is only one
non-isomorphic group of order 15, namely Z15.

Therefore, counting all of the groups of order less than 16, we find that
there are exactly 28 of them.

Unfortunately, finding all the groups of order 16 is a difficult problem. Even
though proposition 7.8 tells us that there must be a normal subgroup K of
order 8, there is no guarantee that there would be a subgroup H of order 2
such that H - K gives the whole group. Thus, we would not be able to use
the semi-direct product theorem (6.3) to find all of the groups of order 16
(although we can find many of them, as we did in the last chapter).

Problems for Chapter 7

Interactive Problems

7.1 Use Mathematica or GAP to find the center of the group Dg. This can
be loaded in Mathematica by

InitGrouple];
Define[a™ 2, e]; Define[b™6, €]
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Define[b.a, a.b.b.b.b.b]
Define[1/a, a]; Define[1/b, b™ 5]
D6 = Groupl[{a, b}]

or in GAP by
gap> f := FreeGroup("a","b");; a := £f.1;; b := £.2;;
gap> D6 := f/[a"2,b"6,b*a/(axb"5)];; a := D6.1;; b := D6.2;;

What familiar group is the quotient group Dg/Z(Dg) isomorphic to?

7.2 Use Mathematica or GAP to find the normalizer Np,({z}) for each of
the 12 elements of the group Dg listed in problem 7.1. For which elements is
the normalizer the same subgroup?

7.3 Use Mathematica’s or GAP’s NormalClosure command to find all of the
normal subgroups of the group Dg given in problem 7.1.

7.4 The following commands load a group of order 20 into Mathematica.

InitGrouple];

Define[a™4, e]; Define[b™5, €]
Define[1/a, a™ 3]; Define[1/b, b™4]
Define[b.a, a.b.b]

M = Group|[{a, b}]

Here are the commands to load the same group in GAP:

gap> f

FreeGroup("a","b");; a := £.1;; b := £.2;;
gap> M : a b

f/[a"4,b"5,bxa/(a*xb"2)];; = M.1;; = M.2;;

Find the conjugacy classes of this group, and use this to find all of the normal
subgroups of M.

7.5 Use Mathematica or GAP to find all of the 2-Sylow and 5-Sylow sub-
groups of the group M defined in problem 7.4. How many of the subgroups are
there? Does this agree with the prediction given by the third Sylow theorem?

7.6 Using GAP or Mathematica, find all non-isomorphic groups of order 21.
Hint: What can you determine from Sylow’s theorems? Which semi-direct
products are possible?

Non-Interactive Problems

7.7 Find the center of the group Dy.

7.8 Find the center of the group Ds.
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7.9 For each element g in Dy, find the normalizer Np, ({g}).
7.10 For each element g in Ds, find the normalizer Np ({g}).
7.11 Must the center of a group be abelian?
7.12 Must the normalizer of an element Ng({g}) be abelian?
7.13 Find all of the conjugacy classes of the group Dj.

7.14 Find all of the conjugacy classes of the quaternion group @. (See
table 4.3 in chapter 4 for the multiplication table of Q.)

7.15 Find all of the conjugacy classes of the group Ds.

7.16 Let G be a group and Z(G) the center of G. Prove that G is abelian
if, and only if, G/Z(G) is cyclic.
Hint: Use proposition 7.3.

7.17 Let G be any group. Prove that

2(G) = () Na({g}).

geG

7.18 Let G be a group, and let g be an element of G. Prove that

Ne({g}) = Ne({g™')).

7.19 Mathematica and GAP showed that the group As had conjugacy classes
of orders 1, 12, 12, 15, and 20. Using this information alone, without using
Abel’s theorem (7.1), prove that As is simple.

Hint: A normal subgroup must contain the union of several conjugacy
classes, including {e}. But the number of elements must satisfy Lagrange’s
theorem (3.1).

7.20 GAP showed that the group Aut(Z3,) had conjugacy classes of orders
1, 21, 24, 24, 42, and 56. Using this information alone, prove that Aut(Z3,)
is simple.

7.21 The group Ag has seven conjugacy classes of orders 1, 40, 40, 45, 72,
72, and 90. With this information alone, without using Abel’s theorem (7.1),
prove that Ag is simple.

7.22 The group Ly(8) has 504 elements, and has nine conjugacy classes of
orders 1, 56, 56, 56, 56, 63, 72, 72, and 72. Prove that Lo(8) is simple. This
is another example of a Chevalley group.
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7.23 The group Lo(11) has 660 elements, and has eight conjugacy classes
of orders 1, 55, 60, 60, 110, 110, 132, and 132. Prove this group is simple.
This group, the fifth smallest non-cyclic simple group, is related to the group
Aut(le X le).

7.24 The group M7, has order 7920, and has 10 conjugacy classes of orders
1, 165, 440, 720, 720, 990, 990, 990, 1320, and 1584. Prove that Mj; is simple.
This is the smallest of the 26 sporadic simple groups.

7.25 The group L3(4) has 20160 elements, and has 10 conjugacy classes of
orders 1, 315, 1260, 1260, 1260, 2240, 2880, 2880, 4032, and 4032. Prove that
this group is simple. Show that even though Ag is a simple group with the
same order, these two groups are not isomorphic.

Hint: How many 3-cycles are in Ag? What does lemma 7.1 say about the
3-cycles?

7.26 Find a representative element for each of the seven conjugacy classes
of the group Ag. The number of elements in each conjugacy class is given in
problem 7.21.

Hint: Are (12345) and (12354) in the same conjugacy class? Why are
(12)(3456) and (12)(3465) in the same conjugacy class?

7.27 Using the counting methods used to estimate the 168 elements of
Aut(Z3,), find the maximum number of elements of Aut(Zs x Zy X Za X Z3).
This group is in fact simple, and contains the number of elements predicted
by this estimate. Are there any other simple groups that we have seen of this
order?

7.28 If G has order p” for some prime p, show that every subgroup of order

p"~1 is a normal subgroup of G.

7.29 If H is a subgroup of G, and H has order p’ for some prime p, show
that H is contained in a p-Sylow subgroup of G.
Hint: Mimic the proof of the second Sylow theorem (7.4).

7.30 Use Sylow’s theorem to show that all groups of order 33 are cyclic.
7.31 Prove that no group of order 56 is simple.

7.32 Show that if p is an odd prime, then any group with 2p elements is
isomorphic to either Zy, or D,,.

7.33 Determine all non-isomorphic groups of order 99.
7.34 Show that there are exactly four non-isomorphic groups of order 66:
Ze6, D3, D11 x Z3, and D3 X Z13.

Hint: Use Sylow’s theorems along with problem 7.30.
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7.35 Show that all groups of order 255 are cyclic.
Hint: Use lemma 4.5.

7.36 Let |G| = p-q, where p > ¢ are both primes. Show that G has a normal
subgroup of order p.

7.37 If |G| = p? - ¢, where p and ¢ are different primes, show that G must
contain a normal subgroup of either size p? or q.
Hint: Generalize the case |G| = 12 done in the text.

7.38 Show that a group of order p? - ¢, where p and ¢ are different primes,
cannot be simple.
Hint: Use corollary 5.2 for the case |G| = 24. Then do the case ¢ < p. With
these out of the way, you can assume that ¢ > p + 1.

7.39 Use the results of problems 7.36 through 7.38 to show that no non-cyclic
group of order less than 60 is simple.
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Chapter 8

Solvable and Insoluble Groups

8.1 Subnormal Series and the Jordan-Holder Theorem

In this chapter we will study the concept of solvable groups. But first
we must make some preliminary definitions. We have already encountered
situations in which we had a normal subgroup of a normal subgroup, such
as in the second isomorphism theorem. But suppose we have a whole series
of subgroups of a group G, each one fitting inside of the previous one like
Russian dolls.

DEFINITION 8.1 A subnormal series for a group G is a sequence
Go,G1,Ga, ... Gy, of subgroups of GG such that

G=Gy2G12G22 -2 G, ={e},

where each G; is a normal subgroup of G;_; for i =1,2,---n.

A subnormal series is called a normal series if it satisfies the stronger con-
dition that all of the groups G; are normal subgroups of the original group G.
We will be mainly interested in subnormal series, but there are a few of the
exercises regarding normal series.

The group Sy, for example, has a normal subgroup of order 4, namely

K = Group[{P[2,1,4,3], P[4,3,2,1]}]

gap> K := Group( (1,2)(3,4), (1,4)(2,3) );
Group([ (1,2)(3,4) 1)

gap> List(K);

[ O, (1,2)(3,4), (1,4(2,3), (1,3)(2,4) ]

The identity element is of course a normal subgroup of K, so we can write
S:2 K 2{0)}

which would be a subnormal series of length n = 2. Is there a way that we can
make a longer series out of this one? Because Ay is also a normal subgroup of
Sy, and K is a normal subgroup of A4, we can slip this group into our series.
Also, the group K contains the subgroup

209
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H = Group[{ P[2,1,4,3]}]

gap> H := Group( (1,2)(3,4));

Group([ (1,2)(3,4) 1)

gap> List (H);
[ O, (1,2)(3,4) ]

which is a normal subgroups of K since K is abelian. Therefore, we have a
longer subnormal series of length 4:

Sy DA, DKDHD{()}

We say that this new subnormal series is a refinement of the first subnormal
series.

DEFINITION 8.2 We say that a subnormal (or normal) series
G=Hy2H 2Hy2D--- 2 Hyj={e}

is a refinement of the subnormal (or normal) series
G=Gy2G 1 2G;2--- DG, ={e}

if each subgroup G; appears as H; for some j.

Is there a way that we can refine our subnormal series to produce an even
longer chain? Our definition did not exclude the possibility of two groups in
the series being the same, so we could consider

S;2A; DAL DKDOHDHDHD{P] ]}

Although this is a longer subnormal series, it is usually pointless to repeat the
same subgroup in the series.

DEFINITION 8.3 A composition series of a group G is a subnormal
series

G=GyD>DG1DGyD DG, ={e}

for which each subgroup is smaller than the proceeding subgroup, and for
which there is no refinement that includes additional subgroups.

There is a GAP command CompositionSeries that finds one possible com-
position series for a given group.

gap> S4 := Group( (1,2), (2,3,4) );

Group([ (1,2), (2,3,4) 1);

gap> L := CompositionSeries(S4);

[ Group([ (3,4), (2,4,3), (1,3)(2,4), (1,2)(@3,4) 1),
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Group([ (2,4,3), (1,3)(2,4), (1,2(3,4) 1),
Group([ (1,3)(2,4), (1,2)(3,4) 1), Group([ (1,2)(3,4) 1),
Group(()) 1

gap> List(L, Size);

[ 24, 12, 4, 2, 1]

GAP selected the composition series
Si2 A2 K2 H2{()}

We see that since no subgroups are repeated, and there simply is not enough
room between two of these subgroups to slip in another subgroup, that this
indeed is a composition series for Sy. In fact, we can easily test to see whether
a subnormal series is a composition series.

PROPOSITION 8.1
The subnormal series

G=Gy2G12G2---2G, ={e}

is a composition series if, and only if, all of the quotient groups Gy_1/Gy are
nontrivial simple groups.

PROOF Note that if there are no repeated subgroups in the subnormal se-
ries then G;_1/G; must contain at least two elements. Likewise, if G;—1/G; is
nontrivial, then G;_1 is not equal to G;. So the quotient groups are nontrivial
if, and only if, there are no repeated subgroups in the subnormal series.

Suppose that the subnormal series is not a composition series yet does not
repeat any subgroups. Then there must be an additional group H that we
can add between Gj_; and Gy, so that

Gr—1 2 H D Gy,

where H is a normal subgroup of Gy_; and Gy, is a normal subgroup of H.
Then by lemma 4.3, H/G), will be a normal subgroup of Gi_1/Gy, and since
H is neither Gy_1 nor Gy, we have a proper normal subgroup of Gi_1/Gy.

Now suppose that there is a proper normal subgroup N of G;_1/Gj. Can
we then lift N to find a suitable subgroup H to fit between Gj_; and G 7 If
we consider the canonical homomorphism ¢ from Gj_; to the quotient group
Gr—1/Gy we can take H = ¢~ 1(N). Then since N is a normal subgroup of
Gg—1/Gy, by corollary 4.2 H will be a normal subgroup of Gx_;. Also, Gy
will be a normal subgroup of H, for H is in Gy_1. Because N has at least
two elements, H will be strictly larger than the kernel of ¢, yet since N is
not the entire image of ¢, H will be strictly smaller than Gj. Therefore, the
subnormal series is not a composition series.

Thus, a subnormal series is a composition series if, and only if, the quotient
groups Gi_1/Gy, are nontrivial simple groups.
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The quotient groups Gi—1/Gy in a composition series for G are called the
composition factors of the composition series.
For example, the composition factors for the composition series

S42A2K2H2{()}
are
Sa/As = Zs, Ay/K =~ Z3, K/H =~ Zy, and H/{()}= Z>.

These are displayed in GAP by the command DisplayCompositionSeries.

gap> DisplayCompositionSeries(S4) ;
G (4 gens, size 24)
| Z(2)
S (3 gens, size 12)
| 2(3)
S (2 gens, size 4)
| Z(2)
S (1 gens, size 2)
| Z(2)
1 (0 gens, size 1)

It is certainly possible for a group to have more than one composition series.
For example, we could have picked the subgroup B = {(), (1,4)(2,3)}, given
in Mathematica® by

B = Group[{ P[4,3,2,1]}]
instead of H, producing the composition series
S42 A, 2 K2 B2{()}

Even though this is a different composition series, the composition factors
are isomorphically the same. Our goal for this section is to prove that this
happens all of the time. However, we have yet to see why two composition
series must have the same length. Even if we can prove that the composition
series are the same length, the composition factors may not appear in the
same order. For example, the group Zi5 has the following two subnormal
series:

ZIZ 2 {0737679} 2 {O}
Z15 2{0,2,4,6,8,10} 2 {0,4,8} 2 {0}.

No matter how we refine these series, the quotient group isomorphic to Z3 in
the first series will come before any other nontrivial quotient groups, yet any
refinement of the second series will have the last nontrivial quotient group
isomorphic to Zs.

It helps if we use a diagram to demonstrate the strategy that we will be
using. Suppose that we have a group G with two subnormal series, one of
length 2, and one of length 3, as pictured in figure 8.1.

G:AO;)Al;)AQ:{e}, G:BO;)BIQBQ;)de{e}



Solvable and Insoluble Groups 213

G =4 2 Ay 2 Ap = {e}

G = By 2 By 2 By 2 Bs = {e}

FIGURE 8.1: Two subnormal series of different lengths

It is immediately clear that Ag = By and Ay = B3, but A; does not have to
be either B; or Bs.

The goal is to refine both of the subnormal series by adding two subgroups
within each gap of the A series, and one subgroup within each gap in the
B series. Here, we will allow the possibility of duplicate subgroups in the
refinements. Nonetheless, both series will have length 6, which we can express
as follows:

G=A2A112A122A1 D A1 2 Az 2 Ag = {e},

G=By2Bi12B12B122 By 2 B132 By ={e}.

Figure 8.2 shows these set inclusions, and also gives a hint on how we are to
define these intermediate subgroups.

G= A Ay = App = Ay Ay = Az 2 = Az = {e}
| A1 . ‘Bl A1| . Bg | A1 O]Bl A1 ]ﬂ Bg |
| | | ‘ | | |
A - By (B10A1)~BQ A1 N By
G=Bo =p, B =B, B =B, Bs={e}

FIGURE 8.2: Strategy for the refinement theorem

The next step will be to show that the quotient groups for each interval of
the A series is isomorphic to a quotient group for an interval of the B series,
as shown by the arrows in figure 8.2. Note that this scrambles the order of
the quotient groups, so that the i-th subinterval of the j-th interval in the A
series corresponds to the j-th subinterval of the i-th interval of the B series.
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Although it is clear that

GDA -BiD2A -Ba DA DA NB; 2 A NBy D {e}, and
GDA -Bi2B;1 D (BiNAL)-By2 By DA NBy D {e},

it is not at all clear that each is a normal subgroup of the previous group, or
even that all of these sets are subgroups of G. Before we show this, we will
need the following lemma.

LEMMA 8.1
Let X, Y, and Z be three subgroups of the group G, with Y being a subgroup
of X, andY - Z=7-Y. Then

XNY-2)=Y-(XNZ)=(XN2Z)-Y.

PROOF Note that (XNZ) C X, andsinceY CX,Y-(XNZ)CX.
Also, (XNZ)C Z,s0Y - (XNZ)CY -Z. Hence,

Y (XNZ)CXN(Y-2).

All we need to do is prove the inclusion in the other direction. Suppose
that x € X N (Y - Z). Then z is in X, and can also be written as x = y - 2,
where y is in Y, and z is in Z. But then z = y~! - 2 would be in both X and
Z. Thus,

r=y-(yl-x)eY - (XN2).

Therefore, we have inclusions in both directions, so
Y- (XNnZ)=Xn(Y-2).

So far, we haven’t used the fact that Y- Z =2-Y. By lemma 4.4,Y - Z is
a subgroup of G, and so the intersection of X with Y - Z is a subgroup of G.
So by lemma 4.4 again, we have

Y (XNZ)=(XNZ)-Y. 0

We will need one more lemma that will help us to show the isomorphisms
indicated by the arrows in figure 8.2.

LEMMA 8.2

Let X, Y, and Z be three subgroups of the group G, with Y being a normal
subgroup of X, and Z a normal subgroup of G. Then Y - Z is a normal
subgroup of X - Z, and

(X-2)/(Y-Z)=X/( XN (Y -Z)).
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PROOF  Since Z is a normal subgroup of G, both Y - Z and X - Z are
subgroups of G by lemma 4.5. If we let y-zbein Y -Z, and z-w be in X - Z,
then

1 1 -1

(z-w)-(y-2) (x-wrl=z(yatzy)wyzw'a

=@y )@y wey) 2w,

Now, z-y-x ' isin Y, since Y is a normal subgroup of X. Likewise, y~'-w-y

is in Z, since y is in G. Then (y~ ! w-y)-z-w tisin Z, andso x- (y~1 - w-
y)-z-w t-27lisin Z, since z is in G. Therefore, (z-w) - (y-2) - (x-w)~?!
isinY - Z, and so Y - Z is a normal subgroup of X - Z.

We now can use the third isomorphism theorem (4.3), using K =Y - Z. We

have that X - K =X -Y - Z = X - Z since Y is a subgroup of X. So

(X-2)/(Y-2Z)=(X-K)/K~X/(XNK)=X/(Xn(Y-2).

We are now ready to put the pieces together, and show any two subnormal
series can be refined in such a way that the quotient groups are isomorphic.

THEOREM 8.1: The Refinement Theorem
Suppose that there are two subnormal series for a group G. That is, there
are subgroups A; and B; such that

G=A DA DA, D ---D A, =e},
and
G=By2B1 2By 22 By, ={e},

where each A; is a normal subgroup of A;_1, and each B; is a normal subgroup
of Bj_1. Then it is possible to refine both series by inserting the subgroups

Aic1=Ai0 2 A1 2 A2 - DA = A, 1=1,2

,2,...m

Bj 1 =Bj02Bj12Bj22--2B;,=DBj, Jj=L2,...m
in such a way that
Aij-1/Aij = Bji-1/Bj.

PROOF We let
Ai,j = (Ai,1 n BJ) . Az and Bj,i = (Bj,1 n Az) . Bj.

To see that these fit the conditions we need, we first want to show that
these are groups. Note that both

X = (Ai,1 n ijl) and Y = (Ai,1 n B])
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are subgroups of A;_1, Y is a subgroup of X, and Z = A; is a normal subgroup
of Aifl.

So by lemma 4.5, both A; ;1 = X -Z and A;; =Y - Z are subgroups of
A;—1. We can now use lemma 8.2, using G = A;_;. Since B, is a normal
subgroup of B;_;, Y is a normal subgroup of X, so by lemma 8.2, Y - Z is a
normal subgroup of X - Z, and

Aijr /Ay = (X -2)/(Y - Z) = X/(X N (Y - 2)).
Now lemma 8.1 comes into use. Since Y is a subgroup of X,
XN(Y-2)=Y-(XNZ) = (A1 1 B;) - (A1 0 B; 0 A

= (Ai-1NB;) - (AN Bj_1)
= (Al n Bj—l) . (Ai—l n B])

Thus,
Aij-1/Aij = (Aim1N Bj1)/[(Ai-1 N By) - (Ai N Bj_1)].

By switching the roles of the two series we find by the exact same argument
that
Bji-1/Bji = (Bj—1 N Ai—1)/[Bj—1 N Ai) - (B; N Ai—1)].

Notice that these are exactly the same thing, so
Aij-1/Aij = Bji-1/Bj,. [

If we now apply the refinement theorem to two composition series we find
that the composition factors will be the same.

THEOREM 8.2: The Jordan-Hélder Theorem
Let G be a finite group, and let

G:A()DAlDAQD"'DAn:{G}

and
G:B():)BlDBQD“-DBm:{e}

be two composition series for G. Then n = m, and the composition factors
Au—1/A, are isomorphic to the composition factors B,_1/B, in some order.

PROOF By the refinement theorem (8.1), there is a refinement of both
composition series such that the quotient groups of the two subnormal series
are isomorphic to each other in some order. In particular, the nontrivial quo-
tient groups of one subnormal series are isomorphic to the nontrivial quotient
groups of the other. But these are composition series, so any refinements
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merely repeat a subgroup a number of times. Thus, by eliminating these rep-
etitions, we eliminate the trivial quotient groups and produce the original two
composition series. Thus, the quotient groups A, _1 /A, are isomorphic to the
quotient groups B,_1/B, in some order. The fact that n = m merely comes
from the one-to-one correspondence of the nontrivial quotient groups.

The Jordan-Holder theorem (8.2) shows that the composition factors do
not depend on the composition series, but rather the finite group G. This is
reminiscent of the unique factorization of integers, where every integer greater
than one can be written as a unique product of prime numbers. Since the
composition factors are always nontrivial simple groups, in a sense the simple
groups play the same role in group theory that prime numbers play in number
theory. The correspondence is heightened by the fact that Z, is a nontrivial
simple group if, and only if, p is a prime number. However, we have seen
that there are other simple groups, such as Aut(Z3,) and A,, for n > 4. Since
these groups are rather large (at least 60 elements), they will only show up as
composition factors for very large groups.

For example, a composition series for Sy is given by

S5DA5D{()}, 55/145%227 and A5/{()}%A5

gap> S5 := Group( (1,2),(2,3,4,5) );
Group([ (1,2), (2,3,4,5) 1);
gap> CompositionSeries(S5);
[ Group([ (1,2)3 (2:3:435) ])3
Group([ (1,3,2), (1,4,3), (1,4,5) 1), Group(O) ]

Since Z3 and As are both simple groups, this is a composition series, and so
the composition factors of S5 are Zy and As.

The composition series will play a vital role in determining whether groups
are solvable or not. However, we will hold off on the definition of a solvable
group until we have defined another tool in group theory, the derived group.

8.2 Derived Group Series

In this section we will find a method for producing a composition series
that is easily implemented using Mathematica or GAP.

DEFINITION 8.4 Given two elements x and y of a group G, the com-
mutator of x and y is the element =1 -y~ .2 -y, and is written [x,y].

Notice that if G is an abelian group the commutator will always give the
identity element. We can also consider the commutator of two subgroups of
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G. If H and K are two subgroups, then consider the set

{7ty 2.y | 2€H and yc K}

Unfortunately, this set will not always form a group. The simplest example

is found in Sy. We can consider the two subgroups

H={0),(12)},  K={(),(234),(243)}.

Then the set

-1

{7ty lz.y | x€H and yeK}

can be found by making a table for possible values of = and y.

ety heay | ()

(234)

(243)

9 9
(12) )

()
(123)

0
(124)

So we get {(),(123),(124)}, which is not a subgroup. However, we can
consider the group generated by all of the commutators, which of course will

make a subgroup.

DEFINITION 8.5 Given two subgroups H and K of a group G, we
define the mutual commutator subgroup of H and K, denoted [H, K], to be

the subgroup generated by the elements

-1

{e7ty 2y | v€H and ye K}

We can find the mutual commutator with the Mathematica commands

H = Group[{C[1,2]}];
K = Group[{C[2,3,4]}];
MutualCommutator[H, K]

or the GAP commands

gap> H := Group((1,2));;

gap> K : Group((2,3,4)) Y

gap> C := CommutatorSubgroup (H,K) ;
Group([ (1,2)3), (1’413) ]}

gap> Size(C);

12

So the commutator [H, K] in this case is A4. Note that whenever an element

u is in [H, K], we cannot say that u = z~
y € K. Rather, we must write

1,1

Y

-x -y for some x € H and
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where either u; or u; Lis x; L. Yy L. 2, - y;. In spite of this difficulty, we will

be able to discover some important properties with the mutual commutator
groups.

PROPOSITION 8.2
If H and K are normal subgroups of G, then [H, K] is a normal subgroup of
G.

PROOF Let u be an element of [H, K], and v an element of G. Then
U= Ui - Uy - Up, Where either u; or u;—1 is zi_l ~yi_1 -x; - y;. Then

vou-v T = Wou v (weug v (0w v,

and

-1 -1 -1 _

(v-x;l-v‘l)-(v-yjl~v‘1)~(v~a:i-v‘l)-(v-yi-v‘l):

[v~xi-v_1,v-yi~v_1].

If H and K are both normal subgroups of G, then v - x; - v~! is in H,
and v -y; v~ 'isin K. Thus, [v-z;-v "' v-y -v ] is in [H, K]. Since
(v-u-v ™) = (v-u; o7, if one of these is in [H, K], they both are.
Hence v - u; - v~ ! is in [H, K] for every u;, and v-u-v~! € [H, K]. By propo-
sition 3.4, [H, K] is a normal subgroup of G. I

Many times one of the two groups H or K will be the whole group G. We
call the subgroup [G, H| the commutator subgroup of H in G. In this case
Mathematica can find the commutator subgroup faster with the simplified
command

Commutator[G, H]

which takes advantage of the fact that H is a subgroup of G. In fact, Math-
ematica will correctly find the commutator subgroup if only the generators

of H are specified. For example, suppose we wish to find the commutator
[S4, A4l

S4 = Groupl[{ C[1,2], C[1,2,3,4] }]
A4 = Group[{ C[1,2,3], C[2,3,4] }]

It is faster to use only the generators of Ay:
Commutator[S4,{ C[1,2,3], C[2,3,4] }]
which gives us A4 again. The commutator [S4, S4] is given by

Commutator[S4,{ C[1,2], C[1,2,3,4] }]
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which is also A4. However, the commutator [A4, A4] is
Commutator[A4,{ C[1,2,3], C[2,3,4] }]

which gives a subgroup with only four elements. This is exactly the subgroup
K from the last section. The GAP commands for this are

gap> S4 := Group( (1,2), (2,3,4) );

gap> A4 := Group( (1,2,3), (2,3,4) );

gap> List(CommutatorSubgroup(S4,A4) );

[ O, (1,2,3), (1,3,2), (1,4)(2,3), (2,3,4), (1,2)(3,4),
(1,3,4), (1,4,3), (2,4,3), (1,2,4), (1,3)(2,4), (1,4,2) ]

gap> List(CommutatorSubgroup(54,S4) );

L O, (1,2,3), (1,3,2), (1,4)(2,3), (2,3,4), (1,2)(3,4),
(1,3’4), (1,4’3), (2’4,3)’ (1’2,4)’ (1’3)(2’4), (1,4’2) ]

gap> List(CommutatorSubgroup(A4,A4) );

[ O, (1,4)(2,3), (1,2)(3,4), (1,3)(2,4) ]

DEFINITION 8.6 We define the commutator subgroup of G with itself,
[G, G], to be the derived group of G, denoted G’.

Since G is a normal subgroup of itself, proposition 8.2 states that the derived
group will be a normal subgroup of G. Since the commutator of any two
elements in an abelian group is e, [G, G] will be the trivial group whenever G
is abelian.

We can denote the derived group of the derived group G’ as G”. Likewise,
the derived group of G” will be denoted G"”’, and so on. Because each of these
groups is a normal subgroup of the previous one, we have the series

GQG’QG”QGINQ"'.

This is called the derived series for the group G. The derived series is in
fact a subnormal series as long as the groups keep getting smaller and smaller
until they finally get to the trivial subgroup. In GAP, we can use the shorter
command DerivedSubgroup for [G, G]. For example, the derived group series
of G =5, is

gap> Gp := DerivedSubgroup(S4);

Group([ (1,3,2), (1,4,3) 1)

gap> List(Gp);

L O, 1,2,3), (1,3,2), (1,4)(2,3), (2,3,4), (1,2)(3,4),
(1,3,4), (1,4,3), (2,4,3), (1,2,4), (1,3)(2,4), (1,4,2) ]

gap> Gpp := DerivedSubgroup(Gp);

Group([ (1,4)(2,3), (1,2)(3,4) 1)

gap> List (Gpp);

[ O, (1,4(02,3), (1,2)(3,4), (1,3)(2,4) ]

gap> Gppp := DerivedSubgroup (Gpp) ;

Group(())

gap> List (Gppp);

[ O]
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So G' = A4, G" = K, and G = {()}, since K is abelian. So we produce the
series

S12 A1 2 K 2{()}.

However, if we start with the group As, then [As, As] must be a normal
subgroup of the simple group As. Since the derived group is not the identity
element, we see that the derived group is all of As.

gap> A5 := Group( (1,2,3),(3,4,5) );
Group([ (1,2,3), (3,4,5) 1)

gap> Size(DerivedSubgroup(A5) );

60

Thus, the derived series for As is
As D A5 2 A5 2 A5 2 -+

which never gets to the trivial subgroup.

DEFINITION 8.7 A group G is called solvable if the derived series
GQGIQG/IQGIIIQ

includes the trivial group in a finite number of steps. If the derived series
never reaches the trivial group, G is said to be insoluble.

By our experiments, we see that Sy is a solvable group, whereas Ajs is not.
In fact that GAP command IsSolvable bears this out.
gap> IsSolvable(S4);
true

gap> IsSolvable(A5);
false

Whenever we have a solvable group G, the derived series is in fact a subnormal
series for G. So it is natural that the derived series would shed some light
as to what the composition factors of G are. First we will need the following
lemma, which characterizes the derived group.

LEMMA 8.3
Let G be a group. Then the derived group G’ is the smallest normal subgroup
for which the quotient group is abelian.

PROOF  First we need to show that G/G’ is abelian. Consider the canon-
ical homomorphism ¢ from G onto G//G’. Then for x and y in G, 2~ -y~ L.y
is in G’, and so ¢(x~! -y~ - x-y) is the identity element in G/G’. But then
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so ¢(x) - d(y) = ¢(y) - p(x). Since ¢ is surjective, we see that G/G’ is abelian.
Now suppose that N is another normal subgroup of G for which G/N is
abelian. To show that G’ is a smaller group, we will show that N contains
G
For any  and y in G, note that = ! -y~! . x - y is certainly contained in
1 N.y71.N.x-N-y-N. But since the quotient group G/N is abelian,
we have

1

x71Ny71NxNyN:xileNyilNyN:NN:N

Thus, 27! -y~'-2-yisin N for all z and y in G. Since G’ is generated by
all such elements, G’ is contained in N.

We now can express a relationship between the composition factors of a
group and the derived series of a group.

THEOREM 8.3: The Solvability Theorem
Let G be a finite group. Then G is solvable if, and only if, the composition
factors of G are cyclic groups of prime order.

PROOF Suppose that the composition factors of G are all cyclic groups
of prime order. Then there exists a composition series for G:

G:GODG13G23~~DGn:{e}.

Since G/ is an abelian group, we have from lemma 8.3 that G’ is contained
in G;. But since G1/G5 is also abelian, by lemma 8.2 we have G} is in Ga,
and so

G" C G C Gs.

Proceeding in this way we find that the n-th derived group, G, must be
contained in G,, = {e}. Thus, the derived series produced the trivial group
in at most n steps, so G is solvable.

Now suppose that G is solvable and finite, and so the derived series can be
written

GQG’QG”QG”’Q'~-:_)G(n)={6}.

If G™ is the first term in the derived series equal to {e}, then this subnormal
series can never repeat any two subgroups. Because this is a finite group,
there are only a finite number of ways this series could be refined without
repeating subgroups. Thus, by the refinement theorem, we can refine this
to produce a composition series. Because each of the quotient groups of the
derived series is abelian, the quotient groups of the refinement must also be
abelian. But by proposition 8.1, the quotient groups of the composition series
must be nontrivial simple groups. The only nontrivial simple groups that are
abelian are the cyclic groups of prime order. Thus, the quotient groups for
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this composition series are cyclic groups of prime order. By the Jordan-Ho6lder
theorem (8.2), all composition series are the same way.

From the solvability theorem we see that for finite groups, solvability can
be defined in terms of the composition factors. Does this hold true for infinite
groups as well? That is, is an infinite group solvable as long as there is
no non-abelian simple group (finite or infinite) lurking somewhere within its
structure, either as a subgroup or as a quotient group? To shed some light on
this problem, we will first need the following lemma.

LEMMA 8.4
If N is a normal subgroup of G, and H is a subgroup of G, then

(H-N/NY = (H'- N)/N.

PROOF  We first note that since N is a normal subgroup of G, H- N is a
subgroup of G, and so N is a normal subgroup of H-N. Two typical elements
of H-N/N are h-n-N and k-m - N, where h and k are in H, and n and m
are in N. Then (H - N/N)’ is generated from the elements of the form

(h-n-N)y" - (k-m-N)"t-(h-n-N)-(k-m-N)=h"'- kL h-k-N.

But these elements are also in (H'-N)/N. In fact, (H'- N)/N is generated by
the elements of the form h=!-k=1.h-k-N. Therefore, the groups (H - N/N)'
and (H' - N)/N are equal. I

With this lemma we will be able to show the relationship with a solvable
group to its subgroups and quotient groups.

PROPOSITION 8.3
Suppose that G is a group and H is a normal subgroup of G. Then G is
solvable if, and only if, both H and G/H are solvable.

PROOF We begin by showing that if G is solvable, and H is a subgroup
of G, normal or not, then H is solvable. Since H is contained in G, we have

H/QGI:>H”gG//:H///gG”/-“.

Thus, since G = {e} for some n, H™ = {e}, and H is solvable.

Next we want to show that if H is normal, then G/H is solvable. Since
G =G - H we can use lemma 8.4 to find (G/H)' = (G'- H)/H. But since G’
is a subgroup, we can continue to use lemma 8.4 to find

(G/H)" = (G'-H/H) = (G" - H)/H,
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(G/HY" = (& H[HY = (G" - H)/H,-
Since G is a solvable group, G(™) = {e} for some n. Thus
(G/H)™ = (G )/

would be the identity group H/H. Therefore, G/H is a solvable group.

Now suppose that both H and G/H are solvable. Then (G/H)" is the
identity for some n, so (G - H)/H is the identity. Thus, G("™) is a subgroup
of H, and since H is solvable, G(™ must be solvable. Therefore, G("t™) ig
the identity for some m, and so G is a solvable group. I

From this proposition, we see that for an infinite solvable group there cannot
be any non-abelian simple groups within its structure whether as a subgroup,
a quotient group, a subgroup of a quotient group, etc. Thus the current
definition of solvability for infinite groups agrees with the historical notion of
a group that does not contain non-abelian simple groups in the composition
factors.

Why do we want to know whether a group is solvable or not? Notice that
the solvable groups could be entered into Mathematica using the InitGroup
and Define commands, whereas the insoluble groups, such as Aut(Z3,), had
to be considered as a subgroup of a symmetric group. In the next section, we
will show why the solvable groups were the only groups that could be entered
into Mathematica using the Define commands.

8.3 Polycyclic Groups

Throughout these notebooks, we used Mathematica’s InitGroup and De-
fine commands or GAP’s FreeGroup command to produce many of the groups
we have been studying. Only occasionally did we have to use permutations to
represent groups, such as the groups As and Aut(Z3,). However, the method
for converting a finite group into a set of Mathematica or GAP commands
has never been fully explained. We know that the groups can be represented
by a small number of generators. Why was S, defined in Mathematica with
three generators when only two generators would generate the group?

The method for defining a group G in Mathematica using a set of gener-
ators stems from the composition series for a solvable group G. However, a
composition series is actually more than we need. We will still insist that the
factors of a series be cyclic, but not necessarily of prime order.

DEFINITION 8.8 A subnormal series
G=Gy2G12G22 - 2G, ={e}
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is a polycyclic series if the quotient groups G;_1/G; are all cyclic groups. The
number n is called the length of the polycyclic series.

It is obvious that a group with a polycyclic series must be solvable, since the
cyclic quotient groups would be solvable. Although any finite solvable group
has a polycyclic series, it should be noted that an infinite solvable group may
not always have a polycyclic series. The groups that have a polycyclic series
are called polycyclic groups.

Given a polycyclic series for a polycyclic group,

G=Gy DG DG 2D -2 G, ={e},

we can find a set of generators and relationships between the generators that
will allow us to define the group in Mathematica or GAP. Since G;_1/G; is
cyclic, we can choose an element g; € G,;_; such that ¢;G; is a generator
of Gi—1/G;. Then if G;_1/G; has order n;, then g;" € G;. Also, if j > i,
then [g;,9:] € [Gi—1,Gi—1] € G,. Since j > i, g; € G;, so we have that
g; - 9i € g:G;. This means that for each pair 1 <14 < j < n, we can define a
relation of the form

gj - gi = gi - ( element of G;).

This definition would allow Mathematica or GAP to unravel a combination of
generators that are “in the wrong order.” That is, if we consider the generators
g1,92,---gn as “letters,” going in alphabetical order, then these definitions
would find a way of expressing the element of the group as a product of
generators such that the generators are in alphabetical order.

In Mathematica, the groups must be defined in a form similar to a polycyclic
representation. In fact, the groups defined using InitGroup and Define so
far are either polycyclic representations, or a mirror image of such a represen-
tation. For example, if we wish to use a polycyclic series to define the group
@, we could use

GO = Q 2 Gl = {1727_17_1} ) G2 = {1}7

and let gy = j and g = i. Since Go/G is of order 2, we know that g7 is in
G4, and indeed j2 = —1 =42, Also, i* = 1 € G5. Finally, we need to compute
[92,01] = [i,j] = =1 =142 Thus,i"'-j71-i-j =14 soi-j=7-i Thus, the
commands

InitGrouple];

Define[i*4, €]

Define[j~2 , i"2]

Defineli.j, j.i.i.i]

Q = Grouplj, i

will define the group Q. This puts the elements in “alphabetical” order,
because g1 = j is considered to be before go = i. Of course, it makes more
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sense to have i come before j, so we can take the “mirror image” of this
definition

InitGrouple];
Define[i*4, €]
Define[j~2 , i"2]
Define[j.i, i.i.i.j]
Q = Groupli, j]

which of course will define an isomorphically equivalent group.
Here is a more complicated example. We have a polycyclic series for Sy,

Go=S42G=A12G,=KD2G3=H2G,={()}

and we would like to enter this into Mathematica or GAP using genera-
tors. Since there are four cyclic quotient groups, we will need four generators
91, g2, g3, g4 such that ¢;G; is a generator of G;_1/G;. Some obvious choices
are g1 = (172)a g2 = (1a253)7 g3 = (173)(274)5 and g4 = (1a2)(354)

Next, g;"* € G;, where n; is the order of G;_1/G;. Looking at the polycyclic
series for Sy, we find that ny = 2, no = 3, ng = 2, and ny = 2. Hence we
calculate g2 = (), g5 = (), g3 = (), and g7 = (). In this case, all of these
turned out to be the identity element, but we are only promised that g;"* will
be in G;, and hence expressible in terms of g;4+1,...gn.

Finally, we calculate [g;, g;] € G; for each combination j > i, and express
each of these in terms of g;11,...g,. We find that [g2,g1] = (123) = go,
lg3,91) = (12)(34) = 01, [g1,91) = (), (98, 92) = (14)(23) = g5 - gu. (g4, 92] —
(13)(24) = g3, and [g4, 93] = ().

We are now ready to enter this into GAP as a polycyclic group. We can
use a, b, ¢, and d as the four generators, and use GAP’s Comm command for
the commutator of two elements.
gap> f:= FreeGroup("a","b","c","d");;
gap> a:= f.1;; b:=f.2;; c:=£.3;; d:=f.4;;
gap> g:=f/[a"2,b"3,¢"2,d4"2, Comm(b,a)/b, Comm(c,a)/d, Comm(d,a),
> Comm(c,b)/(c*d), Comm(d,b)/c, Comm(d,c) J;
<fp group on the generators [a, b, c, d]I>
gap> List(g);

[ <identity ...>, a, b, c, a*b*xaxc*b, axb, a*c, b*xaxc*b, axbxa,

b*c, c*b, axcxa, b*a, a*b*c, a*c*b, c*xa, axbkakxc, b*cx*b,

b*a*c*a, bxaxc, axbkxcxb, axbkakxck*a, axb*cka, bxcxa ]

GAP is expressing each element as a product of generators, but not always in
alphabetical order. But since we used a polycyclic series to define this group,
we can convert it to a polycyclic form with the PcGroupFpGroup command.
This converts an fp group (defined using commutators as we did) to pc groups.

gap> h := PcGroupFpGroup(g);
<pc group of size 24 with 4 generators>
gap> a := h.1;; b:= h.2;; c:= h.3;; d:=h.4;;
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gap> List(h);

[ <identity> of ..., d, c, c*d, b, bxd, b*c, b*cxd, b"2, b~2xd,
b~"2xc, b 2%cxd, a, axd, axc, axc*d, axb, axbxd, axbxc,
axb*cxd, axb”2, a*b~2*d, a*b~2*c, ax*b~2*c*xd ]

Now every element besides the identity is expressed as a product of generators

in alphabetical order. GAP can work with polycyclic groups (pc groups)

much more efficiently than with general groups defined using the FreeGroup
command. In fact, very often GAP will express a group as a polycyclic group
by default.

Here is another example. Table 8.1 shows a multiplication table for a non-

abelian group that we will simply call A.

TABLE 8.1: Multiplication table for the mystery group A

1 ZYXWVUTS ST RQPONML
1/11 ZYXWVUTSURQPONML
Z|Z YX 1 TWVURI QPS STLONM
YlY X1 ZUTWVQPSRMLON
X|X 1 ZYVUTWPSROQNMLO
WIWV UTSRQPONMMLT1ZYX
VIVUTWPSRQNMLOZXTI1ZY
UIUTWV QP SRMLONYX 1 Z
TITWVURG QP SLONMZY X1
SISRQPONMTL 1 ZYXWVUT
RIRQP SLONMZYJXTI1TWVTU
QIQ P SRMLONYXI1ZUTWYV
P/ P SRQNMLOXTI1ZYVUTW
O/ONML 1 ZYXWVUTS ST RAOQTP
NINML OX 1 ZYVUTWPSR Q
MMLONYJX1ZUTWVQFPSR
LILONMZYX1TWVURTG QTP S

Because there are no elements of order 8, this cannot be one of the groups
of the form Z, I><¢Z8 studied in section 6.4.

Finding a polycyclic series is not hard, but finding a short series of length 2
is a little trickier. We find that {1, Z,Y, X} is a normal subgroup isomorphic
to Z4, and the quotient group is also cyclic. Thus, the series

Go=AD Gy :{1,Z,Y,X} DGQZ{l}

is a polycyclic series of length 2. By using this series, we need only two
generators, a and b. Since G1/G3 has two generators, {Z} and {X}, we can
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let b represent either element, say b = Z. Then b* = Z* must be in G5 = {1},
SO

InitGrouple];
Define[b ™4, €]

defines b = Z in Mathematica. Next, we notice that both {W,V,U, T} and
{O,N, M, L} are generators of Go/G1. Thus, we can let a be any of these
eight elements, say a = W. Then a* = W* must be in G1, and in fact the
table shows that a* = e.

Define[a™ 4, €]

Finally, we need to let Mathematica know how to handle the combination
b-a. We know that the commutator [, a] is in G, and using the multiplication
table we have that b=*-a~'-b-a = Z"V.-W~1.Z.W =Y =b2. Sob-a = a-b>.
While we are at it, we can also define the inverses of the two generators a and
b.

Define[b.a, a.b.b.b]
Define[1l/a, a™ 3]
Define[1/b, b™ 3]
A = Groupl[{a, b}]

This same strategy can be used to define this group as a pc group in GAP.

gap> f:= FreeGroup("a","b");; a := f.1;; b:=£f.2;;
gap> g:= f/[a”4, b"4, Comm(a,b)/b"2];;
gap> h:= PcGroupFpGroup(g) ;

#I You are creating a Pc group with non-prime relative orders.

#I Many algorithms require prime relative orders.

#I Use ‘RefinedPcGroup’ to convert.

<pc group of size 16 with 2 generators>

gap> a := h.1;; b:= h.2

gap> List(h);

[ <identity> of ..., b, b"2
*b~3

s , b3, a, axb, axb”2, a*b”~3, a"2,
a“2xb, a"2*%b"2, a"2*xb"3, a”3

, a”3%b, a"3*b"2, a"3*b"3 ]

GAP gives a warning that we did not use a composition series to define the
group, and so some of the features will not be available to us. Of course, using
a composition series would require four generators, and hence more work.
Most of the operations will still work for this group, such as multiplication
tables, but to analyze the group

gap> StructureDescription(g);
"C4 . C4"

we have to use the fp version. We see that this group is a semi-direct product
of Z, with itself. In fact, it is the only such semi-direct product, so we can
refer to this group as Z,x Z4.
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Both GAP’s pc groups and Mathematica’s groups are rewriting systems.
That is, the fundamental methodology is to replace certain combinations of
generators with other combinations until no more possible replacements are
possible. But there is still one question that has not been addressed. How do
we know for certain that the computer will not get hung in a loop? Consider
the following Mathematica commands:

InitGrouple];
Define[x "3 ,e]
Define[y "6, €]
Define[y.x, x.x.y.y]
yyX

Mathematica would blindly make the following “simplifications”
y.y.qu.x.x.y.y_)z.z.y.y.l‘.y'yHx.x.yhlzhx.y.y.y'yq...

indicated by the Define statements, creating longer and longer expressions
and never stopping. The problem is not that the group does not exist; in fact
problem 8.28 asks you to find a group of order 24 for which there are elements
z and y such that 23 = e, 4% = e, and y - ¢ = 22 - y?. The above infinite
loop stems from trying to define this group in terms of subgroups that are not
normal subgroups. Whenever we use a polycyclic series to define a group in

Mathematica or GAP this type of infinite loop will never happen.

PROPOSITION 8.4
Let G be a finite solvable group, and let

G=Gy2G12G2---2G, ={e}

be a polycyclic series for G. If the group is defined in Mathematica or GAP
using n generators and the procedure described above, then Mathematica or
GAP will simplify any combination of generators to a point where no further
reductions are possible.

PROOF This is not really a proof about Mathematica or GAP, but about
the structure of polycyclic groups. However, the proposition can best be
stated in terms of how Mathematica handles the elements of the group.

First consider the case where n = 1. The group G is will then be a cyclic
group, say of order m > 1. The only Define statement would replace gi"
with e, so each substitution would reduce the number of ¢’s in the expression,
and hence would eventually come to the point where no more substitutions
are possible.

We can now proceed by induction on the length of the polycyclic series of
G. That is, we will assume that the proposition is true for all groups with
shorter polycyclic series, in particular, Gj.
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Since Go /G is cyclic, we will let u-G1 be a generator, and let m = |Go/G1|.
We will then let g; be one element from u-G;. Since g7 is in G, by induction
we can let g7 = b, where b is defined in terms of the generators {g2, g3, +, gn }-
Also, g7' - gi - g1 is in Gy for each of these generators, and so we can define
ki=gy'-gi g1 fori=2,3... nin terms of the generators {ga, g3, -, gn}-
We then have the additional n Define commands:

Define[g; "'m , b]
Define[ g2 - g1, g1 - k2 ]
Deﬁne[ gs - gis g2 - ]{)3 ]

Define[ g, - g1, 91 - kn ]

We will call these n new Define commands “first category substitutions,” and
all previously defined definitions as “second category substitutions.” Certainly
these definitions are compatible with the group structure of G, so if we can
simplify every combination to a unique form, this form will be the correct
representation of the element.

The only thing that would go wrong is if there was some expression for
which there existed an infinite sequence of substitutions from either category.
Suppose that this was the case. That is, suppose we have an infinite sequence
of expressions

U, U2, U3,y - - -

where each expression u; is formed from a substitution of either of the two
categories applied to u;_1. Note that the u;’s do not represent elements of G,
but rather expressions that are products of the generators {g1,92,...,9n}. In
fact, all of the u;’s are different ways of expressing the same element of G. If
such an infinite sequence of expressions existed, the computer would have the
potential of running into an infinite loop.

Let d represent the number of times that g; appears in the expression
uy. Note that if d = 0, then the u; is expressed in terms of the generators
{92,93,---,9n} of G1. But by induction, G; does not form any such infinite
sequences. Thus, we may assume that there is at least one occurrence of gy
in the expression u;. By the same argument, we can suppose that there is at
least one occurrence of g; in all of the expressions u;.

Consider the first appearance of the generator g; in each expression u;. If
we let v; be the part of the expression occurring before this first g1, and let
w; represent the part of the expression occurring after it, we can express u;
as v; - g1 - w;. Note that v; and w; may be empty expressions.

Since v; contains no g1’s, it is in G7 and so by our induction hypothesis,
there is only a finite number of expressions that could be produced using
substitutions from the second category. Let s denote the number of generators
in the longest such expression.

We now will show, using induction on the number d, that an infinite se-
quence of substitutions is impossible. That is, we will assume that an expres-
sion with only d—1 occurrences of g, could not appear in an infinite loop. Note
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that we are already using an induction hypothesis, so this is an “induction

inside of an induction.” We will keep the two induction arguments straight

by referring to them as the “inner induction” and the “outer induction.”
Notice that the first substitution of the first category,

Define[g; "m , b]

reduces the number of g1’s by m. All other substitutions of the first category
preserve the number of g;’s while all substitutions of the second category
do not affect any of the g;’s. Thus, if g* is ever replaced by b, the resulting
expression would have only d—m occurrences of g1, and by the inner induction
hypothesis would not get into an infinite loop. Hence we can suppose that the
number of g;’s that appears in any of the expressions u; is the same, which is
d.

For each expression v; - g1 - w;, there are three types of substitutions that
can be done:

1. A substitution of the second category applied to v;.
2. A substitution of either category applied to w;.

3. A substitution of the first category applied to the last generator of v,
and the first occurrence of g;. The resulting v;; will be shorter than
v; by one symbol.

By the outer induction hypothesis, since v; is in G1, only a finite number
of substitutions of the first type can be done before doing one of the third.
Likewise, by the inside induction hypothesis, since w; contains only (d — 1)
occurrences of g1, only a finite number of substitutions of the second type can
be done before performing before one of type 3. But the size of v; goes down
by one each time the third type of substitution occurs, which could happen
only s times. Thus, the computer will not go into an infinite loop when the
generator g; appears d times. Thus, by the inner induction, the computer
will not go into an infinite loop making substitutions on any combination of
generators in {g1, 92,93, -, 0n}-

We now can close the outer induction argument. Since we have shown
that there cannot be an infinite number of substitutions on a combination of
generators in G provided that the same was true for G, and that Gy /Gy was
cyclic, we can see by induction that no such infinite number of substitutions
is possible on the original group G. I

Because this result is the foundation that allows this set of notebooks to
exist in Mathematica or GAP, it is included here. It gives a good example
of how the tools that we have learned throughout the course, such as induc-
tion and reductio ad absurdum, can be applied consecutively to solve harder
problems.
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8.4 Solving the Pyraminx™

In section 2.3, we introduced a very large group called the Pyraminx™

group, formed from the different actions that can be performed on the puzzle
in figure 2.3.

This group was described by four generators, r, [, b, and f, which rotated the
right, left, back, or front corners 120° clockwise. The size of the group (933120
elements) makes it infeasible to list the elements in either Mathematica or
GAP, but we still can use the tools we have learned to analyze this group.
Does the group has a nontrivial center? Notice that the four corner pieces
will never change location in the puzzle. The sequence of moves

ResetPuzzle
RotatePuzzle[f.r.f.r.r for.for.r]

rotates one of these corner pieces, returning all other pieces to their original
positions. It is clear that this sequence would commute with all other se-
quences performed on the puzzle. Since the four corners act independently,
we would find at least 3* = 81 elements in the center of the group. Let us call
this subgroup K.

Are there elements in the center besides those in K7 The sequence

ResetPuzzle
RotatePuzzle[l.l.b.f.1.1.b.f.1.1.b.f]

returns the four corner pieces to their place, while putting all the edge pieces in
the right position, but reversed. If a further sequence of moves was performed
from this position rather than the original position, the difference in the end
positions would be that all six edges would be reversed. Thus, the above
sequence of order 2 will commute with all other elements of the group. It is
clear that there can be no more elements in the center, for such an element
would have to keep the edge pieces in place. Hence, the center is a normal
subgroup isomorphic to the group Zs x Z3 x Z3 X Z3 x Z3.

Suppose we consider the subgroup F of actions that return all of the corners
to their original place. If z is an element of E, and y is a general element, say
y rotates the front corner n degrees. Then y - = -y~ ! rotates the front corner
n+ 0+ (—n) = 0 degrees, so the front corner would return to its original
position. Since the same is true for the other three corners, we see that E is
a normal subgroup.

The intersection of £ and K would be the only element that leaves both
the edges and the corners fixed, the identity element. Since both F and K
are normal (since K is in the center), by the direct product theorem, E - K is
isomorphic to E x K. Yet any action on the Pyraminx™ can be performed by
first moving all of the edge pieces, and then moving all of the corners. Thus,
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S\

FIGURE 8.3: The Pyraminx™ without the corners

the entire group is in F - K, and so the Pyraminx™ group is isomorphic to
EXK%EXZgXZgXZ;;XZg.

To find the structure of the subgroup F, we analyze the puzzle without the
corners, as in figure 8.4 created by Mathematica’s HideCorners command.

Since there are only 12 triangles remaining, it is clear that each action could
be described as a permutation of the 12 triangles. In fact, notice that turning
one corner 120° moves 6 triangles—two sets of 3 triangles rotate places. Thus,
each turn produces an even permutation of the 12 triangles, so FE is a subgroup
of A12.

Let us now try to find a normal subgroup of E. What if we considered
the subgroup of actions that returns the edge pieces to their place, but may
reverse some of them? Let us call this subgroup H. Let = be an element of
H, and y an element of E. The action y 'z - y may temporarily move an
edge piece out of position, but will return it to its proper place after possibly
flipping it. Therefore, H will be a normal subgroup of F.

Let us determine the structure of H. At first one might think that each edge
piece can be reversed independently of all of the others, but this is not true.
An action that reverses only one edge piece would be an odd permutation of
the triangles. So every element of H must reverse an even number of edge
pieces. The sequence of moves

ResetPuzzle
RotatePuzzle[l.f.1.b.1.b.f.b.f]

reverses the two front edge pieces, hence it is possible to reverse two edge
pieces when they are touching. Using routines like this one, we can reverse
any combination of edges as long as the number of edges reversed is even.
How many elements of H will there be? If we had considered the edge pieces
to be reversed independently, there would have been 2 x2 x2x2x2x 2 = 64
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elements. Of these 64 possibilities, half of them reverse an even number of
edges. By noticing that all elements of H besides the identity are of order 2,
we find that the 32 elements of H are isomorphic to Zs X Zy X Zy X Zo X Z5. The
quotient group E/H can now be visualized by ignoring whether the six edge
pieces are reversed. Certainly this would be a subgroup of the permutations of
the six edges. But again we can only consider even permutations, for the edges
are moved three at a time. Thus F/H must be isomorphic to a subgroup of
Ag. Tt is fairly clear that we can position four of the six edges in any position,
so E/H =~ Ag.

Is F isomorphic to a semi-direct product of H with Ag? To see that it is, we
need to find a copy of Ag inside of E that contains no elements of H besides
the identity. Such a subgroup is generated by the three actions

RotatePuzzle[f]
RotatePuzzle[b]
RotatePuzzle[r.f.f.r.r.f]

so the group K generated by these three sequences is isomorphic to Ag. Since
it is impossible to reverse any edges with the elements of K, the intersection
of K and H is the identity. Every arrangement of the edges can be obtained
by first putting all of the edges into position, and then reversing several edges.
Thus, E = K - H. Therefore by the semi-direct product theorem (6.3), E is
isomorphic to a semi-direct product of H with K. If we let ¢ represent the
homomorphism from K to Aut(H), we have that

E%A6I><¢(ZQ X ZQ X ZQ X Z2 XZQ).

Surprisingly, there is only one semi-direct product of this form! Let’s sketch
a proof of this remarkable statement.

We begin by finding all nontrivial homomorphisms from Ag to the group G
= Aut(Zy x Zy X Z3 X Za X Z3). The kernel of such a homomorphism would
have to be a normal subgroup of Ag. But Ag is simple, so the kernel must be
just the identity. Thus the homomorphism is an isomorphism from Ag onto a
copy of Ag in G. Let us look for copies of Ag within the group G.

Although the group G is huge (9,999,360 elements), there are some shortcuts
to this process. Consider the single element of G given by f, where

f(A)=B, fB)=C  f(C)=D, [f(D)=E, and [f(E)=A4,

and A, B, C, D, and F are five generators of the group Zs X Zo X Zo X Zg X Zs.
The element f is of order 5, and using Mathematica, we can find that there
are exactly 15 elements of G that commute with f. These 15 elements form
a cyclic group that is generated by the element g, where
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g(C)=B-C-E,
9(D)=A-C-D,
g(E)=B-D-E.

Notice that g2 = f, and hence ¢ commutes with f. By lemma 7.2, the number
of elements of G that are conjugate to f is 9,999,360/15 = 666,624. All of
these elements would be of order 5, so there are at least 666,624 elements of
G of order 5. By the second Sylow theorem (7.4), all 5-Sylow subgroups of G
are conjugate. Thus each 5-Sylow subgroup would contain 1, 2, or 4 elements
conjugate to f. But the third Sylow theorem (7.5) eliminates the first two
possibilities. Therefore, all 666,624 elements of G of order 5 are conjugate.

For each of these elements of order 5, let us determine the number of copies
of Ag in G that contain that element. Because the elements of order 5 all
conjugate, we only need to consider the number of copies of Ag in G that
contain the element f. Since Ag is generated by (12345) and (13)(46), it is
logical to look for elements in G that are of order 2, and that together with
f generate a copy of Ag.

Mathematica can find exactly 6975 elements of G of order 2. Notice that
(12345) - (13)(46) = (1465)(23), which is of order 4, and (12345) - (12345) -
(13)(46) = (15246), which is of order 5. Thus, to determine which of these
elements of G could correspond to the element (13)(46), we need to find the
elements p of G such that f - p is of order 4, and f - f -y is of order 5.
By searching though the 6975 elements, Mathematica found exactly 90 such
elements. Each of these 90 elements, together with f, generated a copy of Ag.
However, each copy of Ag contained 10 of the 90 elements. Thus, Mathematica
came up with nine copies of Ag in G that contain the element f.

Even though there may be many other copies of Ag in G, all copies must
contain an element of order 5, and we already mentioned that all such elements
would be conjugate to f in G. Proposition 6.7 tells us that two semi-direct
products are isomorphic if the images of the ¢’s are conjugate. Thus, we may
assume that the image of ¢ is one of the nine copies of Ag in G that contain f,
which we will call H. But notice however g=!-H-g and g=2- H-g~2 would also
be copies of Ag containing the element f, and H cannot be the same subgroup
as g~' - H - g, since this would imply that Ag has an automorphism of order
15, which is not true. Thus, the nine copies of A3 in G containing the element
f appear as three collections of three subgroups, with the three subgroups in
each collection being conjugate to one another. Therefore, by proposition 6.7
there are only three semi-direct products we will have to consider.

Because these groups are insoluble, these semi-direct products must be
represented using 5 x 5 matrices instead of using generators. In all three
cases, the orders of the elements are given in table 8.2.

Although this gives some strong evidence that the three possible semi-direct
products are in fact isomorphic to each other, the actual isomorphisms had to
be verified by Mathematica. Therefore, there is only one semi-direct product
of Ag and Zy x Zy x Zy x Zy x Zy. We then can describe the Pyraminx™
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TABLE 8.2: Orders of
AGIX(Z2 X Zg X ZQ X Z2 X Zg)

1 element of order 1,
391 elements of order 2,
800 elements of order 3,
2520 elements of order 4,
2304 elements of order 5,
1760 elements of order 6,
1440 elements of order 8,
2304 elements of order 10,
11520 elements total.

group as being the group isomorphic to
(AGIX(ZQ X Lo X Loy X Ly X ZQ)) X Z3 X Zg X Zg X Zg.

Knowing the structure of the group allows us the solve the puzzle! Here is
the strategy based on this decomposition of the group.

1. First put all of the edge pieces in place. We can begin with the bottom,
then rotate the front and back corners until the back two edges are in
the right place (they may be reversed). Finally, rotate the front corner
until all six edges are in place.

2. At this point, an even number of edges will be reversed. We can find
routines that will flip two, four, or six of the edges. These may rotate
corners in the process.

3. Now only the four corner pieces are out of position. We can find routines
to rotate these into position.

To find a combination of the four moves f, b, v, and [ that will accomplish
these goals, we can have GAP help us. First we can number the 24 triangles, as
in figure 8.4. Then the permutation (4 23 14)(5 24 15)(6 19 16) can represent
r, 1 =(81621)(9 17 22)(10 18 23), f = (1 13 7)(2 14 8)(6 18 12), and finally
b= (210 19)(3 11 20)(4 12 21). We can then enter the Pyraminx™ group
as a subgroup of Soy.

gap> r := (4,23,14)(5,24,15)(6,19,16);
(4,23,14) (5,24,15) (6,19,16)

gap> 1 := (8,16,21)(9,17,22)(10,18,23);
(8,16,21)(9,17,22) (10,18,23)

gap> f := (1,13,7)(2,14,8)(6,18,12);
(1,13,7)(2,14,8)(6,18,12)

gap> b := (2,10,19)(3,11,20) (4,12,21);
(2,10,19) (3,11,20) (4,12,21)

gap> p := Group(r,l,f,b);

<permutation group with 4 generators>
gap> Size(p);

933120
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FIGURE 8.4: The Pyraminx™ with numbered faces

Now that we have the group representing the puzzle entered into GAP, The
natural question is how to express any given permutation in this group in
terms of f, b, r, and [ in the most efficient way. For example, suppose we
want to find an efficient way to rotate just the right corner piece clockwise,
that is, the permutation (5,24,15). Here is how we can do it:

gap> phi:=EpimorphismFromFreeGroup(p:names:=["r","1","f" ,"b"]);

[r,1, £, b1 -> [ (4,23,14)(5,24,15)(6,19,16),
(8,16,21)(9,17,22) (10,18,23), (1,13,7)(2,14,8)(6,18,12),
(2,10,19) (3,11,20) (4,12,21) 1]

gap> PrelImagesRepresentative( phi, (5,24,15) );

r*b*r”-2%b"-1*r*xb*r*b~-1

This creates a homomorphism from the group generated by the letters f,
b, r, and [ to the permutation group of the puzzle. By finding the inverse
homomorphism of a permutation, we get a sequence of letters, which tells us
how to accomplish this task on the puzzle. This particular task of rotating
the corner piece, and leaving everything else fixed, is done in eight moves.

r*xb*xr* b —1*xr*b*xr*b~-1;
(5,24,15)

In flipping edges, we have the advantage that we do not care if corners are
rotated in the process. So we can enter versions of r, [, f, and b that ignore
the corner pieces. For example, to flip the top and front left edges, we look
for the permutation (2,12)(8, 18).

gap> r := (4,23,14)(6,19,16);;
gap> 1 := (8,16,21)(10,18,23);;
gap> £ := (2,14,8)(6,18,12);;
gap> b := (2,10,19) (4,12,21);;
gap> p := Group(r,1l,f,b);;
gap> Size(p);
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11520

gap> phi:=EpimorphismFromFreeGroup(p:names:=["r","1","f" ,"b"]);;
gap> PreImagesRepresentative(phi, (2,12)(8,18));
r*17-1%b"—1x1*xr " —1*%f" -

gap> r*17-1%b -1*1*r"-1xf"-1

(2,12)(8,18)

gap> PrelImagesRepresentative(phi, (6,14)(10,21));

r -1%b*1*b~-1x1"-1*r " —1%b " -1*xr~-1

gap> r¥bxrxlxbx1”"-1%b"-1%r;

(6,14) (10,21)

Note that in the last example, we took the inverse of the combination that
GAP gave us to produce a simpler looking combination. We summarize the
necessary moves in tables 8.3 and 8.4.

TABLE 8.3: Flipping edges into position
I=*b-f-17t-b- f [t b- f Alip all six edges

fbor tlor-b- flip two front edges
b-l-bor-l-r~t.07t.p flip top & bottom edges
for-l7 bt flip top & front left edges
r-l7bb LTl f flip top & front right edges
r-b-r-1-b-07t.p7t. flip left rear & front right edges
l-r-l-b-r-b7t.r 1. flip right rear & left front edges
r-b- 17l f b7t flip bottom & front right edges
I-b-f~tor f-bt flip bottom & front left edges
bor-fLolfopt flip top & left rear edges
b-l-r=t.f.p.- 171 flip top & right rear edges
b-f- 17t f1 flip rear two edges
I-f-r~tbop. 1 flip bottom & left rear edges
rof-blolob f0 flip bottom & right rear edges
Lor b7t fb.prt flip two left hand edges
rol-f7bebflt flip two right hand edges

TABLE 8.4: Rotating corners into position

for-f-r~t.f.r.f.-r~1 rotate front corner 120° clockwise
leor-lor=tolop-p—t rotate left corner 120° clockwise

reb-r-bt.r.-b-r-b1  rotate right corner 120° clockwise
b-r-b-r~t.b-r-b.-r! rotate back corner 120° clockwise

By applying these four routines once or twice, we can get all four corners
into position, and have solved the puzzle!

Notice that our three steps can be expressed in terms of a subnormal series
for the Pyraminx™ group:

(A6I><(ZQXZQXZQXZQXZQ))XZgXZ3><Z3XZgD
ZQXZQXZQXZQXZQ><Z3XZgXZgXZ3DZg><Z3><Z3XZgD{€}.
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This same ‘gpe of analysis can be used to solve other puzzles, such as the
Rubik’s Cube™. Several problems in the homework relate to this puzzle. Thus,
we can see a practical application of the properties of groups that we have
studied throughout the course.

Problems for Chapter 8

Interactive Problems

8.1 Use Mathematica or GAP to find the derived series of the group Q:

InitGrouple];

Define[i"4, e]; Define[j "2, i™2]
Definel[j.i, i.i.i.j]

Define[i" (-1), i~ 3]; Define[j " (-1), i.i.j]
Q = Groupl{i, j}]

or, in GAP,
gap> f := FreeGroup("i","j");; i := f.1;; j := £.2;;
gap> Q := £/[i"4,j°2/(i"2),j*i/(1"3%j)]1;; 1 := Q.1;; j := Q.2;;

Add any subgroups necessary to make this series a composition series.

8.2 Use Mathematica’s Commutator or GAP’s CommutatorSubgroup com-
mand as an alternative way to show that Aut(Z3,) is insoluble. Load this
group with the commands

InitPermMultiplication
A = Group[{149, 735}]

or

gap> A := Group( (1,2,3)(4,6,5), (2,4)(6,7) );
Group([ (1,2,3)(4,6,5), (2,4)(6,7) 1)

and find A’. Note that both Mathematica and GAP can find the derived
group quickly.

8.3 Find the derived group series of the following group:

InitPermMultiplication
G = Group[{6782, 10159}]

gap> G := Group( NthPerm(6782), NthPerm(10159) );
Group([ (1,6,4,2)(3,8,7,5), (2,3,5)(6,7,8) 1)
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TABLE 8.5: Mystery group B used in problem 8.5

1 1 JKLMNOPG QRS STUVW
1/1 T JKLMNOPQRSTTUVW
I/IT' L KNMI1O0OJQTSVUPWR
J|J OLI NKI1IMRWTOGQV S PU
KIKJMLONTII1SRUTWVAQTP
LILMNOT1T1JKTTUVWPQTR S
MM 1 0O0JILKNTUPWRO QTS SV
NINK1MJOLTIVSPURWTQ
OlONT 1 KJMLWVQPSTRUT
PIPQRSTUVWLMNOTI1TIJK
QIQ TS VUPWRMI1OUJTIULIKN
RIRWTQV SPUNEKTI1IMIJIOTLI
SIS RUTWVYVQPONTITI1IKIJML
TITUVWP QRS 1TIJKTLMNO
UIUPWRQTSVILEKNMIOJ
VIVSPURWTQJOLTINEKT1M
WIWVQPSRUTEKT JIJMLONTI I

What group is G’ isomorphic to? Is G a semi-direct product of two familiar
groups?

8.4 Use a polycyclic series of A4 to enter this group into GAP or Mathemat-
ica.

8.5 Find a polycyclic series of group B of order 16 given in table 8.5, and
use this to enter the group into GAP or Mathematica.

8.6 Find a polycyclic series of group C of order 16 given in table 8.6, and
use this to enter the group into GAP or Mathematica.

8.7 Find a polycyclic series of group D of order 16 given in table 8.7, and
use this to enter the group into GAP or Mathematica.

Non-Interactive Problems

8.8 Show that any group of order p”, where p is prime, is solvable.
Hint: See corollary 7.2.

8.9 Let
G = Zl2 2 Al = {07376a9} 2 {0}
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Mystery group C used in problem 8.6

TABLE 8.6:

HIF g QOEUOR A »—=M80 Z =
NNHERKRTDUKA—=mZ &0
Ll CHNnUID >, 3xdOoOMN = Z
CICENnH"KUIUED—PA=2z20mM~
AN O ZESHNAEOTDU R~ AN H
QoA zECHROE K= — AKX
ZIZ2A0OnEHOEERE AT UNMAA~
SISz 0AC0rnEH ~&EOI —~ > XA
HiA PP =0 Z=2HNEOTD O K-
MM A= Z 2 AN HOOER — IO
SPImPHAMOAZZECOH®NUE A K
HlH P M A Z0AMCKEnEHE—KUOE
T U A, 0ZSBH®NnEC
VIO E " mmr =~ AMOAMS ZECH®
Elm w B UONMaA~=,Z2 30 0nHCx
S lm RO, A Zz00a0E nH

S EUD =, aAS 200X nH

Mystery group D used in problem 8.7

TABLE 8.7:

NN HDEEX A —~332z0
SN EHEDEEXOXE A3 Z0A
M NOEHEPpD 2~ 27200
ZlEX > NREDE 32200
Sl 2R NNEHDAZZOA~AOE
PlRPrEXRTN®NHZIZZOATE - A
HIHERPPEXR>»N®nZOACKE — 433
NNEHPDEFPEZEX A NOACE -3 Z
Kl —~A2Z0~rCHDEEZX »N®
ClICE R Z0ADE>EXHN®H
AR OE "R Z0 X > N®NHD
CQloACE ~A=2Z2E2X»N®nHP >
ZlZz 0O ~ S K rrN®nHDR>E
Sl2z0a0E A N®OHP>Z X
QRS Z20ACKE ~N®NHD>E K™
—|F A2 Z20AMCENnHDRPZ X >N

A2 200X ®NHD>E XN
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and

G = ZIQ 2 Bl = {072747678710} 2 32 = {07478} 2 {0}
be two subnormal series for Z15. Find all of the subgroups shown in fig-
ure 8.2, and show that the quotient groups indicated by the arrows are indeed
isomorphic.

For problems 8.10 through 8.18: Write out a composition series for the
group.

8.10 Zi; 8.13 712 X Z33 8.16 Dj
8.11 73, 8.14 The quaternion group @ 8.17 Dg
8.12 Z3, 8.15 Dy, 8.18 Sg

8.19 Show that there are exactly three possible composition series for Ay.
8.20 Show that .S, is solvable for n < 5, but is insoluble for n > 4.

8.21 Find an example of two non-isomorphic groups for which the composi-
tion factors are isomorphic.

8.22 Find two groups of the same order with composition series of different
lengths.

8.23 Find a non-simple group for which all of the composition factors are
non-cyclic.

8.24 Show that [z -2 271z -y 27 =2 [z,y] - 271

8.25 Let G be the group from example 1.4 in section 1.4, the group of linear
functions of the form f(x) = ma + b, with m,b € R, m # 0. By finding the
derived group G’, show that this group is solvable.

8.26 Show that if G is a non-cyclic simple group, then G’ = G. Is it true
that if G’ = G, then G must be simple?

8.27 Throughout this course, we have encountered a number of groups of
order 16. Here is a list of some of these groups:

Zlﬁ, Zg X ZQ, Z4 X Z47 Z4 X Z2 X ZQ, ZQ X ZQ X Z2 X ZQ,
three groups of the form Z, [><¢Zg in section 6.4 (one is Dg),
Zy X Q, Zy X Dy, ZyX Z4 studied in this chapter,

and three mystery groups B, C, and D found in problems 8.5, 8.6, and 8.7.
Show that these 14 groups are all non-isomorphic. (In fact, these are all of
the non-isomorphic groups of order 16.)

Hint: Find the number of elements of order 2 in each of the 14 groups. Note
that group B has only 1’s and L’s along its diagonal, whereas group C' has
three different elements along its diagonal.
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8.28 Show that there is a group of order 24 for which there are two elements
x and y that generate the group such that 2> =y% = e, and y -« = 22 - y2.
Hint: What are the orders of the elements x - y and y - 7 Determine the

subgroup generated by these two elements.

8.29 Let GG be an infinite group such that every element besides the identity
has order 2. Show that G is solvable, yet G does not have a polycyclic series.

8.30 Let H and K be two subgroups of G. Prove that the mutual commu-
tator [H, K] is a normal subgroup of the group generated by the elements of
H and K.

For problems 8.31 through 8.33, find the derived series of the group.
8.31 Dy, 8.32 Dj 8.33 The quaternion group

8.34 If GG is a group, define the sequence G = [G, G|, Gy = [G,G4], G5 =
[G,G3],. ... G is said to be nilpotent if |G,| = 1 for some n. Prove that if G
is nilpotent, then G is solvable.

Hint: Prove that GG, contains the n-th derived group of G.

8.35 Find a solvable group that is not nilpotent. (See problem 8.34.)

8.36 Show that a group of order p™, where p is prime, is nilpotent. (See
problem 8.34 and corollary 7.2.)

8.37 Prove that if the refinement theorem (8.1) is applied to two normal
series, the resulting series will be normal. That is, if A, and B, are such that

G=A DA DA, D --D A, =e},

and
G=By2>2B1 2By, 22 By, ={e},

where each A; and B; is a normal subgroup of G (not just the previous
group), then the A;; and B;; given by the refinement theorem will all be
normal subgroups of G.

Hint: Use the result of problem 4.21.

8.38 A chief series is a normal series for which no refinements produce
normal series. Show that the Jordan-Hélder theorem (8.2) applies to chief
series as well as to composition series. That is, show that if

G=A2A1 D4, 2 ---DA,={e}
and
G=By2B1 DBy 2---2 By, ={e}

are two chief series, then n = m, and the quotient groups of the first series
are isomorphic to the quotient groups of the second in some order. (Use the
result from problem 8.37.)
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8.39 A group is called supersolvable if there is a chief series with cyclic fac-
tors. Show that if G is supersolvable, then G’ is nilpotent. (See problems 8.34
and 8.38.)

8.40 Using the orders of the subgroup E of the Pyraminx™ group given
in the chapter, determine the number of elements of the Pyraminx™ group
that are of order 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 24, and 30. Verify that the sum
of these numbers totals 933,120.

8.41 Consider a 2 x 2 x 2 Rubik’s Cube®, consisting of just eight corner
pieces. Determine the size of the group of actions on this cube. Express the
group of actions as a semi-direct product of two familiar groups. You do not
need to show that this semi-direct product is unique.

Hint: It is impossible to rotate just one corner, and leave the others in
place. Is it possible to move just two of the corners?

8.42 Consider a standard Rubik’s Cube®. What is the size of the group of
actions? What is the center of this group?



Chapter 9

Introduction to Rings

9.1 Groups with an Additional Operation

Many of the groups studied in the previous chapters possessed some addi-
tional structure. From now on, we will consider those groups that have not
just one, but two operations defined on the set of elements. In other words,
not only will we be able to multiply elements together as we did for groups,
but we also will be able to add elements together.

The simplest example to consider is the group of integers, Z. This is a
group under addition, but we can also multiply two integers together. This
extra operation gives Z a richer structure than standard groups.

Subgroups of Z should also be considered. A typical example would be the
set of even integers. Once again, we have both addition and multiplication
defined on this set, since both the sum and the product of two even integers
yield even integers.

Another example of a group possessing two operations is the group of all
rational numbers Q of the form p/q, where p is an integer and ¢ is a positive
integer. Although Q is an abelian group under addition, it is almost a group
under multiplication as well. The multiplicative inverse exists for all elements
except 0. If we consider the remaining elements Q — {0}, denoted Q*, we have
a multiplicative group.

One way to illustrate the rationals graphically can be seen by executing the
command

ShowRationals[-5, 5]

which draws figure 9.1. This figure helps to visualize the rational numbers
from —b to 5 using a sequence of rows. The n-th row represents the rational
numbers with denominator n when expressed in simplest form. In principle
there would be an infinite number of rows, getting closer and closer to each
other as they get close to the axis.

Figure 9.1 suggests the following.

PROPOSITION 9.1
If a and b are any two different real numbers, then there is a rational number
between a and b.

245
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FIGURE 9.1: Plot depicting the rational numbers

PROOF Let 2 = |a —b|. Since z is not zero, we let ¢ be any number that
is greater than 1/x. Then |a-¢—b-¢| = ¢-x > 1, so there must be an integer
between a - ¢ and b - ¢, which we will call p. But then p/q will be between a
and b, and the proposition is proved. I

From this proposition, we can keep dividing the interval up into smaller and
smaller pieces to show that there are in fact an infinite number of rational
numbers between any two real numbers. This would make it seem that the
number of rational numbers is “doubly infinite,” since there are an infinite
number of integers, and an infinite number of rational numbers between each
pair of integers. But surprisingly, the set of rational numbers is no larger than
the set of the integers. To understand what is meant by this statement, let
us first show how we can compare the sizes of two infinite sets.

DEFINITION 9.1 A set S is called countable if there is an infinite
sequence of elements from the set that includes every member of the set.

What do sequences have to do with comparing the sizes of two sets? A
sequence can be considered as a function between the set of positive integers
and the set S. If a sequence manages to include every member of the set .S,
then it stands to reason that there are at least as “many” positive integers
as there are elements of S. The shocking fact is that even though it would
first appear that there must be infinitely many more rational numbers than
integers, in fact the two sets have the same size.
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-4 -2 0 2 4

FIGURE 9.2: Beginning of a path that will hit every rational number

PROPOSITION 9.2

The set of rationals forms a countable set.

PROOF In order to show that the rationals are countable, we need a se-
quence that will eventually contain every rational somewhere in the sequence.
Equivalently, we can connect the dots of figure 9.1 using a pattern that would,
in principle, reach every dot of figure 9.1 extended to infinity. There are of
course many ways to do this, but one way is given in figure 9.2. This path
starts at 0, and swings back and forth, each time hitting the rationals on
the next row. Since there are an infinite number of rows, we can extend this
pattern indefinitely, and every rational number will eventually be hit by this
path. This path gives rise to the sequence
S R g TP Y

27 2 2733332
which contains every rational number, so we have shown that the rationals
form a countable set.

{0,1

Even though we have shown that there are an infinite number of rational
numbers between any two numbers, the natural question to ask is whether
there are numbers that are not rational. The first discovery of a number that
was not rational was v/2, proven by the Greeks. [12, p. 82]

PROPOSITION 9.3
There is no rational number p/q such that (p/q)* = 2.
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PROOF  Suppose that there was such a rational number, p/q. Let us
further suppose that p/q is in simplest form, so that p and ¢ are integers with
no common factors. We could rewrite the equation (p/q)? = 2 as

p? =242

This would indicate that p? is an even number, which implies that p is even.
Next, we make the substitution p = 2r, where r is an integer. Making this
substitution for p, we get

(2r)? = 242 or 2r? = 2.

This would indicate that ¢, and hence g, is even. But this contradicts the
fact that p/q was written in simplest form. Thus, there is no rational number
whose square is 2.

This proof is an example of a reductio ad absurdum proof. These types of
proofs are particularly effective to prove that something is impossible.

The real numbers R that are not rational are called irrational numbers.
Irrational numbers are characterized by the fact that their decimal represen-
tation never repeats.

We have already proven that there is, in essence, the same number of ra-
tional numbers as integers. This may not come as too much of a shock, since
both sets are infinite, so logically two infinite sets ought to be the same size.
But the set of real numbers is also infinite, so one might be tempted to think
that there is the same number of real numbers as integers. However, the num-
ber of reals is “more infinite” then the number of integers. In other words, we
cannot construct a sequence of real numbers that contains every real number,
as we did for rational numbers. This surprising fact was proved by Georg
Cantor (1845-1913) using a classic argument. [11, p. 670]

THEOREM 9.1: Cantor’s Diagonalization Theorem

The set of all real numbers between 0 and 1 is uncountable. That is, there
cannot be a sequence of numbers that contains every real number between 0
and 1.

PROOF We begin by assuming that we can form such a sequence

{(1,1, a2,0as, .. }

and work to find a contradiction. The plan is to find a number b that cannot
be in this list. We can do this by forcing b to have a different first digit than
a1, a different second digit than as, a different third digit than as, and so on.
The only technical problem with this is that some numbers have two decimal
representations, such as

0.348600000000000000. . . = 0.3485999999999999999. . ..
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For these numbers, all we need to do is require that both representations are
in the list. (That is, some rational numbers will appear twice on the list with
different decimal representations.)

We now can find a number b using any number of procedures, such as
letting the n-th digit of b be one more than the n-th digit of a,,, modulo 10.
For example, if the list of numbers is

a1 = 0.94837490123798570. . .
az = 0.83840000000000000. . .
az = 0.83839999999999999. . .
as = 0.34281655343424444 . ..

then b = 0.0499.... Certainly b is missing from the list, since it differs from
each member of the list by at least one digit. This contradiction proves the
theorem.

Not only do Z, Q, and the real numbers R allow for an additional operation
to be defined on them but also some groups from chapter 1. Take for example
the groups formed by modular arithmetic, such as Zg.

DefSumMod|6]
MultTable[{0, 1, 2, 3, 4, 5}]

U W N~ O+
[ SEGEJU O el I )
O T W NN ==
— O Otk W NN
O~ O Ul W W
W N = O Ot |
W N = O ot ot

This multiplication table can be displayed in GAP by the command
gap> MultTable([0..5]);

+_!_O 1 2 3 4 5
0ojo 1 2 3 4 5
111 2 3 4 5 0
2|12 3 4 5 0 1
3|13 4 5 0 1 2
414 5 0 1 2 3
5|16 0 1 2 3 4

A natural second operation would be multiplication modulo 6, defined by

DefMultMod|6]
MultTable[{0, 1, 2, 3, 4, 5}]
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TABLE 9.1: () Mod 6

0 1 2 3 4 5
00 0 0 0 0 O
110 1 2 3 4 5
210 2 4 0 2 4
310 3 0 3 0 3
410 4 2 0 4 2
510 5 4 3 2 1

which produces table 9.1. In GAP, we can display this table except for the 0
row and column with

gap> MultTable([1..5]);

P WNF | *

Even though this table does not possess the “Latin square” property we have
seen in the group tables, the second operation need not have this familiar
property.

Here is one last example of appending an additional operation on a group.
The following command produces the quaternion group ) of order 8 which
we studied in chapter 4:

gap> InitQuaternions();

#I default ‘IsGeneratorsOfMagmaWithInverses’ method returns
‘true’ for [ i, j ]

gap> MultTable(Q);

* [(-Dxe (-1)*i (-1)xj (-1)*k k j i e
______ +_______________________________________________________
(-1 *xele i j k Dk (-D*j (-1)*i (1) *e
(-D)*ili (-1 *e k (-1)*j j (-1)*k e (-1)*i
(-D*jlj (-Dx*k (-1D*e i (-D*i e k (-1)%j
(-D*klk j (-D)*i (-1)xe e i (-1)*j (-1)*k
k [(-Dxk (-1)*j i e (-1)*e (-1)*i j k
j [(-1)*j k e (-D*i 1 (-D*e (-1)*k j
i [ (-1)*i e (-1 *k j (-1)*j k (-1D*e i
e [ (-D*e (-1)*i (-1)*j (-1)*k k j i e

The corresponding Mathematica® commands

InitQuaternions
Q= {17 LJ, K, -1, -1, -J, _K}
MultTable[Q]
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produce table 4.3 that we have seen before. When written in this way, the
quaternion elements are reminiscent of the cross product between two vectors.
In fact, in order to get a second operation on this set, we can consider adding
multiples of these elements together like vectors, forming such elements as

gap> (1 - 2xj - k) + (3*i + j - 2xk);

(4)*i+ (1) *j*(=3)*k

which represents the vector (4, —1,—3). Unfortunately, as we multiply these
“vectors” together, we find elements of the form

gap> (i - 2*%j - k) * (3*i + j - 2xk);

(=3)*e+(5) *i+(-1)*j+(7) *k

which would represent the four-dimensional vector (—3,5,—1,7).

PROPOSITION 9.4
The set of nonzero four-dimensional vectors forms a non-abelian group using
the multiplication table for the quaternion group Q.

PROOF If
r=a+bi+cj+dk

is nonzero, then

-1 a —b .
TEI P eIl iR ET B
—c —d

+ a? +b%+c2+d? I a?+ b2+ c? + d? K

forms a multiplicative inverse, since it is a simple exercise to show that z-z ! =
1, the multiplicative identity. (See problem 9.15.) Note that since x # 0, the
common denominator a®+b24c2+d? > 0. It is easy to see that multiplication
is closed. The only hard part is to show that the associative law holds, which
is best done via a program like Mathematica.

Given that the associative law holds, it is easy to see that the product of
two nonzero vectors must be nonzero. If z -y = 0, and = # 0, then

y=(zt-z)-y=a ' (z-y)=2"1-0=0.
Thus, if both  # 0 and y # 0, then x -y # 0. I

We call the group of four-dimensional vectors of the form a+ bi+cj+dk the
quaternions, denoted by H after their discoverer, William Rowan Hamilton
(1805-1865).

We have now seen several examples of groups that have additional structure
in the form of a second operation. In the next section we will tie all of these
examples together, discovering which properties all of the examples have in
common.
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9.2 The Definition of a Ring

In the preceding section we saw many examples of groups that exhibit not
one but two operations defined on them. One of these operations is rep-
resented with the plus sign, and the other is usually denoted with a dot.
However, some of the different groups we looked at possessed additional prop-
erties. To help us organize our findings, let us construct a checklist from
table 9.2. This checklist is already started, since all six of these groups are
closed under addition. Before going on, please try to complete table 9.2.

We want to pay special attention to the properties that hold for all of the
groups studied so far. In fact, let us define a ring as a group possessing all of
these properties. In this way, we force all six of the above groups to be rings.

DEFINITION 9.2 A ring is an abelian group with the operation (+) on
which a second associative operation (-) is defined such that the two distribu-
tive laws

(a+b)-c=(a-c)+(b-¢)
and
a-(b+c)=(a-b)+(a-c)
hold for all a, b, and c¢ in the ring.
For any ring we will use the symbol 0 to denote the additive identity of a
ring, and the notation —x for the additive inverse of x.
Even though we defined a ring such that all six of the groups in table 9.2 are

rings, you may also have noticed that many of the groups possessed additional
properties. We will give names to rings with some of these extra properties.

DEFINITION 9.3 A ring for which z -y = y - x for all elements x and y
is called a commutative ring.

DEFINITION 9.4 A ring for which there is an element e such that

for all elements x in the ring is called a ring with identity. The element e is
called the multiplicative identity of the ring.

Using only the definition of rings, we can prove a few things that are true
for all rings.
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TABLE 9.2: Property checklist for several groups
Property Z Even Q | Reals | Zg | Quaternions

Integers

Closed under | +/ v Vv Vv Vv Vv
Addition

Closed under
Multiplication
(a+b)+c=
a+ (b+c¢)
(a-b)-c=
a-(b-c)
Additive
Identity (0)

Multiplicative
Identity (1)

Additive
Inverses Exist

Multiplicative
Inverses Exist
Except for 0

a+b=b+a

a-b=b-a

a-b=0 only
ifaorb=0

(a+b)-c=
a-c+b-c

a-(b+c)=
a-b+a-c
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LEMMA 9.1
If x is any element in a ring, then 0-x = x -0 = 0, where 0 is the additive
identity.

PROOF This proof is just a little tricky because there are no other propo-
sitions to rely on. Thus, every step must directly use one of the nine properties
of rings. (The temptation is to rely on some property we suspect is true, but
haven’t yet proven.)

Note that
0-24+0-2)=040)-z2=0-x,
S0
0-z240-2)+(—=(0-2)=0-2+(—(0-2)) =0.
Hence
0-24+0-z+(—(0-2))) =0,
0-24+0=0-2=0.
Similarly,
(z-0+z-0)=x-(0+0)==z-0,
(z-0+2-0)+(—(0-x)=z-0+(—(0-z)) =0.
Hence
z-0+(z-0+(—(0-2))) =0,

2 0+0=x-0=0. i

This proof shows that we can get the equivalent of subtraction by adding the
additive inverse. But although we can add, subtract, and multiply elements in
a ring, we cannot, in general, divide elements. In fact, we can find some rings
for which the product of two nonzero elements produces 0, such as 3-2 =0
in the ring Zg.

DEFINITION 9.5 If z is a nonzero element of a ring such that either
z-y=0ory-x =0 for a nonzero element y, then z is called a zero divisor of
the ring. If a ring has no zero divisors, it is called a ring without zero divisors.

We see from this definition that 2 and 3 are zero divisors of the ring Zg,
since 3-2 = 0 in this ring. A related definition stems from the product of two
elements equaling the multiplicative identity.
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DEFINITION 9.6 1If, for the element x in a ring with identity, there is
an element y such that

Ty=y r=e,

we say that x has a multiplicative inverse, or is invertible.

Just because an element is not a zero divisor does not mean that it is
invertible. For example, 2 is not a zero divisor of the ring Z, yet 2 is not
invertible in this ring.

The smallest possible ring is the trivial ring, which is defined by the Math-
ematica commands

DefMultMod[1]
AddTable[{0}]
MultTable[{0}]
Jr
0 0

Both of these tables are displayed in GAP by the command

gap> MultTable([0]);

+|0
_+_
olo

This ring is rather unusual because the multiplicative identity is 0. Also, 0 is
actually invertible in this ring, because 0~ = 0. These two facts are true for
no other ring.

DEFINITION 9.7 A ring for which every nonzero element has a multi-
plicative inverse is called a division ring.

PROPOSITION 9.5
A division ring always has a multiplicative identity and has no zero divisors.

PROOF We just saw that the trivial ring has an identity and has no zero
divisors, so we may assume that the ring has a nonzero element y. Then y
has a multiplicative inverse z, so we have y - z = e, the identity. Thus, every
division ring must have an identity.

Now suppose that -y = 0 in a division ring, with both z and y nonzero.
Then y has a multiplicative inverse z, so that y - z = e. But then

r=x-e=x-(y-z)=@-y)-2=0-2=0,
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which contradicts the fact that x is nonzero. Thus, a division ring has no zero
divisors.

DEFINITION 9.8 A nontrivial division ring for which x -y = y - x for
all z and y is called a field. A division ring for which multiplication is not
commutative is called a skew field.

We can now classify each possible type of ring. For example, the ring Z is a
commutative ring with an identity and without zero divisors. The ring of even
integers, however, has no identity element, so we would call this a commutative
ring without zero divisors. Both Q and R satisfied all 13 properties, so these
two rings are fields. The ring Zg has zero divisors, so we would call this a
commutative ring with identity. The quaternions H have all the properties of
a field except that multiplication is not commutative, so this is an example of
a skew field.

9.3 Entering Finite Rings into GAP and Mathematica

In the first eight chapters, we entered finite groups into Mathematica by
using the generators of the group. If we consider a finite ring simply as an
abelian group under addition, we can find a set of generators B for this group
(ignoring the multiplicative structure). For each element in B we determine
the additive order of the element. That is, for each generator x we want to
find the smallest number n such that

r+r+---+z+z=0.

n times

DEFINITION 9.9 If n is a positive integer, and z is any element in a
ring, we define nx inductively by letting 1x = x, and

ne=(n-—1)z+z.

We also define (—n)z to be —(nz) for n a positive integer. Finally, we define
Oz = 0.

Because “multiplication by an integer” is merely a shorthand for repeated
addition, we immediately see that

(m+n)x = ma + nx and (mn)x = m(nx)

for any element x and any integers n and m.
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LEMMA 9.2
Let x and y be any two elements in a ring, and let n be an integer. Then

(nz) -y =n(r-y) =2z (ny).

PROOF We will proceed by induction. The statement is certainly true
for n = 0 or n = 1. Suppose that the statement is true for the previous case
n — 1. But then

(n=Dz) y+z-y=mn-(@ y) +z-y=z-(n—1y) +z-y.
Hence, by the distributive law,
(n=Dz+az)-y=((n-1)+ 1@ -y =z-((n-1y+y),
and so
(nx) -y =n(z-y) =z (ny).

Hence, the statement is true for all positive integers.
For negative integers, we can merely show that

(nz) -y + ((=n)z) -y = (nz + (=n)z) -y = ((n —n)z) -y =0-y =0
n(@-y)+ (-n)(z-y) = (n—n)(z-y) = 0(z-y) = 0.

2 (ny)+ o ((~n)y) = (ny + (~n)y) = (n—n)y) =70 =0,

Thus,((—n)x) -y, (—n)(x - y), and x - ((—n)y) are the additive inverses of
(nz) -y, n(z - y), and x - (ny), respectively. But since these latter three are
equal for positive n, we have

(=n)z) -y = (=n)(z-y) =z - ((-n)y).

Hence the lemma is proven for all integers n. I

We can now use this notation within Mathematica to generate a finite ring.
To define a ring whose additive group is isomorphic to

Zi ={1,2,4,7,8,11,13,14},

we find two elements that generate this group: ¢ =2 and b = 14.

We see that a* = 1 and b? = 1 in this group. But in our new notation, we
write 4a = 0 and 2b = 0, since 0 is the additive identity of the ring.

To define this group in Mathematica, we define both 4a and 2b to be 0. The
following three commands do this.

InitRing
Define[4 a, 0]
Define[2 b, 0]
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TABLE 9.3: Addition table for the ring R
+ 0 a 2a 3a b a+b 2a+b 3a+b
0 0 a 2a 3a b a+b 2a+b 3a+b
a 2a 3a 0 a+b 2a+b 3a+bd b
2a 2a 3a 0 a 2a+b 3a+b b a+b
3a 3a 0 a 2a 3a+b b a+b 2a+Db
b b a+b 2a+0b 3a+0 0 a 2a 3a
a+b | a+b 2a+b 3a+b b a 2a 3a
2a+0b|2a+b 3a+b b a+b 2a 3a 0 a
3a+b|3a+0b b a+b 2a+Db 3a 0 a 2a

This defines the group structure of the ring. The eight elements of the group
are denoted as follows:

R = AddGroup[{a,b}]
{0, a,2a,3a,b,a + b,2a + b,3a + b}

The addition table can be displayed using AddTable[R], producing table 9.3.

The first statement, InitRing, tells Mathematica that we are defining a
ring instead of a group. This allows the use of the plus sign instead of the dot
for the additive operation. The additive identity will always be 0, so this is
not needed in the command.

Although this defines the additive group very quickly, we must be selective
in choosing the generators. Suppose we had instead chosen the generators
a =2 and b = 7. These two elements generate the group Z75, but both are
of order 4. So the Mathematica commands for entering these two generators
would be

InitRing

Define[4 a, 0]

Define[4 b, 0]

R = AddGroup[{a, b}]

{0,a,2a,3a,b,a + b,2a + b,3a + b, 2b, a + 2b, 2a + 2b, 3a + 2b, 3b, a + 3b,
2a + 3b, 3a + 3b}

This gives 16 elements instead of 8! The problem is that Mathematica is not
using the identity 2a = 2b, which is true since 22 = 72 (Mod 15). One solution
would be to add an additional Mathematica command defining 2a = 2b, but
this produces some potential problems later on. A better solution is simply
to make the following restriction on the set of generators.
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DEFINITION 9.10 Let G be an abelian group. A basis is a set B =
{1,229, 3, ... 21} which generates the group such that the only way in which

n1T1 + Noko + ngxz + - +npxp =0
for integers ny,no, ng,...n is if
N1T1 = NoXo = N3T3z = - - = N = 0.
For a finite group, it is clear that every combination of the form
ni1T1 + neT2 + nN3x3 + - - - + NETk,

where each n; is non-negative and less then the order of z;, forms a distinct
element. Also, every element of G could be put in that form. Thus, the
product of the orders of all the elements of B equals the order of the group.

It should be noted that any finite abelian group has a basis, as shown in
problem 9.30.

Once we have found a basis for the additive group, and have defined the
additive structure into Mathematica, we are ready to consider the multiplica-
tive definitions. If we have two generators {a, b}, we will need to define 2% = 4
multiplications: a-a, a-b, b-a, and b-b. These four products could be de-
fined to be any of the elements of the ring. Thus, for ring with the additive
structure of Z75, there are up to 8* = 4096 ways to finish defining the ring]
However, very few of these ways of defining the products will satisfy both
the distributive laws and the associative laws. Here is an example of a set of
definitions that does not produce such a contradiction:

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, b]
Define[a.b, 0]; Define[b.a, 0]
R = Ring[{a, b}]

The addition table was given above in table 9.3, while the multiplication table
is given by

MultTable[R]

producing table 9.4.
The tedious task of verifying the distributive and associative laws can be
handled by Mathematica by the command

CheckRing[{a, b}]

Notice that it suffices to give Mathematica just the basis for the additive
group. This allows CheckRing to run much faster than if the entire ring
were used for the argument.
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TABLE 9.4: Multiplication table for the ring R

0 a 2a 3a b a+b 2a+b 3a+b

0 O 0 0 0 0 0 0

0 2¢ 3a O a 2a 3a

2a 0 2¢ 0 2a O 2a 0 2a

3a 0 3a 2a a O 3a 2a a

b 0 0 0 b b b b
a+b |0 2¢ 3¢ b a+b 2a+b 3a+b
2a+b |0 2a 0 2a b 2a+b b 2a+0b
3a4+b |0 3¢ 2¢ a b 3a+b 2a+b a+b

To enter a ring into GAP, we can use the InitRing command to identify
the names of the generators, as the FreeGroup command did for groups.
Then we define the ring in one step using the DefineRing command, which
takes three arguments: the name of the new ring, a list showing the orders
of the generators, and an array defining the possible products of two of the
generators. For example, if "a" and "b" are the two generators, then the
array would consist of [[a*a, ax*b],[b*a, b*b]]. To define the ring that
we defined in Mathematica, we would enter

gap> InitRing("a","b");

gap> DefineRing("R", [4,2],[[a,0],[0,b]11);
gap> List(R);

[ Oxa, b, a, a+b, 2%a, 2*a+b, 3*a, 3*a+b ]
gap> CheckRing(R);

This is a ring.

gap> AddTable(R);

+ lO*a b a a+b 2%a 2*%a+b 3*a 3*a+b
Oxa |O*a b a a+b 2%a 2%a+b 3*a 3%a+b
b b O*a a+b a 2%a+b 2*a 3*a+b 3%*b

a |a a+b 2%a 2%xa+b 3x*a 3xa+b Ox*a b

a+b J|a+b a 2*%a+b 2*a 3*a+b 3*a b O*a
2%a | 2*a 2%a+b 3*a 3*a+b O*a b a a+b
2*%a+b|2*xa+b 2*a 3xa+b 3*a b O*a a+b a

3*a |3*a 3*a+b O*a b a a+b 2%a 2*a+b
3*%a+b|3*a+b 3*a b O*a a+b a 2%a+b 2%a

gap> MultTable(R) ;

* lO*a b a a+b 2%a 2%a+b 3*a 3*a+b
O*a |O*a O*a O*a O*a O*a O*a O*a O*a

b | Oxa b O*a b O*a b O*a b

a | O*a O*a a a 2%a 2%a 3*a 3*a
a+b |Ox*a b a a+b 2%a 2%a+b 3*a 3*a+b
2%a | Ox*a O*a 2%a 2%a O*a O*a 2%a 2%a
2%a+b|0*a b 2%a 2%a+b O*a b 2%a 2*a+b
3%xa |Oxa O*a 3*a 3*a 2%a 2%a a a

3*a+b|0*a b 3*a 3*a+b 2*a 2*%a+b a a+b
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We notice several things from this example. First of all, the zero element
is listed as O*a, not just 0. GAP interprets 0 to mean only the integer 0, so
the zero element of a ring needs a different notation. Of course, 0 - a would
give us the zero element for any generator a, so GAP picks the first generator
mentioned.

As with Mathematica, the command CheckRing will see whether the object
constructed obeys the distributive and associative laws. The command

gap> Identity(R);
a+b

will search the ring for a multiplicative identity. There is such an identity in
this ring, even though we did not use the identity element to construct the
ring. The corresponding Mathematica command is

FindIdent[R]

The multiplication table shows that many elements of R do not have inverses.
Hence, this is not a division ring. Nonetheless, GAP can try to take inverses
of some of the elements.

gap> (3*a+b)”-1;
3*a+b

gap> (2%a+b)"-1;
fail

We can try to define a non-commutative ring using Zj5 as the additive group.
Ifa-b=0b, yet b-a = 2a, then the ring will not be commutative. To define
this in Mathematica, we type in the following:

InitRing

Define[4 a, 0]
Define[2 b, 0]
Define[a.b, b]
Define[b.a, 2 a]
Define[a.a, 777]
Define[b.b, 777]
CheckRing[{a, b}]

or in GAP by
gap> InitRing("a","b");
gap> DefineRing("R", [4,2],[[???7, b],[2*a, ?77]1]1);

gap> CheckRing(R);

There are actually two ways of replacing the 777’s with elements so that a
ring is formed. Here are several attempts to fill in the 777’s.
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gap> InitRing("a","b");

gap> DefineRing("R",[4,2],[[0, bl,[2*a, 0]11);
gap> CheckRing(R) ;

Associative law does not hold.

gap> InitRing("a","b");

gap> DeflneRlng("R" [4,2], [[atb, b],[2*a, all);
gap> CheckRing(R) ;
Ring is not left distributive.

It would seem as though there would be 64 possibilities to check, but we can
narrow the search by using the associative property. For example, (a-b) - a
must be a - (b-a), so 2a = 2a®. This forces a® to be either a or 3a. With this
extra information, try to see if you can fill in the 77?7 using either GAP or
Mathematica so that a ring is formed.

It is relatively easy to see why such a ring cannot have an identity ele-
ment. GAP’s Identity function or Mathematica’s FindIdent will return
fail, showing that there is no identity element. In fact, every nonzero ele-
ment will be a zero divisor.

PROPOSITION 9.6
If a ring with identity has an additive structure that can be generated with
less than three elements, then the ring is commutative.

PROOF Suppose that = and y are two elements of the ring that generate
the group under addition. That is, every element can be expressed as mx +ny
for integers m and n. In particular, the identity element

e =mx +ny
for some integers m and n. Since e commutes with both x and y, we have
mx-x+ny-x=(mr+ny)-r=e-x=x-e=mr-x+nx-y,

SOnNY-xr=nw-y.
Likewise,
mr-y+ny-y=(mrt+ny)-y=ey=y-e=my xr+ny-y,

SO Mx -y =my - .
By the greatest common divisor theorem (1.2), there are integers u and v
such that
um + vn = GCD[m, n].

If we let ¢ denote the greatest common divisor of m and n, then
c(x-y—y-x) = (um+wvn)(z-y—y-x) = u(mer-y—my-x)+v(nz-y—ny-z) = 0.

What we need to show is that (z -y —y-2) = 0. The tempting thing to do is
divide by ¢, but this operation is not allowed in rings. Instead, we will again
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utilize the identity element. Since ¢ = GCD[m,n| there are integers a and b
such that m = ac and n = bc. Then

vy—y-x=e-(r-y—y-x)=(acr+bey) (z-y—y-x)
=(ax+by) (clz-y—y-x))=(ax+by)-0=0.

So z -y =1y -z, and the ring is commutative. I

If we were to find a non-commutative ring with an identity, we need an
additive group that requires more than two generators to define. The smallest
such group is Z3,. We may suppose that the additive group is generated by
the multiplicative identity e, along with two other elements a and b. Suppose
that a-b = a, while b-a = b. This would make the ring non-commutative. We
still need to discern what a? and b should be. But a® = (a-b)-a =a-(b-a) =
a-b=a,and b> = (b-a)-b="b-(a-b)=b-a=">b.

The Mathematica command for defining this ring would be

InitRing

Define[2 e, 0]
Define[2 a, 0]
Define|[2 b, 0]
Definele.e, €]
Definele.a, a]
Define[e.b, b]
Define[a.e, b]
Define[b.e, b]
Define[a.b, a]
Define[b.a, b]; Define[a.a, a]; Define[b.b, b]
CheckRing[{a, b}]

Likewise, the GAP commands would be

gap> InitRing("e","a","b");

gap> DefineRing("R",[2,2,2],[[e,a,b],[a,a,al,[b,b,b]l]);
gap> CheckRing(R) ;

This is a ring.

gap> Identity{R};

e

gap> MultTable(R);

* lO*e b a a+b e e+b e+ta e+atb
Oxe |Oxe O*e O*e O*e O*e Oxe O*e Oxe

b | O*e b b O*e b O*e O*e b

a | Oxe a a O*e a O*e O*e a

a+b |Oxe a+b a+b O*e a+b O*e O*e a+b

e | Oxe b a a+b e e+b e+a e+a+b
e+tb |Oxe Oxe a+b a+b e+b e+b e+ta eta
e+a |Oxe a+b O*e a+b e+a e+b e+a e+b

e+a+b|Oxe a b a+b et+atb e+b e+ta e
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9.4 Some Properties of Rings

One of the simplest rings to study are the rings Z,, for n > 1. We have
already learned how to define the addition structure in Mathematica with
a DefSumMod command, and the multiplication can be defined using a
DefMultMod command. We actually can define both of these at once in
Mathematica with the command

DefMod[15]

This defines both the addition and multiplication operations at the same time.
The elements of Z15 are

Z15 = Ring[{1}]
{0,1,2,3,4,5,6,7,8,9,10,11, 12,13, 14}

since the group is generated by the identity element, 1. We can perform simple
operations in Zi5 such as

749
7.9
1/7

The GAP commands that perform these calculations are
gap> (7+9) mod 15;

1

gap> (7%9) mod 15;

3

gap> 1/7 mod 15;
13

This last operation shows that we can take multiplicative inverses of some of
the elements. Even though multiplicative inverses are not guaranteed to exist
for rings, some elements may be invertible.

LEMMA 9.3

Let x be an element in a ring with identity. Then if x has a multiplicative
inverse, the inverse is unique. We denote the multiplicative inverse of x by
-1
x .

PROOF  Suppose that y and z are two inverses of . Then
y:y.e:y.(m.z):(y.x).z:e~2227

which is a contradiction. [
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PROPOSITION 9.7
If R has an identity, then the invertible elements of R form a group under
multiplication. This group is denoted R*.

PROOF  Since the identity element is invertible, R* is non-empty. Also,
if z is invertible, then (z71)~1! = 2, so 7! is also in R*. Finally, if z and y
are both invertible, then since

(@y)-(y o) =2l =e,

we see that x - y is invertible. Thus, the set of invertible elements forms a
group.

From this, we can find out when Z,, is in fact a field. The first step is to
determine when Z,, will have zero divisors.

PROPOSITION 9.8
Forn > 1, the ring Z,, has no zero divisors if, and only if, n is prime.

PROOF First suppose that n is not prime. Then we can express n = ab,
where a and b are less then n. If e represents the identity element of Z,,, we
would then have

(ae) - (be) = (ab)(e - e) = (ab)e = ne = 0.

But since a and b are both less than n, (ae) and (be) are both nonzero. Hence,
these would both be zero divisors in Z,,.

Now suppose that n is prime, and that there are two nonzero elements (ae)
and (be) such that (ae) - (be) = 0. Then

(ae) - (be) = (ab)(e - €) = (ab)e = 0.

This would imply that ab is a multiple of n. But since n is prime, we would
have to conclude that either a or b is a multiple of n. But this contradicts
the fact that both (ae) and (be) are nonzero. Thus, if n is prime, there are no
zero divisors in Z,,.

Even if n is not prime, one of the observations that can be made while
studying Z,, is that the zero divisors were precisely the nonzero elements that
did not have an inverse. This is true for many of the rings we have studied.

LEMMA 9.4
Let a, b, and c be elements of a ring. If a is nonzero, and is not a zero
divisor, and

a-b=a-c,
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then b = c. Likewise, if
b-a=c-a

for a nonzero and not a zero divisor, then b = c. This is called the cancellation
law for multiplication.

PROOF The tempting thing to do is to multiply both sides of the equation
by a~'. But the inverse of @ may not exist, so we have to use the properties
of rings instead.

If a-b=a-c then we have

0=a-b—a-c=a-(b—c).

But since a is not a zero-divisor and is nonzero, we must have that b —c = 0.
Hence b = c.
Likewise, if b-a = ¢ a, then

0O=b-a—c-a=((b—-c¢c)-a
and since a is nonzero and not a zero divisor, b — ¢ =0, and so b = c. [

Notice that in the ring Z, the element 2 is not invertible, but neither is it
a zero divisor. This example seems to break the pattern that we have been
observing, but also notice that Z is an infinite ring. Perhaps if we consider
only finite rings we will be able to prove a relationship between zero divisors
and invertible elements.

PROPOSITION 9.9

Let R be a finite ring. If b is a monzero element of R which is not a zero
divisor, then R has an identity element and b has a multiplicative inverse in
R. Hence, every nonzero element in R is either a zero divisor or is invertible.

PROOF To utilize the fact that R is finite, let us construct a sequence of
powers of b:

(0%, 6%, 6%, .. ).

Since R is finite, two elements of this sequence must be equal, say b = b"
for m < n. Using the law of cancellation, we have b™~! = b"~!. Continuing
this way, we eventually get b = b"~™F1. (It is tempting to use lemma 9.4 one
more time to get e = 6™~ ™, but unfortunately we have yet to prove that R
has an identity.)

If we now let a = n — m + 1, we have that a > 1 and b* = b.

Next, let us show that 54~! is an identity element in R. For any element x
in R, we have

z-b*=ux-b,
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and since b is nonzero and not a zero divisor, we can use the law of cancellation
to get

z b =g

Likewise, since b® - & = b - 2, we have that ¥*~! . 2 = z. Hence, there is an
identity element in R, namely 5%~ !.

Finally, we need to construct an inverse for the element b. If ¢ = 2, then we
have just shown that b = e, and hence b is its own inverse. If a > 2, consider
the element b2, We have that

2. p=p>"1=¢ and h-bp*2=p>"l=e.

So b%~2 is the multiplicative inverse of b. I

COROLLARY 9.1
Every finite ring without zero divisors is a division Ting.

PROOF The trivial ring is already considered to be a division ring, so we
may assume that the ring is nontrivial. Then there exists a nonzero element
that is not a zero divisor, so by proposition 9.9, the ring has an identity. Also
by proposition 9.9, every nonzero element will have a multiplicative inverse,
so the ring is a division ring.

We finally can determine which Z,, are fields.

COROLLARY 9.2
The ring Z, is a field if, and only if, n is prime.

PROOF If n =1, then the ring Z,, = Z; is the trivial ring, which we did
not consider to be a field. We may suppose that n > 1. If n is prime, then
by proposition 9.8 Z, has no zero divisors, and so by corollary 9.1 Z, is a
division ring. Since Z,, is obviously commutative, this tells us that Z, is a
field.

Now suppose that n > 1 and n is not prime. By proposition 9.8, Z,, has zero
divisors, which cannot exist in a field according to proposition 9.5. Therefore

Z, is a field if, and only if, n is prime. I

To conclude this chapter, let us find an example of each of the 11 different
types of rings that could exist. First we define the two rings 7y in table 9.5
and Ty in table 9.6. Then every ring will fall into one of the categories given
in table 9.7.
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TABLE 9.5:
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The non-commutative ring Ty

+ 10 a b c 0 a b c
0|0 a b c 0/]0 0 0 O
a|la 0 ¢ b al0 a a O
b|b ¢ 0 a b0 b b O
clec b a O c|0 ¢ ¢ O
TABLE 9.6: The smallest non-commutative ring Ty with an identity
+10 e a b ¢ d f g 00 e a b c d f g
010 e a b ¢c d f g 0j0 0 0OOO O OO
ele 0 d f g a b c e|l0 e a b c d f g
ala d 0 ¢ b e g f al0 a a a 0 0 0 a
b|lb f ¢ 0 a g e d b0 b b b 0 0 0 b
cle g b a 0 f d e c|0 ¢ ¢ ¢ 0 0 0 ¢
dld a e g f 0 ¢ b dl0 d 0 ¢ ¢ d f f
flf b g e d ¢ 0 a f10 f ¢ 0 ¢ d f d
glg ¢ f d e b a O g0 g b a c d f e
TABLE 9.7: Examples for each possible type of ring
Type | Name Example(s)
I The trivial ring Only one such ring, {0}.
1I Fields R, Q, Z, with p prime.
IIT | Skew fields H = the quaternions.
Commutative rings w/ identity | Z, polynomials.
IV | and w/o zero divisors, but These rings are called
are not fields integral domains.
Non-commutative rings w/ Integer quaternions:
V | identity and w/o zero divisors, | a + bl + ¢J + dK,
but are not skew fields with a,b,c,d € Z.
VI Commutative rings W/O' . Even. integers,
identity and w/o zero divisors | multiples of n, n > 1.
Non-comm ive rin, .
VI id(e)znt;coy angtjxf / Zezerogfli‘:i/sgrs Even Quaternions.
VIII Commutative rings W/. . Zny, Whgnever n> 1
identity and w/ zero divisors and n is not prime.
i [Nomeommstaie e vl on
X Commutative rings w/o The subset {0,2,4,6}
identity and w/ zero divisors of Zs.
x|t e e e s
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Problems for Chapter 9

Interactive Problems

9.1 Notice that in Mathematica, the plot of rational numbers between 0.03
and 0.1,

Z = ShowRationals[0.03, 0.1]

shows most of the points lying on a curve. Try to find the equation of this
curve, using the fact that each dot is three fourths closer to the x-axis than
the previous dot. Verify your answer by plotting the curve with the points,
using the following command:

Show|[Z, Plot[function goes in here , {x, 0.03, 0.1}]]
Hint: Scale the function so that f(0.1) = 1.

9.2 Use Mathematica or GAP to define a ring of order 2 that has no identity
element. Show both the addition table and the multiplication table.

9.3 Use Mathematica or GAP to find a non-commutative ring of order 8, for
which the additive group is isomorphic to Z3,, formed from the basis {a, b, c},
and for whicha-b=a,b-a=b,a-c=c,and c-a = a.

Hint: Using the associative law, determine what a2, b, and ¢? must be.
Then show that ¢ - b must commute with a. Use trial and error to determine
b-c.

9.4 Define in GAP or Mathematica the smallest non-commutative ring, T}
defined by table 9.5.

9.5 Define in GAP or Mathematica the smallest non-commutative ring with
an identity, Ts defined by table 9.6.
Hint: The basis can be chosen to be e, a, and b.

Non-Interactive Problems

9.6 Prove that the square root of 3 is irrational.
9.7 Prove that the cube root of 2 is irrational.
9.8 Prove that if a is rational and b is irrational, then a + b is irrational.

9.9 Prove that between any two distinct real numbers, there is an irrational
number.
Hint: Use problem 9.8 along with proposition 9.1.
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9.10 Prove that if a is rational and nonzero, and b is irrational, then a - b is
irrational.

9.11 Prove that y = V2 + /3 is irrational.
Hint: First show that y? is irrational.

9.12 Is the sum of two irrational numbers always irrational? If not, find a
counter-example.

9.13 For the quaternions, H, we define the conjugate of an element x =
a+ bi+ cj+ dk to be T =a — bi — c¢j — dk. Prove that 1 + T3 = x1 + =2 for
all 1 and x5 in H.

9.14 Prove or disprove: Ty - Tz = Ty -z for all 21 and x5 in H. (See
problem 9.13.)

9.15 Prove that for z in H, -7 = T-x = a®+b*+c?>+d>?. (See problem 9.13.)

9.16 For all z in H, we define the absolute value of x to be |z| = vz - T.
Prove that |21 - z2| = |21| |22|. (See problem 9.13.)

9.17 Prove or disprove: For all z in the quaternions H, (z+1)-(z—1) = 2%—1.

9.18 Prove or disprove: For all z in the quaternions H, (z+4)-(z—1i) = 2% +1.

9.19 Let

ZWV2)={z+yV2 | x,y€Z}
Prove that Z[v/2] is a ring under the ordinary addition and multiplication of
real numbers.

9.20 Prove that a ring can have at most one multiplicative identity.

9.21 Show that the non-commutative ring T, given by table 9.5 has two
elements r such that x - r = = for all z in the ring, yet has no element for
which r -z = x for all z in the ring.

9.22 Prove that a ring with a cyclic additive group must be commutative.

9.23 Prove that if n is an integer, and z is an element of a ring, then n(—x) =
—(nx).

9.24 Let x be an element of a commutative ring R which has an inverse z 1.

Let y be another element of R such that y? = 0. Prove that z + y has an
inverse in R.

9.25 Suppose that G is an abelian group with respect to addition. Define a
multiplication on G by « -y = 0 for all x and y in G. Show that G forms a

ring.
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9.26 Find a specific example of two elements = and y in a ring R such that
-y =0, but y - x is nonzero.
Hint: Which of the 11 types of rings would R have to be?

9.27 Let R be a ring for which 22 = 2 for all x in the ring. Prove that
—x = z for all elements x. Such rings are called Boolean rings.

9.28 Let R be a ring for which 22 = z for all x in the ring. Prove that the
ring R is commutative. (See problem 9.27.)

9.29 Define new operations of addition and multiplication in Z by z & y =
r+y—1land 2 ®y =+ y — xy. Verify that Z forms a ring with respect to
these new operations.

9.30 Use the fundamental theorem of abelian groups (6.2) to show that every
finite abelian group has a basis.

9.31 An element a in aring R is idempotent if a®> = a. Prove that a nontrivial
division ring must contain exactly two idempotent elements.

9.32 Show that if R is a commutative ring, and = and y are elements of R,
then
(z+y)? =2+ 22y + 12

and
(x +y)® = 2® + 32%y + 3xy® + o>

9.33 Let R be a commutative ring. Define the binomial coefficient

n n-(n=1)-(n—=2)---(n—k+1)
(k>: 1-2-3---k ,(0<k<n).

Using induction, prove the binomial theorem in R:

) n o n _ n
(.27—’-:1/)” = " + (1)$n 1y+ (2>$n Qy 4+ -+ ( >yn.
n
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Chapter 10

The Structure within Rings

10.1 Subrings

It is natural to ask whether we can have smaller rings within a larger ring,
just as we saw smaller groups inside of a larger group. This suggests the
following definition.

DEFINITION 10.1 Let R be aring. A non-empty subset S is a subring
if S is a ring with respect to the addition (4) and multiplication (-) of R.

We have already seen some examples of subrings. For example, the set of
even integers is a ring contained in the ring of integers, which is contained in
the ring of rational numbers, which in turn is contained in the ring of real
numbers. The next proposition gives us a quick way to determine if a subset
is indeed a subring.

PROPOSITION 10.1
A non-empty subset S is a subring of a ring R if, and only if, whenever x
andy are in S, x —y and x -y are in S.

PROOF Certainly if S is a subring, then £ — y and z - y would be in §
whenever x and y are in S. So let us suppose that S is non-empty, and is
closed with respect to subtraction and multiplication. If x is any element in
S, then z —x = 01isin 5, so S contains an additive identity. Also, 0 —z = —x
would also be in S, so S contains additive inverses of all of its elements. Then
whenever z and y are in S, © — (—y) = z + y is in S, so S is closed with
respect to addition. The commutative and associative properties of addition,
as well as the associative and two distributive laws for multiplication, come
from the original ring R. Finally, S is closed with respect to multiplication,
so S is a subring.

Notice that from the definition every nontrivial ring R will contain at least
two subrings: the trivial ring {0} will be a subring, as well as the entire ring

273
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TABLE 10.1: Tables for the subring S

+ 0 a 2a 3a . 0 a 20 3a
0 0 a 2a 3a 0 O 0 0
a a 2a 3a 0 a 20 3a

2a | 2a 3a O a 2¢ | 0 2a 0 2a

3a | 3a 0 a 2a 3a | 0 3a 2a a

R. These two subrings are called the trivial subrings.
Let us look at an example. Here is the ring of order 8 we defined by
tables 9.3 and 9.4:

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, b]
Define[a.b, 0]; Define[b.a, 0]
R = Ring[{a, b)]

The set
S = {0, a, 2a, 3a}

can be seen to be a subring from the addition and multiplication tables in
table 10.1. To generate these tables in GAP, we use the following commands:

gap> InitRing("a","b");

gap> DefineRing("R", [4,2],[[a,0],[0,b]]);
gap> S := Ring(a);

<ring with 1 generators>

gap> List(8);

[ Oxa, a, 2%a, 3*a ]

gap> AddTable(S);

+ |O0*a a 2%a 3*a
O*xa|O*xa a 2%a 3%a
a |a 2%a 3*a O*a
2%a|2%a 3%a O*a a

3*a|3*%a O*xa a 2%a

gap> MultTable(S);

* _!_O*a a 2%a 3*a
O*a|O*xa O*a Oxa O*a
a |0Oxa a 2%a 3%a

2%a|0*a 2%a O*a 2*a
3*a|0*xa 3*a 2*a a

One can see that S is closed with respect to both addition and multiplication.
Furthermore, additive inverses exist for all elements, so S is also closed with
respect to subtraction. Thus, by proposition 10.1, this is a subring.
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Tronically, the subring S has an identity element,

FindIdent[S]

gap> Identity(S);
a

which is different than the identity element for R. In general the existence of a
multiplicative identity of a subring is totally independent of the multiplicative
identity of R.

Recall that the intersection of a number of subgroups was again a subgroup.
We could ask whether the same is true for subrings.

PROPOSITION 10.2
Given any non-empty collection of subrings of the group R, denoted by L,
then the intersection of all of the subrings in the collection

H*:ﬂH

HelL

is a subring of R.

PROOF First of all, note that H* is not the empty set, since 0 is in each
H in the collection. We now can apply proposition 10.1. Let z and y be two
elements in H*. Then, for every H € L, we have z,y € H.

Since each H is a subring of R, we have t —y € H and x -y € H for all
H € L. Therefore, z —y and z - y are in H*, and so H* is a subring of R. I

As with subgroups, we now have a general method of producing subrings
of a ring R. Let S be any subset of R. We can consider the collection L of
all subrings of R that contain the set P. This collection is non-empty since it
contains the subring R itself. So by proposition 10.2,

[S|=H"= (| H

HelL

is a subring of R. By the way that the collection was defined, [S] contains S.
Actually, [S] is the smallest subring of R containing the subset S.

DEFINITION 10.2 We call [S] the subring of R generated by the set S.

Just as in the case for the Group command, the command Ring finds [S]

for any set S in either Mathematica® or GAP. For example, we can find some

subrings for the non-commutative group of order 8,
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InitRing

Define[4 a, 0]; Define[2 b, 0]
Definela.a, a]; Define[b.b, 0]
Define[a.b, b]; Define[b.a, 2 a]
R = Ring[{a, b}]

with the commands

Ring[{0}]
Ring[{a}]
Ring({2a}]
Ring[{2a, b}]

gap> InitRing("a","b");

gap> DefineRing("R", [4,2],[[a,b], [2*a,0]]);
gap> List(Ring(0*a));

[ O*a ]

gap> List(Ring(a));

[ Oxa, a, 2%a, 3*a ]

gap> List (Ring(2*a));

[ Oxa, 2*xa ]

gap> List(Ring(2+*a,b));

[Oxa, b, 2*a, 2%a+b]

In this way, we can find all subrings of the ring R. In fact, GAP has a
command Subrings that finds all of the possible subrings.

gap> L := Subrings(R);

[ <ring with 1 generators>, <ring with 1 generators>,
<ring with 1 generators>, <ring with 1 generators>,
<ring with 2 generators>, <ring with 2 generators>,
<ring with 2 generators>, <ring with 3 generators> ]

gap> List(L, List);

[ [ Oxa ], [ Oxa, b ], [ Oxa, 2¢¥a ], [ O*a, 2*xatb ],
[ Oxa, b, 2%a, 2*xa+b ], [ O*xa, a, 2%a, 3*a ],

[ Oxa, atb, 2%a, 3*atb ],
[ O%a, b, a, atb, 2*xa, 2*a+b, 3*a, 3*atb ] ]

So we see that there are six nontrivial subrings for this ring.
We can easily find all of the subrings for the infinite ring Z.

PROPOSITION 10.3
A subring of the ring of integers Z. consists of all multiples of some non-
negative number n. This subring is denoted nZ.

PROOF First of all, the trivial subring {0} can be considered the set of all
multiples of 0. Also, the entire ring Z could be considered all of the multiples
of 1. Let S be a nontrivial subring, and let z be in S. Then —x is also in S, so
S must contain some positive integers. Let n be the smallest positive integer
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contained in S. Certainly all multiples of n would be in S, but suppose that
some element m in S is not a multiple of n. Then by the greatest common
divisor theorem (1.2), there exist two integers u and v such that

un + vm = GCD(n, m)

Since S is closed under addition, this implies that GCD(n,m) is in S. But
m is not a multiple of n, so GCD(n,m) < n. But this contradicts the fact
that n is the smallest positive integer in S. Thus, S consists exactly of all of
the multiples of n, and so S = nZ.

Although the subrings of Z are easily classified, this is not the case with
the ring of real numbers. Consider the set S of all numbers of the form

x—l—y\@

where z and y are rational numbers. We can have Mathematica verify that
the product of two such numbers

ClearDefs
Expand[(x1 + y1 27(1/2)) (x2 + y2 27(1/2) )]

produces a number in this form. Since S is obviously closed with respect to
subtraction, S is a subring of R.

To define this subring in GAP, we can let e represent 1, and a represent /2.
These two elements are both of infinite additive order. We can convey this to
GAP by entering “0” for the order of each of the elements. Then a? = 2e, so
the ring can be entered into GAP by the commands
gap> InitRing("e","a");
gap> DefineRing("R",[0,0],[[e,a], [a,2*e]]);
gap> Size(R);
infinity
gap> (e+2*a)*(4*xe-3xa);

-8%e+b*xa

This last statement demonstrates that
(1+2v2)-(4—3V2) = -8+ 5V2.

Clearly, the subrings of the real numbers can be much more complicated
than the subrings of the integers.

10.2 Quotient Rings and Ideals

When we studied group theory, one of the most important concepts we
discovered was being able to form a quotient group out of the cosets of certain
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subgroups—namely the normal subgroups. A natural question is whether it
is possible to form quotient rings out of the cosets of a subring.

Let us look at an example. Here is the non-commutative ring of order 8
from the last section.

InitRing

Define[4 a, 0]; Define[2 b, O]
Definela.a, a]; Define[b.b, 0]
Define[a.b, b]; Define[b.a, 2 a]
R = Ring((a, b}]

gap> InitRing("a","b");
gap> DefineRing("R",[4,2], [[a,b], [2*a,0]]);

We found this ring has six nontrivial subrings.

S1 =1{0,a,2a,3a}, Sy ={0,2a}, S3 ={0,b},
S4={0,a+0b,2a,3a + b}, S;=1{0,2a+b}, Ss={0,2a,b,2a+ b}.
We would expect the additive structure of the quotient ring to be the additive
quotient group R/S. We can use Mathematica or GAP to find the cosets of
S under the operation of addition. Since left and right cosets are the same

when working with rings, we will simply use the Coset command for both
GAP and Mathematica.

S1 = {0, a, 2a, 3a}

Q = Coset[R, S1]

gap> S1 := Ring(a);
<ring with 1 generators>

gap> Q := Coset(R,S1);
[ [ Oxa, a, 2%a, 3*a ], [ b, a+b, 2*a+b, 3*a+b ] ]

We can add two cosets together using the following definition:
X+Y={z+y | z€X and yeY}.

This gives us a natural way to add the elements of the quotient @), which is
shown in table 10.2.

TABLE 10.2: Addition for the quotient ring Q
+ {0,a,2a,3a} {b,a+b,2a + b,3a + b}
{0,a,2a,3a} {0,a,2a,3a} {b,a+b,2a + b,3a + b}
{ba+b,2a+b,3a+b} | {b,a+b,2a+b,3a+ b} {0,a,2a,3a}

This table can be produced using the AddTable[Q] command in either
Mathematica or GAP.
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gap> AddTable(Q);

+ | [O*a,a,2*a,3*al [b,a+b,2*a+b,2*a+b]
___________________ +________________________________________

[O*xa,a,2*a,3*a] | [O*a,a,2*a,3*a] [b,a+b,2*a+b,2*a+b]
[b,a+b,2*a+b,2*xa+b] | [b,a+b,2%a+b,2*a+b] [0*a,a,2%*a,3*a]

The natural way to define the product of two sets is the way we defined such
a product for groups:

X-Y={zy | X and yeY}

Will such a product of two cosets in @ yield another coset? Here is GAP’s
response:

gap> MultTable(Q);

* | [O*xa,a,2*a,3*a] [b,a+b,2*a+b,2%a+b]
___________________ +________________________________________
[O*a,a,2*a,3*a] | [O*xa,a,2*a,3*a]
[b,a+b,2*a+b,2*a+b] | [O*a,a,2*a,3*a]

Unfortunately no! The multiplication tables in Mathematica or GAP reveal
black or blank squares—which indicate that the product of two cosets is not
a coset. The problem lies in the product

{0, a, 2a, 3a} . {b, a+b, 2a+b, 3a+b}

gap> Mult(R, [0*a,a,2*a,3*al, [b,a+b,2*%a+b,3*a+b]);
[ Oxa, b, a+b, 2%a, 2%a+b, 3*a+b ]

which produces extra elements. To ensure that S acts as the zero element
in the product of cosets, we need to have S times any element of R needs to
produce only elements in S.

Suppose we found a subring S for which S - ¢ always was a subset of S. By
the same argument we would also require that z - S be a subset of S. Using
Mathematica or GAP

S2 = {0,2a}
S2. R
R . S2

gap> S2 := Ring(2xa);
<ring with 1 generators>
gap> Mult(R,S2,R);

[ Oxa, 2*a ]

gap> Mult(R,R,S2);

[ Oxa, 2*a ]

we see that both R - .S, and S; - R are subsets of S5, so this ensures that the
additive identity of the quotient group {0, 2a} will behave as the zero element
in the product of cosets. The multiplication table for the quotient group is as
given by the commands
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Q = Coset[R, S2]
MultTable[Q]

which produce table 10.3.

TABLE 10.3: Multiplying cosets of Sy
: {0,2a} {a,3a} {b,2a+b} {a-+b,3a+b}

{0,2a} {0} {0,2a} {0} {0,2a}
{a, 3a} {0,2a} {a,3a} {b,2a+b} {a-+b,3a+b}
{b,2a + b} {0} {0,2a} {0} {0,2a}

{a+b,3a+b} | {0,2a} {a,3a} {b,2a+0b} {a+0b,3a+b}

The corresponding GAP commands are

gap> Q := Coset(R,S52);
[ [ Oxa, 2%a ], [ b, 2%atb ], [ a, 3*a ], [ atb, 3*a+tb ] ]
gap> MultTable(Q);

* | [0*a,2*a] [b,2*a+Db] [a,3*a] [a+b,3*a+b]
___________ +__________________________________________________
[0O%a,2xa] | [O*a] [0x*a] [0*a,2*a] [0*a,2*a]
[b,2*a+b] | [0*a] [O*a] [O*a,2*a] [O*a,2*a]
[a,3*a] | [O*a,2*a] [b,2*a+b] [a,3%*a] [a+b,3*a+b]
[a+b,3*a+b] | [O*a,2*a] [b,2*a+b] [a,3x*a] [a+b, 3*a+b]

This multiplication table is non-commutative, even though all of the subrings
of R are commutative. So this quotient is unlike any of the subrings of R.

However, not every product yields a coset—sometimes it yields only a subset
of a coset. One way to rectify this slight blemish in our multiplication table
is to add the identity coset to each entry in the table. That is, instead of
defining the product of the cosets X and Y to be X -Y, we define the product
of two cosets to be

X+xY=X-Y+8S.

The command
QuotientRing = True

creates a multiplication table using this new definition of the product of two
cosets. Thus, MultTable[Q] produces a similar table as table 10.3, only
every {0} is replaced by {0,2a}.

gap> QuotientRing := true;

true

gap> MultTable(Q);

* | [O*a,2*a] [b,2*a+b] [a,3*a] [a+b,3*a+b]
___________ +__________________________________________________
[Oxa,2*a] | [0*a,2%*a] [O*a,2*a] [O*a,2*a] [O*a,2*a]
[b,2*a+b] | [0*a,2*a] [0*a,2%*a] [0xa,2*a] [0*a,2*a]
[a,3*a] | [O*a,2*a] [b,2*a+b] [a,3*a] [a+b, 3*a+b]

[a+b,3*a+b] | [O*a,2*a] [b,2*a+b] [a,3*a] [a+b, 3*a+b]
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The key to getting the quotient ring to work lies in the fact that S; - R and
R - S5 were subsets of S;. Let us first define the special type of subring that
will allow quotient rings.

DEFINITION 10.3 A subring I of a ring R is called an ideal of R if
both I - R and R - I are contained in the subring I.

We already observed that if a subring is not an ideal, then the quotient
ring cannot be defined. Let us now show that a quotient ring can be defined
provided that I is an ideal.

PROPOSITION 10.4

Let R be a ring, and let I be an ideal of R. Then the additive quotient group
R/I forms a ring, with the product of two cosets X and Y being X xY =
X .Y + 1. This ring is called the quotient ring R/I.

PROOF The quotient group R/I is an abelian group, so we need only
to check that the multiplication is closed, and that the associativity and two
distributive laws hold.

Let X and Y be two cosets of R/I. Let « be an element in X, and y an
element in Y. Then the product of the cosets X and Y is

X+«Y=X-Y+I=(@+I) - (y+DH+I=z-y+I-y+az-I+I1-T+1.

Because I is an ideal, I -y, x - I, and I - I are all subsets of I. Hence, the
sum [ -y+x-I+1-14 1 will be a subset of I. But since the last term of
this expression is I, I -y +ax -1+ I -1+ I contains the ideal I, so this sum
equals I. Thus,

(+D)*(y+)=X+Y=X-Y+I=z-y+1,

which is a coset of R/I.
Now suppose that X, Y, and Z are three cosets of R/I with x, y, and z
being representative elements, respectively. Then

X«Y)xZ=((z+D*y+1I)*x(z+1)
=(z-y+I)x(z+1)
=((z-y)-2+1)
=(z-(y-2)+1)
+1)*x(y-2z+1)

+ ) *((y+1)*(z+1))
* (Y x Z).

2%

%2

= (=
= (x
=X
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So multiplication is associative. Also,

X+«Y+2)=@@+D*xy+z+1)
(x(y+2)+1)
=x-y+x-z+1
=@-y+I)+(x-z2+1)
=XxY+XxZ2,

and

X+Y)xZ=(x+y+1)x(z+1)
=((z+y)-z+1)
=z-z4+y-z+1
=(@-z+D)+(y-z2+1)
=XxZ+Y«xZ.

Thus, the two distributive laws hold, so R/I is a ring. I

This shows that the ideals play the same role for rings that normal sub-
groups did for groups, namely that subsets with an additional property allow
for quotients to be defined.

Let us consider the ideals of the ring Z. By proposition 10.3, all subrings
are of the form S = nZ for some n. Yet any multiple of n times an integer
yields a multiple of n, so S-Z =7Z-S = S. Therefore, every subring of Z is
an ideal.

The cosets of the quotient ring Z/(nZ) can be expressed in the form

a+ nZz,

where a = 0,1,2,...n — 1. Clearly the quotient ring behaves exactly like the
ring Z,,. We say that the quotient ring is isomorphic to Z,.

In contrast, let us consider a ring like the rational numbers Q. Even though
there are a host of subrings of Q, the only ideals are the trivial subrings. This
can be generalized by the following proposition.

PROPOSITION 10.5
Any field or skew field can only have trivial ideals.

PROOF Let K be a field or skew field, and suppose that there is a
nontrivial ideal I of K. Then there is a nonzero element x in I, and hence
x~ ! exists in K. Thus

l=z-27'el-KCI.
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So the multiplicative identity 1 is contained in I. But then,
K=1-KCI-KCI.
Hence, I = K, so the only ideals of K are the trivial ideals. I

We have already observed that the intersection of two subrings is again a
subring. The natural question is whether the intersection of two ideals gives
an ideal.

PROPOSITION 10.6
If L is a non-empty collection of ideals of a ring R, then the intersection of
all of these ideals

r=1

IeL
is an ideal of R.

PROOF Since I* is an intersection of subrings of R, by proposition 10.2
I* is a subring of R. Thus, we only need to check that I* - R and R - I* are
contained in I*.

Suppose that x is an element of I*. Then x is in each I € L, and so z - R
and R - x are subsets of each I in the collection. Thus, x - R and R -z will
both be subsets of I*. Since this result is true for every x in I'*, we have that
I* - R and R - I* are both subsets of I*. Therefore, I'* is an ideal.

We can now define the smallest ideal of R that contains a subset S. We
proceed as we did for subrings, and consider the collection L of all ideals of
R containing S. Then the smallest ideal of R containing S would be

S)=1
I€L

We call (S) the ideal generated by S. Notice the distinction between this
notation and the notation [S] of the subring generated by S. If S contains only
one element, say a, we will use the notation (a) rather than the cumbersome
({a}) to denote the ideal generated by a.

This proposition allows us to quickly find all ideals of a ring. For example,
in the non-commutative ring R of order 8, which we were working with above
in this section, we can have Mathematica or GAP find (S) using the command

Ideal[R, S]
for different subsets S. For example, when S = {a},

gap> I := Ideal(R,[al);

<two-sided ideal in <ring with 2 generators>, (1 generators)>
gap> List(I);

[ Oxa, b, a, a+b, 2%a, 2*a+b, 3*a, 3*a+b ]
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we find that this command produces the whole ring, so a cannot be contained
in any nontrivial ideal. Likewise, 3a, a+b, and 3a+b cannot be in a nontrivial
ideal. The three remaining nonzero elements, 2a, b, and 2a + b, generate
different ideals.

gap> List(Ideal(R, [2*al));

[ Oxa, 2%a ]

gap> List(Ideal(R,[bl));

[ Oxa, b, 2*a, 2*a+b ]

gap> List(Ideal(R, [2*%a+b]));
[ Oxa, 2*a+b ]

These three ideals will be denoted by (2a), (b), and (2a + b). It is clear that
any ideal containing two out of three of these elements must contain b, and
therefore must be (b). Hence, there are exactly five ideals in this ring: the two
trivial ideals that can be denoted (0) and (a), and the three ideals (2a), (b),
and (2a + b). We can verify this in GAP with the command Ideals, which
gives a list of all the ideals of a finite ring.

gap> L := Ideals(R);

[ <ring with 1 generators>, <ring with 1 generators>,
<ring with 1 generators>, <ring with 2 generators>,
<ring with 3 generators> ]

gap> List(L, List);

[ [ Oxa]l, [ Oxa, 2%a ], [ O*xa, 2*a+b ], [ O*xa, b, 2%a, 2%a+b ],
[ Oxa, b, a, a+b, 2*a, 2*a+b, 3*a, 3*a+b ] ]

Notice that all five ideals can be generated with only one element.

DEFINITION 10.4 An ideal of R that is generated by only one element
of R is called a principal ideal. If all of the ideals of R are principal ideals,
then the ring is called a principal ideal Ting.

The ring of integers Z is a principal ideal ring, since all ideals (in fact all
subrings) are of the form nZ, which is generated by the single element n.
Since Z is also an integral domain, we will combine the two terms and call Z a
principal ideal domain, or PID. We will talk more about PIDs in section 12.3.

10.3 Ring Isomorphisms

As we work with different rings, it is natural to ask whether we can consider
two rings to be “equivalent” if the elements of one ring can be renamed to
form the other ring. We have already seen that the quotient ring Z/(nZ) was
essentially the same ring as Z,,. We will proceed the same way we defined
isomorphisms with groups.
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DEFINITION 10.5 Let A and B be two rings. A ring isomorphism from
A to B is a one-to-one mapping f : A — B such that

flx+y) = f(z)+ f(y) and
flx-y)=f(x) fly)

for all x,y,€ A. If there exists a ring isomorphism from A to B that is
surjective, then we say that the rings A and B are isomorphic, denoted by
A=~ B.

For example, we can define a mapping for the quotient ring Z/(nZ) as
follows:

fla+nZ)=a (Mod n), a=0,1,2,....,(n—1).

Then clearly f is an injective and surjective function from Z/(nZ) to Z,.
Furthermore, f(a+b) = f(a) + f(b), and f(a-b) = f(a)- f(b). So we have
that Z/(nZ) ~ Z,.

Let us look at another example of a ring isomorphism. Consider the follow-
ing Mathematica commands that define a ring of order 10, and produce the
addition and multiplication tables shown in table 10.4.

InitRing
Define[10 a, 0]
Definefa.a, 2 a]
A = Ringl{a}]
AddTable[A]
MultTable[A]

TABLE 10.4: Addition and multiplication in the ring A

+10 a 2a 3a 4a 5a 6a 7a 8a 9a - 10 a 2a 3a 4a 5a 6a 7a 8a 9a
010 a 2a3a4a ba 6a 7a 8a 9a 0j/00 00O O0O0O0OO0O0O0
ala 2a 3a 4a 5a 6a 7a 8a 9a 0 a |0 2a 4a 6a 8a 0 2a 4a 6a 8a
2a|2a 3a 4a 5a 6a 7a 8a 9a 0 «a 2a|0 4a 8a 2a 6a 0 4a 8a 2a 6a
3a|3a 4a ba 6a 7a 8a 9a 0 a 2a 3a|0 6a 2a 8a 4a 0 6a 2a 8a 4a
4a|4a 5a 6a 7a 8a 9a 0 a 2a 3a 4a|0 8a 6a 4a 2a 0 8a 6a 4a 2a
5a|ba 6a 7a 8a 9a 0 a 2a 3a 4a 5|0 0 0 0 0 0 0 O 0 O
6a|6a 7a 8a 9a 0 a 2a 3a 4a ba 6a|0 2a 4a 6a 8a 0 2a 4a 6a 8a
7a|7a 8a 9a 0 a 2a 3a 4a 5a 6a 7a|0 4a 8a 2a 6a 0 4a 8a 2a 6a
8a|8a 9a 0 a 2a 3a 4a 5a 6a Ta 8a|0 6a 2a 8a 4a 0 6a 2a 8a 4a
9a(9a 0 a 2a 3a 4a 5a 6a 7a 8a 9a|0 8a 6a 4a 2a 0 8a 6a 4a 2a
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The multiplicative structure of this group is different than Z;, since there
is no multiplicative identity. Yet the additive group is isomorphic to the group
Z19- This is not surprising, since there is only one abelian group of order 10.

We can easily find other rings of order 10. Suppose we let b be the generator

of the additive group, and define b? = 6b.

Define[10 b, 0]
Define[b.b, 6 b]
B = Ring[{b}]

The addition table is virtually the same as for the ring A, but the multipli-
cation table looks different. This time let us load both rings into GAP, using

different generators for the two rings.

gap> InitRing("a");

gap> DefineRing("A", [10], [[2*all);
gap> InitRing("b");

gap> DefineRing("B", [10], [[6*b]l]);
gap> List(A);

[ Oxa, a, 2%a, 3*a, 4xa, 5%a, 6%a, 7*a, 8*a, 9%a ]

gap> List(B);

[ Oxb, b, 2%b, 3*b, 4xb, 5%b, 6%b, 7*b, 8*b, 9%b ]

gap> MultTable(B);

2*%b|0xb 2%b 4%b 6%b 8*b Ox*b
3xb|0xb 8*b 6xb 4%b 2xb O0%*b
4xb|0xb 4*b 8xb 2%b 6%b 0%b
5%¥b|0*xb O0*b Oxb Oxb O*b Ox*b
6*%b|0xb 6%b 2%b 8xb 4*b Oxb
7*b|0*b 2xb 4%b 6%b 8xb O*b
8xb|0x*b 8*b 6xb 4%b 2%b 0%*b
9%b|0xb 4xb 8*b 2%b 6xb O*b

There are enough similarities between A and B to ask whether they are
isomorphic. It is not immediately clear what the isomorphism should be.
One way to help find an isomorphism between A and B is to show that both
of these are isomorphic to a subring of the Z, for some n. For example,

consider 275, the even elements of Zsg.

gap> InitRing("e");

gap> DefineRing("Z20", [20], [[e]l]);
gap> R := Ring(2%*e);

<ring with 1 generators>

gap> List(R);

[ Oxe, 2%e, 4*e, 6%e, 8*e, 10*xe, 12%e, 14*e, 16*xe, 18*e ]

or in Mathematica,

8*b
4xb
O*b
6*b
2%b
8*b
4%b

6*b
8xDb
0*b
2xb
4%b
6*b
8*b

4xb
2%b
O*b
8*b
6*b
4xb
2%b

2*b
6xb
0*b
4%Db
8*b
2*b
6*b
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TABLE 10.5: Multiplication in 275,

0 2e 4e 6e 8e 10e 12e¢ 14e 16e 18e

0 0 0 0 0 0 0 0 0 0 0
2e 0 A4e 8¢ 12e 16e 0 4e 8e 12e  16e
4e 0 8e 16e  4e 12e 0 8e 16e  4e 12e
6e 0 12e 4e 16e 8e 0 12¢  4e 16e  8e
8 | 0 16e 12e 8e de 0 16e 12¢  8e 4e

10e | O 0 0 0 0 0 0 0 0 0
12¢ | 0 4e 8e 12e 16e 0 4e 8¢ 12e 16e
14e | 0O 8e 16e 4de 12e 0 8e 16e 4e 12e
16e | 0 12¢ 4e 16e 8e 0 12¢  4e 16e 8e
18¢ | 0 16e 12e¢ 8e 4e 0 16e 12¢  8e de

Define[20 e, 0]
Define[e.e, €]

R = Ring[{2 e}]
MultTable[R]

which produces table 10.5. (The reason why we did not use the DefMod
command to load Zyg in Mathematica is because we would erase the rings A
and B.) In Mathematica one can see that the color patterns for A and R are
the same, so that A ~ 2Z5q. To prove this in GAP, we can construct a function
f mapping A to Zyg using the RingHomomorphismByImages command, which
works basically the same as its group counterpart. Since A has only one
generator, a, we tell GAP where a will be sent to, which is obviously 2e.

gap> f := RingHomomorphismByImages(A,R, [a], [2*e]);

[al > [ 2%e ]

gap> List(Image(£f));

[ Oxe, 2xe, 4%e, 6*xe, 8*e, 10*xe, 12%e, 14xe, 16%e, 18*e ]

As one might expect after working with group homomorphisms, if we can
prove that a function is a homomorphism, and that it is one-to-one, then
we have an isomorphism. Since GAP successfully defined a homomorphism,
and the image contains 10 elements, then it must be one-to-one, so GAP has
verified that A ~ 2Z5;. We can now generalize this example as follows.

PROPOSITION 10.7

Let R be a finite ring whose additive structure is a cyclic group of order n.
Let = be a generator of the additive group. Then x> =k - x for some positive
integer k < n, and
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PROOF If 22 = 0, we can let k = n, so that k£ will be positive and
k-2 =0 = 22, If 22 is not zero, then since x generates the additive group,
there is a k such that 22 = k- with 0 < k < n.

Now the natural mapping is one that sends f(a-z) = k-a (Mod kn). This
is obviously one-to-one and onto, since the value of a ranges from 0 to n — 1.
To check that this is an isomorphism, note that

fla-x+b-2)=f((a+b) -z)=k-(a+b) (Mod kn)
=k-a Mod kn) +k-b (Mod kn)
= fa-@)+ 1),

Also,
flla-2)-(b-x)) = fla-b-2?)
=fla-b-k-x)
=k-a-b-k (Mod kn)
= (k-a Mod kn)) - (k-b (Mod kn))
=fla-z) f(b-x).
Therefore, f is an isomorphism, and R ~ kZ,,. [

This proposition shows not only that A ~ 275, but also that B =~ 6Ago,
since b? = 6b in this ring.

DEFINITION 10.6 A cyclic ring is a ring whose additive group is cyclic.

Note that this definition of cyclic rings also includes the infinite rings Z and
its subrings kZ.

In order to prove that in fact A ~ B, we will need a few lemmas about
number theory. Once these are proven, we will be able to determine all non-
isomorphic rings of order 10.

LEMMA 10.1

Let d be a positive divisor of n, and let f be the largest divisor of d that is
coprime to (n/d). Then if q is coprime to both f and (n/d), then q is coprime
to n.

PROOF  Suppose that GCD(g, n) is not 1. Then there is a prime number
p that divides neither f nor (n/d), yet divides n. Thus, p must divide d.

Now f - p will be coprime to (n/d) since both f and p are. Also, since f is
not a multiple of p while d is, f - p will be a divisor of d. But we defined f
to be the largest factor of d coprime to (n/d). This contradiction shows that
GCD(g,n) = 1.
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LEMMA 10.2
Given two positive numbers x and y, there exist u and v in Z such that

uz + vy = GCD(z,y),

where u is coprime to y.

PROOF The greatest common divisor theorem (1.2) would give us values
for u and v, but there would be no way to guarantee that « would be coprime
to y.

Let k = GCD(x,y). Then (x/k) and (y/k) are coprime, so (z/k) has an
multiplicative inverse in Z(, i), say n. That is,

%-nzl(Mod%).

Let f be the largest divisor of k that is coprime to (y/k). By the Chinese
remainder theorem (1.3), there is a number u such that

uU=n (Mod %)

and
u=1 (Mod f).

Since n is coprime to (y/k), u is coprime to (y/k). Also, u is coprime to f,
so by lemma 10.1 u is coprime to y. Also,

u~%EI(M0d%)

so there is a v such that u- £ +v- ¥ = 1. Multiplying both sides by k gives us
u-x+v-y=k=GCD(z,y). 0
THEOREM 10.1: The Cyclic Ring Theorem
If x and n are positive integers, then
where k = GCD(z,n).
PROOF Since k = GCD(z,n) by lemma 10.2 we can find integers u and v

such that u-x 4+ v-n =k, where u is coprime to n. We now define a mapping
f from kZy, to zZ,, as follows:

f(k-w Mod kn)) =u-z-w (Mod zn).
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Note that this is well defined, since if k- w is equivalent to k-p (Mod kn) then

w=p Modn) =z -w=2z-p (Mod zn)
= u-z-w=u-x-p(Mod an).

Next we need to show that f is a homomorphism from kZj, to xZ,,. If
a="k-w (Mod kn) and b =k - z (Mod kn), then

fla+b)=flk-w+k-zMod kn)) =u-(z-w+z-2) (Mod zn)
=u-z-w+u-r-z (Mod zn)= f(a)+ f(b).

fla-b)=f(k-w-k-zMod kn)) =u-z-w-k-z (Mod zn)
=u-z-w-(u-x4+v-n)- -z (Mod zn)
=w-z-w-u-z-z+u-z-w-v-n-z) (Mod an)
=(w-z-w) (u-z-z) Mod zn) = f(a) - f(b).

So f is indeed a homomorphism from kZy, to xZ,,.
Since u is coprime to n, u has an inverse, u~! (Mod n). Then we see that f
is onto, since any element z - a (Mod zn) in xZ,,, can be obtained by taking

f(k-a-u™' (Mod kn)) =u-2-a-u"* (Mod zn) = x - a (Mod xn).

Finally, both xZ,, and kZ, contain n elements, so by the pigeonhole
principle f must be a one-to-one function. Thus, f is an isomorphism, and
Xy, = kL.

Because 2 = GCD(6, 10), we see that A ~ 275 is isomorphic to B = 6Z.
But what is the isomorphism? Theorem 10.1 does not explicitly give a formula
for where a should map to in B, so we have to use trial and error. Since a is
an additive generator of A, we know that it should map to one of the additive
generators of B, {b, 3b, 7b, 9b}.

gap> g := RingHomomorphismByImages(A,B, [a], [b]);
fail

gap> g := RingHomomorphismByImages(4A,B, [a], [3*b]);
fail

gap> g := RingHomomorphismByImages(A,B, [a], [7*b]);
Lal —>[7*]

gap> List(Image(g));

[ Oxb, b, 2%b, 3*b, 4xb, 5%b, 6%b, 7*b, 8*b, 9%*b ]

Since the image is all of B, GAP finally found an isomorphism between A and
B.

In fact, since the only rings of order 10 are cyclic rings, there are four
possible non-isomorphic rings of order 10:

Zlo, 2Z207 5Z50, and 10Z1()0.
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It is easy to see that these rings are all distinct by looking at the multiplication
tables.

COROLLARY 10.1

The number of non-isomorphic cyclic rings of order n is precisely the number
of divisors of n (including 1 and n).

PROOF By proposition 10.7 every cyclic ring of order n is isomorphic
to kZy, for some value of k. By the cyclic ring theorem, we see that this is
isomorphic to dZg,, where d = GCD(k,n). Hence d is a divisor of n. We need
to show that two different rings of this form are non-isomorphic. Consider
the rings A = dZ4, and B = fZy,, where d and f are different divisors of
n. Perhaps the easiest way to show that these are different is to count the
number of elements in A and B that can appear in the multiplication tables.
The elements that can appear in the table for A are

d*,2d?,3d?,...,nd =0
while the elements appearing in the multiplication table of B are

f22f23f% ... ,nf=0.

Thus, there are n/d such elements of A, and n/f elements of B. Since d and
f are different, we see that the rings A and B are not isomorphic. Therefore,
there is a one-to-one correspondence between the factors of n and the cyclic
rings of order n.

Although this corollary seems to be a big help in finding all finite rings, there
are, in fact, many non-cyclic rings. For example, there are 8 non-cyclic rings
of order 4, which when combined with the 3 cyclic rings from corollary 10.1
gives a total of 11 rings of order 4. There are 52 rings of order 8 (4 cyclic, 20
with additive group Z;5, and 28 with an additive group Z3,).

Table 10.6 shows the number of rings of a given order. There are at least
18,590 known rings of order 32, but it has not been proven that these are all
of them.

In GAP, we can load any of the rings of order 8 or less. The command
NumberSmallRings will produce the number of rings of a certain order, as
given in table 10.6. Then SmallRings will load one of the rings. The following
shows how we can load the 51st ring of order 8.

gap> NumberSmallRings(8) ;
52

gap> R := SmallRing(8,51);
<ring with 3 generators>
gap> MultTable(R);
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* | O*a c b b+c a a+c a+b a+b+c
O*a |O*a O*a O*a O*a O*a O*a O*a O*a

c | O*a c b b+c c O*a b+c b

b | O*a b b+c c b O*a c b+c
b+c |O*a b+c c b b+c O*a b C

a | Oxa c b b+c a at+c a+b a+b+c
atc | O*a O%*a O*a O%*a atc atc atc atc
at+b |O*a b+c c b a+b a+c atb+c a
a+b+c|O*a b b+c c a+b+c a+c a a+b

TABLE 10.6: Rings of order n

rings| n rings| n rings| n rings
9 11 |17 2 (25 11
10 4 |18 22 |26 4
11 2 119 2 127 59
1222 (20 22 |28 22
13 2 |21 4 129 2
14 4 |22 4 130 8
15 4 123 2 |31 2
16 390 (24 104 {32 777

3
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10.4 Homomorphisms and Kernels

Since we defined a ring isomorphism in a similar fashion as group isomor-
phisms, we naturally will define ring homomorphisms by mimicking group
homomorphisms.

DEFINITION 10.7 1If A and B are two rings, then a mapping f : A — B
such that

flx+y) = flz)+ f(y),

and
fz-y) = f(z)- f(y),

for all x and y in A is called a ring homomorphism.

Note that a ring homomorphism will also be a group homomorphism from
the additive group of A to the additive group of B. Thus, we can immedi-
ately apply the results of group homomorphisms to see two properties of ring
homomorphisms.
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If f is a ring homomorphism from A to B, then

f(0)=0

and
fl=z)=—f(x) for all x € A.

Any isomorphism is certainly a homomorphism. But let us see how to define
a homomorphism between two non-isomorphic rings. Consider a homomor-
phism between Z3 and Zz. We define Z3 and Zg simultaneously by using two
different generators.

InitRing

Define[3 a, 0]; Define[a.a, a]
Define[6 b, 0]; Define[b.b, b]
Z3 = Ring[{a}]

Z6 = Ring[{b}]

gap> InitRing("a");

gap> DefineRing("Z3", [3],[[all);
gap> InitRing("b");

gap> DefineRing("Z6", [6], [[b]]);
gap> List(Z3);

[ Oxa, a, 2%*a ]

gap> List(Z6);

[ Oxb, b, 2%b, 3*b, 4xb, 5%b ]

The homomorphism is determined completely by the value of f(a). A natural
choice would be to let f(a) = 2b.

gap> f := RingHomomorphismByImages(Z3, Z6, [al, [2*b]l);
fail

GAP shows that this would not produce a homomorphism. One way to correct
this problem would be to send f(a) to the zero element of Zg, which GAP
writes as 0%b.

gap> f := RingHomomorphismByImages(Z3,Z6, [al, [0%b]);
[al -> [ 0xb ]

gap> List(Image(£));

[ 0xb ]

or, in Mathematica,
Homomorph[F]

Define[F[a], 0]
CheckHomolF, Z3]
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DEFINITION 10.8 If A and B are any two rings, then the mapping
f:A—B
f(z)=0 forallz e A

is called the zero homomorphism from A to B.

We define f(5), where S is a set of elements in the domain of f, to be the
set of all values f(z), where = is in S. We can also define the inverse image
of an element y to be f~1(y), the set of elements such that f(x) = y. In fact,
we can define the inverse image of a set of elements in the same way: f~1(T)
is the set of elements such that f(x) is in 7. We can use Mathematica to
find the image of a set by merely entering F'[S], rather than having to bother
with F[{S}] as we did with the group theory notebooks. We can find the
inverse image of an element or a set in Mathematica just as we did for group
homomorphisms.

PROPOSITION 10.8

Suppose f is a homomorphism from the ring A to the ring B. Then if S is
a subring of A, then f(S) is a subring of B. Likewise, if T is a subring of B,
then f=Y(T) will be a subring of A.

PROOF  Suppose S is a subring of A. We will use proposition 10.1 to
show that f(S) is a subring of B. The element f(0) =0 isin f(5), so f(S) is
non-empty. If u and v are two elements of f(S), then there exist elements
and y in S such that

f(@)=u
and

fly) =v.

But x -y and  — y are also in S, and so

fla-y)=fla) - fly) =u-v

and
fle—y)=f(z) - fly) =u—v

must be in f(S). Thus, by proposition 10.1, f(5) is a subring of B.

Now suppose that T' is a subring of B. Since 0 is contained in f~1(T), we
have that f~!(T) is non-empty. If x and y are two elements of f~1(T), then
f(z) and f(y) will be two elements of T'. Thus,

flx-y)=f(zx)- fy)

and

flx—y) = f(z) - f(y)



The Structure within Rings 295

would be elements of T. Hence, z -y and x — y are in f~!(T). Thus, by
proposition 10.1, f~1(T) is a subring of A.

We can define the kernel and the image of a homomorphism in the same
way that we did for group homomorphisms.

DEFINITION 10.9 Given a homomorphism f from the ring A to the
ring B, the kernel of f is f=1(0), denoted Ker(f). The image of f is f(A),
denoted Im(f).

In GAP, the kernel of a homomorphism can be found with either the Kernel
command or the PreImages command.

gap> List(PreImages(f,0%b));
[ Oxa, a, 2%a ]

gap> List (Kernel(f));

[ O%a, a, 2*a ]

In Mathematica, we can use the HomolInverse command to find the kernel
of a homomorphism, or we can use the command

Kernel[F, Z3]

as we did for group homomorphisms. The images are even easier to find using
Mathematica:

F[Z3]

When we have a homomorphism from A to B, we have by proposition 10.8
that the image will be a subring of B. Likewise, the kernel of a homomorphism
will be a subring of A. However, we can say even more about the kernel.

PROPOSITION 10.9
If f is a homomorphism from the ring A to the ring B, then the kernel of f
is an ideal of A. Furthermore, f is injective if, and only if, Ker(f) = {0}.

PROOF Suppose that z is in the kernel of f, and y is any other element
of A. Then

flx-y)=f(z) - fly) =0 f(y) =0,
and
fly-2)=fy) f(z) = f(y)-0=0.

Hence, = - y and y - x are in the kernel of f, so the kernel is an ideal of A.
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If f is injective, then f~1(0) can only contain one element, which must be
0. On the other hand, if f~1(0) = {0}, then

Therefore, f is injective if, and only if, Ker(f) = {0}. I

We have yet to find a nontrivial homomorphism from Z3 to Zg. Yet there
is one possibility we haven’t tried yet.

gap> g := RingHomomorphismByImages(Z3, Z6, [al, [4*b]);
Lal->T[4x ]

gap> List (Kernel(g));

[ O*a ]

This shows that Z3 is in fact isomorphic to a subring of Zg.

Let us look at another example of a homomorphism, considering the non-
commutative ring R of order 8 used throughout section 10.2. If we wanted to
define a homomorphism from R to some other ring S, the kernel would have
to be an ideal of R. But R has only three nontrivial ideals:

gap> InitRing("a","b");

gap> DefineRing("R", [4,2], [[a,b], [2*a,0]]);

gap> List(Ideals(R), List);

[ [ Oxa ], [ Oxa, 2*xa ], [O*xa, 2*xa+b ], [ O*xa, b, 2*a, 2*a+b ],
[ O%a, b, a, a+b, 2*a, 2xa+b, 3*a, 3*a+b ] ]

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, 0]
Define[a.b, b]; Define[b.a, 2 a]
I1 = {0, 2 a}

12 = {0, 2 a + b}

I3 ={0,2 a,b,2a + b}

To produce an interesting homomorphism, we would use one of these ideals
as the kernel. To which ring should we map R?

The natural answer would be the quotient ring. Since there is a natural
group homomorphism from R to R/I, we can ask whether this group homo-
morphism extends to become a ring homomorphism.

Let us define Q = R/I;.

R = Ring[{a,b}];
Q = Coset[R, I1]
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We wish to define a homomorphism i(z) which maps an element in R to the
coset of () containing that element.

Homomorphi]
Defineli[a], {a, 3 a}]
Defineli[b], {b, 2 a + b}]

We can see if this works with the CheckHomo command.

CheckHomoli, R]

The kernel of this homomorphism,

Kernel[i, R]

is of course I1 = {0, 2a}.

LEMMA 10.3

If I is an ideal of the ring R, then the natural mapping i : R — R/I defined

by i(x) = x + I is a surjective ring homomorphism from R to R/I with the
kernel being I.

PROOF It is clear that the rule i(z) = z + I defines a surjective mapping
i from R to R/I, and that Ker(i) = I. We need only to check that i(z) is a

homomorphism.
Since
ilx+y)=(x+y) +1

=(@+I)+(y+1I)

=i(z) +i(y)
and

i(fr-y)=x-y+1

=@+I)-(y+1)

we see that i(x) is indeed a surjective homomorphism. [

We can define this natural homomorphism in GAP using only the ideal of
the ring.

gap> I1 := Ring(2*a);

<ring with 1 generators>

gap> f := NaturalHomomorphismByIdeal(R,I1);
La, bl >T[ql, g2 ]
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This actually does two things. It defines a new ring R/I, using a whole new
set of generators q1, q2, .... Then it defines the map f from R to this new
quotient ring. We can display the quotient ring by looking at the image of f.

gap> Q := Image(£);
<ring with 2 generators>
gap> MultTable(Q);

0*ql [0*ql 0O*ql 0O*gl  0Oxql
92 |0*ql  0*ql O*gl 0Oxql
ql [0xql g2 ql ql+qg2
ql+g2|0*q1 g2 ql ql+q2

In the homomorphisms produced by lemma 10.3, the image of the homo-
morphism is isomorphic to R/Ker(f). The first isomorphism theorem studied
in the volume on groups shows that the additive group on Im(f) would be
group isomorphic to the additive structure of R/Ker(f). It is easy to show
that the ring Im(f) is isomorphic to the ring R/Ker(f) as well, giving us an
isomorphism theorem for rings.

THEOREM 10.2: The First Ring Isomorphism Theorem

Let f be a ring homomorphism from a ring R to a ring S, whose image is
H. If the kernel of f is I, then there is a natural surjective isomorphism
f : R/I — H which causes the diagram in figure 10.1 to commute. (Here,
i(x) is the homomorphism defined in lemma 10.3.) Thus, H =~ R/I.

R — > RJI
\ /
H
FIGURE 10.1: Commuting diagram for theorem 10.2

PROOF Figure 10.1 actually helps us determine how ¢ needs to be de-
fined. For each coset (z + I) in R/I, we need to have

Pz +1) = f(x)

in order for the diagram to commute. To prove that this rule defines a map-
ping, we need to show that this is well defined. That is, if x + 1 =y + [ it
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needs to be true that f(xz) = f(y), or else there would be a contradiction in
the definition of ¢. But

r+Il=y+Il<=zx—-yel

= fle—y)=0
= f(z)=f(y)
< ¢z+1)=¢@y+1I).

So we see that the definition of ¢ will not produce any such contradictions.
To show that ¢ is a homomorphism, we have that

p((x+1)+(y+1) =dx+y+1)
= f(z+y)

= f(z) + f(y)

¢z + 1)+ ¢y + 1),

and

So ¢ is a homomorphism from R/I to H. It is apparent that this homomor-
phism is onto, and

plr+1)=0< f(z)=0
<—zxzel
—z+I1=1

So the kernel of ¢ is {I}, the zero element of R/I. Thus, ¢ is an isomorphism
from R/I onto H, so R/I ~ H. Since the mapping ¢ was defined so that the
diagram in figure 10.1 commutes, the theorem is proved.

It should be noted that there are second and third ring isomorphism theo-
rems. These are considered in problems 10.46 and 10.47.

Although most of the rings we have defined in this chapter have been finite
rings, it should be pointed out that whenever we defined a finite ring in
Mathematica, we also have defined an infinite ring in the process. Consider
the example of the non-commutative ring of order 8:

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, 0]
Define[a.b, b]; Define[b.a, 2 a]
R = Ring[{a, b}]
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There is no multiplicative identity for this ring. Mathematica can multiply
any element of R by any integer, and simplify it to an element of R:

B3a+b).7
But we can add an integer to an element of R, such as:

Ba+Db)+7

This is not an element of R, but could this be an element of a larger ring?
Suppose we let M denote the set of all expressions of the form (integer +
element of R). The Mathematica operations cause M to be a ring in its own
right.

DEFINITION 10.10 We say that the ring R is embedded in the ring S' if
there exists an injective homomorphism f : R — S. The mapping f is called
an embedding of R in S.

Mathematica has demonstrated that the ring R is embedded into a much
larger ring that contains a multiplicative identity. In fact, the integers are
also embedded into this ring. We can do this with any ring.

THEOREM 10.3: The Embedding Theorem
Let R be a ring. Then R can be embedded in a ring S that has a multiplicative
identity.

PROOF Rather than expressing elements as an integer plus an element
of R, we will use an order pair (n,x), where n is an integer and z is in R, to
denote the elements of our new ring. Thus, we define S to be the set

S={(n,x)|neZ, =x€R}
We define addition and multiplication on S as follows:
(n1, 1) + (n2,22) = (n1 + N2, 11 + T2),

(n1,21) - (n2,x2) = (n1ng, 1 - T2 + N1x2 + Nowy).

It is clear that S forms an abelian group under addition, with the zero
element being (0,0). The product of two elements of S is clearly in S, so we
only need to check the associativity of multiplication, and the two distributive
laws. We have that

((ny,21) - (N2, x2)) - (N3, x3) = (N1N2, 1 - o + N1x2 + noxy) - (N3, 23)
= (ninang, (x1 - To + n1x2 + noxy) - (Ng, x3) +
ningxs + ng(xy - T2 + n1xs + noxy))
= (ninaonsz, T1 - To - Ty + N1x2 - T3 + Noxy - T3 +

N1NaT3 + N3T1 - To + N1N3T2 + NansTy).
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Also,

(n1,22) - ((n2,22) - (n3,23)) = (N1, 1) - (N2n3, T2 - T3 + N2x3 + N322)
= (ninang, z1 - (T2 - T3 + N2x3 + n3w2) +

n1 (T2 - T3 + now3 + n3w2) + nanzwy)

= (n1nansz, x1 - NaTy - T3 + N3T1 - To +

Nn1T2 - T3 + Ninaxs + nNinsro + ’Ilgﬂgl‘l).

These two are equal, so multiplication in S is associative. We also have

((n1,21) + (n2,72)) - (N2, 73)
= (n1 +ng, 1 + x2) - (N3, 73)
= (ninz + nansz, r1 - r3 + 2 - 3 + N123 + Noxz + n3wry + N3ra)
= (n1, 1) - (n3, 3) + (n2, x2) - (n2,23),
and
(n1,x1) - ((n2,22) + (n3, 23))

(

= (n1,71) - (n2 + n3, v2 + x3)

= (ning + ming, 1 - T2 + 1 - T3 + n1T2 + N3 + noxy + n3xr)
= (n1,21) - (N2, x2) + (n1, 1) - (n3, x3),

so the two distributive laws are satisfied. Thus, S is a ring.
Furthermore, the element (1,0) in S acts as a multiplicative identity, since

(n,z) - (L,0)=(n-1,z-0+n-0+1-2)=(n,x),
and
(1,0)- (n,x)=(1-n,0-z+1-2+n-0)=(n,x).
All that is left is to show that the ring R can be embedded into S. We

can define a mapping from R to S simply by letting f(z) = (0,z). This is
certainly an injective mapping, and it is easy to check that

f(@) + fly) = (0,2) +(0,y) = (0,z +y) = f(z,y),

and
f@) - fly)=(0,2) - (0,y) = (0,2-y+0-y+0-2) = (0,2-y) = f(z-y).
So we have an embedding of R in S, which completes the proof. I

We call the ring S used in this theorem the eztension of R by the integers.
This ring is important because it allows us to treat any ring as though it has
a multiplicative identity by using the ring .S in place of the ring R.

To define the extension ring of R by the integers in GAP, we have to re-
define it using an additional generator, say e, for which e -z = z - e = «x for
all generators, and for which the order of e is infinite. Thus, to define the
extension ring of the above example, we get
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gap> InitRing("e“ , ngn , "b") ;

gap> DefineRing("R", [0,4,2],[[e,a,b]l, [a,a,b], [b,b,2%all);
gap> Size(R);

infinity

Notice that to indicate that the generator e was of infinite order, we entered
a 0 in the array position for that generator. The reason of course is that one
cannot enter oo on the keyboard, and GAP can interpret order 0 to mean
that no positive number times e will equal 0.

Problems for Chapter 10

Interactive Problems

10.1 Find all of the subrings of the ring of order 8:

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, 0]
Define[a.b, b]; Define[b.a, 0]
R = Ring[{a, b}]

gap> InitRing("a","b");
gap> DefineRing("R",[4,2],[[a,b],[0,0]1]);

Which of these subrings are ideals?

10.2 Load the rings Z15 and Zg into Mathematica or GAP simultaneously
with the commands:

InitRing

Define[12 a, 0]; Define[a.a, a]
Z12 = Ring[{a}]

Define[6 b, 0]; Define[b.b, b]
Z6 = Ring[{b}]

gap> InitRing("a");

gap> DefineRing("Z12", [12],[[al]);
gap> InitRing("b");

gap> DefineRing("Z6", [6], [[b]]);

Show that I = {0,6a} is an ideal of Z15, and display addition and multipli-
cation tables of the quotient ring Z15/I, showing that Z15/1 is isomorphic to
Zs.
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10.3 Use Mathematica or GAP to find the eight non-isomorphic non-cyclic
rings of order 4.
Hint: The additive group must be isomorphic to Z§, so the ring is defined
by:
InitRing
Define[2 a, 0]; Define[2 b, 0]
Define[a.a, 777]
Define[b.b, ?777]
Define[a.b, 777]
Define[b.a, 777]
CheckRing[{a, b}]
gap> InitRing("a","b");
gap> DefineRing("R", [2,2], [[??7,777], [??77,777]11);
gap> CheckRing(R);

Fill in each 7?? with a member of {0,a,b,a + b} to see whether a ring is
formed. Is there a faster way than trying all 4* = 256 combinations?

10.4 Use Mathematica or GAP to display the multiplication tables of all
rings of order 6.

Non-Interactive Problems

10.5 Let y be an element of a ring R. Let
A={zx€eR | z-y=0}
Show that A is a subring of R.

10.6 Show that 27 U 3Z is not a subring of Z. (The symbol U denotes the
union of the two sets.)

10.7 If X and Y are ideals of a ring, show that the sum of X and Y,
X+Y={z4+y | ze€XandyeY}
is an ideal.
10.8 In the ring of integers, find a positive integer n such that
(n) = (12) + (16).

(See problem 10.7.)
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10.9 If X and Y are ideals of a ring, show that the product of X and Y,
XY={z1 - y1+a2-yo+ - +xp-yo | z;€Xandy €Y, n>0},
is an ideal.

10.10 In the ring of integers, find a positive integer n such that
(n) = (12) - (16).
(See problem 10.9.)

10.11 Let X and Y be ideals of a ring. Prove that X - Y C X NY. (See
problem 10.9.)

10.12 Let R be a ring and let p be a fixed prime. Define I, to be the set of
elements for which the order of the element is a power of p. Show that I, is
an ideal.

10.13 Find all of the subrings of the commutative ring of order 8 defined by
tables 9.3 and 9.4 in chapter 9.
Hint: There are eight subgroups of the additive group Zj5. Find the eight
subgroups, and determine which subgroups are in fact subrings.

10.14 Find all of the ideals of the commutative ring of order 8 defined by
tables 9.3 and 9.4 in chapter 9. (See problem 10.13.)

10.15 Find all of the subrings of T} in table 9.5.
10.16 Find all of the ideals of T4 in table 9.5.

10.17 Find all of the subrings of Ty in table 9.6.
Hint: First find all 16 subgroups of the additive group, Z3,.

10.18 Find all of the ideals of Tg in table 9.6. (See problem 10.17.)

10.19 Verify that {0,c} is an ideal of the ring T, in table 9.5. Construct
addition and multiplication tables for the quotient ring 7y/{0, c}.

10.20 Verify that {0,2a} is an ideal of the commutative ring R of order 8
which is defined by tables 9.3 and 9.4 in chapter 9. Construct addition and
multiplication tables for the quotient ring R/{0,2a}.

10.21 Verify that {0,b} is an ideal of the commutative ring R of order 8
which is defined by tables 9.3 and 9.4 in chapter 9. Construct addition and
multiplication tables for the quotient ring R/{0, b}.

10.22 Verify that {0,c} is an ideal of the ring Ts in table 9.6. Construct
addition and multiplication tables for the quotient ring T5/{0, c}.
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10.23 Find a subring of the ring Ty in table 9.6 that is isomorphic to the
ring Ty in table 9.5.

10.24 Determine all elements of Ty in table 9.6 that have a multiplicative
inverse.

10.25 Determine all elements of the ring defined by tables 9.3 and 9.4 in
chapter 9 that have a multiplicative inverse.

10.26 An irreducible element p of a ring R is one for which the only way for
p = a- b is for either a or b to have a multiplicative inverse. Determine the
irreducible elements of the ring defined by tables 9.3 and 9.4 in chapter 9.

Hint: Cross out the rows and columns corresponding to the invertible ele-
ments. Which elements are no longer in the interior of the table?

10.27 Does Ty or Ty in tables 9.5 and 9.6 have any irreducible elements?
(See problem 10.26.)

10.28 A prime element p # 0 of a ring R is a non-invertible element such
that, whenever a - b is a multiple of p, either a or b is a multiple of p. (A
multiple of p would be any element that can be expressed as either x - p or
p-x.) Find a prime element of the ring Ts in table 9.6.

Hint: To determine if p is prime, first find all the multiples of p. Then cross
out the rows and columns of the multiplication table corresponding to those
elements. If there are no more multiples of p remaining, then p is prime.

10.29 Find a prime element of the ring defined by tables 9.3 and 9.4 in
chapter 9 that is not irreducible. (See problems 10.26 and 10.28.)

10.30 Let R be a non-commutative ring. Define the operation z xy =y - z.
Show that the set R forms a ring using the operations * and + instead of -
and +. This new ring is called the transpose of R, and is denoted R'.

10.31 Show that the ring Ty in table 9.5 is not isomorphic to its transpose.
(See problem 10.30.)

10.32 Show that the ring T in table 9.6 is isomorphic to its transpose. (See
problem 10.30.)
Hint: First construct the multiplication table for T¢, then determine how
to rearrange the elements of Tg so that the patterns match.

10.33 Prove that a non-commutative ring of order 4 or less must be isomor-
phic to either Ty from table 9.5 or T}. (See problem 10.30.)
Hint: Use problem 9.22.

10.34 Is the ring 2Z isomorphic to the ring 3Z?7 Why or why not?
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10.35 Let A = (6) be an ideal of the ring Z. Construct addition and multi-
plication tables of the quotient ring Z/(6). What does this ring remind you
of ?

10.36 Let A = (2) and B = (6) be two ideals of the ring Z. Construct
addition and multiplication tables of the quotient ring A/B.

10.37 Let A = (2) and B = (8) be two ideals of the ring Z. Show that the
group A/B is isomorphic to Zy, but the ring A/B is not isomorphic to the
ring Zy.

10.38 Find all ring homomorphisms from Zg to Zs.

10.39 Show that if ¢(x) = 2z, then ¢ is not a ring homomorphism from R
to R.

10.40 Determine all ring homomorphisms from the rationals Q to Q.
Hint: What are the possible kernels? If ¢(1) = 1, show that ¢(n) = n.

10.41 Let C denote the set of numbers of the form a + bi, where i = v/—1
and a and b are real. (C is in fact a subring of the quaternions H.) Let
¢(a + bi) = a — bi. Show that ¢ is a ring homomorphism from the ring C to
itself.

Hint: Let z = a + bi, and y = ¢ + di.

10.42 Let R be the extension of the ring 275 = {0,2,4,6} by the integers.
Find an ideal I of R such that R/I ~ Zs.
Hint: Find a homomorphism from R onto Zg, and use the first ring isomor-
phism theorem (10.2).

10.43 If R is a commutative ring and y is a fixed element of R, prove that
the set
I={z-y | z€R}

is an ideal of R.
Hint: Note that if there is no multiplicative identity, ¥ may not be in 1.

10.44 If R is a commutative ring and y is a fixed element of R, prove that
the set
A={z€eR | z-y=0}

is an ideal in R. (See problem 10.5.)

10.45 An element x of a ring R is called nilpotent if ™ = 0 for some positive
number n. Show that the set of all nilpotent elements in a commutative ring
R forms an ideal of R.

Hint: See problem 9.33.
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10.46 Prove the second ring isomorphism theorem: If K and I are two ideals
of a ring R, where K C I, then K is an ideal of I, I/K is an ideal of R/K,
and

(R/K)/(I/K) =~ R/I.

10.47 Prove the third ring isomorphism theorem: If K and I are two ideals

of a ring R, then
K/(KNI)~(K+1)/I.

(See problem 10.7 for the definition of K + I.)
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Chapter 11

Integral Domains and Fields

11.1 Polynomial Rings

One major source of integral domains are the polynomial rings. We can
construct a polynomial ring from any ring, but the polynomial rings with the
familiar properties are formed either from fields or integral domains.

DEFINITION 11.1 Let K be a commutative ring. We define the set of
polynomials in = over K, denoted K[x], to be the set of all expressions of the
form

ko + k1x + ko + ksz® + -

where the coefficients k,, are elements of K, and only a finite number of the
coefficients are nonzero. If k4 is the last nonzero coefficient, then d is called
the degree of the polynomial.

Notice that if d = 0, we essentially obtain the nonzero elements of K. These
polynomials are referred to as constant polynomials. The degree for the zero
polynomial

0+ 0z + 022 + 02° + - --

is not defined.
By convention, the terms with zero coefficients are omitted when writing
polynomials. Thus, the second degree polynomial in Z[x]

1+ 0z + 32% 4+ 02 4 - -

would be written 1 + 322. The one exception to this convention is the zero
polynomial, which is written as 0.

We can define the sum and product of two polynomials in the familiar way.
If

A=ag+ a1z + asx® + azzd + - and

B = by + b1z + byx? 4+ bgaz® + - -+
then

A+ B = (ag+bo) + (a1 +b1)z + (az + b2)2® + (ag + bg)z® + - -

309
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and
oo

A-B= Z (a; - b; m(‘+j).
i=0

=0 j

Although this looks like a double infinite sum, only a finite number of the
terms will be nonzero. If fact, this product could be written as

A-B =aqg-by
+(ag-b1 + a1 - bo)x
+(ag - by + a1 'b1+a2~b0)x2
+(ag - b3 + ay - by + ag - by + as - by) x> +

so each coeflicient is determined by a finite sum.

LEMMA 11.1

Let A and B be two nonzero polynomials in x over K of degree m and
n respectively, where K is a field or an integral domain. Then A - B is a
polynomial of degree m +n, and A + B is a polynomial of degree no greater
than the larger of m or n.

PROOF Let A be a polynomial of degree m,

2 3 m
A=ag+ a1x+ ax® +asx”® + - -apmx

and B be a polynomial of degree n,
B =1by+bix + 521‘2 + b3l‘3 + bz

Here, a,, and b,, are nonzero elements of K. The product is determined by

o (o)
IR

i=0 j=0

Note that a; and b; are zero for ¢ > m and j > n. If i + j > m + n, either
i > m or j > n, and in either case a; - b; = 0. Thus, there are no nonzero
terms in A - B with coefficients larger than m + n. However, if i +j = m +n,
the only nonzero term would be the one coming from ¢ = m and j = n, giving

by 2T
Since there are no zero divisors in K, a,, -b,, is nonzero, so A-B is a polynomial
of degree m + n.

Next we turn our attention to A + B. We may assume without loss of
generality that m is no more than n. Then the sum of A and B can be
expressed as

(ao+bo) + (a1 +b1)z + (az + bg)a:2 + - (am + by )™ +bpprz™ M b
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If m < n, this clearly is a polynomial with degree n. Even if m = n, this still
gives a polynomial whose degree cannot be more than n.

We still have to show that K[z] will be a ring. But if K is an integral
domain or field, we will be able to say more about K{z].

PROPOSITION 11.1
Let K be an integral domain or a field. Then the set of polynomials in x over
K forms an integral domain.

PROOF  We have seen that K[z] is closed under addition and multiplica-
tion. By the commutativity of K, addition and multiplication are obviously
commutative. It is also clear that the zero polynomial acts as the additive
identity in K[x]. Also, the additive inverse of

A=ay+ a1z +ax® +acz>+ -
is given by
—A = (—ao) + (—a1)z + (—az)z® + (—ag)a® + -,
since the sum of these two polynomials is
A+ (=A)=0+0z+02® + 02 +--- = 0.
The polynomial with by = 1, and b; = 0 for all positive 7,
I=1+0z+0z2 4023+,
acts as the multiplicative identity, since
I-A:A-I:iiai-bjx”j :iai-l i = A.
i=0 j=0 i=0
To check associativity of addition and multiplication, we need three polyno-
mials
A=ag+az+az® +azz® + -,
B = by + b1z + box® + bgz® + - -, and

C=co+crz+cox® +ezad +---.
Then

(A+ B) +C = (ag +bg) + co + (a1 + b1) + c1)x + ((ag + by) + co)a® + - --
=ag + (bo + o) + (a1 + (b1 +c1))x + (az + (b + c2))2” + - --
= A+ (B+0).
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Also,

7=0 k=0
= iiiai (bj - cx)a'TITE
=0 j=0 k=0
:iii(ai'bj)'ck Itk = (A.B)-C.
=0 j=0 k=0

The two distributive laws are also easy to verify using the summation notation.

A-(B+C)=4A. i(b +¢j) Zzaz- R
7=0 =0 j=0

( a; - bj + aicj)x”j

Mo 1D
0 1

b xl+ﬂ+zzal ;" =A-B+A-C.

1=0 j=0

s
Il

=)
I

=)

J

We can use the fact that multiplication is commutative to show that (A+ B)-
C=A-C+ B-C. Thus, K[x] is a commutative ring with identity.

Next, let us show that K[z] has no zero divisors. Suppose that A- B =0,
with both A and B being nonzero polynomials. Say that A has degree m
and B has degree n. Then by lemma 11.1 A - B has degree m + n, which
is impossible if either m or n were positive. But if A and B are constant
polynomials, then ag - by = 0, which would indicate that either ag or by is 0,
since K has no zero divisors. Thus, either A or B would have to be 0, so we
have that K[z] has no zero divisors.

Finally, let us show that K[z] is not a field, by showing that the polynomial
(1 4 ) is not invertible. Suppose that there was a polynomial A such that
A-(1+4=x) = 1. Then A is not 0. So suppose A has degree m. Then
by lemma 11.1, we have m + 1 = 0, telling us m = —1, which is impossible.
Thus, (14 2) has no inverse in K|z], and therefore K[z] is an integral domain.

Although this proposition holds for polynomials defined over a integral do-
main, there is no reason why we cannot have Mathematica® or GAP work
with polynomials defined over any commutative ring. However, we will dis-
cover that the familiar properties of polynomials radically change!

Let us consider the commutative ring of order 8 from tables 9.3 and 9.4 in
chapter 9.
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InitRing

Define[4 a, 0]; Define[2 b, 0]
Definela.a, a]; Define[b.b, b]
Define[a.b, 0]; Define[b.a, 0]
R = Ring[{a, b}]

gap> InitRing("a","b");

gap> DefineRing("R", [4,2],[[a,0],[0,b]1]);
gap> List(R);

[ Oxa, b, a, a+b, 2*a, 2%a+b, 3*a, 3*a+b ]

We form a polynomial ring over R by defining a new symbol z. In GAP one
uses the command Indeterminate to show that x is a variable over the ring
R.

gap> x := Indeterminate(R,"x");
X

If there is a warning message, just ignore it. In Mathematica the symbol x is
already available, but we must declare that x commutes with every element
in R. This is done with the two definitions

Define[x.a, a.x]
Define[x.b, b.x]

which force the coefficients to appear in front of the power of x. A typical
polynomial would be

Y =ax+b

If we consider raising this polynomial to a power,

Y 4

we find that Mathematica writes the powers of x as z.x.....z. GAP does not
have this difficulty:

gap> y:= a*x + b;

axx+b

gap> y 4;
a*xx~4+b

This polynomial ring has a rather bizarre property. Sometimes the square of
a first degree polynomial is not a second degree polynomial! Consider

gap> (2%a*x + a+b)"2;
at+b

which yields the identity element in R. Furthermore, polynomials may be
“factored” in more than one way. The two products
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gap> (b+2*a*xx)*(b+a*x);
2%a*xx”2+b

gap> (b+2*a*xx)* (2xatb+axx) ;
2%a*xx”2+b

or, in Mathematica,

(b +2ax). (b+ ax)
(b+2ax).(2a+ b+ ax)

yield the same quadratic polynomial. Because of the bizarre properties of
polynomials over general rings, we mainly will focus our attention to polyno-
mial rings K[z], where K is an integral domain or field.

As we work with polynomials in Mathematica we would like to use the
standard multiplication notation instead of using the dot. There is a property
of integral domains and fields that lets us enter these rings into Mathematica
another way.

DEFINITION 11.2 Let R be a ring. We define the characteristic of R
to be the smallest positive number n such that n -2z = 0 for all elements x of
R. If no such positive number exists, we say the ring has characteristic 0.

PROPOSITION 11.2

Let R be a nontrivial ring without zero-divisors. If the characteristic is 0,
then for n an integer and x a nonzero element of R, n-x =0 only if n = 0.
If the characteristic is positive then it is a prime number p, and for nonzero
xz, n-x =0 if, and only if, n is a multiple of p.

PROOF  Suppose that n -z = 0 for some nonzero x in R. Then for any
other nonzero element y of R,

O=(n-a)-y=n-(z-y)=z-(n-y)

But x is nonzero, and the ring has no zero divisors, so we have n -y = 0.
This argument works in both ways, so

() n-r=0<n-y=0 ifx#0andy#0.

If n was not zero, then |n| would be a positive number such that n-z = 0 for
all z in the ring. Hence, if the ring has characteristic 0, then n -2 = 0 implies
that either x = 0 or n = 0.

Now suppose that the ring has positive characteristic, and let z be any
nonzero element of R. Let p be the smallest positive integer for which p-xz = 0.
If p is not prime, then p =a-b with 0 < a < p and 0 < b < p. But then

(a-z)-(b-z)=(a-b)(2®)=(p-2z)-z=0-2=0.
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Since the ring has no zero divisors, either a -z = 0 or b-x = 0. But this
contradicts the fact that p was the smallest number such that p-ax = 0. Thus,
p is prime. By (*) we have that p -y = 0 for every element in R, and since
this cannot be true for any smaller integer, we have that the characteristic of
the ring is the prime number p.

It is easy to see that if n is a multiple of p, then n = ¢ - p for some integer
c. Thus, for any element z in R,

n-x=(c-p)rx=c-(p-x)=c-0=0.

Suppose that n-x = 0 for some n that is not a multiple of p. Then GCD(n, p)
must be 1, and so by the greatest common divisor theorem (1.2), there are
integers u and v such that u-n +v-p = 1. But then

z=1l-z=@w-n+v-p)-z=u-(n-z)+v-(p-x)=u-0+v-0=0.

So for nonzero x, n -z = 0 if, and only if, n is a multiple of p. I

Characteristics are important because they provide a new way of defining
integral domains and fields in Mathematica. We begin by telling Mathematica
the characteristic p of the ring we want to define. For example, to define a
ring with characteristic 3, we enter

InitDomain[3]

which does three things. First, it tells Mathematica that the ring to be defined
is commutative, so the regular multiplication notation can be used instead of
the dot. Mathematica defines the identity element to be 1. Finally, Mathe-
matica assumes that the ring to be defined has no zero divisors, and takes into
account proposition 11.2, defining three times anything to be 0. For example,
the commands

242
2i451i

simplify to 1 and ¢. Let us try imitating the complex numbers, and tell
Mathematica that i = —1.

Define[i™2, —1]
K = Ring[{i]]
CheckRing[K]
AddTable[K]
MultTable[K]

This produces tables 11.1 and 11.2. We can define this ring in GAP as follows:

gap> InitRing("e","i");

gap> DefineRing("K",[3,3],[[e,i], [i,-el]);
gap> CheckRing(X) ;

This is a ring.
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TABLE 11.1: Addition of “complex numbers modulo 3”
+ 0 1 2 i 21 147 2447 1427 2424
0 0 1 2 i 21 147 244 1427 2424
1 1 2 0 1+7 142 244 ) 2421 2
2 2 0 1 241 242 ) 1+ 2 14+ 2
) i 147 2+14 21 0 1420 2+2i 1 2
2i 2 1+21 2424 0 ) 1 2 147 2+
1+¢ | 1+7 2414 ) 1+ 2 1 2421 2 2 0
241|241 7 1447 2+ 2 2 21 1+ 2 0 1
14+20|14+2¢ 2+2¢ 21 1 1414 2 0 241 1
24+20(24+20 20 1+2 2 241 0 1 ) 1+

TABLE 11.2:

Multiplication for “complex numbers modulo 3”

0 1 2 ? 24 14+¢ 2407 1+2¢0 2+ 2
0 |0 O 0 0 0 0 0 0 0
1 0 1 2 1 23 14+¢ 2407 1+2¢0 2+ 24
2 0 2 1 27 1 242t 14+2¢ 247 1+1
1 0 1 2 2 1 241 242 147 142¢
2e |0 29 1 1 2 1+2¢ 14¢ 2427 241
14+¢|0 147 2420 247 1+20 2 1 2 v
244 |0 2+¢ 1+2¢ 2427 144 1 1 27 2
1+2010 1+20 24+¢ 1+¢ 24+20 2 2 ? 1
24+20|10 2420 1+4¢ 1+4+2¢ 244 1 2 1 24

Unfortunately, this ring is just a little too large to display the addition and
multiplication tables in GAP using the standard format (unless one resizes
the screen). So we will number the elements to display the addition and
multiplication tables.

gap> NumberElements
true
gap> AddTable(K);

:= true;

+
—
N
w
IS
()]
o
\]
(0]
©

_______ +__________________________
O*e 1 2 3 4 5 6 7 8 9
i 2 3 1 5 6 4 8 9 7
2%i 31 2 6 4 5 9 7 8
e |4 5 6 7 8 9 1 2 3
e+i I 6 4 8 9 7 2 3 1
e+2%i 6 4 5 9 7 8 3 1 2
2%e 7 8 9 1 2 3 4 5 6
2%e+i 8 9 7 2 3 1 5 6 4
2%e+2*%i|9 7 8 3 1 2 6 4 5
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gap> MultTable(K);

* ll 2 3 4 5 6 7 8 9
Ox*e 11 1 1 1 1 1 1 1
i 1 7 4 2 8 56 3 9 6
2%i 1 4 7 3 6 9 2 5 8
e [t 2 3 4 5 6 7 8 9
e+i [t 8 6 5 3 7 9 4 2
e+2xi 1 56 9 6 7 2 8 3 4
2%e 1 3 2 7 9 8 4 6 5
2%e+i 1 9 56 8 4 3 6 2 7
2%e+2xi|ll 6 8 9 2 4 5 7 3

Even with the abbreviated version of the multiplication table, we can see that
this ring has nine elements and has no zero divisors. By corollary 9.1, K is a
field. We could call K the field of “complex numbers modulo 3.”

We can now form polynomials in K in Mathematica using the standard
multiplication.

Y =(1+41) x4+ 2
Z=02+i)x"2+2ix+ 1+ 2i
Y2

(24 (1+4i)x)?

Y Z

(24 (1 +4)x)(1 + 2i + 2iz + (2 + i)2?)

Mathematica leaves the last two expressions in factored form. If we used the
dot notation

Y.Y

1+ + iz + 2622

Y.Z

240+ 2z +ix + 222 + iz? + 23

instead, Mathematica expands the expressions. To do these same operations
in GAP, we first define x to be an indeterminate in the ring K.

gap> x := Indeterminate(K,"x");

X

gap> y := (e+i)*x + 2x%e;

(e+i)*x-e

gap> z := (2%e + 1)*x"2 + 2%i*x + e + 2%i;
(2%e+1i) *x " 2+2%ixx+(e+2%1i)

gap> y~2;

2%ixx"2+(e+i) *x+e

gap> y*z;

X" 3+ (2%e+1i) *x "2+ (2%e+1i) *x+ (2%e+1)

Mathematica and GAP can factor polynomials defined over any finite field.
In the next chapter we will prove that such factorizations are unique. Even
though the polynomial 22 + 1 is irreducible over the integers, we can factor
the polynomial over the field K:
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Factor[x~2 + 1, K]

gap> Factor(x"2 + 1, K);
[ x+i, x+2%i ]

The polynomial rings defined over integral domains are the basic building
blocks used for forming new integral domains and fields.

11.2 The Field of Quotients

In the last section, we found a way to form integral domains by imitating
the familiar polynomials from high school algebra. In this section we will
show how we can form a field from an integral domain, imitating grade school
fractions.

We view a standard fraction as one integer divided by another. We want
to extend this idea, and form fractions out of any integral domain. However,
even with standard fractions there is a complication, since we consider

even though both the numerators and denominators are different. What we
mean to say is that these two fractions are equivalent, where we define

SHES

& TUv=Y- U

< |8

This forms an equivalence relation on the set of fractions x/y. We have already
seen equivalence relations while working with cosets of a group. What we call
a rational number is really a set of fractions of the form z/y that are all
equivalent.

DEFINITION 11.3 Let K be an integral domain, and let P denote the
set of all ordered pairs (z,y) of elements of K, with y nonzero:

P={(zy) | z,yeK and y#0}
We define a relation on P by
(z,y) = (u,v) if rzov=y-u

LEMMA 11.2
The above relation is an equivalence relation on P.
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PROOF  We need to show that the relation is reflexive, symmetric, and
transitive. Let(z,y), (u,v), and (s,t) be arbitrary elements of P.
Reflexive:
(z,y) = (,9)
is equivalent to saying x - y = x - y which is, of course, true. So this relation
is reflexive.
Symmetric:

(@,y) =(wv) =z v=y - u=uy=v-z=(u,v) = (2,9),

so this relation is also symmetric.
Transitive:
If (z,y) = (u,v) and (u,v) = (s,t), then

(z,y) = (w,v) =z v=y-u=z-v-t=y -u-t,

(u,v) = (s,t) = u-t=v-s=u-t-y=v-s-y.

These two statements imply that x - v -t = v - s-y. Notice that in the last
step we had to use the commutativity of multiplication. Using commutativity
again, we have x -t-v = y - s - v, and since K has no zero divisors and v is
nonzero, we can use lemma 9.4 to say that -t =y -s. Then

x’t:y'S:(x,y)E(svt)7

so we have the transitive law holding. Therefore, this relation is an equivalence
relation.

DEFINITION 11.4 Let K be an integral domain, let P denote the set
P={(zy) | z,yeK and y#0},
and let the equivalence relation on P be
(z,y) = (u,v) if zv=y-u

For each (z,y) in P, let (5) denote the equivalence class of P that contains
(z,y). Let @ denote the set of all equivalence classes (%) The set Q is called
the set of quotients for K.

This definition allows us to replace an equivalence of two expressions with
an equality. We now have that

x u

(7) = <7) if, and only if, xz-v=wu-y.

Y v

The next step is to define addition and multiplication on our set of quotients
Q. Once again, we will use the rational numbers to guide us in the definition.
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LEMMA 11.3
Let K be an integral domain, and let Q be the set of quotients for K. The
addition and multiplication of two equivalence classes in Q, defined by

5+ -5
) (0)=0G2)

are both well defined operations on Q. That is, the sum and product do not

depend on the choice of the representative elements (x,y) and (u,v) of the
equivalence classes.

and

PROOF  The first observation we need to make is that the formulas for
the sum and product both form valid elements of @, since y - v is nonzero as
long as y and v are both nonzero.

Next let us work to show that addition does not depend on the choice of
a

representative elements (z,y) and (u,v). That is, if (ﬁ) = (%), and (%) =
(9), we need to show that

()6 =6)+ @)

That is, we have to prove that

(55 = (55

Since (%) = (%) and (%) = (5), we have x -b =a-yand u-d = c-v.
Multiplying the first equation by v - d and the second by y - b, we get
rz-b-v-d=a-y-v-d
and
u-d-y-b=c-v-y-b.
Adding this two equations together and factoring, we get
(z-v4+u-y)-b-d=(a-d+c-b) -y-v.

This gives us
(m~v+u~y) B (a-d+c~b)
Y- v N b-d ’
which is what we wanted.
We also need to show that multiplication is well defined, that is

() (G)=6)-G)
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But since x - b =a -y and u - d = ¢ - v, we can multiply these two equations
together to get
z-b-u-d=a-y-c-v,

or
(-u)-(b-d)=(a-c)-(y-v)
Therefore,
T-u a-c
(y . v) N (ﬁ)’
so multiplication also is well defined. (]

THEOREM 11.1: The Field of Quotients Theorem

Let K be an integral domain, and let Q be the set of quotients for K. Then @
forms a field using the above definitions of addition and multiplication. The
field Q) is called the field of quotients for K.

PROOF We have already noted that addition and multiplication are
closed in Q.

We next want to look at the properties of addition. From the definition,

()0 =577)=-0+6)

we see that addition is commutative. Let z be any nonzero element of K.
Then (g) acts as the additive identity:

£+ G -0+ -5 -2 -6)

Likewise, (%“) is the additive inverse of (%)

)+ () -C)+6) - () - (62) = G)

The associativity of addition is straightforward:

()« () + (1) = (=2t (2)
(x-v~b+z:zzz+a-y-v>7

while

)+ () () =)+ (55

(x-v~b+u'y-b+a~y-v)
y-v-b '
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So @ forms a group with respect to addition.

Next we look at the properties of multiplication. Multiplication is obviously
commutative, since

)G -G -G -G)F)
y/ \o/ N\y-w) Nw-y/ \w) Ay
We also have associativity for multiplication:
5)-()-G)=G=)-G)
Y v b/ \y-wv b
=) =6 G5 =()-(6)-6)
S \y-v-b/ \y v-b/)  \y v b/ )
The element (f) acts as the multiplicative identity for any z # 0.
)G -G)0-G2-0)
z Y Yy z Y-z y/
If z = 0, then (%) = (g) Otherwise, the multiplicative inverse of (%) is
(5)-(2)=(G2)=C)
y ) \y-x/ \z/J
Thus, every nonzero element of () has a multiplicative inverse. Finally, we have

the two distribution laws. Because of the commutativity of multiplication, we
only need to check one. Since

(9 (0) () = 2y (2) = (whzperny,

(¥), since

while
)G+ G) G =G) - 6)
_ (u~x~b-y+a~x~v-y>
voy-bey
Lx-b e
:(u xv.—&y—.abw v>’
we have the distributive laws holding, and therefore @ is a field. I

In the construction of the field @, we never used the identity element of K.
Hence, if we started with a commutative ring without zero divisors instead
of an integral domain, the construction would still produce a field. We can
mention this as a corollary.
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COROLLARY 11.1
Let K be any commutative ring without zero divisors. Then the set of quo-
tients Q defined above forms a field.

Although the field of quotients was designed from the way we formed ra-
tional numbers from the set of integers, we can apply the field of quotients to
any other integral domain. What happens if we form a field of quotients for
the polynomial ring Kz]?

Let us first consider the most familiar polynomial ring Z[x]—the polyno-
mials with integer coefficients. An element in the field of quotients would
be of the form p(x)/q(z), where p(x) and g(z) are polynomials with integer
coefficients. But we consider two such fractions p(z)/q(z) and r(z)/s(x) to
be equivalent if p(z) - s(x) = r(z) - ¢(x). For example, the two fractions

ClearDefs
A=B8x"24+5x-2)/(2x"24+7x+ 6)
B=B3x"2-4x4+1)/(2x"2+x-3)

can be seen to be equivalent, since

Expand[(3 x" 2+ 5x—2) * (2x72 + x — 3)]
Expand[(3 x™2-4x+4+ 1) * (2x72 4+ 7 x + 6)]

yield the same result. Other ways of showing that A and B are equivalent is
by computing either of these two commands:

Simplify[A — B]
Simplify[A /B]

GAP has no problem is seeing that these rational functions are equivalent.
gap> x := Indeterminate(Integers,"x");

b
gap> A := (3%x72 + B*xx - 2)/(2%x"2 + T*x + 6);
(8%x-1)/(2*x+3)

gap> B := (3%x"2 - 4*x + 1)/(2*x"2 + x - 3);
(3*%x-1) / (2%x+3)

We call the field of quotients for the polynomials Z[z] the field of rational
functions in x, denoted Z(x).

It should be mentioned that a rational function, in this context, is not
a function! The rational functions A and B are merely elements of Z(z),
which may in turn be arguments for some homomorphism. To say that “A is
undefined when x = —2” or “B is undefined at x = 1” is meaningless, since x
is not a variable for which numbers can be plugged in. Rather, x is merely a
symbol that is used as a place holder. This is why we can say that A and B
are truly equal, even though the “graphs” would disagree at two points.

We can form rational functions from any integral domain K. This produces
the field K (x), the rational functions in x over K.

For example, let us use the field of order 9 that was defined by tables 11.1
and 11.2.
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InitDomain[3]
Define[i™2, —1]
K = Ring[{i)]

Here is a typical rational function in = over K:
A=((x"24+x"2+2xi4+2x4+2)/(x"24+ix+1)

We can have Mathematica factor this over a finite field K with the command
Factor[A, K]

According to this factorization, the rational function A does not simplify. Or
does it? Consider a simpler rational function.

B=(2x-1i)/(x—1ix+41i)
Simplify[A—B]

Mathematica shows us that these two expressions are the same rational func-
tion in K(z). Again, GAP has no problem finding the simplification.

gap> InitRing("e","i");

gap> DefineRing("XK",[3,3]1, [[e,i],[i,-e]l]1);

gap> x := Indeterminate(K,"x");

X

gap> A := (i*x"2 + x72 + 2*x*ki + 2%x + 2)/(x"2 + i*x +1);
((e+i) *x+(2%e+i)) / (x+(e+2%i))

As you can see from this experiment, the definition of the quotient field
does not depend on whether elements in the integral domain can be factored
uniquely. However, unique factorization is an important property that we will
study in depth in chapter 12.

11.3 Complex Numbers

We have already seen some examples of complex numbers in the form a+bi,
where i represents the “square root of negative one.” Mathematica uses a
special blackboard i to display the imaginary number, but this can be entered
into Mathematica as I. This allows us to perform standard arithmetic on
complex numbers.

(2+31) + (4-1)
6+ 2i
(2+31)*(4-1)
11+ 10i
2+30/@4-1)

5 14i
7t 17
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GAP gives a more mysterious notation for the square root of —1:

gap> Sqrt(-1);
E(4)

The short explanation for this is that 4 is the fourth root of 1, that is, i* = 1.
E(4) is GAP’s notation for ey4, the principal fourth root of 1. Later in this
section we will see how to find e,, for general n.

In spite of the unusual notation, we can still perform complex arithmetic
in GAP, using E(4) for 4.

gap> (2 + 3*xE(4)) + (4 - E(4));

6+2*E(4)

gap> (2 + 3*E(4)) * (4 - E(4));
11+10*E(4)

gap> (2 + 3*xE(4)) / (4 - E(4));
5/17+14/17*E(4)

753
(3

In either presentation it is not at all clear where the or e4 came from. This
gives the complex numbers a rather mysterious quality that is compounded
by their common misnomer, “imaginary numbers.”

Instead of considering quantities of the form a4 bi, we will consider ordered
pairs (a,b). We will declare the following properties for ordered pairs of real
numbers:

1. (a,b) = (¢,d) if, and only if, a = c and b = d.

2. (a,b) + (¢,d) = (a+ ¢, b+ d).

3. (a,b)-(¢,d)=(a-c—b-dyja-d+b-c).
We define C to be the set of all ordered pairs of real numbers.
PROPOSITION 11.3

The set C forms a field, called the field of complex numbers. This field con-
tains a subfield isomorphic to the real numbers.

PROOF Because the real numbers are closed with respect to both addition

and multiplication, it is clear that both (a+¢,b+d) and (a-c—b-d,a-d+b-c)
would be defined for all real numbers a, b, ¢, and d. Thus, C is closed with
respect to both addition and multiplication. Furthermore, since

(¢,d) + (a,b) = (c+a,d+b) = (a+c,b+d) = (a,b) + (c,d)
and

(¢,d)(a,b) =(c-a—d-byc-b+d-a)=(a-c—b-d,a-d+b-c) = (a,b)-(c,d),
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we see that both addition and multiplication are commutative. The element
(0,0) acts as the zero element, since

(0,0) + (a,b) = (a,b).
The addition inverse of (a,b) is (—a, —b), since

(a,b) + (—a,—b) = (0,0).

Note that the order on the last two sums is irrelevant, since addition has
already been shown to be commutative.
To show that addition is associative, we note that

(a,b) + ((c,d) + (e, f) ) = (a;b) + (c+ e, d+ f) = (a+c+eb+d+ f),
while
((a,b) + (c,d)) + (e, f) = (a+c,b+d)+ (e, f) =(a+c+eb+d+ f).

To show that multiplication is associative is a little more complicated. We
have

(a,;0) - ((ce;d)- (e, f)) =(a,b)-(c-e—d-fic-f+d-e)=
(a-cre—a-d-f—b-c-f—=b-d-ea-c-f+a-d-e+b-c-e—b-d-f),

and

((a,b)-(c,d))-(e,f):(a-c—b-d,a-d—i—b-c)-(e,f):
(a-c-e—=b-d-e—a-d-f—b-c-fia-c-f—=b-d-f+a-d-e+b-c-e).

By comparing these two, we see that they are equal, so multiplication is
associative.

We need to test the distributive laws next. The left distributive law we can
get by expanding:

(aab)' ((C,d)+(€,f)) = (a,b)~(c—|—e,d—|—f)

=(a-c+a-e—b-d=b-f,a-d+a-f+b-c+b-e)

=(a-c—b-dja-d+b-¢c)+(a-e=b-fia-f+b-e)
= (a,b) - (¢,d) + (a,b) - (e, f).

Thus, the left distributive law is satisfied. However, the right distributive law

follows from the left distributive law, and using the commutative multiplica-
tion:

((a,b)+(c,d))-(e,f) = (e,



Integral Domains and Fields 327

We have now shown that the set C forms a commutative ring. To show that
this ring has a multiplicative identity, we consider the element (1,0). Since
the ring is commutative, we only need to check

(1,0) - (a,b) =(1-a—0-b,1-b+0-a) = (a,b).

Finally, we need to show that every nonzero element has an inverse. If (a,b)
is nonzero, then a? + b? will be a positive number. Hence

_a b
a2+ b2’ a2 + b2

is an element of C. The product

a —b a?+v* —a-b+a-b
b . = = ].
(a,0) <a2—|—b2’a2—|—b2) <a2—|—b2’ a? + b2 ) (1,0)

verifies that

1 a =b
(a,0) _<a2+62’a2+b2>

since multiplication is commutative. Therefore, the set C forms a field.

The second part of this proposition is to show that C contains a copy of
the real numbers as a subfield. Consider the mapping f, which maps real
numbers to C, given by

f(@) = (,0).
To check that f is a homomorphism, we check that
f@)+ fy) = (2,0) + (y,0) = (x +y,0) = f(z +y)
and
f@)- fly) = (2,0) (y,0) = (z-y+0,0+0) = (x-y,0) = f(zy).

Thus, f is a homomorphism from the reals to C. It is clear that f is one-to-
one, since (z,0) = (y,0) if, and only if, # = y. Thus, f is an embedding of
the reals into C, and thus the image of f:

{(z,0) | z € R}

is isomorphic to the real numbers. I

LEMMA 11.4
There are exzactly two solutions to the equation x*> = (—1,0) in the field C,
given by (0, £1).
PROOF If (a,b) solves the equation 22 = (—1,0), we have that
(a,b)* = (a* = b*,2a - b) = (—1,0).
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Thus, a and b must satisfy the two equations
a? - =-1

and
2a-b=0.

The second equation implies that either a or b must be 0. But if b = 0, then

the first equation becomes a? = —1, which has no real solutions. Thus, a = 0,

and —b?> = —1. There are two real solutions for b: +1. Thus, (0,1) and
(0, —1) both solve the equations for a and b, and so

(07 1)2 = (07 _1)2 = (_1’0)'
I

We can now convert ordered pairs to the customary notation by defining
i = (0, 1), and identifying the identity element (1,0) with 1. Then any complex
number (a, b) can be written
(a,b) = (a,0) + (0,b) =a-(1,0)+b-(0,1) = a + bi.
We can rewrite the rules for addition and multiplication in C as follows:
(a+bi)+ (c+di) = (a+c)+ (b+d)i.
(a+bi) - (c+di)=(a-c—b-d)+ (b-c+a-d)i.

In working with groups, we found that the group automorphisms revealed
many of the important properties of the group. This will also be true for
rings. Let us extend the group automorphisms to apply to rings.

DEFINITION 11.5 A ring automorphism is a one-to-one and onto ring
homomorphism that maps a ring to itself.

LEMMA 11.5
The set of all ring automorphisms of a given Ting forms a group.

PROOF  We first note that if f(z) is an automorphism of a ring R, then
f~Y(x) is well defined, since f(z) is both one-to-one and onto. We see that

SUT @+ W) = @)+ (W) =x+y,
so [Nz +y)=f""x)+ [ (y). Also,

FUTH@) - 7 w) = @) () =2,
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so f7Yz-y)=f"Yx)- fY(y). Thus, f~! is a ring homomorphism. Since f
was both one-to-one and onto, f~! is both one-to-one and onto. Therefore,
f~1is a ring automorphism.

If f and ¢ are two ring automorphisms, then

f(o(z+y)) = f(o(x) + ¢(y) = f(o(z)) + f(o(y))

and
f(o(z-y)) = f(o(z) - d(y)) = f((2)) - f(&(y)).

The combination f(¢(x)) is also one-to-one and onto, so this product, which
we can denote f - ¢, is a ring automorphism. Since the set of all ring auto-
morphisms is closed with respect to multiplication and inverses, and the set
of all ring automorphisms is a subgroup of the set of all group automorphisms
with respect to addition, we see that this set is a group.

The natural question that arises is determining all of the group of ring
automorphisms of C. This is in fact a difficult question to answer in general,
but if we only consider the automorphisms that send each real number to
itself, the question becomes easy to answer.

PROPOSITION 11.4
Besides the identity automorphism, there is another ring automorphism on

C, given by
¢((a,b)) = (a,~b).

In fact, these are the only automorphisms for which ¢(x) = x for all real
numbers x.

PROOF We check that

¢((a,b)) +¢((c,d)) = (a,=b) + (¢, —d) = (a + ¢,—b — d)
=¢((a+c,b+d)) =¢((ab)+ (c,d)).

¢((a,b))~¢((c,d)) =(a,=b) - (¢,—d)=(a-c—b-d,—a-d—1b-¢)
=¢((a-c—b-dya-d+b-¢)) =¢((a,b)-(c,d)).

Thus, ¢ is a homomorphism. Since (a, —b) = (0,0) if, and only if, @ and b are
both 0, the kernel of ¢ is just {(0,0)}, and so ¢ is one-to-one. Also, ¢ is onto,
since ¢( (a, —b) ) = (a,b). Therefore, ¢ is an automorphism.

To show that there are exactly two such automorphisms, suppose that
f(z) is an automorphism of C for which f(z) = =z for all real numbers x.
Then ]‘((0,1))2 = f((0,1)? ) = f(( ,0)) = (-1,0), so by lemma 11.4
F((0,1)) = (0,£1). If £((0,1)) = thenf( ) = for all z € C, and if
ﬁmm):m—)hmﬂ)zm)mam I
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The ring automorphism found in proposition 11.4 is called the conjugate.
The conjugate of z is generally denoted by Z. That is, if z = a + bi, then
Z = ¢(z) = a— bi. The conjugate automorphism is defined in Mathematica as

Conjugate[3 + 4 I]
or in GAP by

gap> ComplexConjugate(3 + 4*E(4));
3-4xE(4)

It is an easy computation to see that
z-Z=(a+bi)-(a—bi) =a®+b°

Thus, z - Z is always a non-negative real number.

DEFINITION 11.6 We say the absolute value of a complex number
z=a+biis

|z2| = Vz-Z.

The geometric interpretation of |z| is the distance from (a, b) to the origin.
In Mathematica, the function Abs[z] gives the absolute value for both real
and complex numbers. There is no corresponding function in GAP, because
GAP’s square root function only works for rational numbers, and puts the
answer in a nonstandard format.

PROPOSITION 11.5
For any two elements x and y in C,

-yl = |2[ - [yl.

PROOF We have

lzyl=Vz y- T y=\r-yz-73=vVr -z -y-y=vVa -2y -y=|z|ly
Thus, |z -y| = |z| - y|. I

From polar coordinates it is known that any point in the plane can be
located by knowing its distance r from the origin, and its angle 8 from the
positive z-axis.

Since r is the absolute value of (x+yi), perhaps the angle 6 is also significant
to the complex number. By using trigonometry in figure 11.1, we have that

x +yi =r(cosf + isind).

This form is called the polar form of the complex number = + yi. The angle
0 is called the argument of x 4+ yi. We can find the approximate argument of
a complex number (in radians) with the Mathematica command
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(z,y) =2 +yi

FIGURE 11.1: Polar coordinates for a complex number

N[Arg[3 + 4 I]]

Mathematica always finds an angle 6§ between —m and m, but we can also
consider the angles

o, 0—6m, 0 —4m, 0 —27, 0, 0+ 2w, 0 +4m, 0+ 67, ... .

All of these angles have the same sine and cosine, and hence are interchange-
able in the polar coordinate system. We call these angles coterminal. The set
of angles coterminal to € can be written

{6 +2mn | neZ}.

For example, the polar form of —/3 — i is given by

(o () o ()

as seen from the commands

Abs[- Sqrt[3] — I]
2

Agg[— Sqrt[3] — 1]
6

However, we could have used any coterminal angle instead of the one Mathe-
matica gave us. Thus,

(o () (). o(on () ()

are also polar forms of —v/3—4. The usefulness of the polar form of a complex
number is hinted at by the next lemma, which makes use of the trigonometric
identities
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LEMMA 11.6
If z1 = r1(cosb1 +isinby) and zo = ro(cosbs + isinbs), then

Z1 20 =11 'T2(COS(91 + 03) + isin(6; + 63) )

So the argument of the product is the sum of the arguments.

PROOF We note that

2129 =711(cos by +isinfy) - ro(cosby 4+ isinbhy) =

r1-72((cos by - cosfy —sinby - sinfs) + i - (cos by - sin by + sin b - cos by)).
Using the trigonometric identities, this simplifies to

Z120 =11 -Tz(cos(91+92)+isin(91+92)). 0

THEOREM 11.2: De Moivre’s Theorem
If n is an integer, and z = r(cosf + isinf) is a nonzero complex number in
polar form, then
2" = r"(cos(nb) + isin(nf) ).

PROOF Let us first prove the theorem for positive values of n. For n =1,
the statement is obvious. Let us assume that the statement is true for the
previous case. That is,

2"t =11 (cos((n — 1)0) +isin((n — 1)) ).
We want to prove that the theorem holds for n as well. Using lemma 11.6, we
have

M=y

=" (cos((n —1)0) +isin((n —1)8) ) - (r(cosf + isind))
=r"(cos((n — 1)8 + 0) +isin((n — 1)0 + 9))
r(cos(nf) + isin(nd)).

Thus, the theorem is true for n, and hence by induction it is true whenever n
is positive.
If z is nonzero, then letting n = 0 gives

%(cos(00) +isin(00)) = 1(1 +i-0) =1 = 2.
So the theorem holds for n = 0. If z is nonzero, then r > 0, and so

(r~™(cos(—nb) + isin(—nb) ) ) - (r"(cos(nd) + isin(nd)) ) =
r~ " (cos(—nb + nb) + isin(—nb + nb) ) = r°(cos0 + isin0) = 1.
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Now, if n < 0, then the theorem holds for —n, and so
27" (r™(cos(nd) + isin(nb))) = 1,

hence
r"(cos(nf) + isin(nd)) = 2"

even when n < 0. [

De Moivre’s theorem (11.2) allows us to quickly raise a complex number to
an integer power. For example, we can compute (—v/3 —14)° to be

—25 —25 3 4
25 (cos ( = 77) +isin( = ”)) — 32 (*g = ;) — 16/3 — 16i.
We can also use De Moivre’s theorem (11.2) to find the n-th root of 1. We

first define
< 2m > o < 2m )
e, =cos| — | +esm | — |.
n n

For example, e; = 1, e5 = —1, e3 = (—1 +iv/3)/2, and e4 = i, which we
have seen before. Then

(en)™ = cos(2m) + isin(27) = 1,

S0 e, is indeed one n-th root of unity. In fact, all n-th roots of 1 are given by

the numbers e,,,e2,e3 ... up to (e,)" = 1.

n»-n’

Let us look at an example. The eighth root of unity, eg, can be entered into
Mathematica using the commands

InitDomain[0]
e8 = (1/2 + I/2) Sqrt[2]

The InitDomain command clears the previous fields that were defined, and
allows us to use the dot for the product. This allows us to consider the group
generated by eg:

G = Group[{e8}]

This gives the eight roots of unity, and shows that these elements form a
group. In fact, the n-th roots of unity will form a cyclic group isomorphic to
L.

By rearranging the elements of G, we can create a circle graph as in fig-
ure 11.2 with the elements in the proper positions in the complex plane.

G ={1,(1/2 + 1/2 )Sqrt[2], 1 ,(1/2 — 1/2 I)Sqrt[2],~ I,

(-1/2-1/2 I)Sqrt[2],~1,(-1/2+1/2 I)Sqrt[2]}
CircleGraph[G, Mult[e8]]
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I

(-1 4 I)/Sqrt[2] (1 4+ I)/Sqrt[2]

(-1 = TI)/Sqrt[2] (1 -1)/Sqrt[2]

-1

FIGURE 11.2: The eight roots of unity

We are mainly interested in those elements of this subgroup that are gen-
erators.

DEFINITION 11.7 A complex number z is called a primitive n-th root
of unity if the powers of z produce all n solutions to the equation z™ = 1.

It is clear that e, is a primitive n-th root of unity, but also (e,)* is a
primitive n-th root of unity if & and n are coprime.

We have already seen that GAP displays v/—1 as e4, which is a primitive
root of unity, but GAP also calculates other square roots in terms of primitive
roots of unity. Consider v/2:

gap> Sqrt(2);
E(8)-E(8)"3

Since eg = (1414)/v/2 and e} = (=1 +1i)/v/2, indeed eg — e = /2. Here is a
less obvious example.

gap> Sqrt(7);
E(28) "3-E(28)"11-E(28) "15+E(28) "19-E(28) "23+E(28) "27

Apparently /7 can be expressed in term of ess. In fact, the square root of
any rational number can be expressed in terms of some root of 1.

We have seen that we can use De Moivre’s theorem 11.2 to raise a complex
number to an integer power, or even a rational power. Is it possible to use
this formula to raise a complex number to any real number, or even raise a
number to a complex power?
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In most fields, raising an element to the power of an element is absurd.
Even in the real number system we will discover that we must utilize the

exponential function e® to compute quantities such as 2V2 We use that fact
that 2 = €2, and so

oVZ _ (elnz)ﬂ — (((n2)v3)

The key algebraic property of the exponential function is that
etV = % . ¥ for all z,y € R.

This indicates that the exponential function is a group homomorphism map-
ping the additive group of real numbers to the multiplicative group of real
numbers. This homomorphism enables us to consider raising an element of
the real numbers to the power of an element.

Can we extend the exponential function into a group homomorphism from
the additive structure of C (denoted C*), to the multiplicative structure C*?

If such a group homomorphism exists, then
ea—i—bi — . ebi — . (ei)b.

Mathematica indicates that the value of e’ is (cos 1+ isin1). Problems 11.21
through 11.23 show three ways of proving this, all involving calculus. There
is in fact no way to prove that e’ = cos 1+ isin 1 without calculus. But given
that this is true, we then have by De Moivre’s theorem (11.2) that

et — . (1) = e (cosb + isinb)

whenever b is an integer. We will define this as the exponential function for all
complex numbers. Notice that radian measure must be used in this formula.
PROPOSITION 11.6

For z = a + bi, the function

f(z) =€ (cosb+isinb)

defines a group homomorphism from CT to C*, which is an extension of the
standard exponential function. This function is called the complex exponential
function, and is also denoted e*.

PROOF If z; = a1 + byi, and zo = as + byi, we observe that

f(Zl + 22) = et1Ta2 (COS(b1 + bg) +1 sin(b1 + bg))

By lemma 11.6, this equals

e (cos(by) + isin(by)) - €*2(cos(be) + isin(b2)) = f(z1) - f(22).
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Thus, f is a group homomorphism from C* to C*. I

This allows us another way of expressing e,,. Notice that

omi/n (271') L (277)
e =cos|— | +smn| — | =e,.
n n

So we now have a more succinct way of defining the n-th root of 1.

The real exponential function is one-to-one, but is not onto since there is
no number for which e = —1. However, the complex exponential function
is onto, since for every nonzero complex number in polar form, z = r(cos 6 +
isin#), there is a complex number whose exponential is z, namely In(r) 4 6.
The drawback of the complex exponential function is that it is not one-to-one!
The kernel of this homomorphism is the set

N=f1'1)={2kri | keZ}.

DEFINITION 11.8 For any nonzero complex number z, we define the
complez logarithm of z, denoted log(z), to be the set of elements x such that
e’ = z.
Notice that we use the function In(z) to denote the real logarithm, while
we use log(z) to denote the complex logarithm. We have already observed
that when z is written in polar form, z = r(cosé + isin ), that one value of
x that satisfies the equation is # = In(r) + §i. We also know that f~!(z) will
be a coset of the kernel of f. Thus, we have log(z) = In(r) + 6i + N.

For example, log(—1) is the set

{mi+2kmi | keZ}=A{..., —bmi, —3mi, —mi, wi, 3mwi, 57i,...}.

The Mathematica Log function works for complex numbers, but only gives
one element of the set. Thus, we must add the kernel NV to this result to
obtain the set given by log(z).

We can now define a complex number raised to a complex power, by saying

77 = (elog(z))z — ez~10g(m).

Notice that this gives a set of numbers, not just a single number. Although
there will at times be an infinite number of elements in the set x*, this will
not always be the case.

PROPOSITION 11.7

For each integer n > 0, and any nonzero complex number z, then there are
ezactly n values for z(1/™) . Thus, there are exactly n solutions for = to the
equation " = z.
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PROOF Let z have the polar form
z =r(cosf + isinb).
Then log(z) is the set
{In(r) + i + 2kni | k € Z}.

keZ}.

Thus, the exponential function of the elements of this set is given by

{e““(”/" - <cos (W) + isin (wifk”)» ‘ ke Z}
_ {Ml/") _ (COS ((9 +nzk7r)> +isin ((9 +n2k7r))> ke Z} .

Notice that for two different values of k that differ by n, the arguments of the
cosine and sine will differ by 2. Hence, we only have to consider the values
of k from 0 to (n — 1). This gives us the set

{r(l/") : (cos ((9+n2kﬂ> + isin <(0+n2k7r)>) ‘k:O,l,Q,...,n—l}.

However, these n solutions will have arguments that differ by less than 27 so
these n solutions are distinct.

Finally, we must show that z is an element of z(}/™) if, and only if, z solves
the equation ™ = z. But for any element in the above expression, we have

that
" = T’I’L(l/’ﬂ) . <COS <7’L(9"‘2kﬂ-)> -+ 7 sin <M>>
n n

=r(cosf +isinf) = z.

Thus, log(z)/n is given by the set

{ln(r) N (0 + 2km)i

Likewise, if " = z, we can raise both sides to the (1/n)-th power to get that
the two sets (2")(1/™) and 2(1/™ are equal. Since the element z is certainly
in the first set, it must also be in the set z(1/) that we have just computed. I

This last proposition is very useful for finding square roots and cube roots
of complex numbers. This turns out to have some important applications
in finding the roots of real polynomials! In fact, complex numbers and the
functions we have defined in this section also have many applications in the
real world. The complex exponential function was fundamental to the inven-
tion of the short wave radio. The complex logarithm can be used in solving
real valued differential equations. So even though these numbers are labeled
“imaginary,” they are by no means just a figment of someone’s imagination.



338 Abstract Algebra: An Interactive Approach

11.4 Ordered Commutative Rings

The integers, the rational numbers, and the real numbers all have one prop-
erty that most rings do not have. Given two different elements in the ring, we
can say that one of them is greater than the other. Most rings do not have
such an ordering, but we will find that some rings can be ordered in more than
one way! The orderings of a ring can give us new insight into the structure of
the ring.

We begin by making a formal definition of an ordered ring R. If there is
a way to tell whether one element is greater than another, we should be able
to distinguish those elements that are greater than zero, called the positive
elements P.

DEFINITION 11.9 A commutative ring R is ordered if there exists a
set P such that the three properties hold:

1. P is closed under addition.
2. P is closed under multiplication.
3. For each z in R, one and only one of the following statements is true:

r € P, z =0, —x € P.

The third property is sometimes called the law of trichotomy. With this
law, we can define what it means for one element to be greater than another.

DEFINITION 11.10 We say that x is greater than y, denoted = > y,
if x —y € P. Likewise, we say that = is smaller than y, denoted x < y, if
y —x € P. By the law of trichotomy, either

x>, r <y, or T =1y.
LEMMA 11.7

If x, y, and z are elements in an ordered ring, then we have the following
three properties:

1. Ifx >y, thenz+ 2z >y + 2.
2. Ifx >y and 2> 0, thenx-2>y- 2.

S Ifx >y andy > z, then x > z.



Integral Domains and Fields 339

PROOF To prove the first statement, note that since x > y, we have that
r—yeP

But then
(x+2)—(y+z)eP

andsoz+2z>y+ 2.
For the second statement, we have that © > y and z > 0, and so (x —y) € P
and z € P. Since P is closed under multiplication, we have that

(x—y)-z=z-2—y-2z€P,

andsox-z>y- 2.
Finally, if x > y and y > 2, then both x —y € P and y — z € P. Since P is
closed under addition, we have that

-y +Wy—2z)=r—-2€P,
and so x > z. [

Given a ring that has an ordering, one of the great challenges is determining
the set of positive elements P. There are at least some elements that must be
in P.

PROPOSITION 11.8
For any nonzero element x in an ordered ring, x% is in P.

PROOF Since z is nonzero, by the law of trichotomy either = > 0, or
—x > 0. If z > 0 then

2=z -z>0.

On the other hand, if —z > 0, then

2?2 = (—z)- (—z) > 0.

Thus, in either case 22 is in P. [
An immediate consequence of this is that if the ring has an identity e, then
e > 0, since e = €2. An additional statement can be proved if the ring is an

integral domain.

COROLLARY 11.2

If R is an ordered integral domain with multiplicative identity 1, and n is any
positive integer, then n -1 is in P. In particular, the characteristic of R must
be 0.
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PROOF Since 12 = 1 we have from proposition 11.8 that 1 > 0. Proceed-
ing by induction, let us assume that (n — 1) -1 > 0, and show that n-1 > 0.
But this is easy, since

n-l=(n-1)-1+1-1=(n—-1)-1+1>0.

Thus, we have that n -1 > 0 for every positive number n. This immediately
implies that the characteristic is zero, for if R had a positive characteristic p,
then p-1 =0, and we would have 0 > 0, a contradiction.

The standard examples of ordered rings are the integers, the rationals, and
the real numbers. It should be noted that the complex numbers do not form
an ordered ring, since i> = —1 < 0, and by proposition 11.8, any square must
be positive.

Here is an very different example of an ordered integral domain. Consider
all numbers of the form x + yv/2, where z and y are integers. This forms a
ring, since the product of any two such numbers yields a number of the same
form. We will call this ring Z[\/ﬁ], the ring formed by adjoining v/2 to Z. By
proposition 9.3, this ring has no zero divisors, so this is an integral domain.

The standard ordering of Z[v/2] would be to let P consist of all numbers
that are positive when viewed as a real number. But let us try to find a
nonstandard ordering of Z[v/2]. By corollary 11.2, the positive integers must
be in P, but there is no way of proving that /2 is in P. Thus, we can consider
an ordering where —v/2 € P. We can determine whether any other element
was in P or not in P. For example, 1 + /2 would be negative, since

(1+V2)-(1-v2)=-1<0,

and 1 — /2 is the sum of two numbers in P, so this term is in P.

To see what is really going on in this example, it is helpful to look at the ring
automorphisms, which were introduced in the last section. The automorphism
of particular interest is as follows:

[ zZV2 - Z[V2],
flz+yV2) =z —yv2.

This automorphism can be defined in Mathematica. We define the ring Z[v/2]
with the command

InitDomain[0]

Since Mathematica already knows that Sqrt[2] - Sqrt[2] is 2, this is all we
need to define the ring in Mathematica. We now can define the homomor-
phism:

Homomorph[F]

Define[ F[Sqrt[2]] , — Sqrt[2] ]

CheckHomolF,{ 1, Sqrt[2] }]
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Since we are working with an infinite ring, we included only a basis for the
ring instead of the whole ring as the second argument of the CheckHomo
command.

To define this homomorphism in GAP, we need to first define Z[v/2], of
which GAP will express the elements in terms of eg.

gap> K := Field(Sqrt(2));

NF(8,[ 1, 7 1)

gap> f:=AlgebraHomomorphismByImagesNC(K,K, [Sqrt(2)], [-Sqrt(2)]1);
[ E(8)-E(8)"3 ] -> [ -E(8)+E(8)"3 ]

gap> Image(f, 2 + 3*Sqrt(2));

2-3*E(8)+3+E(8) "3

The NC (no check) version is needed to define this homomorphism because
GAP has a problem showing that eg — e3 generates the ring. Also, GAP’s
definition of the “ordering” of the elements is different than one would expect.

Sqrt(2) > 2
true

(In fact, GAP’s inequalities treat all rationals smaller than irrationals.)

If we let P denote the set of positive elements using the “standard” ordering,
and let P’ be the set of positive elements under the unusual ordering we saw
above, then P’ = f(P). In fact, for any automorphism ¢ on an ordered ring,
we can construct an alternative way to order the ring by using ¢(P) instead
of P for the set of positive elements.

While we are working with the integral domain Z[v/2] we might mention
what happens if we consider the field of quotients of this ring. In fact, the
resulting quotient field would be the set

x—!—y\/i, z,y € Q.

Mathematica can check that multiplicative inverses exist for this set, with the
command

CheckField[{1, Sqrt[2]}]

The argument of the CheckField command is a basis for the additive group.
Mathematica finds that the inverse of C[1] 4+ C[2] Sqrt[2] is

We will call this field Q[v/2].
The command CheckField not only verifies that a field is possible, but
also defines all of the field operations into Mathematica. Thus the expression

1/(1 + Sqrt[2])



342 Abstract Algebra: An Interactive Approach

now simplifies to V2 —1.
As one might guess from the Field command, it was really Q(v/2) that we
defined earlier in GAP. Hence we can do divisions in this field.

gap> 1/(1 + Sqrt(2));
-1+E(8)-E(8) "3

In fact, we can do basic arithmetic over any combination of the e, without
having to define the field separately. The smallest field containing all roots of
1, that is, Q(es, e4, €5, €6, €7, . . .), is called the field of cyclotomics.

The automorphism f that we discovered earlier on Z[/2] extends to an
automorphism on Q[v/2]. Thus, the unusual ordering that we gave to Z[v/2]
extends to the field of quotients.

PROPOSITION 11.9

Let R be an ordered integral domain, with P the set of positive elements. Then
if Q is the field of quotients on R, then the ordering on R can be extended
in a unique way to an ordering on Q. That is, there is a unique set P’ that
forms an ordering on Q, with

pGPé(%))GP’.

PROOF We will begin by showing that the ordering is uniquely deter-
mined. Since for any p in P, we have

(- -()-rer

(5) must be considered to be positive in the new ordering. But then (%)
must be positive whenever n and p are in P. Thus P’ contains at least those
elements of the form (@), where n and p are in P. Note that every nonzero
element in the field of quotients Q must be of one of the four forms

)G (5)(5)
p/’\p /P \=p/7\—p/’
where n and p are in P. But the first and the last expressions are equivalent,
and the middle two are also equivalent. Thus, for every nonzero element of

@, either that element or its negative is of the form (%), with n and p in P.

Thus, P’ cannot contain any more elements besides those of the form (%),

and hence P’ is uniquely determined.
Now, suppose we consider the set of elements P’ that can be expressed in
the form (%), where n and p are in P. Does this form an ordering on Q7 We

have already seen that the law of trichotomy has already been demonstrated.
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All we need to show is that P’ is closed under addition and multiplication.
But this is clear by looking at the formulas

5)+6)-=57)
) (0)=G)

and

Thus, P’ forms an ordering on ), and is an extension of the ordering P. I

What if we consider numbers of the form
c+yV2+2V4,  a,y,z€Q?
We can define this field in Mathematica with the command

InitDomain[0]
CheckField[{1, 27(1/3), 27(2/3)}]

We may now perform operations in this field, such as
1/(1 4+ 27(1/3) —327(2/3))

Unfortunately, ¥/2 is not in the field of cyclotomics, so we have to define
this field in GAP using a totally different way. We let a be an element for
which a® = 2, that is, a will be a root to the polynomial z> — 2.

gap> x := Indeterminate(Rationals,"x");
X

gap> K := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> a := PrimitiveElement (K);

(a)
ggp> 1/(1 + a - 3*xa”2);
(-7/87-17/87*a-4/87*a"2)

As one can see, /2 is entered as a, and /4 is entered as a?.

This field does not have a nontrivial automorphism, since the only element
in the field for which 3 = 2 is ¥/2. Thus, an automorphism f on this field
sends /2 to itself, and hence f(x) = x for all 2 in this field. It is not surprising,
then, that this field does not have an unusual ordering, as the field Z[v/2] did.

Let us look at one more example of a field with several possible ways of
defining an ordering on the field. Consider the set S of numbers of the form

T 2
x+ycos(9>+zcos(9>, z,y,z € Q.

Using trigonometric identities we can multiply two such numbers together to
get a number in the same form. This can be verified by the command
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Expand[(x1 4+ y1 Cos[Pi/9] + z1 Cos[2 Pi/9])
* (x2 + y2 Cos[Pi/9] + z2 Cos[2 Pi/9])]
1ly2" 9221 ylz2 =z

y z r T
xlx2+ 5 + 1 + 1 + 5 +w2leos_9}+w1yQCos[9}
1 T 1 T 1 T 1 2
+ §y2 z1Cos [5} + §y1 z2 Cos [5} + 521 22 Cos [5] + iyl y2 Cos {9]
2 2 1 27 ]
+ 22 21 Cos [971-} + 1 22 Cos [;} — 521 22 Cos {g

We can have Mathematica check that this is a field.

InitDomain[0]
CheckField[{1, Cos[Pi/9], Cos[2 Pi/9]}]

This command allows us to simplify rather complex divisions.

1/(4 + 3 Cos[Pi/9] — 5 Cos[2 Pi/9])

05 (45 — 58Cos [F] + 48Cos [37])

Since cos(m/9) can be expressed as (e1s + 1/e15)/2, and cos(27/9) = (eg +
1/e9)/2, this field is a subfield of the field of cyclotomics.

gap> a := (E(18) + 1/E(18))/2;

-1/2+E(9) "4-1/2*E(9) "5

gap> b := (E(9) + 1/E(9))/2;

-1/2+E(9) "2-1/2*E(9) "4-1/2+E(9) "5-1/2*E(9) "7;

gap> K := Field(a);

NF(9,[ 1, 8 1)

gap> 1/(4 + 3*a - 5*b);

-48/163*E(9) "2-90/163*E(9) "3+10/163*E(9) "4+10/163*E(9) "5
-90/163*E(9) "6-48/163*E(9) "7

Since the elements of this field are all real there is a natural ordering of the
elements of S. Are there other ways to order this field? We want to look for
automorphisms on the field S. But consider the following homomorphism:

Homomorph[F]

Define[ F[Cos[Pi/9]], — Cos[2 Pi/9]]

Define[ F[Cos[2 Pi/9]], Cos[Pi/9] — Cos[2 Pi/9] ]
CheckHomolF,{1, Cos[Pi/9], Cos[2 Pi/9]}]

gap> £ := AlgebraHomomorphismByImagesNC(X,K, [al, [-b]l);
[ -1/2%E(9)"4-1/2*E(9)°5 1 ->

[ 1/2%E(9)°2+1/2*E(9) ~4+1/2+E(9) "5+1/2*E(9) "7 ]

gap> Image(f,Db);

1/2+E(9) "2+1/2E(9) "7

gap> a-b;

1/2%E(9) "2+1/2E(9) "7

Notice that by defining f(a) = —b, we automatically get that f(b) =a —b in
GAP. Furthermore, we could consider the homomorphism f?(z) = f(f(z)):
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F[F[Cos[Pi/9]]]
F[F[Cos[2 Pi/9]]]

gap> £72
[ -1/2%E(9)"4-1/2%E(9) "5,
-1/4*E(9)"2-1/2%E(9) "3-1/4*E(9) "4-1/4*E(9) "5-1/2*E(9) "6
_1/4*E(9) 7 )
-1/8*E(9) "3-3/8*E(9) "4-3/8+E(9) "5-1/8+E(9)"6 ] ->
[ -1/2%E(9)"2-1/2xE(9) "7,
-1/2%E(9) "3+1/4%E(9) "4+1/4*E(9) "5-1/2%E(9) "6,
-3/8*E(9) "2-1/8*E(9) "3-1/8*E(9) "6-3/8*E(9) "7 ]
gap> Image(f~2,a);
-1/2*E(9) "2-1/2E(9) "7
gap> Image(f~2,b);
1/2+%E(9) ~4+1/2*E(9) "5

This shows, among other things, that f(f(a)) =b—a and f(f(b)) = —a. Are
there any other automorphisms on the field S7 We can show that this is all of
them. We will take advantage of the trig identity cos(3x) = 4 cos® x — 3 cos .

Thus,
% = cos (3;) = 4 cos® (g) — 3 cos (%) .

Thus, cos(w/9) satisfies the polynomial equation 42® — 3z = 1/2. Because f
is an automorphism, we have to have f(cos(7/9)) satisfying the same polyno-
mial equation. But there are only three roots to a cubic equation, and so there
are only three possible values for f(cos(n/9)). Each of these three solutions
produces a unique automorphism on S. By lemma 11.5, we see that the group
of automorphisms of this ring is isomorphic to Z3. The three automorphisms
give us three ways to define an ordering on the field S:

1. @ >1 b if a is larger than b as real numbers.
2. a>o bif f(a) >1 f(b)
3. a >3 bif f(f(a)) >1 f(f(D)).

Thus, we have seen that some fields may have many ways of assigning an
order to the elements, while others have only 1. The key is the number of
ring automorphisms. These ring automorphisms will play a major role in the
following chapters.

Problems for Chapter 11
Interactive Problems

11.1 In the field of “complex numbers modulo 3”:
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InitDomain[3]
Define[i™2, —1]
CheckField[{1, i} ]
K = Ring[{1, i}]

gap> InitRing("e","i");
gap> DefineRing("K",[3,3], [[e,i],[i,-e]l]);

Factor the polynomials 2 4 1, 23 + 2, 23 + i, 22 4+ 2i. What do you notice
about the factorizations? Knowing how real polynomials factor, explain what
is happening.

11.2 Consider a rational function A in the field of “complex numbers modulo
37

InitDomain[3]

Define[i~2, —1]

CheckField[{1, i} ]

F = Ring[{1, 1)]
A=x24+x+ix+24+2i)/(x24+ix24+x+2ix+1)
Factor[A, F]

Although A does not seem to simplify, there is a quotient of first degree
polynomials that is equivalent to A. Find such a simplification.

Hint: Multiply the denominator by a constant so that the coefficient for
the highest power of x is 1. Note that GAP would immediately find this
simplification.

11.3 Follow the example of Z[+/2] to define the integral domain Z[v/5] in
Mathematica or GAP. Then define F' to be a nontrivial ring automorphism
for this domain.

11.4 Using the commands

InitDomain[0]
CheckField[ {1, Cos[ Pi/5] } ]

verify that all numbers of the form = + y cos(w/5), where x and y are in Q,
form a field. Find a nontrivial ring automorphism on this field.

Hint: Use Mathematica to compute cos(m/5). How is this field related to
the integral domain in problem 11.37

11.5 Explain why the ring “complex numbers modulo 5”:

InitDomain|[5]
Define[i"2, —1]

gap> InitRing("e","i");
gap> DefineRing("F",[5,5],[[e,i],[i,-el]);
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does not form a field. Can you determine a pattern as to which integers
“complex numbers modulo n” form a field?

11.6 Use GAP to calculate Sqrt(5) in terms of E(5). Use this information
to express /5 in terms of cos(27/5) and cos(47/5).

11.7 Use GAP to calculate (Sqrt(17)-1)/4 in terms of E(17). Use this
information to express (v/17 — 1)/4 in terms of cos(nm/17).

Non-Interactive Problems
11.8 Find the characteristic of the ring defined by tables 9.3 and 9.4 in
chapter 9.
11.9 Find the characteristic of the ring Ty in table 9.6.
11.10 Prove that if n > 1, the characteristic of Z,, is n.

11.11 Let R be a ring with identity. If the identity element has a finite order
in the additive group, show that this order is the characteristic of the ring.

11.12 A Boolean ring is a nontrivial ring in which all elements z satisfy

22 = x. Prove that every Boolean ring has characteristic 2.

11.13 Prove that if a ring R has a finite number of elements, then the
characteristic of R is a positive integer.

11.14 If @ is the field of quotients of an integral domain, show that (77“) is
the additive inverse of (%) in Q.

11.15 If Q is the field of quotients of an integral domain, show that the left
distributive property holds for Q:

u x z u x U z
O(G)@)=-6) ) ()6
v Y w v Y v w
11.16 If @ is the field of quotients of an integral domain, show that the

multiplication in () is associative.

11.17 Investigate what happens if we compute the field of quotients of a
ring that is already a field. Let K = Z3, and let P be the set of ordered pairs

P={(z,y) | z,y€Z3 and y+#0}.

Write a list of all ordered pairs in P, and determine which pairs are equivalent
under the relation

(z,y) = (u,v) if z-v=y-u (Mod 3).

If @ is the set of equivalence classes, construct addition and multiplication
tables for @ and show that @ is isomorphic to Zs.
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11.18 Prove that if K is a field, then the field of quotients of K is isomorphic
to K.

11.19 List all polynomials in Zs[z] that have degree 2.

11.20 Of the second degree polynomials in Z3[z] listed in problem 11.19,
which ones cannot be factored?
Hint: A quadratic polynomial in Z3[z] cannot be factored if neither 0, 1,
nor 2 are roots.

11.21 Assume that the Taylor series for the exponential function

e_q1. % z? x"
e’ = +ﬁ+§+§+---+ﬁ+~~

is valid for complex numbers as well as for real numbers. Prove that ¢! =
(cos1+isinl).
Hint: Recall the Taylor series for sin(x) and cos(z).

11.22 Suppose we can write e = u(z) + iv(x), where u(z) and v(x) are
real functions of a real variable x. If we assume that

d _
—e =/ (x) + ' (z) = ie'”,
dz

use differential equations to prove that u(z) = cos(z) and v(z) = sin(z).
Hint: Since e = 1, we know that u(0) = 1 and v(0) = 0.

11.23 Assume that the limit from calculus

¢* = lim (1+ f)
n

n—oo
is valid for complex values of = as well as real values. Prove that e’ = (cos 1+
isinl).
Hint: Convert (14 ¢/n) into polar form using an arctangent.

11.24 Find all possible values of log(—1).

11.25 Find all possible values of log(v/3 — ).

11.26 Find all possible values of 1!/6.

11.27 Find all complex solutions to the equation z* +1 = 0.

11.28 Find all complex solutions to the equation 23 + 8 = 0

11.29 Find all possible values of (8i)/3.

11.30 Find five values of the expression i’
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11.31 Find five values of the expression (—4)(/2).

11.32 Show that when = and y are both complex, the set of all values of the
expression z¥ forms a geometric sequence:

-3 —2 -1 2 3
{.;a-ra-r = a-r a,a-ra-r°a-1°,...}.

11.33 Find complex numbers x and y such that the set of values for x¥ are
the powers of 2:

,1,2,4,8,16,...}.

N |

1
’47

0| =

1
{.. 6
(See problem 11.32. There will be more than one solution to this problem.)

11.34 Show that for a fixed n, the set of all n-th roots of 1 forms a group
with respect to multiplication.

11.35 Prove that the group in exercise 11.34 is cyclic, with

(27r> . <27r>
e, =cos| — | +2smn | —
n n

as a generator. Show that any generator of this group is a primitive n-th root
of unity.

11.36 Prove or disprove: For all complex numbers x, y, and z,
(%) - (y°) = (z-9)".

Note: z* and y* may both represent sets of complex numbers, so the left
hand side of this equation is the set of all possible products formed.

11.37 Prove or disprove: For all complex numbers x, ¥, and z,
(z%)Y = =9,
(See the note on problem 11.36.)
11.38 Prove or disprove: For all complex numbers x, ¥, and z,
(z%) - (2¥) = (@+y)
(See the note on problem 11.36.)
11.39 Show that the equation 22 +e = 0 has no solutions in an ordered ring.

11.40 Prove that if a is an element in a nontrivial ordered ring, then there
exists an element b such that b > a.
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11.41 Prove that if  and y are two elements in an ordered ring,
x4 5y% > 2y,

11.42 Prove that if  and y are two elements in an ordered ring,
22 +y* > —2xy.

11.43 In the integral domain Z[z], let (Z[z])" denote the set of all poly-
nomials whose leading coefficient is positive. Prove that Z[z] is an ordered
integral domain by proving that (Z[z])" is a set of positive elements for Z[z].

11.44 Show that in the integral domain Z[z], there is a ring automorphism
that sends = to —x. Hence, there is a second way to order the integral do-
main Z[x]. Describe the set of positive elements in this new ordering. (See
problem 11.43.)

11.45 Show that the ring of real numbers R does not have a nontrivial ring
automorphism.
Hint: First show that there is no nonstandard ordering on R.



Chapter 12

Unique Factorization

12.1 Factorization of Polynomials

Last chapter, we defined the integral domain F[z] of all polynomials with
coefficients in a field F'. In this section we will investigate how such polyno-
mials factor.

We say that f(x) factors if there are two non-constant polynomials g(z) and
h(x) such that f(x) = g(z)-h(z). We also say that both g(z) and h(z) divide
the polynomial f(z). But g(x) and h(z) may also factor into non-constant
polynomials. We want to show that we can factor f(z) into polynomials
that cannot be factored further. We also want to lay down the groundwork
for showing that the polynomials produced by this factorization are in some
sense uniquely determined.

One of the standard techniques from a standard algebra course is doing
“long division” on polynomials. A sample problem would be 23 — 322 +42 —5
divided by 2z2 — 5, done as figure 12.1. This shows that 23 — 322 + 42 — 5
divided by 222 — 5 yields z/2 — 3/2, with a remainder of 13/2x — 25/2. We
can write this as

2 —32? + 4z — 5= (202 - 5) - (x/2 — 3/2) + (13/22 — 25/2).

x/2 —3/2
2x2—5)x3—3x2—|—4x )
3 —5/2z
— 323 +13/2x -5
— 328 +15/2
13/22 — 25/2

FIGURE 12.1: Sample long division problem

351
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Fortunately, Mathematica® and GAP can do this tedious long division for
you.

PolynomialQuotient[x "3 -3 x 2 +4x—5,2x 2 -5, x|
3+ o ]
PolynomialRemainder[x"3 -3 x" 2+ 4x—-5,2x 2 -5, x|
25 | 13z
—L _|_ =2
2 2

gap> x := Indeterminate(Rationals,"x");
gap> LongDivision(x"3 - 3*x72 + 4xx - 5, 2*xx"2 - B);
[ 1/2*x-3/2, 13/2*x-25/2 ]

GAP makes a list of two polynomials, the first being the quotient, and the
second the remainder. This “long division” algorithm works for any field, not
just the rational numbers Q. We can prove this by induction on the degree of
the dividend.

THEOREM 12.1: The Division Algorithm Theorem

Let F be a field, and let F|x] be the set of polynomials in x over F. Let f(x)
and g(x) be two elements of F[z], with g nonzero. Then there exist unique
polynomials q(x) and r(x) in Flx] such that

f(@) = g(2) - q(2) +r(2)

and either r(z) = 0 or the degree of r(x) is less than the degree of g(z).

PROOF  We begin by showing that ¢(x) and r(z) exist, and then prove
that they are unique. If f(z) = 0, or if the degree of f(z) is less than the
degree of g(z), we can simply let g(z) = 0, and r(z) = f(z). So we may
suppose that the degree of f(x) is at least as large as the degree of g(z). Let
n be the degree of f(x) and let m be the degree of g(x).

If n =m =0, then f(z) and g(z) are both nonzero constants in the field F,
so we may pick ¢() to be the constant polynomial f-g~!, and pick r(z) = 0.
Thus, we can find a suitable ¢(z) and r(z) when n = 0.

Now let us proceed by induction on n. That is, we will assume that we can
find a suitable g(x) and r(z) whenever the degree of f(z) is less than n. Let

f(.T) = apx" + afnflxn_1 + -+ ao,

and
() = bypx™ + bpp_12™ 7+ -+ by,

Since n is at least as large as m, we can consider the polynomial

p(z) = apb ™™™
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of degree n — m. By lemma 11.1, p(x) - g(z) has degree n, and in fact, since
p(x) - g(x) = anx™ 4+ apb, by 12" 4 - ab thox™ ™,

the coefficient of the 2™ term would be a,. Thus, f(z)—p(z)-g(x) is of degree
less than n. So by the induction hypothesis, there exist polynomials z(x) and
r(x) such that

f(x) = p(z) - g(x) = 2(z) - g(x) + r(2)

with the degree of r(x), less than the degree of g(x). Thus,

f(@) = (p(x) + 2(2)) - g(x) +r(2).

By letting q(z) = p(x)+z(x) we have proved that suitable ¢(x) and r(z) exist.
Next, let us prove that g(z) and r(x) are unique. Suppose that there is a
second pair g(z) and 7(x) such that f(z) =q(z) - g(z) +7(x). Then

q(z) - g(x) +7(x) = q(x) - g(x) + r(2),

(@(z) = gq(x)) - g(2) = r(x) —T(2).

The left hand side is either 0 (when G(z) = ¢(z)), or has degree at least m,
since g(x) is of degree m. The right hand side is either 0, or has a degree less
than m. This is a contradiction unless both sides of the equation are 0. Thus,
G(z) = q(z) and 7(x) = r(z), and the uniqueness has been proven.

This theorem not only shows that the quotient g(x) and remainder r(x) are
unique, but the proof basically follows the procedure that it used in figure 12.1.
This means that the familiar long division algorithm used for real polynomials
will in fact work for polynomials over any field. In many circumstances, we
can do this algorithm on polynomials over any integral domain.

COROLLARY 12.1

Let R be an integral domain, and let f(x) and g(x) be two polynomials in R[x].
If there is a field F' containing R such that g(x) divides f(x) as polynomials
in Flz], and if the leading coefficient of g(x) is 1, then g(x) divides f(x) in
Rlx].

PROOF The only time that we needed to use a division in the proof
of the division algorithm theorem (12.1) is when we divided by the leading
coefficient of g(x). Thus, if the leading coefficient of g(x) is 1, we can do all of
the operations in R[z] instead of F[z]. The result is that there are polynomials
q(z) and r(z) such that
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in R[z]. But g(x) divides f(x) in the ring F[z]. So there is an h(z) in Flx]
such that

f(x) = g(x) - h(@).
But g(x) and r(x) can also be viewed as polynomials in F[z], and the division

algorithm shows that these are uniquely defined, even in F[z]|. Thus, ¢(z) =
h(z) and r(z) = 0. Therefore, g(x) divides f(z) in R[z]. I

We are used to thinking of polynomials as functions, rather than as elements
in a domain. If we want to “evaluate” a polynomial f(z) at a particular value
y, we run into a technical problem, since f(z) is not a function. The division
algorithm comes to our rescue on the occasion when we do need to evaluate
polynomials at a particular value.

DEFINITION 12.1 Let K be a field or integral domain, and let K|[z]
be the set of polynomials in z over K. For a fixed element y in K, define
the mapping ¢, : K[z] — K by ¢,(f(x)) = the remainder r(z) when f(x) is
divided by the first degree polynomial (z — y). Since either r(x) is 0 or is of
degree 0, r(z) is in fact in K.

PROPOSITION 12.1

The mapping ¢, : Klz] — K is a homomorphism, called the evaluation
homomorphism at y.

PROOF Let fi(z) and fa(z) be two polynomials in K[z]. By the division
algorithm theorem (12.1) there exists ¢1(x), g2(z), ¢y(f1(x)) = r1(z), and
oy (fa(x)) = ro(x) such that

i) = (x—y)-q@) + @),

and
fa(z) = (z —y) - g2 () + r2(2).
Then
fi(@) + f2(z) = (2 — y) (a1 () + g2(2)) + 71(2) +7r2(2),
and

file) - fo(x) = ((x = y) - qu(2) +11(2)) - (2 = y) - g2(2) +7r2(2))
= (=y)- ((z = y) - @1 (2)g2(z) + @ (2)r2(2) + g2(x)r1 (2)) + 71(2) - 72 ().

By the uniqueness of the division algorithm, we have that

¢y(f1(2) + f2(2)) = r1(2) + r2(2) = ¢y (f1(2)) + Sy (f2(2)),

and

¢y(f1(2) - f2(2)) = r1(@) - r2(2) = ¢y (f1(2)) - @y (fa(2)).
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Thus, ¢, is a homomorphism. I

We will often denote ¢, (f(x)) by the conventional notation, f(y). However,
whenever we want to emphasize the homomorphism property, we will use the
notation ¢, (f(x)) for the evaluation homomorphism. In GAP, one can use the
Value function to find the value of a polynomial in one variable at a particular
number. To evaluate the polynomial 22 + 522 + 4z — 4 at = = 3, enter

gap> x := Indeterminate(Rationals,"x");
gap> Value(x"3 + 5*x"2 + 4xx - 4, 3);
80

This homomorphism is a bit more complicated in Mathematica. We can use
the command ReplaceAll. This actually replaces every appearance of one
symbol with another expression.

ReplaceAll x™3 + 5 x72 + 4x -4, x —> 3]

Notice how a minus sign and a greater than sign make up the arrow in this
command. Mathematica also provides an abbreviation for this command:

x3+5x2+4x-4/.x—>3

Here, the /. is an abbreviation for ReplaceAll, but it appears after the
polynomial.

The Value and ReplaceAll commands suggest a way to determine what
it means for a polynomial to have a root.

DEFINITION 12.2 Let f(x) be a polynomial over the field or integral
domain F. If r is an element of F' such that ¢,.(f(z)) = 0, then r is called a
zero, or a root, of f(x). Of course this is equivalent to saying that (z — r) is
a factor of f(x).

Example 12.1
Consider the polynomial 22 + 1 in Zs[x]. We can visually evaluate this poly-
nomial at x = 2 to see that

Ga(z®+1)=2"+1=0
in the field Z5. Thus, 2 is a root, or zero, or z2 + 1. [

As one can imagine, the factorization of a polynomial over an arbitrary
field can be more cumbersome than the customary factorization. For a finite
field (such as Zs), almost the only way to find roots is by trial and error.
Fortunately, Mathematica can do this very quickly. However, the good news
is that if we have found enough roots to a polynomial, we already have the
factorization.
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PROPOSITION 12.2
Let f(z) be a polynomial over the field F' that has positive degree n and leading
coefficient an. If 11,719,173, ...75 are n distinct zeros of f(x), then

fl@)=an-(x—r1) (x—1r2) - (x—13) (T —1p).

PROOF  Again, we will proceed by induction on the degree of f(z), which
we will call n. If n = 1, then f(x) = a1z + ap, and since 7 is a root,
a1r1 + ag = 0. Thus, ag = —a;171, and hence

f(x) = a1z —ayry = a1 (x — ).

So the proposition is true when n = 1.
Now we will apply the induction hypothesis on n. Since r,, is a root of f(z),
we have that

f(@) = (z —rn)g(x)

for some g(x), which by lemma 11.1 is of degree n — 1. Furthermore, g(z) and
f(z) have the same leading coeflicient, a,,. For i =1,2,...,n — 1, we have

0= ¢, (f(z)) = (ri =) - &r,(9(x)).

Since (r; —ry,) is not 0, we have that g(x) has n — 1 distinct roots, namely 71,
T2, 3, ..., Tn—1. Thus, by induction,

g(z) =an(z—r1)(x—ro)(x —73) -+ (T — Tpe1)-

Thus,

COROLLARY 12.2
A polynomial of positive degree n over the field F' has at most n distinct zeros
m F.

PROOF  Suppose that f(x) has at least n + 1 roots, 71,72, .., n, Tnt1-
From proposition 12.2,
f@)=an(x—ri)(x —ra)(x —13) (T —1p)"
Since 1,41 is also a root, we have
0=r,,,(f(@)) = an(rns1 —11)(Tns1 = 72)(Tny1 —73) -+ (Tny1 — 7).

But all of the terms on the right hand side are nonzero, which is a contradic-
tion. Thus, there can be at most n distinct zeros of f(x).
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We can use proposition 12.2 to do some factorizations in different fields.
For example, both 2 and 3 can be seen to be roots of the polynomial 2% + 1
in Zs[x]. Thus

P +1=(z—-2)(r—3) in Zs.

Here is an application of corollary 12.2 that has many applications even
using the real number field.

COROLLARY 12.3

Let F be a field, let xg,x1,x2,T3,...T, be n+ 1 distinct elements of F', and
let Yo, Y1, Y2, Y3, - Yn be n + 1 values in F (not necessarily distinct). Then
there is a unique polynomial f(x) with degree at most n such that

flxo) =wo,  flz) =w1, flw2) =w2, .. f@n) =yn

PROOF To prove uniqueness, suppose that f(z) and g(z) are two such
polynomials. Then h(z) = f(x)— g(z) will have roots at xg, 21,22, T3, ..., Tn.
But h(z) would have degree at most n, which contradicts corollary 12.2. Thus,
the polynomial f(z) is unique.

To show that this polynomial exists, we will first construct the n-th degree
polynomial

(x—x1) (x —22) - (x —x3) - (T — )
(zo —21) - (2o — 22) - (0 — @3) -+ (To — Tn)

fo(z) =

for which fo(z¢) =1 but 21,9, z3, ...z, are roots of fo(z). (Note that since
all of the z; are distinct, the denominator is not 0.)
We can likewise define f(z), fa(x), f3(x), ..., fa(x) such that

fi(z1) = fa(z2) = fa(w3) = -+ fulwn) = 1,

yet the remaining n x;’s are roots for each polynomial. Finally, we construct
the polynomial

9(x) = yofo(x) + yrfr(x) + yafo(x) +y3f3(x) + - 4 ynfu(x).

Clearly g(z) will be a polynomial of degree at most n, and also g(zo) = vo,
g(z1) = 11, g(x2) = ya, g(x3) = ys,...9(xn) = yn. Thus, we have constructed
the required polynomial. I

This corollary shows, for example, that knowing just three points of a
quadratic function is sufficient to determine the quadratic function. Math-
ematica and GAP have built-in functions that find this polynomial. For ex-
ample, both the commands

InterpolatingPolynomial[{{1, 2}, {2, 4}, {3, 8}}, x]
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gap> InterpolatedPolynomial(Rationals,[1,2,3],[2,4,81);
X"2-x+2

find the polynomial in x such that f(1) = 2, f(2) = 4, and f(3) = 8. The
format is slightly different in the two systems—in Mathematica, one gives
a list of points, whereas in GAP one first lists the x values, and then the
corresponding y values. Also the names of the functions are slightly different.
Although this has the obvious applications to graphing polynomials, we will
find in the next section some surprising real world applications when we apply
this corollary to different fields.

We are now ready to define the polynomials that in many ways act as the
prime numbers of number theory.

DEFINITION 12.3 A polynomial f(z) in F[z] is said to be irreducible
over F if f(z) has positive degree, and f(x) cannot be expressed as a product
f(z) = g(x) - h(z) where both g(x) and h(x) have positive degree. If f(x) has
positive degree and is not irreducible, it is called reducible.

We saw above that 2 + 1 was reducible over Zs. However, Mathematica
and GAP will claim that this polynomial is irreducible.

Factor[x ™2 + 1]

gap> x := Indeterminate(Rationals,"x");
b

gap> Factor(x”2 + 1, Rationals);
[ x*2 + 1]

The reason of course is that Mathematica and GAP are viewing this poly-
nomial as an element of Q[z], not Zs[z]. Yet this polynomial does have a
factorization if we were allowed to work with complex numbers:

Expand[(x + I)(x — I)]

gap> (x + E(4))*(x - E(4));
x"2+1

Thus, 22 +1 is reducible over C, the field of complex numbers. Thus, whether
a polynomial is reducible or irreducible over F' greatly depends on the field
F.

It should be noted that if g(«) and h(z) both have positive degree, then
g(x) - h(x) has degree at least 2. Thus, all polynomials of degree 1 must be
irreducible. Constant polynomials, however, are not considered to be irre-
ducible.

Although it can be tricky to decide whether a polynomial is reducible or
irreducible, there is a way to test polynomials of low degree.
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PROPOSITION 12.3
If f(x) is a polynomial of degree 2 or 3 over the field F', then f(x) is reducible
over F if, and only if, f(x) has a zero in F.

PROOF  Suppose that f(z) has a zero in F', say r. Then

f@) = (z —r)q()

where ¢(z) has degree one less than f(z). This shows that f(x) is reducible.

Now suppose that f(z) is reducible. Then f(z) = g(z) - h(z), where the
degree of g(x) plus the degree of h(x) is 2 or 3. Thus, either g(x) or h(z) has
degree 1. We may suppose g(z) has degree 1, and so

f(@) = (ar1z + ag)h(z).

Then —aga; ' is a root of f(x), and the proof is complete. I

We can use this proposition to determine whether polynomials of degree
less than 4 are irreducible over a finite field. Simply plug in all elements of
the field, and see if any of them produce 0 in that field. For example, consider

3+ 222 — 3z +4 over Zs5.
We have:

x3+2x2-3x4+4/.x—>0
x3+2x2-3x4+4/.x—>1
x34+2x2-3x4+4/.x—>2
x34+2x2-3x4+4/.x—>3
x34+2x2-3x4+4/.x—>14

gap> x := Indeterminate(Rationals,"x");
gap> Value(x”"3 + 2*x"2 - 3*x + 4, 0);
4

gap> Value(x"3 + 2*x"2 - 3xx + 4, 1);
gap> Value(x"3 + 2*%x"2 - 3*x + 4, 2);
é§p> Value(x~3 + 2*x"2 - 3*x + 4, 3);
§§p> Value(x"3 + 2*xx"2 - 3*x + 4, 4);

One of these, namely when x was replaced by 3, produced a multiple of 5,
which is equivalent to 0 in the field Z5. Thus, this polynomial is reducible.

PROPOSITION 12.4
If F is a field, then all polynomials in Flz] of positive degree are either
irreducible, or can be expressed as a product of irreducible polynomials.
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PROOF If f(x) has degree 1, then we have seen that it is irreducible. Let
us proceed by induction on the degree n of f(x). If f(z) is not irreducible,
then we can express f(x) = g(x) - h(z), where g(z) and h(z) are polynomials
of degree at least 1. But g(x) and h(z) must have degree less than n. Thus,
by induction, g(z) and h(x) are either irreducible, or can be written as a
product of irreducible polynomials. Thus, f(z) can be written as a product
of irreducible polynomials.

One last tool we have to help us find irreducible polynomials is the Greatest
Common Divisor (GCD) of two polynomials. The proof of the next theorem
mimics the proof of the greatest common divisor theorem for integers (1.2).

THEOREM 12.2: The Greatest Common Divisor Theorem for
Polynomials

Let F be a field, and let F[z] be the polynomials in x over the field F.
Given two nonzero polynomials f(x) and g(z) in Flx], there exists a nonzero
polynomial h(x) such that

1. h(z) divides both f(x) and g(x).
2. There exist polynomials s(x) and t(x) such that

f(@) - s(z) + g(x) - t(x) = h(z).

Furthermore, the polynomial h(xz) is unique except for multiplication by a
constant.

PROOF Let us consider the set of all polynomials that can be produced
by

f(@) - s(@) + g(x) - t(z)
where s(z) and ¢(x) are in F[z]. Call this set A. Both f(z) and g(z) are in
A, so A contains nonzero polynomials. Consider a nonzero polynomial h(x)
in A of the lowest degree. By the division algorithm theorem (12.1), we can
find polynomials g(x) and r(z) such that

f(@) = q(z) - h(z) +r(2),

where r(z) is either 0, or has lower degree than h(z). But then

r(z) = f(z) = q(2) - h(z) = (1 = q(z) - s(z)) - f(z) = q(2) - g(2) - 1(2),

which is in A. But if () is not zero, the degree of r(x) would be less than the
degree of h(x), and we picked h(x) to be of the lowest degree. Thus, r(z) = 0,
and h(x) divides f(x). By a similar argument, h(z) divides g(z).
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To prove that h(z) is unique, note that since h(x) divides f(z) and g(z),
then h(x) divides all polynomials in A. So if there is another polynomial d(z)
in A that divides both f(z) and g(z), then h(z) would divide d(z). But d(x)
would also divide h(z). Thus, h(z) and d(z) would have to have the same
degree, and

d(xz) =u- h(z)

where u is a constant polynomial. Thus, A(z) is unique up to multiplication
by a constant.

DEFINITION 12.4 Given two polynomials in F[z], the greatest common
divisor is the polynomial given in the above theorem whose leading coefficient
is 1.

The Mathematica command PolynomialGCD or GAP’s Ged will find the
greatest common divisor of two polynomials. For example, GCD(z*—1,23—1)
is found by the commands

PolynomialGCD[x"3 - 1, x4 - 1]

or the GAP command

gap> x := Indeterminate(Rationals,"x");
X

gap> Gcd(x"3 - 1, x4 - 1);

x-1

Thus, there are two polynomials s(x) and ¢(z) such that

(z® —1)-s(z) + (2* = 1) -r(z) =2 — 1.

COROLLARY 12.4
Let F be a field, and let f(x), g(x), and h(x) be polynomials in F[z]. If f(z)
is an irreducible divisor of g(x) - h(x), then either g(x) or h(x) is a multiple

of f(x).

PROOF  Suppose that f(x) divides neither g(z) nor h(x). Then the
greatest common divisor of f(x) and g(x) must have degree less than the
degree of f(x). But the GCD must divide f(z), and f(x) is irreducible.
Thus, the greatest common divisor of f(z) and g(z) must be 1. Likewise the
GCD of f(x) and h(xz) must be also be 1. By the greatest common divisor
theorem (12.2), there exist polynomials r(z), s(x), t(z), and u(x) such that

f(@) (@) +g(x) - s(x) =1,

and
f(z) - t(x) + h(z) - u(z) = 1.
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By multiplying these two together, we have

1= (f(2) - (@) + 9(@) - 5(2) - (F(2) - t(2) + ha) - u(x))
— f(@)? - r(@) - ) + f() - 7(z) - h(z) - ula)
T J(@) - g(x) - s(a) - tx) + g(a) - h(a) - s(2) - ula).

Note that all of the terms on the right hand side are multiples of f(z) (includ-
ing the last term, since g(x) - h(x) is a multiple of f(z)). But the left hand
side is 1, which cannot be a multiple of f(z). Thus, we have a contradiction,
and so either g(x) or h(z) is a multiple of f(x).

The irreducible polynomials will play the same role in the domain F[z] as
prime numbers play in the domain Z. The key property of integer factoriza-
tions is that every positive number greater than one can be factored uniquely
into a product of primes. We would like to prove something similar for poly-
nomials in F[z], but find we will have to modify our definition of unique
factorization. In the next section, we will explain what it means for a general
ring to have a unique factorization, and apply this to both polynomial rings
and integers.

12.2 Unique Factorization Domains

In this section we wish to determine a general definition of unique factor-
ization that would apply not only to F[z], but for any ring. We will mainly
be interested in integral domains for which factorizations are unique.

DEFINITION 12.5 Let R be a commutative ring. We say that an
element z in R is a unit if  has a multiplicative inverse.

In proposition 9.7 we defined the set of invertible elements of R as R*, and
showed that they formed a group under multiplication. The units of R will
play the same role as the constant polynomials do in the ring Flz]. In fact,
we can model the definition of reducible and irreducible elements of a ring on
the definition of irreducible polynomials in F'[x].

DEFINITION 12.6 Let R be a commutative ring. If a nonzero element
z in R is not a unit, and can be expressed as a product x = y - z, where
neither y nor z are units, then we say that x is reducible. If a nonzero element
is neither a unit nor reducible, we say it is irreducible.

Although this definition is mainly applied to integral domains, we can apply
the definition to any ring with an identity. Consider the ring defined by
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tables 9.3 and 9.4 in chapter 9.

InitRing

Define[4 a, 0]; Define[2 b, 0]
Define[a.a, a]; Define[b.b, b]
Define[a.b, 0]; Define[b.a, 0]
R = Ring[{a, b}]

gap> InitRing("a","b");

gap> DefineRing("R",[4,2],[[2,0],[0,b]]);
gap> ResetTableOptions();

gap> MultTable(R);

* | Oxa b a a+b 2xa 2%a+b 3*a 3*a+b
O*a |O*a O*a O*a O*a O*a O*a O*a O*a
b | O*a b O*a b O*a b O*a b

a | O*a O*a a a 2%a 2%a 3*a 3*a
a+b |Ox*a b a a+b 2%a 2%a+b 3*a 3*a+b
2%a | O*a O*a 2%3 2%a O*a O*a 2%a 2%a
2%a+b|0*a b 2%a 2%a+b O*a b 2%a 2*a+b
3*xa |O*a O*a 3*a 3*a 2%a 2%a a a
3*a+b|0*a b 3*a 3*a+b 2*a 2*%a+b a a+b

The units of this ring are a + b and 3a +b. But there is an irreducible element
in this ring. Can you find it?

Let us consider the more familiar ring, Z. The only two elements with
multiplicative inverses are 4+1. The irreducible elements are of course the
prime numbers 2, 3, 5, 7, 11, 13, .... But by this definition, the negative of a
prime number is also irreducible. But by introducing negative primes, we find
that numbers can be written as a product of primes in more than one way:

12=2.2.3=2-(-2)-(=3) = (-2) - (-2) - 3.

Because we now are including negative primes, we also have to redefine what is
meant by unique factorization. The first step is to understand the relationship
between these different factorizations.

DEFINITION 12.7 Let R be a commutative ring with identity. We say
that the element x is an associate of an element y if there is a unit z such
that y =z - 2.

Note that if = is an associate of y, then z = y- 27!, so that y is an associate
of x. Even though we saw three different factorizations of 12, note that these
are related via associates. We now can explain what unique factorization
means for a general ring.

DEFINITION 12.8 A ring R has unique factorization if the following
two conditions are satisfied:
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1. If z is nonzero, and is not a unit of R, then x can be written as a product
of irreducible elements of R.

2. If

T=Y1 Y2 Y3 Ym = F1cZ2 230 Zn

are two expressions of z as a product of irreducible elements, then m = n
and it is possible to reorder zi,za,...z, so that each pair (y;,z) is
associates.

Furthermore, if R is an integral domain, then R is a wunique factorization
domain, abbreviated as UFD.

We would like to find a quick way to determine whether an integral do-
main is a UFD. The needed tool will be the definition of the prime elements.
Although we have already defined a prime element in the integers Z, for a
general ring we wish to define a prime element as one that satisfies a different

property.

DEFINITION 12.9 A nonzero element x of a commutative ring is prime
if z is not a unit, and whenever y - z is a multiple of z, then either y or z must
be a multiple of z.

Although primes and irreducible elements are the same in Z, for many
other rings they are totally different. Consider the above ring of order 8. The
irreducible element is also a prime element, but there are prime elements in
this ring that are not irreducible. Can you find them? Although this ring
has prime elements that are not irreducible, we can show that this can only
happen when the ring has zero divisors.

LEMMA 12.1
If K is an integral domain, and x is a prime element of K, then x is irre-

ducible.

PROOF Since z is prime, it is neither 0 nor a unit. Suppose that x = y- z,
where neither y nor z are units. Since x is prime, we have that either y or z
is a multiple of z. Suppose that y is a multiple of . Then y = z - w for some
number w. Then

T=Y-Z2=T -W- 2.

Since K is an integral domain, we know that x is not a zero divisor, so we
can use lemma 9.3 and say that

l=w-z.
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But this indicates that z is a unit, which contradicts the original assumption
that neither y nor z were units. Thus, x is irreducible.

Even though a prime element is irreducible in an integral domain, it is
not true that an irreducible element is prime! Consider for example the ring
Z[\/—5], whose elements are the numbers of the form z + yv/—5, where 2 and
y are integers. To determine the irreducible elements of this ring, let us define
the following function on Z[y/—5]:

N(z 4+ yvV=5) = (z + yvV=5)(z — yvV/=5) = 2* + 5y*.

Notice that N(z) is the product of the number z with its complex conjugate.
We can observe that if a and b are in Z[v/=5], N(a-b) = N(a) - N(b). This
function will help us to determine the irreducible elements of Z[v/—5].

Let us begin by finding the units of Z[v/=5]. If a = z + y+/—5 is invertible,
then N(a) must be invertible. Hence 22 + 5y? = 1. The only integer solution
to this equation is when y = 0 and * = £1. Thus, +1 are the two units of
this ring.

Next, let us find an irreducible element. Since N(2) = 4, the only way
a product of non-units a and b could equal 2 is if N(a) = N(b) = 2. But
the equation x2 + 5y? = 2 clearly has no integer solutions. Thus, 2 is an
irreducible element in this ring. By the same reasoning, 3 is also irreducible.

However, neither 2 nor 3 is a prime element of this ring! Consider the

product
(1+V=5)(1-vV=5)=1+5=6.

This product is a multiple of 2 and 3, but neither factor is a multiple of 2 or
3. Thus, 2 and 3 are not prime in this ring.

This example shows a ring that is not a unique factorization domain. We
have seen two ways of factoring the number 6 that are not equivalent in terms
of associates. But the fact that neither 2 nor 3 is prime is a clue as to why
this ring is not a UFD.

PROPOSITION 12.5
An integral domain is a UFD if, and only if, all nonzero, non-units can be
written as a product of primes.

PROOF  We begin be showing that if K is a UFD, then all irreducible
elements are prime. Suppose w is irreducible, and = - w = y - z is a multiple
of w. Then x, y, and z have factorizations into irreducible elements:

x:ml.x2...xn,

Y=Y Y2 " Ym,

Z=21"29" " Zk.
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Thus,
xl'xZ"'xn'w:yl'y2"'ym'21'22"'2k~

Since a factorization is unique, and all terms in this product are irreducible,
we have that w is an associate to one of the terms on the right hand side.
Thus, either y or z is a multiple of w, and hence w is prime.

Since a nonzero element that is not a unit in a UFD can be expressed as a
product of irreducible elements, we have shown that all such elements can be
expressed as a product of primes.

Now let us suppose that all nonzero, non-unit elements in an integral domain
can be expressed as a product of primes. The first part of the definition of a
UFD is obviously fulfilled since the prime elements are irreducible. Suppose
we have another factorization in terms of irreducible elements.

P1-P2 P33 "Pn =21 2223 Zm-

Here, the p; are prime elements, while the z; are merely irreducible elements.
We need to prove that n = m, and that, after a rearrangement of the z;’s, we
have that p; and z; are associates. We will proceed by induction on n, the
number of primes in the factorization. If n = 1, then m = 1; otherwise we
would have a prime number (which is irreducible) expressed as a product of
two or more irreducible elements. Also, p; = 21, and so trivially the P’s are
associates of the z’s.
Next, we will consider the general case. Since the right hand side of

P1-P2-P3-"Pn=~1"%22°23"""Zm
is a multiple of p,,, one of the z’s must be a multiple of p,,. Suppose that
2k = Pp - U

Since zy, is irreducible, we find that v is a unit, hence z; and p,, are associates.
We now can write

D1-P2-P3  "Pn-1"Pn =21"22"" 2k=1"Pn U Zk41"" " Zm-

Since the ring is an integral domain, we can use lemma 9.3 and cancel out the
Pn-
PL P2 D3 Pno1 =21 22 Zp—1 (U 2k41) 0 Zme

The unit » may be multiplied by any of the irreducible elements z to produce
another irreducible element. We now can apply the induction hypothesis,
which says that there are n — 1 z’s left, and that a rearrangement of the z’s
would make p; and z; associates. Therefore, m = n, and some rearrangement
of the 2’s in

P1-P2P3 " Pn =21 2223 " Zm

will allow p; and z; to be associates, proving that the ring is a UFD. I
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This proposition will help us greatly in determining whether an integral
domain is a UFD. We usually will proceed in two steps: proving that any
element can be written as a product of irreducible elements, and then proving
that any irreducible element is prime.

COROLLARY 12.5
If F is a field, then the ring F[z] is a UFD.

PROOF  From proposition 12.4, every polynomial of positive degree is
either irreducible, or can be expressed as a product of irreducible polyno-
mials. By corollary 12.4, all irreducible polynomials are prime. Thus, by
proposition 12.5, F[z] is a UFD.

Although this corollary proves that polynomials over the rational numbers
have a unique factorization, we still have not proven that Z[x], the polynomials
over the integers, is a unique factorization domain. Corollary 12.5 will not
help us, since Z is not a field. Yet is seems plausible that we could prove that
Z[z] is a UFD, merely by using the fact that Q[z] is a UFD. In the process,
let us prove that R[z] is a UFD whenever R is a UFD. First, we will need
to prove a few lemmas. This next lemma, commonly referred to as Gauss’
lemma, uses the formula for the product of two polynomials.

LEMMA 12.2: Gauss’ Lemma
If R is an integral domain, then a prime element of R is also a prime element

of R[x].

PROOF  We need to show that if p is a prime of R that divides h(z) =
f(x) - g(z), then p must divide either f(x) or g(z). Suppose that p does not
divide all of the coefficients of f(x) nor does p divide all of the coefficients of
g(z). Let

f(x) = ag + a1z + asx® + azx® 4+ - - -,

g(x):b0+b1$+b21‘2+b3$3+...’
h(x):f(x)'g(x):CO+011'+621'2+63$3+....

Let a; be the first coefficient of f(x) that is not divisible by p, and let b; be
the first coefficient of g(x) that is not divisible by p.

Since h(z) is divisible by p, we know that the coefficient ¢;4; must be
divisible by p. But

Citj = aobiyj + arbipj—1 + -+ ai—1bjp1 + a;bj + aip1bj_1 + -+ - aiq;bo.

Note that all terms on the right hand side except a;b; are divisible by p
(since ag, a1, ...a;—1 and by, b1,...b;_1 are all multiples of p). So a;b; is also
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a multiple of p. But this contradicts the fact that p is a prime element of R,
and neither a; nor b; is a multiple of p. Thus, p is prime in R[z]. I

With Gauss’ lemma (12.2), we can see that whenever a product of several
polynomials in R[x] is divisible by a p, a prime number of R, then one of those
polynomials must have been divisible by p. We can use induction to extend
this argument to any element of R.

LEMMA 12.3
Let R be a unique factorization domain, and let

g1(x), gQ(I)’ 93(I)7 ) gn(x)

be polynomials in R[zx] that are not divisible by any prime element of R. Let
f(z) be a polynomial in R[x], and let ¢ and d be two elements in R such that

c f(z)=d- g1(z) - g2(x) - g3(x) - - - gn ().

Then d is divisible by c in R.

PROOF If ¢ is a unit in R, then obviously d is a multiple of c¢. We will
now use induction on the number of prime factors of ¢ in the ring R. If ¢
contains a prime p, then by lemma 12.2, one of the terms on the right hand
side must be a multiple of p. But none of the g;(x) are divisible by a prime,
so we find that d is a multiple of p. Then we have

c d

= f(@) =~ g1(x) - g2(x) - gs(x) - - - g (),

p p

where ¢/p and d/p are both in R. Since ¢/p contains one less prime factor
than ¢, we can use induction to say that d/p is a multiple of ¢/p. Then d
would be divisible by ¢ in R.

The next step in proving that R[z] is a UFD is to find the irreducible ele-
ments of R[x]. If there is a field F' that contains R, we can use the irreducible
elements of F[z] to find the irreducible elements of R[z].

LEMMA 12.4

Let R be a unique factorization domain, and let F' be a field containing R.
Then if f(x) is a polynomial in R[x] that is irreducible in Flx], then f(x) can
be written

f(x) =c-g(),

where ¢ is an element of R, and g(x) is irreducible in R[z].



Unique Factorization 369

PROOF We want to first show that we can express
f(z) =c-g(=),

where the only elements of R that divide g(x) are units. Let ag be the constant
coefficient of f(z). Notice that if an element of R divides f(z), then that
element must divide ag. Since R is a UFD, there are only a finite number of
primes in the factorization of ag. Let us proceed by induction on the number
of primes in this factorization.

If there are no prime elements of R that divide f(z) we can let ¢ = 1 and
g(x) = f(x). If there is a prime element of R that divides f(z), we can write

f(x) =p-h(x),

where p is a prime in R, and h(z) is in R[z]. But then the constant coefficient
of h(x) will contain one less prime in its prime factorization, so by induction
we have

h(z) =d-g(x),
where the only elements of R that divide g(x) are units. Then we let ¢ = b-d,
and

f@) = e g(a).
All that is left to show is that g(z) is irreducible in R[x]. Suppose that

g(x) =r(x) - s(x),

where r(z) and s(z) are in R[x]. We then have

fl@) =c-r(x)-s(x).

But there is a field F' containing R such that f(x) is irreducible in F[z]. Thus,
either r(x) or s(x) are units in F[z], which are constant polynomials. But we
designed g(z) so that the only constants in R[z] that divide g(z) are units of
R. Thus, g(z) is irreducible in R[z].

Although this lemma refers to some field F' that contains R, there is a
natural field to use—the field of quotients in R. We can use this field to show
that, in fact, the irreducible elements of R that we found in lemma 12.4 are
in fact prime elements of R|x].

LEMMA 12.5

Let R be a unique factorization domain, and let F' be the field of quotients
for R. Then if g(x) is irreducible over R[x] and F[z], then g(z) is prime in
Rlz].

PROOF  Suppose that r(x) - s(x) is divisible by g(z) in R[z]. We need
to show that either r(x) or s(z) is divisible by g(z) in R[z]. Yet g(z) is
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irreducible in F[z], which is a UFD since F' is a field. Thus, either r(z) or
s(x) is divisible by g(z) in F[z]. Suppose that r(z) is divisible. Then we have

where k(z) is in F[z]. The coefficients of k(z) are in the quotient field of R,
so we may write

ap | a1 az o a3 an p
Ela)= 2 4+ 2Ly 22 = ST
(x) bo—i—blx—i—bQJc —|—b3x + bnw
Let ¢ be the product of by-by by by - - - by,. Then j(x) = c-k(z) is an polynomial
in R[z]. Thus we have

c-r(z) = g(x) - (c-k(x)) = g(x) - j (=),

where g(z) and j(x) are in R[zx]. We now can apply lemma 12.4 to j(x) and
write

j(x) =d- q(x)’
where ¢(z) is not divisible by any prime in R. Then

c-r(z) =d-g(z) - q(z),

so we can apply lemma 12.3, since neither g(z) nor ¢(z) is divisible by a prime
of R. Hence, d is divisible by ¢, and

r(@) =2 ga) (e,

Therefore, r(x) is divisible by g(x), and hence g(x) is prime in R[x]. I

At this point all of the major battles have been fought. All that is left to
do is put the pieces together to show that R[z] is UFD.

THEOREM 12.3: The Unique Factorization Domain Theorem
R[x] is a unique factorization domain if, and only if, R is a unique factor-
ization domain.

PROOF First of all, if R is not a UFD, then there is some element ¢ of R
that is not expressible as a product of primes. But then ¢ cannot be expressed
as a product of primes in R[z], since such a product must consist of constant
polynomials, and this would contradict the fact that ¢ cannot be expressed as
a product of primes in R. Thus, R[x] would not be a UFD.

Now suppose that R is a UFD. We need to show that any nonzero poly-
nomial f(x) in R[] is either a unit, or is expressible as a product of prime
polynomials. If f(z) has degree 0, and is not a unit of R, then since R is a
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UFD, the constant f(z) can be expressed as a product of primes in R. By
lemma 12.2, any prime in R is also a prime in R[z]. Thus, if the degree of
f(z) is zero, f(zx) is either a unit, or can be expressed as a product of primes
in R[z].

Now suppose f(x) has positive degree. Let F' be the field of quotients over
R. Then F[z] is a unique factorization domain by corollary 12.5. Thus, we
can write

f@) = g1(2) - ga2(@) - g3() - -+ - g (),
where each g;(x) is irreducible in F[z]. For each g;(z), let ¢; be the product

of the denominators of all of the coefficients. Then h;(x) = ¢; - g;(x) will be
in R[z], and we have

cr-cy-c3--oo-Cn- f(x) = c1g1(x) - caga(x) - c3g3(w) - -+ - Cngn (1)
= hi(x) - ha(zx) - hs(x) - -+ - hyp(x).

Since ¢; is a unit in F[x], the h;(x) will still all be irreducible in F[z]. We can
now apply lemma 12.4 on each of the h;(z) and find an element d; in R such
that

hi(z) = d; - ji(z),
where the j;(z) are irreducible in R[z]. By lemma 12.5, the j;(x) are prime
in R[z]. We now can express

Cl1-C2-C3-"+""Cp - f(x) = dljl(x) : d2j2(x) : d3j3(.1‘) T dnjn(x)-
Let C=c¢1-co-¢c3---¢c, and D =dy-dy-ds---d,. We can then write
C-f(z) =D ji(x) ja(z) - ja(z) - - jn(2),

where C and D are in R, and the j;(z) are prime polynomials in R[x]. We
can now apply lemma 12.3, which states that D must be a multiple of C in
R. Thus

F(@) = 2 31(&) - Ga(a) - sl@) -+ (o),

where D/C is in R. Since R is a UFD, D/C can be expressed as a product
of primes in R, which by lemma 12.2 are primes in R[F]. Thus, f(z) can be
expressed as a product of primes in R[x] and so by proposition 12.5, R[x] is a
UFD.

Not only does this theorem determine when we can consider polynomial fac-
torization to be unique, but this theorem also applies to factoring polynomials
in more than one variable.

Since R[z| is an integral domain, we can consider another variable y, and
consider the polynomial ring R[z][y]. A typical element of R[z][y] would be

co(@) + c1(@)y + c2(@)y” + cs(@)y® + - - enl@)y",
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where each ¢;(x) is a polynomial in R[z]. If each ¢;(x) is written
ci(x) = do + dyx + doa® + dga® + - - -
we find that the polynomial in R[x][y] could be written
doo + dyom + dory + daoa® + di1x -y +doay® + -

If we make the convention that x -y = y - x, we see that R[z]|[y] = R[y][z].

DEFINITION 12.10 We will denote the polynomial ring of two vari-
ables by R[z,y] = R[x]ly]. The variables x and y are called indeterminates.
Likewise, we denote the polynomial ring of n indeterminates by

R[Z‘l, Z2,T3,. .. 7'TTL]'

COROLLARY 12.6
Let R be a unique factorization domain and let x1,x2,x3, ..., be indeter-
minates over R. Then R[x1,x2,xs3,... 2] is a unique factorization domain.

PROOF We will use induction on n. If n = 1, the unique factorization
domain theorem (12.3) shows that R[z] is a UFD. Otherwise, we write

R[Il,{EQ,Ig, e ,ZL‘n] = R[.’El,l’g,l’g, N ,xn_l][xn].

By the induction hypothesis, R[x1,x2,x3,...,2,—1] is a UFD. So by the
unique factorization domain theorem (12.3), R[z1, 22,23, ...,Z,] is a UFD. I

Polynomials in several variables are of considerable importance in geome-
try, since curves and surfaces are described by equations in several variables.
Although Mathematica’s Factor command will be able to factor polynomi-
als in many variables, its ability is limited to when R is either Z or Q. For
example, Mathematica can factor

ClearDefs
Factor[x 83y 2+ x2y—-xy 2—-2x+4 Y]

over the integers, but cannot factor this over any other ring, even a finite field.
Yet we will not have a need for factoring polynomials in two variables over
any other field.

GAP’s ability to factor polynomials in two variables is still in development.
A preview of the multivariable factorization package is included in the file
“multivar.g” in the gap directory. In GAP 4.4.12, we must first read in this
extra package before the multivarible factorization will work. This package
will probably be included in future versions of GAP.
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gap> Read("c:/gap/multivar.g");
gap> x := Indeterminate(Rationals,"x");
X

gap> y := Indeterminate(Rationals,"y");

y
Factors(x“"3*y~2 + x"2*%y — x*xy~2 - 2%x + y);
[ x*xy-1, x"2%y+2*x-y ]

12.3 Principal Ideal Domains

Although we have found that polynomial rings created from unique factor-
ization domains produce more unique factorization domains, there still is the
question of how to tell whether a given ring is a unique factorization domain.
The answer lies in the ideals of the ring. In fact, the ideals were discovered
by Kummer in 1835 in an attempt to prove that certain rings were unique
factorization domains. [4, p. 157] In this section we will explore the intercon-
nection between the ideals of a ring, and the prime and irreducible elements
of the ring.

We begin by recalling that many ideals can be generated with only one
element. In fact, many rings, such as the integers Z, are such that every ideal
is generated by only one element. We called such rings principal ideal rings,
or PIRs. When the ring is also a domain, we call it a principal ideal domain,
or PID. In fact, PIDs are so common that it is somewhat tricky to find an
example of a UFD that is not a PID.

Consider the ring R = Z[z,y]. We saw by corollary 12.6 that this is a
UFD. We would now like to show that this is not a PID. Consider the ideal
of elements without a constant term. This ideal can be expressed as (z,y),
but since both = and y are in this ideal, we cannot express this ideal as
the multiples of some polynomial. Thus, it requires at least two elements to
generate this ideal in Z[z, y]. Thus, this ideal is not a principal ideal, so Z|z, y]
is not a PID, even though it is a UFD.

DEFINITION 12.11 Let R be a commutative ring, and let P be a
nontrivial ideal of R. (Thus, P is neither {0} nor R.) We say that P is a
prime ideal if, whenever x and y are in R, and z - y is in P, then either = or
y is in P.

When we first defined a prime element of a ring, we were careful to mention
that the ring did not have to be an integral domain. By defining prime
elements for all commutative rings, we open the door to showing a connection
between prime ideals and prime elements.
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PROPOSITION 12.6
Let R be a commutative ring with an identity. Then p is a prime element of
R if, and only if, the principal ideal (p) is a prime ideal.

PROOF  Suppose that p is prime. Then p is neither 0 nor a unit, so (p)
cannot be the zero ring. If (p) = R, then there must be some element of R
that makes p -« = 1. But this is impossible, since p is not a unit. Thus, (p)
would be a nontrivial ideal of R. Now suppose that z -y is in (p). Then there
must be some z such that x -y = p- 2. Since p is prime, either z or y is a
multiple of p. So either z or y is in (p), making (p) a prime ideal.

Now suppose that (p) is a prime ideal. Then (p) is neither {0} nor R, so p
is neither 0 nor a unit. If z - y is a multiple of p, then « - y would be in (p).
Since (p) is a prime ideal, either  or y would then be in (p). But this would
indicate that = or y is a multiple of p. Thus, p is a prime element of R. I

Although this proposition refers to principal ideals, it is certainly possible
for an ideal to be a prime ideal without being even a principal ideal. For
example, the ideal (z,y) of the ring Z[x, y] is not a principal ideal, yet it is a
prime ideal. To see this, note that we can characterize the ideal as

(z,y) ={f(z,y) € Z[z,y] | [(0,0)=0}.

Thus, if f(z,y) - g(z,y) is in (x,y), we have f(0,0) - g(0,0) = 0, so either
£(0,0) =0 or g(0,0) = 0. So (x,y) is a prime ideal.

Although proposition 12.6 gives us a test for determining whether an ele-
ment is prime, to implement this we need a way to see whether an ideal is a
prime ideal.

PROPOSITION 12.7

Let R be a commutative ring with identity, and let P be a nontrivial ideal of
R. Then P is a prime ideal if, and only if, the quotient ring R/P has no zero
divisors.

PROOF  Assume that P is a prime ideal. Let us suppose that the product
of two elements of R/P, a+ P and b+ P, is the zero element. That is,

(a+P)-(b+P)=a-b+P=0+P.

This implies that a - b is in P. Since P is a prime ideal, either a or b is in P.
Thus, either

a+P=0+4+P or b+P=0+P.

Thus, we have shown that R/P has no zero divisors.
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Now suppose that R/P has no zero divisors. If a - b is in P, then we have
the following holding in R/P:

(a+P) (b+P)=a-b+P=0+P.

Since R/ P has no zero divisors, either a + P or b+ P must be equal to 0+ P.
Thus, either a or b is in P, and since P is a nontrivial ideal, P is a prime
ideal.

Let us try to use this proposition to find the prime elements of the following
familiar commutative ring:

InitRing

Define[4a, 0]; Define[2b, 0]
Definela.a, a]; Define[b.b, b]
Define[a.b, 0]; Define[b.a, 0]
R = Ring[{a, b}]

gap> InitRing("a","b");
gap> DefineRing("R",[4,2],[[a,0],[0,b]11);

We determined that the element 2a + b was irreducible in this ring. Let us
determine whether 2a+ b is prime by computing the quotient ring R/(2a+b).
First, we find the principal ideal generated by 2a + b:

S = Ideal[R,{2a + b}]

gap> S := Ideal(R, [2*at+b]);

<two-sided ideal in <ring with 2 generators>, (1 generators)>
gap> List(8);

[ Oxa, b, 2*a, 2*a+b ]

This forms a nontrivial ideal, so we can now consider the quotient ring.

Q = Coset[R, S]
{{0,2a,b,2a + b}, {a,3a,a +b,3a+ b}}

Q[[2]]-Q[[2]]
{a,3a,a + b,3a + b}

In GAP, we can either list the cosets, or we can have GAP create a isomorphic
copy of the quotient ring through the first ring isomorphism theorem (10.2).

gap> f := NaturalHomomorphismByIdeal(R,S);
[a, bl > [ ql, O%ql ]

gap> Q := Image(f,R);

<ring with 2 generators>

gap> MultTable(Q);

0*q1|0xql 0*ql
gl [0xql qi
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The quotient ring has only two elements, and in fact is isomorphic to Zs. So
2a + b is a prime element of R.

We are mainly interested in finding the prime elements of an infinite ring.
Mathematica can still often help us out, since the quotient ring R/(p) will
usually be finite.

Consider the ring Z[v/—5]. We saw in the last section that 3 was an irre-
ducible element. To see whether this is a prime element, we need to determine
the ring Z[v/—5]/(3). Since 3 is in the ideal (3), every element multiplied by
3 in the quotient ring must be 0. Thus, the characteristic of the quotient ring
is 3. We can start by defining the quotient ring as a domain:

InitDomain[3]

If we denote the element /=5 + (3) by a, then a? = —5 + (3). Thus, we can
define

Define[a™ 2, —5]

We now can see the quotient ring as the ring generated by 1 and a:
R = Ring[{1, a}]

This ring has nine elements. However, the command
CheckField[{1, a}]

reveals that this quotient ring has zero divisors. Thus, 3 is not a prime element
of Z[/—5]. We can form this same ring in GAP, but we have to plan ahead
to see that the quotient ring will have nine elements.

gap> InitRing("e","a");
gap> DefineRing("R",[3,3],[[e,a], [a,-5*e]]);
gap> NumberElements := true;

true
gap> MultTable(R) ;

* Jlrl 2 3 4 5 6 7 8 9
Ox*e [t 1 1 1 1 1 1 1 1
a /11 4 7 2 5 8 3 6 9
2%a /11 7 4 3 9 6 2 8 5
e /11 2 3 4 5 6 7 8 9
e+ta /l1 5 9 5 9 1 9 1 5
et2¥xa |1 8 6 6 1 8 8 6 1
2%e [l1 3 2 7 9 8 4 6 5
2%e+ta |1 6 8 8 1 6 6 8 1
2%e+2*%all 9 5 9 5 1 5 1 9

At this point you may be wondering whether there are any prime ele-
ments in the ring Z[v/—5]. Consider the element 3 + 2y/—5. Defining the
ring Z[v/=5]/(3 + 2v/=5) in Mathematica or GAP is a bit trickier since the
characteristic must be an integer. But note that

(3+2V=5) - (3 —2V/=5) = 29.
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Thus, 29 is in the ideal (3 + 2v/—5), which we can use for the characteristic.
To reduce the elements further, we would like to find an integer within the
coset

a+ (3+2a) = V=5+ (3+2V-5).

After experimenting, we find that the integer 13 is in this coset. This experi-
ment shows that the element /=5 is equivalent to 13 in the ring Z[v/—=5]/(3+
2y/=5). Thus, every element in the ring is equivalent to an integer. The
quotient ring will have 29 elements, which is obviously isomorphic to the field
Zsg9. Thus, we have found a prime element for this ring.

We have seen that proposition 12.7 is a useful way of determining whether
an element is prime. Let us use this proposition to show that in a principal
ideal domain, irreducible elements are also prime elements. This amounts to
showing that R/(p) has no zero divisors whenever p is irreducible. However,
we can actually prove more, which will be very useful later on.

LEMMA 12.6
Let R be a principal ideal domain, and let p be an irreducible element of R.
Then the quotient ring R/(p) is a field.

PROOF Since R is an integral domain, it is clear that R/(p) is a commu-
tative ring, and contains the identity element 1+ (p). Thus, we have to show
that all nonzero elements of R/(p) have an inverse. Let x + (p) be a nonzero
element of R/(p). We immediately have that x is not a multiple of p. Thus,
we can consider the ideal generated by both x and p, that is, (x, p).

Since R is a PID, there is some element d in R such that (z,p) = (d). Then
both x and p would be multiples of d. But we already observed that x is not
a multiple of p, so d cannot be a multiple of p. But p is irreducible, so d
must be a unit. Then (d) = R, and so (z,p) = R. This means that there are
elements u and v in R such that

rT-u+p-v=1.
We now claim that u + (p) is our sought-after inverse. Note that
[+ @)]-[u+@]=z-utp)=z-utp-v+(p) =1+ (p)

Since every nonzero element of R/(p) is invertible, we have that R/(p) is a
field.

From this lemma, it is easy to see that an irreducible element of a PID must
also be a prime element. Thus, we are on our way to showing that a PID is a
unique factorization domain. By proposition 12.5, we only need to show that
every non-invertible element can be expressed as a product of irreducible fac-
tors. In order to eliminate the possibility of an “infinite chain” of irreducible
elements, each one dividing the previous, we will use the following lemma.
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LEMMA 12.7
Let R be a principal ideal ring. If there is an infinite sequence of larger and
larger ideals of R satisfying

LCLC3C---CI,CI 41 C--,

then there exists an integer m such that I, = I, for all n > m.

PROOF  Since we have an infinite sequence of ideals, we can consider
taking the union of all of them:

I= G I,.
n=1

Let us show that I is an ideal of R. Note that any element of I is in [j for
some integer k. In fact, if x and y are two elements of I, we can pick the larger
of the two values of k to show that x and y are both in I. Then z £y is in
Iy, since Iy, is an ideal. Thus x £+ y is in I. This shows that [ is a subgroup
of R under addition. Now let z be in R. Then z - z and z - x are both in Iy,
sox-zand z-x are in I. Therefore, I - R = R-1 = I. This shows that [ is
an ideal.

Since R is a principal ideal ring, there is some element ¢ in R such that
I = (a). Then a is in I, for some m. But I, is contained in I, so we must
have that I = I,,,. Thus, I,, = I,,, for all n > m.

We now have all we need to show that a PID is in fact a UFD.

THEOREM 12.4: The Principal Ideal Domain Theorem
Every principal ideal domain is a unique factorization domain.

PROOF Our strategy is to first show that an irreducible element is a prime

element, and then show that every element is a finite product of irreducible
elements. Let p be an irreducible element of R, which is a PID. By lemma 12.6
R/(p) is a field, so it certainly has no zero divisors. Thus, by proposition 12.7,
(p) is a prime ideal, so by proposition 12.6, p is prime. Let us now show that
every non-invertible element of R can be written as a product of irreducible
elements. Suppose this is not true for some element xy. Then xy is not
irreducible, so we can find elements x; and y; in R such that x; - y1 = xo.
But x; and y; cannot both be irreducible, so we can assume z is reducible.
By induction we can continue this process to form a sequence

{33073?1,332, Z3, - }

for which each term in the sequence divides the previous term. Then we have
an infinite chain of ideals,

(x0) C (£U1) - (;vg) - (CUd) C-..-
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By lemma 12.7, there is a number m such that (z,) = (z,,,) for all n >
m. But this contradicts the fact that all of the z,, are reducible. Therefore
every element of R can be expressed as a product of irreducible elements. By
proposition 12.5, R is a unique factorization domain.

This theorem reveals the most important use of principal ideal domains—it
enables us to find unique factorization domains. For example, Z was proven
to be a PID from proposition 10.3, so we now can see that Z is a UFD, a
result that was promised in section 1.3.

It should be noted that not all unique factorization domains are PIDs—in
fact we discovered that Z[z, y] is not a PID, even though it is a UFD. However,
many of the important unique factorization domains are also principal ideal
domains.

Of course, there still is the problem of how to determine whether an integral
domain is a PID. In the next section, we will find the main way of determining
whether a certain domain is in fact a PID, which would then prove that it is
a UFD.

12.4 Euclidean Domains

We have already seen the importance of principal ideal domains to deter-
mine whether a ring is a unique factorization domain. However, we still have
the problem of determining whether a given integral domain is a principal
ideal domain. This can usually be done quite easily.

For example, to show that F[z] is a PID for any field F, we examine what
the ideals could be. If I is a nontrivial ideal of F[z], we can find a nonzero
element f(z) in I with the lowest degree. If g(x) is also in I, then by the
division algorithm

9(z) = f(z) - q(z) + r(x),
with the degree of r(x) less then f(x). But r(x) would also be in I, and since
f(z) has least degree of all the nonzero elements in I, we must have r(z) = 0.
Therefore all elements of I are multiples of f(x), so I = (f(x)).

Rather than making this a formal proposition, we want to study this exam-
ple, since we can prove that many different domains are PIDs the same way.
There were two keys to the proof that F[x] was a PID: the fact that every
polynomial had a degree, and the division algorithm. Whenever we have an
integral domain that has a property like a division algorithm, there is a good
chance that we can use this division algorithm to prove that the ring is a PID.
Let us formulate what we mean by a “division algorithm.”

DEFINITION 12.12 An integral domain R is called a Euclidean domain
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if there is a function p(z) defined on the nonzero elements of R such that the
following three properties hold:

1. u(x) s a non-negative integer for every nonzero z in R.
2. Whenever both x and y are nonzero, u(x -y) > p(x).

3. For and x and y in R, with y nonzero, there exist elements ¢ and v in
R such that

T=q-y+r,
where either r =0 or p(r) < pu(y).

The function p(z) is called the Euclidean valuation on R.

Let us first look at some examples of Euclidean domains. Since this defini-
tion was modeled after the ring F'[z], it is expected that F[z] is a Euclidean
domain. The function p(f(z)) would be the degree of the polynomial f(x).
Properties 1 and 2 come from the definition of the degree, and lemma 11.1.
Property 3 we observed in the division algorithm theorem (12.1). Thus, F[x]
is a Euclidean domain whenever F is a field.

However, there are many other examples of Euclidean domains. Consider
the set of integers, Z. We can use the absolute value for the valuation: p(z) =
|z|. Clearly properties 1 and 2 hold, and the third property comes from
modular arithmetic. Thus, Z is also a Euclidean domain.

Whenever we have a Euclidean domain, we can prove that the domain is a
PID, using the exact same argument as we did for F[z].

THEOREM 12.5: The Euclidean Domain Theorem
FEvery Fuclidean domain is a principal ideal domain.

PROOF Let R be a Euclidean domain, and let u(x) be the valuation. If
I is an ideal, we consider the set

P={u(x)|zel,x#0}.

The set P consists of non-negative integers, so there is a smallest number in
P. Pick an element y in I so that u(y) is the minimal number in P. Then for
any other x in I, we have

r=y-q+r

for some g and r in R, with u(r) < p(y). Then r is in I, but if r were nonzero,
then this would contradict the minimality of u(y). Thus, r = 0, and so z is
a multiple of y. Since this is true for all = in I, we see that I = (y). Thus,
every ideal of R is a principal ideal, so R is a PID.



Unique Factorization 381

We started this section by showing that F'[z] is a principal ideal ring when-
ever I is a field, but let us formally make this a corollary of the Euclidean
domain theorem.

COROLLARY 12.7
Let F be a field. Then the ring of polynomials Flx] is a principal ideal
domain.

PROOF We have already seen that F[x] is a Euclidean domain whenever
F is a field. By the Euclidean domain theorem (12.5), F[x] is a PID. I

The only problem with this definition of the Euclidean domain is that it
gives no help in determining what the valuation function p(x) should be.
In fact, there may be many possible valuation functions for a given integral
domain. See problem 12.29 for an alternative definition of a Euclidean domain
that does not involve a valuation function.

For the remainder of this chapter, we will consider an interesting class of
integral domains, some of which are Euclidean domains, and some that are
not. This class of domains will help us to see some general techniques for
finding a valuation function for a domain.

DEFINITION 12.13 Let n be an integer that is not divisible by the
square of any integer other than 1. Then the ring Z[\/n] is called a quadratic
domain.

We have already worked with some examples of quadratic domains. For
example, we found two possible ways to order the ring Z[\/?], using ring
homomorphisms.

The quadratic domain Z[/n] will always have two automorphisms, the iden-
tity mapping, and the automorphism

fl@x+yvn) =z —yvn.

We define the function N as the product of the two automorphisms:
N(z +yvn) = (z +yv/n) - (x — yv/n) = 2° — y’n.

Note that N(a) will always an integer.

At first glance it may be difficult to see what the N(a) has to do with the
Euclidean domains. Our goal is to construct a valuation function from N(a).
We first need to verify some elementary properties of this function. In the

process, we will notice that these properties are still valid if we extend N(a)
to be defined on Q[/n].
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LEMMA 12.8
Let Z[\/n] be a quadratic domain, and let N(z + y\/n) = 2% —y?n. Then for

the rings Z[\/n] and Q[y/n],
1. N(a) =0 if, and only if, a = 0.
2. N(a-b) = N(a)- N(b).
3. N(&1)=1.

PROOF
1. Tt is easy to see that N(0) = 0 by definition. If N(x + y/n) = 0, then
(x+yv/n) - (x —yv/n) = 2> —y*n = 0.

If y is nonzero, then we find that /n = [}, which is ridiculous since n

is not a perfect square, and so /n is irrational. Thus, y = 0, and hence
x is also 0. So N(a) =0 if, and only if, a = 0.

2. A quick computation shows that if a = z1 + y1/n, and b = x5 + Y2/,
then

a-b = (21 +y1vn)- (w2 + y2v/n) = (x1-T24y1-y2-1)+(T1-y2+y1-32)V/n.
So

N(a-b)=(z1-z2+y1-y2-n)?— (z1-y2+y1-22)* 1

2 2 2.2 2 2 2 2 2
= T7T5 + 201 T2Y1Y2n + Y1 YanT — TI1Y3N — 2T1T2Y1 Y2 — Y1 THN

ziwy + yiyan® — aiysn — yiaan
= (2] —yin) - (x5 — y3n) = N(a) - N(b).

3. This is easy, since +1 = +1 + 0y/n. So N(£1) = (£1)? = 0-n=1. |

We can use the N(a) function to prove that Q[/n] is a field.

COROLLARY 12.8
Let n be an integer that is not divisible by the square of any integer greater

than 1. Then the ring Q[v/n] is a field.

PROOF Since Q[y/n] is obviously a commutative ring with an identity, all
we need to show is that every nonzero element has an inverse. Let b = x+y+/n
be a nonzero element. Then N(b) is nonzero by lemma 12.8. Consider the
element

¢ = ( — yVm)/N ().
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Then
b-c=(z+yvn)-(x—yyn)/N(Ob) = N(b)/N(Od) =1.

So every nonzero element has an inverse. Thus, Q[/n] is a field. I

Using these three properties of the function N(a), we are able to determine
at least some of the irreducible elements of the ring Z[\/n].

PROPOSITION 12.8
Let Z[\/n] be a quadratic domain, and let N(x + y/n) = 2% — y?>n. Then
1. N(a) = +£1 if, and only if, a is a unit in Z[\/n], and
2. If N(a) is a prime number in Z, then a is an irreducible element of

Zl/a).

PROOF  Suppose that N(a) = N(z + yy/n) = £1. Consider the element

b= (z — yv/n)/N(a).

Then
a-b=(z+yvn)-(x—yvn)/N(a) = N(a)/N(a) = 1.

So a has an inverse, and therefore is a unit in Z[y/n].
Now suppose that a is a unit in Z[y/n]. Then a has an inverse, a~!. Then

1=N(1)=N(a-a™') = N(a) - N(a™),

which shows that N(a) must be £1.
Now suppose that N(a) = p, a prime number in Z, and that a = b-c. Then

p=N(a)=N(b-c)=N() N(c).

Since p is prime, either N(b) or N(c) is £1. So either b or ¢ must be a unit
in Z[y/n], so a is irreducible in Z[/n].

We can now use the Euclidean function p(z) = |N(x)| to prove the follow-
ing.

PROPOSITION 12.9
The integral domains Z[\/=2], Z[v/—1], Z[\V/2], and Z[/3] are Euclidean do-

mains.

PROOF Let us work with all four domains at the same time by considering
Z[\/n], where n = —2,—1,2, or 3.
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If we let pu(xz) = |N(x)|, then clearly p(z) is a non-negative integer. Fur-
thermore, p(x) = 0 only when « = 0. Thus, if v and v are two elements of

Z[\/n], then
plu-v) = [N(u-v)| = [N(u)]-|[N()] = pu) - p(v) < pu) -1 = p(u).

So the first two conditions for the valuation function are easily satisfied. The
last condition is harder to prove. We need to show that for any x and y in
Z[\/n], with y nonzero, there are elements ¢ and r such that

T=q-y+,

with either » = 0, or u(r) < p(y). We can consider « and y to be in Q[v/n],
which is a field from corollary 12.8, so we can compute

t=xz-y ' =u+uvyn.

Of course, t will be in Q[v/n] instead of Z[/n], so we cannot use this for our
q. However, we can find an element “closest” to t in Z[y/n| by finding the
integers p and k nearest to u and v. That is, we will select integers p and k
such that

l\DM—l

1
(%) p-ul<g and  [k—v<

We now let ¢ = p+ k+/n, which is in Z[/n]. The remainder r would be given
by ¢ -y — x. All we need to do is show that r = 0, or u(r) < u(y).
Now, the norm N(z) is valid on Q[y/n], so we can compute

N(g—=t) =N ((p—u)+ (k—v)vn) = (p - u)* = n(k —v)*.

By (%) we see that if n > 0,

—n/4<(p—u)?—nk—-v)?<1/4
On the other hand, if n < 0, then

0<(p—u)?—nlk—v)?<(1-n)/4

Thus, as long as —2 < n < 3 we have that

IN(g = t)] = |(p —w)* = n(k —v)’| <3/4<1.
Thus,

p(r) = |N(r)| = IN(q y— )|

[V (
=IN((g—2-y7") )|
= |[N(g - )I IN( )|
<IN = ply)-
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Therefore, the function p(z) serves as a valuation function on Z[y/n], and so
Z[\/n] is a Euclidean domain for n = —2,—1,2, or 3.

One of these four domains has special applications. The ring Z[v/—1] = Z[i]
is called the domain of Gaussian integers. Mathematica’s FactorInteger
command can find the prime factorization over the Gaussian integers by set-
ting a condition “GaussianIntegers” to true. For example, we can factor the
number 5 as follows:

FactorInteger[5, GaussianIntegers —> True]

The GAP Factor command allows one to put the ring as the second argument.

gap> Factor(5, GaussianlIntegers);
[ 2-E(4), 2+E(4) 1]

This reveals that 5 = (2 —4) - (24 ¢). By investigating further the divisibility
properties of Z[i], one can prove the classic “two squares theorem” of Fermat:
Every prime number of the form 4n + 1 is the sum of two squares. (See
problem 13.18.) It is interesting that the study of domains other than the
familiar integers yields new information about the integers.

Since every Euclidean domain is a PID, the natural question to ask is
whether there is a PID which is not a Euclidean domain. There actually
are such domains, although known examples are rare. The simplest exam-
ple is Z[(1 + v/—19)/2], but it is tricky to prove that this example works for
two reasons. First of all, to show that this ring is not a Euclidean domain,
we must show that no valuation function u(x) can be defined whatsoever.
Problem 12.29 gives an alternative way to define a Euclidean domain that
does not depend on a valuation function, and hence helps in showing that
Z[(14++/—19)/2] is not a Euclidean domain. But then we must show that this
ring is still a PID, which is especially hard since the main tool for proving
that a domain is a PID is the Euclidean domain theorem (12.5). For a sketch
of how this is proven, see problems 12.46 to 12.53. A similar proof can be
used to show that Z[(1 ++/—43)/2], Z[(1 ++/—67)/2], and Z[(1 +/—163)/2]

are PIDs, but not Euclidean domains.

Problems for Chapter 12

Interactive Problems

12.1 Use the Mathematica command InterpolatingPolynomial or GAP’s
InterpolatedPolynomial to find a third degree polynomial such that f(n) =
n! for n =1,2,3, and 4. How close is f(5) to 1207
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12.2 Use GAP or Mathematica to determine whether z® + 222 + 3z + 2 is
irreducible over Zs.

12.3 Use GAP or Mathematica to determine whether z® + 222 4+ 3z + 5 is
irreducible over Z.

12.4 Define the domain Z[v/6] in Mathematica as follows:

InitDomain|[0]
Define[a™ 2, 6]

Show that the element u = 5 + 2a is a unit by finding its inverse. Use the
element v to find yet another unit of Z[v/6].

12.5 Use Mathematica to show that the ring Z[v/6]/(11) has no zero divisors.
Use this to prove that 11 is a prime element of Z[/6].

12.6 Use the Mathematica command

FactorInteger[2, GaussianIntegers —> True]

or the GAP command

gap> Factor(2, GaussianIntegers);

to determine whether 2 is prime in the domain Z[i]. Try this using the numbers
3,5, 7,11, 13, 17, 19, 23, 29, and 31 in place of 2. Which of these numbers
are prime in the domain Z[i]?

Non-Interactive Problems

12.7 Use the division algorithm to determine polynomials ¢(z) and r(z) in
Q|z] such that

203 + 327 —br +4= (202 —x +1) - q(x) +r(x),
where 7(z) has degree less than 2.

12.8 Use the division algorithm to determine polynomials ¢(z) and r(z) in
Zs|x] such that

P+t rr= @322+ 1) q(x) +r(2),
where r(z) has degree less than 3.

12.9 Find a quadratic polynomial f(z) such that f(—1) =6, f(1) = 2, and
f(2)=9.

Hint: Either solve three equations for three unknowns, or use the proof of
corollary 12.3.
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12.10 Find a quadratic polynomial in Z3[z] such that f(0) = f(1) = 2, and
f2)=0.

12.11 Prove that z2 + 5 is irreducible over the field R of real numbers.

12.12 Prove that z3 — 32 + 3 is irreducible over the field Q of rational
numbers.
Hint: Prove that it is irreducible over the integers, and use lemma 12.4.

12.13 Show that 23 — 9 is irreducible over the field Z;5.

12.14 Find the factorization of z3 + 222 + 2 over the field Zs.
12.15 Find the factorization of 23 + 222 + 2 over the field Zs.
12.16 Find the factorization of z3 + 222 + 2 over the field Z;.
12.17 Find the factorization of z* + 222 + 2 over the field Zs.

12.18 Let F be a field that is contained in a larger field K. Let f(x) and
g(x) be two polynomials in F[z] that are coprime in F[z]. Show that f(z)
and g(x) are also coprime in K|[z].

12.19 Show that Z[/—5] is not a principal ideal domain by finding an ideal
of this ring that is not a principal ideal.
Hint: Consider the ideal (2,1 + +/—5).

12.20 Find all of the irreducible elements of Z15.
Hint: First find all of the units. Construct a multiplication table of the
non-units. Which elements do not appear in the interior of the table?

12.21 Find all of the prime ideals of Z;5. (Note that this ring has zero
divisors.)

12.22 Find all of the prime elements of Z;5. (Note that this ring has zero
divisors. See problem 12.21.)

12.23 Find all of the irreducible elements of Zig. (See the hint for prob-
lem 12.20.)

12.24 Find all of the prime ideals of Z;s.
12.25 Find all of the prime elements of Z1g. (See problem 12.24.)

12.26 Show that the ring Zg has unique factorization, even though it is not
an integral domain.

12.27 Can a field have irreducible or prime elements? Explain.
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12.28 Let R be an integral domain. Prove that if every nontrivial ideal of
R is a prime ideal, then R is a field.
Hint: If = is an element of R, show that z is contained in z2R.

12.29 Suppose that R is an integral domain. Let Sy be the set containing
all units of R, along with the zero element. Let S; be the set of all elements
x such that either z =0 or

(x) + SO = R.
(That is, every element of R can be written as a multiple of  plus an element

of Sp.) Define S; inductively as the set of elements = such that either 2 = 0
or

(x) + Si—l = R.
Prove that R is a Euclidean domain if, and only if, every element of R is in

S, for some n.
Hint: Let p(z) be the smallest value of n for which z is in S,.

12.30 Let R be a commutative ring, and let I be an ideal of R. If P is a
prime ideal of I, prove that P is an ideal of R.

12.31 Let R be a PID. Prove that every element that is neither 0 nor a unit
is divisible by some prime element.

12.32 Show that the elements ¢ and r in part 3 of the definition of a Eu-
clidean domain are not necessarily unique.
Hint: In Z[é], let x = —4 4+ i, y = 5+ 3i. Consider ¢ = —1+4 and ¢ = —1.

12.33 Consider the subring of the elements of Q[z] for which the constant
term is an integer. Show that this subring is not a UFD.
Hint: Show that the only units are +1, and that 2 is irreducible. Consider
the sequence z,z/2,x/4,2/8,...2/(2"),....

12.34 Let D be a FEuclidean domain, and let u be the valuation function.
Show that u is a unit in D if, and only if, p(u) = p(1).

12.35 Let D be a Euclidean domain, and let u be the valuation function.
Show that if @ and b are associates, then u(a) = p(b).

12.36 Show that Z[v/—6] is not a unique factorization domain.
Hint: Factor 10 in two ways.

12.37 Prove that 7 is prime in Z[v/6].
Hint: First show that 22 — 632 = 0 (Mod 7) only when 2 and y are both
0 (Mod 7).

12.38 Show that if n =3 (Mod 4), then n cannot be expressed as the sum
of two square integers.
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12.39 If a® + b? is a prime number in the ordinary sense, prove that a + bi
is a prime number in the domain Z[3].
Hint: Use proposition 12.8.

12.40 If p = a? + b? is a prime number in the ordinary sense, find the prime
factorization of p in the domain Z[i]. (See problem 12.39.)

12.41 Let p > 0 be a prime number in the ordinary sense. Show that p
factors in the larger domain Z[7] if, and only if, there are two integers a and
b for which p = a? + b?. (See problem 12.40.)

12.42 Suppose that n is an integer for which v/4n + 1 is irrational. Let

1++v4n+1
9=
and consider the domain Z[q] = {x 4+ yq | =,y € Z}. Define the function N(a)

on Z[q] by

= (0 () (o (15T

= x2—|—xy—ny2.

Show that N(z) satisfies the properties of lemma 12.8, that is, N(a) = 0 if,
and only if, a = 0, N(a-b) = N(a) - N(b), and N(£1) = 1. These domains
are called semi-quadratic domains.

12.43 Prove proposition 12.8 for the semi-quadratic domains Z[q] of prob-
lem 12.42.

12.44 Show that Z[(1 ++/—3)/2] is a Euclidean domain. This is the ring of
Eulerian integers. (See problems 12.42 and 12.43.)
Hint: Use the same trick used in proposition 12.9. Since Q[q] = Q[v/=3] is
a field by corollary 12.8, we can find t = -y~ = u + vq in Q[g], and then
round u and v to the nearest integer to find an element in Z[q|.

12.45 Show that Z[(1 + v/5)/2] is a Euclidean domain. This ring is called
the Golden ratio domain. (See the hint for problem 12.44.)

12.46 Show that the only units of Z[(1 4+ +/—19)/2] are +1.
Hint: Use problems 12.42 and 12.43 with n = —5.

12.47 Show that 2 and 3 are prime numbers in Z[(1 + v/—19)/2].
Hint: Use problems 12.42 and 12.43. When can 22 + zy + 5y be even or a
multiple of 37
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12.48 Use problem 12.29 to show that Z[(1 + +/—19)/2] is not a Euclidean
domain.

Hint: Use problems 12.46 and 12.47 to show that S; = Sy, and hence
Si = SQ for all 3.

12.49 For every complex number z, show that there is a z € Z[(1++/—19)/2]
such that |Re(z — 2)| < 1/2 and 0 < Im(z — z) < v/19/2.
Hint: First find an « for which 0 < Im(z —z) < \/E/Z, then add an integer
to = to get |[Re(z — )| < 1/2.

12.50 For every complex number z, show that there isay € Z[(14++/—19)/2]
such that either |z —y| < 1 or |2z —y| < 1.

Hint: First pick a y using problem 12.49, and draw a picture in the complex
plane to show where y could be. Show that three circles of radius 1 centered
at (1£+/—19)/2 and 0, and two circles of radius 1/2 centered at (1++/—19)/4
cover this region.

12.51 Let I be an ideal of R = Z[(1 4+ +/—19)/2], and let m be a nonzero
element of I for which N(m) is as small as possible. (See problems 12.42
and 12.43 for the definition of N(m).) Show that if z € I, then there is a
y € R such that 2z = my.

Hint: Let 2 = m~ 'z € Q[v/—19]. We can extend the N(x) function to
Q[v/—19], so problem 12.50 shows that there is a y € R for which N(m~lz —
y)<lor N2m™lz —y) < 1.

12.52 Let I be an ideal of R = Z[(1 + v/—19)/2], and let m € I, m # 0
have minimum N(m) as in problem 12.51. Show that if z € I, but « ¢ (m),
then m is a multiple of 2, and that = = (m/2)y for some y € R that is not a
multiple of 2.

Hint: Problem 12.47 shows that 2 is prime in R.

12.53 Show that Z[(1 +1/—19)/2] is a PID.
Hint: Use problem 12.52 to show that if I is an ideal that is not a principal
ideal, and m is the element of I with the least nonzero N(m), then (m/2)yy €

I, and hence m/2 € I, but N(m/2) < N(m).



Chapter 13

Finite Division Rings

13.1 Entering Finite Fields in Mathematica® or GAP

In this section we will experiment with finite fields using GAP and Mathe-
matica. Although we have seen how integral domains can be entered into GAP
and Mathematica, fields have additional properties that allow for shortcuts in
this process.

We have already seen several examples of finite fields. The first example
was the discovery that whenever p is prime, the ring Z, forms a field with
p elements. In chapter 3 we found another example of a finite field—the
“complex numbers modulo 3.” This ring was defined in Mathematica with
the commands

InitDomain[3]
Define[i™2, —1]
K = Ring[{i)]

or in GAP by

gap> InitRing("e","i");
gap> DefineRing("K",[3,3],[[e,i],[i,-e]]);

Let’s show that there is a connection between this field and the polynomials
in Zs. Since Z3 is a subfield of K that was previously entered, we can enter
the subfield simply as

73 = {0, 1, 2}

gap> Z3 := [O*e, e, 2xel;
[ Oxe, e, 2*xe ]

We can also factor polynomials in the subfield Z3[z]. In GAP, we will define
the variable x to be over K.

gap> x := Indeterminate(K,"x");
X

gap> Factor(x"3 + x"2 + e, Z3);
[ x-e, x"2-%x-¢ ]

391
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Factor[x~3 + x~ 2 + 1, Z3]
(2+2)(24 2z + 2?)

Notice in particular that the polynomial 22 4 1 is irreducible in Z3[x].

gap> Factor(x"2 + e,Z3);
[ x"2+e ]

Each element of the field K can be thought of as evaluating some polynomial
in Zs[z] at © = i. Even though 7 is not an element of Z3, we can consider any
polynomial in Zs[z] as being also a polynomial in K[z]. This suggests that
we should use the evaluation homomorphism

¢; : K[z] — K.

However, we can restrict this homomorphism to apply only to polynomials in
Zg [ZL’]
@ Zslx] — K.

The image will still be all of K, since ¢;(z) = i. The kernel of this homo-
morphism will consist of all polynomials in Z3[z] that yield 0 when evaluated
at = 4. For example, 22 + 1 is in the kernel, as are all multiples of =2 + 1.
In fact, if f(z) is an element of the kernel, then GCD(f(x), 2% + 1) must be
in the kernel, and x? + 1 is irreducible in Z3[x]. Thus, the kernel must be
precisely the multiples of 2% + 1. This ideal can be described as (x? + 1), the
ideal generated by z? + 1.
By the first ring isomorphism theorem (10.2), we now have that

K ~ Zs[a)/(a® + 1)

since the field K is the image of the homomorphism ¢,.

We can try a similar process to produce other fields. Recall that we tried
to form a field by extending Zs by an element i, where i2 = —1. However,
we failed to produce a field, since the ring had zero divisors. We succeeded in
producing the ring

K ~ Zslz]/(x* +1)

but 22 + 1 factors in Zs: (x + 2)(x + 3). This factorization apparently causes
the zero divisors to appear in the quotient ring. Perhaps we should try us-
ing a polynomial that is irreducible in Z5. We first define Z5 in GAP or
Mathematica:

InitDomain[5]
Z5 = Ring[{1}]

gap> InitRing("e");
gap> DefineRing("Z5", [5], [[e]l]);

Next, we find a polynomial that is irreducible in Zs.
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Factor[x~2 + 2 x + 3, Z5]

gap> x := Indeterminate(Z5,"x");
X

gap> Factor(x"2 + 2%e*x + 3%e,Z5);
[ x"2+2xexx+3*e ]

So 2 4 22+ 3 is irreducible over Z5. To find a new field for which z2 + 2z + 3
has a zero, we will denote one of the zeros by the letter w. Then it is clear
that w? = —2w — 3, so we can enter this into Mathematica.

Define[w ™2, -2 w — 3]

Mathematica can now generate the ring containing w.
H = Ring[{w}]

In gap, we have to define the ring from scratch.

gap> InitRing("e","w");

gap> DefineRing("H", [5,5], [[e,w], [w,-2*%w-3*e]]);
gap> Size(H);
25

Although the ring formed has 25 elements, we can have the Mathematica
command

CheckField[{1, w}]

verify that this is indeed a field. In GAP, we can list the inverses of all of the

elements.

gap> List(H, x -> 1/x);

[ fail, e+2%w, 3ke+dxw, 2ke+w, 4xe+2*w, e, 2%xe+2%w, 3*e+2*w, W,
3*xet+w, 3*e, 3xw, e+w, 4xe+3xy, 4d*xe+w, 2%e, et+d*w, e+2xw,
dxe+d*w, 2%xw, 4dxe, 2%e+dxw, 4xw, 2*e+3*w, 33*e+3*xw ]

Since only one element fails to have an inverse (namely O*e), this is a field.
As in the case of Z3[x]/(2? + 1), we can describe this field as

Zs[x]/(x? + 2z + 3).
Thus we have found a way to form fields out of polynomial rings.
PROPOSITION 13.1

Let K be a field, and let f(z) be an irreducible polynomial of K[x]. Then
K[z]/(f(x)) is a field that contains K as a subfield.

PROOF Since K is a field, by corollary 12.7 K[x] is a principal ideal
domain. Since f(z) is an irreducible element of K[z], we have by lemma 12.6
that the quotient H = K|[z|/(f(z)) is a field.
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Finally, we need to show that the field H contains K as a subfield. Consider
the mapping f : K — H given by

fy) =y + (f(2)).

This is certainly a homomorphism, since it is a restriction of the natural
homomorphism from K[z] to K[z]/(f(z)). The kernel of f is just 0, so the
image is isomorphic to K. Thus, K[z]/(f(x)) contains K as a subfield. I

DEFINITION 13.1 The field formed in proposition 13.1 is called the
extension field of K through the irreducible polynomial f(x).

The first step is to determine the size of this new field.

PROPOSITION 13.2
Let p be a prime number, and let A(x) be an irreducible polynomial in Z,|x]
of degree d. Then the field Z,[x]/(A(z)) has order p®.

PROOF By the division algorithm theorem (12.1), every element f(x) of
Zp|z] can be written

f(@) = q(z) - A(z) + r(2),

where either r(x) is 0, or the degree of r(x) is less than d. Thus, the typical
element of K,

f(@) + (A=),

could be written as r(z) + (A(x)). Furthermore, the r(z) is uniquely deter-
mined from the division algorithm theorem. Thus, there are as many elements
in K as there are polynomials in Zp[z] with degree less than d, counting the
zero polynomial. All such polynomials can be written

ag +a1x + a2m2 + agx?’ + -+ ad,lxd_l,
with each a; between 0 and p—1, inclusively. Since there are d coefficients, each
of which can be p different numbers, there are exactly p? possible polynomials
of degree less than d. Thus, |K| = p®.

Whenever a finite field is defined by an extension through an irreducible
polynomial, the order of the field will be a power of a prime. We would like to
show that all finite fields are produced in this way. So naturally we begin by
showing that all finite fields have an order that is a power of a prime number.

PROPOSITION 13.3
Suppose K is a finite division ring. Then |K| = p™ for some prime p and
some integer n.
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PROOF Let g be the order of K. From the additive structure of the ring,
we see that ¢ - o = 0 for all z in K. Thus, the characteristic is positive, and
by proposition 11.2, the characteristic is a prime number, p.

Suppose that ¢ has a prime factor r other than p. Then the additive group
of K must have a subgroup of order r, according to lemma 6.2. Hence r-x =0
for some element x in K. But this contradicts proposition 11.2, since r is not
divisible by p. Therefore, ¢ has no prime factors other than p, so ¢ = p™ for
some integer n.

According to this proposition, it is impossible to find a field of order 6.
However, it is still possible to find a field of order 4. An irreducible polynomial
of degree 2 in Zy[x] is 2% + z + 1. Thus the commands

InitDomain[2]
Define[a™2, —a — 1]
F = Ring[{a)]

TABLE 13.1: Field of order 4

+ 0 1 a 1+a 0 1 a 1+a
0 0 1 a 14a 0 0 0 0 0
1 1 0 1+a a 0 1 14+a
a a 1+a 0 1 a 0 a 14a 1
14a | 14+a a 1 0 14+a | 0 14a 1 a

find a field of order 4 shown in table 13.1. The multiplication tables can be
found in GAP.

gap> InitRing("e","a");

gap> DefineRing("F",[2,2], [[e,a]l, [a,~a-e]l]);
gap> ResetTableOptions();

gap> AddTable(F);

+ |Oxe a e e+a
Oxe|O*xe a e e+a
a Ja Oxe e+a e
e Je eta Oxe a
etaleta e a Oxe

gap> MultTable(F);

* |Oxe a e e+a
O*xe|O*e Oxe Oxe Oxe
a |Oxe e+ta a e

e |Oxe a e eta

e+a|O*e e eta a



396 Abstract Algebra: An Interactive Approach

As we see from this example, it is fairly easy to enter finite groups into Math-
ematica or GAP, as long as they can be expressed as an extension field of Z,
through some irreducible polynomial of Z,[z]. In the next section, we will
show that all finite fields can be obtained in this way. In fact, our goal will be
to classify all finite fields, which will give us a more natural way of defining
the fields in GAP.

13.2 Properties of Finite Fields

In the last example we starting looking at examples of finite fields. In this
section we want to explore the properties that all finite fields have in common.

We begin by observing that if F'is a finite field, that the multiplicative group
F* must be a finite abelian group. If the field is of order p”, the group F* has
order p” — 1. For example, the field of order 4 has a multiplicative group of
order 3, so this group must be isomorphic to Z5. By studying the other fields
that we created in the previous section, we discover that the multiplicative
groups have one feature in common.

PROPOSITION 13.4
If F is a finite field, then the multiplicative group F™* is a cyclic group.

PROOF F* is abelian, and so by the fundamental theorem of abelian
groups (6.2),

*N
F NZdl ><Zd2 XZd3><'-~><Zdn,

where the d; are all powers of prime numbers. Let d be the least common
multiple of the set {dj,ds,ds,...,d,}. Then for all z in F*, we have that
2% = 1. Thus, the polynomial z¢ — 1 has |F*| solutions. By corollary 12.2, d
must be at least |F*|. But we also have

|F*|=d1~d2-d2--~dn,

so d is at most |F*|. Thus, d = |F*|, and so dy,ds,ds, -+ ,d, are coprime.
Therefore, the group F™* is cyclic. I

Now that the multiplicative group is completely understood for a finite field,
let us turn our attention to the group of automorphisms on the field. We have
previously seen examples where the group of automorphisms gave us insight
into the structure of a ring, and finite fields are no exception. We begin by
proving some basic lemmas in number theory.
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LEMMA 13.1
If p is a prime, then
n? =n (Mod p)

for all integers n.

PROOF  Since Z; is of order p — 1, we have by corollary 3.2 that
nPl=1

for all elements n in Zj. (This result is commonly called Fermat’s little
theorem.) If we multiply both sides by n,

n? =n,

we have a statement that is true for n = 0 as well. Thus, n? = n for all n in
the ring Z,,. This statement, when converted into modular notation, becomes

n? =n (Mod p). [

LEMMA 13.2
If F is a field of characteristic p, then for all g € I, the polynomial

fla) = o+ g7 — " — g7

is the zero polynomial in F[z].

PROOF If g =0, f(x) = 2P — 2P = 0, so the result is trivial. Let us
suppose that g is nonzero.

Note that the leading term of (z+g)? is 2P, which will cancel in f(z). Thus,

f(z) has degree at most p — 1. Yet for every n, n - g is a root. Observe that

fn-g)=Mm-g+g)f—(n-g)f —g’"=(n+1)’ —n? -1).g".

By lemma 13.1,
(n+1)?=(n+1) (Mod p)
and
n? =n (Mod p).
Thus,
(n+1)P—nP—-1=(n+1)—n-1=0 (Mod p).

So because F' has characteristic p, we have f(n-g) = 0. Since g is nonzero,
the values

{079729,397"'7(10_ ]')g}
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are all distinct in F'. Thus, f(z) has p distinct roots. But corollary 12.2 shows
us that if f(x) were nonzero, there would be at most p — 1 roots. Thus, f(z)
must be the zero polynomial.

We are now ready to produce one automorphism on a finite field, which we
will use to generate all other automorphisms.

THEOREM 13.1: The Frobenius Automorphism Theorem
If F is a finite field of characteristic p, then the mapping

fix— 2P

forms an automorphism of F to itself. Furthermore, f(y) =y if, and only if,
y is in the subfield Z,. This automorphism is called the Frobenius automor-
phism on F'

PROOF  We first need to show that f is a homomorphism. If F' is a field
of characteristic p, then by lemma 13.2 we have that

(o4 gl —a? — g =
for all g in F. Thus, we have the identity

flaty)=(@+y? = +y" = f(x) + f(y).

It is also obvious that

flx-y)= (v -y =2y = f(x) f(y)-

So f is a homomorphism. The kernel of f is obviously just 0, since z = 0
implies that = = 0, since F' has no zero divisors. Therefore, the mapping is
one-to-one. Since F' is a finite field, we can use the pigeonhole principle to
show that the mapping is also onto. Therefore, f is an automorphism.

Finally, we need to show that f(y) = y if, and only if, y is in the subfield
Z,. Note that this subfield is generated by the multiplicative identity, 1:

Zp:{07112737"'»p_1}‘

By lemma 13.1, for any element in this subfield, f(z) = 2P = z. On the other
hand, by corollary 12.2, the polynomial 2 —z in F[z] cannot have more than
p roots in F'. We have already found p solutions, so there cannot be anymore.
Therefore, f(y) =y if, and only if, y is in Z,,.

Once we have one automorphism f(x), we can consider creating other au-
tomorphisms such as f(f(z)) and f(f(f(z))). It is not hard to determine the
order of f(z).
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COROLLARY 13.1
Let F be a finite field of order p™. Then the Frobenius automorphism is of
order m in the group of automorphisms.

PROOF Note that the multiplicative group F* has order p™ — 1. Thus,
by corollary 3.2, for every element x in F*, we have

z® D =1,

Multiplying both sides by x gives us #?" = z for all x in F*, and also z = 0.
Thus, this statement is true for all z in F'.
We now note that

n

fr@) = fUUC-(f@)--0) =P =

n times

for all z in F, so f™ yields the identity automorphism.
To show that the order of f is not less than n, suppose that the order was

d < n. Then f(z) = 2P" would be x for all . But then the polynomial
¥ —x

would have p™ solutions. This contradicts corollary 12.2; since n > d. There-
fore, the order of the Frobenius automorphism is n.

We next need to show a simple lemma to indicate how to apply the Frobe-
nius automorphism to the set of polynomials over the field.

LEMMA 13.3
Any isomorphism [ that maps an integral domain K to an integral domain
M extends to an isomorphism mapping K[z] to M[x], with f(z) = x.

PROOF Suppose f(x) is an isomorphism mapping K to M. If w(x) is in
K|[z], with coefficients a;, we can define f(w(x)) by

flw(z)) = f (Z aﬂi> = Z fla)x'.
=0 i=0

If v(z) is another polynomial in K[z] with coefficients b;, then

flw(x) +v(z)) = f (Z(ai + bl)ﬂ) - Z f(a; + b;)z".
i=0 i=0

=3 flana' + 3 Fbat = fw(@) + f(o():
1=0 1=0
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Likewise, we have

flw(z)-v(z) = f ZZ gt
DD WOHIELES 3 SRR

= f(w(x)) - f(v(z)).

Thus, f extends to a homomorphism mapping K[z] to M[z]. But the kernel
of f is just the identity element, since f preserves the degree of any nonzero
polynomial. Thus, f extends to an isomorphism from K[z] to M|[z], and

fz) ==.

=0 j=0

We can apply lemma 13.3 to the case where f is an automorphism on K|[z],
such as the Frobenius automorphism. By extending the Frobenius automor-
phism to a polynomial, we can generate irreducible polynomials in Z,[z].
These irreducible polynomials are important, since we can define the field in
terms of these polynomials.

PROPOSITION 13.5
Let F be a finite field of characteristic p. For anyy in F, let n be the smallest
number such that y?" =vy. Then

9(@) = (@ —y)- (@~ fW) (&= f(fW)) - (@~ 7))

is an irreducible polynomial of degree n in Zp[z].

PROOF Consider the extension of the Frobenius automorphism onto F[x],
as given in lemma 13.3. If we apply this mapping to the polynomial g(z), we
get

flg(x) = (= f(y) - (@ = F(f (W) - (@ = F(FF W) -+ (= = f"(y))-

Recall we picked n to be the smallest number such that f™ = y. Thus,
Flg@) = (@—fy)-@=F(F W)@ FFF @)= y) (x—y),

which after rearranging the factors gives us g(z) again.

Since g(z) is fixed by the Frobenius automorphism, each coefficient of g(x)
must be fixed by f(x). But the only elements fixed by f(z) are those in Z,.
Thus, g(x) must have all of its coefficients in Z,, and so is a polynomial in
Zy|z]. To show that g(z) is irreducible, suppose that

g(x) = h(z) - j(x),
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where both h(z) and j(z) are polynomials in Z,[z] of positive degree. Then
f(h(z)) = h(z) and f(j(x)) = j(x) since the Frobenius automorphism fixes z
and the elements in Z,. By the unique factorization in F[z], (x — y) has to
be a factor of h(x) or j(z), but not both, since (z — y) is a factor of g(x) but
(x —1y)? is not. Let us suppose that h(z) has (x —y) as a factor. Any factor of
j(z) would have to be a factor of g(x), so such a factor would have the form

(z = f"(y))

for some m > 0. Thus, f™(y) is a root of j(z), but y is not. But this is im-
possible, since f™(j(z)) = j(x), and so f™(5(y)) = 7(f™(y)) = 0. Therefore,
g(x) is an irreducible polynomial in Z,[x]. I

DEFINITION 13.2 The polynomial produced by proposition 13.5 is
called the irreducible polynomial of y over Z,. If y is in Z,, this polynomial
is simply = — y.

We can now use proposition 13.5 to show us that every finite field can be
produced as an extension of Z, over an irreducible polynomial. While we are
at it, we will prove a statement that is true for all fields, not just finite fields.

PROPOSITION 13.6

Let K be any field, and F be a subfield of K. Suppose there is an element
y of K such that there are no proper subfields of K containing both F and y.
Suppose that there is a polynomial f(x) in K[zx] with coefficients in F such
that f(y) = 0. Suppose further that f(x) is an irreducible polynomial when
treated as a polynomial in F[x]. Then K is isomorphic to F[z]/(f(x)).

PROOF Consider the evaluation homomorphism
¢y Klz] = K

restricted on the ring F[z]. In other words, we can consider the homomor-
phism ¢, as the restriction of ¢, on F[z]. Let us consider the kernel of this
homomorphism. Because f(y) =0, f(w) is certainly in the kernel of ¢;. But
the kernel cannot be all of F[z], since the constant polynomials are not in the
kernel. We know that the kernel is an ideal, and by corollary 12.7, F[z] is a
PID, so the kernel can be written as (g(x)) for some g(z) in F[z]. Yet f(x) is
in the kernel, so g(x) divides f(z). But f(z) is irreducible in F[z], and g(x)
cannot be a unit, since we have already observed that (g(x)) is not all of F[x].
Therefore, the kernel of ¢}, is (f(x)).

From the first ring isomorphism theorem (10.2), the image of qS’y is isomor-
phic to

Flal/(f(x)).
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We have already mentioned that F[z] is a PID, so by lemma 12.6 the image
is a field. But the field must contain F', since this is the image of the constant
polynomials, and also must contain y, the image of the polynomial x. The
only subfield of K that contains both y and F is K itself, so Flx]/(f(x)) is
isomorphic to K. I

One immediate application of proposition 13.6 is to show us that every finite
field can be produced as an extension of Z, over an irreducible polynomial.
We will use the polynomial derived in proposition 13.5.

COROLLARY 13.2
For every finite field K of characteristic p, there is an irreducible polynomial
f(x) of Zy|z] such that K is isomorphic to Z,[x]/(f(x)).

PROOF If K is a finite field, by proposition 13.4, the multiplicative
group of K* is cyclic. Thus, there must be an element y that generates K*
as a group. Since K must have finite characteristic p, we will let F' be the
subfield Z,. Let f(x) be the irreducible polynomial of y over Z, given by
proposition 13.5.

Even though f(x) is irreducible in Z,[z], f(x) has (z —y) as a factor when
viewed as a polynomial in K[z]. Note that since y generates all of K, we
see that the conditions for proposition 13.6 are satisfied. Therefore K is
isomorphic to Z,[x]/(f(z)).

We have already seen one field of order 9, produced by the polynomial
22 +1. But there are two other irreducible second degree polynomials in Z3[x],
22+ 2+2 and 22 + 22 + 2. What if we formed fields using these polynomials?
Note that both of these polynomials factor in the field Z3[x]/(2z? + 1):

InitDomain(3]
Define[i™2, —1]

K = Ring[{ i }]
Factor[x"2 + x + 2, K]
Factor[x"2 + 2 x + 2, K]

gap> InitRing("e","i");

gap> DefineRing("K",[3,3], [[e,i],[i,-e]l]);
gap> x := Indeterminate(K,"x");

X

gap> Factor(x"2+x+2,K);

[ x+(2%e+1), x+(2%e+2%i) ]

gap> Factor(x"2 + 2*%x + 2, K);

[ x+(e+i), x+(e+2%i) ]

Proposition 13.6 hints at what must be happening. The field Z3[z]/(z% + 1)
is the smallest field of characteristic 3 for which 22 + 1 factors. But this field
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also happens to be the smallest field of characteristic 3 for which z2? + z + 2
and 12 + 2z + 2 factor. This suggests that Zs[z]/(z + 1), Z3[x]/(2? + x +2),
and Z3[z]/(x? + 2x + 2) are in fact the same field. Could this be so?

The first step in proving this is to find a large field containing both fields.

LEMMA 13.4
Let F' and K be two finite fields with the same characteristic p. Then there
18 a field that contains isomorphic copies of both F' and K.

PROOF Since F' is a finite field, by corollary 13.2 there is a polynomial
f(z) in Z,[z] such that F' is isomorphic to Z,[z]/(f(z)).

Since F' and K have the same characteristic, we can consider f(z) to be a
polynomial in K[z] as well. Let g(x) be an irreducible factor of f(x) over the
domain K[z]. Of course, f(x) may already be irreducible in KJz], in which
case we let g(z) = f(x).

Now consider the ring F = K{z]/(g(x)). Since K|z] is a PID, by lemma 12.6
FE is a field. In fact, E contains an element that is a root of the polynomial
g(x), namely

y=z+(9(x)),
since
9(y) = g(z + (9(x))) = g(z) + (9(z)) = 0+ (g(2)).

We can now consider the evaluation homomorphism
¢y : Elz] — E.

Let us first consider the restriction of this homomorphism to the ring Z,[x],
which we will call ¢. Thus % is the homomorphism

U Zpla] = B f(w(z)) = w(y).

Since y is a root of g(z) in the field E, and g(x) in turn is a factor of f(x),
we see that y is a root of f(x) in the field E. Thus, f(z) is in the kernel
of the homomorphism . Since Z,[z] is a PID, the kernel can be written as
(h(z)) for some polynomial h(z) in Zp[z]. But since f(x) is in the kernel,
h(xz) must divide f(z). But f(z) is irreducible, and h(x) cannot be a unit, or
else the kernel would be all of Z,[z], which is impossible since the constant
polynomials are not in the kernel. Therefore, the kernel must be (f(z)), and
so by the first ring isomorphism theorem (10.2), the image of ¢ is isomorphic
to

Zplal/(f(=)),

which is in turn isomorphic to F'. Thus, there is a subfield of F isomorphic
to F.
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All we have to do is show that there is a copy of the field K inside of
E = K[a]/(9(x)).
But we can consider the natural homomorphism
i:K[z] = E

given by
i(p(x)) = p(x) + (9(2)).

If we restrict this homomorphism onto the constant polynomials, we get
i K — E.

Since g(z) is not a unit, it is clear that the kernel of this homomorphism
is just 0. Thus, there is a subfield of F isomorphic to K. Therefore, we
have constructed a field that contains isomorphic copies of both F' and K as
subfields.

We can now use this lemma to show that there is only one non-isomorphic
field of a given order.

COROLLARY 13.3
Any two finite fields of the same order are isomorphic to each other.

PROOF If two fields F' and K have the same order, by proposition 13.3,
both must have order p™ for some prime number p, and some positive integer
n. Thus, both F' and K have characteristic p, so by lemma 13.4 there exists a
field F that contains isomorphic copies of both F' and K as subfields. Let F’
and K’ be the subfields of E isomorphic to F' and K, respectively. Consider
the polynomial

f(z) =a?" —z

in E[z]. Since F’ is a subfield of E, the Frobenius automorphism is of order n
on this subfield. Thus, every element of F’ is a root of f(x). Likewise, every
element of K’ is also a root of f(z). But by corollary 12.2, f(z) can have at
most p™ roots. Thus, the subfields F’ and K’ must coincide. Hence F’ and
K’ are isomorphic, since they are identical, so F' and K must be isomorphic.

This proposition explains the strange behavior of fields that we discovered
in our experiment. Whenever a finite field F' is extended though an irre-
ducible polynomial, all irreducible polynomials in F[z] of the same degree
factor completely in the new field. The reason is now clear: The field

Flal/(f(x))
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only depends on the degree of the irreducible polynomial f(x).

We have already seen fields of order 4, 9, and 27 in this chapter. We in
fact can refer to them as the fields of order 4, 9, or 27. However, there is one
question we have yet to answer. Given a prime number p and an integer n, is
there a field of order p™? It seems like all we would need to construct such a
field is an irreducible polynomial f(z) in Z,[z] of degree n, and then the field

Zplz]/(f(2))

would have order p™. The only problem with this argument is that we have not
shown that there is an irreducible polynomial of degree n in Z,[z]. In order to
construct such irreducible polynomials, we will need to utilize a special class
of polynomials—the cyclotomic polynomials. These polynomials have many
different uses that crop up in unexpected places.

13.3 Cyclotomic Polynomials

We now pause from our work on finite fields to discuss a special class of
polynomials in Z[z]. These polynomials occur in the factorizations of the
simple polynomial ™ — 1. Although these polynomials are constructed easily,
they have a tendency to appear in many different applications, and hence are
very useful.

To introduce the cyclotomic polynomials, we will begin by noticing a pattern
in the following factorizations:

ClearDefs
Factor[x—1]
Factor[x™2-1]
Factor[x™3-1]
Factor[x~4-1]
Factor[x™ 5-1]
Factor[x~ 6—1]

gap> x := Indeterminate(Rationals,"x");
X

gap> Factor(x-1,Rationals);

[ x-11]

gap> Factor(x”2-1,Rationals);
[ x-1, x+1 ]

gap> Factor(x~3-1,Rationals);
[ x-1, x"2+x+1 1]

gap> Factor(x"4-1,Rationals);
[ x-1, x+1, x"2+1 ]

gap> Factor(x"5-1,Rationals);
[ x-1, x"4+x"3+x"2+x+1 ]
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gap> Factor(x"6-1,Rationals);
[ x-1, x+1, x"2-x+1, x"2+x+1 ]

In each factorization there is exactly one polynomial that appears that has not
appeared in any previous factorization. Our plan is to find a formula for the
irreducible polynomials produced in these factorizations. A natural starting
place would be to find all of the complex roots of the polynomial ™ — 1. But
we have already seen that the primitive n-th roots of unity are of the form
eﬁ, where k is coprime to n.

How are the primitive roots of unity related to the factorizations of ™ — 17
It is clear that the primitive roots are precisely the complex zeros of ™ — 1
that are not zeros of ™ — 1 for m < n. Thus, if we wish to find the factor of
2™ — 1 that does not appear in any previous factorizations, we should look for
a polynomial whose only complex roots are the primitive n-th roots of unity.

For example, the primitive eighth roots of unity were found to be

es, 683, 6857 and eg’.

Thus, the simplest polynomial that has these four complex roots would be

InitDomain[0]
e8 = (1/2 + I/2) Sqrt[2]
(x —e8).(x —e873).(x —e875).(x —e877)

gap> x := Indeterminate(Rationals,"x");

X

gap> (x-E(8))*(x-E(8)"3)*(x-E(8)"5)*(x-E(8)"7);
x"4+1

which simplifies to z* 4+ 1, which is a factor of 8 — 1. Apparently not only
did the imaginary part cancel, but also the square roots simplified. We can
use this example for our definition.

DEFINITION 13.3 For n > 0, we define the n-th cyclotomic polynomial
to be the product

O, () = (7 — ™) - (& — en®) - ( — enk2) - (2 — en"),

where k1, ko, ks, ..., k; are the integers between 0 and n that are coprime to
n.

It is sometimes convenient to use a special notation for a product of many
terms. Just as the sigma can be used to denote the sum of many terms, a
large II (the upper case ) is used to denote such a product. Thus, we could
write
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In this product, the index k ranges from 1 to n, but we only consider the
values of k for which GCD(k,n) = 1. It is apparent from the definition that
the degree of the n-th cyclotomic polynomial is ¢(n), where ¢ is Euler’s totient
function.

Although this definition uses complex numbers, we observed that the poly-
nomials always produced integer coefficients. The next proposition shows us
how to find the cyclotomic polynomials without having to work with complex
numbers.

PROPOSITION 13.7
For any positive integer n, we have

2" —1= H@k(x)

kln

Here, the product is taken over all values of k that divide n.

PROOF We will first show that each n-th root of unity is a primitive k-th
root of unity for exactly one positive divisor k of n. If z = e, ® is an n-th root
of unity, we can let K = n/GCD(n,s). Then k-s = n-(s/GCD(n,s)) is a
multiple of n, so 2z = 1. Yet if 2™ = 1, then s - m must be a multiple of n,
so (s/GCD(n,s)) - m is a multiple of n/GCD(n,s). But (s/GCD(n,s)) and
(n/GCD(n, s)) are coprime, so m would be a multiple of k. Thus, e,® is a
primitive k-th root of unity, with & = n/GCD(n, s).
Since

" —l=(z—ey) - (x—e2) (x—e.?) - (z—e,™),

we can collect those factors (x — e,,®) for which e, ® is a primitive k-th root of
unity. The result is the formula

2" —1=|| Pr(x).
e D

To help understand this notation, let us look at the case where n = 12.
Then proposition 13.7 states that

2 —1= H Dp(x) = Oy (x) - Po(x) - P3(x) - Py(x) - Pg(x) - Pra(2).
k|12
We can observe this factorization using Mathematica or GAP.
Factor[x 12 — 1]
§ap> x := Indeterminate(Rationals,"x");

gap> Factor(x~12-1, Rationals);
[ x-1, x+1, x"2-x+1, x"2+1, x"2+x+1, x"4-x"2+1 ]
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Proposition 13.7 at least explains our observation that the factorization of
™ — 1 always produces a new factor. However, we have not proven that the
cyclotomic polynomials are irreducible in Z[x]. They are indeed irreducible,
but we will not need this for our work with finite fields.

COROLLARY 13.4
The n-th cyclotomic polynomial ®,,(x) has integer coefficients for all n > 0.

PROOF We will prove this using induction on n. Obviously the first
cyclotomic polynomial is x — 1, which has integer coefficients. Let n > 1,
and suppose the claim is valid for all previous cyclotomic polynomials. By
proposition 13.7, we can find the n-th cyclotomic polynomial as

P () = (2" = 1)/ f ()

where

f@) = ] ®xla):

k|n

k<n
Since all previous cyclotomic polynomials have integer coefficients, we see by
induction that f(x) has integer coefficients. Furthermore, from the definition
of the cyclotomic polynomials we see that the leading coefficients must be 1,
hence the leading coefficient of f(x) is 1. So by corollary 12.1 the quotient
(™ —1)/f(x) must in fact have integer coefficients. Therefore, all cyclotomic
polynomials have integer coefficients.

It is actually very easy to generate the n-th cyclotomic polynomial in Math-
ematica or GAP. The commands

Cyclotomic[3, x|
Cyclotomic[6, x|

gap> CyclotomicPolynomial(Rationals, 3);
x"2+x+1
gap> CyclotomicPolynomial (Rationals, 6);
x"2-x+1

find the third and sixth cyclotomic polynomial, 2 + x + 1 and 22 — z + 1.
Notice that the coefficients for these cyclotomic polynomials are either 0 or
+1. This is the case for n < 100, but for larger values of n, the coefficients of
®,,(z) can be larger. For example, there are two coefficients of —2 in ®195(x).

gap> CyclotomicPolynomial(Rationals, 105);

X A8+x"AT+x"46-x"43-x"42-2%x"41-x"40-x"39+x " 36+x " 35+x " 34+x"33+\
X"32+x731-x"28-x"26-x"24-x"22-x"20+x"17+x"16+x"15+x"14+x"13+x"\
12-x79-x"8-2*x"7-x"6-x"5+x"2+x+1
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The next corollary is another easy consequence of corollary 13.4.

COROLLARY 13.5
If n is divisible by m, with n > m, then the polynomial ™ — 1 is divisible by
™ — 1 in Z[z]. Furthermore, ®,(x) divides
" —1

zm —1

in Zx].

PROOF Since n is divisible by m, whenever m is divisible by k, then n
is divisible by k. Thus, every factor appearing in

2™ —1= H@k(x)

klm

also appears in

" —1= H@k(x).

k|n
In fact, the quotient would be the product of the cyclotomic polynomials
O (x) for which k is a divisor of n, but not of m. Since the cyclotomic
polynomials have integer coefficients,
" —1

zm —1

would have integer coefficients. Furthermore, ®,,(x) is one of the cyclotomic
polynomials in the factorization of ™ — 1 which is not in 2™ — 1. Thus, the
n-th cyclotomic polynomial divides (z™ —1)/(z™ — 1) in Z|z]. I

We now want to find some properties of the cyclotomic polynomials. One
of the most important properties is that two different cyclotomic polynomials
cannot share a root in the complex numbers. (This is obvious from the def-
inition.) However, we will be working with other fields besides the complex
numbers, so we could ask whether a cyclotomic polynomial has multiple roots
in any field.

DEFINITION 13.4 If r is a root of a polynomial f(z), and (x — r)?
divides f(x), we say r is a multiple root of f(z).

We would like to determine when a™ — 1 has multiple roots. Our strategy
is to discover the form of the quotient

" —1

x—1"
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For example, (z* —1)/(z — 1) is given by

gap> x := Indeterminate(Rationals,"x");

gap> (x°4-1)/(x-1);

X" 3+x"2+x+1

In Mathematica, is takes more work to get the answer to simplify.

Expand[Factor[(x~4 — 1)/(x-1)]]

which yields z3 + 22 + z + 1. By observing other quotients in Mathematica
or GAP, we can see the general pattern. Using this pattern, we can prove the
following lemma.

LEMMA 13.5
If F is any field, then the polynomial x™ — 1 has a multiple root if, and only
if, n is a multiple of the characteristic of F'.

PROOF  We first will ask whether 1 is a multiple root of =™ — 1. Since 1
is clearly a root,

2 —1=(x—1)- f(2)
for some polynomial f(z). But we can use the division algorithm to produce
f(z). We claim that

n—1
T) = =14+ +2°2+ 42" 242" L
fla) ="

k=0

To see this, note that

(z—1)-fla) == f(z)— f(z)
=@+ +2> 4+ 2" +a")
*(1+93+I2+5E3+“~+x”72+x"*1)

=z" - 1.

To see whether 1 is a double root, we observe that

n—1
FO =Y 1F =141+ 414+ 41" 241" =n
k=0

Thus, f(1) is zero if, and only if, n is a multiple of the characteristic of
F. Therefore, 1 is a double root of f(z) precisely when the characteristic is
positive and divides n.
Now suppose that n is not a multiple of the characteristic, and that r is a
double root of " — 1. Then
" —1

(x —1)?
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is a polynomial in F[z]. If we replace x with = - r we get

(x-r)" =1 a™" -1 ™ —1

(z-r—7r)2 (z—-1)2-72 (z—-1)2.72

since " = 1. However, we have already shown that 1 is not a double root of
2™ — 1, so the right hand side of this equation cannot be a polynomial. Thus,
r is not a double root whenever n is not a multiple of the characteristic.

This lemma can now be used to generate irreducible polynomials in Z,[x]
of any degree. In fact, these irreducible polynomials are the key to proving
that a field of order p™ exists.

PROPOSITION 13.8
Let p be a prime integer, and let n > 1. Consider the cyclotomic polynomial

(b(p7171) (.’I;)

of order ¢(p™ — 1). Let us consider g(z) to be this polynomial modulo p in
Zplz]. Then g(x) factors in Z,[x] into irreducible polynomials, all of which
have degree n.

PROOF  Let h(xz) be an irreducible factor of g(z), and let K be the
field Z,[z]/(h(x)). We wish to show that the order of K is p™, since by
proposition 13.2 this would indicate that the degree of h(x) is n. Let y be the
element

y=a+ (h(z))

in the field K. Then h(y) = 0, and hence g(y) = 0 in the field K. In fact,
g(z) would be a factor of
DGR

and so y?" = y. In other words, if f(z) is the Frobenius automorphism on K,
then f"(y) = y. In fact, f"(1) =1, and Z,[z] is generated by = and 1, so we
find that f"(x) = z for all  in K. Thus, the polynomial

¥ —x

has at least |K| roots. By corollary 12.2, |K| can have at most p” elements.
To show that |K| = p", let us suppose that |K| = p™, where m < n. Then
m is the smallest number for which f™(x) = x for all « in K. It is clear that
m would have to divide n, since f™(z) is also z for all = in K.
Since f™(y) =y, we see that y is a root of the polynomial

2@ 1,
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By corollary 13.5, ®(,»_1)(x) divides

2z@"=1) _1

rm=1) _1
in Z[z], since (p™ — 1) divides (p™ — 1). Thus, in Z,[x], g(x) divides

2@ =1 _q

x(pm_l) -1 ’

Since g(y) = 0, and also y®"~1 = 1, we see that y would be a multiple root
of z(®"=1 — 1. But by lemma 13.5, this polynomial can only have a multiple
root if (p™ — 1) is a multiple of p, which it clearly isn’t. Thus, m = n, and so
|| = p™. By proposition 13.2, the irreducible factors of g(z) over Z,[x] all
have degree n.

We can now prove what we had suspected was true from the experiments:
that there is precisely one field of order p”, where n > 0 and p is a prime
number.

COROLLARY 13.6
If p is a prime number, and n is a positive integer, there exists a unique field
(up to isomorphism) of order p™.

PROOF We have already shown in corollary 13.3 that finite fields of the
same order are isomorphic, so all we have to show is that there is a field of
order p™. By proposition 13.8, the cyclotomic polynomial

P(pr 1) ()

factors in Z,[z] into irreducible factors of degree n. If we let A(x) be one of
those irreducible factors, then by proposition 13.2, the field

K = Z[z]/(A(2))

has order p”. I

DEFINITION 13.5 1If g = p™, where p is prime and n > 0, then the
Galois field of order q, denoted GF(q), is the unique field of order ¢ given in
corollary 13.6.

For example, the official name for the “complex numbers modulo 3” we
have been working with is GF(9). Whenever p is prime, we can write GF(p)
for the field Z,.

We can enter finite fields into GAP using this notation. For example, the
faster way to enter GF'(9) in GAP is
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gap> K := GF(9);

GF(3°2)

gap> List(K);

[ 0xZ(3), Z(3)"0, Z(3), Z(372), Z(372)"2, Z(372)"3, Z2(3"2)°5,
Z2(3°2)"6, 2(3°2)"°7 1]

A bit of explanation is in order here. We have established in proposition 13.4
that the multiplicative group is cyclic, so we can let Z(9) be a generator of
the multiplicative group, so that all nonzero elements can be expressed as a
power of Z(9). In GAP 3, the elements were listed as

[ 0%Z(9), Z(9)~0, Z(9), Z(9)"2, Z(9)"3, Z(9)"4, Z(9)"5, Z(9)"6,
2(9)°7, 2(9)°8 ]

but this causes a problem in that GF'(3) should be automatically a subgroup of
GF(9). Hence, Z(9)* should simplify to Z(3), and the multiplicative identity
is listed as Z(3)° instead of Z(9)°.

If we list the elements in the order of increasing powers of Z(9), the multi-
plication table becomes easy to understand.

gap> L := [0%Z2(9), Z(9)~0, Z(9), Z(9)"2, Z(9)"3, Z(9)"4, Z(9)"5,

> 7(9)°6, 2(9)°7 1;

[ 0xZ(3), Z(3)"0, Z(372), Z(3"2)"2, Z(372)"3, Z(3), Z(372)°5,
z(372)"6, 72(372)77 ]

gap> NumberElements := true;

true
gap> MultTable(L);

* +1 2 3 4 5 6 7 8 9
0%Z(3) |1 1 1 1 1 1 1 1 1
Z(3)°0 |1 2 3 4 5 6 7 8 9
Z(3°2) |1 3 4 5 6 7 8 9 2
Z(3"2)°2|1 4 5 6 7 8 9 2 3
Z(3°2)°3|1 5 6 7 8 9 2 3 4
Z(3) 1 6 7 8 9 2 3 4 5
Z(3"2)°5|1 7 8 9 2 3 4 5 6
Z(372)°6|l1 8 9 2 3 4 5 6 7
Z(3°2)°7|11 9 2 3 4 5 6 7 8

Except for the zero element, we have diagonal streaks of elements in the mul-
tiplication table, indicative of a cyclic group. What is not so self-explanatory
is the addition table.

gap> AddTable(L);

+ ll 2 4 5 6 7 8 9
0%Z(3) 1 2 3 4 5 6 7 8 9
Z(3)°0 |2 6 4 9 8 1 5 7 3
Z(3°2) 3 4 7 5 2 9 1 6 8
Z2(3°2)"2|14 9 5 8 6 3 2 1 7
Z(3°2)°3|6 8 2 6 9 7 4 3 1
Z(3) 6 1 9 3 7 2 8 5 4
Z2(3"2)°5|7 5 1 2 4 8 3 9 6
Z(3"2)°6|8 7 6 1 3 5 9 4 2
Z2(372)°719 3 8 7 1 4 6 2 5
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The addition table is hard to understand because we have yet to determine
which of the generators GAP assigned to Z(9). In other words, we must
determine which irreducible polynomial of degree 2 over Z3 should be used to
define the field. There are in fact six such polynomials: 2% + 1, 22 4+ = + 2,
22+ 22 +2, 2224+ 2, 222 + 22 + 1, and 222 + z + 1. This list can be reduced
to three polynomials if we insist that the leading coefficient be 1. But if we
use 22 + 1 for the defining polynomial, as we did for the “complex numbers
mod 3,” then the roots of this polynomial, +i, would not be generators of the
multiplicative group, and hence could not be used to define Z(9).

DEFINITION 13.6 A polynomial f(x) over a finite field F' is a privative
polynomial if it is irreducible, has a leading coefficient of 1, and z + (f(x)) is
a multiplicative generator of the finite field F[z]/(f(x)).

Although we can rule out using 22 + 1 to define Z(9), there are still two
primitive polynomials 22 +z + 2 and 2% 4+ 2z +2. The roots of these two poly-
nomials in GF'(9) are all multiplicative generators. Both of these polynomials
will work equally well, so we define the following “tie breaker.”

DEFINITION 13.7 The Conway polynomial of degree n over Z, is the
primitive polynomial of degree n in Z,[z| for which

1. The polynomial is compatible with the way that the subfields of GF'(p™)
are defined. To be compatible, for all divisors d of n less than n, the
(”:—:i)th power of the zeros of the polynomial must be zeros of the
C%nway polynomial of degree d over Z,,.

2. If two or more primitive polynomials satisfy the compatibility condition,
let d be the highest power of x for which the coefficients differ. If
n — d is even, pick the one with the smallest coefficient from the set
{0,1,...p—1}. If n—d is odd, pick the largest, unless there is one with
a coefficient of 0.

This definition at first seems counter-intuitive. Logically, a zero coefficient
is always preferred over a nonzero term, but sometimes we pick the polynomial
with the largest coefficient, and sometimes use the one with the smallest. But
to understand why this is so, consider the first degree Conway polynomials.
Since all of the primitive polynomials are of the form = + ¢, with ¢ # 0, they
differ only in the constant term. Hence d = 0, so n — d will be odd, and we
should select the primitive polynomial with the largest c¢. This in turn will
make the root of this polynomial be as small as possible. So for p prime, Z (p)
will represent the smallest generator of the group Z;. For example, Z(5) will
be GAP’s way of representing 2 in the field Z5, and Z(7) will represent 3 in
the field Z7. In general, the Conway polynomial is designed so that the roots
will be minimized.
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Let us use this definition to find the Conway polynomial of degree 2 over
Zs3. In order to understand the compatibility condition, we must first find the
Conway polynomial of degree 1 over Z3. Since there is only one generator of
Z3, namely 2, there is only one primitive polynomial of degree 1, z—2 = z+1.

Now in order for a primitive polynomial of degree 2 to be compatible, the
4th power of the roots must be a root of z + 1 ((3%2 —1)/(3' — 1) = 4). But
the 4th power of all four generators in GF(9) produces 2, so both 2% + z + 2
and 2 4 22 + 2 satisfy the compatibility condition, but 2 + 1 does not, since
i =1#2in GF(9).

Of the two possible primitive polynomials remaining, we look for the largest
power of x for which these differ, (z!), and since n —d = 1 is odd, and neither
x! coefficient is 0, we pick the larger of the two possible coefficients. So the
Conway polynomial is 22 + 2z + 2.

GAP has many Conway polynomials precomputed, since they are time con-
suming to compute from scratch. These Conway polynomials f(z) are then
used to define GF (p™) = Zp[z]/(f(x)).

gap> x := Indeterminate(GF(3),"x");
X

gap> ConwayPolynomial(3,2);

x"2-x-Z(3)"0

GAP expresses the polynomial in terms of Z(p), so this is 2?2 —x — 1 =
2?2 + 22 + 2. Thus, if we define the field Z3[z]/(22? + 22 + 2), and order the
elements in powers of the generator,

gap> InitRing("e","a");

gap> DefineRing("K",[3,3],[[e,a],[a,atel]l);

gap> L := [0*a, e, a, a2, a"3, a"4, a’5, a"6, a"7 ];
[ Oxe, e, a, e+a, et+2*a, 2%e, 2xa, 2%e+2*a, 2%e+a ]
gap> NumberElements := true;

true
gap> AddTable(L);

+ ll 2 3 4 5 6 7 8 9
Ox*e [t 2 3 4 5 6 7 8 9
e 12 6 4 9 8 1 5 7 3
a I3 4 7 5 2 9 1 6 8
eta 4 9 6 8 6 3 2 1 7
et2¥a |5 8 2 6 9 7 4 3 1
2%e 6 1 9 3 7 2 8 5 4
2%a |7 5 1 2 4 8 3 9 6
2%xe+t2*%al8 7 6 1 3 5 9 4 2
2%eta |9 3 8 7 1 4 6 2 5

we find that the pattern of the addition table matches that of the addition
table for GF'(9). Of course the multiplication tables would also have the same
pattern, since both are defined in terms of a generator.

Mathematica also has the ability to find Conway polynomials, but the rou-
tine is much slower than GAP’s, since they are not precomputed.
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ConwayPolynomial[3, 2, x]
2+ 2z + 22

The Galois fields have many applications. A code very similar to the RSA
code studied in chapter 3 of group theory was developed using Galois fields
of characteristic 2. For a long time the field of order 2'27 was used, since the
multiplicative group is of order 2127 — 1, which happens to be prime. (Primes
of this form are called Mersenne primes.) This code had the advantage that
the key was much shorter than the RSA key, and multiplication in this field
could be quickly implemented in binary hardware. However, due to the special
properties of finite fields, this code was recently cracked. In order to ensure
safety of the encryption, the size of the field had to be upped to order 22201,
which diminished the advantage over the RSA code.

But there is another type of code based on Galois fields, called the Reed-
Solomon code, which is not used for security but rather for the storage or
transfer of digital data. All digital information, such as the storage of a file in
a computer or a song on a compact disc, is stored as a string of “bits” that are
either 0 or 1. We will let K denote a finite field of characteristic 2. For exam-
ple, if K = GF(256), then each element of K would correspond to a computer
“byte.” (Each byte is eight bits.) A string of n bytes (ag, a1, az2,as,...,an_1)
is encoded as a polynomial in K:

f(x) = ag + a1x + axx® + azax® + - - a,_12" L
The encryption of this list of elements is simply the evaluation of this polyno-
mial at the 256 elements of K. That is, if g is a generator of the multiplicative
group K*, then
£0), f(9)s £(g%)s £(g%)s - s F(g*)

is transmitted in place of the numbers ag, a1, as,...a,—1. We know from
corollary 12.3 that we can reconstruct the original list of elements from any n
of the numbers transmitted. Thus, if there are some errors in the transmission,
the original list can still be determined. Using combinatorial reasoning, Reed
and Solomon showed that as many as (255 —n)/2 errors could occur, and yet
the original list of elements can be decoded.

For example, if n = 251, then every 251 bytes is converted to a 250 degree
polynomial, which is evaluated at the 256 elements of K. Even if two of
these bytes are transmitted incorrectly, the 251 original bytes can be correctly
reconstructed. This is an example of what is called an “error-correcting code.”
This code was used by the Voyager II spacecraft to transmit pictures of
Uranus and Neptune back to Earth. [16] A version of this code (using a
larger field K) is used to store the digital music on a compact disc. Current
CD players can cope with errors as long as 4000 consecutive bits on the CD,
typically caused by a scratch on the CD surface. The Reed-Solomon code also
allows over 500 channels of digital television.

The ironic part of this code is that, when Reed and Solomon first discov-
ered the code in 1960, [15] it was described as “interesting, but probably not
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practical.” It wasn’t until hardware technology advanced to the point that
the code could be implemented before the real value of this code was evident.
As with most mathematics, the usefulness of a particular result is not seen
until long after the result is published.

One final application of finite fields arises from the study of simple groups.
Almost all of the simple groups besides the alternating groups are the Cheval-
ley groups, which are defined in terms of finite fields. For example, the simple
group Aut(Z3,) can be expressed as the 3 by 3 matrices in the field Z; with
determinant 1. This example can be generalized to a group G of m by m
matrices over any finite field of order p™. When p™ > 2, there may be a
nontrivial center Z formed by diagonal matrices. However, we can form the
quotient group G/Z. The group generated, denoted L,,(p™), will be simple if
m > 2, or if m =2 and p™ > 3. [9, p. 223]

There are several other ways of forming simple groups using finite fields. In
fact, besides the alternating groups, there are only 26 finite simple groups that
are not expressed using finite fields. Thus, finite fields are of key importance
in the classification of all finite simple groups.

13.4 Finite Skew Fields

Since we have completely classified all finite fields, a natural question is
whether we can classify all finite skew fields, and whether these can be easily
entered into Mathematica. At first this seems like it would be a harder prob-
lem, since there are many non-abelian groups, and many non-commutative
rings. However, a surprising result is that there are mo finite skew fields.
In this section we will prove this remarkable result, known as Wedderburn’s
theorem.

We begin by carrying over some ideas from group theory. One of the ways
we studied non-abelian groups was to find the center of the group, since this
was always a normal subgroup. We can ask whether the set of elements of a
skew field that commute with all of the elements forms a special set.

DEFINITION 13.8 Let K be a skew field. Then the set of all elements
x of K such that z-y =1y -z for all y € K is called the center of K.

Let us look at an example. The only skew field we have seen is the ring of
quaternions, H. The Mathematica command

InitQuaternions

allows us to experiment with this skew field. What is the center of this skew
field? To answer this question, let us first define two typical elements in H.
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A=u0+ull+u2J+u3 K
vO+vliI+v2J +v3 K

oy
Il

These will commute as long as A- B — B+ A =0. By computing
A.B-B.A

to be
72U2’Ulk + 27,L31)1j + 2u1v2k — QU3U2i — 2U1’U3j + 2U21}3i7

the only way that this could be zero for all vy, va, and v3 is for u; = us = uz =
0. Thus, the center of H is basically the field of real numbers. (Since GAP
only works with indeterminates over a commutative ring, this computation
can only be done in Mathematica.)

LEMMA 13.6
The center of a skew field forms a field.

PROOF Let K be a skew field, and let Z be its center. We first will show
that Z is a subring. If x and y are two elements in Z, and k is any element
in K, then

(x—y) k=x-k—y-k=k-z—-k-y=k-(x—vy)
and

(-y) k=z-(y-k)=x-(k-y)=( k) -y=(Fk2)y=Fk (z y).

Thus, both z —y and z -y are in Z. By proposition 10.1, Z is a subring of K.

Both 0 and the identity element are obviously in Z, so Z is nontrivial. Since
Z is commutative, all we have left to prove is that every nonzero element of
Z is invertible. If x # 0 is an element in Z and k is in K, then z -k =k - x.
The inverse of x exists in K, so we can multiply both sides of the equation on
both the left and the right by z~!:

R €N O I A N ¢ ) I
Thus,
E-at=a"1k

for all k in K, and so ™! is in the center Z. Thus, Z is a field. I

Another concept from group theory that carries over into the study of fields
is the normalizer. Recall the definition of a normalizer of a subset S of a group
G. We defined

Ng(S)={g9eG | g-5-g' =85}
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We would like to apply the normalizer to the multiplicative group of a field.
In particular, we would like to consider the normalizer of a particular element,
that is, when S = {y}.

Let us find the normalizer of the element I in the nonzero quaternions.
This consists of all elements A such that A-I- A~ = I. The Mathematica
command

Simplify[| A.I.(A™(-1)) — 1]
shows that these are equal whenever

2((U1U2 -+ ’U,(ﬂl,g)j + (*UO'UQ + U1U3)k - z(u% + Ug))
ug +uf +u3 +uj

is zero, which can only happen if us = ug = 0. In fact, if A is nonzero, this is
sufficient, so we see that the normalizer of i is the set of nonzero elements of
the form wug + uqi.

The normalizer does not quite form a field, since it does not include the
zero element. Yet if we added the zero element to Ng(I), we get a field
equivalent to the complex numbers. It is not hard to show that for any skew
field, whenever we add the zero element to the normalizer, we will either get
a field or a skew field.

LEMMA 13.7
Let K be a skew field, and let k be an element of K. Then if we let
Y = {0} U Ng=(k),

then Yy is a division ring containing the center of K.

PROOF Let us begin by rewriting the set Y. Because
Ni-({k}) ={z e K* |z - k-2~ =k},

we can simply say N« ({k}) consists of all elements of K* such that z-k = k-z.
Of course 0 satisfies this equation as well, so we can write

Yi={zeK |z -k=k- z}.

When written in this form, it is obvious that the center is in Yj. Further-
more, if x and y are in Yy, then

(x—y) k=x-k—y-k=k-z—-k-y=k-(x—vy)
and

(z-y)-k=z-(y-k)=a-(k-y)=(x-k)-y=(k-2)- y=k-(z-y).
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Thus, by proposition 10.1, Y} is a subring of K.
Finally, if x is a nonzero element in Yy, then z - k = k - z. Thus,

(k) et = (k) 2

SO
k-x l =271 k.

Thus, every nonzero element of Y} is invertible, so Y} is a division ring. [
We now can apply the center and normalizer to finite division rings. We

first need a lemma that will help us out regarding the divisibility of the orders
of finite fields.

LEMMA 13.8

Let y, n, and m be positive integers, with y > 1. Then
y" —1
ym—1

is an integer if, and only if, n is divisible by m. Furthermore, if n is divisible
by m, with n > m, then

is divisible by the number @, (y).

PROOF  First suppose that n is divisible by m. Then by corollary 13.5,
2™ — 1 divides 2™ — 1, and in fact ®,(x) divides

" —1

am —1

Note that since y > 1, y™ > 1, so y”* — 1 > 0. Thus, y is not a root of
™ — 1, so we can apply the evaluation homomorphism ¢, and find that

is divisible by ®,,(y).
Now suppose that n is not divisible by m. Then n = m - k + p for some
0 < p < m. But note that

e e e s A S VT B

Thus,
y' -1 i S iy
ym -1 ym—1 ym—1
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We have already seen that y(™* —1)/(y™ — 1) is an integer, but y? < y™
the last term cannot possibly be an integer. Therefore, (y™ — 1)/(y™ — 1) is
an integer if, and only if, n is a multiple of m.

This lemma reveals the possible orders of division rings within a finite di-
vision ring.

COROLLARY 13.7
Let K be a finite division ring of order p™, and let F be a subring that is a
division ring of order p™. Then n is a multiple of m.

PROOF Consider the multiplicative groups K* and F*. Certainly F* is
a subgroup of K*, since F is a subring of K. Notice that K* contains p"™ — 1
elements, while |F*| = p™ — 1. By Lagrange’s theorem (3.1), p™ — 1 must be
a factor of p™ — 1. So by lemma 13.8, n must be a multiple of m.

Note that this corollary has applications in finite fields. For example, it
shows that the field of order 16 cannot have a subfield of order 8.

There is one more tool that we need from group theory, which stems from
the normalizer. We discovered in section 7.4 that the class equation was a
powerful tool in analyzing groups. In fact, all three Sylow theorems hinge
on the class equation. So let us observe how this tool applies to skew fields.
Recall that the class equation theorem (7.2) stated that when G is a finite

group, then
G|
Gl=S 2
=2 Neton

where the sum runs over one g from each conjugacy class.
If K is a finite skew field, we can apply the class equation theorem to the
multiplicative group K™, and find that

= ZWK Ik

We can make the obvious substitutions |K*| = |K| — 1, and |Ng-({k})| =
|Yi| — 1. The equation now looks like

|K|
K =1= Z\Yk\—l

where the sum runs from one k from each conjugacy class of K*.

We are almost ready to use the class equation to prove that finite skew
field cannot exist. But first we need to prove a simple inequality about the
evaluation of a cyclotomic polynomial at a positive integer.
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LEMMA 13.9
If n > 1, then the cyclotomic polynomial evaluated aty > 2, ®,(y), is greater
than y — 1.

PROOF From the definition,

u) = T lv—en

Here, the inequality |y — (e,)¥| > (y — 1) comes from the fact that real part
of e,,* is less than 1 when n > 1.

The final step is to use lemma 13.9 to prove a contradiction in the class
equation for finite skew fields.

THEOREM 13.2: Wedderburn’s Theorem
There are no finite skew fields.

PROOF Suppose that K is a finite skew field. By proposition 13.3 K is of
order p™ for some prime p and some m > 0. Let Z be the center of K. Since
Z is a subring of K which is a field, by corollary 13.7, Z is of order y = p®,
where m = n - a for some n > 0. Thus, |K| = p™* = y". Note that since K
is a skew field, n must be greater than 1. We have from the class equation

theorem (7.2)
(K- 1
|K|—1= Z |Yk|7_1,
k

where the sum runs from one k from each conjugacy class of K*. Note that
when k is in Z*, k is in its own conjugacy class, and Yy, = K. Thus, the
terms in the sum corresponding to elements in Z* are equal to 1. There are
of course |Z*| = y — 1 such terms. For the other terms in the sum, Y is a
proper subring of K that contains Z. By lemma 13.7, Y} is a division ring,
and so by corollary 13.7, |Yi| = y" for some r which is a factor of n. If we let
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w = @, (y) we see by lemma 13.8 that w divides the term

IK|-1 y"—1
Vil -1 yr—17

Furthermore, w divides the left hand side of the class equation, |K| — 1. In
fact, the only terms in the class equation that are not divisible by w are the
y — 1 terms that are equal to 1, coming from the invertible elements of the
center Z. Thus, y — 1 must be divisible by w. But this is impossible, since
y — 1 < w by lemma 13.9, for n > 1. This contradiction proves that finite
skew fields cannot exist.

In a sense, the non-existence of finite skew fields is sad, since there would
have been plenty of applications for finite skew fields in cryptography and
group theory had they existed. On the other hand, this result, when combined
with the classification of all finite fields, means that we have found all finite
division rings.

Problems for Chapter 13

Interactive Problems

13.1 The polynomial z* + = 4 1 is irreducible in the field Z,. Use this
polynomial to define a field of order 16 in Mathematica or GAP. Show that
there is a subfield of order 4 in this field. Is there a subfield of order 8 in this
field?

13.2 First define the field Z5 in Mathematica or GAP,

InitDomain[2]
z2 = {0, 1}

gap> InitRing("e");

gap> DefineRing("Zz2",[2], [[e]]);
gap> x := Indeterminate(Z2,"x");
X

and then show that the cyclotomic polynomial ®,s_1(x) factors in the field
Z into irreducible polynomials of degree 3. Show by process of elimination
that the only irreducible polynomials of degree 3 are the ones given in this
factorization.

13.3 First define the field Zy in GAP or Mathematica as in problem 13.2.
Then show that the cyclotomic polynomial ®(s_1)(x) factors in the field Z,
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into irreducible polynomials of degree 4. Find one more irreducible polynomial
of degree 4 besides the ones given in this factorization.
4
Hint: Factor the polynomial 22 — z.

13.4 First define the field Z5 in GAP or Mathematica as in problem 13.2.
Then show that the cyclotomic polynomial ®9s_(x) factors in the field Zy
into irreducible polynomials of degree 5. Does this factorization give all of the
irreducible polynomials of degree 5 over Z5?

13.5 First define the field Z3 in Mathematica or GAP:

InitDomain[3]
z3 = {0, 1, 2}

gap> InitRing("e");

gap> DefineRing("Z3", [3], [[e]]);
gap> x := Indeterminate(Z3,"x");
X

and then show that the cyclotomic polynomial ®32_;(x) factors in the field
Zs5 into irreducible polynomials of degree 2. What irreducible quadratic poly-
nomial in Z3 have we seen that is not in the list of factors?

13.6 First define th;a field Z3 as in problem 13.5. Then find the factorization
of the polynomial 23" — . Show that all irreducible polynomials with leading
term of z3 are in this factorization. For an explanation see problem 13.26.

13.7 Mathematica can be used to explore skew fields besides H. Consider
the following ring of characteristic 0:

InitRing

Define[a™3, 3 a+1]
Define[b ™3, 2]
Define[b.a, 2 b — a.a.b]

This produces a ring that is a 9-dimensional extension of Q. A basis for this
ring would be {1, a,a? b,a-b,a®-b,b% a- b a® - b*}. If

wl = C[1] + C[2] a + C[3] a.a
w2 = C[4] 4+ C[5] a + C[6] a.a
w3 = C[7] + C[8] a + C[9] a.a
w =wl + w2.b + w3.b.b

then w is the general element of this ring. To show that this ring is in fact
a skew field for rational values of C1,Cs, ... Cy, perform the following opera-
tions:
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vl = b.wl.b.wl.b — 2 b.w2.b.w3.b
v2 = 2 w3.b.b.w3.b — w2.b.b.wl.b
v3 = w2.b.w2.b.b — w3.b.wl.b.b
v = Expand[vl 4+ v2.b 4+ v3.b.b]

R=vw

Using this value of R, find a formula for w~!. Can you prove that R is never
zero if C1,Cs,C3,...Cy are rational?

Hint: If R = 0 for rational values of C1,...Cq, we can multiply by the
common denominator to find a solution to R = 0 for integer values. In fact,
we may assume that C7,C5y,Cs,...C9 have no common factors. Show that
the first three constants must be even. After a substitution, show that Cy,
Cs, Cg must be even. After yet another substitution, show that the remaining
constants are even, leading to a contradiction.

13.8 Use Mathematica or GAP to find the Conway polynomial of degree 6
over Zy. Show that raising a root of this polynomial to the 9th power produces
a zero of the Conway polynomial of degree 3 over Zs, and raising this root
to the 21st power produces a zero of the Conway polynomial of degree 2 over
Z5. Hence, the compatibility condition is satisfied.

Non-Interactive Problems

13.9 The polynomial 22 4+ x + 1 is irreducible in the field Z,. Write out by
hand the addition and multiplication tables of the field Zs[z]/(2? + x + 1).
Hint: There are only four elements.

13.10 The polynomial 2 4 z + 1 is irreducible in the field Z,. Write out by
hand the addition and multiplication tables of the field Zs[z]/(2® + z + 1).

13.11 The polynomial 2 4 z + 2 is irreducible in the field Z3. Write out by
hand the addition and multiplication tables of the field Z3[x]/(2? + x + 2).

13.12 Construct addition and multiplication tables for a field with 16 ele-
ments.

13.13 Using table 11.2 in chapter ch:intdomain of the field of “complex
numbers modulo 3,” find the generators of the multiplicative group of this
field.

13.14 By proposition 13.4, the nonzero elements of Z, form a cyclic group
under multiplication. Any generator of this group is called a primitive root of
p. Find the primitive roots of the primes 17, 23, and 31. For a given prime,
how many primitive roots will there be?
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13.15 Show that if F'is a field of characteristic p, and z is a generator of the
multiplicative group, then z? is also a generator of the multiplicative group.

13.16 If pis a prime number of the form 4n+ 1, show that there is a solution
to the equation

r*=—-1 (Mod p).

Hint: By proposition 13.4, Z} is isomorphic to Z,_1. A solution to the
equation would have order 4.

13.17 Use problem 13.16 to show that a prime of the form 4n + 1 is not
prime in the domain Z[i].
Hint: Let = be the solution to the equation in problem 13.16. What is
(x4 1) (x —10)?

13.18 Use problem 13.17 to prove the two square theorem of Fermat: Every

prime number of the form 4n + 1 can be expressed as the sum of two squares.

Hint: Since p is not prime in the domain Z[¢], and Z[i] is a UFD, p is
reducible in Z[i]. If a + bi is one factor, what is the other factor?

13.19 Let F be a field of prime characteristic p. Show that the intersection
of all of its subfields of F' is a field of order p.

13.20 Let F' be a finite field of characteristic p. Show that F'(x), the field of
quotients of the polynomial ring F'[z], is an infinite field of characteristic p.

13.21 Let F' be any field. Show that no two finite subfields of F' can have
the same number of elements.
Hint: See the proof for corollary 13.3.

13.22 Let I be a field of order p™. Show that if K is a subfield of F' then
K has order p? for some number d that divides n.

13.23 Let F' be a field of order p™. Show that if d divides n, then there is a
unique subfield of order p?.
Hint: See problem 13.21 for the uniqueness part.

13.24 Let p be prime and f(x) an irreducible polynomial of degree 2 in
Zy[z]. If K is a finite field of order p3, show that f(z) is also irreducible in
Klx].

13.25 Prove that the group of automorphisms of a field of order p™ is iso-
morphic to Z,,. That is, prove that there are no other automorphisms other
than the ones generated by the Frobenius automorphism.
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13.26 Let p be a prime number. Show that every irreducible polynomial
with a leading term of 2™ in the field Z, is found in the factorization of the
polynomial zP" — .

Hint: If f(x) is an irreducible polynomial of degree n, then Z,[z]/(f(z)) is
the Galois field GF(p™). Show that every element in this field is a root of the
polynomial zP” — x. Therefore, the roots of f(z) in the field GF(p") are also
roots of zP" — x.

For problems 13.27 through 13.30: Find the cyclotomic polynomial.
13.27 Pg(x) 13.28 Pg(x) 13.29 ®qp(x) 13.30 ®q3(x)

13.31 Prove that the constant coeflicient of the n-th cyclotomic polynomial
@, (x) is equal to —1 when n =1, and is 1 when n > 1.
Hint: Use induction along with proposition 13.7.

13.32 Prove that the n-th cyclotomic polynomial &, (z) is a “palindrome
polynomial” when n > 1. That is, the list of coefficients read the same going
forward or backward.

Hint: Whenever z is a primitive n-th root of unity, =! will also be a
primitive n-th root. What happens if we replace x with 1/y in the polynomial?
You may use the result of problem 13.31.

13.33 Prove that if p is a prime, and n > 0, then

n—1
¢p71 (:L‘) = @p(xp ).
13.34 Prove that ¢(p™ — 1) is divisible by n, where ¢ is Euler’s totient

function.
Hint: See proposition 13.8.

13.35 Prove that the primitive polynomials of degree n over Z,, are precisely
the factors of ®,n_1(x) over the field Z,,.

13.36 Prove that every element in a finite field can be written as the sum
of two squares.
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Chapter 14

The Theory of Fields

14.1 Vector Spaces

In order to study fields in depth, we will first need a few results from a first
year linear algebra course. However, most linear algebra courses work with
vectors and matrices with real numbers for entries, whereas we will generalize
the notations to allow arbitrary fields. Nonetheless, most of the proofs will
follow the same way for arbitrary fields as for real numbers.

DEFINITION 14.1 Let F be a field. We say that V is a vector space
over F' if V is an abelian group under addition +, and for which there is
defined a multiplication a - v for all a € F' and v € V such that:

1. Whenever a € Fandve V,a-veV.

2. When a € F, and v,w € V,thena-(v+w)=a-v+a-w.
3. When a,b € F,and v € V, then (a+b)-v=a-v+b-v.
4. When a,be F,and v € V, then (a-b)-v=a-(b-v).

5. If e is the identity of F', then e-v=wv for allv e V.

The members of V' are called vectors. The best way to get a feel for vector
spaces is to give some examples.

Example 14.1

Consider the set of 3-tuples (uq,us, us) where uy, ug, and ug € R. Addition
of two vectors is done componentwise, and k - (u1, ug, us) = <ku1,kuz,ku;3ﬁ
when k € R. This is a vector space over R, and can be denoted by R3.

Example 14.2

We can generalize the previous example using any field F' in place of R, and
consider n-tuples (u1,us,...,u,). Addition is still defined componentwise,
and k- {(ug,ug, ..., un) = (k-u1,k-ug,..., k- u,). This will give us a vector
space over F', which we can denote by F".

429
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Example 14.3

Let K be a field, and F any subfield of K. Then K is a vector space over F,
defining a - v as a product in the field K. Property 5 follows from the fact
that the identity of F' must also be the identity of K. The other properties
follow from the distributive and associative properties of K.

This last example demonstrates the usefulness in studying vector spaces
over a field F. In fact, this is the example that we will concentrate on for the
remainder of the chapter.

The next definition is the key to understanding the properties of a vector
space.

DEFINITION 14.2 Let V be a vector space over a field F'. We say that
a finite set B = {x1,xa,...x,} of vectors in V are linearly dependent if there
are elements ¢y, co,...c, € F, not all zero, for which

c1x1 + coxo + -+ cpry, = 0.

We say that the vectors are linearly independent if they are not linearly de-
pendent, that is, if the only way for cix1 + coxs + -+ 4+ chz,, = 0 is for
cg=cL=-=c¢,=0.

Example 14.4

The vectors (1,4, —1), (2,-3,1), (4,5, —1) are linearly dependent, since there
is a nonzero solution to ¢1(1,4, —1) + ¢2(2,—3,1) + ¢5(4,5,—1) = 0, namely
c1 =2, c0 =1, and ¢cg = —1. On the other hand, (2,0,1), (0,0,3), and
(1,4,0) are linearly independent, since in order to get ¢1(2,0,1) 4+ ¢2(0,0,3) +
c3(1,4,0) = 0, we need 4¢3 = 0, 2¢1 + ¢3 = 0, and ¢; + 3¢ = 0. This forces
c3 =0, c; =0, and ¢ = 0, so there are no nonzero solutions.

DEFINITION 14.3 Let V be a vector space over a field F. A finite set
of vectors {z1,22,23,...x,} in V is called a basis of V' over F if the set is
linearly independent, and every element of V' can be expressed in the form

a1x1 + asxo + asxrs + - -+ anxy
with aq,a9,as,...,a, in F.
Here are some examples, all of which are fairly routine to check:
1. The complex numbers C have a basis {1,4} over the real numbers R.

2. The quaternions H have a basis {1, 1, j, k} over R.
3. The field Q[v/2] has a basis {1,+/2} over the rational numbers Q.
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4. From example 14.3, the set of real numbers R is a vector space over the
rationals. However, there can be no finite basis {x1, 29, z3,...z,} in R
for which every real number could be expressed as a1x1 + aszo + aszrs +
<oo + apTy, with ay,as,...a, € Q, lest the set of reals be countable,
which contradicts Cantor’s diagonalization theorem (9.1).

There is an easy way to determine if a particular set of vectors is a basis.

LEMMA 14.1
B ={x1,x9,x3,...2,} is a basis of a vector space V' over F if, and only if,
every element of V can be expressed uniquely in the form

V=171 + C2T2 + C3%3 + -+ + CpTp-

The ordered n-tuple {c1, ca,C3, . .., Cy) is called the coefficients of v with respect
to B.

PROOF If B is a basis, then every element v € V' can be expressed in the
form cixq1 4+ coxo + c3x3 + - - + cpxy,. Suppose that v = a1x1 4+ asxs + azzs +
.-+ + a,x, is another such expression. Then

(a1 — c1)z1 + (a2 — c2)za + (ag — c3)xs + -+ + (an — cp)xy, = v —v = 0.

But the vectors in B are linearly independent, so the only way that the com-
bination of vectors could be 0 is for a; — ¢; = 0 for all 1 < ¢ < n. Hence,
a; = ¢; for all i, and the representation is unique.

On the other hand, if every v € V can be uniquely represented as ciz1 +
CoTy + C3x3 + -+ - + cpxy, then in particular 0 has only one representation,
namely 0 = 0z1 4 Ozo + Ox3 + - - - + Ox,,. Thus, the vectors in B are linearly
independent, and so B is a basis.

We can define a basis in Q" in GAP using the Basis command. To find a
basis using example 14.4, we enter

gap> B := Basis(Rationals~3, [[1,4,-1]1,[2,-3,1],[4,5,-111);
fail
gap> B := Basis(Rationals~3, [[2,0,1],[0,0,3],[1,4,011);
Basis( ( Ratiomals™3 ), [ [ 2, 0, 11, [0, 0, 31,

[1, 4,011

In Mathematica®, we use the command ToBasis, and enter in “1” for the
first argument whenever we are using rational or real numbers for the base
field.

B = ToBasis[1, {{1, 4, -1},{2, -3, 1},{4, 5, —-1}}]
Error: linearly dependent.

False

B = ToBasis[1, {{2, 0, 1},{0, 0, 3},{1, 4, 0}}]
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The first attempt failed because the vectors were linearly dependent. Once we
have defined the basis, we can find the coeflicients ¢y, co, . . . ¢, for any element
of the vector space.

Coefficients[B,{2,3,4}]

gap> Coefficients(B, [2,3,4]);
[ 5/8, 9/8, 3/4 ]

This shows that

5 9 3
(2,3,4) = §(2,0,1> + §<0,0,3> + Z<1,47O>.

LEMMA 14.2

Suppose that V' is a vector space over F, and B = {x1,x9,23,...Tn} S a
basis of V over F. Then any set {y1,Y2,Y3,---Yn,Ynt+1} of n+ 1 elements of
V' is linearly dependent.

PROOF  Suppose that Y = {y1,y2,¥Y3, .-, Yn, Yn+1} are linearly indepen-
dent, so that all of these vectors are nonzero.

Our goal is to show, with a suitable rearrangement of the vectors in B,
that {y1,y2, .- Yk—1,Yks Tht1s---,Tn} 1S & basis for every 0 < k < n. If
k = 0, then this set is the original set B, which is a basis. So let us
use induction to assume that it is true for the previous case, that is, that
{y1,92, - Yk—1, 2k, Tpy1, ..., T} is a basis.

We then can express

Yk = a1Y1 + G2Y2 + - Qp—1Yk—1 + ATk + Qg1 1Tk41 + -+ + ATy

Since the vectors in Y are linearly independent, we see that at least one of ay,
Gf+1 - - - @y 18 nonzero. By rearranging the remaining elements of B, we can
suppose that ax # 0. Then

T =ar N(Yp — a1y1 — Q2y2 — = Qp—1Yh—1 — Q4 1Thp1 — 0 — Apln).
Any element v € V' can be expressed as v = c1y1 + coyo + -+ + Cp_1Yp—1 +
cxTk + -+ + cnTn. By substituting for the value of z, we see that v can
be expressed as a linear combination of {y1,y2, ..., Yk—1, Yk, Thtls- - -, Tn}. If
this set were linearly dependent, there would be a nonzero solution to
cyr +coya + -+ Cp—1Yk—1 + Yk + -+ cpxy = 0.

Then ¢y, # 0, lest there also be a nonzero solution to

c1y1 + Y2 + -+ Cp_1Yk—1 + CRTE + -+ Cpx, =0,
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but we are assuming that {y1,y2,...Yk—1, Tk, Tht1,--.,Tn} i a basis. But
substituting the value for y; gives

cx (a1y1 + agye + - Ap—1Yp—1 + QT + -+ - AnTy)

+e1yr + ey + - Ch—1Yk—1Ch+1Tk41 + - CpTy = 0.

This is a nonzero solution to

biyr +boy2 + - + bp_1yr—1 + bpxp + - by =0,

since by = crap # 0. Thus, the set {y1,¥2, .- Yk—1, Yk, Tha1,---,Tp} is lin-
early independent, and hence is a basis of V.

Now we can use the induction to say that {yi,ys,...,yn} is a basis of V,
but then y,4+1 can be expressed in terms of {y1,y2, ..., yn}, which shows that

Y is in fact linearly dependent.

We can now use this lemma to show that any two bases must have the same
number of elements.

PROPOSITION 14.1

Let V' be a wvector space over F. If the sets X = {x1,x9,23,...2,} and
Y ={y1,¥2,¥3, ... Ym} are both bases of V over F, then n = m.

PROOF Suppose that n is not equal to m. By exchanging the roles of X
and Y if necessary, we can assume that n < m. Then we can use lemma 14.2
to show that {y1,¥2,¥s,...Ynt1} is linearly dependent, hence Y is not a basis
of V. So we must have n = m.

This proposition allows us to make the following definition.

DEFINITION 14.4 Let V be a vector space over F. If there is a basis
{x1,29,23,... 25} of V over F', we define the dimension of V over F to be the
size n of the basis. If there does not exist a finite basis, we say the dimension
of V over f is infinite.

Looking back at our examples, we see that R3 is a 3-dimensional vector
space over R, C is a 2-dimensional vector space over R, H is a 4-dimensional
vector space over R, and R is an infinite-dimensional vector space over Q.

Here is another example. Since Zj is a subfield of GF(9), we can view GF(9)
as a vector space over Z3. Let us see if we can find a basis. In Mathematica we
need to know that the Conway polynomial of degree 2 over Z3 is 22 + 2x + 2,
or Z(9)? = Z(9) + 1. We can see if {1, Z(9)} forms a basis of GF(9) over Zs.
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ConwayPolynomial[3, 2, x]
2+ 22 + 22

InitDomain[3]
Define[Z972, Z9 + 1]

B = ToBasis[1, {1, Z9}];
Coefficients[B, Z9™ 3]
1,2}

gap> B := Basis(GF(9), [2(9)70,Z(9)]1);
Basis( GF(372), [ Z(3)°0, Z(3°2) 1)
gap> Coefficients(B, Z(9)°3);

[ 2(3)70, 2(3) ]

This shows that indeed {1,Z(9)} is a basis of GF(9) over Zs, but also that
Z(9)® = 1+ Z(3) * Z(9). It is logical that GF(9) will be a 2-dimensional
vector space over Z3, since there are 3% elements. Likewise, GF(81) is a 4-
dimensional vector space over Z3. But we also can consider GF(81) as a
2-dimensional vector space over GF(9). In GAP we can use AsVectorSpace
so that GAP will view GF(81) as a vector space over GF'(9) instead of the
natural GF(3).

gap> V := AsVectorSpace(GF(9),GF(81));

AsField( GF(3°2), GF(3°4) )

gap> B := Basis(V, [Z2(81),Z(3)1);

Basis( AsField( GF(3°2), GF(3°4) ), [ Z(34), Z(3) 1)
gap> Coefficients(B,Z(81)"°2);

[ 2(372)73, Z(372) ]

This shows that Z(81) and Z(3) form a basis of GF(81) over GF(9), for
example, the element Z(81)% can be expressed as Z(9)® - Z(81) + Z(9) - Z(3).

To do this in Mathematica, we must enter in a basis for the root vector
space as the first argument for the ToBasis command. Also, we have to define
Z(81) in Mathematica so that the original Z(9) will generate a subfield. We
can borrow the result from GAP, that

Z(81)2 = Z(9)*- Z(81) + Z(9) - Z(3) = (1 +2Z(9)) - Z(81) + 2Z(9).

Define[Z8172, (1 + 2 Z9)*Z81 + 2 Z9]
B = ToBasis[{1, Z9}, {Z81, 2}];
Coefficients[B, Z81" 2]

{1+279,79}

This last example shows that it is possible to have a vector space over a vector
space, if the later vector space happens to be a field. What can we say about
the dimension of a vector space over a vector space?

PROPOSITION 14.2
If E is a vector space over F of dimension m, which also happens to be a
field, and 'V is a vector space over E of dimension n, then V is a vector space



The Theory of Fields 435

of F of dimension m -n. Furthermore, if {x1,22,23,... 2y} s a basis of E
over F, and {y1,vy2,Y3,..-Yn} is a basis of V over E, then the set
S ={ z1y1, 2291, T3Y1, - - . T,
T1Y2, T2Y2,T3Y2, ... TmY2,
L1Y3, L2Y3,T3Y3, .. - TmyY3s,
T1Yns T2Yn, T3Yns - - - TmYn }

s a basis of V' over F.

PROOF  Since {y1,¥2,93,---,Yn} is a basis for V over E, we can write
any element of V' in the form
c1y1 + cay2 +c3ysz + - + CpYn,
where c¢q,c3,c¢3,...,c, are in F.
Since {x1, 22,23, .. %y} is a basis of F over F, we can in turn write
€1 = 01,171 + 02122 +a3,1T3 + - - - Oy, 1Tm,
Co = a12%1 + a22%2 + a3 2T3 + -+ Am 2T,
C3 = 1,371 + A23%2 +A33T3 + - Am,3Tm,
Cp = G1,.nT1 + a2 nT2 + a3 nT3 + - A nTms
where each a; ; is in F'. Combining these, we see that every element of I/ can
be expressed in the form
a1,1T1Y1 + a21T2y1 + a3 1T3y1 + -+ Gm 1Tm Y1
+ a1 221y2 + a22T2y2 + az2x3y2 + - + Am 2TmY2
+ a1,3T1Y3 + a2,372Y3 + a3,37T3Y3 + -+ Am, 3TmY3
+ a1,nT1Yn + a2 nT2Yn + a3, nT3Yn + -+ A nTmlYn-

Thus, to show that the set S is a basis of V over F', we merely have to show
that these vectors are linearly independent. Let us switch to a summation
notation for the remainder of the proof. Suppose that there is a nonzero
linear combination of these vectors that produces 0, that is

m n
E E aijriy; =0
i=1 j=1

for a; ; in F. Then we have

m n n m
i=1 j=1 i=1

Jj=1
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Since {y1,Y2,Y3,---,Yn} is a basis of V over E, the only way that the right
hand expression could be zero is if

m
E Q; jT; = 0
1=1

for all j =1,2,3,...n. Now {z1,x2,23,... 2y} is a basis of E over F, so the
only way that each of these sums could be 0 is if a; ; = 0 for all values of i
and j. Since all of the coefficients must be 0, the vectors in S are linearly
independent, and therefore the S is a basis of V over F' of dimension m - n. (]

The main use of vector spaces in abstract algebra is in the case where the
vector space happens to be a field. We will explore this possibility in the next
section.

14.2 Extension Fields

In the last section, we found that many of the examples of vector spaces
turned out to also be fields. We will give a special name to this situation.

DEFINITION 14.5 1If F is a nontrivial subfield of K, and K is a
finite-dimensional vector space over F, we say that K is a finite extension
of F. We say the degree, or dimension of the extension is the size of a basis
{z1,22,23,...2,} of K over F.

For example, the complex numbers C are a 2-dimensional extension of R.
The quaternions H are a 4-dimensional extension of R. The field GF(27) is a
3-dimensional extension of Z3, regardless of which basis we use.

It seems intuitively obvious that isomorphic fields have the same dimension
over some field F' contained in both of the fields. Yet this is only true if the
isomorphism ¢ maps the base field F' to itself.

PROPOSITION 14.3

If K and E are two finite extensions of F', and suppose that there is an
isomorphism ¢ from K onto E such that ¢(x) = x for all x in F, then K and
E have the same dimension over F'.

PROOF Suppose that {1, z2,x3,...x,} is a basis of K over F. We want
to show that {p(x1), ¢(x2), d(x3),...,d(x,)} is a basis of E over F. If v is in
E, then ¢(u) = v for some u in K. Since K is generated by the elements in
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the basis, we have
U = C1T1 + C2T2 +C3x3 + - CpTy
for some ¢y, co,c3,...,¢, in F. Then

v=d(u) = d(c1)p(w1) + de2)p(x2) + P(c3)p(x3) + -+ + dlcn)p(wn)
= c10(w1) + c20(x2) + c3d(w3) + -+ - + cpd(2n).

Thus, {¢(z1), d(z2), d(x3), ..., d(x,)} generates the field E. Also, if
c19(x1) + c2d(@2) + c3d(x3) + - + cnd(zn) =0,
then ¢(c1z1 + coxa + c3xs + - - - cpxy) = 0, which implies that
c1T1 + 2o + c3x3 + - cpxy =0

since K and E are isomorphic. But since {x1,z2,23,...2,} is a basis for K,
this can only happen if ¢; =co =c¢c3=---¢, =0. So

{¢($1)7 ¢($2), (b(.ﬁg), ) ¢(l‘n)}

is a basis for F over F', and hence K and F have the same dimension over
the field F.

If K is a finite extension of a field F', then F' is a subfield of K. Of course
there will probably be many other subfields of K, and we need a way to identify
these subfields. We have already seen how to find the smallest subgroup or a

subring that contains certain elements, and we can follow the same logic for
subfields.

DEFINITION 14.6 Let K be a field, and let E be a field containing the
field K. Let S be a set of elements in E. Let L denote the collection of all
subfields of E that contain the field K, along with the set S. Then we define

K(S)= () H.

HelL

That is, K (.S) is the intersection of all subfields of E that contain both K and
S. It S =ay,as,as,...a,, we will write K (ay,as,as,...ay,) for K(S). Thus,
if S consists of a single element a, we can write K (a) for K(S).

LEMMA 14.3
Let K be a subfield of E, and let S be a collection of elements of E. Then
K(S) is the smallest field that contains both K and the elements S.
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PROOF  First, we must show that K(S5) is a subfield of E. If x and y
are in K(95), y # 0, then = and y are in each of the subfields in the collection
L. Then x —y and z - y~! are also in each of the subfields in this collection.
Thus, z —y and z - y~! are in K(S), and so K(S) is a subfield of E.

To show that K (.5) is the smallest field containing both K and the elements
S, note that K (.5) is one of the subfields in the collection L. Thus, any subfield
containing K and the elements of S must also contain K (S).

For example, If K is the real numbers, and i = \/—1, then R(i) gives us the
complex numbers C. The field Q(y/2) is the smallest field containing Q and
v/2, which happens to be the same as the ring Q[v/2].

The strategy for defining a field extension in GAP or Mathematica is very
similar to that of defining a finite field. We begin by finding an irreducible
polynomial f(z) in the field F, and creating the field K = F[z]/(f(z)).

PROPOSITION 14.4
Let F be a field, and let f(x) be an irreducible polynomial in Fx| of degree
d. Then the field K = F[z]/(f(x)) is a finite extension of F of dimension d.

PROOF  From proposition 13.1, K = F[z]/(f(x)) is a field that contains
F as a subfield. Let y =z + (f(x)) in K. If we treat f(x) as a polynomial in
Klx], we find that f(y) = 0. Consider the set {1,y,y% y>,---y"~'}. We wish
to show that this set is a basis for K. That is, we wish to show that every
element of K can be expressed uniquely as

k=ail+ay+asy’ + - +any" ",

where the ay,as,as,...,a, are in F. Any element k € K can be expressed as
k = g(z)+ (f(z)) for some polynomial g(x) in F[x]. By the division algorithm
theorem (12.1), there exist unique polynomials ¢(z) and r(z) such that

g9(x) = f(z) - q(x) + r(z),
where either r(z) = 0, or the degree of r(x) is less than n. Then

r(x) = a1 + asx + asx? + -+ + apz" !

for some ay,as,as,...,a, in F. Note that we can now write
k=g(x)+ (f(z) = r(2) + (f(2)) = a1 + azy + asy® + -+ + apy" .
Since r(x) is unique, k is uniquely determined as a linear combination of

{1,y,9%,...,y" '}. Thus, by lemma 14.1, {1,y,y?,...,y" "'} is a basis. I

Let us look at an example in Mathematica. Let F' be the field of rational
numbers, and let f(z) = 2% — 2. Since the characteristic of Q is 0, we begin
the definition by the command
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InitDomain[0]
Next, we let a be a root to the equation ® — 2. That is, we define a® to be 2.
Define[a™ 3, 2]

That’s all there is to it! The basis of this extension field is {1,a,a?}. We can
verify this with Mathematica.

CheckField[{1, a, a™2}]

CheckField actually does more than just verify that the ring is a field. It also
allows us to do divisions in this field.

1/(a+ a"2)
will compute 1/(V/2 + v/4) = (2V2 + V4 —2)/6.

In GAP, we must first define = to be an indeterminate over the rationals,
so that we can express the polynomial 22 — 2 in Q[x]. We then can use the
command FieldExtension to create the extension field.

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> a := PrimitiveElement (A);

a

gap> 1/(a+a”2);

1/6%a~2+1/3%a-1/3

This introduces the command PrimitiveElement, which defines the letter a
to be the element of the field for which a® = 2. We see that GAP is already
able to compute divisions in this new field. We can verify that {1, a,a?} is a
basis.

gap> B := Basis(A,[a"0,a,a"2]);
Basis( <algebraic extension over the Rationals of degree 3>,
[ '1, a, a2 1)

Note that GAP writes !1 for the identity element of this new field. This
distinguishes it from the rational number 1. However, you do not enter !'1
into GAP, but rather a™0.

Although this example demonstrates that any extension field of the form
F[z]/(f(z)) can be entered into GAP or Mathematica, we would like to show
that any extension field can be entered into Mathematica or GAP in the same
way. That is, we must show that any finite extension of F' is isomorphic to
Flz]/(f(z)) for some polynomial f(z).

PROPOSITION 14.5
Suppose a field K is a finite extension of F' of dimension n. Let y be an
element of K. Then there is an irreducible polynomial f(z) in F[z] of degree
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at most n such that f(y) = 0. That is, when f(x) is treated as a polynomial in
K[z], y is a root of f(x). Furthermore, there is a unique polynomial of lowest
degree that satisfies these conditions and for which the leading coefficient is
equal to 1.

PROOF  Consider the set {1,y,y% %>, ...,y"}. Since there are n + 1
elements in this set, and K has dimension n over F', by lemma 14.2 these are
linearly dependent, so there is a nonzero solution to

ao + ary + agy’ + azy® + -+ any” =0
with ag,a1,as, -, a, in F. Thus, there is a nonzero polynomial
ap + a1z + asx® + azz® + - + apa”

in F[z] for which y is a root when treated as a polynomial in K{x].

Let us now show uniqueness. Let f(x) be a polynomial of lowest possible
degree in F[z] such that f(y) = 0. Since F is a field, we can divide this
polynomial by its leading coefficient to obtain a polynomial with a leading
coefficient of 1. Now, if there were two such polynomials, f(z) and g(x), then
by the division algorithm theorem (12.1), there exist polynomials ¢(x) and
r(z) such that f(z) = g(x) - q(x) + r(x), where either r(z) = 0 or the degree
of r(z) is strictly less than the degree of g(x). But note that

0=f(y)=9(y) qly) +ry) =0+r(y) =0.

Thus, y is a root of the polynomial r(z). But the degree of f(x) and g(z) was
chosen to be minimal. So r(z) = 0, and f(x) is a multiple of g(x). Finally,
since both f(z) and g(z) have the same degree and have the same leading
term of 1, we have f(z) = g(z). Therefore, there is a unique polynomial in
F[z] of minimal degree and leading coeflicient of 1 such that f(y) = 0.

The unique polynomial in proposition 14.5 will be given a special name.

DEFINITION 14.7 If a field K is a finite extension of F, and a is an
element of K, we define the polynomial f(z) given by proposition 14.5 that
has a leading coefficient of 1 to be the irreducible polynomial of a over F,
denoted Irrp(a, ).

For example, Ier(ﬁ, x) = 22 — 2, since 2% — 2 is the simplest polynomial
with rational coefficients for which /2 is a root. Note that if we were to allow
real coefficients, we could come up with a simpler polynomial: Irrg(v/2, x) =
x —+/2. Finally, consider the number cos(7/9). We found in section 11.4 that
this number is a root of the polynomial 423 — 3z — % However, we want the
leading coefficient of the polynomial to be 1, so we write

1
Irrg(cos(m/9), x) = ® — ??Tm ~ 5
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Once we find the irreducible polynomial for an element a, it is not hard to
program Mathematica or GAP to mimic the field Q(a). For example, let us
enter the field Q(cos(7/9)) into Mathematica. If we let a = cos(w/9), we can
enter the field by the commands

InitDomain|[0]
Define[a™3, 3 a/4 + 1/8]

The first command tells Mathematica that we are working with a field of
characteristic 0, and the second command identifies a as one solution to the
equation 23 — 3z/4 — 1/8. We can check that this is a field with the Mathe-
matica command

CheckField[{1, a, a™2}]

which will also allow division operations to be performed in this field.
The corresponding commands in GAP are

gap> x := Indeterminate(Rationals,"x");

X
gap> A := FieldExtension(Rationals,x"3-3*x/4-1/8);
<algebraic extension over the Rationals of degree 3>
gap> a := PrimitiveElement (A);

a

Have we really defined the field Q(cos(7/9))? Actually, we have defined the
field

Qlz]/(2® - 3z/4 —1/8)

in GAP or Mathematica, but we can prove that these two fields are isomorphic.

PROPOSITION 14.6
Let F be a subfield of K, and suppose f(x) is an irreducible polynomial in
F[z] that has a root w in the larger field K. Then

F(w) = Flz]/(f(z)).

PROOF Let us consider the evaluation homomorphism ¢, that maps
polynomials in F[z] to elements in F'(w):

Puw(g(z)) = g(w).

By proposition 12.1, ¢,, is a ring homomorphism. The image of this ho-
momorphism contains both F and w, and since F(w) is the smallest field
containing both F' and w, the image is all of F(w). The kernel of ¢,, is the
set of polynomials in F[z] that have w as a root. But f(x) is an irreducible
polynomial in F[z] containing w as a root. Thus, any polynomial in the kernel
is a multiple of f(x). Thus, the kernel of ¢, is (f(z)). Finally, by the first
ring isomorphism theorem (10.2), we have that F(w) ~ F[x]/(f(z)). I
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It is now easy to see that the dimension of the field extension F'(u) will be
the dimension of the irreducible polynomial f(z) = Irrp(u, ).

COROLLARY 14.1
Let K be a finite extension of a field F, and let u be an element in K. If
f(z) =Irrp(u, x) has degree n, then F(u) has dimension n over F.

PROOF By proposition 14.5, f(z) = Irrp(u,x) exists. By proposi-
tion 14.6, F'(u) is isomorphic to the field F[z]/(f(z)). By proposition 14.4,
F[z]/(f(z)) has dimension n over F. Finally, by corollary 14.3, two isomor-
phic extensions of F' must have the same dimension over F provided that
the isomorphism fixes the elements of F', which the isomorphism in proposi-
tion 14.6 clearly does. Thus, the dimension of f(u) over F is n.

Notice that we never had to tell Mathematica or GAP that a = cos(7/9)
in our definition of Q(cos(w/9)). Rather, we merely entered the information
that a satisfies the equation a® — 3a/4 —1/8 = 0.

But there are two other solutions to this equation, namely — cos(27/9)
and cos(47/9). How does Mathematica or GAP know that the field is not
Q(—cos(27/9)) or Q(cos(47/9))?

The answer is of course that these fields are both isomorphic to Q(cos(w/9)),
so Mathematica or GAP didn’t need to know the exact value of a. In fact, we
can prove that if we start with isomorphic fields, and extend both of them by
two elements for which the irreducible polynomials correspond, then the two
field extensions will be isomorphic.

PROPOSITION 14.7
Let f be an isomorphism between a field K and a field E. Let M be a finite
extension of K, and let u be in M. Let

p(z) = co + 1z + cpx? + c3x® + - + cpa”
be Irr g (u, z). Define
h(z) = f(co) + fler)z + flea)a® + flez)a® + - + flen)a”

which is in Elx]. Suppose there is a finite extension of E for which there is
a root of h(x), called v. Then there is an isomorphism p from K(u) to E(v)
for which p(u) = v, and p(xz) = f(x) for all x in K.

PROOF By lemma 13.3, we can extend f to a isomorphism from K|z
to E[x]. By proposition 12.1, ¢, is a ring homomorphism from FE[z] to E(v).
We can combine these homomorphisms to produce the homomorphism

[ v Klz] — Efz] — E(v).
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Since the isomorphism in lemma 13.3 sends x to x, we have that (f - ¢,)(z) =
&0 (f(x)) = ¢pp(z) = v. So v is in the image of this combination of homomor-
phisms, as well as the subfield E. Thus, the image of f - ¢, is E(v). The
kernel of ¢, is the set of polynomials in E[z] with v as a root. But h(z) is
an irreducible polynomial in E[z] for which h(v) = 0. Thus, the kernel of ¢,
is the ideal (h(z)). Since h(z) = f(p(x)), we have that the kernel of f - ¢, is
(p(x)). Thus, by the first ring isomorphism theorem (10.2),

and in this isomorphism, v mapped to the coset 4 (p(z)). If we let u be the
combination of these two isomorphisms,

p: K(u) — Klz]/(p(z)) — E(v),
then p(u) = ¢ (f(z)) = v, and p(z) = f(z) for all z in K. I

The usual application of this proposition is when K and E are the same
field, as in the case Q(cos(7/9)) and Q(— cos(27/9)), in which case we not
only can prove that Q(cos(7/9)) and Q(— cos(27/9)) are isomorphic, but we
can impose further conditions on the isomorphism.

COROLLARY 14.2
If K is a finite extension of a field F, and v and v are two elements in

K such that Irrp(u,x) = Irrp(v, ), then there is an isomorphism u between
F(u) and F(v) such that p(u) = v, and p(x) = x for all z in F.

PROOF We simply let f be the identity mapping from F to itself, and
use proposition 14.7. Then p(z) and h(z) are both equal to Irrp(u,x). Since
v is another root of h(z) the conclusion follows from the conclusion of propo-
sition 14.7.

We discovered in section 13.2 that every finite field could be expressed in the
form Z,[z]/(f(x)), with f(z) an irreducible polynomial in Z,[x]. It is natural
to ask whether any finite extension of a field can be represented in the form
F[z]/(f(z)) for some polynomial f(z) in F[x]. Although there are some fields
that are exceptions, Q and R are not among them. Once we have proven this,
we will be able to enter any finite extension of Q or R into Mathematica using
the same technique that was used for finite fields.
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14.3 Splitting Fields

We have already seen that given an irreducible polynomial f(x) in Flx], we
can construct a field Fx]/(f(x)) for which f(x) has a root in this new field.
This raises an interesting question: Can we construct a field for which f(x)
factors completely in the new field? Let us demonstrate with some examples.
Let f(z) = 23 + 2% — 20 — 1. We begin by showing that this polynomial is
irreducible over the rationals.

Factor[x"3 + x72 -2 x — 1]
Unless otherwise specified, Mathematica will factor polynomials over the field

n GAP, we must first declare x to be a variable over the rationals
gap> x := Indeterminate(Rationals,"x");
X
gap> Factor(x~3+x"2-2%x-1,Rationals);
[ x°3+x72-2%x-1 ]

Since the output is essentially unchanged, this indicates that the polynomial
is irreducible.

If a is one root of this polynomial, we can define Q(a) in Mathematica as
follows, and find the factorization by including the a as a second parameter
of the Factor command.

InitDomain[0]
Define[a™3, —a"2 + 2 a + 1]
Factor[x"3 + x 2 -2x—1, a]

In GAP, we have to do a few more steps. First we define the extension field
over this polynomial.

gap> A := FieldExtension(Rationals,x"3+x72-2%x-1);
<algebraic extension over the Rationals of degree 3>

In order to factor the polynomial over the new field, we must first declare a
new variable y to be an indeterminate of this new field.

gap> y := Indeterminate(A,"y");

gap> Factor(y~3+y~2-2%y-1,A);
[ y+(-a), y+(-a~2+2), y+(a"2+a-1) ]

This shows that the polynomial 22 + z2 — 2z — 1 factors completely as
(x—a)(z—a®+2)(z+a’>+a—1)

in the field Q(a). Notice that GAP automatically displays the root of the
polynomial as a, even though we never specified this. In fact, GAP always
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uses a to display the primitive element, but to enter an expression involving
a, we must first set a to the primitive element.

In this case, creating an extension field allowed the polynomial to factor
completely in the new field. In fact, this is very similar to what we discovered
for finite fields. However, this will not always be the case. Consider the
irreducible polynomial 23 — 2. The factorization of this polynomial in Q(+/2)

(x — V2) (2% + V2z + V4).

Since the other two roots are complex, the quadratic term must be irreducible
over Q(+/2), since it is irreducible over the real numbers.

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> x := Indeterminate(A,"x");

b

gap> Factor(x"~3-2,4);

[ x+(-a), x"2+a*x+a”2 ]

Here, we reused the variable x, even though this overwrites the original =z,
since we no longer need the original x.
In Mathematica, this factorization can be found by entering

InitDomain[0]
Define[a™ 3, 2]
Factor[x~3 — 2, a]
(—a+ x)(a® + ax + 2?)

How can we get the polynomial 23 — 2 to factor completely into linear terms?
We can define a new element, b, to be a root of the irreducible quadratic.
That is, we use the “extension of an extension” Q(+/2,b), where b satisfies
a2+ ab+ b2 = 0, that is, b2 = — /4 — by/2.

Define[b™2, —a~2 — a b]
Factor[x~3 — 2, a, b]
(ma+2z)(=b+z)(a+b+x)

gap> a := PrimitiveElement (A);

a

gap> B := FieldExtension(A, x"2 + a*x + a”2);
<algebraic extension over the Rationals of degree 6>
gap> x := Indeterminate(B, "x");

X

gap> Factor(x~3 - 2,B);
[ x+(t-a), x+(-a), x+(ata) ]

Notice that Q(4/2) is a 3-dimensional extension of Q, and Q(+/2,b) is a 2-
dimensional extension of Q(4/2). Thus, by proposition 14.2, Q(v/2,b) is a
6-dimensional extension of Q.
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Since GAP always displays the primitive element as a, this gets a little con-
fusing when we have an extension of an extension. Sometimes the distinction
is shown with an extra ! sign, but not always. In this case we can figure out
logically that the factors must be (x — a)(x — b)(x + a + b), but a much easier
way is to use the command

gap> ViewFactors(last,B, ["a","b"]);
[ x-a, x-b, x+a+b ]

The middle argument is the field that the factors are in, and the list of strings
shows how the primitive elements are to be displayed.
A longer example of this process is the polynomial % — z + 1.

gap> x := Indeterminate(Rationals,"x");

X
gap> Factor(x~4-x+1,Rationals);

[ x74-x+1 ]

gap> A := FieldExtension(Rationals,x"4-x+1);
<algebraic extension over the Rationals of degree 4>
gap> x := Indeterminate(4,"x");

X

gap> Factor(x"4-x+1,A);
[ x+(-a), x"3+a*x"2+a"2*x+(a~3-1) ]

gap> a := PrimitiveElement (A);

a

gap> B := FieldExtension(A, x"3 + a*x"2 + a™2%x + a"3 - 1);
<algebraic extension over the Rationals of degree 12>

gap> x := Indeterminate(B,"x");

X

gap> Factor(x~4-x+1,B);

[ x+('-a), x+(-a), x"2+(a+a)*x+(a"2+a*xa+a”2)]
gap> ViewFactors(last,B,["a","b"]);

[ x-a, x-b, x"2+x*at+x*b+a”2+a*xb+b~2 ]

gap> b := PrimitiveElement (B);

a

gap> a := ax*One(b);

la

gap> C := FieldExtension(B, x"2+x*a+x*b+a”2+a*b+b~2 );
<algebraic extension over the Rationals of degree 24>
gap> x := Indeterminate(C,"x");

X
gap> Factor(x~4-x+1,C);

[ x+(!!-a), x+(!-a)), x+(-a), x+(at(ata)) ]
gap> ViewFactors(last,C,["a","b","c"]);

[ x-a, x-b, x-c, x+atb+c ]

GAP has a problem multiplying the primitive element of A with an element
of C, since C is not a direct extension of A. This is why we had to replace a
with a*0One(b), which is the corresponding element of B.

Not only is the polynomial irreducible, but each time we create an extension
in Mathematica or GAP that forces another root to the equation, the remain-
ing polynomial refuses to factor in the new field extension. Thus, it requires
three field extensions before it finally factors completely. By this time, the
final extension is a 24 dimensional over the rational numbers Q. Yet from this
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example it is easy to see that this procedure could be carried out over any
polynomial.

LEMMA 14.4
Let F be a field, and let f(x) be a polynomial in Flx] of degree n whose
leading coefficient is c¢,. Then there is a finite extension K of F' such that

f@)=cn- (@ —w)- (= ug) - (x —ug) - (2 = up),

where uy, us, us, . .. U, are elements in K. Furthermore, the dimension of K
over F is at most n!.

PROOF  The proof is by induction on n. If n = 1, then f(x) is a linear
function, so its only root is in F'. Thus K = F, and the degree of K over F
is1=1~L

Suppose that this is true for polynomials of degree less than n. Let p(z)
be an irreducible factor of f(z), and consider the field E = F[z]/(p(z)). By
proposition 14.4, E' is a finite extension of F' whose dimension over F' is the
degree of p(z), which is at most n. Then u, = z + (p(z)) is a root of p(x)
in the field E, and since p(z) is a factor of f(x), (x — u,) is a factor of f(x)
in the field E. Thus, we can write f(z) = g(z) - (x — u,) for some g(z) in
E[z]. Note that g(x) has degree (n — 1), and has the same leading coefficient
as f(z). Thus, we can use the induction hypothesis to show that there is a
field K that is a finite extension of F with dimension at most (n — 1)! such
that g(z) factors completely as

g@)=cp-(x—u1) (x—uz) - (x—ug) (& —up_1).
Thus,
f@)=cp-(x—u1) (x—ug) - (x —uz) - (x —up—1) - (x — uy).

By proposition 14.2; the dimension of K over F'is the product of the dimension
of F over F times the dimension of K over E. Thus, the dimension of K over
Fis at most n- (n — 1)l =nl.

DEFINITION 14.8 1If K is a field for which the polynomial f(z) in F[x]
factors as

F@) = en- (@ =) - (@ —uz) - (2 = ug) - (2 — wn),

then the field F'(u1, u2,ug, . . . uy) is called the splitting field for the polynomial
f(z).

For example, the splitting field of #3422 —22—1 was found to be Q(a), where
a is one root of the polynomial. Thus, the splitting field is a 3-dimensional
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extension of Q. The splitting field of 23 — 2 turned out to be a 6-dimensional
extension of Q. The splitting field of z* — z + 1 turned out to be a 24-
dimensional extension of Q. Lemma 14.4 points out that this is the largest
possible dimension of a fourth degree polynomial.

The splitting field for the polynomial x5 — 5z + 12 turns out to be rather
interesting. When we factor this over the field Q(a), where a is a root of the
polynomial,

InitDomain[0]

Define[a™ 5, 5 a — 12]
Factor[x™5 — 5 x + 12, a] .

(—(Z—FI) (Q_M_a_a_(#+x+m_h_m_m+x2>
4 4 4 4 4 4 4 4
(1(13x+(ll'+a21'+0,31'+0f1$+g:2>
2 2 4 4 4 4

we find it doesn’t split completely. We can let b be a root to the last polyno-
mial, and try again.

Define[b™2,1 +a/24+a"3/24+b-(a4+a2+a3+a4)b/4]
Factor[x~5 — 5 x 4+ 12, a,b]

2 3 4
(—a+2x) (-b+2) <—1—|—Z+Z+Z+1+b+z>

R R R E RS S B S R S S S

This time, the polynomial factors completely in Q(a,b). Hence the splitting
field is 10-dimensional over Q. To do this in GAP, we enter:

gap> x := Indeterminate(Rationals,"x");

X

gap> Factor(x"5-5*x+12,Rationals) ;

[ x75-5*x+12 ]

gap> A := FieldExtension(Rationals,x"5-5%x+12);
<algebraic extension over the Rationals of degree 5>
gap> x := Indeterminate(A,"x");

X

gap> Factor(x"5-5xx+12,A);
[ X+(_a),
x"2+(-1/4*%a"~4-1/4%a"3-1/4*xa"2+3/4*a+1) xx+
(-1/4%a~4-1/4%a~3-1/4*a~2-5/4%a+2) ,
x"2+(1/4%a~4+1/4xa"~3+1/4*%a"2+1/4*a-1) *x+(-1/2*%a"3-1/2*a-1) ]
gap> 4*xViewFactors(last,A,["a"]);
[ '4xx+(!'-4)*a,
-x*a~4-x¥a”~3-a"4-x*a”2-a"3+!4xx"2+!3*kx*ka-a 2+ !4*xx+ (1 -5)*xa+!8,
x*ka " 4+x*a”3+x*xa” 2+ (1-2) *a 3+ 4xx " 2+x*ka+ (1 -4) xx+ (1 -2) xa+(1-4) ]
gap> a := PrimitiveElement(A);
a

gap> B:=FieldExtension(A,x"2+(a"4+a"3+a"2+a)/4*x-x-a~3/2-a/2-1);
<algebraic extension over the Rationals of degree 10>

gap> x := Indeterminate(B,"x");

X
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gap> Factor(x"5-5*x+12,B);

[ x+('-a), x+(-a), x+(a+(1/4*a"~4+1/4*a"3+1/4xa"2+1/4*%a-1)),
x+((1/2%a+1/2) *a+(1/2%a-1/2)),
x+((-1/2*%a-1/2)*xa+(-1/4*a"~4-1/4*a"3-1/4*a"2+1/4*a+3/2)) 1]

gap> ViewFactors(last,B,["a","Dd"]);

[ x-a, x-b, !'1/4%a~4+!11/4%a"~3+!11/4%a"2+x+!11/4*%a+b-111,

111 /2xaxb+x+!11/2%a+!11/2xb+(11-1/2),
(M1=1/4)*a~4+ (11 =-1/4)*a" 3+ (1 1-1/4)*xa~2+ (1 1 -1/2) xa*xb+x+! 1 1/4*a+
(11-1/2)*%b+113/2 ]

Yet if we had let b be a root of the other quadratic, would we get the same
splitting field? The answer is yes, since the splitting fields are uniquely de-
termined up to isomorphism. In order to prove this by induction, we actually
have to prove slightly more.

PROPOSITION 14.8
Let ¢ be an isomorphism from the field F to a field E. Let

f(l‘) =cp+c1x + 62562 + 031‘3 4+ -+ ann
be a polynomial in Fx]. Then

9(x) = d(co) + d(cr)z + d(ca)a® + dles)ea® + -+ + plcy)a™

is a polynomial in Elx]. Suppose that K is a splitting field of f(x) over F,
and L is a splitting field of g(x) over E. Then there is an isomorphism pu
from K to L, such that p(z) = ¢(x) for all x in F.

PROOF If f(x) has degree 1, then the roots of f(x) are in F, and the roots
of g(z) are in E. Thus, K = E, and L = F, and so the function u(z) = ¢(z)
satisfies the necessary conditions.

Let us use induction on the degree of the polynomial f(z). That is, we
will assume that the proposition is true for all polynomials of degree (n — 1).
By lemma 13.3, the isomorphism ¢ extends to an isomorphism from F[z]| to
E[z] in such a way that ¢(z) = x. Thus, if p(z) is an irreducible factor of
the polynomial f(z), then ¢(p(x)) is an irreducible factor of the polynomial
g(x) = &(f(x)). Note that every root of p(x) is also a root of f(z), so that
p(x) factors completely in the field K. Likewise, ¢(p(z)) factors completely
in the field L.

Let u be a root of p(z) in K, and let v be a root of ¢(p(x)) in L. By
proposition 14.7, there is an isomorphism 6 mapping F'(u) to E(v), such that
O(u) = v, and 6(z) = ¢(x) for all z in F.

Since w is a root of f(x), we can write f(z) = (z — u) - h(z), with h(z) in
F(u)[x]. Then
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Since h(z) has degree (n—1), we can use the induction hypothesis. Obviously
K is the splitting field of h(z) over F'(u), and L is the splitting field of 8(h(z))
over E(v). Thus, by the induction hypothesis the proposition is true for the
polynomial h(z), so there is an isomorphism g such that p(xz) = 6(z) for all
x in F(u). Since 6(x) = ¢(z) for all z in F, we have found an isomorphism
with the necessary properties.

COROLLARY 14.3
If f(x) is a polynomial in F[x], then all splitting fields of f(x) are isomorphic.

PROOF  Simply let F' = E, and let ¢(z) = z for all z in F. Then by
proposition 14.8, any two splitting fields of f(z) = g(x) will be isomorphic. (]

In section 13.3, we studied the properties of cyclotomic polynomials. It
will be important later on to determine the splitting fields of these polyno-
mials. For example, the ninth cyclotomic polynomial is given as 2% + 23 + 1.
The splitting field found by GAP or Mathematica is only 6-dimensional—the
splitting field is simply Q(a), where a is one root of the polynomial.

gap> x := Indeterminate(Rationals,"x");

X

gap> A := FieldExtension(Rationals, x"6 + x"3 + 1);
<algebraic extension over the Rationals of degree 6>
gap> x := Indeterminate(A,"x");

X

gap> Factor(x"6 + x"3 + 1, A);
[ x+(-a), x+(-a"2), x+(-a~4), x+(-a~5), x+(a"4+a), x+(a~5+a"2) ]

We can quickly generalize this result to apply to all cyclotomic polynomials.
PROPOSITION 14.9
The splitting field of the n-th cyclotomic polynomial has dimension at most

o(n) over Q, where ¢(n) is Euler’s totient function. In fact, the splitting field
is given as Q(e,), where e, is a primitive n-th root of unity.

PROOF From the definition of the splitting field, the generator

, 2 2
e, = €™/ = cos (W) + ¢sin (W)
n n

is a root of the n-th cyclotomic polynomial

() = (v — (en)(kl)) (- (en)(’”)) Az — (en)(kB)) coee (- (en)(/ﬂ))7

where ki, ko, k3,...k; are the integers from 1 to n that are coprime to n.
Thus, the splitting field contains Q(e,, ). Note that all powers of e,, are in this
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field, and so the n-th cyclotomic polynomial factors completely in Q(e,,). To
find the dimension of Q(e,) over Q, we first let g(x) = Irrg(en,z), and use
corollary 14.1 to show that the dimension of Q(e,) over Q is the degree of
g(x). But e, is a root of @, (x), which has dimension ¢(n) and is in Q[z] by
corollary 13.4. So the degree of g(x) is at most ¢(n). Therefore, the dimension
of the splitting field of ®,,(z) is at most ¢(n).

In fact, the n-th cyclotomic polynomial will always be irreducible, so in fact
the splitting field of ®,,(z) will in fact have dimension ¢(n) over Q. However,
we never officially proved that these polynomials are all irreducible.

We now will show that splitting fields have special properties that most
field extensions do not have. For example, we can define the splitting field of
x® — 2 as follows:

InitDomain[0]
Define[a™ 3, 2]
Define[b”™2, —a~2 — a b]

Note that z2 + 3 factors in the splitting field, as does z® + 108. In fact, both
polynomials factor completely in this field Q(a, b).

Factor[x"2 + 3, a, b]
Factor[x~ 6 + 108, a, b]

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> x := Indeterminate(4,"x");

X

gap> a := PrimitiveElement (A);
a

gap> B := FieldExtension(A,x"2+a*x+a"2);

<algebraic extension over the Rationals of degree 6>
gap> x := Indeterminate(B,"x");

X

gap> Factor(x~2+3,B);

[ x+((-a"2)*a-11), x+(a"2*xa+!1) ]

gap> ViewFactors(last,B,["a","b"]);

[ —a™2xb+x-!111, a~2%b+x+!!1 ]

gap> Factor(x~6+108,B);

[ x+(at2xa), x+(!2*ata), x+(at(-a)), x+(-a+(-2xa)),
x+((1-2)*a+(-a)), x+(-a+a) ]

gap> ViewFactors(last,B,["a","d"]);

[ x+!'12%xa+b, x+a+!!2%b, x-a+b, x+(!!-2)*a-b, x-a+(!!-2)*Db,
x+a-b ]

This last example suggests a startling fact: Whenever an irreducible polyno-
mial in Q[z] has just one root in a splitting field, then the polynomial factors
completely in the splitting field. This property characterizes splitting fields
from other extensions of Q.
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LEMMA 14.5

Let K be the splitting field of a polynomial f(x) in F[x]. Then if p(x) is
an irreducible polynomial in F[x] for which there is one root in K, then p(x)
factors completely in K.

PROOF  Let uy,us,us,...,u, be the roots of f(z) in K. Then
K = F(uy,ug,u3,...,Uy).

Suppose that p(x) has one root v in K. Consider p(x) as a polynomial in K,
and let L be the splitting field of p(z) over K. Let w be any other root of
p(x) in L besides v. To show that K = L, we need to show that w is in K,
which would show that all roots of p(z) are in K.

By proposition 14.7, there is an isomorphism ¢ from F(v) to F(w) such
that ¢(v) = w, and ¢(z) = x for all z in F. (We let f(z) = z, the identity
map, and let F and K both be the field F'.) By lemma 13.3 we can extend ¢
to an isomorphism from F(v)[z] to F(w)[z], and ¢(f(x)) = f(x).

We now want to consider the field K (w). We have

K(w) = F(uy,ug,us, ..., up,w) = F(w,uy, ug, us, ..., uUp).

Thus, K (w) is the splitting field of f(x) over the field F'(w). Since v is in K,

K =K(v) = F(ui,ug,ug,...,un,v) = F(v,u,uz,ug, ..., u,),
so K is the splitting field of f(x) over the field F(v).

Consequently proposition 14.8 shows us that the isomorphism ¢ from F'(v)
to F'(w) extends to an isomorphism p from K to K(w), and pu(v) = w. Also,
p(z) = x for all x in F. Thus, we can use corollary 14.3 to show that K and
K (w) have the same dimension over F. By proposition 14.2, the dimension
of K(w) over F equals the dimension of K (w) over K times the dimension of
K over F. Therefore, the dimension of K (w) over K must be 1, so w is in K.
Therefore, every root of p(x) is in K, so p(z) factors completely in K.

The fact that the splitting field of 2% 4+ 108 is the same as the splitting
field of 23 — 2 reveals another curious property of splitting fields. Rather than
having to make an “extension of an extension” to define the splitting field
Q(a,b), we could have defined the same field using a single extension of the

element w = /—108.

DEFINITION 14.9 We say that a finite extension of a field K is called
a simple extension if it can be expressed as K (a) for some element a.

The splitting field of 23 — 2, even though it was originally described as an
extension of an extension, is in fact a simple extension of QQ of dimension 6.
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Let us show, using the splitting fields, that an extension of an extension
will usually form a simple extension.

PROPOSITION 14.10

Let F be a field, and let K be a finite-dimensional extension of F. Suppose
that K = F(u,v) with u, v in K. Let L be the splitting field of the polynomial
g(z) = Irrp(v,x), and suppose that there are no multiple roots of g(z) in the
field L. Then there is an element w of K such that K = F(w).

PROOF If F is a finite field, then K will also be a finite field, and
we can simply let w be a generator of the multiplicative group K™, using
proposition 13.4. Thus, we will assume that F' is an infinite field. Let f(z) =
Irrp(u,x) and g(z) = Irrp (v, 2). Let E be the splitting field of g(z) over the
field F(u). Since g(z) factors completely in L without double roots, g(x) will
also factor completely in F without double roots. Let v = vy, v, v3,...,v; be
the distinct roots of g(x) in E.

Since w is in E, there is at least one root of f(z) in the field E. Even though
f(z) may not factor completely in the field E we can let u = uy, ug, us, ..., u,
be the roots of f(z) over E.

Since F' is an infinite field, we can pick some element y of F', such that

u

y#

iU foralll<i<n, 1<j<k
UV — vy
Finally, we let w = u + yv. Let us show that K = F(w). To show that v is
in F(w), let h(z) = f(w—yx), and note that h(v) = f(u+yv—yv) = f(u) =0
so v is a root of h(x). If one of the other roots of g(x) is a root of h(x), then
w — Yyv; = u + yv — yv; = u; for some j and ¢, which would give us

U; — U

=
and we specifically chose y so that it would avoid these values. Thus, there is
only one root in common between g(z) and h(z) in the field E.

Let r(z) = Irrpy) (v, ). Then r(z) divides the polynomials g(x) and h(x),
since both polynomials have v as a root. In fact, we have seen that g(z) and
h(z) have no other roots in common, so r(x) has only one root in the field E.
But g(z) splits completely in E, and has no multiple roots in E. Thus, r(z)
has degree 1, and in fact r(z) =  — v. This proves that v is in F'(w). To see
that u is in F'(w), we note that u = yv—w. Thus, F(u,v) is contained in F(wEI
while F(w) is obviously contained in F'(u,v). Therefore, F(u,v) = F(w).

COROLLARY 14.4
Let K be a finite-dimensional extension of F', with K = F(uy,us, us,...up)
and suppose that none of the polynomials Irr g (u;) have multiple roots in each
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of their splitting fields. Then there exists an element w in K such that K =

PROOF We will proceed by induction on n. If n = 1, we can let w = u;,
and there is nothing to prove. If n = 2 we can use proposition 14.10 to find
w. Suppose that the corollary is true for the previous case, so that we found
a u is K such that F(u) = F(uj,ug,us,...,u,—1). Let v = u,, and since
g(x) = Irrg(ug+1) does not have a multiple root in its splitting field L, we
can use proposition 14.10 to find a w in K such that F(w) = F(u,v). But
then F(w) = F(ui,u2,us,...,Un—1,u,). Thus, the corollary is true for all
positive values of n.

Mathematica and GAP have a function SimpleExtension that finds one
of the many elements w for which the field Q(a,b, ...) = Q(w). For example,
the splitting field of 2® — 2 is Q(a, b), which is defined above. We then can
find an element w by the command

SimpleExtension[a,b]

which returns a + 2b. Thus, Q(a,b) = Q(a + 2b), which is a simple extension.
This element turns out to be a sixth root of —108. GAP’s SimpleExtension
does even more. It forms a new field extension, which is a simple extension,
and then provides a way to map back and forth from the original field to the
new field. For example, using the B defined above,

gap> L := SimpleExtension(B);

[ <algebraic extension over the Rationals of degree 6>,
12%xa+a, [ 1/18%a"4, -1/36*a"4+1/2%a ] ]

gap> ViewFactors(last[2],B, ["a","d"]);

at+!12%b

This produces a new field, in which the new primitive element is w = a + 20,
and a = w?/18 and b = w/2 — w*/36. How does this command work? The
key is in the proof of proposition 14.10. Within the proof, we found that
F(u,v) = F(u + yv), where y is any number such that

U; — U

yF#

U—’Uj

whenever u; is a root of Irrp(u, z), and v; is a root of Irrp (v, x).

Let us try another example. Consider Q(+/2,+/2). This is not a splitting
field, but it is contained in the splitting field of f(z) = (2® —2)(2? — 2), which
does not have multiple roots, so we can still apply proposition 14.10 to show
that Q(3/2,v2) = Q(w) for some element w. But what is that element?

Note that Ier(\S/ﬁ) = 23 — 2, which has roots of V/2, e3v/2, and e% 2.
Likewise, Irrg(v/2) = 2% — 2, which has roots of ++/2. Hence, we must pick a
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rational value of y that is not equal to

esV2 - V2
V2EV2

That is, y cannot equal 0, (e3 — 1)v/2/(2v/2), or (e2 — 1)/2/(2v/2). Any
other rational value of y will do, so for convenience we can take y = 1. Then
w=u-+yv = \‘75 + \/5

We can also have Mathematica or GAP find an element for us.

InitDomain[0]
Define[a”3, 2]
Define[b"2, 2]
SimpleExtension[a,b]
a+b

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> x := Indeterminate(A,"x");

X

gap> B := FieldExtension(A,x"2-2);

<algebraic extension over the Rationals of degree 6>

gap> SimpleExtension(B);

L <algebraic extension over the Rationals of degree 6>, ata,
[ -12/155%a~5-9/310*%a"4+16/31*a"~3+78/155%a"~2-76/155*%a+182/155,
12/155%a~5+9/310*%a~4-16/31*a~3-78/155%a"~2+231/155%a-182/155] ]

There is in fact an easier way to find a simple extension in this case. Merely
note that ¥/2 € (@(\3/57 \/ﬁ), since /2 = \/5/\3/? Yet /2 = \(753, and V2 =
2" 80 Q(V2,V2) = Q(¥2).

The fact that we can convert an extension of an extension to a simple exten-
sion will simplify many of the proofs involving splitting fields. In particular,
it will allow us to explore the automorphisms of the splitting fields. In the
next chapter we will discover that the automorphisms of the splitting fields
determine much of the information about the roots of the polynomial, and
whether they can be expressed in terms of square roots and cube roots. This
beautiful correlation is referred to as Galois theory.

Problems for Chapter 14

Interactive Problems

14.1 Use Mathematica or GAP to find the coefficients of the vector (3, —2,5)
in R? using the basis {(2,—1,4), (5,2,1), (4, —3,2)}.
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14.2 Use Mathematica or GAP to find the coefficients of the element Z(27)°
in GF(27) over Z3 using the basis {Z(3)?, Z(27), Z(27)%}. Note that the
Conway polynomial of degree 3 over Z3 is x> + 2z + 1.

14.3 Define the field Q(v/—3) in GAP or Mathematica, then find 1/(5 +
v/—3). Note that in Mathematica, you must first use the CheckField com-
mand to show that {1,1/—3} is a basis.

14.4 Define the field Q(v/5) in GAP or Mathematica. Does the polynomial
22 + 4z — 1 factor in this field?

For problems 14.5 through 14.8: Define the splitting field of the polynomial
in Mathematica or GAP. Determine the dimension of the splitting field over

Q.
14.5 22 + 2% — 4z +1 14.7 2% —2
14.6 25+ 2* — 423 — 322+ 32+ 1 14.8 2% +20x + 16

Non-Interactive Problems

For problems 14.9 through 14.14: Find a basis for the following fields over

Q.
149 Q(v2) 14.11 Q(v2,v3) 14.13 Q(V2)
14.10 Q(v/5) 14.12 Q(V2,V3,V5) 14.14 Q(ey)

14.15 Find a basis for the field Q(v/2, v/3) over the field Q(1/2).

For problems 14.16 through 14.21: Find the following irreducible polynomi-
als Irrg(y, x).
Hint: Set z = y, and work to eliminate the roots.

14.16 Irrg(V5,2) 14.19 DIrrg(vV V2 —1,2)
14.17 Trrg(V/5,2) 14.20 Irrg(V/V5 — 1,2)
14.18 Trrg(vV2 + V3, 2) 14.21 Ier( VVZ-1+ Lx)

For problems 14.22 through 14.25: Find all of the roots of the polynomial.

14.22 Trrg(v/2 + V3, 2). (See problem 14.18.)
14.23 Irrg(v V2 —1,2). (See problem 14.19.)
14.24 Trrg(V/V/5 — 1,z). (See problem 14.20.)

14.25 Ier( VV2—1+1, 1:) (See problem 14.21.)

For problems 14.26 through 14.29: Find a single number w such that the
following field can be written as Q(w).

14.26 Q(v2,V?2) 14.28 Q(v2,V3,V5) 14.30 Q(V/2,e3)
14.27 Q(v2,V5) 14.29 Q(v/2,9) 14.31 Q(es, e5)
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14.32 Show by direct computation that if @ and b are two distinct roots of
x3 — 2, then (a + 2b)° = —108.
Hint: Use the fact that b> = —ab — a? to simplify as you go along.

14.33 Use either a calculator’s Solve function or De Moivre’s theorem (11.2)
to find decimal approximations of the three roots of 3 — 2 = 0. Verify that
a® + ab + b> = 0 whenever a and b are two of the three roots.

14.34 The polynomial 22 4+ 2 — 1 has one real root a =~ 0.6823278038.. ..
Show that the splitting field of this polynomial is 6-dimensional over Q.
Hint: If (x —a) is one factor, what is the other? Show that this other factor
is irreducible in R, and hence is irreducible in Q(a).

14.35 Find the splitting field of 2* + 22 + 1= (22 + 2+ 1)(z2? — 2 + 1).

14.36 Let F' = Z5(t) be the rational functions of ¢ modulo 2. Let K be the
splitting field of #2 — ¢ (that is, K = F(v/t)). Show that K is isomorphic to
F, even though K is an extension of F' of order 2.

Hint: Let ¢ be a homomorphism that sends V1t to t.

14.37 Find the multiplicative inverse of /4 — /2 — 3 in Q(\:‘/ﬁ)

14.38 Let a be a root of the equation
2® + V223 + V32% + Vi + V7.

Show that Q(a) is a finite extension of Q with dimension at most 80.

14.39 Let K be a finite extension of a field F. If v and v are in K, prove
that F(u)(v) = F(v)(u).

14.40 Suppose f(z) and g(x) are two polynomials in Q[z]. Suppose that
the splitting field of f(z) is of dimension n over Q, and the splitting field of
g(z) is of dimension m over Q. Prove that the splitting field of f(z)-g(x) has
dimension no more than n - m.

14.41 Let m and n be distinct integers. Show directly that Q(y/m,/n) =
Qi + V).
Hint: (v/m + v/n), (vVm++/n)?, and (v/m + /n)? are all in Q(y/m + /n).

Find a way of obtaining 1/m and /n from these three expressions.
14.42 Prove that Q(1/2) is not isomorphic to Q(v/3).

14.43 Find all of the automorphisms of Q(ﬂ, \/3)
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Chapter 15

Galois Theory

15.1 The Galois Group of an Extension Field

In the last chapter, we explored the extensions of a field, and found that any
finite extension could be entered into Mathematica® fairly easily. In particular,
we explored the splitting fields of several polynomials. In this chapter, we
will explore the automorphisms on the field extensions, and discover that the
group of automorphisms contains much information about the polynomial.
For example, it will tell us if the roots of the polynomial can be expressed in
terms of square roots and cube roots.

DEFINITION 15.1 Let K be a finite extension of the field F. An F'-
automorphism of K is a ring automorphism ¢ on the field K that fixes every
element of F'. That is, ¢(x) =  whenever z is in F.

Note that there is at least one F-automorphism of K, the identity automor-
phism. Since we have seen that the set of group automorphisms of a group
forms another group, it is not surprising that the same thing happens for
F-automorphisms of a field.

PROPOSITION 15.1

If K is a finite extension of a field F, then the set of all F-automorphisms
of K forms a group under the operation of composition of functions.

PROOF By lemma 11.5, the set of all ring automorphisms of a ring
forms a group. So we only need to show that the set of F-automorphisms
of K is a subgroup of the group of all automorphisms. If ¢; and ¢ are
two F-automorphisms of K, then ¢;(x) = ¢o(x) = « for all x in F. Thus,
(p1-¢2)(x) = ¢2(¢p1(x)) = x for all z in F. Thus, ¢;-¢p2 is an F-automorphism
of K. Note also that ¢;*(z) = « for all z in F, so ¢;' is also an F-
automorphism of K. Since the set of all F-automorphisms of K is closed
under multiplications and inverses, this set is a group.

459
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DEFINITION 15.2 The set of all F-automorphisms of K is denoted
Galp(K), and is called the Galois Group of K over F.

For example, the set of complex numbers C, according to proposition 11.4,
has two automorphisms that fix the real numbers: the identity automorphism,
and the automorphism that sends each number to its complex conjugate.
So there are exactly two elements of Galg(C). In other words, Galg(C) is
isomorphic to Zs.

We want to find a way to compute the Galois group of any finite extension
of a field F. Since we can define finite extensions in terms of polynomials, it
is natural to ask what must happen to the roots of a polynomial.

LEMMA 15.1
Let K be a finite extension of F, and let f(x) be a polynomial in Flx]. If u
is a oot of f(x), and ¢ is in Galp(K), then ¢(u) is also a root of f(x).

PROOF Let f(x) = co+c1o + cax? + 323 + - - - + ¢, 2™, Since u is a root
of f(z) we have that

co+cau+ Cgu2 + 03u3 + et epu” = 0.
Since ¢ is a ring homomorphism, we have that

0= ¢(0) = d(co + cru + cau® + czu® + - - + c,u™)
= ¢(co) + p(c1)d(u) + Ple2)d(u?) + Pez)d(u’) + - + dlen)(u").

Since cg, ¢y, 2, ...cy, are in F, we have
0 =co+ c1¢(u) + cop()® + cad(u)® + - + cap(u)™.

Therefore, ¢(u) is also a root of f(z). I

Let us use this lemma to find the Galois group of the splitting field of 2 —2.
The splitting field is defined by letting a® = 2, and b? = —a? — ab.

InitDomain[0]
Define[a™3, 2]
Define[b™2, —a~2 — a b]
Factor[x~3 — 2, a, b]

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,x"3-2);
<algebraic extension over the Rationals of degree 3>
gap> a := PrimitiveElement(A);

a

gap> x := Indeterminate(A,"x");
X
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gap> B := FieldExtension(A,x"2 + a*x + a”2);
<algebraic extension over the Rationals of degree 6>
gap> x := Indeterminate(B,"x");

X

gap> Factor(x~3-2,B);

[ x+(!-a), x+(-a), x+(a+a) ]

gap> ViewFactors(last,B,["a","b"]);

[ x-a, x-b, x+a+b ]

The three roots of 23 — 2 are a, b, and —a — b. Thus, lemma 15.1 tells us that
if F(x) is an automorphism on Q(a,b), then F(a) is either a, b, or —a — b,
while F(b) is either a, b, or —a — b. Let us try to find an automorphism such
that F'(a) = b and F(b) = a.

Homomorph|[F]
Define[F[a], b]
Define[F[b], a]
CheckHomolF, {a, b}]

gap> b := PrimitiveElement(B);
a

gap> a := a*One(b);
la

gap> F := AlgebraHomomorphismByImagesNC(B,B, [a,b], [b,al);
[la, a]l] > [a, la]

gap> CheckHomo (F, [a,b]);

true

We have successfully defined one automorphism of the Galois group. (Any
nonzero homomorphism on a field must be an automorphism in light of
proposition 10.5, and the fact that the kernel is always an ideal.) We can
similarly define an automorphism G(x) on Q(a,b) such that G(a) = b, and
G(b) =—a—b.

gap> G := AlgebraHomomorphismByImagesNC(B,B, [a,b], [b,-a-b]l);
[ 'la, al > [ a, —a+(-a) ]

gap> CheckHomo (G, [a,b]);

true

With these two automorphisms we can actually produce three more: G(G(x)),
F(G(x)), and G(F(x)). Mathematica or GAP can show us that all five of these
automorphisms are different, and if we include the identity automorphism, we
have found six automorphisms on Q(a,b). Note that the Galois group is not
abelian, since F(G(x)) # G(F(x)).

gap> Im(F,Im(G,a));
]

la
gap> Im(F,Im(G,b));
-a+(-a)

gap> Im(G,Im(F,a));
-a+(-a)

gap> Im(G,Im(F,b));
a
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This introduces a new GAP command Im that finds the image of a homomor-
phism at a particular element.

It seems as though we must have found all of the automorphisms at this
point, but this still needs to be proved. We begin by showing that there will
always be an automorphism that moves one root of an irreducible polynomial
to another.

PROPOSITION 15.2

Let K be the splitting field of some polynomial f(x) over F, and let u and
v be two elements of K. Then there exists an F-automorphism ¢ such that
o(u) = v if, and only if, Irrp(u, z) = Irrp (v, ).

PROOF  If there is some ¢ such that ¢(u) = v, we can let g(x) = Irrp(u, x)
and h(z) = Irrp(v,2). Then w is a root of g(x), and v is a root of h(x). By
lemma 15.1, u is a root of h(x) and v is a root of g(z), since v = ¢~*(u). So
g(x) is a multiple of h(x), and vice versa. Since both have a leading coefficient
of 1, we have that g(z) = h(x).

Now suppose that Irrp(u, x) = Irrp(v,z). Then by corollary 14.2 there is
an isomorphism ¢ from F(u) to F(v) such that ¢(u) = v, and ¢(x) = x for
all z in F. Since K is a splitting field of f(x) over F, it is a splitting field of
f(z) over both F(u) and F(v). Therefore ¢ extends to an F-automorphism
of K (which we will also denote ¢) by proposition 14.8. Therefore, ¢ is in
Galp(K), and ¢(u) = v.

The next lemma will be important in determining the subgroups of the
Galois group.

LEMMA 15.2
Let K be a finite extension of F, and let ¢ be an F-automorphism of K. Then

the set of all elements x such that ¢(x) = x forms a subfield of K containing
F.

PROOF Let E be the set of all elements = such that ¢(x) = z. Since ¢
is an F-automorphism, by definition E must contain the elements of F. If x
and y are in E, note that

o +y)=9o(x)+o(y) =z +y,

p(x-y)=d(x) o(y) =2y,



Galois Theory 463

Thus, z +y, « - y, and —z are in E whenever 2 and y are, and 27! is in F
whenever x # 0 is in E. Thus, E is a subfield of K.

Next we want to work on finding an upper bound on the number of elements
in Galp(K).

PROPOSITION 15.3
Let K = F(uy,us,us,...,uy,) be a finite extension field of F. If ¢1 and ¢o
are two F-automorphisms in Galgp(K), and

¢1(U1) = ¢2(U1), ¢1(U2) = ¢2(U2), ¢1(Un) = ¢2(Un)7

then ¢1(x) = ¢o(x) for all x in K. In other words, an F-automorphism in
Galp(K) is completely determined by its action on uy, uz, ug, ..., Up,.

PROOF  Consider the F-automorphism ¢;*(¢q(z)). Tt is clear that
this automorphism fixes uy,us,us,...u,, as well as the elements of F. By
lemma 15.2, the set E of all elements x such that ¢, '(¢1(x)) = = forms
a subfield of K. But K is by lemma 14.3 the smallest field containing w,
U2,U3, . . ., Up, and F. Thus, K = F, and so ¢1(z) = ¢2(z) for all z in K.

We can now apply this proposition to the field Q(a,b). Any Q-automor-
phism is determined by where it sends the elements a and b. By lemma 15.1,
these elements can only be sent to a, b, or —a — b. Yet an automorphism
cannot send two elements to the same element. Thus, there are at most
six @Q-automorphisms on the field Q(a,b). Yet we have found precisely six
Q-automorphisms of Q(a,b). Thus, we have found all of the Q-automor-
phisms, and the Galois group of Q(a,b) contains exactly six elements. Fur-
thermore, we observed that Galg(Q(a, b)) was non-commutative, so we find
that Galg(Q(a, b)) must be isomorphic to Ss.

We can find an upper bound for the number of F-automorphisms in any
splitting field using a similar argument.

COROLLARY 15.1
If K is the splitting field of a polynomial f(x) of degree n in F[z], then
Galp(K) is isomorphic to a subgroup of Sy,.

PROOF Since f(x) has degree n in F[x], there are at most n roots of f(x)
in K. Call these roots uy,ua,...,uy,. Since K is the splitting field of f(x)
over | we can write K = F(uy,us,us,...,Uy). If ¢ is in Galp(K), then
d(u1), p(uz), d(us), . .., d(unm) will be distinct roots of f(x) by lemma 15.1.
Hence, ¢ will act as a permutation on the roots of f(z). By proposition 15.3,
¢ is completely determined by this permutation on the roots of f(z). Thus,
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Galp(K) is isomorphic to a subgroup of S,,, and since m is not larger than
n, Galgp(K) is isomorphic to a subgroup of S,.

We immediately see from this corollary that the Galois group of a finite
extension must be a finite group.

Let us look at one more example of a Galois group of a field. Consider the
field Q(+/2), which is a subfield of the field Q(a,b). Note that in this subfield
all of the elements are real. Thus, in this field Q(+/2) there is only one root
to the polynomial 2® — 2. Hence, if ¢(x) is a Q-automorphism of Q(+/2), then
#(¥/2) must be /2. By proposition 15.3, the Q-automorphism is completely
determined by where ¢ sends /2. Thus, Galg(Q(+/2)) is merely the trivial
group.

In order to find the Galois group of a field, it is very helpful to know ahead
of time the exact size of the Galois group. The next proposition allows us to
compute the size of the Galois group for an important class of field extensions.

PROPOSITION 15.4

Suppose K is the splitting field of a polynomial f(x) in F|x], and that K can
be expressed as a simple extension K = F(w). If Irrp(w,x) has no double
roots in K, then the number of F-automorphisms in Galp(K) is precisely the
dimension of K over F.

PROOF Let d be the dimension of K over F. Then if g(z) = Irrp(w, z),
then g(z) has degree d. Since K is a splitting field and contains one root of
g(z), by lemma 14.5 g(x) splits completely in K. Since there are no double
roots of g(z) in K, then there are d roots w = wy, wy, w3 -+ -wy. Since g(x)
is irreducible, Irrp(w;, ) = Irrp(w, ) so proposition 15.2 states that there is
an F-automorphism that sends w to w; for 1 < ¢ < d. Hence, there are at
least d F-automorphisms. But by proposition 15.3, the F-automorphism of
F(w) is determined by where it sends w, which must be one of the d roots.
So |Galp(K)| = d.

We are ready to try a more complicated example. Suppose we want to find
the Galois group for the splitting field of the polynomial % — 223 + 22 + 1.
First we verify that this polynomial is irreducible.

Factor[x"4 — 2 x"3 4+ x"2 + 1]

gap> x := Indeterminate(Rationals,"x");

X

gap> Factor(x"4-2*x"3 + x"2 + 1,Rationals);
[ x74-2%x"3+x"2+1 ]

Mathematica and GAP show this polynomial is irreducible over Q. Let us
define a to be one root of this polynomial, and see how this polynomial factors

over Q(a).
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InitDomain[0]

Define[a”4, 2 a"3 —a"2 — 1]
Factor[x"4 — 2 x"3 4+ x"2 4+ 1, a]
(—a+z)(-1+a+z)(—a+a®—z+2?)

Here is how we do this in GAP:

gap> A := FieldExtension(Rationals,x~4-2*x"3+x"2+1);
<algebraic extension over the Rationals of degree 4>
gap> x := Indeterminate(A,"x");

X

gap> Factor(x"4-2*x"3+x"2+1,A);

[ x+(-a), x+(a-1), x"2-x+(a"2-a) ]

This tells us that if a is a root, then 1 — a is another root. However, it
didn’t factor completely, so we have to define b to be a root of the irreducible
quadratic.

Define[b"2, b + a — a™2]
Factor[x"4 — 2 x"3 + x"2 4+ 1, a, b]
(—a+z)(-1+a+2z)(-b+a)(-1+b+x)

gap> a := PrimitiveElement (A);
a

gap> B := FieldExtension(A,x"2-x+a"2-a);

<algebraic extension over the Rationals of degree 8>
gap> x := Indeterminate(B,"x");

b

gap> Factor(x"4-2*x"3+x"2+1,B);

[ x+(!-a), x+(-a), x+(a-!1), x+(la-1) ]

gap> ViewFactors(last,B,["a","b"]);

[ x-a, x-b, x+b-!11, x+a-111 ]

So the four roots are a, 1 —a, b, and 1 — b. Any Q-automorphism will map
each of these roots to another root, and so the Galois group will be a subgroup
of S4. But which permutations will give rise to a Q-automorphism? A little
trial and error will help.

Proposition 15.2 says that there will be some Q-automorphism that sends
any one of these four roots to any other of the four roots. So there is a Q-
automorphism that sends a to 1 —a. But where would it send the other three
roots? Note that if f(a) = 1 —a, then f(1 —a) = f(1) — f(a) = a. So we
only have to determine if f(b) is b or 1 — b. Mathematica or GAP can show
that both of these work, and Mathematica can draw a picture of how these
two Q-automorphisms act on the four roots of the polynomial.

gap> b := PrimitiveElement (B);
a
gap> a := a*One(b);

la

gap> e := One(b);

(RN

gap> f := AlgebraHomomorphismByImagesNC(B,B, [a,b], [e-a,b]);

[ 'a, a]_—> [ '-a+1, a ]
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1-b 1-a 1-b 1-a

b b

FIGURE 15.1: Two automorphisms of Q(a,b)

gap> CheckHomo (f, [a,b]);

true

gap> g := AlgebraHomomorphismByImagesNC(B,B, [a,b], [e-a,e-b]);
[ la, a]l] > [ '-a+1, -a+!1 ]

gap> CheckHomo (g, [a,b]);

true

Note that we had to define e to be the identity element of B, because 1-b
would cause a problem in GAP, since 1 is not an element of B.
If we number the four roots

1) a 2)1-a 3) b 4H1-b

we can view these two Q-automorphisms as P[2, 1] and P[2, 1,4, 3]. The circle
graphs of these two automorphisms are depicted in figure 15.1. But proposi-
tion 15.4 indicates that we must have eight Q-automorphisms, so let us try
mapping a to b. Then 1 — a would have to map to 1 — b, but b could map
to either a or 1 — a. Mathematica shows that mapping b to a yields another
Q-automorphism, which would correspond to the permutation P[3,4,1,2]. If
we find the subgroup generated by these three Q-automorphisms

M = Group[{P[2, 1], P[2, 1, 4, 3], P[3, 4, 1, 2]}]

gap> M := Group( (1,2),(1,2)(3,4), (1,3)(2,4) );
Group([ (1,2), (1,2)(3,4), (1,3)(2,4) 1D

gap> Size(M);

8

we see that we have at least eight Q-automorphisms. Since this is the number
predicted by proposition 15.4, we are done. Hence, we found the Galois group
as a subgroup of Sy of order 8. The multiplication table
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MultTable[M]

gap> NumberElements := true;
true
gap> MultTable(M);

*
-
N
w
S
4l
o
~
0

O It 2 3 4 5 6 7 8
(1,2) 2 1 4 3 6 5 8 7
(1,3)(2,4)I13 7 1 5 4 8 2 6
(1,4,2,3) |14 8 2 6 3 7 1 5
(3,4) Is5 6 7 8 1 2 3 4
(1,2)(3,4)l6 5 8 7 2 1 4 3
(1,3,2,4) |17 3 5 1 8 4 6 2
(1,4)(2,3)I8 4 6 2 7 3 5 1

shows that this group is non-abelian, and has five elements of order 2. Thus,
the Galois group is isomorphic to Dy.

This example shows the usefulness of proposition 15.4 in finding the Galois
group. In fact, sometimes the Galois group can be determined using only
corollary 15.1 and proposition 15.4.

One of the tools we will use for finding the Q-automorphisms is the close
connection between the subgroups of the Galois group, and the subfields of
the field extension. We begin by showing a way to produce subfields of a field
extension using the subgroups of the Galois group.

PROPOSITION 15.5
Let K be a finite extension of F, and let H be a subgroup of Galp(K). Let

fix( Hy={ke K | o¢k)=k for all g € H}.
Then fix(H) is a subfield of K containing the field F.

PROOF  For each ¢ in H, let E,4 be the set of elements that are fixed
by ¢. By lemma 15.2, FEy4 is a subfield of K containing F'. By taking the
intersection of all £, with ¢ in H, we obtain a subfield of K containing F'. I

DEFINITION 15.3 The field fix(H) is called the fized field of the sub-
group H.

Let us go back to the example of the Galois group of Q(a,b), where a and
b were two roots of 3 — 2.
The Galois group can be described as

{I(z), F(z),G(z), G(G(2)), F(G(x)), G(F(x))},

where I(z) represents the identity automorphism that sends every element to
itself. The subgroups of Galg(Q(a,b)) are as follows:

Hy ={I(z)},  Hy={l(x),F(z)},  Hs={l(z),F(G(x))},
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Hy={I(x),G(F(x))},  Hs ={I(x),G(x),G(G(x))},
He = {I(z), F(x), G(z), G(G(x)), F(G(2)), G(F(x))}.

Let us find the six fixed fields of Q(a,b). The field fix(H;) is the set of
elements fixed by the identity mapping, which is of course all of Q(a,b). The
field fix(Hs2) contains the elements fixed by the mapping F(z), which maps a to
b, and b to a. Notice that the third root, —a — b, is fixed be the automorphism
F. Thus, fix(Hs) = Q(—a —b). By a similar argument, we see that fix(Hs) =
Q(a), and fix(Hy) = Q(b). The field fix(Hs) is a little bit trickier, since G(x)
moves a, b, and —a — b. With a little bit of experimenting, we notice that

G(a*b) = b*(—a — b) = (—a® — ab)(—a — b) = a® + a®b + a*b + ab?
=2+ 2a%b + a(—a® — ab) = a’b.

If we substitute two of the roots of 2° — 2 for a and b, that is, let @ = V/2 and
b = e3V/2, we find that ab is 2e5 = —1 +/—3. This agrees with our previous
observation that v/—3 is in the field Q(a, b). Since —1 is already rational, we
can write the fixed field fix(Hs) as Q(v/=3).

Finally, the only elements of Q(a, b) that are fixed by all Q-automorphisms
are the elements of Q. Hence fix(Hg) = Q. Notice that we have found six
different subfields of Q(a,b) by using the six subgroups of the Galois group.
We will discover in the next section that this is all of the subfields of Q(a, b).
Thus, we have found a convenient way of finding all of the subfields of a given
field.

Here is another example, although a bit easier. Consider the field Q(+¥/2).
Since the only Q-automorphism is the identity automorphism, which fixes the
whole group, the only fixed field of Q(4/2) is Q(4/2), even though there is the
obvious subfield Q within this field. We were hoping to be able to find all
subfields of a field by looking at the fixed fields, but in this example we failed.
We will understand why the field Q(+/2) is not as well behaved as Q(a, b) in
the next section.

15.2 The Galois Group of a Polynomial in Q

To demonstrate Galois groups, let us concentrate on polynomials with ratio-
nal coefficients. By working with rational numbers, we will avoid the problem
of a splitting field having multiple roots. (In fields of finite characteristic, this
can cause a problem.) This situation will never happen if we work in the field
of rational numbers.

One advantage of working with a familiar field is that we can borrow a tool
from calculus, namely the derivative. It isn’t often that we will use a calculus
result in algebra, but in this case it greatly simplifies the proof.
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LEMMA 15.3
If f(z) is an irreducible polynomial on Q[z], then f(z) does not have multiple
roots in the splitting field of f(x).

PROOF  Since we are working in Q[z], we can use the familiar tools of
calculus. Suppose that K is the splitting field of f(z), and w is a multiple
root of f(z) in K. Then

fl@) = (z —u)* - g(o).

Since we are working in a field extension of (Q, we can take the derivative
of both sides to get

(@) =2(x —u) - g(x) + (v — u)*g ().

Thus, w is a root of f/(z), which has lower degree than f(z). Note that
f/(x) is not 0, since it has degree of at least one.

Since f'(x) is also in Q[z], we see that Irrg[u, z] has degree less than the
degree of f(x), and so Irrglu,x] is a divisor of f(x). But this contradicts the
fact that f(z) is irreducible. Therefore, f(x) cannot have multiple roots in
its splitting field.

Because of this lemma, we know from proposition 14.10 that any splitting
field can be expressed as a simple extension Q(w), and also we will be able
to use proposition 15.4 to predict the size of the Galois group of the splitting
field. We can relate the Galois group of the splitting field directly to the
polynomial.

DEFINITION 15.4 Let f(z) be a polynomial in Q. The Galois group
of f(z) is the Galois group of the splitting field of f(x) over Q.

We have already seen some examples of Galois groups of splitting fields.
The splitting field of 3 — 2 was isomorphic to S3. We also computed the
Galois group of the splitting field of 2* — 223 + 22 + 1, and found that the
Galois group is isomorphic to Dy. Let us compute the Galois groups of some
other polynomials.

Consider the polynomial 23 + 22 — 2z — 1. This polynomial is irreducible,
as Mathematica or GAP can verify:

Factor[x™3 + x72 -2 x — 1]

gap> x := Indeterminate(Rationals,"x");

X
gap> Factor(x"3+x~2-2*x-1,Rationals);
[ x"3+x72-2%x-1 ]

Thus, we can let a denote one of the roots, and try to factor this in Q(a).
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InitDomain[0]
Define[a™3, —a"2 + 2 a + 1]
Factor[x"3 + x"2 -2 x — 1, a]

gap> A := FieldExtension(Rationals,x”3+x"2-2xx-1);
<algebraic extension over the Rationals of degree 3>
gap> x := Indeterminate(4,"x");

X

gap> Factor(x"3+x"2-2%x-1,A);

[ x+(-a), x+(-a"2+2), x+(a"2+a-1) ]

Since this factors completely, we see that the splitting field of 23 + 22 — 2z — 1
is Q(a). This is a 3-dimensional extension of Q, so by proposition 15.4, the
Galois group has three elements. Thus, the Galois group is isomorphic to Zs.

Consider the polynomial z° — 5z 4+ 12. In the last chapter, we were able to
find a splitting field by making two extensions, one of dimension 5, and one
of dimension 2.

InitDomain[0]

Define[a™5, 5 a — 12]

Define[b™2, -2 + 5a/4 +a"2/4 +a 3/4+a4/4-b-3ab/4+
a"2b/4+a"3b/4+ a4 b/4]

gap> x := Indeterminate(Rationals,"x");
b

gap> A := FieldExtension(Rationals,x 5-5xx+12);
<algebraic extension over the Rationals of degree 5>
gap> x := Indeterminate(4,"x");

X

gap> a := PrimitiveElement(A);

a

gap> e := One(A);

1

gap> B := FieldExtension(A, (4*%x"2+8xe-b*a-a"2-a"3-a"4+4*x+3*a*x

> -a"2*x-a"3*x-a"4*x)/(4xe));
<algebraic extension over the Rationals of degree 10>

If we define

¢ = Expand[(a™4 +a”~3 + a~2-3 a—4 b—4) / 4]

d = Expand]

(a—4-a"2+a"3-a 44 b-ab+a 2b-a"3b+a"4b)/8]
e = Expand|

(12-3a—a"2-3a" 3—a  4+4b+a b—a"2 b4+a~ 3 b—a"4 b)/8]

gap> x := Indeterminate(B,"x");
gap> b := PrimitiveElement (B);
gap> a := a*One(b);

%%1» e := One(b);

(a”4 + a”3 + a2 - 3*xa - 4xb - 4xe)/(4x*e);

O
]

gap>
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-a+(1/4*a~4+1/4*%a"~3+1/4*a"2-3/4*a-1)

gap> d := (a-4*e-a”2+a”"3-a"4-4*b-a*b+a”2*b-a"3xb+a”~4*b)/(8xe) ;

(1/8*a~4-1/8*a"3+1/8*a"2-1/8*a-1/2) *a+
(-1/8%a~4+1/8*a~3-1/8%a"2+1/8*a-1/2)

gap>e:=(12xe-3*%a-a"2-3%a"3-a"4+4*b+a*b-a"2xb+a~3*b-a~4*b) / (8xe) ;

(-1/8%a"4+1/8%a~3-1/8*a"2+1/8*a+1/2) *a+
(-1/8%a~4-3/8*a"3-1/8%a~2-3/8*a+3/2)

we see that the product
(x—a).(x—b).(x—c).(x—d).(x—e)

gap> (x-a)*(x-b)*(x-c)*(x-d)*(x-e);
xX"5+(!11-5)*x+!1112

simplifies to 2° — 5z +12. Thus, the five roots are a, b, ¢, d, and e. (Note that
we reused e, so this is no longer the identity element.) Any Q-automorphism
on the splitting field must send a and b to one of these five roots. Let us try
to define a homomorphism f that sends f(a) =b, and f(b) = a.

Homomorph([F]
Define[F|[a], b]
Define[F[b], a]
CheckHomolF, {a, b}]

gap> f := AlgebraHomomorphismByImagesNC(B,B, [a,b], [b,al);
[la, a]l] > [a, la]

gap> CheckHomo (f, [a,b]);

true

Not only does Mathematica verify that this is a homomorphism, but it can
also draw a circle graph describing how this homomorphism acts on the five
roots. The left side of figure 15.2 is produced by the command

CircleGraph[{a, b, c, d, e}, F]

GAP is not able to form circle graphs, but the command ChartHomo will
show where the five roots are mapped to. This command uses two lists: the
first gives the roots, and the second gives the corresponding names for these
roots.

gap> ChartHomo(f, [a,b,c,d,e], ["a","b","c","d","e"]);
[a->b,b->a,c->d,d->c, e >el

Not every possible way of mapping a and b to the roots a, b, ¢, d, and e will
produce a homomorphism. However, there is a homomorphism that maps
f(a) = a and f(b) = ¢. The commands

Homomorph[G]

Define[G[a], a]

Define[G[b], c]
CheckHomo|[G, {a, b}]
CircleGraph[{a, b, c, d, e}, G]
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a a

d ¢ d c

FIGURE 15.2: Two automorphisms for 2° — 5z + 12

produce the right side of figure 15.2. In GAP, we must be content with just
knowing where a, b, ¢, d, and e are mapped to.

gap> g := AlgebraHomomorphismByImagesNC(B,B, [a,b], [a,c]);
[ 'a, a]l > [ la, —a+(1/4*a"~4+1/4%a"3+1/4*a~2-3/4*a-1) ]
gap> CheckHomo(g, [a,b]);

true

gap> ChartHomo(g, [a,b,c,d,e]l, ["a","b","c","d","e"]);
[a->a, b->c,c->b,d->e, e->d]

Once we have found two Q-automorphisms, we can find more by considering
the group generated by these two elements. By corollary 15.1, the Galois
group is a subgroup of S;5. We already have a natural ordering of the five
roots, so the first permutation can be written P[2,1,4,3], or (12)(34), while
the above permutation can be described as P[1,3,2,5,4], or (23)(45). Since
the Galois group is a subgroup of S5, we can ask Mathematica or GAP to find
the subgroup generated by these two permutations.

G = Groupl[{P[2,1,4,3], P[1,3,2,5,4]}]

gap> G := Group((1,2)(3,4),(2,3)(4,5));
Group([ (1,2)(3,4), (2,3)(4,5) 1)
gap> NumberElements := true;

true
gap> MultTable(G);

*
-
N
w
K
ol
o
~
0]
©
=
o

INNNANANAN
PR R PP

o
OO PWNFO

o
ONOOE OWN - O

OESLOOO\II—\O'Ipbwt\)
~NOE OONFOTPW
o
NWPPOTRL N0 OO
WL NOOFE O
DOTRPNWORON
OFRENWPEOON©
EFNWHOOTOYN00 O

0



Galois Theory 473

This produces exactly 10 permutations. Proposition 15.4 states that the size
of the Galois group is equal to the dimension of the splitting field. Since
the splitting field is a 2-dimensional extension of a 5-dimensional extension,
the Galois group contains exactly 10 elements. Thus, we have found all of
the Q-automorphisms of the splitting field. The multiplication table of the
Galois group reveals that the group is non-abelian. Since there is only one
non-abelian group of order 10, the Galois group of 2° — 5z + 12 is isomorphic
to D5.

Here is another example that illustrates the variety of groups that can
be produced by a Galois group of a polynomial. Consider the eighth degree
polynomial 8 — 2426 + 1442 — 28822 4 144. This is an irreducible polynomial,
as Mathematica or GAP can quickly verify. Thus, we can define a to be one
root of this equation. GAP or Mathematica can then factor the polynomial
in the field Q(a).

InitDomain[0]
Define[a™ 8,24 a”6 — 144 a4 + 288 a2 — 144]
Factor[x "8 — 24 x76 + 144 x4 — 288 x~2 + 144, a]

gap> x := Indeterminate(Rationals,"x");
X

gap> A := FieldExtension(Rationals,

X"8 - 24xx76 + 144%x"4 - 288*x72 + 144);
<algebraic extension over the Rationals of degree 8>
gap> x := Indeterminate(4,"x");

X

gap> Factor(x"8-24*x"6+144*x"4-288*x"2+144,A) ;

[ x+a, x+(1/24*a"~7-5/6*a"~5+5/2*a"~3+a),
x+(-1/12*%a"~5+3/2*a"~3-3*a) ,x+(1/12*a"~7-11/6*a"5+17/2*xa~3-10%*a) ,
x+(-a), x+(-1/24*a"~7+5/6*%a"~5-5/2*xa~3-a),
x+(1/12%a~5-3/2*a~3+3*a) ,x+(-1/12*xa"~7+11/6%a"5-17/2*xa~3+10%*a) ]

The factorization can also be found by evaluating the following:

b=a+5a3/2-5a"5/6 4+ a"7/24
c=3a-3a3/2+4 a"5/12
d=10a-17a"3/2 + 11 a~5/6 — a"7/12
(x—a).(x+a).(x—b).(x+b).(x—c).(x+c).(x—d).(x+d)

gap> a := PrimitiveElement (A);
a

gap> b := a"7/24 - 5%xa"5/6 + 5xa”3/2 + a;
1/24%a~7-5/6*a~5+5/2*a"3+a

gap> ¢ := a"5/12-3*%a~3/2+3%a;

1/12*a"~5-3/2*a"~3+3*a

gap> d := -a"7/12 + 11*a”5/6 - 17*xa"3/2 + 10%a;
-1/12*a”~7+11/6%a"5-17/2*a~3+10%*a

gap> (x-a)*(x-b)*(x-c)*(x-d)* (x+a) * (x+b) * (x+c) * (x+d) ;
X"8+(1-24) *x"6+!1144xx"4+(1-288) xx"2+1144

This shows that the roots are +a, +b, £¢, and +d, which are all expressed
in terms of a. Hence, the splitting field for this polynomial is simply Q(a).
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Since this is an eighth dimensional extension of Q, the Galois group will have
eight elements. But which group is this isomorphic to? Let us find a couple
of Q-automorphisms to find out.

By proposition 15.2, there is a Q-automorphism f for which f(a) =b. Let
us find this Q-automorphism.

Homomorph|[F]
Define[F|[a], b]
CheckHomolF,{a}]

gap> f := AlgebraHomomorphismByImagesNC(A,A, [a]l, [b]);

[ a]l > [ 1/24*%a"~7-5/6*a"5+5/2*a"3+a ]

gap> CheckHomo (f, [a]);

true

gap> ChartHomo(f, [a,b,c,d,-a,-b,-c,-d],
["a","b","c","d","—a","—b","—c","—d"]);

[a->b, b->-a, c¢c->-d,d->c, —-a->-b, -b ->a, —¢c ->d,
-d > -c ]

We can have Mathematica draw a circle graph to find where the other seven
roots are mapped to,

CircleGraph[{a, b, ¢, d, —a, —b, —c, —d}, F]

producing the left hand side of figure 15.3.

FIGURE 15.3: Two automorphisms for 8 — 2425 + 14424 — 28822 4 144

We can express this element of the Galois group as P[2,5,8,3,6,1,4,7], or
(1256)(3874).

By proposition 15.2, we can also find a Q-automorphism that sends a to c.
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Homomorph[F]

Define[F|[a], c]

CheckHomolF, {a}]

CircleGraph[{a, b, ¢, d, —a, —b, —c, —d}, F]

This produces the circle graph on the right side of figure 15.3. In GAP, we
can see where the elements b, ¢, and d are mapped to.

gap> g := AlgebraHomomorphismByImagesNC(A,A, [a], [c]);

[Lal > [ a"5/12-3*a"3/2+3%a ]

gap> CheckHomo(g, [a]);

true

gap> ChartHomo(g, [a,b,c,d,-a,-b,-c,-d],
[llall’llbll,llcll,lldll’"_all’Il_bll’ll_cll’ll_dll]);

[a->¢c,b->d, ¢c—>-a,d->-b, -a->-c, -b->-d, ¢ -> a,
-d -> b ]

This element of the Galois group acts like the permutation (1357)(2468)
or P[3,4,5,6,7,8,1,2]. With these two permutations, we can see if we can
generate the whole Galois group.

G = Group[{P[2,5,8,3,6,1,4,7], P[3,4,5,6,7,8,1,2]}]

gap> G := Group((1,2,5,6)(3,8,7,4),(1,3 )(2,4,6,8));
Group([ (1,2,5,6)(3, 8,7,4), (1,3,5,7)(2,4,6,8) 1)

gap> Size(G);

8

gap> NumberElements := true;

true

gap> MultTable(G);

* ll 2 3 4 5 6 7 8
O [t 2 3 4 56 6 7 8
(1,5)(2,6)(3,7)(4,812 1 4 3 6 5 8 7
(1,6,5,2)(3,4,7,8) |3 4 2 1 7 8 6 5
(1,2,5,6)(3,8,7,4) |4 3 1 2 8 7 5 6
(1,7,5,3)(2,8,6,4) 15 6 8 7 2 1 3 4
(1,3,5,7)(2,4,6,8) 16 56 7 8 1 2 4 3
(1,4,5,8)(2,7,6,3) |7 8 5 6 4 3 2 1
(1,8,5,4)(2,3,6,7) 18 7 6 5 3 4 1 2

The programs produce eight elements, so this is the entire Galois group. The
multiplication table reveals that this group is isomorphic to the quaternion
group Q.

Here is one more example that at first seems difficult because the splitting
field is so large, but it is in fact easy to find the Galois group.

-z +1.

In the last chapter we saw that the splitting field was 24 dimensional over Q.
We know from corollary 15.1 that the Galois group is a subgroup of Sy. But
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S, has 24 elements, so the Galois group of z# — 2 + 1 must be isomorphic to
Sy.

GAP has a way of determining the Galois group, up to isomorphism, for
polynomials up to degree around 15 (although some polynomials of degree 14
cause a problem). Applying GaloisType to a polynomial produces a number,
and then applying TransitiveGroup to this number, along with the degree
of the polynomial, gives the name of the Galois group.

gap> x := Indeterminate(Rationals,"x");

X

gap> GaloisType(x~8-24*x"6+144%x"4-288*x"2+144) ;
5

gap> TransitiveGroup(8,5);

Q_8(8)
gap> GaloisType(x~5-5*x+12);
2

gap> TransitiveGroup(5,2);
D(5) = 5:2

In this way, we quickly redid the last two examples. However, this only gives
an isomorphic group to the Galois group, instead of explicitly showing the
elements of the group. Here is one last example.

gap> GaloisType(x~5-x+1);
5

gap> TransitiveGroup(5,5);
S5

Thus, GAP says that the Galois group for the polynomial 2° — z + 1 is Ss.

Finally, we wish to explore a whole class of polynomials at one time. In the
last chapter, we computed the splitting field of the cyclotomic polynomials,
and determined that K = Q(e,), where

. 2 2
en = €™/ = cos (T> + i sin (71) .
n n

We can use proposition 14.9, along with some of the facts observed from
section 13.3, to find the Galois group of the n-th cyclotomic polynomial.

PROPOSITION 15.6
Let ey, be the primitive n-th root of unity, and let K = Q(e,,). Then Galg(K)
is isomorphic to a subgroup of Z.

PROOF Let g(x) = Irrg(en, z). Then g(z) is a factor of the n-th cy-
clotomic polynomial, so the roots of g(x) are of the form (e,)*, where k is
coprime to n. Hence, K is the splitting field of g(z).

To show that Galg(K) is isomorphic to a subgroup of Z, note that every
¢ in Galg(K) is determined by where it sends e, and that it must send it
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to one of the roots (e,)* for some k coprime to n. Thus, there is a natural
homomorphism

f:Galg(K) — Z;

defined by f(¢) = (the value k for which ¢(e,,) = (e,)¥). This mapping is well
defined since (e,)™ = 1. This mapping is a homomorphism, for if f(¢) = k
and f(u) = m, then

f(@-p)=k-m=[f(¢)- ()

Finally, an element in the kernel of this homomorphism sends e, to e,, so
Ker(f) is just the identity element of Galg(K). Thus, f is an isomorphism
from Galg(K) to a subgroup of Z}. I

In fact, the Galois group of the n-th cyclotomic polynomial is equal to
Z*, but this is harder to prove. (It requires knowing that @, (x) is always
irreducible.) The result given here will be sufficient for our work in the final
section.

From all of these examples, we have seen a host of different groups produced
as Galois groups of polynomials: Ss3, Z3, D5, Z5, Q, D4, S4, and all groups of
the form Z;. It is natural to ask whether all finite groups can be expressed
as a Galois group of some polynomial in Q[z]. This is still an open problem,
known as the inverse Galois problem. There has been much progress made
on this problem, and it is very likely to be solved soon.

While we are working with cyclotomic polynomials and n-th roots of unity,
let us prove one more proposition that will be useful later on.

PROPOSITION 15.7

Let F be a finite extension of Q that contains the n-th roots of unity. Then
if u is a root of the polynomial f(x) = 2™ — ¢ for some ¢ # 0 in F, then
K = F(u) is the splitting field of f(z), and Galp(K) is abelian.

PROOF  Since u is a root of 2™ — ¢, we have that u™ = c¢. But (e,)* - u is
also a root of this polynomial for all integers k =0,1,2,---,n — 1, since

((en)* - u)

Since there are n distinct roots of the polynomial ™ —c in K, the polynomial
factors completely in K[x]. Thus, K is the splitting field of f(z).

To show that Galp(K) is abelian, note that any F-automorphism is de-
termined by where v is sent, which must be of the form (e,)* - u. Thus,

"= (et =1-c=c.
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if ¢; and ¢y are two F-automorphisms of K, where ¢;(u) = (e,)* - u and
d2(u) = (e,)™ - u, then
(61 ¢2)(u) = P2(d1(u)) = ¢a((en)" - ) = (d2(en))*d2(u) = (en)" - (en)™ - u.

while

(62 d1) () = ¢1(d2(u) = P1((en)™ ) = (d1(en)) " d1(u) = (en)™ - (en)" -u.
Thus, ¢1 - ¢p2 = ¢2 - ¢1, and so the Galois group is abelian. I

To introduce the problem of whether a fifth degree polynomial can, in gen-
eral, be solved in terms of square roots, cube roots, or fifth roots, we will have
Mathematica try to solve some polynomial equations for us. Mathematica can
solve polynomials with the command

Solve[x"2 —x + 2 == 0]

{{m . %(1 —i\ﬁ)} , {a: - %(1 —i\ﬁ)}}

which obviously uses the quadratic equation. Note that the “double equals”
== is Mathematica’s way of expressing an equation. Let’s try changing the
z2 to an z3:

Solve[x"3 —x + 2 == 0]

" )

{x_> (L+V3) VI-VT8  1-iv3 }

232/3 93/3 (9_\/%)

{IH (1—iv3) 39—m+ 1+iv3 }}

232/3 928/3 (97\/%)

Mathematica was still able to solve this, but what a mess! The answer involves
the square root of 78. Apparently Mathematica is using a formula that finds
the roots of any cubic equation.

Let us try a forth degree equation:

Solve[x™4 — x 4+ 2 == 0]

The answer can be expressed as
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where
¢/ % (9 +iv/6063) 8
A= 2573 + .
v/ 3 (9 +iv/6063)

Once again, Mathematica was able to express the answer in terms of square
roots and cube roots, yet this seems even more of a mess.

The equations for the cubic equation and the fourth degree equation were
discovered in 1539 and 1545. [4, p. 2] The natural question is whether there
is a similar formula for fifth degree polynomials. Let us try to solve a fifth
degree polynomial in Mathematica.

Solve[x™5 —x + 2 == 0]
{ {xﬂ Root [2 — #1 + #1° &,1]},{:3%30% [2 — #1 + #1° &,2}},
{

{o = Root [2— #1+ #1° &3] }, {& — Root [2 = #1 + #1° &, 4] |,

{x — Root [2 — #1 + #1° &75]}}

N[%)] { {x R _1.26717}, {m — —0.260964 — 1.17723i},

{:c . —0.260964 + 1.177232‘}, {a: . 0.894548 — 0.534149@},

{x — 0.894548 + 0.5341492’}}

Mathematica does not know of any formula for the fifth degree polynomial,
but it can find the approximate solutions. The problem is not that Math-
ematica is not smart enough to solve the equation exactly, but rather it is
impossible to find a formula for the roots of a fifth degree polynomial in terms
of square roots, cube roots, or any other roots. The reason why is based on
the properties of the Galois groups. The next section will reveal how the
Galois groups are related to the splitting field.

15.3 The Fundamental Theorem of Galois Theory

In this section we will clarify the relationship between subgroups of the
Galois group, and the subfields of the extension field. The natural correlation
is to map to each subgroup of Galp(K) the fixed field of the subgroup. How-
ever, we ended section 15.1 with what seemed to be a bad example—Q(+/2).
The only fixed field was Q(+/2), even though there was the obvious subfield.
The way we will deal with exceptions like this one is to consider only field

extensions for which the original field appears as one of the fixed fields.
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DEFINITION 15.5 Let K be a finite extension of F. We say that K is
a Galois extension if the fixed field of Galp(K) is the field F.

Although this definition successfully rules out Q(+/2) from being a Galois
extension, we need to find a simple test for determining whether a finite
extension is a Galois extension. The following proposition takes us one step
in that direction.

PROPOSITION 15.8

Let F be a field, and K a Galois extension of F. If f(x) is an irreducible
polynomial in F[x] that has at least one root in K, then f(x) factors completely
in K. Furthermore, f(x) has no multiple roots in the field K.

PROOF Since f(z) has at least one root in the field K, we will let
Uy, U2, Uz, - - . , Uy be the set of all roots of f(x) in K. Consider the polynomial

g(@)=(z —u1)  (z —u2) - (x —ug) - (x — up).

By lemma 13.3, any automorphism in Galg(K) extends to an automorphism
on Klz] with ¢(z) = z. Thus,

P(9(x)) = (z = d(wr)) - (x = P(uz)) - (x — P(u3)) - - - (& — P(un)

)-
By lemma 15.1, ¢(uy), ¢(uz), d(us), . .., d(un) will all be roots of f(z) and so
this list is a permutation of the list uy,ug,us,...,u,. Therefore, ¢(g(x)) =
g(x) for all ¢ in Galp(K).

Now, since K is a Galois extension of F', the fixed field of Galg(K) is the
field F'. Thus, g(x) is a polynomial in F[x]. Since g(z) certainly divides the
polynomial f(z), and f(z) is irreducible in F[z], we have that f(x) and g(x)
have the same degree. Thus, n is the degree of f(z), and so f(z) factors
completely in the field K. Furthermore, f(z) has no multiple roots in the
field K.

This proposition allows us to immediately rule out certain field extensions
from being a Galois extension. Clearly Q(+v/2) is ruled out because Q(+/2)
is not a splitting field. But there are even some splitting fields that are not
Galois extensions according to this proposition. Let Z3(¢) be the field of
rational functions in ¢, with coefficients in Z5. This field can be defined in
Mathematica by the command

InitDomain[2]

and considering rational expressions involving . Note that there is no element
whose square is equal to t.

Factor[x ™2 — t]
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Suppose we define a new element a that solves this equation.
Define[a™ 2, t]

Now 2?2 —t factors in Zy(t)(a) as (x + a)(z + a). Note, however, that there is
a double root in this factorization! Thus, by proposition 15.8, Z2(t)(a) is not
a Galois extension of Zy(t).

One immediate consequence from proposition 15.8 is that a Galois extension
can be written as a simple extension.

COROLLARY 15.2
Let F' be a field, and let K be a Galois extension of F'. Then there exists an
element w of K such that K = F(w).

PROOF Since K is a Galois extension of F', K is finite dimensional over
F. Thus, K = F(uy,us,us,...,u,) for elements uy, us, us, ..., u, in K. But
the polynomials Irrg(u;, z) all have a root in K, and so factor completely in
the field K without multiple roots. Then we can use corollary 14.4 to show
that there is an element w in K such that F(w) = K. I

In order to introduce the correlation between the subgroups of the Galois
group and the subfields of the Galois extension, let us consider the familiar
splitting field of 2® — 2. Since /2 and /2e27%/3 are two roots, we can express
the splitting field as Q(+/2, V/2¢2™*/3). The subfields of this Galois exten-
sion are Q, Q(v/2), Q(v/2e*>™/3), Q(v/2¢*™/3), Q(v/=3), and the whole field
Q(¥/2, /2¢*™/3). We can draw a diagram of these subfields, showing which
subfields are subfields of other subfields. This is shown in figure 15.4.

Q.

o¥D QW) QEE) ed)

FIGURE 15.4: Subfields of Q(3/2, ¥/2€27/3)
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The dotted lines in this diagram indicate which subfields are Galois exten-
sions of the subfield above it. Also, whenever we have a Galois extension, the
corresponding Galois group is shown in boldface. For example, this diagram
indicates that the splitting field of 2% — 2 is a Galois extension of Q(v/—3).
This is true by proposition 15.7, since Q(v/—3) contains the cube roots of
unity.

€2} w0 (e 4

FIGURE 15.5: Subgroups of S3

Now let us compare this figure with the subgroups of the Galois group Ss,
shown in figure 15.5. Once again, we draw lines connecting two subgroups
if one subgroup is contained in the other subgroup. We draw a dotted line
to indicate that the smaller subgroup is a normal subgroup of the larger.
Whenever the subgroup is a normal subgroup, the quotient group is indicated
in boldface.

The pattern is now obvious. The two pictures are the same, except that the
subfields are replaced by a subgroup of S3. This feature of Galois extensions
is the heart of Galois theory. In fact, there is a natural way that the subfields
of K and the subgroups of Galp(K) are related: For each subfield E of K, we
can consider Galg(K), the set of automorphisms of K that fix E. This is a
subgroup of Galg(K). On the other hand, given a subgroup H of Galp(K),
we can consider the fixed field fix(H), which is a subfield of K. To show that,
indeed, the two pictures will be essentially the same, we need four steps.

1. Show that if we start with a subfield E, then form the Galois group
Galg(K), and find the fixed field of this subgroup, we get back E.

2. Show that if we start with a subgroup H of Galg(K), find the fixed field,
then find the Galois group of the fixed field, we get back H. These first
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two steps establish a one-to-one correspondence between the subfields
and the subgroups of the Galois group.

3. Show that if a subgroup N is a normal subgroup of another subgroup
H, then the corresponding subfields form a Galois extension. Thus, a
dotted line on the second picture corresponds to a dotted line on the
first.

4. Show that if one subfield E is a Galois extension of another, L, then
the corresponding Galois groups will have a normal subgroup relation.
Furthermore, the quotient group of the Galois groups will be isomorphic
to the Galois group of the Galois extension. Thus, a dotted line on the
first picture corresponds to a dotted line on the second, and the boldface
groups in the pictures will be isomorphic.

Let us begin by proving the first step.

LEMMA 15.4
Let K be a Galois extension of F', and let E be a subfield of K containing F .
Then K is a Galois extension of E. That is, the fized field of Galg(K) is E.

PROOF Let H = Galg(K), which is a subgroup of Galp(K). Let Ey be
the field fixed by H. Certainly Ey contains the field E, since every automor-
phism in H fixes FE. Suppose that u is an element of K which is not in F.
Let f(z) = Irrg(u, z). Since u is not in E, f(x) has degree at least 2. Note
that g(x) = Irrp(u,x) is a polynomial in F[z] for which f(x) is a factor in
the domain E[z]. Since F is a Galois field over F, g(x) factors completely in
K with no repeated factors. Thus, f(z) also factors completely in K with no
repeated factors, so there are at least two solutions to the equation f(x) =0
in K. One solution is of course u, so let v be another solution. By proposi-
tion 15.2, there is an E-automorphism in H such that ¢(u) = v. Thus, u is
not in Fy. Therefore, £y = F, and so K is a Galois extension of E.

We are now ready to proceed to the second step.

LEMMA 15.5
Let K be a Galois extension of F. If H is a subgroup of the Galois group
Galp(K), and E is the fived field of H, then H = Galg(K).

PROOF Let n be the dimension of the field K over E. By lemma 15.4, K
is a Galois extension of E. Thus, by corollary 15.2, there exists an element w
in K such that K = E(w). If f(z) = Irrg(w, x), then the degree of f(x) is n
by corollary 14.1. Since K is a Galois extension of F, by proposition 15.8, the
polynomial f(x) factors completely in the field K, and there are no multiple
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roots. Thus, by proposition 15.4, the number of E-automorphisms of K is the
dimension of K over E, which is n.

Suppose that H contains m F-automorphisms. Let vy, v, vs, ..., vy be the
images of w under the automorphisms in the subgroup H. That is, for each
v; there is an f in H such that v; = f(w).

Consider the polynomial

g@)=(z—v1) - (x—v2) (x—v3) (T — V).

If ¢ is an automorphism in H, then ¢(v;) = ¢(f(w)) = v; for some j. Also,
since ¢ is one-to-one, the images of ¢(v1), d(v2), d(vs), ..., d(vy,) must all be
distinct. Thus, each ¢ in H is a permutation on the elements vy, ve, - vy,.
Hence, ¢(g(z)) = g(z). Since E is the fixed field fix(H) of the subgroup H,
we see that g(x) is in E[z]. Thus, f(x) = Irrg(u, z) divides g(x) so m is at
least n. Thus,

|H| < |Galp(K)| = n < m = |H].

Therefore, H = Galg(K). I

Lemmas 15.4 and 15.5 show that there is a one-to-one correspondence be-
tween the subgroups of Galp(K) and the subfields of K containing F'. We
now consider the special significance of the normal subgroups of Galp(K).

LEMMA 15.6

Let K be a Galois extension of F, and let E be a subfield of K containing
another subfield L. Suppose that Galg(K) is a normal subgroup of Galy(K).
Then every L-automorphism of K maps elements of E to elements of E.
Furthermore, E is a Galois extension of L.

PROOF First, we want to show that if w is in E, and ¢ is in Gal(K),
then v = ¢(u) is in E. Since Galg(K) is a normal subgroup of Galy(K),
for any f in Galg(K) we have that ¢ = ¢ - f - ¢! is in Galg(K). Then
¢ f =190, or f(¢(u)) = d((u)).

Since u is in E, ¥(u) = u, so

Thus, v is fixed by every automorphism f in Galg(K). By lemma 15.4, K is
a Galois extension of E, so the fixed field of Galg(K) is E. Thus, v is in E.
To show that the fixed field of Galy, (F) is L, consider an element u in E that
isnot in L. By lemma 15.4, K is a Galois extension of L. Since w is not in the
fixed field of Galy, (K), there is an L-automorphism ¢ that moves u to another
element, v. But ¢ moves all elements of E to elements of F, so we can consider
the restriction of ¢ on the field E, denoted ¢’. This is an automorphism of
E, since the inverse is (¢~!)’. Thus, there is an L-automorphism of E that
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moves the element u, so the fixed field of Galy (E) is only L. Therefore, E is
a Galois extension of L.

There is only one step left to show why figures 15.4 and 15.5 are so similar.

LEMMA 15.7
Suppose that K be a Galois extension of F', and let E be a subfield of K that is

also a Galois extension of a smaller subfield L. Then there exists a surjective
homomorphism f from Galp(K) to Galp(E) whose kernel is Galg(K).

PROOF By lemma 15.4, K is a Galois extension of L. We begin by
showing that if ¢ is an F-automorphism of K, and w is in F, then ¢(u) is in E.
Let g(z) = Irrp(u, ). Since E is a Galois extension of L, by proposition 15.8,
g(x) factors completely in E[z], which is of course the same factorization in
K|[z]. By lemma 15.1, ¢(u) is a root of g(x) in K, but all of the roots are also
in E. Thus, ¢(u) is in E.

Next, we define the mapping f that sends an L-automorphism of K to its
restriction on the field £. We denote the restriction of ¢ on the field F by
¢'. Since ¢ maps elements of E to elements of E, we see that ¢’ is an L-
automorphism of E. However, (¢~1)’ is also an L-automorphism of E, and
(p71)" - ¢’ is clearly the identity mapping on E. Thus, ¢’ is an element of
GalL (E)

To show that f is a homomorphism, note that

f(@1-¢2) = (¢1-d2)' = b - b5 = f(d1) - fb2).

The kernel of this homomorphism is simply the L-automorphisms of K that
fix the elements of E, which is of course Galg(K).

Finally, so show that this homomorphism is surjective, let ¢ be an L-
automorphism of E. Since K is a splitting field of F, we can use proposi-
tion 14.8 to extend ¥ to an L-automorphism of K, which we will call ¢. Then
f(¢) = ¢, and we have shown that f is surjective.

Lemmas 15.4 through 15.7 explain the amazing similarity in the diagrams
of the subfields, and the subgroups of the Galois group. By putting these four
pieces together, we get the fundamental theorem of Galois theory.

THEOREM 15.1: The Fundamental Theorem of Galois Theory
Let K be a Galois extension of the field F. Then there is a one-to-one
correspondence between the subfields of K containing F' and the subgroups of
Galp(K), given by mapping E to the subgroup Galg(K). The dimension of
K over the subfield K is |Galg(K)|. Furthermore, a subfield E is a Galois
extension of L if, and only if, Galg(K) is a normal subgroup of Galp(K), in
which case Galp(E) is isomorphic to Galr(K)/Galg(K).
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PROOF If Galg(K) = Galy(K) for two subfields E and L of K, then
by lemma 15.4, both E and L are the fixed field of the subgroup Galg(K) =
Galp(K), so E = L. Thus, the mapping E — Galg(K) is one-to-one. But if
H is any subgroup of Galg(K), then we can consider E to be the fixed field
fix(H), and by lemma 15.5 Galg(K) = H. Thus, the correspondence is also
onto. Also by proposition 15.4, the dimension of K over E is |Galg (K)|, since
K is a Galois extension of F.

If F is also a Galois extension of another subfield L, then by lemma 15.7
there is a surjective homomorphism from Galy (K) to Galy (F), whose kernel
is Galg(K). Thus, Galg(K) is a normal subgroup of Galy, (K'), and by the first
isomorphism theorem (4.1), Galr (E) is isomorphic to Galy(K)/Galg(K).

Finally, suppose that Galg(K) is a normal subgroup of Galy(K). By
lemma 15.6 £ is a Galois extension of L. I

The fundamental theorem of Galois theory has many applications. With
this theorem one can prove that it is impossible to trisect an angle with only
a straight edge and a compass, and also that it is impossible to construct
a line v/2 times the length of a given line. [6, p. 433] This finally puts to
rest two of the three famous unsolved problems introduced by the ancient
Greeks. [12, p. 109] (The last problem involves showing that 7 is not in an
algebraic extension of QQ.) Both of these problems require a field extension
of order 3, while any straight edge and compass construction involve a series
of field extensions of order 2. Of course 3 does not divide any power of 2, so
a field extension of dimension 3 cannot be a subfield of a field created by a
sequence of extensions of order 2. The next section shows another important
application of Galois theory—showing that a fifth degree equation cannot be
solved in terms of radicals.

15.4 Solutions of Polynomial Equations Using Radicals

The main result of Galois theory is that one can demonstrate that it is
impossible to find a formula for the solutions to a fifth degree polynomial in
terms of square roots, cube roots, of fifth roots. We will spend this section
exploring this problem. In fact, we will determine exactly when a polynomial
can be solved in terms of radicals, and when it can’t. The first step is to show
that, in Q, a Galois extension is the same thing as a splitting field.

PROPOSITION 15.9

Let E be a finite extension of Q. If f(x) is a polynomial in E[x], then the
splitting field of f(x) is a Galois extension of E.
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PROOF Let K be the splitting field of f(x) in E[z]. If u is an element
of K not in E, then g(x) = Irrg(u,x) has degree > 1. By lemma 14.5, g(z)
factors completely in the field K. Thus, the splitting field of g(x) is contained
in the field K. However, g(z) is a factor of Irrg(u,x), which by lemma 15.3
does not have multiple roots in K. Therefore, g(x) cannot have multiple roots
in K, so there exists at least two roots of g(x) in K. Let v be a root of g(z)
different from w. Then g(x) = Irrg(v,z), and so by proposition 15.2 there
exists a ¢ in Galg(K) such that ¢(u) = v. Thus, u is not in the fixed field
of Galg(K). Since F is obviously contained in the fixed field of Galg(K), we
find that the fixed field is ' so K is a Galois extension of E. I

The next step is to give a clear definition of what it means for a polynomial
to be solvable by radicals.

DEFINITION 15.6 A field K is called a radical extension of F if K =
F(uy,us,...,uy,), where a power of each u; is contained in F'(uy,us, ..., u;i—1).

Here is an example of a radical extension. Suppose we considered the split-
ting field of the polynomial z* — 822 — 82z —2. We can have Mathematica solve
for the roots explicitly.

Solve[x ™4 -8 x"2 -8 x— 2 == 0]

Homvi-o-va) {o - —vas - va)
{o-vavhouva) Lo - vaeforva} ]

How would we express the splitting field as a radical extension? It is apparent
that we first must include v/2 in this field. But then it seems we need to include

V2 + V2 and /2 — /2 in our field. Note, however, that the product of these
two numbers is v/2. Thus, all four roots are in the field (@(\/?, V2 + \/i)
This is a radical extension of Q of dimension 4, and the splitting field of
x* — 822 — 8x — 2 must be at least 4. Hence, we have found that the splitting
field is a radical extension of Q.

DEFINITION 15.7 The polynomial equation f(z) = 0 is said to be solv-
able by radicals if there is a radical extension of QQ that contains the splitting
field of f(x).

This definition agrees with our intuitive understanding of what it means for
a polynomial to be solved in terms of radicals. For example, Mathematica’s
solution to the equation



488 Abstract Algebra: An Interactive Approach

Solve[x"3 —x + 2 == 0]

-5
32/3 33(97\/%)’

{mﬁ(1+z‘\/§)39\/ﬁ 1—iv3 }

+
2EE v

{mﬁ(l—z‘ﬁ)w—\/ﬁ 1+iv3 }}

+
2323 29/3 (9 — V/78)

reveals that the splitting field is contained in radical extension

Q (m o— v, 3, m) |

This is in fact overkill, since the splitting field is at most a 6-dimensional ex-
tension of QQ, while the above radical extension may be up to a 36-dimensional
extension of Q. Yet the point is that there is some radical extension of QQ that
contains the roots of 23 — z + 2, because the roots can be solved in terms of
square roots and cube roots.

Not all radical extensions of Q are Galois extensions. For example, Q(+/2)
is not a Galois extension, since this extension is not the splitting field of a
polynomial. In order to utilize Galois theory, we need to show that a radical
extension is contained in some extension that is both a radical extension and
a Galois extension.

LEMMA 15.8
Let E be a radical extension of Q. Then E is contained in a radical extension
K of Q such that K is a Galois extension of Q.

PROOF Let E = Q(u1,us,us,...,u,) be a radical extension of Q. Then
for every i = 1,2,3,...,n, there is a k; for which

(u3)* = v, for which v € Q(uy,ug,us, ..., Ui_1).

Note that if n = 0, then F = Q, and the lemma is obviously true. We will
prove this by induction on n. That is, we will assume that the lemma is true
for the field

@(ula U2, U3, . - - vunfl)'
That is, this field is contained in a radical extension L of QQ that is also a
Galois extension of Q.
By corollary 15.2, there exists an element w of L such that L = Q(w).
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Let g(x) = Irrg(w, ) and p(x) = Irrg(uy, ). Let K be the splitting field
of g(z) - p(x) over Q. By proposition 15.9 K is a Galois extension of Q. Since
w is in K, L is a subfield of K. The only thing left to show is that K is a
radical extension of L.

Let v1,v2,vs,...,0m be all of the roots of p(x) in K. Since p(x) is irre-
ducible, by proposition 15.2 there is a Q-automorphism ¢; that sends v; to
Uy,. Since (u,)* = bis in L, we have

()" = (¢i(un))* = ¢i((un)*) = ¢i(b).

Now, L is a Galois extension of Q, so by the fundamental theorem of Galois
theory (15.1), Galy (K) is a normal subgroup of Galg(K). So by lemma 15.6
Q-automorphisms of K map elements of L to elements of L. Thus, ¢;(b) is in
L, and so K = L(vy,v2,vs,...0,) is a radical extension of L.

Lemma 15.8, when combined with the definition of a polynomial solvable by
radicals, tells us that if a polynomial is solvable by radicals, then the splitting
field of the polynomial is contained in a field extension of Q that is both a
radical extension and a Galois extension. What can we say about such an
extension? Startlingly, the answer has a connection with the Jordan-Holder
theorem (8.2).

LEMMA 15.9
Let K be a Galois extension of Q which is a radical extension, and let E be

a subfield of K. If E is a Galois extension of Q, then Galg(E) is a solvable
group.

PROOF Since K is a radical extension of QQ, we can write
K= Q(u17u27u37 e >un)

where some power of each wu;, (u;)*, is in Q(uy,uz, us, ..., ui_1).

Let m be the least common multiple of all of the &;, and let ug be a primitive
m-~th root of unity. We would like to add ug in the front of the sequence of
u’s to get a larger field

M = Q(UOaulv’LLQvu?)v L] 7un)~

Since (up)™ = 1, we see that M is still a radical extension of Q. To show that
M = K (up) is a Galois extension of Q, note that by corollary 15.2, K = Q(w)
for some element w in K. If f(z) = Irrg(w, =), then M is the splitting field
of the polynomial f(x) - (2™ — 1). Thus, by proposition 15.9, M is a Galois
extension of Q.

Consider the sequence of subfields

EO - Q(u0)7
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El - Q(UO,U1)7
E2 = Q(UO,Ul,Ug),
E3 = Q(UQ,Ul,UQ,U3),

En = Q(UQ,Ul,UQ,Ug, e ,un) = M

By proposition 15.7, each of these fields is a Galois extension of the previous
field, since the m roots of unity were designed to be in all of these fields. Also,
by proposition 15.6, Ey is a Galois extension of Q.

We can now apply the fundamental theorem of Galois theory (15.1). We
find that Galg,(M) is a normal subgroup of Galg, ,(M), and the quotient
group

GalEFl (M)/GalEl (M)

is isomorphic to Galg, , (E;).

By proposition 15.7, each of these quotient groups are abelian. Also, by
proposition 15.6, Galg(E)p) is isomorphic to a subgroup of Z;, which is abelian.
Thus, the sequence of subgroups

Galg(M) C Galg, (M) C Galg, (M) C --- C Galg, (M) = {e}

is a subnormal series for which all of the quotient groups are abelian. There-
fore, the composition series of Galg(M) will consists of only prime, cyclic
factors. By the solvability theorem (8.3), Galg (M) is a solvable group.

To finish the theorem, we note that E is a Galois field of Q, so by the fun-
damental theorem of Galois theory (15.1), Galg(M) is a normal subgroup of
Galg(M), and Galg(E) is isomorphic to Galg(M)/Galg(M). Using proposi-
tion 8.3 we see that Galg(E) is solvable. I

The light is beginning to appear at the end of the tunnel. We know that
any subgroup of a solvable group must be solvable. Thus, we can immediately
tell whether a polynomial is solvable by radicals from its Galois group.

THEOREM 15.2: Galois’ Criterion Theorem
Let f(x) be a polynomial with rational coefficients. Then the equation f(x) =
0 is solvable by radicals only if the Galois group of f(x) is a solvable group.

PROOF  Suppose that f(z) is a polynomial that is solvable by radicals.
Let FE be the splitting field of f(z). By lemma 15.8, there is a field K contain-
ing F which is a Galois extension of QQ, and also is a radical extension of Q. By
proposition 15.9, F is a Galois extension of Q. Thus, we can use lemma 15.9
to show that the Galois group of f(z), Galg(F) is a solvable group.
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Galois’ criterion theorem is able to show us that there are some polynomials
whose roots cannot be expressed in terms of square roots, cube roots, and
other roots. In fact we found one of them using GAP, namely z° — x + 1.

COROLLARY 15.3

There is no formula, using only the field operations and extraction of roots,
for the zeros of all fifth-degree polynomial equations.

PROOF We have already shown that the Galois group of 2° — z + 1
is isomorphic to Ss. But S5 is not solvable, since it contains the non-cyclic
simple subgroup As. Thus, by Galois’ criterion theorem (15.2) this particular
equation cannot be solved with a formula involving only field operations and
extraction of roots, so certainly there can be no general formula.

Galois’ criterion theorem ended the long search for a formula that finds the
roots of a fifth degree polynomial. In fact, Galois’ criterion theorem works the
other direction as well—if the Galois group is solvable, then the polynomial is
solvable by radicals. [2, p. 558] Since a fourth degree equation is a subgroup of
Sy, which is solvable, there must be a formula for the roots of a fourth degree
polynomial. The change of the structure between Sy and S5 is what changes
the behavior of fifth degree polynomials from fourth degree polynomials.

Problems for Chapter 15

Interactive Problems

For problems 15.1 through 15.6: Use Mathematica or GAP to find the Galois
group of the polynomial. Determine the number of elements in the Galois
group, and display a multiplication table of the subgroup of S,, isomorphic to
the Galois group.

15.1 2% —2 15.4 2° 4+ 2% — 423 — 322+ 3z +1
15.2 2 —2 15.5 z*— 1022 +1
15.3 25+ 152 + 12 15.6 28 — 1082° + 1548z% — 388822 + 1296
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15.7 Use GAP or Mathematica to find the Galois group of x°® + 20z + 16.
How many elements are in the Galois group? (This may take longer than the
above problems.)

Non-Interactive Problems

15.8 The Galois group Galg(Q(v/2,v/3)) is given by {¢q, ¢1, b2, ¢3}, where

do(V2) = V2 and  ¢o(V3) = V3,
¢1(V2)=Vv2 and  ¢1(V3)
$2(V2) = —vV2 and  ¢a(V3) = V3,
63(V2) = —v2 and  ¢3(V3)

Give the multiplication table for Galg(Q(v/2,v/3)).

15.9 The Galois group Galg(Q(v/2,+/3)) is given in problem 15.8. Find the
five subgroups of the Galois group, and for each subgroup H find the fixed
field fix(H) of that subgroup.

15.10 The four solutions of * — 2 = 0 are \‘75, i\‘ﬁ, —\4/5, and —iv/2.
Thus, K = Q(v/2,4) is the splitting field of 2* — 2. Determine the eight
automorphisms of the field K, by finding where each automorphism maps the
four roots.

Hint: If ¢(r1) = ra, then ¢(—r1) = —rs.

15.11 Label the three solutions of 23 — 3 = 0 as /3, 72, and r3. Determine
the six automorphisms of the splitting field of 22 — 3 by finding where each
automorphism maps the three roots.

15.12 Find the Galois group of the field Q(v/2, v/5) over Q.
Hint: Use problem 15.8 as a model.

15.13 Find all of the subfields of the field Q(\/ﬁ, \/5)
Hint: First do problem 15.12, and use the fundamental theorem of Galois
theory, as was done in problem 15.9.

15.14 There are 10 subfields of the field K = Q(v/2,4): Q, Q(v/2,1), Q(+/2),
Qi) QiV2), QD). Q(ivE), QWV2.4), Q((L +1)/2), and Q((1 - 1)¥/2)
Match each of the 10 subfields with the 10 subgroups of Galg(K) so that each
subfield is the fixed field fix(H) of the corresponding subgroup of Galg(K).

Hint: See problem 15.10 to find Galg(XK). Next find the 10 subgroups of
this group, which is isomorphic to D,. Finding the fixed field for some of the
subgroups is obvious. Can the fundamental theorem of Galois theory help
with the remaining subgroups?
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15.15 Find a polynomial whose Galois group is Zg.
Hint: See proposition 15.6.

15.16 Let F be the splitting field of ®5(z) = a* + 2® + 22+ + 1 over Q.
Show that there is only one nontrivial subfield of F', and find this subfield.
Hint: Use proposition 15.6 to find Galg(F'), and find that there is only one
nontrivial subgroup of this group.

15.17 Prove that if a fourth degree polynomial in Q[z] has a Galois group
isomorphic to Z4, then the roots of the polynomial can be rearranged as 71,
ro, 73, and r4 such that

2 2 2 2
rire +1ryr3 +1r3re + 130

yields a real rational number.

Hint: There is a Q-automorphism such that the roots map in a four-cycle:
ry — r9 — r3 — r4 — r1. Note that the Q-automorphisms fix the above
expression, so the result must be in the fixed field of the Galois group.

15.18 Prove that if a fifth degree polynomial in Q[z] has a Galois group
isomorphic to Ds, then the roots of the polynomial can be rearranged as rq,
ro, T3, T4, and 75 such that

riT2 + ror3 + r3T4 + 7475 + 1571

yields a real rational number.
Hint: See the hint for problem 15.17. Note that here we must also consider
a “flip” that exchanges r1 < r4 and o < r3.

15.19 Find a way similar to problem 15.17 to test whether a Galois group
of a fifth degree polynomial is isomorphic to Zs.

15.20 Find a way similar to problem 15.18 to test whether a Galois group
of a fourth degree polynomial is Dy.

15.21 The roots of * — 23 — 422 + 4z + 1 are approximately 1.827090915,
1.338261213, —1.956295201, and —0.209056927. Use trial and error to find an
arrangement of these four roots such that

7"%7’2 + 7’%7"3 + r§r4 + rirl
yields an integer. (See problem 15.17.)

15.22 The roots of the equation 2° — 5z — 12 are approximately 1.842085966,
0.351854083+1.7095610434, and —1.2728972244+0.7197986815¢. Use trial and
error to find an arrangement of these five roots such that

rire + rers + 1r3ry + rars + 1571

yields a real integer. (See problem 15.18.)
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15.23 The roots of z* — 23 — 422 + 42 + 1 are approximately 1.827090915,
1.338261213, —1.956295201, and —0.209056927. Show that whenever a is a
root, then a® — 2 is also a root. Show that, in fact, the operation a — a? — 2
permutes the four roots in a 4-cycle. Using this, prove that the Galois group
must be isomorphic to Z,.

Hint: If a is one of the roots, the splitting field is Q(a).

15.24 The irreducible polynomial z3 + 2z — 1 has one real root and two
complex roots. Using just this information, show that the Galois group is
isomorphic to Ss.

Hint: The complex conjugate, which switches the two complex roots, is one
of the Q-automorphisms in the Galois group.

15.25 The irreducible polynomial z° — 52 + 2 has three real roots and two
complex roots. Using just this information, show that the Galois group is
isomorphic to S5. (See the hint for problem 15.24.)

For problems 15.26 through 15.31: Find a group isomorphic to the Galois
group of the polynomial

15.26 22 -3 15.29 23 -8
15.27 23 -3 15.30 (2% —2)(z% - 3)
15.28 22 —4 15.31 (z — 1)%(z — 3)3(22 - 5)

15.32 Let FE be a finite extension of a field F with dimension n. Show that
|Galp(E)| = n if, and only if, E is a Galois extension of F'.

15.33 Let E be a finite extension of a field F', and let ¢(x) be an F-automor-
phism in Galp(E). Suppose that ¢(u) = u for some element u in E. Show
that ¢ is in Galp(u) (E)

15.34 If F is a finite extension of QQ, and ¢ is an automorphism on E, show
that ¢ is a Q-automorphism of F.
Hint: ¢(1) = 1 implies that ¢(n) = n for all integers n.

15.35 If F is a Galois extension of F', show that there can only be a finite
number of subfields of F that contain F.

15.36 Show that if E is a Galois extension of F' with dimension p, where p
is a prime, prove that Galg(E) is isomorphic to Z,.

15.37 Find, up to isomorphism, all possible Galois groups of a cubic poly-
nomial az® + bx? + cx + d.

15.38 Find, up to isomorphism, all possible Galois groups of a fourth degree
polynomial az?* + bz + ca? + dx + e.
Hint: The only subgroup of S, of order 8 is Dj,.
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15.39 Prove that if G is a group of order n that is isomorphic to a Galois
group of some polynomial in Q[z], then G is isomorphic to a Galois group of
an n-th degree polynomial in Q[z].

Hint: Use corollary 14.4.
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Answers to Odd-Numbered
Problems

Chapter 1

1.1) Stay = FlipRt-FlipRt, RotRt = FlipRt-FlipLft, RotLft = FlipLft-FlipRt,
Spin = FlipRt-FlipLft-FlipRt.

1.3) n =5, 8, or 12.

1.5) (a.a).b # a.(a.b).

1.7) 12 steps.

L9 y=y-e=y-(z-y)=y-a)y=ecy =y, soy=y.

1.11) 50% (18 of 36). 1.15)
1.13) 1 5 7 11 13 17 19 23
% 5 9 11 131|1|1 5 7 11 13 17 19 23
T 1 3 &5 9 1 13/5|5 1 11 7 17 13 23 19
s ls o 1 13 5 11|77 111 5 19231317
=15 1 11 3 13 9 ||11]11 7 5 1 231917 13
o lo 13 3 11 1 5 ||1B/13171923 1 5 7 11
nl1 5 13 1 9 g |[1wWm1323195 1117
3113 11 9 5 3 1 |/19/19231317 7 11 1 5
23(23 19 17 13 11 7 5 1

1.17) 100- 4+ 36 - (—11) = 4.
1.19) First find 0 < ¢ < u - v such that ¢ = z(Mod u) and ¢ = y(Mod v).
Then find % so that k = ¢(Mod v - v) and k = z(Mod w).

1.21) No, inverses would produce negatives.
1.23) If (a-b)?> =a? - b, thena-b-a-b=a-a-b-b.

1.25) If a® = e then (a=1)3 = e. Furthermore, if a # e, then a=! # a. So the
non-identity solutions pair off, and with the identity we have an odd number
of solutions.

1.27) (n=1)((n—1)4+1)/24+n=n(n+1)/2.

1.29) (n—1)((n—=1)+1)(2(n—1)+1)/6 + n? =n(n+1)(2n + 1)/6.
1.3) (n=1)((n—=1)4+1)((n=1)+2)/3+n(n+1)=nn+1)(n+2)/3.
1.33) If n is not prime, then n = a - b, with a < n and b < n.

Chapter 2
2.1) 1, 2, 4, 5, 8, 10, 11, 13, 16, 17, 19, 20.
2.3) The group has 20 elements.
2.5) b- f has order 15, b- f -7 - f2 has order 6, f - b-r has order 24.

497
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2.7)
1 5 7 1 13 17 19 23

1 1 5 7 1 13 17 19 23

5 ) 1 11 7 17 13 23 19

7 711 1 5 19 23 13 17
11 (11 7 5 1 23 19 17 13
13113 17 19 23 1 ) 7 11
1717 13 23 19 5 1 11 7
9119 23 13 17 7 11 1 )
23123 19 17 13 11 7 ) 1

2.9

gap)> f := FreeGroup("a","b");; a := £.1;; b :
gap> g := £f/[a”3, b"5, (axb) " 2];; a:= g.1;;
gap> Size(g);

60

2.11) 3 and 5.
2.13) 40.
2.15) 288.

2.17) For ¢(n) = 14, either p; — 1 or pi”*l) must be a multiple of 7 for some
prime p;. In the first case, p; > 29, so ¢(n) > 28. In the latter case, p; =7
and r; > 2, so ¢(n) > 42.

219) b2 -a=b-(a-b?)=(a-b?)- b =a-b-b3=a-b.

2.21) Answers will vary depending on how the elements are labeled. The
group will be isomorphic to Ay.

2.23) {0}, {0,2,4,6,8,10}, {0,3,6,9}, {0,4,8}, {0,6}, and the whole group.

2.25) {1}, {1,2,4,8}, {1,4}, {1,4,7,13}, {1,11}, {1,14}, {1,4,11,14}, and
the whole group.

2.27) Because the corners can only rotate, every third repetition will bring
the corners back to the initial state. If all 6 of the edges move, then after
6 repetitions the edges will be back in the right place, but possibly flipped.
But then after 12 repetitions the edges will also be back to normal, making
the order at most 12. If 5 of the edges move, then it will take 5 repetitions
to get the edges into place, possibly flipped, so 10 repetitions to get the edge
pieces into the right position, but then the corners may be twisted, so the
order could be at most 30.

2.29) Six elements for which 2% = e, three elements for which 2° = e, two
elements for which 22 = e, so two elements of order 6. (6 — 3 — 2 subtracts
the identity element twice.)

2.31) When n = k, an element is of order k if, and only if, it is a generator.
If k is a divisor of n, and m is a divisor of k, then the number of solutions to
™ = e will be the same in both Z; and Z,. Thus, computing the elements
of order k in both Zy and Z, will give the same results.

2.33) If g is a generator, than only g and g~! have finite order.

2.35) If @ and b are of finite order, then a™ = b = e for some m > 0 and
n > 0. Then (a-b~1)™" =¢, so a-b~! is of finite order.

o |
I
03 o
N
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237 (y-x-y H2=ebuty-z-y L#esoy-z-y =2

Chapter 3
3.1) Answers will vary.
3.3) Answers will vary.
3.5) Subgroups are {e}, with cosets {e}, {a}, {a®}, {a®}, {b}, {a-b}, {a®- b},
and {a® - b}; {e,a?}, with cosets {e,a?}, {a,a3}, {b,a®- b}, and {a - b,a® - b};
{e,a,a? a3}, with cosets {e,a,a?,a®} and {b,a-b,a?-b,a3 b}; {e,b,a?, a’ b},
with cosets {e, b, a?,a?-b} and {a,a-b,a>,a®-b}; {e,a-b,a?, a®-b}, with cosets
{e,a-b,a%a® - b} and {a,b,a® - b,a®}; and the whole group, with one coset
containing the whole group.
3.7 {e,b,a-c,b?,c?,a-b-c,b-ca-b*-c,a-c3 0% c?a-b-c2a-b?- 3}
3.9) 521 =13 (Mod 7), 7*! = 7 (Mod 10).
3.11) Sincey € Hx, y = ha forsome h € H,so Hy = H-(hz) = (H-h)x = Hx.
3.13) If n = pgr, ¢(n) = (p — 1)(¢ — 1)(r — 1). If x is coprime to n, use
proposition 3.1, otherwise suppose x is a multiple of p, but not a multiple
of gr. Then 2™ = z (Mod p), and since rs = 1 (Mod (¢ — 1)(r — 1)),
proposition 3.2 shows that 2" = 2 (Mod ¢r) as well. Finish with the Chinese
remainder theorem (1.3).
3.15) Let g1 = =1 - y1 and go = 2 - y2 be two elements of X - Y. Then
G192 = (w1 a3") (y1-y3) € XY,
3.17) {0,4,8},{1,5,9},{2,6,10}, and {3,7,11}
3.19)

{0,4,8Y {1,5,9} {2,6,10} {3,7,11}
0,487 | {0.48] {1,5,9) {2,610} {3,7,11}
{1,5,9} | {1,5,9} {2,6,10} {3,7,11}  {0,4,8}
{2,6,10} | {2,6,10} {3,7,11} {0,4,8}  {1,5,9}
{3,7,11} | {3,7,11}  {0,4,8}  {1,5,9}  {2,6,10}

3.21)

1,44  {2,8} {7,13} {11,14}
1,4y | {1,4y {28y {7,13} {i1,14}
(2,8} | {2,8} {14} {11,14} {7,13}
{713} | {7,13} {11,14}  {1,4}  {2,8}

{11,14} | {11,14} {7,13}  {2,8}  {1,4}

3.23) Since Q is abelian, Z is a normal subgroup. If g € Q/Z, then g = (p/q)Z
for some rational number p/q, so g? = pZ = Z.

3.25) Let f(z) = mx +b € G, and t(z) = qv € T, so f~1(x) = (x — b)/m.
Then (f-t- f~)(x) = f~H(t(f(2))) = gz + (¢b—b)/m ¢ T. If f(x) = 2z +3,
then fT is the set of functions k(2z + 3), whereas T'f is the set of functions
kx + 3.

3.27) If N and yN are two elements in G/N, then (zN) - (yN)=z-y-N =
y-z-N = (yN) - (=N).
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Chapter 4
4.1) The groups are Zjo:
0o 1 2 3 4 5 6 7 8 9
ojo 1 2 3 4 5 6 7 8 9
111 2 3 4 5 6 7 8 9 0
212 3 4 5 6 7 8 9 0 1
313 4 5 6 7 8 9 0 1 2
414 5 6 7 8 9 0 1 2 3
515 6 7 8 9 0 1 2 3 4
6|6 7 8 9 0 1 2 3 4 5
717 8 9 0 1 2 3 4 5 6
8|8 9 0 1 2 3 4 5 6 7
919 0 1 2 3 4 5 6 7 8
and the group:
e a a? a’ a* b a-b a*>-b a®-b a*-b
e e a a’ a’ at b a-b a®-b a®-b a*-b
a a a? a’ a* e a-b a®>-b a*-b a* b b
a? a? a’ a* e a a?-b a®-b a*-b b a-b
a3 a3 a* e a a®> a3-b a*-b b a-b a®-b
a* a* e a a? a® a*-b b a-b a?>-b a®-b
b b a*-b a®-b a®>b a-b e at a’ a? a
a-b | a-b b a*-b a®-b a®-b a e a* a® a?
a’?-bla*-b a-b b a*-b @b a? a e a a’
ad-bla’-b a®>-b a-b b a*-b  a® a? a e a*
a*-bla*b a®>-b a>2-b a-b b a* a3 a? a e

4.3) 75, ={1,3,7,9,11,13,17,19} ~ Z&, with order {1,2,8,4,11,7,13,14}.
4.5) Many solutions, since b can map to either RotLft or RotRt, and a can
map to FlipLft, FlipRt, or Spin. Any of these combinations will work.
4.7) If f(z) =a and f(y) =b, then f~Y(a-b)=z-y= f"(a)- f71(b).

4.9) 10, —1 — 2, £i can go to either 1 or 3.

4.11) Zg = {0,1,2,3,4,5} ~ Z¢ with order {1,2,4,8,7,5}.

4.13) Zg ={0,1,2,3,4,5} = Z}g with order {1,5,7,17,13,11}.

4.15) Zyo = {0,1,2,3,...,9} ~ Z&, with order {1,7,5,13,3,21,15,17,9,19}.
4.17) Z12 = {0,1,2,3,4,5,6,7,8,9,10,11} ~ Z34, using the arrangement
{1,7,23,31,9,11, 25,19, 3,21,17, 15}

4.19) Not true if G is not abelian.

421)z-(H-N)=(x-H)-N=(H -2)  N=H-(z-N)=(H-N) - .
4.23) If g is a generator of G, and x € Im(¢), then = ¢(g") = ($(g))" for
some n, and hence ¢(g) generates Im(¢).

4.25) ¢(x-y) = d(z +y) = 2(z +y) = 22+ 2y = d(x) + ¢(y) = ¢(z) - 4(y),
since - is addition in this group.

4.27) ¢z - y) = ¢(z +y) = x +y + 3, but ¢(z) - d(y) = d(z) + ¢(y) =
(x+3)+(y+3)=2+y+6.

4.29) ¢(x - y) = 2(z - y) = 2zy, but ¢(z) - d(y) = (22) - (2y) = 4zy.
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4.31) p(z-y) = p(xz +y) = *TY = % x e® = ¢(x) - p(y). Image is the positive

real numbers.

1.33) 6(f - g) = B(F(1) + 9(1)) = £(3) +9(3) = 6(f) + 6(g) = () - H(g). The

kernel is the set of polynomials with 3 as a root, hence ¢ — 3 is a factor.

435) ¢(1) = 1, (7) = 13, ¢(11) = 1, ¢(13) = 7, ¢(17) = 13, $(19) = 19,

6(23) =7, $(29) = 19.

4.37) ¢(z-y) = [z-y (Mod n)] Mod k = z-y Mod k = ¢(x) - ¢(y). The kernel

is the multiples of k, so there are n/k elements in the kernel.

4.39) Ten homomorphisms, one sending all elements to e, three sending {1, 3}

to e, {5,7} to a, a-b, or a-b? respectively, three sending {1,5} to e, {3,7} to

a, a-b, or a-b? respectively, and three sending {1,7} to e, {3,5} to a, a - b,

or a - b? respectively.

4.41) Since {0,2,4} and {0, 3} are normal subgroups of Zg, ¢~1({0,2,4}) and
~1({0,3}) are normal subgroups of G.

Chapter 5
5.1) 3-cycle example: (123)(324) = (143); but 4-cycles are odd.
5.3) By using the ordering {1,5,7,11,13,17,19, 23}, we get the permutations
(0, (12)(34)(56)(78), (13)(24)(57)(68), (14)(23)(58)(67), (15)(26)(37)(48),
( 6)(25)(38)(47), (17)(28)(35)(46), (18)(27)(36)(45).
5.5) P[7,6,4,1,2,5,3] = (1734)(265) and P[4,6,7,3,2,5,1] = (1437)(265).
5.7) (123456)
5.9)

345126

(2311)- (2313)- (Giz1)» (3132) - (3312) » (4133)-

5.11) @ = (5375), (5214) or (4372)-

5.13) (16453)(27).

5.15) (1568)(37).

5.17) 6 and 12.

5.19) (12345)(678) € Ag, since this is an even permutation.
521) {(1554) - (2115)» (3212)» (4321) }-

5.23) —1 must map to a product of two transpositions, like (12)(34). Then =3,
+j, and +k map to one of (1324), (1423), (1324)(56), (1324)(57), (1324)(67),
(1423)(56), (1423)(57), or (1423)(67). But no combination of these allows
i-j =k

5.25) Technically, (é?igg) € S5, and (é%ig) € Sy, which are totally different
groups. However, there is a natural mapping from Sy to S5 that allows us to
consider elements of S; to also be in Ss.

5.27) If ¢1 and ¢5 only move a finite number of integers, then ¢; - ¢5 U will
move a finite number of integers. Also, if n is the largest integer that ¢
moves, then ¢; € S, in the sense of problem 5.25, so S C UZO:1 S, C Sq.
5.29) If ¢1 has |¢p1(z) — x| < M for all z, and ¢3 has |pa(x) — 2| < N for
all @, then |5 (y) —y| < N for all y = ¢~ (z), and |p1(p5 " () — x| <
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M + N for all . Examples: ( 2)(34)(56)...(2n—1 2n)... € G, but ¢ Sq;
(12)(46)(9 12)(16 20)...(n* n®+n)... € Sy, but ¢ G.

5.31) Applying corollary 5.2: p - m divides m! - |[N|, so p divides |N|, hence
H = N, and H is normal.

5.33) 144.

5.35) Let H be the subgroup generated by the n-cycle ¢ = (123...n). Then
¢~ will map 1 to j.

5.37) If ¢ = (iy iz i3 ...iy) and f = (j1 j2 j3 ...js), then 271 - ¢ .-z =
(2(i1) w(i2) alis) -..2(i,)), and 2~ - -2 = (@(jr) 2(j2) 2(ja) - ..2(j,))-

Chapter 6
6.1) Z5 x Zg has three elements of order 2, whereas Z;5 has only one element
of order 2.
6.3) 55.
6.5) Eight automorphisms: {1,2,4,7,8,11,13,14} — {1,2,4,7,8,11,13, 14},
{1,2,4,13,8,14, 7, 11}, {1, 7, 4, 2, 13, 11, 8, 14}, {1, 7, 4, 8, 13, 14, 2, 11},
{1,8,4,7,2, 14,13, 11}, {1, 8, 4, 13, 2, 11, 7, 14}, {1, 13, 4, 2, 7, 14, 8, 11},
or {1,13, 4,8, 7,11, 2, 14}.
6.7) There are 20 automorphisms, generated by f(a) = a, f(b) = b, and
g(a) = a-b, g(b) = b.
6.9) A nontrivial homomorphism from Z§ to Aut(Z3) ~ S3 must be two-to-
one, and send two of the elements to a 2-cycle. Proposition 6.7 shows that it
does not matter which 2-cycle, and since the non-identity elements of Zg are
essentially equivalent, there is isomorphically only one ZgxZg ~ Zs X Dy.
611) D6 ~ Sg X Z2.
6.13) {(0,0),(0,1),(1,0),(1,1),(2,0),(2,1)} — {0,3,4,1,2,5}.
6.15)

(0,1) (0,3) (0,5) (0,7) (1,1) (1,3) (1,5) (1,7) (2,1) (2,3) (2,5) (2,7)
(0,1)](0,1) (0,3) (0,5) (0,7) (1,1) (1,3) (1,5) (1,7) (2,1) (2,3) (2,5) (2,7)
(0,3)[(0,3) (0,1) (0,7) (0,5) (1,3) (1,1) (1,7) (1,5) (2,3) (2,1) (2,7) (2,5)
(0,5)[(0,5) (0,7) (0,1) (0,3) (1,5) (1,7) (1,1) (1,3) (2,5) (2,7) (2,1) (2,3)
(0,7)(0,7) (0,5) (0,3) (0,1) (1,7) (1,5) (1,3) (1,1) (1,7) (1,5) (1,3) (1,1)
(L1)](1,1) (1,3) (1,5) (1,7) (2,1) (2,3) (2,5) (2,7) (0,1) (0,3) (0,5) (0,7)
(1,3)](1,3) (1,1) (1,7) (1,5) (2,3) (2,1) (2,7) (2,5) (0,3) (0,1) (0,7) (0,5)
(1,5)|(1,5) (1,7) (1,1) (1,3) (2,5) (2,7) (2,1) (2,3) (0,5) (0,7) (0,1) (0,3)
(L,7(1,7) (1,5) (1,3) (1,1) (2,7) (2,5) (2,3) (2,1) (0,7) (0,5) (0,3) (0,1)
(2,1)](2,1) (2,3) (2,5) (2,7) (0,1) (0,3) (0,5) (0,7) (1,1) (1,3) (1,5) (1,7)
(2,3)](2,3) (2,1) (2,7) (2,5) (0,3) (0,1) (0,7) (0,5) (1,3) (1,1) (1,7) (1,5)
(2,5)[(2,5) (2,7) (2,1) (2.3) (0,5) (0,7) (0,1) (0,3) (1,5) (1,7) (1,1) (1,3)
(27 71(2,7) (2,5) (2,3) (2,1) (0,7) (0,5) (0,3) (0,1) (1,7) (1,5) (1,3) (1, 1)

.17) Since z™ = e for all x € Z,, X Z,, we see that Z,, x Z, is not cyclic.

)

6 19) Only Zglo.

6.21) Four abelian groups of order 36.
6.23) 100.

6. 25) Z4 X Z2 X Z5.
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6.27) Note that any automorphism must fix the identity element, leaving n—1
elements.

6.29) If Aut(G) is cyclic, then so is Inn(G) with a generator x — g~lzg. For
each y € G, y~lowy = g "ag" for some n, plugging in x = g yields y gy = g,
or gy = yg. Since gy = gy for all y, Inn(G) =~ {e}, and G is abelian.

6.31) Since Zi and Zj both have two elements, we can pick G = Z3 and
M = Zy.

6.33) A nontrivial mapping from Z3 to Aut(Z%) maps 1 to a 3-cycle, which
by proposition 6.7 doesn’t matter which. Z3xZ§ ~ Ay.

6.35) Since Aut(Z) ~ Zs, we see that ¢1(z) = —z. So (a,z) - (b,y) = (a +
b,x + y) when b is even, but (a,z) - (b,y) = (a + b,y — x) when «a is odd.

Chapter 7
7.1) Center = {e, b3}, Quotient group Dg/Z(Dg) ~ Ss.
7.3) {e}, {e, b}, {e, %, b}, {e,b,b%, b3, b1, %}, {e, b2, 0%, a, a-b?, a-b*}, {e, b2, b?,
a-bya-b*a-b°}, and Dg.
7.5) Five subgroups of order 4, one subgroup of order 5.
7.7) {e, b*}.
79) ND4({€}) = ND4({b2}) = Dy, ND4({b}) = ND4({b3}) = {6,b,b2,b3},
ND4({CL}) = ND4({a : b2}) = {67 a, 62’ a- b2}7 ND4({0’ : b}) = ND4({a : b3}) =
{e,a-b,b% a-b3}.
7.11) Yes, if « and y are in the center, then -y =y - .
7.13) {e}, {b*}, {b,b%}, {a,a-b?}, and {a-b,a - b3}.
7.15) {e}, {a,a-b,a-b* a b a-b*}, {b,b*}, and {b% b3}.
T1N 2 e Z(G)ex-y=y-zforally e G x € Ng({y}) for all y € G.
7.19) If N is a nontrivial normal subgroup, |N| > 13, so |N| = 30, 20, or 15
(divisors of 60). |N| # 15, so |N| is even, hence classes of size 1 and 15 are in
N. Since |[N| > 28, |[N| = 30, but there is no class of size 14.
7.21) [N| > 41, so |N| = 180, 120, 90, 72, 60, or 45 (divisors of 360). |N| # 45,
so |N| is even, hence classes of size 1 and 45 are in N, making |N| > 86. 10
divides |N|, so both classes of order 72 are in N, making |N| > 230.
7.23) |N| > 56, so |N| = 330, 220, 165, 132, 110, 66, or 60 (divisors of 660).
|N| # 60, so 11 divides |N|, hence both classes of size 60 are in N, making
|N| > 176. Five divides |N|, so both classes of order 132 are in N, making
|N| > 385.
7.25) [N| > 316, so |N| = 10080, 6720, 5040, 4032, 3360, 2880, 2520, 2240,
2016, 1680, 1440, 1344, 1260, 1120, 1008, 960, 840, 720, 672, 630, 576, 560,
504, 480, 448, 420, 360, 336, or 320 (divisors of 20160). |N| is even, so classes
of size 1 and 315 are in N, making |[N| > 1576. |N| # 2240, so |N| is a
multiple of 3, so the class of size 2240 is in N, making |N| > 3816. Seven
divides |N|, so both classes of size 2880 are in N, making |[N| > 9576. Five
divides |N|, so both classes of size 4032 are in N, making |/N| > 16380. As
has a conjugacy class of size 112 (all 3-cycles).
7.27) 20160 elements, same as Ag and L3(4) from problem 7.25. This group
is in fact isomorphic to Asg.
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7.29) Let K be any p-Sylow subgroup of size p”, and divide G into families,
where u and v are related if u = h-v -k for h € H and k € K. Then
Gl = p" o= S p " 1H 0 (g - K -5 )] s0 [H O (g - K -y )| = for
some j, meaning that H is completely contained in a p-Sylow subgroup.
7.31) There are either one or eight 7-Sylow subgroups. If not unique, there
are 48 elements of order 7, leaving 8 elements for a unique 2-Sylow subgroup.
7.33) There is only one 3-Sylow subgroup H, and only one 11-Sylow subgroup
N, so both are normal, and G ~ H x N. Thus, G = Zgg or Z3 X Z3 X Z11.
7.35) There is only one 17-Sylow subgroup N, 1 or 51 5-Sylow subgroups, and
1 or 85 3-Sylow subgroups. Either a 3-Sylow subgroup H or 5-Sylow subgroup
K is normal, so H - K is a subgroup of order 15 =~ Z15. Then G =~ Z15 X Z17 ~
Zass, or G =~ Z17 ><¢Zl5. But there is no nontrivial homomorphism between
215 and Zik7

7.37) Factors of |G| are 1, p, p?, q, pq, p?q. There are either 1 or ¢ p-Sylow
subgroups, and either 1, p, or p? ¢-Sylow subgroups. If neither are unique,
g =1 (Mod p), implying p < ¢, so p> =1 (Mod q). Then we have p?(q — 1)
elements of order ¢, leaving only p? elements for a normal p-Sylow subgroup.
7.39) Ounly cases not covered by problems 7.36 through 7.38 or proposition 7.8
are 30, 36, 42, and 48. If G = 30, there aren’t enough elements for both 10
3-Sylow subgroups and 6 5-Sylow subgroups. If G = 36, there is a 3-Sylow
subgroup of order 9, and applying corollary 5.2 gives a normal subgroup of
size 3 or 9. If G = 42, there is only one 7-Sylow subgroup. If G = 48, there
is a 2-Sylow subgroup of order 16, and applying corollary 5.2 gives a normal
subgroup of size 8 or 16.

Chapter 8
8.1) @ 2 {1,—-1} D {1}. For compositions series, add {1, —1,4, —i}.
8.3) G’ = @, which is a normal subgroup of G, and there is a 3-Sylow subgroup
H for which H - G’ = G. Hence, G is isomorphic to a semi-direct product
Q|><¢Z3, and since Aut(Q) =~ Sy, Z3 must map to a 3-cycle in Sy, but all
3-cycles are conjugate, so there is only one possible semi-direct product G ~
QIXZg.
85) B2 {1,L,P,T,I,M,Q,U} D {1,L,P, T} D {1};ifa =P, b =1, and
c=J,thena*=1,0>=a?,c*=d%, b-a=a-b,cca=a-c,c-b=a-a-b-c.
87) D D {1,L,M,N,0,P,Q,R} D {1}; ifa = L and b = S, then a® = 1,
P=a*b-a=da" b
89) A1y = A1p = By = Zia, Ay = {0,6}, Az = B1g = {0}, B12 =
{0,2,4,6,8,10}. The arrows show the isomorphisms Z15/Z15 ~ Z15/Z12,
Z12/Z12 = {0,2,4,6,8,10}/{0,2,4,6,8,10}, Z12/{0,3,6,9} ~ {0,4,8}/{0},
{Oa 37679}/{07 6} ~ Z12/{07 2a476>87 10}’ {07 6}/{0} ~ {07 2a4a 678}/{0747 8}7
{0}/{0} ~ {0}/{0}.
8.11) Z3, 2 {1,5,7,11} D {1,5} D {1}.
813) Zlg X Zlg 2 {0,376,9} X Zlg 2 {0,6} X le Q {O} X le 2 {O} X
{0,3,6,9,12,15} 2 {0} x {0,9} 2 {0} x {0}.
8.15) Dy C {e,b,b%, b3} C {e,b?} C {e}.
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8.17) Dg C {e,b,b,b3,b* b°} C {e,b®} C {e}.

8.19) A, and {(), (12)(34), (13)(24), (14)(23)} must be in the series, and then
we have three choices, {(), (12)(34)}, {(), (13)(24)}, or {(), (14)(23)} for the
next term in the series.

823) A5 X A5 D) {8} X A5 D) {6} X {6}

8.25) G' = {¢(x) =z +c| c€ R}, both G =R and G/G’' = R.

827) Z16, Zg X 227 Z4 X Z4, Z4 X Z2 X ZQ, and ZQ X Z2 X ZQ X ZQ are the only
groups that are abelian, and by the fundamental theorem of finite abelian
groups (6.2) these are all non-isomorphic. Zs x Dg has 11 elements of order
2, D16 has 9, G from section 6.4 has 5, and D from problem 8.7 has only 1
element of order 2. B from problem 8.5 and C from problem 8.6 both have
7 elements of order 2, but B has only 2 elements along the diagonal, whereas
C has 4. Finally, M from section 6.4, Zs x @, and Z,x Z, have 3 elements of
order 2, but Zs x @ has only 2 elements along the diagonal, M has 4 elements
along the diagonal, and Zyx Z4 has 3 elements along the diagonal.

8.29) By problem 1.22; G is abelian, hence solvable. But for G/N to be cyclic,
then G/N would be of order 2, and N would have the same properties. Thus,
a polycyclic series would not reach {e} in a finite number of steps.

8.31) (Dy) = {e,b?}, (D4)" = {e}.

8.33) Q' ={1,-1}, Q" = {1}.

835) IfG = 54, then G1 = [54754] = A4, but G2 = [S4,A4] = A4, SO Gn will
never go to {e}.

8.37) Since all of the A; and B; are normal subgroups of G, then A;; =
(A;1NByj)-A; and B;; = (Bj—1NA;) - B, are normal subgroups of G using
problem 4.21.

839) If G = Ny 2 Ny D --- O Ny = {e} is a chief series, then G’ C N; by
lemma 8.3. Define G; = G, G2 = [G',G1], G5 = [G',G4], . .., and suppose by
induction that G; C N;. We must show that [G’, N;] C N;11, since this would
indicate that Gy = {e}. Since N;/N;41 is cyclic, there is a generator nN;;1.
For z,y € G, we have z-n-2 7' N; 1 = n?N;, for some ¢, and y-n-y ' N; 41 =
n"N;yq for some r. Theny=t-ox7t.y.2.n7t.z7t.y= .2y -nN;y1 = Nip1,
so 7t yt-x-y,n] € Niy1. Thus, [G',N;] C Nij1.

841) |SS [><¢<Z3 X Zg X Z3 X Z3 X Zg X Zg X Z3)| = 88179840.

Chapter 9
9.1) y = (4/3)"(3/4)/»).
9.3)
gap> InitRing("a" s npn , ”C") ;
gap> DefineRing("R",[2,2,2],[[a,a,c], [b,b,atb+c],[a,a,c]l]);
9.5)
gap> InitRing("e" s ngn , ”b") ;
gap> DefineRing("T8",[2,2,2],[[e,a,b],[a,a,a]l,[b,b,b]l]);
9.7) If p/q® = 2 with p and ¢ coprime, then 2|p, but replacing p = 2r shows
2|q too.
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9.9) Given = and y, choose any irrational z, and find a rational ¢ between
x —z and y — z. Then ¢ + z is irrational by problem 9.8.

9.11) 22 = 13 + 2v/6, and /6 is irrational, so 22 is too. If z were rational,
then 22 would be rational.

913) (a1 — b1l — c1j — dlk) + (ag — byl — c2j — dzk’) = (&1 + ag) — (bl + bQ)Z —
(Cl -+ Cg)j(dl —+ dg)k

9.15) (a+bi+cj+dk) - (a —bi —cj — dk) = a® + b* + ¢ + d°. Replace z with
T to get the other half.

9.17) (x+1)-(z—1) =2+ -2 —-1=22—1.

9.19)Ifa = z14+y1vV2 and b = 2o4+y2v/2, then a—b = (1 —22)+(y1 —y2)V2 €
ZIV2), a- b= (z122 4 201y2) + (2192 + 2291)V2 € Z[V2].

9.21) Both - a = x and = - b = «z for all  in the ring, but there is no r for
which - c¢=¢, since r - ¢ = 0.

9.23) Since n(—z) + nx = n(—z + x) = 0, we have n(—z) = —nz.

9.25) Since G is an abelian group, we only need to check the associate law and
the two distributive laws. But these are both trivial, since both sides would
evaluate to 0.

9.27) x = 2% = (—2)? = —z.

9.29) @ and ® are both closed, and both are clearly commutative. (x@y)Dz =
r+y+z—-2=2®d(y®z2),zP1 =10z =xso 1 is the additive identity.
x®(2—x) = 1, so 2—x is the additive inverse. (zQy)Rz = v+y+z—axy—az—
yztzyz =2 (y®z), 2@ (ydz) =2x+y+z—azy—az—1 = (zQy) D (z®=2).
9.31) Obviously 0 and 1 satisfy a> = a. If a # 0, then a~! exists, and
a=a’-al=a-a'=1

9.33) First show (7~}) + (";') = (7). Then

o (s (e () ()

w e (O (C)-04)
S

::c"+<711)x” y+<2) 22 —|—(n>y”

Chapter 10

10.1) Nontrivial ideals: {0,b}, {0,2a}, and {0, b, 2a, 2a + b}. Additional non-
trivial subrings: {0,2a + b}, {0, a,2a,3a}, and {0,a + b, 2a,3a + b}.
103) Ry :a> =a-b=b-a=b=0;Ry:a®>=bb>=a-b="b-a
Ry:a?=ab?=a-b=b-a=0; Ry :a®> =a,a-b=0bb=b-a =
Rs:a?=ab-a=bb>=a-b=0;, Rg:a’>=b>=a,a-b=">b-a
R;:a’?=a,b>=a-b=b-a=b;Rgs:a’=a,a-b=b-a=>0,b>=a-+b.
10.5) If a,be A, thena-y=0b-y=0,s0 (a—b)-y=0and (a-b)-y =0, so
a—>banda-barein A.

:L,n—2y2 +

|
)

|
T2
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10.7) Ifa e X4+Y and z € R, then a =z 4+ y for some z € X andy € Y.
Thena-z=(z-2)+ (y-2) € X +Y. Likewise, z-a € X +Y.

109)Ifae X -Y,and z € R, thena =21 -y1 +x2-y2+ -+ + Ty * Yn, SO
a-z=x1-(y1-2)+x2-(y2-2)+- Tp-(yn-2) € X Y. Likewise, z-a € X -Y.
1011) Ifae X -Y, thena =1 -y1 + 22 -yo + -+ + Ty - yo € X. Likewise,
acY,soac XNY.

10.13) {0}, {0, a, 2a,3a}, {0,2a}, {0,b}, {0,a + b,2a3a + b}, {0,2a + b, b, 2a},
and the whole ring.

10.15) {0}, {0,a}, {0,b}, {0,c}, and the whole ring.

10.17) {0}, {0,e}, {0,a}, {0,b}, {0,c}, {0,d}, {0, f}, {0,e,¢,g}, {0,e,a,d},
{0,e,b, f}, {0,a,b,c}, {0,¢,d, f}, and the whole ring.

10.19)
+ {0,¢}  {a,b} : {0,¢}  {a,b}
{0,¢p | {0, {a,b} {0,¢} | {0, {0,c}
{a,b} | {a,0} {0,¢} {a,b} | {0,¢} {a,b}
10.21)
+ {0,b} {a,a+b}  {2a,2a+0b} {3a,3a+ b}
{0, b} {0, b} {a,a+b}  {2a,2a+b} {3a,3a+ b}
{a,a + b} {a,a+b}  {2a,2a+0b} {3a,3a-+b} {0,b}
{2a,2a + b} | {2a,2a +b} {3a,3a+ b} {0,b} {a,a + b}
{3a,3a + b} | {3a,3a+ b} {0,b} {a,a+b}  {2a,2a+ b}
. {0,6}  {a,a+0b}  {2a,2a+0b} {3a,3a-+ b}
{0, b} {0, b} {0, b} {0, b} {0, b}
{a,a + b} {0,6}  {a,a+b} {2a,2a +b} {3a,3a+ b}
{2a,2a + b} | {0,b} {2a,2a+ b} {0,b} {2a,2a + b}
{3a,3a+b} | {0,b} {3a,3a+b} {2a,2a+0b} {a,a+0b}

10.23) {0,a,b,c} gives a copy of Ty inside of Tg.

10.25) a + b and 3a + b.

10.27) Neither Ty nor Ty have irreducible elements.

10.29) a and 3a are prime, but not irreducible.

10.31) Tj has an element ¢ for which ¢-x = 0 for all , T4 has no such element.
10.33) Since a non-commutative ring must have a non-cyclic additive group,
the smallest such ring would have additive group of Z; x Z,. If 22 = y for
two nonzero elements x and y, then x -y = y - x, and the whole ring would
commute. Thus, 22 = 0 or x for all x € R. If two nonzero elements have
22 =y?=0,thenx-y#zorelse (z-y)-y=x#z-(y-y), likewise z -y # y.
Alsoz-y#ax+y,orelsex-(z-(z+y)) =x+y # (z-2) - (x+y). This means
that -y = 0, and similarly y - x = 0, and the ring would commute. So there
are at least two elements for which x2 # 0, call them a and b. Then a? = a,
b> =b. If (a+b)2 =a+b, then a-b=">b-a, so we need (a + b)2 = 0. Then
a-b#a+borelse (a-b)-b=(a+b)-b=a#a-(b-b). Likewise, a - b # 0,
otherwise (a + b)? = 0 would force b-a =a +b. So for a-b # b - a, one must
be a, and the other b, yielding Ty and T} respectively.
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10.35)
+ A  1+A4 2+A 3+A 4+A4 H+A
A A 1+A4 2+A4 3+A4 4+A4 5+A4

1+A | 1+4A4 24+A 3+A4 44A 5+A A
2+A4|24+A 344 444 544 A 1+ A4
3+A | 3+A 444 5+A A 1+44 2+ A
4+A | 44+A 54+ A A 1+4 24+A 344
5+A | 5+ A A 144 24+A 3+A4A 44 A
A 1+4A 24+4A 34+A 44+4A 5+A4
A A A A A A
1+A| A 1+A 244 3+4A4 44+4A 544
2+4A | A 24+4A4A 444 A 24+4A 44A
3+A | A 3+A4A A 3+ A A 3+A4A

A

A

+ (8

A

44+ A 44+A 24+ A A 44+A 24+ A
5+ A 5+A4 4+A 3+A 24+A 1+A

10.37) 2 ) is a generator of the additive group of (2)/(8), but for every
element x of (2)/(8), 22 = (8) or 4+ (8), so there is no multiplicative identity.
10.39) 2 = (1 -1) # ¢(1) - (1) = 4.
10.41) §(x) +0(y) = a+c— (b-+d)i = Sz +3), $(x)- Sy) = (a—bi) (c—di) =
ac —bd — (be + ad)i = ¢(z - y).
10.43) If a,b € I, then there are x,z € R such that a = z -y and b =z - z.
Thena—b=(x—2z2)-y€l,andifc€ R, thena-c=c-a=(c-z)-y €Il
10.45) If a and b are nilpotent, then a™ = b"™ = 0 for some m and n. By
problem 9.33, (a — b)™*" = @™t — (MFM)amtnTly 4 (M) am 202 —
c (D)™ (MMM 4 - b H = 0. So a — b is nilpotient, and if z € R,
(a-xz)™=a™- 2™ =0, so a-x is nilpotient.
10.47) The homomorphism ¢ : R +— R/I, given by ¢(x) = x + I, restricted to
the ideal K, produces ¢’ : K +— (K + I)/I. The kernel of ¢' is K NI, and so
by the first isomorphism theorem for rings (10.2), K/(K NI)~ (K +1I)/I.

Chapter 11
11.1) All factorizations reveal triple roots. Reason: For real numbers, (x +
y)? = 2®+322y+32y%+y3, but since we are working mod 3, (z+y)® = 2% +y3.
11.3)

InitDomain|[0]
Homomorph[F]
Define[F[Sqrt[5]],—Sqrt[5]]
CheckHomolF,{1, Sqrt[5]}]

11.5) (i +2)(i + 3) = 0 is this ring, so it is not a field. Primes that are one
more than a multiple of 4 will fail to form a field, but primes that are one less
than a multiple of 4 will form a field.

11.7) (V17 = 1)/4 = cos(27/17) + cos(4m/17) + cos(87/17) + cos(167/17).
11.9) 2.
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11.11) Let the identity e have order n in the additive group. Then the char-
acteristic cannot be less than n, but nx = n(x -e) = (ne) -z = 0 for all
z € R.

11.13) Let n be the order of the ring R. Then na = 0 for all € R, so the
characteristic would be at most n.

11.15) (2) - ((2) + (2)) = (2) - (52) = (mmwwbusz ), whereas

Y w Yyw VYW

() (5)+ () - () = (a5) + () = (=) = (i),
11.17) (0,1) = (0,2), (1,1) = (2,2), (1,2) = (2,1).

+ {(0,1),(0,2)} {(1,1),(2,2)} {(2,1),(1,2)}
{(0,1),(0,2)}| {(0,1),(0,2)} {(1,1),(2,2)} {(2,1),(1,2)}
{(1,1),(2,2)3 [ {(1,1),(2,2)} {(2,1),(1,2)} {(0,1),(0,2)}

{21, (12)} [{(21),(1,2)} {(0,1),(0,2)} {(1,1),(2,2)}

: {(0,1),(0,2)} {(1,1),(2,2)} {(2,1),(1,2)}
{(0,1),(0,2)} 1 {(0,1),(0,2)} {(0,1),(0,2)} {(0,1),(0,2)}
{(1,1),(2,2)}| {(0,1),(0,2)} {(1,1),(2,2)} {(2,1),(1,2)}
{(2,1),(1,2)} | {(0,1),(0,2)} {(2,1), (1,2)} {(1,1),(2,2)}

1119)x 22+ 1, 2242, 224z, 22+ 2+ 1, 2 + o+ 2, 22 + 22, 22 + 22 + 1,

224+ 2x +2, 222, 222 + 1, 222 —|—2, 202+, 222+ + 1, 222+ + 2, 222 + 2z,
222 + 2z 4+ 1, 2m2+2x+2.
11.21)

-1 - 1 1

i 1

(L1 (1 1 1 o]+ isinl
= f—+57~~ +1 T §+g -+- ] =cosl+sinl.

11.23)

1+ % = /14 % (cos(tan™'(1/n)) 4 isin(tan™'(1/n))),

SO

(1 + :L)n = (1 + :2)”/2 (cos(ntan™"(1/n)) +isin(ntan™'(1/n))).

But
1 n/2

lim <1 + 2) =1 and lim ntan"*(1/n) =1
n

by L’Hopital’s rule.

11.25) In2 — 7 /6 + 2kwi, where k € Z.

11.27) v2/2 +i/2/2, —\/5/211'@/2.

11.29) —2i, if+z

11. 31) 77r/4 e 371'/4’ e7r/47 657T/4, 697r/4, L
) ( )zln2/ 271')
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11.35) From DeMoivre’s theorem, all solutions 2™ = 1 are of the form z =
cos(2km/n) + isin(2kw/n) = (cos(2mw/n) + isin(27r/n))k. Thus, e, generates
the group. A generator of this group would be e¥, where k is coprime to n,
hence a primitive n-th root of unity.

11.37) False: (22)1/2 412 = 42, yet 2(21/2) — ol — 9,

11.39) Since 22 > 0 and e > 0, then 2?2 +e>0.

11.41) Since (z —y)? > 0, 2% — 22y + y? > 0, so z2 + y? > 2ay.

11.43) Let f(z) € Z[z]* have leading term az™ and g(x) € Z[x]" have leading
term bz". Then f(z) - g(x) has a leading term abz™*™ which is in Z[z]"
since ab > 0. f(x) + g(x) will have leading term of either ax™, bz™, or
(a + b)z™, depending on whether m > n, n > m, or n = m. In any case
f(x) + g(x) € Z[z]*. Finally, either the polynomial is 0, or the leading term
is either positive or negative, so the law of trichotomy holds.

11.45) For z > 0 in the standard ordering, then x = (y/2)? > 0 in any ordering,
so there is no nonstandard ordering of R. Hence if there were a nontrivial
automorphism ¢, then ¢(P) = P. Also, ¢(1) = 1 since the identity must map
to the identity. Then ¢(2) = ¢(1) + ¢(1) = 2, and likewise ¢(n) = n for all
integers n. Then ¢(p/q) = ¢(p)/d(q) = p/q for all rationals. If ¢(z) =y # x,
then there is a rational p/q between z and y, but then ¢(z — p/q) =y — p/q,
which contradicts ¢(P) = P.

n’

Chapter 12
12.1) f(z) = 1123 /6 — 1922 /2 + 50z/3 — 8, f(5) = 67.
12.3) Irreducible.
12.5) In Mathematica:

InitDomain[11]
Define[a™2,6]
R = Ring[{1,a}]
CheckRing[R]

Since Z[v/6]/(11) is a field, (11) is a prime ideal, hence 11 is prime.

12.7) q(z) =z + 2, r(z) = —dx + 2.

12.9) f(x) = 32% — 2x + 1.

12.11) If 22 + 5 has a root a in R, then a®? +5 = 0. But a® > 0, so a> +5 > 5.
Finally, apply proposition 12.3.

12.13) f(0) = 4(Mod 13), f(1) = f(3) = f(9) = 5(Mod 13), f(2) = f(5) =
7(6) = 12(Mod 13), f(4) = f(10) = f(12) = 3(Mod 13), f(7) = f
f(11) = 9(Mod 13), so proposition 12.3 applies.

12.15) (z +4) (22 + 3z + 3).

12.17) (x + 1) (2 + 4) (22 + 3).

12.19) (2,1++/=5) = {a+by/=5 | a+b = 0(Mod 2)}, so this is not all of
Z[V/=5]. If (2,1 + v/=5) = (c) for some ¢, then ¢ can’t be a unit, but both
2 and 1 + /=5 must be multiples of ¢. This is impossible, since both 2 and
1+ +/=5 are irreducible.

12.21) {0,2,4,6,8,10}, {0,3,6,9}.
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12.23) 3 and 15 are irreducible.
12.25) 2, 3, 4, 8, 10, 14, 15, 16 are prime.
12.27) No, every nonzero would be a unit.
12.29) By letting p(z) be the smallest n for which « € S,,, then u(z) > 0 for
all z. If pu(z-y) = n, then (z-y) + Sp—1 = R, so (z) + Sp,—1 = R, hence
w(x) <n = p(z-y). If yis a unit, pick ¢ = 2 - y~! and r = 0. Otherwise,
let n = pu(y), so that x € (y) + Sp—1, that is, there is a r € S,,_; for which
x=1y-q+r. Then p(r) <n = pu(y), so p is a Euclidean valuation on R.
Now suppose R is a Euclidean domain with a valuation p(z), and we want
to show that S, contains all nonzero elements for which p(x) < n. Clearly if
p(y) = 0, then y is a unit, so y € Sy. Suppose that it is true for all smaller
values of n. If u(y) = n, then every x can be written as y-q+r, with u(r) < n,
sor € S,—1. Thus R = (y) + Sp—1, so y € S,,. Since S,, contains all nonzero
elements for which u(z) < n, then every element of R is in some S,,.
12.31) A PID is a UFD, so every nonzero, non-unit x can be uniquely fac-
tored into irreducible elements, so x has an irreducible factor. But in a PID,
irreducible elements are prime.
12.33) In order for f(z) to be a unit, it must be a constant, but since fractional
constants are not allowed, the only units are +1. Likewise, for 2 to factor,
one of the factors would be +1, so 2 is irreducible. But z factors as 2-z/2 =
2:2-x/4=---s02is a factor of x an unlimited number of times.
12.35) @ = b - u for some unit u, so p(a) = pb-u) > w(b), and pd) =
pla-u™t) = p(a).
12.37) 2% can be 0, 1, 2, or 4 (Mod 7), and likewise for —6y2. So the sum is
0 (Mod 7) only if # = y = 0. Now if (x + yv/6) - (a + bv/6) is a multiple of
7, then (22 — 6y?) - (a® — 6b°) is a multiple of 7, so one of these factors, say
x? — 6y?, is a multiple of 7. But then both 2 and y are multiples of 7, so the
original factor (x + y+/6) is a multiple of 7.
12.39) Since N(a + bi) = a® + b? is prime, proposition 12.8 shows that a + bi
is irreducible, hence prime.
12.41) If a + bi is a factor of p, then a — bi will also be a factor, so (a + bi) -
(a — bi) = a® + b2 will be a factor of p. But p is prime in the ordinary sense,
so a® 4+ b?> = p. Problem 12.40 does the other direction.
12.43) Let g = (1 — v/4n+1)/2, and x + yqg = = + yq. If N(a) = +1, then
b = @ is such that a - b = %1, so a has an inverse. Likewise, if ¢ has an
inverse a=1, then 1 = N(1) = N(a-a™ ') = N(a)- N(a™ '), so N(a) = £1. If
N(a) =p,and a =b- ¢, then N(b) - N(c) = p, and so either b or ¢ is a unit.
12.45) Let t = 2 -y~ ! = u + vg € Q(v/5), and round u and v to the nearest
integers 7 and j. If p =i+ jq, then N(p—t) = a® +ab—b*, where a and b are
both less than 1/2, so |[N(p—t)| < 3/4. Hence u(r) = |[N(r)| = |N(p-y—z)| =
N — ) - N(y)| < [N ()| = uly).
12.47) If a - b is a multiple of 2, then N(a) - N(b) is a multiple of N(2) = 4, so
either N(a) or N(b) is even, say N(a). 2%+ zy + 5y* can only be even if both
x and y are, so a is a multiple of 2, hence 2 is prime. To show 3 is prime,
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repeat the argument, but we need to show z? + xy + 5y? is a multiple of 3
only if both x and y are. This can be done via a small table for z,y € 0,1, 2.

12.49) Let b be the greatest integer not exceeding 2Im(z)/v/19. Then Im(z —
bq) = Im(z — v/19b/2) will be between 0 and v/19/2. Let a be the closest
integer to Re(z — bq), and let z = a + bg. Then 0 < Im(z — x) < v/19/2, and
—1/2 < Re(z —z) < 1/2.

12.51) Letting z = m~'z, we let y be as problem 12.50 so that either |z—y| < 1
or |2z — y| < 1. We can extend N(z) to Q(q) by N(a + bq) = a® + ab + 5b%,
a,b € Q. In fact, N(z) = 2z = |z|%. So |m~lz —y| <1lor [2m™lz —y| <1,
or |z —my| < |m| or |2z — my| < |m|. But  — my and 2z — my are in I,
and we chose m to have minimum nonzero absolute value, so either x = my
or 2x = my. In the first case, we can double y to get 2x = my.

12.53) If I is an ideal that is not a principle ideal, we can let m be the nonzero
element of T with least N(m), and let x € I, z ¢ (m). From problem 12.52 we
can find a y (not a multiple of 2) such that x = (m/2)y. Then 27 = myy/2 €
I, and y7 is some odd number, say 2n+1. Since m(2n+1)/2 = nm+m/2 € I,
and m € I, then m/2 € I, but this contradicts the fact that m was chosen to
have minimum N (m).

Chapter 13

13.1) {0,1,4% + y,y? + y + 1} is a subfield of order 4, where y is the root of
z* + z + 1 in the field extension. There is no subfield of order 8.

13.3) @15(z) = (z* + 2+ 1) (2t + 23 +1). But &5(z) =2t + 23 + 22 + 2+ 1
is also irreducible.

13.5) ®g(z) = (22 + 2 + 2)(2? + 2z + 2). But 22 + 1 is also irreducible.

13.7) R =2(C} —3C1C3 + Cs +6C3C3 — 3C1CoC3 +9C1C3 — 3C2,C3 + C35 +
202’—6C4C§+2C§+12C£C6—604C5C6+18C4Cg—GC5C62+203—601C4C7—
12C3C4C7+6020507+12030507—12010607—6020607—180306074—40;’4-
6020408_6030408+6010508_6020508+12010608+6C3C608—1207082+
403—12010409+12020409—18030409—6010509+6030509—18010609+
6C5CsCo —6C3C5Co + 240?09 —12C;CsCqy + 360703 — 120803 —|—4Cg Since
this is real, w™ = v/R. To show R # 0, suppose R = 0 for some rational
C1 through Cy. But multiplying by the common denominator, we can get
an integer solution to R = 0 , and by dividing by any common factors, we
can get an integer solution for which C; through Cy have no common factors.
Then O-f + 01022 —|—C’23 + C1CC5+ 01033 +C’20§ +C§ = O(Mod 2) The only
combination for this to be true is if C, Cy, and C5 are all even. Substituting
Cy =2B,, Cy = 2Bs, and (3 = 2Bj3 into R, and factoring out 2 reveals that
C3 + C4C2 + C2 4 C4C5C + C1C3 + C5C3 + CF = 0(Mod 2). This forces
Cy4, C5, and Cg to be even, so further replacing Cy = 2B, C5 = 2B5, and
Cs = 2Bg into R, and dividing by 2, reveals C? + C;C3 + C3 + C7CsCq +
C7C2 + C3C2 + C3 = 0(Mod 2), which once again forces C7, Cs, and Cy to
be even. But this contradicts that C; through Cy have no common factors,
so R # 0.
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13.9) Let y be a root of 22 + x + 1 in the extension field.

+ 0 1 y y+1 . 0 1 y y+1

0 0 1 y y+1 0 |0 O 0 0

1 1 0 y+1 y 1 |0 1 y y+1

Y y y+1 0 1 y |0 vy y+1 1
y+1lly+1 y 1 0 y+1(0 y+1 1 Y
13.11) Let y be a root of 22 + z + 2 in the extension field.

+ 0 1 2 Y y+1 y+2 2y 2y+1 2y+42

0 0 1 2 Yy y+1 y+2 2y 2y+1 2y+2

1 1 2 0 y+1 y+2 y  2y+12y+2 2y

2 2 0 1 Y+ 2 Y y+1 2y+2 2y 2y+1

Y y y+1 y+2 2y 2y+1 2y+2 0 1 2
y+1|y+1 y+2 y  2y+12y+2 2y 1 2 0
y+2 | y+2 Y y+1 2y+2 2y 2y+1 1 0 1
2y 2y 2y+12y+2 0 1 2 y  y+1l y+2
2u+1(2y+1 2y+2 2y 1 2 0 y+1 y+2 y
2u+22y+2 2y 2y+1 2 0 1 Y+ 2 y y—+1

o 1 2 y  y+1 y+2 2y 2y+1 2y+2

0 0 ©0 0 0 0 0 0 0 0

1 0 1 2 Y y+1 y+2 2y 2y+1 2y+2

2 10 2 1 2 2+2 2+1 Yy y+2 y+1

Y 0 Y 2y 2y+1 1 y+1 y+2 2y+2 2
y+1]0 y+1 2y+2 1 y+2 2y 2 Y 2y +1
y+210 y+2 2y+1 y+1 2y 2 2y +2 1 y

2y |0 2y Y y+2 2 20+2 2y+1 y+1 1
2y+110 2y+1 y+2 2y+2 y 1 y+1 2 2y
2y+2(0 2y+2 y+1 2 2y +1 Y 1 2y y+2

13.13) The generators are 1 +4, 1 + 2, 2 + 7, 2 4 2i.

13.15) The Frobenius automorphism f : z — 2P must send a generator to a
generator.

13.17) We can let = be the solution given from problem 13.16. Then (x +
i)(z — i) = 22 + 1 would be a multiple of p, and clearly neither x +4 nor x — i
is a multiple of p. Therefore, p is not prime in Z[i].

13.19) All subfields contain the multiplicative identity, and this element gen-
erates a subfield of order p. So this subfield is in all of the subfields of F', and
since it is one of the subfields, there are no other elements in the intersection.
13.21) The subfields would have to have order p™ for some prime p. Consider
the polynomial z(?") — z. There are at most p™ roots, but all elements from
both subfields would be roots.

13.23) If n is a multiple of d, then by corollary 13.5 p™ — 1 is a multiple of
p? — 1, and so "~ — 1 is divisible by 2= 1, and so z®") — z is
divisible by 2®) — 2 in Z[z]. Since (") — x factors completely in F with
no double roots, so does @) — x, and these p¢ elements will form a subfield
since these elements are fixed by the automorphism z — 2P, Problem 13.21
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gives uniqueness.

13.25) A field of order p™ can be described by Z,[z]/(f(z)), where f(z) is
an irreducible polynomial in Z,[x] of degree n. An automorphism would be
determined by where it sends one of the roots of f(x), and there are n possible
roots. Thus, there are at most n automorphisms, and we found n Frobenius
automorphisms

13.27) x —a

13.29) 2t — 23 + 22 — 2z + 1.

13.31) <I>1(x) =2 —1and ®o(x) = z+1, so assume that it is true for previous
n. Plugging in = 0 into proposition 13.7 gives 0" —1=—1-1---®,(0), so
,(0) =1.

13.33) Since zP") — 1 = ®,(z) - By(x) - Dp2() - Bpn(x), and 2" ) —
1= &y (z) ®p(x) - Dp(x) - Ppn-1(x), it is clear that Bpn(z) = (2" —
1)/(z®") —1) = (Y? = 1)/(Y — 1), where Y = 2"~ Since p is prime,
this is ®,(Y) = @, (z" ).

13.35) Let f(x) be an irreducible polynomial of degree n over Z,, and let r be
aroot of f(x) in GF(p™). If r™ = 1 for some m < p" —1, then f(x) cannot be
a factor of ®(,n_1)(x), lest 7 be a double root of z(®"=D — 1, and then would
contradict lemma 13.5. However, if ™ # 1 for any m < p"™ — 1, then f(z) is
a factor of z(P" =1 — 1, yet not a factor of any ™ — 1 for m < p™ — 1, so f(x)
must be a factor of ®n_q(x).

p
p

Chapter 14
14.1) (41/36,—1/18,1/4).
14.3) 1/(5+ v—=3) = 5/28 — v/—3/28.
14.5) Splitting field = Q(a), where a® = —a?+4a—1; 3-dimensional extension.
14.7) Splitting field = Q(a, b), where a® = 2 and b* = —ab® — a?b? — a®b — a*;
20-dimensional extension.

14.9) {1,v/2}.

14.11) {1,v/2,v/3,6}.

14.13) {1, /2, V/4}.

14.15) {1,V/3}.

14.17) 23 — 5.

14.19) * + 227 — 1.

14.21) 2® — 42% 4 82* — 822 + 2.

14.23) VV2 -1, —VV2 -1, V—vV2 -1, —V/-V2 - L.

14.25) Eight roots: :i:\/j:\/ +4/2 — 1+ 1, where each + can be either + or —
independently of the other £ symbols.

14.27) V2 + /5.

14.29) V/2 + .

1431) €15.

14.33) r; = 1.25992, ro = —0.62996 + 1.09112¢, r5 = —0.62996 — 1.091124.
r3 = —0.7937 — 1.37473i, 73 = —0.7937 + 1.37473i, rors = r} = 1.5874.
14.35) Both quadratics factor in Q(v/=3).
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14.37) (V2 — 4v/4 — 11)/43.

14.39) F(u)(v) is the smallest subfield containing both v and F'(u), and F'(u)
is the smallest subfield containing both u and F. Hence F(u)(v) = F(u,v),
the smallest field containing u, v, and F. By symmetry, F(v)(u) = F(u,v)
too.

14.41) If a = /m + /n, then Vm = (a®> — (3m + n)a)/(2n — 2m), and
Vi = (a® — (3n +m)a)/(2m — 2n). So Q(y/m,+/n) is in Q(a), and clearly
O(a) is in Q(vim, /).

14.43) ¢o(x) = =, $1(V2) = V2, 61(V3) = —V3, $2(V2) = —v2, $2(V3) =
V3, 93(V2) = =2, ¢3(V3) = —V/3.

Chapter 15

)

15.1) Galg(K) =~ D4, with 8 elements.

15.3) Galg(K) &~ Z5x Z4, with 20 elements.

15.5) Galg(K) = Zy x Z3, with 4 elements.

15.7) Galg(K) = A5, with 60 elements.

15.9) fix({do}) = Q(V2,v3), fix({60, 1)) = QV3), ix({do, b2}) = Q(V3),

ﬁX({Qﬁm(bg}) Q(\/») ﬁX({¢0,¢1,¢27¢3}) Q.

15.11) ¢o(x) = x for all x; ¢; fixes /3, 7o < 73; ¢ fixes ro, V/3 < r3; ¢3
fixes r3, \f<—>7“27 ¢4-\f—>T2—>T3—> V3 ¢5:V/3 — 13 — 1m0 — V3.

15.13) Q, Q(v2), Q(V5), Q(V/10), Q(v2, V5).

15.15) Since Z% ~ Zg, we can consider ®7(z) = 25+ 2%+ 2* + 23+ 22 + 2+ 1.
15.17) Let ¢ be an automorphism that generates the Galois group. For an
element of Sy to have order 4, it must be a 4-cycle, so ¢ is a 4-cycle of
the four roots, ¢ : 11 — 19 — r3 — r4 — 71. Then ¢(k) = k, where
k = r3ry +r3r3 + 73ry + riry. So k is in the fixed field of ¢, and since ¢
generates the Galois group, k € Q.

15.19) If the Galois group is Z5, the roots of the polynomial can be rearranged
such that r?ry + 7373 + 7314 + 7375 + r27] is rational.

15.21) One solution: r; = 1.827090915, ro = 1.338261213, r3 = —0.209056927,
ry = —1.956295201, 7’%7‘2 + T%Tg + T§r4 + rirl =11.

15.23) If a is a root, then all roots are in Q(a), hence |Galg(F)| < 4. There
is an automorphism that sends a to a2 — 2, and this would send a® — 2 to
(a® —2)2 — 2, which can’t be a or else a would satisfy z* — 422 — 2 —2 = 0.
So there is an automorphism that is not of order 2, hence Galg(F) ~ Z,.
15.25) The first extension is of order 5, so the Galois group must contain a
5-cycle. Also, the complex conjugate automorphism switches two roots, so is
a single 2-cycle. Now any 5-cycle and 2-cycle in S5 generate all of S, so the
Galois group is isomorphic to Ss.

15.27) Ss.

15.29) Z,.

15.31) Z.

15.33) Since ¢ fixes F', and also u, then ¢ fixes F'(u), and hence is in Galp(,,) (E).
15.35) Galp(F) is a finite group, so it can only have a finite number of sub-
groups. Since the fundamental theorem of Galois theory shows a one-to-one
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correspondence between the subgroups of Galp(E) and the subfields of F
containing F', there are only a finite number of such subfields.

15.37) Z1, Za, Z3, or S3. (Possible subgroups of Ss.)

15.39) If some polynomial f(x) in Q[z] has Galois group G, then the splitting
field of f(x) can be written as Q(w) for some w (corollary 14.4). Then g(z) =
Irrg(w, ) will have the degree n, and will have the same splitting field. Thus,
the Galois group of g(z) will also be G.
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