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Foreword

Projective Geometry is a textbook. It aims to be ‘student-friendly’, without sac-
rificing mathematical rigour. It is suitable for students in their third or fourth
year at the university. Such students would have already acquired a certain
mathematical maturity; they would understand the need for precise mathe-
matical statements, and they would expect a beautiful piece of mathematics
in return as a reward. Geometry happens to be full of unexpected and beauti-
ful results. That is why it has attracted so much interest throughout the ages;
indeed, current research in geometry suggests that it is very much alive, and
doing well.

This textbook is based on lectures given at the University of Adelaide by
Dr Sue Barwick, Dr Catherine Quinn, and myself. Chapter 1 describes the
assumed knowledge. Ideally, the reader would be familiar with linear algebra,
elementary group theory, partial differentiation, and finite fields. A reader with
less background knowledge can proceed with the study, provided there is a
readiness to accept as valid the results listed in Chapter 1; at some stage,
these results need to be properly investigated. As far as geometry is concerned,
the only assumption made is some elementary coordinate geometry. Chapter
2 introduces Desargues’ Theorem, which turns out to be of major importance.
In Chapter 3, r-dimensional projective spaces are defined by means of nine
axioms, which initially may seem like a formidable set of axioms. It is not
necessary to commit all the axioms to memory; however, special attention
should be paid to axiom A8 (called the ‘dimension axiom’ in this textbook,
but known elsewhere as the ‘Grassmann identity’). One becomes conversant
with these axioms by working out various cases in various projective spaces,
and Example 3.9 gives in detail the situation in three-dimensional projective
spaces.

One soon learns that Desargues’ Theorem is valid in all projective spaces
of dimension greater than 2. As a result, two areas of study offer themselves.
The first area, covered mainly in Chapters 3, 5, and 6, relates to projective
spaces of dimension 2 (also known as non-Desarguesian projective planes) in
which Desargues’ Theorem is not valid. The remaining chapters deal with the
(Desarguesian) projective spaces defined over some field. Within this overall
frame, the subject is developed in a traditional way, namely some theory, followed
by worked examples and exercises.

No attempt has been made to compile a bibliography. For a very comprehen-
sive bibliography, see for example J.W.P. Hirschfeld’s book ‘Projective Geome-
tries Over Finite Fields’.
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1 Assumed knowledge

As mentioned in the Foreword, Chapter 1 is devoted to the listing of some basic
facts about fields and linear algebra. It is expected that a third year university
student is more familiar with the material on linear algebra than the material
on fields. A reader who is not familiar with fields is recommended to

e Proceed with the study, and learn about fields on a ‘needs’ basis, as not all
of the properties are immediately needed.

e Seek proofs and further information from an appropriate algebra book.

Preliminaries

In elementary coordinate geometry of the plane, for constants a, b, c, f, g, h, the
sets of points (x,y) satisfying

ar+by+c=0, (1)
and  ax? + by + 2hay + 292 + 2fy + ¢ =0, (2)

are respectively called a line and a conic. A line either lies wholly on a conic,
or else has 0, 1, or 2 points in common with it. This is because either Equation
(1) divides Equation (2), or else, by eliminating y, a quadratic in z is obtained,
and a quadratic has 0, 1, or 2 zeros.

The elements x,y,a,b, ... in the above equations belong to a set S, and S is
generally assumed to be the set R of real numbers (and the plane is referred to as
the (affine) Buclidean plane R?). But, from the point of view of algebraic manip-
ulations, no difficulty arises if S is taken to be the set Q of rational numbers, or
indeed the set C of complex numbers.

If C is used, then the plane is referred to as the affine plane C2. It is to be
noted that the affine plane C? contains the Euclidean plane R? as a subplane:
the points of the Euclidean plane R? are points of the affine plane C2. Consider,
in the affine plane C2, the line /: ax + by +c = 0. If a,b,c € R, ¢ intersects the
Euclidean plane R? in a line ¢ given by the same equation; ¢ is a subline of ¢.
Thus lines of the Euclidean plane R? are sublines of lines of the affine plane C2.
The fact that a quadratic over C has two zeros (not necessarily distinct) gives
the following result: in the affine plane C?, a line either lies wholly on a conic,
or else intersects it in two (not necessarily distinct) points.

Consider, as possible candidates for S, the following two sets:

1. Zg = {0,1,2,3,4,5}, addition and multiplication modulo 6.
2. Zs ={0,1,2,3,4}, addition and multiplication modulo 5.
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Zg has divisors of zero; for example, 2 -3 = 4 - 3 = 0. Therefore, equations like
ax = b are not always solvable in Zg; for example, the equation 2x = 1 cannot be
solved because 2 has no multiplicative inverse in Zg. Therefore Zg (and indeed
Zy, if n is not a prime number) is not a suitable candidate for S. But in Zs, no
such difficulty arises. This is because Zs (and in general Z,, where p is a prime
number), just like Q, R, and C, is a field.

Finally, we note that one can have a valid geometry of the plane where the
coordinatising set S is not a field; this notion will be made more precise later.

Fields

In this section, properties of fields (specially finite fields) are reviewed.

Definition 1.1 (a) A field F is a set on which two binary operations + and
- are defined (called addition and multiplication, respectively), such that
1. (F,+) is an Abelian group, with additive identity 0.
2. (F\{0},-) is an Abelian group, with multiplicative identity 1.
3.a-(b+c)=a-b+a-c, forallabceF.
4

.0-a=a-0=0, forallae F.

(b) If a field has a finite number q of elements, its order is said to be q. The
order of a field with an infinite number of elements is said to be infinity.

Definition 1.2 An isomorphism between fields F' and E is a bijection
c: F—FE
satisfying (writing a° for o(a))

(a+b) =a’ +b7,
(a-b)? =a’-b%, foralla,beF.

Exercise 1.1

. Verify that Zs is a field.
. Verify that
RFF ={0,2,4,6,8}, with addition and multiplication modulo 10

is a field. Show that RFF is isomorphic to Zs.
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3. Prove that Z, is a field if and only if n is a prime number.

Definition 1.3 Let F = (F,+,-) be a field and let E C F. Then E is a subfield
of F if (E,+,") is a field.

Example 1.4 R is a subfield of C, Q is a subfield of R and also of C.

Exercise 1.2
Prove that the set {a + bv/2 | a,b € Q} is a subfield of R.

Definition 1.5 Let F' be a field. A vector space over F' consists of an Abelian
group V under addition, together with an operation of scalar multiplication of
each element of V' by each element of F on the left, such that for all ay,as € F
and vy,vg € V:

1. aiv1 € V.

2 a1 (aguy) = (ara2)vy.

3 (a1 + a2)v1 = (a1v1) + (agvy).
4. a1 (v1 + v2) = (a1v1) + (a1v2).
5 lv; = vy.

The elements of V' are called vectors, and the elements of F' are called scalars.

Example 1.6 Let F' be a field. Then the set V = F[z] of all polynomials over
F' is a vector space over F', where addition of vectors is addition of polynomials
in Fz], and scalar multiplication of each element of V' by each element of F' on
the left is multiplication in F[z]. All axioms for a vector space are easily seen to
be satisfied.

Definition 1.7 Let V be a vector space over a field F. Let vy,va, ..., vp,... be
elements of V.

1. The set of all linear combinations of the vectors v;, namely

{v=a1v1 +agva+---+av,.+--- |a; € F}

is called the span of these vectors and is denoted by (v1,va,...,v,,...). We
say that v1,va,...,v, span V if V=(v1,va,...,vp).
2. The vectors vi,ve,...,v, are linearly independent over F' if
I
Z a;v; =0, a; €F
i=1
implies a; = 0, fori=1,... r. If the vectors are not linearly independent

over F, they are linearly dependent over F.
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3. The vector space V is finite dimensional if there is a finite subset of V'
whose vectors span V.

4. The vectors in a subset B of V form a basis for V if they are linearly
independent over F and span V.

Exercise 1.3 Show that

(a) V ={(z,y,2) | z,y,z € R}, with the usual vector addition, and multiplication by
elements of R as scalar multiplication, is a vector space over R.

(b) The vectors (1,0,0),(0,1,0),(0,0,1) are linearly independent over R, and span V.
(¢) The vectors (1,1,0),(0,1,1),(1,0,1) are linearly independent over R, and span V.

We will mainly be concerned with finite-dimensional vector spaces. The following
theorem is quoted without proof. For a proof, see any linear algebra textbook.

Theorem 1.8 Let V be a finite-dimensional vector space over a field F. Then,

1. V has a finite basts.

2. Any two bases of V' have the same number of elements.

Definition 1.9 Let V' be a finite-dimensional vector space over a field F'. The
number of elements in a basis (which, by the last theorem, is independent of the
choice of the basis) is called the dimension of V over F.

Example 1.10 In Exercise 1.3, both sets of vectors {(1,0,0), (0, 1,0), (0,0,1)}
and {(1,1,0), (0,1,1),(1,0,1)} form a basis for the vector space V over R. Each
set consists of three vectors, and therefore the dimension of V' over R is three.

Example 1.11 Let F be a subfield of K. Prove that K is a vector space over F,
(with the addition of field K as vector addition, and multiplication by elements
of the subfield F' as scalar multiplication). If F' is of finite order ¢, and K as a
vector space over F' is of dimension n, prove that K is of order ¢".

Solution. The vector space axioms follow immediately from the field axioms for
K.
Let {v1,vs,...,v,} be a basis for K as a vector space over F. Thus,

K:{v:alvl+agvz+~~+anvn|ai€F}.

As each a; is one of the ¢ elements of F', K has ¢" elements. O
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Definition 1.12 Let F be a subfield of K. Then

1. The dimension of K as a vector space over F' is called the degree of K
over F', and is denoted by [K : F].

2. K is called a finite extension of F if [K : F| is finite.

3. If[K : F] = 2,3,...,n, K is said to be a quadratic, cubic,..., n-ic
extension of F, respectively.

Definition 1.13 The intersection of all subfields of a field F is (easily proved
to be) a subfield of F, called its prime subfield.

Theorem 1.14 (The structure of a field) Let F be a field. Then its prime
subfield is isomorphic either to Z, (p prime) or to Q.

In the case of a finite field F' with g elements, its prime subfield is neces-
sarily isomorphic to Z,, for some prime p, called the characteristic of F'. By
Example 1.11, it follows that ¢ = p”, for some positive integer h. Such a field is
unique to within isomorphism, is denoted by GF(q), and is called a Galois field
of order gq.

Definition 1.15 Let F' be an infinite field whose prime subfield is isomorphic
to Q. Then, the characteristic of I' is defined to be zero.

Here are some important properties of GF(q), where ¢ = p", for some prime p,
and some positive integer h.

1. pa =0, for all a € GF(q), where pa means a +a + -+ + a.
~—_———
p times
In particular, when p = 2,
—-1=1.

2. The g — 1 non-zero elements of GF(q) satisfy
zi =1,

3. The multiplicative group of GF(q) is cyclic. Thus GF(q) contains an element
w, (called a primitive element or generator of GF(q)), such that

are the ¢ — 1 non-zero elements of GF(q), and w9=! = 1.
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. If d is a divisor of ¢ — 1, the equation

4 —1=0

has exactly d roots in the field. If ¢ is odd, the %(q — 1) elements of GF(q)
satisfying
zla=D/2 _1 =9,

are called quadratic residues or squares; the remaining %(q —1) elements
of GF(q) satisfying
2a=/2 190

are called non-quadratic residues, or non-squares.

. Let f = apaz" 4+ an_12" 1 +---+ag, with a, # 0, be a polynomial of degree

n < g—1 over GF(q). Then f has at most n zeros in the field. In particular,
if a polynomial g of degree n < ¢—1 over GF(q) is known to have more than
n zeros, then g is the zero polynomial (i.e. every coefficient in g is zero).

. An automorphism of a field F'is an isomorphism o: F — F.If F = GF(q),

with ¢ = p”, the automorphisms are all of type
o:a — apr, 0<r<h-1.

Further, o: a — a, for all a € Z,, the prime subfield of the field. (That is,
every automorphism fixes every element of the prime subfield.)

It follows from (6) that every element of GF(p") has a unique pth root. In
particular, in GF(2"), every element has a unique square root.

. Let f be a non-constant polynomial in F[x], where F is any field and F[z]

denotes the set of all polynomials over F'. Then, there exists an extension
of F' over which f splits into a product of linear factors.

FE is called a splitting field for f over F' if and only if
(a) f splits into linear factors over E.

(b) f does not split into linear factors over any field G with F C G C E.

. An extension F of a field F' is called an algebraic extension of F' if every

element « of F satisfies some non-zero polynomial in F[z].

A field F is said to be algebraically closed if every non-constant polyno-
mial in F'[z] has a zero in F. A finite field is not algebraically closed.

Let F be any field. Then F has an algebraic closure -, that is, an algebraic
extension v that is algebraically closed.

Let F and K be finite fields with F' C K. Then, for every element a of K,
there exists a unique monic polynomial f over F', such that f is irreducible
over F' and f(a) = 0. We call f the minimal polynomial of a over F.
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11. Let F = GF(q). Let f and g be two irreducible polynomials of the same
degree n over F. Then their splitting fields over F' are both isomorphic to
GF(q").

12. For each divisor 7 of h, GF(p") has a unique subfield of order p". Further-
more, these are the only subfields of GF(p").

Example 1.16 Let F = GF(2), K = GF(23). Let w be a generator of K* =

K\{0}, with 23 + 22 + 1 as its minimal polynomial over F (i.e. w®+w? +1 = 0).

List the elements of K* as powers of w and as linear combinations of 1, w,w?.

Solution. Since the characteristic of K is 2, (see property 1 above), —a = a, for
all a € K. We also use the relationship w3 = w? + 1. The elements of K are:

O:L wlzw, w2:w2, w3:w2+1,

w
Wimw =W+l = tu=(?+ ) tw=wrtw+l,
W=t tw=1+uw,
w :w+w2,

W =wr =1 u

Example 1.17 Consider the polynomials

f=2+2—-1 and g=2*+1

over GF(3). They are both irreducible over GF(3). Their splitting fields are
isomorphic to GF(3?). Let a be a zero of f, and 3 a zero of g; then «, 8 € GF(9).
Now, using &®> = —a + 1, we have

=1, al=a, o?=—-a+1,
d=—-a+ta=-a-1,
a4:—a2—a:—1,

a® = —a,

046——042204—1,
a7—a2—a:a+1,
ad=a’4+a=1

Thus « is a generator of GF(9). But, using 3% = —1, we have

BOZIa 61:/65 62:_1a
# =5
pgt=-p =1

Thus ( is not a generator of GF(9). O
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Note 1 In practice, when computing the elements of a field GF(q),q = p", it is
more convenient to do so with the help of a polynomial, irreducible over GF(p),
which is the minimum polynomial of a generator of GF(q).

One of the nicest theorems that one encounters in elementary coordinate
geometry of the plane is Pappus’ Theorem. (See Theorem 2.4.) The usual proof
of Pappus’ Theorem depends on one’s ability to solve linear equations over R.
An interesting and important question to ask is:

What is it about fields, or their axioms, that leads to theorems like Pappus?

We address this question in this book.

Exercise 1.4

. Prove that in GF(q), if ¢ is odd:

(a) The element —1 is a square, if and only if g =1 (mod 4);

(b) The element —1 is a non-square, if and only if ¢ = —1 (mod 4);

(c) The product of two squares, or two non-squares, is a square, and also the product
of a square and a non-square is a non-square.
(Hint: identify the sets of squares and non-squares of

GF(q) = {0,1,w,07, .., "2}.)

. Let the quadratic f = az® + bz + ¢ be irreducible over GF(q). Let o be one zero of f
in GF(q?). Prove that o is the other zero of f.

(Note: It is usual to write @ for a?. We say «a and @ are conjugate).
Let f be an irreducible polynomial of degree n over GF(q). Let K be the splitting field
of f over GF(g). What can you say about the zeros of f in K7

. Let F = GF(3), K = GF(3®). Let w be a generator of K* = K\{0}, with 2® — 2% +1
as minimal polynomial (i.e. w® — w? + 1 = 0). List the elements of K* as powers of w
and as linear combinations of 1, w, w?.

. Let K be a cubic extension of F' = GF(q), and let w be a primitive element of K. Let
F* = F\{0}. Prove that wl Tt s primitive element of F, that is

F* = {(Tr Y | 1<i<q— 1)

Revision examples in linear algebra

Let F be any field. In this section, we review vector spaces and matrices over
F. All concepts and results, encountered in a first year university linear algebra
course, remain valid over any field F. However, care must be taken to accommo-
date the fact that the field F may have a non-zero characteristic, may be finite,
and/or may not be algebraically closed.



Assumed knowledge 9

Recall Cramer’s rule: Given the following homogeneous linear equations:

ax+b1y+c1z2=0,
a2 + boy + coz = 0,

then
x -y z
by c1 ay C1 ay by '
bs co az C2 ag by

provided none of the determinants is zero.
Example 1.18 Solve the following homogeneous linear equations:

2x4+y+2=0,
3z —4y + 22 =0.

Solution.
T B y _ z
11 |21 2 1
—4 2 32 3 —4
Therefore,
T _ Yy _ _F
6 -1 —11°
The solution set is {(z,y, z) = A\(—6,1,11), A € F'}. O

Example 1.19 1. Show that (1,0, 2,3),(0,4,5,6), (0,0,0,1) are linearly inde-
pendent over any field F'.
2. Show that (1,1,0),(0,1,1),(1,0,1) are linearly dependent over a field F if
and only if the characteristic of the field F' is two.

Solution.
1. We need to show that A(1,0,2,3) + ©(0,4,5,6) +2(0,0,0,1) = (0,0,0,0) if
and only if A = p =v = 0. Now,
A(1,0,2,3) + 1(0,4,5,6) + 1/(0,0,0,1) = (A, 412, 2A + 511, 3) + 6+ 1),

This equals (0,0,0,0) if and only if A = 0, u = 0, 2\ + 54 = 0, and
3\ + 6u + v = 0. That is, if and only if A = p = v = 0 independent of the
characteristic of the field F.

2. The given vectors are linearly dependent over F' if and only if there exist
A, v € F | not all zero, such that

A(1,1,0) + (0,1,1) + v(1,0,1) = A+ v, A+ p,p+ v)
= (0,0,0)

ifand only if A= —p=—v,and p= —v,
ifand only if A= p =v, and 2\ =2y =2v = 0.
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This happens if and only if the characteristic of F' is two, because at least
one of A\, u, and v is non-zero. O

Example 1.20 Assume that the characteristic of the field is not two. Let

1 —-13 x
A=12 04 and X = |y
-1-31 z

1. Find the rank of A.
2. Do the homogeneous equations AX = 0 have non-trivial solutions?
Solution.

1. Row-reducing, we have:

1 -13 1-13 1-13
2 04 — 1|02 =2 — |01 —1
-1-31 0-4 4 00 O

Thus, the rank of A is 2.

2. (Recall: If A is n x n, and the rank of A is r, then the solutions to the
homogeneous linear equations AX = 0 form a vector space of dimension
n—r. In particular, AX = 0 has non-trivial solutions if and only if det A =
0.)

Yes; since the rank of A is less than 3, there are non-trivial solutions. The
solution space is of dimension 3 — 2 = 1. (Any scalar multiple of (—2,1,1)
is a solution.) O

Example 1.21 Consider the skew-symmetric matrix

0 ao1 ap2
A= |—-ann 0 ai2|, wherea;; € F;i,j=0,1,2, (not all zero) .
—agz —aj2 0

1. Verify that (a12, —ao2, ao1) is a solution to AX = 0. Deduce that det A = 0.
2. Prove that the rank of A is 2.

Solution.
aiz —ap1a02 + Gp1002 0
A | —aog2| = |—ao1a12 + apra12| = |0
ao1 —ap2a12 + Gp20a12 0

As the a;; are not all zero, the solution is non-trivial, and hence det A = 0.
Thus the rank of A is less than 3, and greater than zero.

2. If ag1 # 0, the first two rows of A are linearly independent, and hence the
rank of A is 2. Similarly, if either agy or ais # 0, the rank of A is 2. O
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Example 1.22 1. Let F = GF(2). Let

001
A=1101
010

Find the characteristic polynomial f(X) of A. Deduce that A has no eigen-
values (and therefore no eigenvectors) in GF(2).

2. Let
a00

A=1010(, aeF\{0,1}.
001
Find the eigenvalues and the corresponding eigenvectors of A.
Solution.

1. The characteristic polynomial f(\) of 4 is

A01
IM—Al=[1A1|= XN+ +1=N+A+1.
01\

This is irreducible over GF(2), since neither f(0) nor f(1) is zero. Thus,
there are no eigenvalues in GF(2). (A4 has 3 distinct eigenvalues in GF(23).)

2. Since A is a diagonal matrix, its eigenvalues are the diagonal elements,
namely 1, a. Corresponding to the eigenvalue A = 1, solving (I — A)X =0
gives the eigenvectors

{(z,y,2) = (0,r,t) | r,t € F, not both zero}.

Corresponding to the eigenvalue A = a, solving (al — A)X = 0 gives the
eigenvectors {A(1,0,0) | A € F\{0}}. O

The usual definition of a skew-symmetric matrix, namely A is skew-symmetric
if and only if A = —A?, needs to be modified to cover the case where the charac-
teristic of the field F' is 2. This is because over a field of characteristic not equal
to 2,

Qi = —ay; = a; = 0.
The above statement is not true over a field of characteristic 2. For the sake of
consistency, we adopt the following definition:

Definition 1.23 An n xn matriz A = [a;;] over a field F' is skew-symmetric
if and only if

(1) a;; = —aj;, for all 4,7, with i # j;
(2) a; =0, for all i.
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Under the above definition, if the characteristic of the field is 2, a skew-
symmetric matrix is a symmetric matrix with all diagonal elements equal to 0.
The following theorem is valid; for a proof, see J. W. Archbold’s book ‘Algebra’.

Theorem 1.24 Let A = [a;;] be an n x n skew-symmetric matriz over the field
F. Then,

1. The rank r of A is an even integer.

2. Ifn is odd, the determinant of A is 0. If n is even, the determinant of A is
the square of a polynomial (called a Pfaffian) in the n(n — 1)/2 elements
ai; for which i < j.

In the following three examples, the above theorem is verified for n = 3,4,

and 5.

Example 1.25 In Example 1.21, the skew-symmetric matrix

0 aor ao2
A= |—-ann 0 ai2|, aj;€F; 0<i<j<2; a; not all zero,
—ag2 —ai2 0

was shown to be of rank 2, and of determinant 0.

Example 1.26 Let r be the rank of the skew-symmetric matrix

0 ap1 ao2 ao3
—agr 0 a2 a3
—ap2 —a12 0 a3 |’
—ap3 —a13 —az3 0

aijEF; 0<i<yg<3.

1. Verify that
det A = (ap1a23 — agza13 + agsai2)’.
(That is, det A is the square of the Pfaffian agiass — agaa13 + apzais.)
2. Show that r > 2 if at least one a;; # 0.

3. Suppose that det A = 0, and at least one a;; # 0. Without loss of generality,
let aopi # 0. Verlfy that (a12, —ap2, ao1, 0) and (CL137 —Aaops, 07 a01) are solutions
to the linear equations given in matrix notation by AX = 0. Deduce that
r<2.

4. Deduce that the rank of a 4 x 4 skew-symmetric matrix is 0, 2, or 4.
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Solution.

1. Expanding we have:

—ap1 ai2 ais —apr 0 a3 —apr 0 ap
det A = —ap1|—ap2 0 ao3| + ap2|—ao2 —ai2 a3| — aps|—ap2 —aiz 0
—ag3 —az3z 0 —ag3 —a1z 0 —ap3 —a13 —a23

2
= —ao1 ( — ao1a23” — a12a03023 + a13a02023)
+ao2( — ap1a13a3 + a13a02013 — A13003012)
—CL03( — 01012023 1 Q12002013 — a12a03a12)
_ 2 2 2 2 2 2 _ 9 9
= Q1023 T Apaai3 1 Ag3a7s — 2001002013023 — 2002003012013
+2ap1a03012023

2
(@o1a23 — ap2a13 + ao312)

2. If a;; # 0 for some 4, j with ¢ # j, then the ith row of A has a zero in the
ith position and a non-zero in the jth position, and the jth row has a zero
in the jth position, and a non-zero in the ¢th position. Therefore, the ith
and the jth rows of A are linearly independent, and so r > 2.

3. Since det A = 0, we have agias3 — agaai3 + agzai2 = 0. Thus,

0 ao1 ao2 ao3 a2 —ao01G02 + Q02001 0
—apr 0 a1 aiz| |—ao2| _ —aop1012 + @12a01 _ |0
—ap2 —a12 0 as3 ao1 —a02012 + Ap2a12 0
—ap3 —a13 —azz 0 0 —@p3012 + A13G02 — 423001 0

Similarly, (a13, —aos, 0, ap1) is a solution to AX = 0.
Since there are at least two linearly independent solutions to AX = 0, we

have r < 2.
4. If det A # 0, then r = 4. If det A = 0, and at least one a;; # 0, from (2) and
(3), we have r = 2. Lastly, if a;; = 0, for all ¢, 7, then r = 0. O

Note 2 Skew-symmetric matrices play a crucial role in our study of geometry.
In particular, the following example will be needed in later studies. The reader
may wish to defer studying it until it is needed.

Example 1.27 Recall that any n x n sub-determinant of a square matrix M
is called an n x n minor of M, or a minor of order n. By the last example, the
diagonal minors of the skew-symmetric matrix

0 ao1 a2 ao3 aos
—aor 0 a2 a1z aus
A= |—ap2 —a12 0 a3 an|, aycl; 0<i<j<A4,
—ap3 —a13 —azz 0 asg
—ag4 —a14 —Q24 —a34 0
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are the squares of the five Pfaffians:

Do = G23014 + G31G24 + A12034,
P1 = 34020 + A42030 + A23040,
P2 = 40031 + Ap3@41 + A34001,
D3 = Q01042 + G14G02 + G40012,

P4 = 12003 + A20013 + Ap1023.

where a3 is defined to be —aq3, etc. As can be verified, these five Pfaffians satisfy
4
> aip; =0, 0<i<d4
j=0

If the p; are not all zero, (po, p1, P2, P3,P4) is a non-trivial solution to AX = 0.
Thus, det A = 0.

If the rank r of A is 4, every solution to AX = 0 is a scalar multiple of
(po, 1, P2, P3,P4). Since the diagonal minors of A are the squares of the five
Pfaffians, and every row and column of adj A (the adjoint of A) is a solution to
AX =0, it follows that the (4, j)-th entry in adj A is [p;p;].

It can be verified that all the 3 x 3 minors are linear combinations of the five
Pfaffians. [Denote the minor of A obtained by deleting the rows i and j, and the
columns k and ! by A;j . Then, for distinct 4, j, k,1,m,

Aijik = QmPi,  Ajkim = 0jiPj + QkiPk = QP + GimPm-)
Thus, a 5 x 5 skew-symmetric matrix A has rank 4, 2, or 0 according to:
e rank A = 4 if there is at least one non-zero Pfaffian,
e rank A = 2 if all the Pfaffians are zero, but there is at least one non-zero
g,
e rank A =0 if all a;;’s are zero.
It is to be noted that

1. one non-zero Pfaffian implies a non-zero 4 x 4 minor;

2. if all the Pfaffians are zero, then all 4 X 4 minors, and also all 3 X 3 minors
are zero;

3. the square of each a;; is a 2 x 2 minor. ]



2 Introduction

The Desargues’ and Pappus’ configurations
Definition 2.1 In the Euclidean plane, R? = {(z,y) | =,y € R}
1. Points which lie on the same line are said to be collinear.

2. Lines which pass through the same point are said to be concurrent.

Convince yourself (by drawing with the help of a straight edge and a pencil) that
the following two theorems may well in general be true in the Euclidean plane
R? = {(z,y) s w2,y € R}.

v

The Desargues’ configuration

Theorem 2.2 (Desargues’ Theorem) Let ABC, A’B'C’ be two triangles, with
distinct vertices, such that the lines AA’, BB',CC' are concurrent in the point
V. Then the points

L=BCnNnBC,
M =ABNA'B,
N =ACNAC

are collinear (on a line €).
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Definition 2.3 With respect to the Desargues’ configuration above,

1. The two triangles ABC, A’B'C" are said to be in perspective from the
point V', and from the line £.

2. The point V is called the vertex, and the line ¢ is called the axis of the
perspectivity.

Theorem 2.4 (Pappus’ Theorem) Let £, ¢ be two lines of the plane.

Let C
1. A, B,C be points of £; B
2. A, B',C’ be points of l';

3. all these points be distinct
from LN L.
Then, L= AB'NA'B, M = AC'n
A'C, N = BC'"N B'C are collinear
(i.e. L, M, and N lie on a line).
B/

C/
The Pappus’ configuration

The extended Euclidean plane

A few drawings do not constitute a
proof. But your drawings may have
convinced you that in the Euclidean
plane, the theorems of Pappus and
Desargues (Theorems 2.4 and 2.2)
may well be true in general; these
theorems are definitely not true in
the cases where some of the relevant
lines are parallel. For example, (see
the adjoining diagram), if AB’ and
BA' are parallel, then L = AB' N
A’'B does not exist, and therefore
in this case Pappus’ Theorem does not hold. It is to be noted that, in this
case,

1. If M and N exist, then the line M N is parallel to AB’ and BA’.

2. If M does not exist, which is the case when AC’ is parallel to A’C, then N
also does not exist.
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Parallelism is a feature of the Euclidean plane. We need to consider whether
there is anything to be gained if the Fuclidean plane is modified to allow parallel
lines to intersect.

In order to develop the theory, it is convenient to use the following terminol-
ogy. We define a triple (P, L,Z) to be

o A set P whose elements are called points, together with

e A set L of subsets of P whose elements are called lines (or blocks),

e An incidence relation T which describes precisely which points belong to
which lines (blocks).

For example, the Euclidean plane is a triple (P, £,7), where
P={(z,y) | z,y € R},
L ={[a,b,c] | a,b,c € R, a,bnot both zero};

T : point (z,y) lies on line [a, b, c] if and only if az + by + ¢ = 0.

Note 3 It is sometimes convenient, par-
ticularly when P and L are finite sets, to
express I as a subset of Px L. For exam-
ple, consider the triple (P, L,T) given by

P = {1727334}’
L ={a,b,c,d,e, f},
T={(1,0),(2,a),(3,), (4,0), (1,¢), (3,¢), (2.), (4,d), (1€}, (4¢), (2, ), (3, /)}.

This means that points 1 and 2 lie on line a, points 3 and 4 lie on line b, and so on.

Definition 2.5 (The extended Euclidean plane)
1. Consider the Euclidean plane R2.

2. Given a line ¢ of R?, the set consisting of £, and all lines parallel to ¢ is
called a pencil of parallel lines. To each pencil of parallel lines, add an
abstract entity P, called the point at infinity of the pencil. The lines of
the pencil are said to intersect at P,. A line £ together with its point at
infinity is called an extended line, and is denoted by £*.

3. Stipulate that distinct pencils of lines have distinct points at infinity.

4. The set of all points at infinity is called the line at infinity, and is denoted
by Lo .
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Then the extended Euclidean Plane (EEP) is a triple (P, L,T) with:

e Points P are the points of R? and the points P, at infinity,

o Lines L are the extended lines and the line £, .

o Incidence relation I is the inherited one, namely
(a) the point P not at infinity lies on £* if and only if P lies on L.
(b) Px lies on 0* if and only if Ps is the point at infinity of the pencil of

parallel lines determined by £.

(c) All the points at infinity lie on £o.

Note 4 We will prove that the theorems of Pappus and Desargues, as stated in
Theorems 2.4 and 2.2, are valid in the EEP.

oo
Theorem 2.6 In the EEP, we have
1. Two distinct points lie on a )
unique line. parallel lines
2. Two distinct lines intersect in a non-parallel lines

unique point.

Proof. As in Definition 2.5, a line ¢ € R? when extended is denoted by £*.
1. Let A and B be two distinct points of the EEP.

(a) If A and B are two distinct points of R?, then (AB)* is the unique line
of the EEP which contains them.

(b) If A and B are two distinct points at co, then £, is the unique line of
the EEP which contains them.

(c) Suppose A € R?, and B € /. Then B is the point at infinity of a
unique pencil of parallel lines. There is a unique line ¢ of that pencil

passing through A. Then £* is the unique line of the EEP which contains
A and B.

2. Three cases to be considered.
(a) Let ¢ and m be two distinct non-parallel lines of R2. Therefore they
intersect in a unique point P of R?. Then P is the unique point of
intersection of £* and m*.

(b) Let ¢ and m be two distinct parallel lines of R%. Then the pencil of
parallel lines containing ¢ and m has a unique point P, at infinity: Ps,
is the unique point of intersection of £* and m*.

(¢) The unique point at infinity of a line ¢* is the unique point of intersec-

tion of £* and /.
O
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Definition 2.7 In the EEP, a set
of four points A, B,C, D, no three
collinear is called a quadrangle. A
set of four lines a,b,c,d, no three
concurrent is called a quadrilateral.
(The diagram here represents a par-
allelogram ABCD in R2, that is a
quadrilateral with opposite sides a,c
parallel, since a and c intersect at a
point at infinity, and opposite sides
b,d parallel since b and d intersect
at a point at infinity.)

Definition 2.8 If K is a configuration, then its dual configuration is the
configuration obtained by making the following changes:

point «—— line,
collinear «—— concurrent,

join «—— intersection.

Example 2.9 A quadrangle and a quadrilateral are dual configurations, since
a quadrangle is a set of four points, no three collinear,
a quadrilateral is a set of four lines, no three concurrent.
Similarly, a triangle and a trilateral are dual configurations, since
a triangle is a set of three non-collinear points,
a trilateral is a set of three non-concurrent lines.
Thus, a triangle (considered as a set of three points and three sides) is a
self-dual configuration.

Example 2.10 Consider the following configurations: (1) two lines [,m inter-
secting in the point P, (2) three collinear points A, B,C, and (3) a line inter-
secting three concurrent lines [, m,n in the points B, C, D.

P A

A B C B C D
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The dual configurations are respectively: (1) two points L, M on line p, (2)
three concurrent lines a, b, ¢ through the point L, and (3) three concurrent lines
b, ¢, d intersected by line a in the points L, M, N.

L
L M
e e
p L M N
a @
a C
b b d
C

Consider the two statements in Theorem 2.6, namely that in the EEP, two dis-
tinct points lie on a unique line and two distinct lines intersect in a unique point.
Either statement can be obtained from the other by the simple interchange of the
words ‘point’ and ‘line’ and of the words ‘lie’ and ‘intersect’. It follows that any
theorem deducible from these two statements remains valid when these words
are interchanged. We formally present this important fact as a theorem.

Theorem 2.11 (The Principle of Duality) If T is a theorem valid in the
EEP, and T' is the statement obtained from T by making the following changes:

point «—— line,
collinear «—— concurrent,

join < intersection,

and whatever grammatical adjustments that are necessary, then T' (called the
Dual Theorem) is a valid theorem in the EEP.

Example 2.12 The following example shows how to dualise a theorem:

Desargues’ Theorem Dual
If two triangles ABC, A'B’C" | If two trilaterals abc, a’d’c’

with distinct vertices
are such that the lines
AA' BB, CC’

are concurrent in the point V'

then, the points

L=BCNBC,
M = AC N A'CY,
N=ABNA'B

are collinear
on the line v

with distinct sides
are such that the points
and,bNnd,enc
are collinear on the line v
then, the lines
L={bne b NcY,
m={aNc,a Nc),
n={aNba NY)
are concurrent
in the point V
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bNv

By the Principle of Duality, if Desargues’ Theorem is valid in the EEP, so is its
dual.

Exercise 2.1

. Recall that the affine plane C? contains the Euclidean plane R? as a subplane: the points
of the Euclidean plane R? are points of the affine plane C2, and lines of the Euclidean
plane R? are sublines of lines of the affine plane C2. Using Definition 2.5 as a model,
define the Extended Plane C? by adding points at infinity, and a line £ at infinity
to the affine plane C2. Explain carefully the following concepts:

(a) The lines of EEP are sublines of the Extended Plane C2.

(b) The EEP is a subplane of the Extended Plane C?.

. Let ABCD be a quadrangle in the EEP.

Let X = ABNCD,Y = BDNCA, Z=ADNBC.
The triangle XY Z is called the diagonal trian-
gle. Draw the dual configuration (the quadrilateral
and the diagonal trilateral).

. Assume that Desargues’ Theorem is valid in the
EEP.

(a) State the dual of Desargues’ Theorem.

) Draw the dual Desargues’ configuration.

) State the converse of Desargues’ Theorem.

) Compare your statements in (a) and (c).

(e) Deduce that the converse of Desargues’ Theorem is also valid in the EEP.
)
)

Dualise Pappus’ Theorem.
Draw the dual Pappus’ configuration.



3 Introduction to axiomatic
geometry

The extended Euclidean three-dimensional space

In the last chapter, we constructed the extended Euclidean plane, and as a
consequence, obtained a powerful tool, namely the ‘Principle of Duality’. It seems
logical to investigate whether extending the Euclidean three-dimensional space
R3 leads to a similar situation.

Definition 3.1 1. Given a plane 7 of the R3, the set of planes consisting of
7w and all planes parallel to w is called a pencil of parallel planes.

2. Given a line £ of the R3, the set of lines consisting of £ and all lines parallel
to £ is called a bundle of parallel lines.

3. Extend each plane 7 of R® by the addition of points at infinity and a line at
infinity, as per Definition 2.5. Denote the extended plane by m*.

4. Stipulate that lines of a bundle of parallel lines of R? have the same point at
infinity, and distinct bundles of parallel lines have distinct points at infinity.
The lines of a bundle of parallel lines are said to intersect at their point at
infinity.

5. Stipulate that each pencil of parallel planes of R? has the same line at infinity
and that distinct pencils of parallel planes have distinct lines at infinity. The
planes of a pencil of parallel planes are said to intersect in their line at
nfinity.

6. The plane at infinity is defined to be the triple (P, L,T), where P and L are

the sets of points at infinity and lines at infinity, respectively, and L is the
inherited incidence.

7. The extended Euclidean three-dimensional space (to be denoted by
ESs) is defined as follows:

(a) The points of ESs are the points of the Fuclidean three-dimensional
space together with the points of the plane at infinity.

(b) The planes of ES3 are the extended planes together with the plane at
mfinity.

(¢) The lines of ESs3 are the extended lines together with the lines of the
plane at infinity.

(d) The incidence is the inherited one.
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Definition 3.2 In the extended Euclidean three-dimensional space ESs3,
1. Points lying on the same line are said to be collinear. Otherwise, they are
said to be non-collinear.

2. Planes with a common line of intersection are said to be in a pencil.

3. Lines, and/or points lying in the same plane are said to be coplanar. Oth-
erwise, they are said to be non-coplanar.

4. Points of ESs distinct from the points at infinity are called affine points.

Theorem 3.3 In the ESs3, we have:
1. (a) The join of two points is a unique line.
(b) The intersection of two planes is a unique line.
2. (a) Three points, which are not on a line, lie on a unique plane.
(b)

Three planes, which do not have a common line of intersection, inter-
sect in a unique point.

Proof. The proof is similar to that of Theorem 2.6, and is left to the reader.

Consider the statements 1(a), 1(b), 2(a),2(b) in the above theorem. Either of
the statements 1(a), 1(b) can be obtained from the other by the simple inter-
change of the words ‘point’ and ‘plane’; ‘join’ and ‘intersection’; ‘line’ and ‘line’.
This is also true of the statements 2(a), 2(b). It follows that any theorem deducible
from these statements remains valid when these words are interchanged. Hence:

Theorem 3.4 (The Principle of Duality) If T is a theorem wvalid in the
ESs, and T’ is the statement obtained from T by making the following changes:

point «—— plane,
line «—— line,
collinear points «—— planes in a pencil,

join «—— intersection,

and whatever grammatical adjustments that are necessary, then T’ (called the
Dual Theorem) is a valid theorem in ESs.

Example 3.5 Here is a statement about ES3, and the dual statement:

three non-coplanar lines three non-concurrent lines
through a point P in a plane 7
form three planes have three points of intersection

which do not have a line in common which are non-collinear
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Definition 3.6 In ES3: a point and a plane are said to be dual to each other,
a line is dual to a line; a line is said to be self-dual.

Readers who are conversant with the Euclidean n-dimensional space may wish

to construct the extended Euclidean n-dimensional space. We shall not do this

here. It is instructive to have a closer look at the incidence relations in E.Ss3.
Incidence properties: In ES;, we have:

1. Points, lines, and planes are proper subsets of ES3. The improper subsets
of ES3 are ESj3 itself and the null subset ¢.

2. Points, lines, and planes are said to be subspaces of dimension 0,1, and 2,
respectively. ES3 is a subspace of itself, of dimension 3. It is convenient to
define the null subset ¢ as the subspace of dimension —1.

3. Adopting the language of ‘Vector Spaces’, we have:

(a)

The span of two given subspaces S and S’ is the intersection of all the
subspaces containing them, and is denoted by S @& S’ or by (S, S"). For
example, if P and @ are two points, then (P, Q) is the line PQ. If P is
a point, and ¢ is line not through P, then (¢, P) is a plane.

Two subspaces intersect in a subspace. For example, two planes inter-
sect in a line. A line and a plane intersect in a point. If P is a point
not on a line ¢, then the intersection of P and / is the null subspace ¢.
Similarly, two coplanar lines intersect in a point, and two non-coplanar
lines intersect in the null subspace.

It can be verified that the ‘Grassmann identity’ holds, namely, if dim S

denotes the dimension of a subspace S of ESs, then for all subspaces
U,V of ESs,

dim(UeV)=dimU +dimV — dim(U NV).

(The reader is advised to verify this relation. For example, if P is a
point, and ¢ is a line not through P, then /NP = ¢, and as dim¢ = —1,
we have:

dim({® P) =dim/+ dim P — dim(/NP)=14+0— (1) = 2,

which is consistent with the fact that ¢ ® P is a plane.)
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The r-dimensional projective space S,

Recall that a group is defined as a set with a binary operation, having four
well-defined properties; these properties are referred to as axioms.

In the last section, the incidence relations of the various subspaces of the
extended Euclidean three-dimensional space are detailed. These incidence rela-
tions now help us to devise a set of axioms for a projective space which gener-
alises the concept of the extended Euclidean n-dimensional space; the extended
FEuclidean three-dimensional space ES3 and the extended Euclidean plane EEP
will be seen as examples of projective spaces of dimension 3 and 2, respectively.

To achieve consistency, the list of axioms is inevitably long; it is recom-
mended that special attention be paid to axiom A8, and that the reader become
conversant with the axioms by working out some examples. (See Example 3.9.)

Definition 3.7 An r-dimensional projective space S,., r > 2, is such that

Al. S, is a set whose elements are called points.

A2. For every integer h, with —1 < h < r, there are subsets of S, called sub-
spaces of S, of dimension h. A subspace of S, of dimension h is usually
denoted by Sy, and we write dim S, = h.

A3. There is a unique subspace S_1 of S, called the null subspace. (S_; and
S, are called the non-proper subspaces, and all other subspaces are proper
subspaces.)

A4. The points of S, are the only subspaces of dimension 0.
Ab. There is a unique subspace of dimension r, namely S,.

A6. If Sy and Sy are two subspaces of Sy, and Sy C Sk, then h < k. Further,
Sy, = Sk if and only if h = k.

A7. Given two subspaces Sy and Sy of S, then S, NSy is a subspace S; of S;.

A8. Given two subspaces Sy and Sy of S, the span of S, and Sy, denoted by
Sr® Sk or by (Sh, Sk) is the intersection of all the subspaces of S, containing
both Sy, and Sy. Let S, NS, = S; and Sy, & Sk, = S.. Then

h+k=1i+c,

that is: dim Sy + dim Sx=dim (S, N Sk) +dim (S, & Sk).
A9. (Fano’s Postulate) Every S1 of S, contains at least three points.

Note 5 1. It is not clatmed that the above axioms are independent. The claim
is that they are consistent.

2. Fano’s Postulate is required to prevent trivialities.
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3. Axiom A8 is called the dimension axiom; it is usually given as: for all
subspaces U, V of the S,,

dim(U e V) =dimU +dimV — dim(U NV).

Definition 3.8 In an r-dimensional projective space S.:
o A one-dimensional subspace Sy is called a line.
o A two-dimensional subspace Ss is called a plane.
o A three-dimensional subspace S3 is called a solid.
o An (r — 1)-dimensional subspace S,_1 is called a hyperplane of the S,.
o Points which lie on the same line are said to be collinear.
o Points or lines which lie on the same plane are said to be coplanar.

o Lines which pass through the same point are said to be concurrent.

Example 3.9 Let S3 be a given three-dimensional projective space.

Axioms Al, A2, A3, A4 imply that the proper subspaces of S3 are points,
lines, and planes; S_; and Ss3 are the only non-proper subspaces of Ss.

Axiom 6 implies that points may be contained in lines, and lines may be
contained in planes (but not vice-versa). Further, a line £ may not be contained
in a line m unless ¢ and m coincide.

Let P, @ be two points, let £, m be two lines, and let «, ® be two planes of
Ss. Axioms A6, A7, A8 give us the following:

1. If P# Q, then PNQ = ¢ and so dim(P N Q) = —1.
2. If P # @, then P @ @ is a line since
dim(P & Q) = dim P 4+ dim @ — dim(P N Q)
—0+0— (1)
=1.
3. If P ¢ ¢, then dim(P N¢) = —1, and so
dim(P @ ¢) = dim P + dim ¢ — dim(P N ¢)
=0+4+1-(-1)
=2.
Thus P & ¢ is a plane.
4. If P ¢ 7, then
dim(P @& 7) = dim P 4+ dim 7 — dim(P N )
=0+2—-(-1)
=3.
Thus, P® 7 = S;3.
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5. Let t®a = S, (a projective space of dimension ¢). Now m C S, C S5 implies
that 2 < ¢ < 3. Thus

3>c
= dim(7m & )
=dim7 + dim o — dim(7 N )
=2+2—dim(r Na).

We note that by A6 and A7, dim(w N«) < 2; hence, dim(7r N«a) = 1 or 2.
Thus in S3 two planes either intersect in a line, or else coincide. If 7 and «
intersect in a line, then dim(m @ o) = 3, and therefore 7 & o = S3.

6. Let £ ®m = Sy (a projective space of dimension d). Then,

3>d
= dim(¢ & m)
= dim /¢ + dimm — dim(¢ N'm)
=1+4+1—-dim(ZnNm).

Therefore 1 > dim(¢ Nm) > —1.

> )

ldm=S53 l=m

If the two lines intersect in a point, we have: dim(¢ N'm) = 0 and therefore
dim(¢ @ m) = 2. In this case, we say that the lines span a plane, or are
coplanar.
If the two lines do not intersect in a point, then dim(¢ N'm) = —1. Conse-
quently dim(¢ @ m) = 3, and so £ & m = Ss.
Lastly, the two lines coincide if dim(¢ Nm) = 1.

7. If £ does not lie in 7, then dim(w N ¢) < 1. Then,

3> dim(r @ /)
= dim7 + dim £ — dim(7 N ¢)
=24 1—dim(7 N¥).
Hence dim(w N ¢) = 0, and dim(7w & £) = 3.

Thus in S3, given a line ¢ and a plane 7, either ¢ lies in 7, or else ¢ intersects
7 in a point, in which case 7 @ £ = S3.
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Example 3.10 Let S,._; be a hyperplane of S,.. Let P P

be a point of S, \S,_1. Let @ be any point of S,., distinct S,
from P. Prove that PQ intersects S,_; in a (unique)

point.

Solution. Axioms A6, A7, A8 give us
P@Srfl QPQ@Srfl gsr

and Q

dim(P & S,_1) = dim P + dim(S,_1) —dim(P N S,_1)
=0+ (r—1)—(-1)

=r.

Therefore, P ® S,_1 = S, and so PQ & S,._1 = S,.

Further,
dim(PQ N S,_1) = dim PQ + dim S,_; — dim(PQ & S,_1)
=1+r—1-r
=0.
Therefore P intersects S,_;1 in a (unique) point. |

Exercise 3.1

. Investigate the join and the intersection of any two subspaces in a projective space Si
of dimension 4. For example, if m and « are two planes of Sy,

4 > dim(m @ )
= dim7 + dim o — dim(7 N @)
=242 —dim(7 N a).

Thus, dim(7Na) = 0,1, or 2, and dim(7 @ ) = 4, 3, or 2, respectively. In other words,
two planes may intersect in a point (in which case they span S4), or in a line (in which
case they span a hyperplane S3), or they may coincide.

. Two planes of a projective space Ss of dimension 4 are said to be skew if they intersect
in only one point. Let 7, «, 3 be three mutually skew planes in S4. Prove that there
exists a unique plane of S4 intersecting each of m, a, 8 in a line.

. Investigate the join and the intersection of any two subspaces in a projective space S5
of dimension 5.

. Prove that the extended Euclidean three-dimensional space ES3 is a three-dimensional
projective space.
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5. Let £,m,n be three mutually skew lines (i.e. no two of the lines intersect) of a projective
space S3 of dimension 3. Show that through each point of ¢, there exists a unique line
r which intersects both m and n.
Such a line r is called an (¢,m, n)-transversal. The set R of all (¢, m, n)-transversals
is called a regulus, and is sometimes denoted by R(¢, m,n). Prove that no two distinct
(¢, m,n)-transversals intersect in a point.

6. Show that if p, ¢ are two skew lines in a projective space Ss4 of dimension 4, then there
exists a unique hyperplane of S4 containing them. Deduce that in general there exists
a unique line of S4 intersecting three given lines which are pairwise non-intersecting.

7. Show that if S,, .S, are two given projective spaces, then the points of S, ®.5,, are those
(and only those) on all the lines joining any point of S, to any point of S,.

Projective planes

A projective space of dimension 2 is called a projective plane. In that case, the
set of axioms reduces to the following:

Definition 3.11 A projective plane 7 is a set P of points and a set L of
subsets of P, called lines, satisfying the following:

P1. There exists a unique line joining two distinct points.
P2. There exists a unique point of intersection of two distinct lines.
P3. There exist at least three non-collinear points.

Pj. There exist at least three points on each line.

Example 3.12 The EEP is a projective plane since all the axioms are satisfied.
However the Euclidean plane is not a projective plane, since axiom P2 is not
satisfied by any pair of parallel lines.

Definition 3.13 In a projective plane, a set of four points A, B,C, D, no three
collinear is called a quadrangle. A set of four lines a, b, ¢, d, no three concurrent
1s called a quadrilateral.
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Example 3.14 Let 7 be a projective plane. Prove that 7 has a quadrangle

Solution. By Axiom P3, there exist three non-collinear points A, B, and X of
. Axiom P1 gives the lines AB, AX, and BX. By Axiom P4, there exist points
C € BX, D € AX, distinct from A, B, and X. By Axioms P1 and P2, the line
DC' intersects the line AB in a point Z, which is distinct from A,B,C,D, and
X. Thus ABCD is a quadrangle. O

Note 6 In the last ezample, BD, AC intersect in a point Y, which is distinct
from the points A, B,C, D, X, and Z. There may be no other point in 7, in
which case the points X,Y, Z lie on a line.

Definition 3.15 This plane of seven points and seven lines is called the Fano
plane.

Either of the following two diagrams represents the Fano plane!

The Fano plane has exactly three points on each line, and three lines through
each point. We now prove that this is a consequence of the Fano plane being a
projective plane with a finite number of points.

Theorem 3.16 Let m be a projective plane which has a finite number No of
points. Then

1. Every line of m has the same number N1 = q + 1 of points. The number q
1s called the order of the plane 7.

2. The number Ny of points in 7 is ¢> +q+ 1= (¢ —1)/(qg —1).
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Proof.

1. Let ¢,m be any two distinct lines of
w. Let P = £Nm. On /¢, there exist
at least two points A, B, other than
P. On m, there exist two points C, D,
other than P.

Let ADN BC = Q. Then Q ¢ ¢, and
Q@ ¢ m. For each P; € £, the line QFP;
intersects m in a point. Hence m has
at least as many points as ¢. Similarly,
£ has at least as many points as m.
Hence ¢ and m have the same number Nj of points. Put Ny = ¢ + 1.

2. Let £ be any line of 7. Take a point P ¢ ¢. Then the points of 7 lie on the
lines joining P to the ¢ + 1 points of £. There are ¢ + 1 such lines, and each
line contains ¢ points, other than P. Hence

Ny =q(g+1)+1

= +q+1
_¢-1
=T

Exercise 3.2 Let 7 be a projective plane. Use Definition 3.11 to prove:

P3’. There exist at least three non-concurrent lines in 7.

P4’. There exist at least three lines through each point in .
Deduce that the Principle of Duality is valid in a projective plane.

Order of a finite projective space

In Theorem 3.16, we proved that every line of a finite projective plane 7 has the
same number of points. We next show that this is also true of a finite projective
space.

Theorem 3.17 Let S,.,r > 2, be an r-dimensional projective space which has a
finite number N, of points. Then

1. FEvery line of S, has the same number q+1 of points. The number q is called
the order of the space S..

2. NT:q7'+qr—1+...+q+1:(q7'+1_1)/(q_1)'
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Proof.
1. Let ¢,m be any two lines of S,.. Two cases are to be considered.
Case 1: Suppose ¢ and m are coplanar. By l m

Theorem 3.16, ¢ and m have the same num-

ber of points.

Case 2: Suppose £ and m are not coplanar. p ; 0
Take a point P on ¢, and a point ) on m.
Then the line PQ is coplanar with, but dis-
tinct from, both £ and m. From Case 1, £ has
the same number of points as PQ, and PQ
has the same number of points as m. Hence
¢ and m have the same number N7 of points.

2. Put N1 = ¢+ 1. We use induction to find N,..
Assume that the result is true for S,_;. Take a
point P ¢ S,._;. Then P @ S,_; is a projective
space S, of dimension r. (See Example 3.10.) The
points of S,. lie on the lines joining P to the points
of S,._1. There are N,_; such lines, and each line
contains g points, other than P. Hence

N, =qN;—1+1
=qld" ' +q" P+ g+ 1) +1

=q¢ +q¢ "+ +q+1
r+1
_e -1
= o1 . 0
Example 3.18 The Fano plane is of order 2, since it has 2 4+ 1 points on each
line. In fact, it has 7 = 22 +2 + 1 points and 7 = 22 4+ 2 + 1 lines.

Note 7 1. By the principle of duality in the plane:

number of points on a line = number of lines through a point
= q + 17
number of points in the plane = number of lines in the plane
= ¢#+q+1.

2. A careful investigation reveals that the principle of duality is valid in a
projective space S, of dimension r. In S, for all n, with 0 < n <7, a
subspace Sy of dimension n is dual to a subspace S,._,_1 of dimension
r—n—1.

In the plane (r =2), Sy and Sy are dual spaces.
In the projective space Ss of dimension 3,
e a point (of dimension 0) is dual to a plane (of dimension 2 =3—-0—1),

e a line (of dimension 1) is dual to a line (of dimension 1=3—1—1).
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Example 3.19 Let S3 be a three-dimensional projective space of order q. By
the principle of duality (a point is dual to a plane, and a line is dual to a line),
we have:
Number of points = ¢*+¢>+qg+1
= number of planes.
Number of planes containing a line / = number of points on a line ¢
= g+ 1
Number of lines through a point = number of lines in a plane
= ¢F4q+1
Now, let N be the number of lines in S3. We count the number M of pairs
(¢, P), where P is a point lying on the line £. On each of the N lines of S3 there
are g + 1 points. Thus,

M = N(qg+1).

Further, through each of the ¢® + ¢ 4+ ¢ + 1 points of S3, there pass ¢ 4+ ¢ + 1
lines. Therefore,

M=(F+q+1)(@F+P+q+1).
Hence
M (*+ ¢ +q+1)
=(*+q+1)
(q+1) (¢+1)
=(@+q+1)(+1)
="+ +2¢ +q+1.

N =

O

In the next two examples, we use different techniques to find again the number
of lines in a three-dimensional projective space Ss of order ¢; the rationale of this
repetition is to expose the reader to combinatorial arguments which are typical
of what one encounters in Finite Geometry.

Example 3.20 Let 7 and a be two
distinct planes of a three-dimensional
projective space S3 of order ¢. Find P

the number N of lines in S3 by inves-
tigating how a line intersects 7 and a.

m
Solution. In S3, the planes 7w and \ @

« necessarily intersect in a line; let m
denote the line # N a. A line £ of S3 N
is one of three types:

Type I: £ = PQ, with P € m\m and @ € a\m.
Type II: £ =m.

Type I1I: ¢ intersects m in a point.
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There are g2 choices for P, and ¢? choices for Q; therefore there are ¢2 x ¢
lines of Type I. There is one line of Type II, namely m. Through each of the g+ 1
points of m, there pass g%+ ¢ lines of Type III. Therefore, there are (¢%+¢)(g+1)
lines of Type III. Hence,

N=¢+14+@P+q+D)=¢*"++2¢* +q+1.
O

Example 3.21 Find the number N of lines in a three-dimensional projective
space S3 of order ¢ by counting the number of ways of choosing two distinct
points from the points of Ss.

Solution. Since each pair of the ¢® + ¢? + ¢ + 1 points of Sy gives rise to a line,
and any line is specified by a pair of its ¢ + 1 points, the number of lines of S5 is

(q3+q22+q+1)
(“3Y)

(@ +¢@+q+ 1)+ +9)
(g+1)q

(¢® +1)(g +Dg(¢* +¢+1)
(¢+1)q

=(@+D(+q+1)

="+ +2¢° +q+ 1.

N:

Exercise 3.3
. Consider the triple (P, £,Z) with P = {1,2,3,4}, L = {a, b, ¢, d,
(27 a)7 (37 b)7 (47 b)’ (17 C)7 (3, C)7 (27 d)7 (47 d)7 (17 6)7 (47 6)7 (27 f)7

(a) Draw a diagram of this triple.

e, f},and T = {(1,a),
(3, )}

(b) Verify that it satisfies only two of the axioms of a projective plane.

. Using your knowledge of the Euclidean three-dimensional space R3  show that the
following triple (P, L,Z) is a projective plane where:

‘P is the set of lines passing through the origin O = (0,0, 0);

L is the set of planes passing through O;

Z={(¢,«) | £is aline in the plane a; £ € P, a € L}.

. Prove that the dual of a projective plane is a projective plane.

. Show that a finite projective plane has an odd number of points. Can there exist a
projective plane with 23 points? What about 111 points?

. Let 7 be a projective plane. Show that there exists lines ¢, m in 7 and a point P not
on £ or m.
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10.
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Assume that Desargues’ Theorem is valid in a given projective plane. Prove its converse,
without appealing to the Principle of Duality.

(Hint: Draw carefully the configuration of the converse of Desargues’ Theorem; find, in
the configuration, triangles in perspective from a point and apply Desargues’ Theorem.)

. Recall that in a two-dimensional projective space, (see Exercise 2.1(3)), the dual of

Desargues’ Theorem is its converse. Thus, by the principle of duality, Desargues’ The-
orem implies its converse.

State, for the three-dimensional case: Desargues’ Theorem, its dual, and its converse.
Comment.

. Consider the following

0]
A A
B L
B
C D
d
¢ a b © ¢

as configurations, first, in a plane, and second, in a three-dimensional projective space.
In each case, draw the dual configuration.

. Let m1,m2, 3, M4, 75, me be six planes in three-dimensional projective space such that

each of the following sets of three planes have a common line of intersection
{7(1,7F2,7T3}7 {’IF1,7T4,71'5}, {7(3,71’5,7'(6}, {7T2,7T4,7T6}.

Further, no four planes have a common line of intersection.
Prove that the six planes have a common point.
(Hint: Solve the dual problem.)

Count all the incidences in S4, a four-dimensional projective space of order ¢. That is,
determine the number of

(a) points and hyperplanes in Sq;
lines and planes in Sy;
points in each of a line, a plane and a hyperplane;

)
)
d) lines in each of a plane and a hyperplane;
) lines through a point;

)

planes in a hyperplane;
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12.

13.
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(g) planes through a point;
(h) planes containing a line;
(i) hyperplanes through each of a point, a line, and a plane.

Let 7 be a projective plane of order q.

Definition: A k-arc K is a set of k points of w, no three collinear. A line £ of 7 is a

chord, a tangent, or an external line to K depending on whether [¢ N K] is 2,1, or

0, respectively.

(a) By considering the lines of 7 through a point P of a k-arc K, show that the number
t of tangents through each point of K is

t=q—k+2.

Deduce that
k<qg+2
and that a (¢ + 2)-arc has no tangents.

(b) Let K be a k-arc of m, where k is an odd number. By considering the lines of m
through a point P not on K, show that there pass an odd number of tangents
through P. Deduce that if g is odd,

k<q+1.

(c) Let K be a (¢+ 1)-arc of 7, where ¢ is even. Let P, Q be any two distinct points of
K. Show that through each point of PQ there passes at least one tangent. Deduce
that through each point of PQ there passes exactly one tangent. Deduce also that
the ¢+ 1 tangents of K meet in a point N, and that K U{N} is a (¢ + 2)-arc. The
point N is called the nucleus of the (¢ + 1)-arc K.

Definition: An affine plane A is a triple (P, £,Z) with points P, lines £, and incidence
7, satisfying the following axioms:

A1l. Every pair of points lies on a unique line.
A2. Given any line ¢ and any point P not on £, there is a unique line m such that P

lies on m, and ¢ and m have no common point.

A3. There are three non-collinear points.

We call two lines of A parallel if they coincide or have no common point.

(a) Let 7 be a projective plane and let o, be a line of 7. Let 7%= denote the triple
obtained from 7 by deleting the line ¢+ and all the points on .

(i) Show that 7> is an affine plane.
(ii) Deduce that the Euclidean plane is an affine plane.

(b) Show that parallelism in an affine plane A is an equivalence relation and that each
point of A lies on exactly one line from each class of parallel lines.

(c) Prove that the dual of an affine plane is not an affine plane.

Definition: Let (P, B,Z) be a triple with points P, lines B, and incidence Z, satisfying
the following axioms:
A1l. Each point is incident with ¢ + 1 distinct lines.

Two distinct points are incident with at most one line.
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A2. Each line is incident with s 4+ 1 distinct points.
Two distinct lines are incident with at most one point.

A3. If £ is a line and P a point not incident with ¢, then there exists a unique point Q
and a unique line m such that m = PQ and £ N'm = Q.

Then (P, B,Z) is called a Generalised Quadrangle with parameters s and ¢ and is
denoted GQ(s, t).

Note: There is a point-line duality for GQ(s,t) which interchanges points and lines
(and so interchanges s and t) in any definition or theorem.
(a) Let ¢ be a given line of GQ(s,t). Label the s + 1 points on £ by Pi, Pa, ..., Pst1.
Let the set of ¢ lines through P; distinct from ¢ be ¢;1,...,¢; fori=1,...,s+ 1.
Let C* be the configuration made up of thelines ¢, ¢;; (i = 1,...,s+1,7=1,...,¢),
and the points incident with them.
(i) Show that if ¢+ # k, (1 <14,k < s+ 1), then £;; N lgm = ¢ for any j, m such
that 1 < j,m < t.
) Using (i), deduce that C* has (1 4 s)(1 + st) points.
(iii) Show that each point of the GQ(s, t) lies on a line of C*.
) Using (ii) and (iii), deduce that the GQ(s,t) also has (1 + s)(1 + st) points.
) Using duality, write down the number of lines of the GQ(s, t).

(b) Let ¢ = 2", where h is some positive integer. Let PG(3,q) denote a projective
space of dimension 3 and of order ¢. Let o be a plane of PG(3,q). Assume that
there exists a set I of ¢+ 2 points in « such that no three points of IC are collinear.
(Note that any line of o meets K in 0 or 2 points.) Consider the following triple
(P,B,1):

e P is the set of points in PG(3, ¢)\a.
e B is the set of lines of PG(3, ¢) which do not lie in o and which contain exactly
one point of K.
e 7 is the natural incidence between points and lines.
(i) Show that P has ¢* points.
(ii) Let P be a point of K. Show that there are ¢* distinct lines of B passing
through P and deduce that B has ¢*(¢q + 2) lines.
(iii) Show that each point in P lies on ¢ + 2 distinct lines in B.
Prove that each line in B contains ¢ distinct points of P.

(iv) Let £ be a line in B and let P be a point in P not incident with £.

A. Ezistence: Show that there exists a point @ in P and a line m in B such
that m = PQ and £ N'm = Q.
(Hint: Consider the plane 8 containing P and ¢ and investigate 8 N a.
Also, use the fact that any line in « intersects K in either 0 or 2 points.)

B. Uniqueness: Show that the point—line pair obtained above is unique.
(Hint: Suppose that (Q1,m1) and (Q2, m2) are two such pairs. Consider
the points £ N K, m1 N K, and ma N K.)

(v) Deduce that (P, B,Z) is a generalised quadrangle and determine the parame-
ters s and ¢t.
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Desargues’ Theorem and non-Desarguesian planes

Desargues’ Theorem plays a central role in the study of projective planes. But
the theorem is not a consequence of the axioms, as we will soon see.

Definition 3.22 A projective plane 7 is Desarguesian if Desargues’ Theorem
s valid in w for any pair of triangles which have distinct vertices, and are in
perspective from a point.

Example 3.23 As will be proved later, the EEP is Desarguesian.
Example 3.24 (A non-Desarguesian projec-

tive plane) Consider the following triple © =
(P, L,T): 9]

1. The points of m are the points of the extended
Euclidean plane.

2. The lines of w are
(a) the Euclidean lines perpendicular to the z-axis;
(b) the Euclidean lines parallel to the x-axis;
(¢) the Euclidean lines with negative slopes;
(d) the ‘refracted’ Euclidean lines given by:
_J i(@—a)tand y >0,
vy= (x —a)tanf  y <O,
where a € R and 0 < 6 < 90;

(e) the line at infinity of the extended Euclidean plane.

3. Incidence T in 7 is as follows:
Incidence of the extended Euclidean plane and

o parallel Euclidean lines of type (a), (b), or (c) intersect in their point
at infinity of the extended Euclidean plane.

e two lines of type (d) that do not intersect in the Euclidean plane, inter-
sect in the point at infinity of their ‘upper halves’.

The proof that 7w is a projective plane is left as an exercise for the reader.
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Theorem: 7 is non-Desarguesian.
Sketch of Proof. In the diagram, the /
corresponding sides of triangles ABC
and A’B’C’ are parallel, and therefore
their intersections lie on the line at
infinity, but the join of corresponding
vertices are not concurrent. Hence the
converse of Desargues’ Theorem (and
so Desargues’ Theorem) is not valid
in 7. O

Note 8 The Desargues’ configura-
tion requires 10 points, namely one
verter, two triangles, and three
points of intersection of correspond-
ing sides. The Fano plane has
only seven points, and therefore
Desargues’ Theorem is meaningless
in the Fano plane. In fact, if a quad-
rangle is chosen in the Fano plane
to play the role of a vertex and a
triangle, the remaining three points
are collinear!

Theorem 3.25 Let w be a finite projective plane of order ¢ > 4. Then m contains
‘many’ Desarguesian configurations.

Proof. Take any point V, any line ¢ with V' ¢ ¢. Take p,q,r, any three lines
through V', and let

pNl=X, gné=Y, rNé=272.

Let N, L be points of /¢, distinct from X, Y, and Z. This is possible since ¢ has
at least five points.
Define a map o: A — L, where

A=p\{V.X},L=0{N, LY, X},
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as follows:

e Let Ac A,andlet NANVZ =DB. Thus B#V, Z.
e Join BL and let BLNg=C. Thus C #Y.
e Let ACN¢ =M. Thus M ¢ {N,L,Y, X}.

e Defineo: A — L by A2 =M.
Now A has ¢ — 1 elements, while £ has ¢ — 3 elements. Therefore, o is not

one-to-one. Thus, there exist distinct points A, A’ € A, with o(A) = o(A’). Let
B’'=NA'Nr and C' = LB’ Nq. Then, we have: triangles ABC, A’B’C’ are in
perspective, with vertex V and axis /. |
Note 9 The word ‘many’ in the above theorem is justified by the fact that

1. V is any point.

2. £ is any line, V ¢ £.

3. p,q,r, are any three lines through V.

4. N, L are any two points of ¢, distinct from X,Y, Z.

Theorem 3.26 Desargues’ Theorem is valid in a projective space of dimension
n, n > 3, for any two non-coplanar triangles ABC, A’ B'C’, in perspective from
a point V.



Introduction to axiomatic geometry 41

Proof. Let triangles ABC, A’ B'C’ belong to the
distinct planes 7, «, respectively. We first note
that the two triangles ABC, A’B’C" belong to
a space X of dimension 3 because ¥ = 7 &
V = a @ V. Therefore, m N « is a line. Now,
AB and A’B’ are lines of the plane VAB, and A B
therefore they intersect in a point. Similarly,
BC and B’C’ intersect in a point; so also do
the lines AC, A’C’. Tt follows that the points A’ B
ABNA'B', BCNnB'C', CAnC'A’ belong to
the line 7 N a. (|

C/

Theorem 3.27 Let 7 be a projective plane, of order greater than two, immersed
in a projective space Sy, of dimension n > 3. Then w is Desarguesian.

Proof. Let m be a plane (of order greater than two) of a projective space Sy,
of dimension n > 3. Let ABC, A’ B’C’ be two triangles of 7, in perspective from
a point X. Take any line ¢ ¢ 7, through X. There are at least two other points
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(distinct from X) on £. Let O, 0’ be two such points. Now A’O, O’ A intersect
in a point since they are distinct lines of the plane OX A. Let AONO'A = A;.
Similarly, define the points B; and C;. Note that the points A, By, and C; ¢ m,
and are not collinear.

Denote the plane A1 B1C1 by m1. Thus 7 # 1. Since triangles ABC, A1 B1C}
are in perspective from O, from the proof of Theorem 3.26, A;C1NAC € mNy.
Let A;Cy N = P. Similarly, triangles A’B'C’ and A;B1C; are in perspective
from O; hence A1C1 N A'C" € w N . Hence AC N A’C" = P lies on the line
wNy. Similarly, BCNB'C’ and ABN A’ B’ lie on the line 7 N7r;. In other words,
the line m N 7y is the axis of the perspectivity. O

Note 10 1. A projective plane m need not be Desarguesian, although it could
have many Desargues’ configurations. Thus, it is not a consequence of the
axioms that w is Desarguesian or not.

2. In Exercise 3.4(2b), it is proved that if Pappus’ Theorem holds for any
pair of lines of a projective plane 7, (7 is said to be Pappian) then 7 is
Desarguesian. The converse of this is not true for infinite planes.

3. It will be shown that any projective plane m can be coordinatised by means
of a set S which has (as a consequence of the axioms of a projective plane
only) an addition + and a multiplication -. But, unless 7 is assumed to have
additional geometrical properties, {S,+,-} has few algebraic properties; in
fact, as will be indicated later, if the order of w is greater than two, then w
18 Desarguesian if and only if it can be coordinatised by a skew field, and
Pappian if and only if it can be coordinatised by a field.

By definition, a skew field has all the properties of a field, except that multi-
plication is not prescribed to be commutative. There exist infinite skew-fields
which are not fields, the quaternions for example. However, Wedderburn’s
Theorem states that a finite skew-field is a field. Therefore, a finite Desar-
guesian plane is Pappian.

Since any plane of a projective space S, of dimension r,r > 3, is Desar-
guesian (Theorem 3.27), it follows that a non-Desarguesian plane cannot be
embedded in a three-dimensional projective space.

Exercise 3.4
1. Consider three triangles in the FKuclidean plane which have their corresponding sides
parallel. Assume that the EEP is Desarguesian, and prove:

(a) The three triangles are pairwise in perspective. That is, for each pair of triangles,
the joins of corresponding vertices are concurrent.

(b) If the vertices of the three perspectivities are distinct, then these vertices are
collinear.

2. Let 7 be a given Pappian plane (i.e. a projective plane in which Pappus’ Theorem is
valid).
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(a) Let ABC, DEF be two triangles in 7 such that lines AD, BE, C'F meet in a point
O and the lines AE, BF,CD meet in a point O’. Prove that AF, BD,CE meet in
a point.
(Hint: Dualise.)

(b) Prove that 7 is Desarguesian.
(Hint: Let triangles ABC, A’B’'C’ be in perspective from V. Let

B'C' N AC = S, B'ANCC =T,
B'A'NVS =P, BANVS =T,
BCNB(C =1, CANC'A = M,
ABNA'B = N.

Use Pappus’ Theorem to show that
(i) the points U, T, L are collinear by considering the lines BB’V and SCA,
(ii) the points P, M, T are collinear by considering the lines AA’V and C'SB’,

(iii) the points L, M, N are collinear by considering the lines B’AT and UPS.

This question is hard unless you draw the three diagrams suggested by the hint
separately (i.e. do not crowd any one diagram).)

3. Consider the following diagram and suppose the points and lines are those of a Pappian
plane 7. By considering the two triads of points {A2, D, B1} and {Bs,C, A1}, prove
that the line QR passes though the point a N b.

4. Let 7 be a Desarguesian plane. In 7, let A, B, C lie on a line m and A’, B’,C’ lie on
a line m such that AA’, BB’, and CC’ are concurrent in a point V. Prove that the
points AB'NA'B, AC' N A'C, and BC' N B'C lie on a line passing through the point
of intersection of m and n.

(Hint: Identify triangles in perspective from the point V, and apply Desargues’
Theorem.)

5. Prove that if the lines joining corresponding vertices of two tetrahedra in a three-
dimensional projective space Ss are concurrent, then the intersection of corresponding
faces are coplanar. (A tetrahedron is a set of four non-coplanar points; the points are
called vertices of the tetrahedron, the plane spanned by any three vertices is called a
face, and the line joining two vertices is called an edge.)

(Hint: Desargues’ Theorem is valid for non-coplanar triangles. Therefore, correspond-
ing edges intersect in collinear points.)
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. Let m be a projective plane. Let D,C, X be points on a given line m of 7. Let £
be any line through X, £ # m. Let A, B be two points, distinct from X, on £. Let
DANCB =2, BDNAC =U.

Define Y = ZU N DC' as a harmonic conjugate of X with respect to D, C. Prove: If
7 is Desarguesian, then the construction for a harmonic conjugate is unique.

Z

(Hint: Take another line ¢ through X.
Get Z',A’, B’,U’. You have to prove:
Z'U’ passes through Y.

Apply Desargues’ Theorem or its con-
verse to:

(a) triangles ZAB and Z'A'B’;

(b) triangles UAB and U’ A’ B';

(c) triangles AZU and A'Z'U’.)
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Preliminaries

In Definition 2.5, the extended Euclidean plane (R? U £4,) was constructed, but
no coordinates were assigned to the points at infinity. We now show that, by
introducing the concept of homogeneous coordinates, the extended Euclidean
plane can be coordinatised.

Take the extended Euclidean plane. Let P be any point of R?, of coordinates
(x,y). Write (x,y) as (X/Z,Y/Z), where Z is some common denominator. Call
(X,Y, Z) the homogeneous coordinates of P. For example, the point (%, %)
has homogeneous coordinates (3,4, 5), and also (6,8, 10), or indeed p(3,4,5), for
any p # 0, p € R. Thus, we note:

1. Since (x,y) = (X/Z,Y/Z) = (pX/pZ,pY/pZ), for all p # 0,p € R, the
homogeneous coordinates (X,Y, Z) and p(X,Y, Z) refer to the same point.

2. The point (0,0) has homogeneous coordinates (0,0, 1).
3. No point of R? has homogeneous coordinates (0,0, 0).

4. Every point of the Euclidean plane R? has well-defined homogeneous coor-
dinates, namely the point (z,y) has homogeneous coordinates (x,y, 1).

For the points at infinity, proceed as follows. Consider two parallel lines of R?,

ax +by+c=0,
ax+by+c =0, c#c.

Writing « = X/Z,y = Y/Z, and then multiplying by Z gives

aX +bY +cZ =0,
aX +bY +JZ =0,

which are the homogeneous equations of these two lines. By solving the above
two linearly independent homogeneous linear equations, the solution set is

{p(a;0,0) | p € R\{0}}.

Then p(a, b,0) (for any p € R\{0}) is defined to be the homogeneous coordi-
nates of the point of intersection of these two parallel lines (i.e. their point at
infinity). Thus, we have:
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1. Every point of the EEP has homogeneous coordinates of type
(z,y,z), withz,y,z€R, not all zero,

where two 3-tuples (z1,y1,21) and (x2,y2, 22) are identified with the same
point if and only if there exists p € R\{0} such that (x1,y1, 21) = p(z2, y2, 22).

2. The homogeneous equation of a line £ is of type ax+by+cz = 0, with a,b,c €
R, not all zero. Then, [a,b, ] is defined to be the homogeneous coordi-
nates of the line ¢. Note that [a,b,c] and pla,b,c] (for any p € R\{0})
represent the same line. A point (x,y, z) lies on the line [a, b, ¢] if and only
if ax + by + cz = 0.

3. z = 0 is the homogeneous equation of ¢, (the line at infinity). Thus ¢, has
[0,0,1] as homogeneous coordinates.

Example 4.1 Recall Exercise 2.1, question 1, where the Extended Plane C? is
defined: the points of the EEP are points of the Extended Plane C2, the lines
of the EEP are sublines of lines of the Extended Plane C?, and the EEP is a
subplane of the Extended Plane C2. The points of the Extended Plane C? can
be assigned homogeneous coordinates in precisely the same way as was done for
the points of the EEP. Care needs to be taken in algebraic manipulations when
a point of the EEP is also considered as a point of the Extended Plane C2; for
example:

1. For any p # 0,p € R, p(3,4,5) are the homogeneous coordinates of the same
point P, considered as a point of the EEP.

2. The homogeneous coordinates of the point P, considered as a point of the
Extended Plane C2, are p(3,4,5), for any p # 0,p € C.

Thus a point of the Extended Plane C2, of coordinates (z1, 22, 23), is a point of
the EEP if (21, 29, 23) can be written as p(z1,xs,73),p € C,x; € R. O

Recall that in the Euclidean Plane R?,

1,2 y2
ﬁ_b? :17 (a7b€R\{O})7
1,2 y2
ﬁ+b72 :17 (a7b€R\{O})7

y2 = 4CL.CE, (a’ S R\{O})a
2 +y* 4290 +2fy+c=0, (g,f ceR\{0}),

are the equations of a hyperbola, an ellipse, a parabola, and a circle, respectively.
In the next example, we homogenise these equations by writing z/z for x, y/z
for y, and then multiplying by z. These homogeneous equations are considered
as equations of curves of the EEP and of the Extended Plane C2.
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Example 4.2 1. The hyperbola 2?/a? — y?/b* = 1, (a,b € R\{0}) has homo-
geneous equation
2 42 )
PR
It intersects /o, where x?/a? —y?/b? = 0. Thus the hyperbola intersects £,
in the points (a,b,0) and (—a,b,0).

14
Hyperbola | 22 3?2 ==
el it (a,6,0) —a,5,0)

2. The ellipse 22/a® + y?/b? = 1, (a,b € R\{0}) has homogeneous equation
22 2 )
@2 tr =

It has no point on ¢,,. The diagram illustrates the ellipse in the EEP.

lo

Ellipse 2 y?

We now consider the ellipse as an ellipse of the Extended Plane C2. The
points on the line at infinity £% of the Extended Plane C? have homogeneous
coordinates of type (z1, z2,0), where z; € C. The ellipse intersects £%_ in the
points (a,ib,0) and (a, —ib,0), which are points of C? U £%,, but not of
RZU /(.

3. The parabola y* = 4az, (a € R\{0}) has homogeneous equation
y? = dazz.

Thus it intersects £, where y? = 0, and therefore in the point (1,0, 0). The
parabola ‘touches’ /.

(., (1,0,0)

Parabola V2 = dazz
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4. The circle

2® +y? + 292+ 2fy + ¢ =0, (g, f,c € R\{0})

has homogeneous equation
2 2 2 _
e+ y° + 29z 4+ 2fyz +cz” = 0.

It has no point in common with £,. However, considered as a circle of the
Extended Plane C?, it intersects %, where 22 + y?> = 0, and therefore in
the points I = (1,4,0) and J = (1, —4,0). Thus every circle passes through
these two points. These two points are called circular points at infinity.
The diagram illustrates the circle in the Extended Plane C2.

Circle 22+ %+ 2920+ 2fyz +c2® =0

Field planes

The extended Euclidean plane can also be defined as a triple (P, £,T), where
the points and the lines are identified by their homogeneous coordinates, and the
incidence relation is determined with the help of a homogeneous linear equation
(as explained in the Preliminaries section). With the EEP as a model, we now
define a field plane.

Definition 4.3 Let F be a field. Then, the field plane PG(2,F) is the triple
(P,L,T) (where the elements of P are called points, the elements of L are sub-
sets of P to be called lines, and T is an incidence relation) which is defined as
follows:

1. P={(x,y,2) | x,y,z € F, not all zero}, with the proviso that:
for all p € F\{0}, (x,y, 2z) and p(x,y, z) refer to the same point.

2. L={[a,b,c]| a,b,c € F, not all zero}, with the proviso that:
for all p € F\{0}, [a,b,c] and pla,b,c| refer to the same line.

3. T : the point P = (z,y, z) is incident with (or lies on) the line { = [a, b, (|
if and only if ax + by + cz = 0.

Example 4.4 1. The EEP is the field plane PG(2,R).
2. The Extended Plane C? is the field plane PG(2,C).

Notation: PG(2, F) is also denoted by PG(2, q) when F = GF(q).
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Note 11 1. Let P = (x,y,2) € P. Then (z,y, z), or indeed for any non-zero
element p of F, p(z,y, ), are called the homogeneous coordinates of the
point P. Similarly, ¢ = [a,b,c] are the homogeneous coordinates of the
line £, and ax + by + ¢z = 0 is the (homogeneous) equation of /.

2. By definition, no point has (0,0,0) as coordinates, and no line has [0,0,0]
as coordinates.

3. If (z,y,2) and (X,Y,Z) are homogeneous coordinates of a point P, (and
therefore (X,Y,Z) = p(x,y,z) for some p # 0), we adopt the convention of
writing

(XY, Z) = (z,y, 2).

Alternatively, PG(2, F') may be defined as follows:
Let F be a field. Let V' be the three-dimensional vector space over F'. Then
PG(2, F) is identified with V', and
e The points of PG(2, F') are the one-dimensional subspaces of V.
e The lines of PG(2, F') are the two-dimensional subspaces of V.

e Incidence is containment.

Let B={a, 3,7} be a basis for V. Thus any vector p of V is of type za+yS+zy
where z,y, z € F. Then, with respect to the basis B, the vector p is said to have
(z,y, z) as coordinates, and we write p = (, ¥, 2).

Let B be a fixed basis for V. Let P be a one-dimensional vector subspace of
V. Thus P is the span of one vector p. With respect to B, let p = (,y, z). Thus
P = (p) = {p(z,y,2),p € F}. So P, as a point of PG(2, F'), is represented by
p(x,y, z) for any p € F\{0}. Call p(z,y, z) the homogeneous coordinates of
the point P.

With respect to the fixed basis B, the solution space to a single linear equation
ax + by +cz =0, (a,b,c € F) is a two-dimensional subspace of V', and hence
is a line ¢ of PG(2, F). The line ¢ is said to have [a,b,c] as homogeneous
coordinates and ax + by + cz = 0 as (homogeneous) equation. Since

axr+by+cz=0 < plaxr+by+cz)=0 for any p € F\{0},

it follows that for all p € F\{0}, [a,b,c] and pla,b,c| refer to the same line.
Finally, the point P = (z,y, ) lies on (or, is incident with) the line ¢ = [a, b, (]
if and only if ax + by + cz = 0.

Definition 4.5 Points in PG(2, F') are said to be linearly dependent or inde-
pendent depending on whether their homogeneous coordinates (considered as
vectors) are linearly dependent or independent over F'.

We show in the following examples that PG(2, F') satisfies all the axioms of
a projective plane.
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Example 4.6 Let F' be any field. Consider two distinct lines of PG(2, F)) of
equations:

ax + by + cz = 0,
dx+by+cdz=0.

By solving the above two linearly independent homogeneous linear equations,
the solution set is of type

{p(a, B,7) | p € F\{0}, o, 8,7 € F}.

Thus the lines intersect in a unique point, namely («, 3,7). For example, (see
Example 1.18) the lines
20 +y+ 2z =0,
3r —4y+22 =0,
L1 j21] |21
—42|7 132"|3—-4

intersect in the unique point H H = (6,—-1,—11). |

Example 4.7 Prove that two distinct points P, ), of homogeneous coordinates
P, q, respectively, lie on a unique line (to be denoted by PQ), and that

PQ ={r=Xp+pq| A u € F, not both zero}.

Solution. The points p = (z1,y1,21) and q = (22,ys2,22) lie on the line of
equation
ax + by 4+ cz =0,

if and only if

axry + by +cz1 =0,
axg + bys + czo = 0.

Thus, in matrix form, we need to solve

T Yy z a 0
1 Y1 z1 b = 0
T2 Y2 22 c 0

non-trivially. Now, there exists a non-trivial solution (a, b, ¢) if and only if

r Yy z
T1 Y1 21 =0.
T2 Y2 22

Thus each point (z,y, z) of £ is linearly dependent on p and q. In other words:
¢={r=Ap+puq| A\ p € F, not both zero}.
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Further, the above determinant, when expanded, is a homogeneous linear equa-
tion; it is therefore the equation of the line PQ. (I

Definition 4.8 Let F be a field. Then PG(1, F) is defined to be
{(A\, 1) | A\, i € F, not both zero},

with the proviso that (A, 1) and p(\, ) for all p € F\{0} refer to the same point.

Note 12 In the last example, a point R of the line { joining the points P and
Q has coordinates of type

r=Ap+uq; Apu€F, not both zero.

We may therefore identify the point R with the point (A, u) of PG(1, F). In other
words, every line of PG(2, F) may be identified with PG(1, F').

Example 4.9 1. The points (1,0,0),(0,1,0),(0,0,1) of PG(2, F) are linearly
independent, and hence are not collinear.

2. Let abc # 0. Then the line [a, b, ¢] has at least three points, namely (b, —a, 0),

(0,¢,—b), and (¢, 0, —a). If ¢ = 0, the points (b, —a,0), (b, —a,1),(0,0,1) are
distinct (even when one of a or b is zero) and lie on the line [a, b, 0].

Since we have shown that all the axioms of a projective plane are satisfied,
we have:
Theorem 4.10 A field plane is a projective plane.

Note 13 An immediate corollary to the above theorem is that the principle of
duality is valid in a field plane. (See Ezercise 3.2.)

We are now in a position to prove that if the order of a field F' is not 2,
Desargues’ Theorem is valid in the field plane PG(2, F).

Theorem 4.11 Let F be a field whose order is distinct from 2. Then PG(2,F)
1s Desarguesian.



92 Field planes and PG(r,F)

Proof. The Desargues’ configuration requires 10 points, namely 1 vertex, 2 tri-
angles, and 3 points of intersection of corresponding sides. Now PG(2,2) has
only seven points, and therefore Desargues’ Theorem is meaningless in PG(2, 2).
For the rest of the proof, let F' be a field whose order is distinct from 2.

Let ABC, A’B’C’ be two triangles of PG(2, F') with distinct vertices, which
are in perspective from a point V. Let v,a,b,... be homogeneous coordinates
of the points V, A, A’,..., respectively. As V, A, A’ are collinear, there exist
non-zero A\, A" € F'| such that

Na' =v+ Ja.

Similarly, there exist non-zero u, i/, v, € F, such that

p'b" = v+ ub,
V' =v+re.
Therefore,
Na' — u'b’ = da — ub.

The homogeneous coordinates on the left, being a linear combination of a’ and
b’, are those of a point on A’B’, while the homogeneous coordinates on the
right are those of a point on AB. Hence, both are homogeneous coordinates of
M = ABN A’B’. Hence, we may take as homogeneous coordinates of M

m = A\a — pub.
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Similarly,

1= pub—vc,

n=rvc-—Ja.

Therefore 1 + m + n = 0. Thus, the points L, M, N are collinear, since their
homogeneous coordinates are linearly dependent. O

Three worked examples in PG(2, F)

In the following examples, the characteristic of the base field F' is assumed to be
not equal to two or three.

Example 4.12 Find the equation of the line XY, where X = (2,1,1) and
Y =(3,-4,2).

Solution. (See Examples 4.6 and 4.12.) The lines [2,1,1],[3, —4, 2] intersect in
the point (6, —1,—11).

By the principle of duality, the points (2, 1, 1), (3, —4, 2) lie on the line [6, —1, —11].
Alternatively, the required equation is

Ty z
21 1|=0=6z—y—11z. (]
3—-42
Example 4.13
Y
N
A
Z
B X C L

Given the points A(1,0,0), B(0,1,0), C(0,0,1), and U(1,1,1), write down the
coordinates of all the points, the equations and the coordinates of all the lines,
shown in the diagram. Deduce that X,Y, Z are collinear.

Notes 1. Since no three of the vectors (1,0,0), (0,1,0), (0,0,1), and (1,1,1)
are linearly dependent, no three of the points A, B, C, and U are collinear. Thus
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ABCU is a quadrangle, and is called the fundamental quadrangle. Triangle
ABC is called the triangle of reference and U = (1,1,1) is called the unit
point.

2. As seen in Example 4.7

Ty z
T1y1 21| =0
T2 Y2 22

is the equation of the line joining (z1,y1,21) and (z2,ys, 22). However, in the
above situation, many equations and coordinates can be ‘read off’. For example,
the line AB contains A(1,0,0) and B(0,1,0), two points with the z-coordinate
equal to 0; hence the equation of AB is z = 0.

Solution.
’ Line \ Equation \ Coordinates ‘
AB z=0 0,0,1
BC | 2=0 1,0,0
AC y=0 [0,1,0]
AU y=z [0,1,—1]
BU T =z [-1,0,1]
cU r=y [1,-1,0]
’ Point \ Coordinates \ Rationale
L=BCNAU 0,1,1) BC has equation x =0
and AU has equation y = z
M =ACNBU (1,0,1)
N=ABNCU (1,1,0)
X =MNNBC (0,-1,1) A linear combination of (1,0,1) and (1,1,0)
A linear combination of (0, 1,0) and (0,0, 1)

Y =NLNAC | (1,0,—1)

Z=MLNAB | (-1,1,0)

Since

(0,—-1,1)+(1,0,-1) +(-1,1,0) = (0,0,0),
it follows that the points X, Y, Z lie on a line ¢; the equation of /¢ is
r+y+z=0,

and its coordinates are [1,1, 1]. O
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Example 4.14 Find the equation/coordinates of the line joining the point (1,0, 0)
and the point of intersection of the lines of equations

2r+y+2=0,
3z +4y + 22 = 0.

Solution. Method 1. Find the point of intersection of the two lines, and then find
the required equation. (The point of intersection of these two lines is (2,1, —5).
The equation of the line joining the point (1,0,0) and (2,1, —5) is 5y + z = 0.)
Alternatively:
Method 2. A line through the intersection of the two given lines has coordi-
nates of type
[2,1,1] + A[3,4,2] = [2+ 3A, 1+ 4\, 1+ 2)].

Such a line contains the point (1,0,0) if and only if (2+3X) x14+04+0 = 0.
Thus A = —2, and so the required line has coordinates [0, -2, —1] = —1[0, 5, 1],
and hence its equation is 5y + z = 0. O

Definition 4.15 Let {,m be two lines of PG(2, F). Then the set of lines through
Nm is called a pencil of lines and (in an abuse of notation) is denoted by £+ m.
Each element X\ of the field F corresponds to a line of the pencil, and A\ = oo
corresponds to the line m. Dually, let P,@Q be two points of PG(2, F). Then the
set of points on the line PQ is called a range of points, and (in an abuse of
notation) is denoted by P + AQ; each element X\ of the field F' corresponds to a
point of the range, and A = oo corresponds to the point Q.

Example 4.16 In PG(2,q), a pencil of lines has ¢ + 1 lines, and a range of
points has ¢ 4+ 1 points.

Exercise 4.1 All questions refer to points and lines of a field plane PG(2, F’). Assume
that the characteristic of F' is large enough.

. Prove that the points
(3,-1,0), (1,0,-2), (11,-3,-4), (6,-1,—6), (4,-1,2), (0,1,6)
are collinear.
. Find the equation of the line which joins the intersection of the lines 2z 4+ 3y — 52 =0

and x — 2y + z = 0 to the point of intersection of the lines 3x + 2y + z = 0 and
z+2y+3z2=0.

(Hint: the required line is the line common to two pencils of lines.)

. Show that the line [3,2, 3] passes through the point of intersection of the lines [2,1, 1]
and [1,1,2].
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. Find the vertices of the triangle whose sides are the lines x = 0,z 4+ y + 2z = 0, and
3z —4y + 52 =0.

(a) Let P,Q, R be points of the sides BC, C A, AB of the triangle of reference. Let their
coordinates be (0,p,1),(1,0,q), and (r,1,0), respectively, where p,q,r € F\{0}.
Show that P, @, R are collinear if and only if pgr = —1. This is Menelaus’
Theorem.

(b) Dualise Menelaus’ Theorem; the dual theorem is called Ceva’s Theorem.

. In a field plane PG(2, F'), a line ax+by+cz = 0, not through the vertices of the triangle
of reference ABC), intersects the sides BC,CA, AB in the points X,Y, Z, respectively.
Let P=YBNZC,Q=2ZCNXA, and R= XANYB. Show that AP, BQ, and CR
are concurrent, and find the coordinates of the point of concurrency.

. Let ABC be the triangle of reference, and D the unit point in the plane PG(2, F'), where
the characteristic of F' is not two. Let U = ABNCD,V = ACNBD,F =UVNAD,G =
UVNBC,and L = BFNAC. Show that LG, CF, and AU are concurrent. What happens
if the characteristic of F' is two?

. Do questions 6 and 7 again, without using coordinates.

(Hint: PG(2, F) is Desarguesian.)

. Let XY Z be the triangle of reference in PG(2, F'), and let the points P,Q, R have

homogeneous coordinates (p, g, h), (f, ¢, h) and (f, g, r), respectively, where p # f,q #

g,7 # h.

(a) Show that the triangles XY Z, PQR are in perspective from the point O = (f, g, h),
and find the equation of the axis of perspectivity.

(b) Show that if fgh = pqr, then the lines XQ,Y R, ZP are concurrent, and the lines
XR,YP,QP are concurrent.

Homographies and collineations of planes

We now study permutations of the points of PG(2, F) which make geometric
sense. The concept is similar to that of isomorphisms/automorphisms of groups.
This leads to the fundamental theorem of field planes, which classifies all such
permutations, and provides powerful tools to solve problems.

Definition 4.17 1. A one to one map of a projective plane w onto itself, is
said to be a collineation if and only if the images of collinear points are
collinear.

2. The set of all collineations of a projective plane is a group with respect to
composition of functions; this group is called the collineation group of T,
and is denoted by Aut 7.
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Example 4.18 Label the points and
lines of the Fano plane 7 as per the
diagram. Exhibit the incidences by
the following table:

To | 6 1 o | 03 | 0o | 05 |
01123 [4]5]6
123|456/ 0
314560 1]2

Now, the map o: 4 — i+ 1(mod 7) 1
is a collineation of w. Here, (o) has
the whole plane as orbit, and is an
example of what is called a Singer

group.

Definition 4.19 Let A be a 3 X 3 non-singular matrix over a field F'. Then
o: PG(2,F) — PG(2,F)

defined by
(x,y,2) = (2,9, 2'),
where
z’ T
ply | =Aly],
2 z

for some p # 0, is called a« homography of PG(2, F).

Note 14 1. It is usual to write the equation of a homography o in matrix

notation:
pX'=AX, pe F\{0},
where
T x’
X=|y and X' = |y
z Z

2. Any non-zero multiple NA of A determines the same homography, since
(A)X = AAX) = ApX') = pX'.

3. The group of all homographies of PG(2, F), with respect to composition of
functions, is called the projective (linear) group of dimension 3 over F', and
is denoted by PGL(3,F); if F is a finite field of order q, it is denoted by
PGL(3,q).
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Theorem 4.20 A homography of PG(2, F) is a collineation.
Proof. Let homography o of PG(2, F') be given by
pX'=AX, [A|#0, peF\{0}.

Since A~! exists, we have X = pA~!X’. Hence o is one to one and onto. Now,
for A1, A2, A3 € F, not all zero, and points of coordinates X7, Xo, X3,

MX1+ X+ X3X3=0 <— A()\1X1 + A Xs + )\3X3) = A0

That is, X1, X2, X3 are collinear if and only if AX;, AX5, AX3 are collinear.
Hence, o is a collineation. O

Example 4.21 Find the (unique) homography o of # = PG(2, F') which maps
the fundamental quadrangle (1,0, 0), (0,1,0), (0,0,1), and (1,1, 1) onto the quad-
rangle (1,2,1), (—1,1,1), (2,—1,0), and (1,1, 0), respectively. (Assume that the
characteristic of F' is not 2 or 3.)

Solution. Let the matrix A of a homography o be

aj ag as
A= |by by b3 |, |A|750, ai,b;,c; € F.

C1 C2 C3

Now ¢(1,0,0) = (1,2,1), ¢(0,1,0) = (-1,1,1), 0(0,0,1) = (2,-1,0) imply
that for some non-zero p1, p2, ps € F,

1 1 0 -1 0 2
Al0| = P1 2 s All = P2 1 s A0 = P3 -1
0 1 0 1 1 0
So
p1 —p2 2p3
A= 12p1 p2 —p3
pi p2 0

Since (1,2,1),(-1,1,1), and (2, —1,0) are linearly independent, it follows that
4] £0.
Since o(1,1,1) = (1,1,0), we have: for some non-zero py € F'
1 1

All = P4 1 s
1 0
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which can be written as

1-1217| ™
21 11| || =

11 00"
—P4

o O oo

Since no three points of the quadrangle are collinear, the matrix of the above set
of homogeneous linear equations is of rank 3, and therefore there exists unique
homogeneous solution

(p1,p2,p3,p1) = p(3,-3,-1,4), p#0,pe F.

Thus the matrix of o is

33 -2
A=|6-3 1
3-3 0
Any non-zero multiple of this matrix gives the same homography. O

Theorem 4.22 Given two quadrangles Ay AsAsAy and B1BaB3sBy of a field
plane PG(2, F), there exists a unique homography o with oc(A4;) = B;,1 <1 < 4.

Proof. Let P, = (1,0,0), P, = (0,1,0), P = (0,0,1), and Py = (1,1,1). The
previous example gives in detail the procedure that proves that there exist unique
homographies «, 8 of PG(2, F) with a(P;) = A;, and §(P;) = B;,1 <i < 4. Put
o = Ba~!. Then,

Thus Sa~! is a homography with the required properties. Suppose 7 is a homo-
graphy with 7(4;) = B;,1 < i < 4. Then, w = 7« is another homography,
and

Thus 7o = 3, and so 7 = Ba~! is unique. O

Importantly, Theorem 4.22 says that any given quadrangle in PG(2, F) may
be taken as the fundamental quadrangle (1,0,0), (0,1,0), (0,0,1), and (1,1,1).

Theorem 4.22 is often stated (in group theoretical language) as: The projective
linear group of a field plane acts reqularly on ordered quadrangles.

We are now in a position to give an easy proof of the fact that if the order
of a field F is not two, Pappus’ Theorem is valid in PG(2, F).

Theorem 4.23 If the order of a field F is not two, then PG(2, F) is Pappian.
Proof. Pappus’ configuration requires at least four points on a line. Therefore,

Pappus’ Theorem is meaningless in PG(2,2). Let F be a field whose order is
not two.
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In PG(2, F), let P, Q, R be three points on a line £, and P’, Q’, R’ be three
points on another line ¢, all the stated points being distinct from X = £N/¢'. Let
L=PQ'NP'Q, M =PR NP'R,and N = QR' N Q’'R. We prove that L, M, N
are collinear. Since X, P, Q, and N form a quadrangle, by the previous theorem,
we may take their homogeneous coordinates to be (1,0, 0), (0,1,0), (0,0, 1), and
(1,1,1), respectively.

R/
(1,1,0)

So ¢ has homogeneous coordinates [0, 1, 0]. Therefore, points P, R being distinct
from X and lying on the line ¢, have homogeneous coordinates (p,0,1) and
(r,0,1), for some p,r € F. Similarly, Q" has homogeneous coordinates (¢’,1,0),
for some ¢’ € F. Now the line @QN, of equation z = y, intersects the line ¢’ (of
equation z = 0) in the point R’ = (1,1,0). The equation of PQ’ is

Ty z
p01|=0=—x+qy+pz
qg 10

Therefore, PQ’ intersects P'Q (of equation x = 0) in the point L = (0, —p, ¢’).
Since the points R, N, Q' are collinear,

Therefore,
qd +r=1. (%)

The equations of PR’ and RP’ are respectively

—r+y+pz=0,
- +rz=0.
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Therefore,
M = PR'NRP

=(rr-p1l)

=(rr—pr+d), by (¥

=7r(1,1,1) + (0,—p,q)

=7rN+ L.
Thus the points L, M, and N are linearly dependent; hence they are collinear. [
Note 15 If in the definition of PG(2,F), we allowed F to be a skew-field (i.e.
multiplication is not commutative), then Pappus’ Theorem cannot be proved!

For example, the point L = (0, —p, q') might not be on PQ’ (which is of equation
—x+q'y+pz=0), since ¢'(—p) + pq’ might not be 0.

Recall that an automorphism « of a field F' is a one-to-one and onto map
a: F—F
such that (writing a® for a(a)),
(a+b)* =a* +b*
(ab)® = a®*b* for alla,b € F.
In particular, 0% =0, 1% =1.

Definition 4.24 Let « be an automorphism of F. Then « induces an auto-
morphic collineation o of PG(2, F), where

o: PG(2,F) — PG(2,F)

(35797 Z) = (ma7 y*, 2%).

Theorem 4.25 An automorphic collineation of PG(2,F) is a collineation of
PG(2,F).

Proof. Let P be the point (z,y,z), and P“ be the point (z%,y?*, 2%), where
« is an automorphism of F'. Similarly, let [a, b, c] and [a®, b*, ¢*] be the coordi-
nates of the lines ¢ and £, respectively. Since « is a bijection of F', the induced
automorphic collineation o is a bijection of the points and also of the lines of
PG(2, F). Now, o(P) = P%, and
P*el® — a“z“+b%y* +c*2*=0

< (ar+by+cz)* =0, since a € Aut F

<~ ar+by+cz=0

<~ Pel

Thus images of collinear points under ¢ are collinear, and so ¢ is a collineation
of PG(2, F). O
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We aim to prove that every collineation of a field plane PG(2, F') can be
expressed as the product of a homography and an automorphic collineation. The
proof given here is due to A. D. Keedwell (1975).

Lemma 4.26 If a collineation o of a field plane PG(2,F) fizes each point of
the fundamental quadrangle, then o is an automorphic collineation of PG(2, F').

Proof.

Let o be a collineation of the plane PG(2, F') which fixes the points X = (1,0, 0),
Y =(0,1,0), Z = (0,0,1), and U = (1,1,1). Let A = (a,0,1) be a point of ZX,
distinct from X and Z. Since X, Z are fixed by o, it follows that o maps A4 to a
point A% on ZX, distinct from Z and X. Let A = (a/,0, 1), for some element
a’ € F. Similarly, let B = (0,b,1) be a point of Y Z, distinct from Y and Z; let
B? = (0,b,1) be its image under o. Then, P = XBNY A = (a,b,1). Let 0 map
P to P?. Then
P’ = (XBNYA)

= (XB)Nn((YA)°

=XB°NYA°

= (a',V,1).
Thus, any point P = (z,y,1) is mapped to P = (f(x),g(y),1) where f,g are
bijections of F' since o acts as a bijection of XZ and of YZ. Since X,Y, Z are
fixed, f(0) = g(0) = 0. Now o fixes the line ZU, of equation x = y. Thus,
whenever the point P belongs to ZU, P? also belongs to ZU. Therefore,

f(z) =9g(y), whenever z =y.
Hence, f(x) = g(z), for all x € F. So, f = g, and
P=(0,0.1) = P = (f(2), f(y), ). 1)
Since U is fixed, f(1) = 1.
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Similarly, there exists a function h: F — F such that
P = (1,y,z) = P7= (Lh(y)vh('z))a h(l) =1L
But then
P=y1) = P"=(,f(y),1)=1hy),1).

Hence
fly)=h(y), forallyeF.

Thus f = h, and therefore
P=(,y2) = P =(1f(y), f(2)) (2)

Consider the point P = (a,1,1), where a # 0. Since it lies on the line XU (of
equation y = z), P? also lies on XU. Therefore,

P=(a,1,1) = P? =(f(a),f(1),1), by Equation (1),
= (f(a),1,1) = (1,(f()) 7", (f(@) 7).
But
(. 1,1) = (La Y a™') = P7 = (1, f(a™"), f(a™")), by Equation (2).
Therefore,
fla™) = (f(a))™t, forall a € F\{0}.
Again, for a # 0,
P =(a,ab,1) = P? = (f(a), f(ad),1).
P=(a,ab1) = (Lba™!) = P = (1, £(b), f(a™")).

(f(a), f(@)f(), f(a)f(a™))
(f(a), f(a)f(b),1), since f(a™") = (f(a))™"

Therefore f(ab) = f(a)f(b), for all a,b € F (since, if a = 0, f(0b) = f(0)f(b) =
0). Again,

(1. f(b), f(a™))

P = (a,b,¢) = (1,a"'b,a " ¢c)
= P7=(1,f(a"'b), fa""¢))
= P7=(1,f(a"")f(b), f(a™")f(¢c)), since f(ab) = f(a)f(D),
= (f(a), f(b), f(¢)), since fa™') = (f(a))~".

In particular, P = (a,b, a+ b) implies that P7 = (f(a), f(b), f(a+b)). Now such
a point P = (a,b,a + b) lies on the line z = x + y, which is fixed under o, since
two of its points (0,1,1) and (1,0,1) are fixed under o. So

fla+b) = f(a) + f(b).

Hence f is an automorphism of F, and ¢ is an automorphic collineation of
PG(2, F). O
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Theorem 4.27 (The fundamental theorem of field planes) Every collinea-
tion of a field plane PG(2, F) is the product of a homography and an automorphic
collineation of PG(2, F).

Proof. Let o be a collineation of PG(2, F'). Suppose o maps the (ordered) fun-
damental quadrangle XY ZU to the (ordered) quadrangle ABCD. By Theo-
rem 4.22, there exists a unique homography  mapping the ordered quadrangle
XY ZU to the ordered quadrangle ABCD. Thus, the collineation v = 3~ 1o fixes
each point of the fundamental quadrangle. By Lemma 4.26, « is an automorphic
collineation. Thus ¢ = (7, a product of a homography and an automorphic
collineation. O

Corollary 4.28 Every collineation o of a field plane PG(2, F') is of form

[e3

T abc x
X=|y|—|def y| , «a€ AutF,
z ghi z

or, in matrix form
X — AX®, where |A|#0, o€ Aut F.

O

Corollary 4.29 As the only automorphism of R is the identity, the collineations
of PG(2,R) are all homographies. O

Notation: The group of all collineations of a field plane PG(2, F'), with respect
to composition of functions, is denoted by PT'L(3, F).

Example 4.30 Let o be a collineation of a field plane PG(2, F). Let X be a
point, and L = [¢,m,n] be a line. Let

o: X — AX®,  where |[A] #0, o€ Aut F.
Prove that
o: L— LA™ %
Solution. The point X lies on the line L <— LX =0 <= L?X? = 0. Now,
X*=A"1X° and
LX=0 = (LX)*=0 = L°X“=0 = L*A"'X° =0.

Therefore L = L*A~1. O



Field planes and PG(r,F) 65

Exercise 4.2

. Assume that the characteristic of the field F' is not two. Find the equation of the
homography o which maps the points (1,0, 0), (0,1,0),(0,0,1),(1,1,1) of PG(2, F) to
the points (—1,1,1),(1,-1,1),(1,1,—1), (1,1, 1), respectively.

. In PG(2,F), A, B are two given points, and ¢, m are two given lines not through them.
Also £ N'm ¢ AB. P is a point on ¢, and AP, BP meet m in L, M, respectively. Show
that the locus of the point BL N AM, as P varies on /, is a line through ¢ N m.

(Hint: Use your right to take £, m, AB as the sides of the triangle of reference.)

. This question will be revisited in Chapter 5.

Definition: A point P is fixed by a homography o if o(P) = P. (Thus if the matrix
of o is A, the point P, of homogeneous coordinates X7, is fixed by o if AX = AX for
some \ € F. Hence the fixed points of o are given by the eigenvectors of A.)

100 101
Let 01, 02 be two homographies whose matricesare |01 0| and | 0 1 1 |, respectively.
00k 001

(a) Find their fixed points.

(b) Define the term ‘fixed lines of a homography o’. Show that if the matrix of o is A,
the fixed lines of o are eigenvectors of (Afl)t. Find the fixed lines of o1 and o2,
and comment.

. Let XY Z be the triangle of reference in PG(2, F). Let A = (1,a,0),B = (1,b,0)

be two points on XY,a # b # 0. Let P = (z1,y1,21) be a point not on XY. Let

A= APNXZ,B' = BPNYZ, and P' = AB' N A'B.

(a) Find the coordinates of P’.

(b) Find the matrix of the homography o of PG(2,F) which, when restricted to
PG(2,F)\ XY, maps P to P'.

(c) Find the fixed points, if , of the homography o. (See question 3 for the definition
of ‘fixed’ points of a homography.)

. Let ABCD be a proper quadrangle in PG(2, F). Let £ be a line through D distinct
from AD,BD,CD. Let H=¢(NBC,K =¢(NCA,G=ABNCD, U =ADNGH, and
V =BDNGK.

(a) Prove that C' lies on UV.
(b) Prove that C also lies on LM, where L = BUNGK and M = ADNHV.

(Hint: PG(2, F) is Pappian. Identify two sets of three collinear points, and apply Pap-
pus’ Theorem.)

. Let S be a set. If the order in which the elements are listed is important, then S is said
to be an ordered set; otherwise, S is said to be an unordered set.

(a) Let m be a plane of order g. Find

(i) The number of ordered triangles and the number of unordered triangles in .

(ii) The number of ordered quadrangles and the number of unordered quadrangles
in 7.
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(b) Let F be a field of g elements (F = GF(g)). Find (using part(a)),

(i) The number of non-singular 3 x 3 matrices over F. (Hint: Regard the columns
of a non-singular 3 x 3 matrix over GF(q) as the vertices of an unordered
triangle of PG(2,q).)

(ii) The number of non-singular homogeneous matrices over F. [Definition: A, B
represent the same homogeneous matrix if and only if AA = B, A € F\{0}]
(Note: This number is equal to the number of homographies of PG(2, q); by
Theorem 4.22, this number is also equal to the number of unordered quad-
rangles in PG(2,¢).)

(iii) Show that the orders of PGL(3, F') and PT'L(3, F') are N and Nh, respectively,
where N = ¢*(¢*> — 1)(¢* — 1) and ¢ = p", p prime.

7. Show that the only collineation of PG(2, ¢) which is both a homography and an auto-
morphic collineation is the identity collineation.

Baer subplanes

The concepts of subplanes and sublines have already encountered. (See Exam-
ple 4.1.) A formal definition is given here.

Finite groups may have proper subgroups, but the order of a proper subgroup
of a finite group G must divide the order of G. The question as to whether there
is a similar result for the order of a proper subplane of a finite projective plane
needs to be addressed.

Definition 4.31 Let m = (P, L,Z) be a projective plane. Let P' C P. Let L' be a
set of subsets of P’, where each element of L' is the intersection of P’ with some
line of L. Let T' be T restricted to P' and L. If 7' = (P, L', T") is a projective
plane, then

1. 7’ is a subplane of w, and 7 is an extension of 7’.
2. ' € L' is a subline of a line £ of L, and { is an extension of .

3. If P C P, then «' is a proper subplane of 7.

Example 4.32 Let E, F be fields, with F' C E. Prove that PG(2, F') is a sub-
plane of PG(2, E).
Solution. (See Example 4.1 where the EEP is shown to be a subplane of the
Extended Plane C2.) A point of PG(2, E), of coordinates (e, e, €3), is a point of
PG(2, F) if (e, e2, e3) can be written as p(f1, f2, f3),p € E, f; € F. The points of
PG(2, F'), having coordinates of type (f1, f2, f3), fi € F, are points of PG(2, E).
Let ¢/, of coordinates [a, b, c],a,b,c € F, be a line of PG(2, F'). Then, if ¢ is
the line of PG(2, F) with coordinates pla,b,c|,p € E, then ¢ is a subline of the
line .
Lastly, a point (z,y, z) and a line [a, b, ¢] of PG(2, F') are incident if and only
if ax + by + cz = 0, if and only if they are incident when considered as a point
and a line of PG(2, E). Thus, PG(2, F)) is a subplane of PG(2, F). O
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Example 4.33 (Bruck’s Theorem) Let 7 be a projective plane of order n
with a proper subplane 7’ of order m. Prove that either n = m? or n > m? +m.

Solution. Consider a line ¢’ of 7. Then,
every line of 7’ intersects ¢’ in a point
of 7/, and therefore never in a point of
m\7’. Let P be a point of the exten-
sion ¢ of ¢’ in w\7’. Through P, there
pass n lines of 7, distinct from ¢. Each
of these n lines can intersect n’ in at
most one point. Thus, n > m?, as 7’ has m? points distinct from those of ¢'.
Suppose that n > m?2. Then, there is at least one line p through P which does
not intersect 7’. Two lines of 7/, extended or not, intersect in #’, and hence all
the m? +m + 1 lines of 7/, when extended, intersect p in distinct points. Thus,

n+1>m?>+m+1.

Thus,
n>m?+m. |

Note 16 When n = m?, through every point P of w\n', there passes exactly
one line of m which intersects ©' in a line of 7'; the other lines of m through P
intersect ' in ezactly one point.

Definition 4.34 If n = m? in the above example, then 7' is called o Baer

subplane of 7; each line of 7’ is a Baer subline of a line of 7.

Example 4.35 1. PG(2,q) is a Baer subplane of PG(2, ¢?).
2. PG(1,q) is a Baer subline of PG(1, ¢?).

Note 17 PG(2,q) is often referred to as the real Baer subplane of PG(2,q>.)

Let F = GF(q), and K = GF(¢?). Denote, as is usual, a? by @ The map
a — a is called the Frobenius automorphism of K, and a = @ if and only if
a € F.

Definition 4.36 In PG(2,K), the point P = (T,%,%) is said to be the conju-
gate of the point P = (x,y,z). Similarly, the lines £ = [a,b,c] and ¢ = [a,b,7]
are conjugates.
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Example 4.37 F = GF(q), and K = GF(¢?). Let P = (z,y,2) be a point,
£ =a,b,c] be aline of PG(2, K). Then we have

1. P=Psincea=a, foralla € K. AISO,?:@
2.

Pel < ax+by+cz=0,
< ar+by+cz=0,
= arT+by+cz=0,
< Pel.

3. P = P if and only if P € PG(2,q).

4. Let P = (x,y,2) € PG(2, K)\PG(2, F), (and so P # P).

We show that the line PP intersects PG(2,q) in precisely ¢ + 1 points.
Consider the points Q = P+ P and R = AP+ AP, where A € K\ F. Suppose
the point @ coincides with the point R. Then, for some p € K\{0}, u(P +
P) = AP + A\P; it then follows that 4 = A\, = A, and therefore A € F,
contradicting the fact that A € K\F. Thus Q # R. Now Q = Q and R = R.
Thus the line PP has two points in PG(2, ¢), namely Q and R, and therefore
has precisely ¢ + 1 points in PG(2, q).

5. Similarly, let £ be a line of PG(2, ¢*). If £ intersects PG(2,¢) in one point P
only, then P = ¢N¢. If ¢ intersects PG(2,¢q) in ¢ + 1 points, £ = ¢. |

Exercise 4.3
1. (See Definition 4.36.) In PG(2,C), the point P = (Z,¥, Z) is said to be the conjugate

of the point P = (x,y,iz), where T is the complex conjugate of x. Similarly, the lines

£ =a,b,c] and £ = [a, b, ¢] are conjugates in PG(2,C).

Let £ be a line of PG(2,C). Show that

(a) If P is a point of PG(2,C), then P = P if and only if P € PG(2,R).

(b) If P is a point of PG(2,C)\PG(2,R), then the line PP of PG(2,C) intersects
PG(2,R) in a line of PG(2,R).

(c) The line ¢ intersects PG(2,R) either in one point P or in a line of PG(2,R).

(d) If £ intersects PG(2,R) in one point P only, then P = £NE. If ¢ intersects PG(2,R)
in a line of PG(2,R), then £ = ¢.

2. Let 7 be a projective plane of order n?. Let B be a set of n? +n + 1 points of 7, with
the property that each line of m meets B in 1 or n + 1 points. Prove that B is a Baer
subplane of 7.

3. Show that in PG(2, ¢?):
(a) Three collinear points are contained in a unique Baer subline.

(b) If P,Q, R are three points of a line ¢, then there exist ¢ Baer sublines of £ containing
P and @, but not R.
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(c¢) Four points, no three collinear, determine a unique Baer subplane containing them.

(d) Hence, find the number of Baer sublines and Baer subplanes in PG(2, ¢?).

(Hint: Use Theorem 4.22 which says that in PG(2, F), any quadrangle may be taken
to be the fundamental quadrangle. Assume, (or first prove) the corresponding theo-
rem in PG(1, F'), namely that any three distinct points of PG(1, F) may be taken as
(1,0),(0,1), and (1,1).)

. State the definition of the dual plane 7™ of a projective plane 7. Let 7,2 be a projective
plane of order ¢*. Suppose B is a Baer subplane of m,2. Let B* be the dual of B (so a
point of B is a line of B*, and so on). Prove that B* is a Baer subplane of W;Q.

. Let w2 be a projective plane of order ¢*. Suppose B; and B, are Baer subplanes of
g2 such that By and Bs are disjoint as point sets. Let S = B; U B2 be the union of
the point sets of B1 and Bs. If £ is a line of 7,2, then determine the possible values for
|¢N S|, the number of points in the intersection £ N S.

(a) Let B be a Baer subplane of PG(2,¢?). Let P be any point of B, and £ be any
line of PG(2, ¢*), not through P. Prove that the ¢ + 1 lines of B through P, when
extended, intersect ¢ in a Baer subline of /.

(b) Assume that there exists a partition of PG(2,¢?) into ¢*> — ¢ + 1 Baer subplanes
{Bi;i=0,1,...,¢° — q}. (See Exercise 4.4(2).)
(i) Show that if £ is a line of PG(2,¢?), then ¢ intersects one Baer subplane of

the partition in exactly ¢ + 1 points, and each of the remaining subplanes in
exactly one point.

(ii) Let P be a point of By, and let the g+ 1 lines of By through P, when extended,
intersect the Baer subplane B; in the points Pg, Pi,..., qu. Prove that the
g+ 1 points P}, PL, ..., qu form a (g + 1)-arc.

(Hint: First prove that the points cannot all lie on one line of B1. Then, prove

that if a line of B; contains three of the points le,j =0,1,...,q, then it
contains them all.)

. Let B1, B2 be two distinct Baer subplanes of a projective plane 7 of order ¢. Assume

that for any line £ of w, |B1NB2N¥¢| =0,1,2, or g+ 1.

Definition: By, B; are said to share a line £ of 7 if |ByNé| = |BaN4| = ¢+ 1.

(a) By counting the number of pairs (P, £), where P is a point of B, and £ is a line
of 7 through P with |B2N{| = ¢+ 1, in two ways, prove that |B1 N Bz| is equal to
the number of lines shared by B: and Bs. (Hence, |B1 N Bz| = 0 if and only if B;
and B have no shared lines.)

(b) Prove that the intersection of two shared lines of B; and Bs is a point of B1 N Ba.
Also, prove that the join of two points of B1 N Bz is a shared line.

(¢) Use (i) and (ii) to prove that B and Bz can only intersect in one of the following
configurations:

(i) BinBy =0.
(ii) One point P and one shared line . (P may or may not be incident with £.)

(iii) Two points P, @ and two shared lines £, m with £ = PQ, and m incident with
either P or Q.

(iv) Three points and three shared lines, forming the vertices and sides of a
triangle.
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(v) g+1 points lying on a shared line ¢, and ¢ further shared lines through a point
of 4.

(vi) ¢+ 2 points Py, Pi, ..., Pgt2 and g+ 2 shared lines £o, {1, ..., {q42, with P; €
Ko, Zi:PUPiy ’L:1,2,7(q+1)

Singer’s Theorem

While the purists look down on ‘computer proofs’, there is no doubt that a lot
of progress in Finite Geometries has been made possible because of the modern
computer. For example, Clement Lam et al. gave in 1989 a ‘computer proof’
of the non-existence of projective planes of order 10. Prior to 1989, decades of
research by numerous finite geometers on the existence of such a plane had proved
fruitless.

In the case of PG(2, ¢), Singer’s Theorem says that there exists a homography
o such that if P is any point of PG(2, ¢), then:

PG(ZaQ):{P05P17P27"'5Pn}7 n:q2+q7

where P, = P°', (0<i<n)and Pyyy =P =P,
Futhermore, o acts similarly on the lines of PG(2, ¢). This makes it easy to
devise fast computer programs to calculate various incidences.

Definition 4.38 Let G be a group acting on a set S. Let e denote the identity
of G. The group G is said to act regularly on S if
(a) For every ordered pair a,b € S, there exists g € G, with a9 = b.

(b) For any element a of S, the stabiliser of a is {e}. (That is, the subgroup of
G which fizes a is {e}.)

Note 18 In the above situation, by the orbit—stabiliser theorem, 1 x |[a]| = |G]
foralla € S.

Definition 4.39 A Singer Group of a plane 7w is a group of collineations of
7w which acts reqularly on both the points and the lines of w.

Example 4.40 The group (o), obtained in Example 4.18 is a cyclic Singer
Group of the Fano plane.

Theorem 4.41 (Singer’s Theorem) PG(2,q) has a cyclic Singer Group
(of order ¢* +q+1).
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Proof. Let K be a cubic extension of F = GF(q), and let w be a primitive
element of K. Thus K is of order ¢> and

K = {21 + zow + x30? | 21, 22,23 € F}.
Let K* = K\{0}, and F* = F'\{0}. Then, since
(WO Fatyya=t = (o atl)a i = (1) = 1P =1 for 1<i<q—1,
we have ) _
F*f = {(w? Ty | 1 <i<qg—1}.
Now, the map
a: K* — PG(2,9)

2
1 + Tow + 23w —  (z1, T2, x3),

identifies the elements of K*/F* with the points of PG(2, ¢). In other words, the
points of PG(2, ¢) can be identified with the following subset of K*:

{w | 0<i<¢+ql},
which, in an abuse of notation, we denote by PG(2, ¢). Define the map

o: PG(2,9) — PG(2,q9)
W o witl
where 0 < i < g2 + ¢, and w? +a+!l =1 = WO,
Let w satisfy the irreducible cubic 23 —ax? —br—c. f W' = z14+xow+z302, T; €
F, then
Wt = (21 4 Tow + 302w

= T1w + x2w2 + x3w3

= 21w + Tow? + x3(aw? 4 bw + ¢)

= cx3 + (21 + bxs)w + (z2 + axz)w?.
Thus ¢ maps the point (1,2, z3) to the point (cxs,x1 + brs,xs + axs), and
therefore o is a homography with matrix

00c
A=1100b
Ola

Thus, the cyclic group G = (o) is of order ¢*> + ¢+ 1, and G acts regularly on
the points of PG(2, q).

G also acts regularly on the lines of PG(2, q); the proof of this is left to the
reader. Thus G is a Singer Group. O
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Remark The matrix A is called the companion matrix of the polynomial
N —aX? —bX—c,
which is also the characteristic polynomial of A.

Definition 4.42 Let D = {a1,as,...,ak+1},k > 2,a; € Z. Then D is a perfect
difference set of order k, modulo v, v = k?>+k+1, if for any o with0 < o < v,

a;—a;=a (mod v)

has ezactly one solution pair (a;,a;).

Example 4.43 In Example 4.18, the set D = {0,1,3} identifies the line ¢y of
the Fano plane. The line ¢; may be written as D + j. Furthermore, taken modulo
v=224+24+1=7,

1=1-0 2=3-1 3=3-0,

4=0-3 5=1-3 6=0-1.

Thus, D = {0,1, 3} is a perfect difference set of order 2, modulo 7.

Theorem 4.44 Let G = (o) be a cyclic Singer Group of PG(2,q), as per The-
orem 4.41. Let P be any point, and ¢ be any line of PG(2,q). Let the points of ¢
be 0% (P),1 <i<q+1. Then, D = {a1,az,...,aq1+1} is a perfect difference set
of order q, modulo ¢*> + ¢+ 1.

Proof.  Denote the point o*(P) by i, and the line ¢7(¢) = D+ j by ¢;. Thus the
point ¢ lies on the line ¢; if and only if ¢ — j € D. Consider any two points i1, i2
(0 <'iy,i2 < g% +q). Since PG(2, q) is a projective plane, there exists unique line
{; joining them. Hence, there exists unique ay, a,, € D, such that

7;1 _.7 = ay,
iz 7]‘ = Q-
Therefore, o = i1 — is = a; — a,, has a unique solution pair (a;, a,,). The proof

is complete by noting that o can be any integer satisfying 0 < o < ¢®> + ¢+ 1.0

Example 4.45 Let F = GF(3),K = GF(3%). Let w be a generator of K* =
K\{0}, with 23 — 22 + 1 as minimal polynomial. The points of PG(2,3), listed
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as powers of w and as linear combinations of 1,w,w? are:

wO:L wlzw, w2:w27 w3:w2—1,
Wiz —w=0wr-w-1,
WC=w - —w=-1—-w,
Wl = —w—uw?
0(17:—@‘;2—@3:—25‘12—&—1:u12—|—17
GB=wPrw=uwtw-1,
w9=w3—|—w2—w=—w2—w—1,
wlo:—w3—w2—w:w2—w+1,
wl=w? —wtw=w-1,
wl? = w? —w.

w'? = —1 is identified with w°. Similarly, w3t = —w™ is identified with w”.

Take the line £ joining w and w?. Thus the points of £ are (reading from the
list all the linear combinations of w and w?)

ww?wl=—w—-w? and w?=w?-w.

Hence, D = {1,2,6, 12} is a perfect difference set of order 3, modulo 13. Denoting
the point w’ by i, the set D identifies the points of the line ¢ of the plane. The
other lines ¢; of PG(2,3) may be written as D + j. Thus the point ¢ lies on the
lines ¢;, if j € i — D. O

Note 19 As far as computing the points and lines of PG(2,q) is concerned, only
a minimal polynomial of degree three over GF(q) needs to be stored!

Exercise 4.4

. (Jungnickel and Vedder) Let D = {a1, as, ..., aq+1} be a perfect difference set of order
g > 2, modulo ¢® + ¢ + 1. Let

P ={(0),(1),...,(¢> + q)} be a set of elements to be called points,
£ =1{[0],[1],...,[¢* + ¢]} be a set of elements to be called lines,
7 : the point (i) lies on the line [j] if and only if ¢ — j € D.

Then, # = (P, L,Z) is called the cyclic plane of order ¢, generated by D.

(a) Prove that a cyclic plane 7 of order g is a projective plane of order q.
(Hint: Prove successively that each line has ¢ + 1 points, there exists at most one
line incident with two distinct points, every pair of points lie on a line, and there
exist at least three non-collinear points.)
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(b) Let g be even, and 7 be the cyclic plane generated by a perfect difference set
D ={ai,az2,...,aq+1}. Prove that the set of points

K ={(~a;) | a; € D}

is a (¢ + 1)-arc. (See Exercise 3.3(11), for the definition of a ¢ + l-arc and its
nucleus.) Identify the unique tangent at each point (—a;) of K. If the nucleus N
is the point (s), deduce that

2D =D + s.

Note: An integer m is a multiplier of a perfect difference set D if mD = D + s,
for some integer s. For example, if D = {0,1,3} (mod 7), then

2D = {0,2,6}
={1-1,3-1,0-1}
={1,3,0} — 1
=D-1.

Thus 2 is a multiplier of a perfect difference set D of even order.

2. (R. H. Bruck, 1973) Let w be a primitive element of K = GF(¢°).

(a) Prove that F = GF(¢%), as a subfield of GF(¢%), has W't asa primitive element.
(b) As per Singer’s Theorem, we may identify the points of PG(2, ¢?) with

{1,w,w2, . ,wq4+q2}.
Define By, B; as follows:

.2
BO:{wJ(q _q+1)|j:O717"'7q2+q}7
Bi =w'By, i=0,1,...,¢° —gq.

Show that {B; | i = 0,1,...,¢>—q} is a (cyclic) partition of PG(2, ¢?) into ¢> —q+1
Baer subplanes.

(Hint: Prove that Bo is PG(2,q).)

Show also that if £ is a line of PG(2, ¢?), then £ intersects one Baer subplane of the
partition in exactly ¢ + 1 points, and each of the remaining subplanes in exactly
one point.

PG(r, F)
PG(r, F) is a natural generalisation of PG(1, F) and PG(2, F).
Definition 4.46 Let F be a field. Then, forr > 1:

1. PG(r, F) = {(zo,21,..., ) | i € F, not all zero}, with the proviso that
for all p € F\{0}, p(zo,x1,...,2) and (xo,21,...,2,) refer to the same
point. The elements of PG(r,F) are called points, and they have homo-
geneous coordinates of type (xg,x1,...,T;).
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2. A hyperplane II of PG(r, F), with [ag, a1, . .. ,a,] as homogeneous coor-
dinates, (a; € F, not all zero) is the set of points (xo,x1,...,2,) satisfying
a homogeneous linear equation:

apxy + a1x1 + - -+ apx,. = 0.

3. If F is a finite field of order q, we write PG(r,q) for PG(r, F).

4. Points in PG(r,F) are said to be linearly dependent or independent
depending on whether their homogeneous coordinates (considered as vectors)
are linearly dependent or independent over F'. Linearly dependent or inde-
pendent hyperplanes are similarly defined.

Note 20 If (zg,21,...,2,) and (Xo, X1,...,X,) are homogeneous coordinates
of a point P of PG(r, F), (and therefore (Xo, X1,...,X;) = p(xo,21,...,2y) for
some p #0), we adopt the convention of writing

(XO,Xl,'H;Xr) = (1’0,1’1,...,.%7«).

The same convention will apply for homogeneous coordinates of a hyperplane.

Example 4.47 1. PG(2, F) is a field plane.

2. Prove that there exists unique hyperplane II containing 7 linearly indepen-
dent points of PG(r, F').
Solution. 2. Let X; = (204, 14, - -, %), (1 = 1,2,...,7) be r linearly indepen-

dent points of PG(r, F'). These points lie on the hyperplane II = [ag, a1, ..., a,]
if

o1 T11 - Trl ag
o2 T12 *°° Tr2 ai

= 0.
Tor Tir = Tpy Ay

The rank of the matrix of the above set of r homogeneous linear equations in the
r + 1 unknowns ag, a1, ..., a, is r. It therefore follows that there exists a unique
homogeneous solution. O

Note 21 1. In Ezample 4.47(2), a point of I1 is of type p(A1 X1+ -+ X X,),
p # 0,\; € F, not all zero. This point may be considered as a point of
PG(r —1,F), via the map

a: II — PG(r—1,F)
p(A1X1++AT‘X’F) — p(A17)\2a"'7)\7‘)'
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2. The concept of pencil of lines in the plane extends to hyperplanes. Let 11, 3
be two hyperplanes of PG(r,F). Then the set of hyperplanes through IIN Y
is called a pencil of hyperplanes and (in an abuse of notation) is denoted by
M+ AX. The subspace IINX is called the axis of the pencil. The dual concept
to a pencil of hyperplanes is a range of points. In particular, a pencil of
planes in PG(3,F) has a line as axis.

Example 4.48 Prove that PG(r, F) is an r-dimensional projective space.

Solution. It is routine work to prove that all the axioms of an r-dimensional
projective space (see Definition 3.7) are satisfied. In particular, one establishes
that an n-dimensional subspace of PG(r, F') is uniquely determined as the span
of n+1 linearly independent points, or as the intersection of » —n hyperplanes. (]

We can alternatively define PG(r, F') with the help of a vector space V over F,
of dimension r + 1, as follows:

Let F be a field. Let V be the (r + 1)-dimensional vector space over F. Then
PG(r, F) is identified with V, and

e The points of PG(r, F) are the one-dimensional subspaces of V.

e The subspaces of dimension n of PG(r, F') are the (n + 1)-dimensional sub-
spaces of V. The subspaces of dimension 7 —1 of PG(r, F) are called hyper-
planes of PG(r, F').

¢ Incidence is containment.
Now two distinct one-dimensional subspaces of V' intersect in the (unique) vec-
tor subspace ¢ of V' of dimension 0. Therefore two distinct points of PG(r, F)
intersect in the (unique) subspace ¢ of PG(r, F') of dimension —1. Thus ¢ is
the (unique) empty subset of PG(r, F'), and is called the empty subspace of
PG(r, F).

Let B={ag,a1,...,a;, } be a basis for V. Thus any vector p of V is of type
roog +x101 + -+ 20 where x; € Fyi=0,1,...,r. Then, with respect to the
basis B, the vector p is said to have (zg, z1,...,2,) as coordinates, and we write
p = (o, Z1,...,2.).

Let B be a fixed basis for V. Let P be a one-dimensional vector subspace of V.
Thus P is the span of one vector p. With respect to B, let p = (2o, z1,...,2,).
Thus P = (p) = {p(zo,21,...,2,),p € F}. So P, as a point of PG(r, F), is
represented by p(zo,x1,...,z,) for any p € F\{0}. Call p(zo,z1,...,z,) the
homogeneous coordinates of the point P.

With respect to the fixed basis B, the solution space to a single linear equa-
tion agxo + a1x1 + -+ + arz, = 0, (a; € F) is a r-dimensional subspace of V|
and hence is a hyperplane II of PG(r, F). The hyperplane II is said to have
[ag, a1, ...,a,] as homogeneous coordinates and agxg+ a1z + -+ a,x, =0
as (homogeneous) equation. Since

aprotarxi+- - +a,x, = 0<= p(apxo+aizi+- - -+ayz,) =0 for any p € F\{0},
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it follows that for all p € F\{0}, [ao,a1,...,a,] and plag, a1, ..., a,] refer to the
same hyperplane. Finally, the point P = (zg, z1,...,2,) lies on (or, is incident
with) the hyperplane II = [ag,ay,...,a,] if and only if apzg + a1y + -+ -+
arx, = 0.

We leave it to the reader to prove, using this vector space approach, that
PG(r, F) is an r-dimensional projective space.

Example 4.49 Prove that a subspace ¥,,, of dimension n, of PG(r, ¢) has ¢" +
¢" '+ -4+ q+ 1 points.

Solution. Similar to what is noted just after Example 4.47, a point of X,, may
be considered as a point of PG(n, ¢). Hence

I2,] = |PG(n, F)|, where F = GF(q)

_ H(xo,21,...,2,) | ; € F,not all zero}|
= o
qn+1 _1

=" +¢" . g+l .

In particular, a line of PG(r, ¢) has ¢+ 1 points, and so PG(r, ¢) has order q.
Let II be the set of all hyperplanes of PG(r, F'). Consider the map

5:11 — PG(r,F)

m = lag,a1,...,a:] — (ag,a1,...,a.).

The map § is a bijection.

Let m, 72, ..., ™41 be n+1 linearly independent hyperplanes. They intersect
in a subspace of dimension r —n— 1. Their images under 6, {n¢, 73, ..., 73, } are
n 4+ 1 linearly independent points which span a subspace of dimension n. Hence,
there exists a one-to-one correspondence between the subspaces S;, of dimension
n and the subspaces S,._,_1 of dimension r —n — 1. Thus:

Theorem 4.50 (The Principle of Duality) To a geometrical property of sub-
spaces Sy, there corresponds a geometrical property of subspaces Sy_p,_1.

Definition 4.51 Two subspaces Sy, Sy—n—1 of PG(r,F), of dimension n and
r —n — 1, respectively, are said to be dual.

Example 4.52 (Compare with Example 3.19) In PG(r, F):
1. Number of points = ¢" +¢" ' +---+q+1
= number of hyperplanes.
2. Number of hyperplanes containing a line
= number of points contained in a subspace of dimension r — 2
=q¢ 7+ +q+1



78

Field planes and PG(r,F)

3. Number of lines through a point

= number of subspaces S;._5 of dimension r — 2 in a subspace S,._1 of
dimension r — 1

= number of hyperplanes of S,_;

= number of points of S, _1

=q¢ '+ 4q+1

4. Let N;T1 be the number of unordered sets of n + 1 linearly independent

points in PG(r,¢). Thus N{T', the number of points in PG(r,q), is
(¢"*1 —1)/(¢ — 1). Now, any such set of n + 1 linearly independent points
of PG(r,q) can be obtained in n + 1 ways by first selecting n linearly inde-
pendent points (which span a subspace PG(n — 1,q)), and then selecting
one point from PG(r, ¢)\PG(n — 1, q). But

[PG(r,q)| — [PG(n—1,¢)| = (¢"+-+q+1) = (¢" '+ +qg+1)
=q¢"(¢" "+ +q+1)

_ qn qr7n+1 -1

qg—1

_ qr+1 _ qn
qg—1
r+1 _ . n 1
Therefore, N;Ti = N;™'x 1 4
q—1 n+1
q7‘+1 _ qi 1 ) )
= X by induction.
L= " vy ™

Each choice of an unordered set of n + 1 linearly independent points gives
rise to a subspace S,,, of dimension n, which in turn can be obtained by
choosing an unordered set of m + 1 linearly independent points from it.
Thus, the number N (n,r) of subspaces of dimension n in PG(r,q) is given
by

Nt Tl — )

N Tl (et = ¢Y)
_ [T (gt =1)
Il (i —1)

Note 22 This number may be rewritten as
[T, (gt —1)
[Tio(gntt= = 1) Il (i = 1)
[Ti_o(g " =1)
o= = 1) T =i = 1)

)



Field planes and PG(r,F) 79

which shows (given that the Principle of Duality so dictates) that, in PG(r, q),
the number of n-dimensional subspaces is equal to the number of (r—mn—1)-
dimensional subspaces. O

All the concepts introduced in the study of PG(2, F') extend in a natural way
to PG(r, F'). For example, collineations of PG(r, F') are bijections which preserve
linear dependence. In particular, the map

o: PG(r,F) — PG(r, F)
X — AX, |Al#0

is called a homography; the map ~v: X — X, where « is an automorphism of
F, is called an automorphic collineation of PG(r, F').

Definition 4.53 The set of points {(1,0,...,0),(0,1,...,0),...,(0,0,...,1)} is
called the simplex of reference, and U = (1,1,...,1) is called the unit point.

Also valid in PG(r, F') are the generalised versions of Theorems 4.22 and 4.44,
namely

Theorem 4.54 In PG(r,F),r > 1,

1. Given two ordered sets {Aq, Aa, ..., Aria} and {B1,Ba,...,Byya} of r+2
points, with the property that any r + 1 points of each set are linearly inde-
pendent, then there exists unique homography o such that o(A4;) = B;, i =
1,2,...,r4+2.

2. The set of all collineations forms a group with respect to composition of
functions; this group is denoted by PUL(r + 1, F), and if F = GF(q), it is
denoted by PT'L(r +1,q).

3. (The fundamental theorem of projective geometry.) Fvery collineation
of PG(r, F) is the product of a homography and an automorphic collineation.

Note 23 Similar to Example 4.30, we have:
Let o be a collineation of PG(r, F'). Let X be a point, and II be a hyperplane
of PG(r, F'). Let

o X — AX®, |A|#0, a€ Aut F.

Then
o: I — T*A°1

Example 4.55 If ¢ = p", find the orders of PGL(r + 1,q) and PTL(r + 1,q).

Solution.  Step 1: By Theorem 4.54, |[PGL(r + 1, ¢)| is the number of ordered
sets of r 4+ 2 points, any r + 1 of which are linearly independent.
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By Example 4.52, the number of unordered sets of 41 linearly independent
points is N/ . Each such set gives rise to (r + 1)! ordered sets of 7 + 1 linearly
independent points. Such an ordered set may be taken as the simplex of reference;
the (r + 2)th point P can be (xq,x1,...,,), with none of the z;’s being 0. One
of the x;’s may be taken as 1, and the remaining r coordinates of P can be any
of the ¢ — 1 non-zero elements of GF(q). Thus,

|PGL(r + 1, q)| = Number of ordered sets of r + 2 points, as above
= N:ill X(r+DIx(g—1"

B T qr+1_qi

i=0 q—1

Step 2: Since |[Aut F| = h, we have |PTL(r +1,q)| = [PGL(r + 1,q9)| x h. O

Definition 4.56 The set D = {aj,as,...,ar} is a (v,k,\)-difference set,
modulo v, \(v — 1) = k(k — 1), if for any a, 0 < a < v,

a; —a; =a (mod v)
has ezxactly \ solution pairs (a;,a;).

Example 4.57 1. A perfect difference set is a (v,k, \)-difference set,
with A = 1.
2. D=1{0,1,2,4,5,8,10} is a (15, 7, 3)-difference set, because 3 x 14 =7 x 6,
so Mv—1)=k(k—1) and
1=1-0=2—-1=5-4,
2=2-0=4-2=10-8,

13=0-2=2-4=8-10,
14=0-1=1-2=4-5.

So each integer o,0 < o < 15, is given by A = 3 differences a; — a;.

Theorem 4.58 (Singer, 1938)
1. PG(r,q) has a cyclic Singer Group G.
2. Associated to G is D, a (v, k, \)-difference set, mod v, A(v —1) = k(k —1),

where
qT"rl -1
v = number of points in PG(r,q) = 1
q-—
q-—1
k = number of points in a hyperplane = T
q-—

A = number of points of intersection of two hyperplanes.
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Proof.  The proof is a straightforward extension of Singer’s Theorem for PG(2, q).
The points of PG(r, q) are identified with

{(WN0<i<q 4+¢ + - +¢ +q},

where w is a generator of K*\{0}, K being an extension of degree r + 1 of
F = GF(q). The map o: w’ — w'*! is a homography of PG(r,q). Furthermore,
G = (o) acts regularly on the points and on the hyperplanes of PG(r, q). (I

Example 4.59 The (15,7, 3)-difference set D = {0,1,2,4,5,8,10} is obtained
by considering PG(3,2). Here

24 1 25— 1 22 1
271 b b

v =

Exercise 4.5 Let o: PG(r, F) — PG(r’, F'), where r,7’ > 2, be any one-to-one and
onto map preserving collinearity. Prove that r = r’, and F = F’. (The map o is called
a collineation between the two projective spaces.) Use the fundamental theorem of
projective geometry to prove that every such collineation is of type

o: X — AX®, |Al#0, a € Aut F.

PG(3, F)
In PG(3, F'), the following hold.

1. Three linearly independent points determine uniquely a plane containing
them. If the three points are {X; = (x4, i, 2, t:),% = 1,2,3}, the equation
of the plane is

Ty zt
191 21 h
T2 Y2 22 to
x3 Y3 23 t3

2. A line is uniquely determined either by any two of its points, or as the
intersection of two planes containing it. Hence a line £ is given either as the
set of points AP + u@Q where A, p, not both zero, belong to F', and P, Q are
any two of its points, or by the equations

a1x + b1y +c1z +dit =0,
asx + boy + coz 4+ dot = 0,

of any two planes containing it.

3. A line intersects a plane in a point, or else lies wholly in the plane.
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Example 4.60 (In PG(3, F'), the simplex of reference is referred to as the tetra-
hedron of reference.) Let {X,Y, Z,T,U} be a set of five points in PG(3, F),
no four of which are coplanar. Let X7 be the point of intersection of line XU and
the plane (Y, Z, T). Define Y1, Z1, and T} similarly. Let ¢; be the line of intersec-
tion of the planes (Y7, Z1,T1) and (Y, Z,T). Define the lines ¢, ¢35, ¢4 similarly.
Prove that £, /5,3, and ¢, are coplanar.

Solution.

X(1,0,0,0)

(0,1,0,0 (0,0,0,1)

7(0,0,1,0)

By Theorem 4.54(1), we may take XY ZT as the tetrahedron of reference, and
U as the unit point. So, X; is a linear combination of X = (1,0,0,0) and
U=(1,1,1,1) and also of Y = (0,1,0,0), Z = (0,0,1,0), and T = (0,0,0,1).
Therefore X; = (0,1,1,1). Similarly, Y7 = (1,0,1,1), Z; = (1,1,0,1), and T3 =
(1,1,1,0). Hence, (Y1, Z1,T1) is given by

zyzt
1011
1101
1110

=0=-2z+y+z+t.

Thus the line £; has equations

—2r+y+z+t=0
z = 0.

Similarly, o, ¢3, ¢4 have equations

by: x—2y+2+4+t=0, y=0,
b3: z+y—2z+t=0, 2z=0,
by z4+y+2—-2t=0, t=0
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Any plane containing ¢; has an equation of type
(—2z4+y+z+t)+Ax=0.
In particular, when \ = 3, the plane 7 of equation
r+y+z+t=0

contains the line ¢;. Similarly, 7 contains the lines /5, {3, and £4. O

Exercise 4.6 All questions refer to PG(3, F'). Unless otherwise mentioned, assume
that the characteristic of F' is ‘high’ enough.

. Prove that the points (1,2,3,4),(4,3,2,1),(1,1,1,1), (3,1, —1, —3) are collinear.

. Prove that the plane through (1,2,2,1), (0,1, 2, 3), (1,3, 3, 1) contains the points (2,6, 7, 5)
and (0, 3,4, 3) and that it meets the line joining the points (4,2,0,1) and (4,4, 3,4) in
the point (0, 2,3, 3).

. Prove that if a, 8 € F, with a # (3, then the two lines

0y x72ay+a2z:(), y72az+a2t:(),
la x72ﬂy+ﬂ2z20, y72ﬁz+ﬁ2t:0

are skew. (That is, ¢1, 2 have no point in common.)
. Verify that the line £ joining the points (62,62,6,1) and (&3 &2, ®, 1) has equations
z— (04 D)y + 0Pz =0, y—(0+P)z+4 0Pt =0.
Deduce that if § and ® are connected by the relation
af® +b(0 + ®) + ¢ =0,
then the coordinates of any point on ¢ satisfy the equation

a(y® — zz) 4 b(yz — at) + c(2* — yt) = 0.

. Let XY ZT, ABCD be two tetrahedra with the properties

(a) A, B,C,D lie respectively on the planes YZT, ZTX, TXY, XY Z.

(b) X,Y, Z lie respectively on the planes BCD, CAD, ABD.

Prove that T lies in the plane ABC.

(Hint: Take XY ZT as the tetrahedron of reference and D = (1,1,1,0).)

. Suppose L = {P1, Ps,...,Pgy1} is a set of ¢ + 1 distinct points in PG(3,¢) with the
property that every plane contains a point of L.

Suppose that L is not a line. Let £ = P; P» be the line through the points P; and Pe
of L.



84 Field planes and PG(r,F)

(a) Show that there exists a plane 7 about ¢ which contains the points of L on ¢ but
no further point of L.

(b) Show that there exists a line m in 7 such that m contains no point of L.
(c) Show that there exists a plane about m which contains no point of L.

Deduce that L is a line.

. (G. Ebert, 1985) Let w be a primitive element of K = GF(¢"). As per Singer’s Theorem,
identify the points of PG(3, ¢) with

{1 w. w2 wq3+q2+q}
9’ b AR .
Define
QO = {w5(4+1) | 52051727"'7(12}7
O =w'Qo, i=0,1,2,...,q.
Prove

(a) Qo is a set of ¢*> + 1 points of PG(3, ¢), no three of which are collinear. (Such a set
of points is called an ovoid or ovaloid of PG(3,¢q).)

(b) {Q |i=0,1,2,...,q} is a partition of PG(3,q) into ¢ + 1 ovoids. (This is also
known as an ovoidal fibration of PG(3,q).

)

. Recall that PG(2,q) is a Baer subplane of PG(2,¢?): the points of PG(2,¢?) have

homogenecous coordinates (xo,z1,x2), ;i € GF(¢?), z; not all zero. By restricting
the coordinates x; to the field GF(q) (a subfield of GF(¢®)) we obtain the points of
PG(2,q). In this way PG(2, ¢) is naturally embedded in PG(2, ¢?). Similarly, PG(3, q)
is naturally embedded in PG(3,¢?): PG(3,4?) has points with homogeneous coordi-
nates (zo, 21, x2,23), ©; € GF(¢%), z; not all zero; PG(3,q) is the space obtained by
restricting these coordinates so that x; € GF(q).

PG(3,q) is called a Baer subspace of PG(3,¢%).

(Note: that each plane 74 in PG(3, q), mq defined by axo + bx1 + cx2 + dxs = 0, where
a,b,c,d € GF(q), ‘extends’ to a plane 7,2 of PG(3, ¢°) where m,2 has the same equation
as 7, (just more points as we allow z; € GF(¢®) and not just z; € GF(q)). It follows
that 7, is then a Baer subplane of 7,2.)

(a) Write down the number of lines and the number of planes of

(i) PG(3,q); and of
(i) PG(3,4%).

(b) Show that if a line £ of PG(3, ¢*) intersects PG(3, ) in two points then £ intersects
PG(3,q) in ¢+ 1 points. Hence show that a line of PG(3, ¢*) meets PG(3,¢) in 0,1
or g + 1 points. Count the number of lines of each type.

(Let £ be a line of PG(3, ¢?). Call £ a line of PG(3, q) if {NPC(3,q)| = ¢+ 1. Also,
if 7 is a plane of PG(3, q), ¢ is said to be a line of (or lies in, or is contained in) 7
if[enm|=qg+1.)

(c) Let £ be a line of PG(3,¢%). Show that if £ is disjoint from PG(3, q), then £ does
not lie in any plane of PG(3,q). Let £ intersect PG(3,q) in a unique point (call
such a line a 1-secant of PG(3, ¢)). Show that ¢ cannot be contained in two distinct
planes of PG(3, q).

Consider the planes of PG(3,q) and count the total number of 1-secants in these

planes. Hence prove that if ¢ a 1-secant of PG(3, ¢), then £ lies in a unique plane
of PG(3,q).
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(d) Prove that if ¢1,¢> are distinct lines of PG(3, ), then the intersection £; N 2 is
null or is a point of PG(3,¢q) (i.e., not a point of PG(3,¢*)\PG(3,q).)

(e) Show that through each point P € PG(3,q?)\PG(3,¢q), there pass
e one line of PG(3, q);

e ¢ + ¢* lines meeting PG(3, ¢) in one point;

e ¢* — ¢® lines which are disjoint from PG(3, q).

(f) Let m be a line in PG(3,¢?) such that m is disjoint from PG(3,q). Let S be the
collection of ¢* 41 lines of PG(3, ¢) incident with m (one through each point of m).
Verify that

(i) the lines in S are mutually skew;

(ii) each point in PG(3,q) is incident with a unique line in the set S.

(Note: A set of ¢* + 1 lines in PG(3, q) which partition the points of PG(3,q) is
called a spread of PG(3, q). The above is a construction of a spread S of PG(3, q).
See questions 9 and 10.)

(g) Let m be a line in PG(3, ¢*) such that m is disjoint from PG(3, q). Let m? be its
conjugate. Show that m and m? are skew, and that the set of lines PP? as P
varies on m, is precisely the spread S constructed in part (f).

(See question 10). Let ¥ be a hyperplane of ¥ = PG(4,q). Let S be a spread of Y.
Define a triple 7 = (P, L,Z) as follows:
The points of P are of two types, namely

e the points of ¥ not in X;

o the elements of S.

The lines of £ are of two types, namely

e the planes of ¥ which intersect Yo, in an element of S;

e the spread S itself.

7 is the incidence inherited from ¥, ¥, and S.

(a) Show that 7 is a projective plane by verifying the axioms of a projective plane,
and that it is of order ¢°.

(b) Let « be a plane of 2, not contained in ¥, such that the line £ = a N X is not
in the spread S. How many elements of S are incident with « in X (i.e., intersect
a in a point)?
Show that the points in a/\¢ together with the elements of S incident with « in ¥
are the points of a Baer subplane of .

Definition: A t-spread S of ¥ = PG(r,q) is a set of t-dimensional subspaces of ¥
such that every point of ¥ is contained in exactly one element of S. (That is, the
elements of S partition X.)

(a) (i) Prove that if ¥ has a t-spread, then ¢ + 1 divides r + 1.
(Hint: |PG(t,q)| divides |PG(r, ¢)|.)
(i) Show that a (t — 1)-spread S of ¥ = PG(2t — 1, ¢) has ¢' + 1 elements.

(b) (The Bruck—Bose construction, 1964). Let X be a hyperplane of ¥ = PG(2t, q),
t > 2. Let S be a (t — 1)-spread of Y. Define a triple 7 = (P, L,Z) as follows:
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The points of P are of two types, namely
e the points of ¥ not in Y;
e the elements of S.
The lines of £ are of two types, namely
e the t-dimensional subspaces of ¥ which intersect Yo in an element of S;
e the spread S itself.
7 is the incidence inherited from X, ¥, and S.

(i) Prove that if P and @ are two points of m, then they are contained in a unique
line of 7.
(Hint: For example, if P and @ are points of the first type, then PQ as a line
of ¥ intersects Yo in a unique point; this point lies in exactly one element X
of . Prove that (PQ, X) is a line of =.)

(ii) Prove that two distinct lines of 7 intersect in exactly one point.

(iii) Verify that 7 satisfies the remaining axioms of a projective plane. Deduce
that 7 is a projective plane of order ¢°.

Cross-ratio and the harmonic property

The cross-ratio is an important geometric property that is left invariant by
homographies of PG(r, F).

Let A, B, C be three distinct points of a line of PG(r, F'). Let a, b, ¢ be their
coordinates. Arrange (as per the following example) for ¢ to be written as

c=a-+b.

For example, if A =(1,0), B=(0,1),C = (2,3), then take a = (2,0),b = (0, 3),
and consequently ¢ = a 4+ b. With this choice of a and b, let the coordinates d
of a point D of ¢ be written as

d=60a+b, 6OckF.

Note that d = a + (b/#) also.

Definition 4.61 1. D is said to have non-homogeneous coordinates 6, or
parameter 0, relative to the reference points A, B, C.

2. The parameters for A, B,C are 00,0, 1, respectively.

Note 24 1. The symbol oo is an abstract element adjoined to F' in order that
A has a parameter. Let F' = FU{oco}. Care needs to be taken when manip-
ulating co. The rules to be followed are:

00 + 00 = o0; 00 X 00 = 00; axoo=o00, forallae F\{0}
a

— =0, and a+oo=o00 foralla € F\{0}.
o)

Left undefined are co/oo and 0 X oo.
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2. A point with parameter 0 is referred to as the point 6.

Example 4.62 Let A = (1,0),B = (0,1),C = (1,1),D = (2,3). Now, (2,3) =
(2,1). Thus d = 2a+ b and so D has parameter 3.

In the Example 4.62, we may write the line £ = AB as:
t={0,1)]0€ F}U{(1,0)} ={(6,1)| 0 € F'},

where F' = F U {o0}.

Thus ¢ is identified with PG(1, F'). By Theorem 4.54, changing the reference
points A, B, C to three new distinct points of £ can be achieved by means of a
unique homography o of ¢. If consequently the parameter of the point D changes
from 60 to 6’, then

/
p [91} = [ig] [f], ad — be # 0, for some p € F\{0},

where {CCL Z} is the matrix of o.

Thus, the equation of o may be written as:

ab +b

g =200
cd+d

ad —be # 0.

Example 4.63 Let three distinct points A, B, C of a line £ be taken as reference
points. Consider four points {41, A2, A3, A4} (not necessarily distinct) of £. Let
the parameter of A; be 6;,i =1,2,3,4. Let

ngzg_iiz, chi +d#0, ad—bc#0, i=1,2,3,4.
Then
(i)
9/79,7a¢9i+b ad; +b

T i +d B +d
(bC — ad)(@l — HJ)

= implifying.
(chs + d) (O, +d)’ on simplifying

o 0y [05—05 0105 /00
0 —0,/ 0,—0, 0,—0s/ 02—064

since the terms (cf; + d),i = 1,2, 3,4 and bc — ad cancel.

(ii) Therefore,
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Definition 4.64 Let three distinct points A, B, C of a line £ be taken as reference
points. Consider four points { A1, As, A3, Ay} (not necessarily distinct) of €. Let
the parameter of A; be 0;,i = 1,2,3,4. Then, the cross-ratio of these four
ordered points, denoted by (A1, As; As, Ay), or by (61, 02;03,04) is

01793 Q2793 _91793 01— 04
01— 04/ 65— 04 0y —03/ 62—04 )

Example 4.65 Let points A, B,C,D of a line ¢ have parameters o0,0,1,6,
respectively. Then

(A,B;C, D) = (00,0;1,6)

-1 fo-1
T oo—6/0-9

_1-(1/00)
1o (9/00)/(1/9)

=40.

Example 4.66 Let points A, B,C,D of a line ¢ have parameters 00,0,0, ¢
respectively. Find (4, B; C, D).

Solution. Taking A, B, C' as reference points, the parameter of D becomes ¢/6.
It follows from the previous example that (4, B;C, D) = (¢/0). O

Example 4.67 Prove that:
1. (01,02;03,04) = (03,04;601,02) = (02,01;04,03) = (04,03;02,01).
2. If (91,92; 93, 94) = /\, then:

(01,05;02,04) =1 — A,

1
(02a01;03364) = Xa

1

(02703;01794) =1- X?
1

(03,015 02,04) = T—v
A

03,609;01,04) = ——.

(03, 02:01,04) = 3—

3. (91,92;93,94) = 1 if either 91 = 92 or 93 = 94.
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4. Under the supposition that the characteristic of F' is not two, if 67 # 65,
and/or 03 # 64, then

(01,02;03,04) = (02,01;03,04) <= (61,02;05,04) = —1.

Solution. 'We prove only parts 3 and 4. The other results are similarly proved.
For part 3, we have

0, —03 0 — 03

01— 01 0s—0,

< (01 —03)(02 — 04) = (62 — 05)(61 — 04)

<= (61 —02)(05—04) =0 (on simplification)

< 0, =0, and/or 03=04.

(91302;03304) =1 <

For part 4,
(01,02;03,04) = (02,01;03,04)
= A= % (by part 3)
= M=1
< A=—-1 (by part 3, since 6; # 0, and/or f5 # 0,). O

Example 4.68 Let A, B, P, be points of a line with parameters oo, 0,6, ¢
respectively. Prove that

(A,B;P,Q)=—-1 < 0+ ¢=0.

Solution. By Example 4.66,

(00,0:0,0) = £ = 1 = ¢=—0

0
— O+¢=0. 0

Definition 4.69 Let A, B, P,Q be points of a line with parameters co0,0,0, —0,
respectively. Then A, B are said to be harmonic with respect to P, Q. By Exam-
ple 4.68, (A,B; P,Q) = —1.

Note 25 The above definition allows us to include (A, B; B, B) as —1.

Theorem 4.70 Let {A1, As, A3, Ay} be four (not necessarily distinct) points of
a line ¢ of PG(r,F). Let o be a homography of PG(r,F). Then

(AT,AS;AE,AZ) = (A17A2;A37A4)~
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Proof. Let three distinct points A, B, C of the line £ be taken as reference points.
Let the parameter of A; relative to A, B, C be ;. Let the matrix of ¢ be M. Then
A%, B?,C?, A7 have coordinates Ma, Mb, M(a+b) = Ma+ Mb, M(6;a+b) =
0;Ma + Mb, respectively (where A and B have coordinates a and b). On the
line ¢7, take A%, B?,(C? as reference points. It then follows that the parameter
of A7 is 0,. Therefore,

(AT, AS; AS, A7) = (A1, Ag; Az, Ay). O

Example 4.71 (Harmonic property of the quadrangle) Let ABCD be a
quadrangle in a plane 7 of PG(r, F'), where the characteristic of F is not two.
Let, as per the diagram, XY Z be the diagonal triangle, P = ZY N BC and
Q=Z2Y NAD. Then

(B,C; P, X)=(A,D;Q,2) = (Z,Y; P,Q) = —1.

P C(0,0,1)
B(0,1,0) (0,-1,1)

Solution. By Theorem 4.70, cross-ratios are left invariant under any homogra-
phy. Therefore, without loss of generality, take A, B,C, and D to be (1,0,0),
(0,1,0), (0,0,1), and (1,1,1), respectively. Then, P = (0,—1,1) and X =
(0,1,1). Thus the points B,C, P, X have parameters oo,0,—1, 1, respectively.
By Example 4.68,

(B,C;P,X)=—1.

The other results are similarly proved. O
Example 4.72 In PG(2, F'), let O be a point, not on two given lines ¢ and m.

Let point A; € ¢, and let OA; N m = A. Then A] is called the projection of A;
from O into m.

1. Prove that there exists a homography o of PG(2, F') such that A} = A7.
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2. Deduce that (Ay, As; As, Ay) = (A], AY; AL, AY).

Solution.

1. Without loss of generality, take O = (1,0,0), the lines ¢,m to be x = 0
and x = y, respectively. Then, A; = (0,1,0) is projected to the point A} =

(1,1,6). Now,
1 al0 0
1| =|b10| 1|, abeFr
0 001 0
Thus the homography o of PG(2, F), 0(1,0,0)
with matrix
al0
M=[b10|, a#b,
001

is such that A} = A7.
2. This follows from Theorem 4.70.

(1,1,00 (1,1,1) A,  (0,0,1) Y

Let £,m be two lines of PG(2, F). 0O
Consider the pencil 8¢ + m. If
01,05, 03, £, are four lines of the
pencil, the cross-ratio of these
four lines through a point is
defined in precisely the same way
as the cross-ratio of four points
on a line. If II and X% are two
hyperplanes of PG(r, F'), then
the cross-ratio of four hyper
planes of the pencil 011 4+ X is
similarly defined.

Exercise 4.7

. In PG(2, F), let {1, ¥2,£5,£4 be four lines of a pencil ¢ + m, with vertex O. Let £’ be
a line not through O, and let £’ N¢; = A;,i = 1,2, 3,4. Carefully define the cross-ratio
(€1,02;€3,04), and show that

(01,025 03,04) = (A1, A2; As, Ag).

(Note: It is usual to use the following notation

(OA1,0A2;OA3,0A4) = O(Al,Az;AB,AAL)
= (A1, A; Az, Ag).)
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. InPG(3, F), let Iy, I, IT3, I14 be four planes of a pencil AI1+ X, with line m as axis. Let
£ be a line which is skew to m, and let £ N1II; = A;,i = 1,2, 3, 4. Define the cross-ratio
(111, II; 113, I14), and show that

(I1y, Io; 113, I14) = (A1, Ag; As, As).

. In PG(r, F), let I1;, Iy, IT3, IT4 be four hyperplanes of a pencil I1 + X, with the (r —2)-
dimensional projective space II N X as axis. Prove that there exist lines of PG(r, F')
which are skew to II N X, intersecting each II; in a point. Let £ be such a line. Let
(NIL; = Ajy i = 1,2,3,4. Define the cross-ratio (I1y, ITo; 13, I14), and show that

(111, Io; I13, I1y) = (A1, Ag; As, As).

Example 4.73 Prove the harmonic property of the quadrangle, using the
invariance of cross-ratios under projection. (See Examples 4.71 and 4.72.)

Solution. We refer to the diagram of Example 4.71.

(B,C;P,X)=Y(B,C;P,X), by Example 4.72,
= (D,4;Q,X), projecting into line AD,
=Z7Z(D,A;Q,X), projecting from Z,
= (C,B;P,X), projecting into line BC,

= —1, by Example 4.67 (iv). =

A pencil 011 + X of hyperplanes, or a range ' P + @ of points are examples
of one-parameter systems, which we call linear systems.

Definition 4.74 A bijection o between two linear systems is called a homogra-
phy if the parameters 0,0’ of corresponding elements satisfy

al +b

0 =
cd+d’

ad — bc # 0.

Example 4.75 Counsider in PG(2, F'), two pencils of lines with distinct vertices
X, Z related by a homography o. (That is, if o has equation 8’ = (af + b)/(c0 + d),
ad — bc # 0, then the line of one pencil with parameter 6 corresponds to the line
of the second pencil with parameter 6'.) Suppose that (XZ)7 is not ZX. If £ is
a line through X, what can we say about the point £ N ¢°7

Solution. Let (XZ)° =n and m® = ZX, where m is a line through X, and n
is a line through Z. Let m Nn =Y. Take XY Z as the triangle of reference. A
line through X and a line through Z have equations of type

fy+2=0 and Oz+y=0.

Since (XZ)? = ZY and XY? = ZX, the pairs (0c0,00) and (0,0) correspond in
the homography o. Therefore the equation of o is ' = kf, for some k € F. If ¢
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is a line through X, of parameter 6, then the point £ N ¢° = (1, —k6, k6?), and
its coordinates (z,y, z) satisfy the equation y? = kzz. (Thus the intersections of
corresponding lines lie on a conic.) (Il

Exercise 4.8

. Do parts 1 and 2 of Example 4.67.

. In PG(2, F), where the characteristic of F is not two, the line £ intersects the sides
BC,CA, AB of triangle ABC in the points X, Y, Z, respectively. Let X’ be the point of
BC such that (B,C; X, X’) = —1. The points Y', Z' on C A, AB are similarly defined.
Prove that AX’, BY',CZ' are concurrent.

. In the plane PG(2, F), let P,Q, R be three points on a line £, and P’,Q’, R’ be three
points on another line ¢, all the stated points being distinct from X = £ N ¢'. Let
L=PQ'NnP'Q,M = PRNP'R,N = QR'NQ'R. Pappus’ Theorem says that L, M, N
are collinear. Prove that the line LM N passes through X if and only if (X, P; @, R) =
(X, P;Q, ).

. (The Cross Axis Theorem) In the plane PG(2, F'), let P; (i = 1,...,|F|+1) be the
points on a line ¢, and P (i = 1,...,|F|+1) be points on another line ¢, where o is a
homography of PG(2, F'). Prove that for all 4, j, the point of intersection P; Py N P;Pf
of the cross joins P;P; and P;P; lies on a fixed line (called the cross axis of the
homography).

. It has already been noted that the equation of a homography ¢ on a line ¢ may be
written as:
ab+b

0 =
cd+d

ad — be # 0.

(a) Show that three pairs of corresponding points determine uniquely such a homog-
raphy. Deduce that two homographies have two pairs of corresponding points in
common.

(b) The canonical equation of a homography: The fixed points of o are therefore given
by the zeros of the quadratic cf® + (d — a)f — b.

(i) Suppose the zeros of the quadratic are distinct. (The zeros need not be in the
base field F'). Let M, N be the distinct fixed points. By taking the parameters,
of M and N to be oo and 0, respectively, show that o has canonical equation

0’ = k6, for somek € F.

Deduce that for any point P of ¢, (M, N; P, P%) = k.

(ii) Consider the case where the characteristic of the base field F' is not two, and
o? acts as the identity. In that case o is called an involution. Show that the
canonical equation of ¢ is then 6’ = —6.

(iii) Suppose the two zeros of the quadratic coincide. Let M be the only fixed point
of o, and take co to be its parameter. Show that o has canonical equation

0’ =0+k, forsomekéecF.
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(a) Prove that the points Pi(3,—1,0), P»(1,0,—2), P3(11,—3,—4), Ps(6,—1,—6),
U(4,-1,-2), V(0,1,—6) of PG(3,R) are collinear. Call this line ¢.

(b) Under a parametric representation A of the line ¢, the points Pi, P>, U have param-
eters 00,0, 1, respectively.

(i) Find the parameters A for Ps, Py, V.

(ii) Under the parametric representation p of the line ¢, the points Ps, Py, V have
parameters 0o, 0, 1, respectively.

Find the relation between A and pu.

. (Von Staudt’s Theorem) In PG(3, F'), let a line £ intersect the faces
X2 X5Xa, X3 X4 X, XaX1Xo, X1 X2 X3

of a tetrahedron X7 X5 X3X, in the points A1, Az, As, A4, respectively. Let IT; denote
the plane (¢, X;),7 = 1,2,3,4. Prove that

(A1, Ag; Az, Ag) = (I11, o; 3, I14).

Correlations and polarities

We end this chapter with an introduction to bijections (from the set of points
of PG(r, F) to its set of hyperplanes) which make ‘geometric sense’ in the same
way that collineations do.

Let X(r, F) (or X(r,q), if F = GF(q)) denote the set of hyperplanes of
PG(r,F). We can consider X(r, F') as the dual of PG(r, F), since in PG(r, F')
points dualise to hyperplanes. So the subspaces of dimension n of X(r, F') are
the subspaces of dimension  —n — 1 of PG(r, F).

Definition 4.76 A reciprocity o of PG(r, F) is a collineation of PG(r, F') onto
the dual space X(r, F).

Definition 4.77 Let o be a reciprocity of PG(r,F). Let S, be a subspace of
dimension n of PG(r,F). Let S,, = (Py, Py,...,P,), where the points P; neces-
sarily are linearly independent. We define o(S,,) = SZ by

ST = Mo Py

Note 26 Thus, the dimension of S¢ is r —n — 1. For example, in PG(3,F), a
reciprocity o maps points to planes, lines to lines, and planes to points.

It follows from the definition that under a reciprocity o of PG(r, F), incidence
is preserved. In other words, if X is a point, and II is a hyperplane, under a
reciprocity o,

X is incident with II <= 1II° is incident with X°.
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Since a reciprocity is a collineation between dual projective spaces, it follows
from the fundamental theorem of projective geometry (see Theorem 4.54) that
a reciprocity o of PG(r, F') is of type:

X — (XHeA,

where A is a non-singular (r + 1) x (r + 1) matrix over F, and a € Aut F.
Consider a point X of a hyperplane II. Under a reciprocity o, we have:

X =0 < (IIX)* =0
= (XH*IH)* =0
= XA 1Y) =0

since X7 = (X*)*A. Therefore,
o M A7HITH>.
Thus we have: for a point X of PG(r, F),
o?(X) = o((X)"4) = ATH(((X")*4))" = A7} (A X

Hence, 02 is a collineation of PG(r, F'), with matrix A~!(A")®, and automor-

phism 2.

Consider the possibility that a reciprocity o is such that o2 acts as the iden-
tity. In that case, ¢ is said to be involutory. Thus,

0?(P)=P <= A ' (AH)* =\, forsome N\€ F, anda®=1,
— (AH*=XA, anda®=1,
= A*=)A", ando® =1,
= A = \Y(AH)* = \MA, and o’ =1.

Two cases occur, depending on whether the associated automorphism « is the
identity or not.

Definition 4.78 A reciprocity o where the associated automorphism o is the

identity is called a correlation.

Let o be an involutory correlation, with matrix A. Then,
02 (P)=P <= A=)\A")=)A <= A=)\A4") and N =1.

Recall that if the characteristic of F is 2, we define a matrix A to be skew-
symmetric if A is symmetric and all diagonal elements of A are zero. Thus, if
o is an involutory correlation, with matrix A, then A is either symmetric or
skew-symmetric.
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Definition 4.79 Let o be an involutory correlation, with matriz A.

1. If A is symmetric, but not skew-symmetric if the characteristic of F is 2,
then o is called a polarity, or an orthogonal polarity.

2. If A is skew-symmetric, then o is called a null polarity, or symplectic
polarity.
3. In either case, point P is called the pole of its polar P?.
Example 4.80 Let o be a polarity or a null polarity. Prove the pole-polar
property, namely
PeQ’ < Q€ P?, forall points P,Q € PG(r, F).

Solution.
QeP < (P) eq’,
< PeQ’, sinceo?=1.
Example 4.81 Prove that if ¢ is a null polarity, then any point P lies on its
polar P° = PtA.

Solution. We prove that P'AP = 0.
Case 1: Suppose the characteristic of F' is not two.

P'AP = (P'AP)", since P'AP is a 1 x 1 matrix,
= P'A'P,

= —P'AP, since A is skew-symmetric.

O

Therefore PAP = 0.
Case 2: Suppose the characteristic of F' is 2. Let P = (po,p1,...,pr) be any
point of PG(r, ). Then,

PtAP = Ei#jQGijpipj7 where A = [aij}, with iy = 0 for all i,
=0, since the characteristic of F' is two.

Note 27 Since the determinant of a skew-symmetric matriz of odd order is zero,
we can have null polarities in PG(r, F') only when r is an odd number.

Example 4.82 Let ¢ be a null polarity of PG(3, F). If £ is a line, and if £7 = ¢,
then /£ is said to be self-polar or a totally isotropic line of 7. Prove that the
self-polar lines which pass through a given point P are all the lines through P
in the polar plane P? of P.

Solution. Let @ be a point of P?. It follows from Examples 4.80 and 4.81 that
Q° contains both P and Q. Thus (PQ)° = PQ. In other words, lines of the
pencil with P as vertex (in P?) are self-polar. Conversely, if ¢ is a self-polar
line through P, then ¢ = ¢ = P? N Py, where P, is another point of ¢. Thus
{C Pe. O
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Note 28 The case of an involutory reciprocity o in PG(r,q),q = p,p prime,
where the associated automorphism a is not the identity, will be studied in more
detail later. Such an involutory reciprocity is called a unitary or hermitian
polarity. The pole—polar property still holds. Recall that in this case, we require:

A =AY o? =1, A=) "\AL

But Aut F is a cyclic group of order h. Therefore, a hermitian polarity can only
occur if h is even, and consequently, q is a square, and the automorphism « is
the Frobenius automorphism a — aVi. If w is a primitive element of GF(q), then
since A\t =1, we have

A=V i =0.1,...,q.

Consider the case where A = w*VI=V _ for some i, with 0 <i < q. Put B = w'A.
Then,
A% =)A" = BT =V B

Thus, B® = B'. Now B = w™'A is a matriz over GF(q), and therefore A and
B refer to the same hermitian polarity. Thus, if we need to have a closer look at
hermitian polarities of PG(r,q), we need only consider the case AVI = At

Exercise 4.9

. Recall Definition 4.77. Prove that S, is well defined. (That is, prove that Sy is inde-
pendent of the n + 1 linearly independent points chosen to span S,,.)

. (Baer, 1946) Let # = (P, L,Z) be a finite projective plane which is self-dual and of
order n. The map o: P — L is a polarity if o is a bijection preserving incidences, and
0% = 1. Thus for points P,Q € P, lines £,m € L,

Pl — P°T¢°, PIQ° < P°IQ and {Im° <= ("Im.

A point P of P is absolute in o if PZP?. A line ¢ of L is absolute in o if ¢/Z¢°.
Prove

(a) Every absolute line contains a unique absolute point. Dually, every absolute point
lies on a unique absolute line.

(b) Not every point of P is absolute, and dually not every line of L is absolute.

(¢) The number of non-absolute points on a non-absolute line is even. (Hint: Let P
be a point of a non-absolute line £. Let ) = £ N P°. Prove that P is non-absolute
if and only if P # @, and so Q is non-absolute.)

(d) If the order n of 7 is even, every line has an odd number of absolute points, and
therefore at least one absolute point.

(e) If the order n of 7 is odd, then a line is absolute if and only if it contains a unique
absolute point.

(f) If n is even, then the number of absolute points is at least n + 1.
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(g) If n is odd, then assuming that there is at least one absolute point, the number of
absolute points is at least n + 1.

(h) If o has exactly n + 1 absolute points, then
(i) If n is even, the absolute points are collinear.
(ii) If n is odd, then the absolute points form a (n + 1)-arc.

Interpret this in the case of 7 = PG(2,q). (Traditionally, in PG(2, F'), absolute
points are called self-conjugate points.)



5 Coordinatising a projective
plane

Preliminaries

There are many ways to coordinatise a projective plane. The most popular one
is to attempt to make the plane look as close to a field plane as possible.

Consider the plane PG(2, F'). Let Y(0,1,0)
O, X, and Y be any three non-collinear
points of PG(2, F'). Without loss of gen-
erality, we may take the homogeneous B(0,b,1)
coordinates of O, X, and Y to be (0,0, 1),
(1,0,0), and (0, 1,0), respectively. Any
point A on OX, with A # X, has homo-
geneous coordinates (a,0,1), a € F.
Similarly, let B = (0,b,1) be any point 0(0,0,1)  A(e,0.1)  X(1,0,0)
of OY, distinct from Y.
Then P = AY N X B has homogeneous coordinates (a,b,1). Thus, any point P
not on XY has non-homogeneous coordinates of type (a,b), with a,b € F.

The line y = ma intersects XY in the Y
point M = (1,m,0). We call (m) the non-
homogeneous coordinate of M.

If U is the point (1,1, 1), then any point
on OU, distinct from I = OU N XY, has
non-homogeneous coordinates of type (a, a),
a€kF.

The coordinatisation of a projective plane,
which is introduced in the next section,
retains the above-mentioned features.

Introducing coordinates

Let m be any projective plane. Let OXY be a triangle in 7, and let I be any
point on XY, with I distinct from X and Y. Let U be any point of OI, with U
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distinct from O and I. Define v to be an abstract Y

set of elements in one-to-one correspondence with

the points of OI distinct from I. Denote by 0 and 1

the elements of v corresponding to O and U, respec- 1
tively. Let ¢ € v correspond to the point C' of OI,

C # I. The coordinates of C are defined to be (¢, c). U

Thus, O has coordinates (0,0), and U has coordi-
nates (1,1).

Let P be any point of 7, not on XY. Let Y
A=YPNOI and B = XP NOI have coor-
dinates (a,a) and (b,b), respectively. Define
(a,b) to be the coordinates of P. Thus, if P € I
0OX, its coordinates are of type (a,0); if P € 4
OY, its coordinates are of type (0,b). 0 X

Note 29 No two points of m\XY have the
same coordinates.

Note 30 Two points have the same ‘x’ coordinate if and only if they are collinear

with Y ; two points have the same ‘y’ coordinates if and only if they are collinear
with X.

Y

Let M be any point of XY, distinct from Y.
Let T = YUNOM have coordinates (1, m), m € . %
Define (m) to be the coordinates of M. Lastly, let
oo be an abstract element. Define (c0) to be the I
coordinates of Y.

The coordinatisation of the projective plane m U(1,1)
is now complete.

(0] X

Addition in ~

The aim is to discover any algebraic structure that + inherits from the fact that
7 is a projective plane.

Let A = (2,0) and B = (0,y) be points on
0OX, OY, respectively. Let M =Y ANIB. Let

coordinates of M be (z,m). In v we define the
operation + (to be called addition) by

r+y=m.

Thus, M has coordinates (x,z + y).
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Example 5.1 1. f M € OI, M # I, we have m =z, y =0

2.
3.

and therefore x + 0 = « for all z € ~.
If 2 =0, we have 0+ y =y, for all y € 7.

If any two of x, ¢, y are given, the third
can be determined by the equation

x+c=u1y.

For example, suppose c and y are given.
Let C be the point of coordinates (0, ¢);
let B be the point (y,y). Let T =
CI N BX. Then the coordinates of T’
are (z,y) = (z,z + ¢).

Suppose a,b,u € v and a # b. Y

Then the points V = (0,u), A’ =

(a,a +u), B" = (b,b+ u), and

I are collinear. Suppose a + u = V(0,u)

b+wu. Then, the points (a,a+u),

(b,b + u), having the same ‘y’ I
coordinates are collinear with X.
This is a contradiction. There-
fore, a + u = b+ w if and only if
a=", for all u € 7.

O A(a,0) B(b,0) X

O

Definition 5.2 A loop (H, o) is a set H on which is defined a binary operation

o, such that
1. Forallz,ye H,zoy € H.
2. Given a,b € H, each of the equations aox =b, and yoa = b has a unique
solution in H.
3. There exists an element e € H, such thateox =xoe=ux, for allz € H.

Theorem 5.3 (v,+) is a loop.

Exercise 5.1

1.

Show that loops of orders 1,2, 3,4 are groups.

(Hint: Construct a multiplication table for a loop (H, o) of order 2, 3, or 4. In each
case, a multiplication table for a group is obtained.)
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2. The following multiplication table is that of a loop of order 5.
a b ab ba

\ 1
1 1 a b ab ba
a a 1 ab ba b
b b ba 1 a ab
ab | ab b ba 1 a
ba | ba ab a b 1

Justify the statement: ‘This loop is not a group’.

Multiplication in ~

Let M be a point of XY, distinct from Y. Let
its coordinate be (m). Let (x,y) be the coordi-
nates of a point Z on OM, distinct from M. In
7, define the operation ‘-’ (to be called multi-
plication) by

z=x-m

Example 5.4 Prove the following:
1. Forallae~v,a-0=0and 0-a =0.

2. If m # 0, then for all a,b € v

am=b-msSa=>

m-a=m-bsa=0>

In particular, a-b=0<a=0o0r b=0.

3. If any two of x, m, ¢ are given, the third can be uniquely determined by the
equation

4. a-1=1-a=afor all a € ~.

Solution.

1. By definition of ¢, the point (z,z - 0) is the point (z,0), and the point
(0,0 - a) is the point (0,0).

2. Suppose m # 0 and a # b. Then the points O = (0,0), P = (a,a-m), Q =
(b,b-m), and M = (m) are collinear. Suppose also that a-m = b-m. Then
the points P, Q, X are collinear; this is a contradiction. Hence a-m =b-m
if and only if @ = b. The other parts are similarly proved.
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3. Suppose m and ¢ are given.
Let M, C be points with coor-
dinates (m) and (c, ¢), respec-
tively. Let P = OM N XC.
Then P has coordinates (z, x-
m) = (z,c).

4. Let A’, A be points of coordi-
nates (a), and (a, a), respect-
ively. Then T'= YU N OA’
has coordinates (1, a) and also
(1,1-a). Also, A has coordi-
nates (a,a - 1). Thus,

O (1,0) (a,0) X

for all a € 7. (]

Theorem 5.5 (7\{0},-) is a loop.

Proof.  This follows from Example 5.4(iii) and (iv). |

Hall Ternary Ring

Our definitions of ‘> and of ‘+’ do not allow
us to say that the point (z,y) of a line satisfies
an equation of type y =z -m + c.

Let £ be a line. Let (m) and (0, c) be the
coordinates of M = /N XY and C =/NOY,
respectively. Let P = (z,y) be a point of .
This incidence is expressed with the help of a
ternary operation (o, *) as follows:

Tomxc=y.
Example 5.6 Show that in [y, -, +, (o, *)],
l. zolxc=x+c.
2. zomx*x0=2x- -m.
3. 0om*xc=x00xc=c.
4. lom*x0=molx0=m.
5

. Given z,m,y, then there exists a unique ¢ such that

rTom*c=y.
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6. If my # ma, ¢1 # co are given, then there exists a unique = such that

T OMy *C] = T O My *Ca.
7. If x1,x92,y1,y2 are given, then there exists a unique (m, ¢) such that

riom*xc=1y; and Xsom*c=1ys.

Solution. The reader will find the solutions easier if the corresponding diagrams
are drawn.

1. zolxc =y if and only if P = (z,y) lies on the line joining C' = (0,c¢) to
I = (1), if and only if y = x + ¢ by definition of +.

2. Let P=YANOM, where A = (2,0), M = (m). Then xom*0 =z - m,
since the coordinates of P are (x, 2 -m) by definition of -, and (x, x o m *0),
by definition of (o, ).

3. The point P on CM has coordinates (z,z o m % ¢). When P is at C, the
coordinates of C' = (0,¢) = (0,0 o m * ¢). When m = 0, P has coordinates
(x,z0om=*c) and also (z,c). Hence DOom*xc=x00%c=c.

4. We have
lom+=0=1-m by (2).
=m by Example 5.4(4).
5. There exists a unique line joining the points P = (z,y) and M = (m). This
line intersects OY in a unique point.

6. The line joining the points (mq) and (0, ¢;) intersects the line joining (ms)
and (0, c2) in a unique point (z,y) = (z,x omy * ¢1) = (x, T 0 M2 * c3).
7. There exists a unique line joining the points (x1,y;) and (z2,y2). Hence,

there exists a unique (m, c¢) such that

riom*xc=1y; and Tgom*c=7ys. O

Definition 5.7 1. The system [y,-,+, (o, *)] is called Hall’s ternary ring.

2. Ifromxc=ux-m+ c, Hall’s Ternary Ring is said to be linear.

The Veblen—Wedderburn Ring

It is a consequence of 7 being a projective plane that (y,+) and (y\{0},-) are
loops. Any further algebraic relation which v may be made to satisfy causes the
closure of some geometrical configuration.
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Definition 5.8 Let w be a projective plane. Let ABC, A’B'C’ be two triangles
with distinct vertices such that AA’, BB', CC’ pass through a point V. Let £
be a line through V such that £ contains two of the points L = BC N B'C’,
M=ACNAC', and N=ABNA'B’.

Vv

Then m is said to satisfy the Little Desargues Axiom with respect to triangles
ABC, A’B’'C’ in perspective from the vertex V with £ as axis, if all three points
L, M,N necessarily lie on £.

Example 5.9 A field plane PG(2, F) satisfies the Little Desargues Axiom with

respect to any pair of triangles in perspective from any point V', and any axis ¢,
Vel

Theorem 5.10 Let m be a projective plane which satisfies the Little Desargues
Axiom with respect to triangles in perspective from Y and with Y X as axis,
then

1. [y,4+] is a group.

2. xomkxc=x-m+c (ie 7y is linear).

Proof.

1. We have to prove that for all a,b,c € 7,

a+(b+c)=(a+b)+ec.
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To do this, we construct two points H, K of coordinates (a,a+ (b+ ¢)) and
(a+ b, (a+b)+ c), respectively, and show that the Little Desargues Axiom
implies that H, K, X are collinear. Since points collinear with X have the
same ‘y’ coordinate, the result follows.

Let A’ = (a,a), B’ = (b,b), C" = (¢,c) be three distinct points of the line
OI, distinct from I. The following points are successively constructed, and
their coordinates are identified:

U'= 0YNXA = (0,a),

V' = OY NXB' = (0,b),

W' = 0YnXxc =(0,¢),

H =YANV'I =(a,a+b),
B=YB NW'I = (b,b+c),

V= XBNOY =(0,b+0),
H=YANVI =(a,a+ (b+c)),
K' = H'XNOI = (a+b,a+b),
K=WINYK = (a+b,(a+b)+c).

Consider triangles VHB and V'H’B’. They are in perspective from Y, and

VHNV'H =1 € XY,
VBNV'B'= X € XY.

By the Little Desargues Axiom, we have
HBNH'B' € XY.

Next, consider triangles HBK and H’'B’K’. They are in perspective from
Y and both HBN H'B’ and BK N B'K’ = I belong to XY. By the Little
Desargues Axiom,
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HKNHK € XY.

Since H'K' N XY = X, it follows that HK N H'K' = X. In other words,
H, K, X are collinear.

Y

o P(x,0) X
2. Starting with the points P = (z,0), O’ = (0,¢), and M = (m), the following
points are successively constructed, and their coordinates are identified:

L=YPNOM = (z,x-m),
K= LXNOI = (z-m,z-m),
K' =O0OINYK = (x-m,x-m+c),
L'=YPNO'M = (x,xom=c).
Now triangles OLK, O'L' K’ are in perspective from Y, and

OLNO'L' =M €YX,
OKNO'K' = I €YX.

By the Little Desargues Axiom, we have
LKNL'K e¢YX.

Since LK NY X = X, it follows that LK’ NY X = X. Hence L', K’, being
collinear with X, have the same ‘y’ coordinate; and so

romxc=1x-m-+c. O
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The following theorem is stated without proof. The rationale is to indicate
the improvements in the algebraic properties of v as a result of assuming certain
geometrical properties of the projective plane 7.

Theorem 5.11 If the Little Desargues Axziom holds for triangles in perspective
from any point P of XY, with XY as axis, then [y, 4+, -, (o, x)] is such that

1. [y,4+] s an abelian group.

2. zom*xc=x-m+c, for allz,m,c € 7.

3. [Y\{0},] is a loop with 1 as unity.

4. (a+b)-m=a-m+b-m for all a,b,m € ~.

5. If a # b, then the equation x -a = x - b+ ¢ has a unique solution x, for all
a,b,c €.

Note 31 We shall, from now on, write ab instead of a - b.

Definition 5.12 1. If the Hall Ternary Ring v = (7, +,+) has the properties
described in Theorem 5.11, then it is called a Veblen—Wedderburn Ring
or a quasifield.

2. A quasifield with an associative multiplication is called a nearfield.
3. A quasifield with the left distributive law is called a semifield.

4. A skew field has all the properties of a field, except that multiplication is
not prescribed to be commutative. Thus a skew field is both a semifield and
a nearfield.

5. A semifield v is an alternative division ring if for all a,b € ~

a(ab) = (aa)b,
(ab)b = a(bb).

We quote, without proof, the following two important theorems:

Theorem 5.13 (Wedderburn’s Theorem) A finite skew field is a field.

Theorem 5.14 (Artin-Zorn Theorem) A finite alternative division ring is
a field.

For comparison sake, we tabulate some results. [Here a.b is written ab, v\ {0}
is written as v*, and Little Desargues’ Theorem is denoted by L.D.]



Coordinatising a projective plane 109

Geometric Properties \

Properties of Hall Ternary Ring ~ ‘

L.D., vertex Y rm*xc=xm-—+c
Axis XY (v,4) is a group
L.D., vertex (v, +) is abelian
anywhere on (v*,) is a loop with 1 as unity
axis XY (a+bym=am+bm
a # b = unique solution to za = xb+ ¢
L.D., axis (v*,-) has inverses which are two-sided
any line through a#0=a"'(ab)=b
Y, vertex The Moufang Identity
anywhere on ale(adb)] = [a(ca)]b
this line holds. So does the alternative law
a(ab) = (aa)b
L.D., any axis, a#0=a1(ab) =b= (ba)a !

vertex anywhere
on such axis

Moufang Identity is replaced by

a(ab) = (aa)b

(ba)a = b(aa)
The plane is now called a Moufang Plane.
[Harmonic construction yields a unique conjugate
point (line) provided Ring does not have
characteristic 2]

Plane is Desarguesian

v is a skew field

Exercise 5.2

Note 32 As we have seen, Pappus’ Theorem implies Desargues’ Theorem, the
converse is not true. (Hessenberg, 1905.)

1. If [y, +, ] is a quasifield, then for all a,b € v

—(ab) = (—a)b.

2. If (7,4, -) has all the properties of a quasifield, except possibly commutative addi-
tion, then 7 is a quasifield.

3. Let m be a projective plane, with v as coordinatising set. Let addition + in v be
defined as in Section ‘Addition in v’. (Recall Theorem 5.10: to be a group, [y, +]
requires the validity of the Little Desargues’ configuration, vertex Y, axis foo.)
Display a configuration whose validity in 7 ensures that

(a+a)+b=a+(a+1b)

for all choices of a, b from . Show that the configuration has eleven points and
may be regarded as consisting of two quadrilaterals Q, Q" where,

(a) Q,Q’ are in perspective from a point;
(b) the pairs of opposite sides of each quadrilateral are concurrent.
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(V, £)-perspectivities

The aim of this chapter is to construct some classes of non-Desarguesian projec-
tive planes. The starting point we use here for the construction of such planes is
the assumption that the planes have a certain type of collineation group.

We adopt the following notation: If 7 and o are collineations of a projective
space II, and P is any point of II, then 7o (P) or P77 are used to denote 7(o(P))
(i.e. o is first applied to P, then 7 is applied to o(P).)

Definition 6.1 Let o be a collineation of a projective plane w. Then
1. A point P is fixed by o if and only if P = P.
2. A line £ is fixed by o if and only if £ = £.
3. A line ¢ is fixed pointwise by o if and only if P° = P for all points P € L.

4. A point P is fixed linewise by o if and only if £ = £ for all lines £ through
P.

Example 6.2 Let o be the homography of a field plane PG(2, F') defined by

the matrix
a00

A=1010|, aecF\{0,1}.
001

Investigate whether ¢ has any fixed points or lines.
Solution. A point X is fixed if

X — AX = )X, for some \ € F.

Thus the fixed points are the eigenvectors of A. Now

A—a O 0
INM—Al=] 0 A=1 0 |=X\—-a)(A—1)2
0 0 A—-1
So A has two eigenvalues 1,a. Corresponding to the eigenvalue A = 1, solving
(I — A)X = 0 gives the eigenvectors and therefore the fixed points

{(z,y,2) = (0,r,t) | r,t € F, not both zero}.

Thus every point on the line ¢ of equation x = 0 is fixed. In other words, ¢ is
fixed pointwise.
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Corresponding to the eigenvalue A = a, solving (al — A)X = 0 gives the fixed
point V = (1,0, 0).
By Example 4.30, if L = [¢,m,n] is a line, then

o: Lw+— LA™ L
Therefore, a line L is fixed if
L— LA ' =)L, forsome \ € F.

Thus L is a fixed line if L! is an eigenvector of (A~1)’. In our example, the matrix
A is a diagonal matrix, and therefore (A~!)! = A=L. Since A and A~! have the
same eigenvectors, the fixed lines of o are [1,0, 0], and

{[¢,m,n] =[0,r,t] | r,t € F, not both zero}.

Thus the line [1,0,0] is fixed; also, every line through the point V' = (1,0,0) is
fixed, and therefore V is fixed linewise. O

Example 6.3 Recall from Example 4.18 that the collineation o: ¢ +— i + 1
of the Fano plane has no fixed point. By taking the points 0,1,2,5 to be the
points (1,0,0), (0,1,0), (0,0,1), (1,1,1), respectively, then o is seen to be the
homography with matrix
001
A=1101
010

The characteristic polynomial of A is
A01

M —Al=[1A1]=X+A+1.
01X

This is irreducible in GF(2). Thus there are no fixed points in PG(2, 2); the fixed
points are in the cubic extension PG(2,23).

Exercise 6.1 Let o be a collineation of a projective plane 7. Prove that
. If the points P and @) are fixed by o, so is the line PQ.

. If the lines £ and m are fixed by o, so is the point £ N m.

. If the lines ¢ and m are fixed pointwise by o, then o is necessarily the identity
collineation 3.

(Hint: Let P be any point of m not on £ or m. Take two lines a, b through P, but not
through ¢ Nm. Prove successively that a, b, and P are fixed.)

. If the points P and @ are fixed linewise by o, then o fixes every point of the plane 7;
o is the identity collineation 1.
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Example 6.4 Prove that if a collineation o L3 Q
of a projective plane 7 is such that

1. some line ¢ is fixed pointwise;

2. two points P,Q ¢ ¢ are fixed,
then o = 1.

Solution. Let R be a point of m\{{, PQ}. Let /N RP = A and (N RQ = B. Since
the points P,Q, A, B are fixed, it follows that R = PAN @B is fixed. Similarly,
every point S € PR\{A, P} is fixed. So the line PR is fixed pointwise. Thus we
have two lines (namely ¢ and PR fixed pointwise by o). Hence by Exercise 6.1(3),
o=1. ]

Exercise 6.2 Let o be a collineation of a projective plane w. Let P, £ denote the
set of all fixed points and fixed lines, respectively, and let Z be the natural incidence.
Assume that (P, £,Z) contains a quadrangle. Prove that (P, £,Z) is a subplane of .

Theorem 6.5 Let o be a collineation of a projective plane w, o # i, fixring a
line £ pointwise. Then there exists a point V fixed linewise by o.

Proof. By Example 6.4, o can fix at most one point P which is not on £.

Case 1: Suppose o fixes a point V ¢ £. Let P be any point of £. Then
(VP)? =V?2P? =VP. Thus V is fixed linewise.

Case 2: Suppose no point of 7\{¢} is fixed by o. Let P be any point of 7\{¢}.
Then P? # P. Let V. = PP? N{. Now

(VP)? = Vop®
=VP°

= VP, since V, P, P? are collinear.

Hence VP = PP? is fixed. Similarly, if @ is any point of x\{¢{,V P}, then
QQ° is fixed. Therefore, PP N QQ° is a fixed point and so lies on ¢. Hence
PP NQEQ? =V. Thus V is fixed linewise. (]

Note 33 Dually we have: if o fixes a point linewise, then o fizes a line pointwise.

Definition 6.6 Let o be a collineation of a projective plane w that fizes a line £
pointwise and a point V linewise. Then:

1. o is called a (V, £)-perspectivity or a central collineation.

2. If Ve t, o is called an elation.
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3. If V& ¢, o is called a homology.

4. V is called the vertex of o and ¢ is called the axis of o.

Example 6.7 In the homography ¢ in Example 6.2, V = (1,0,0) is the vertex
of o and the line ¢ of equation = = 0 is the axis of 0. Also, ¢ is a homology as

VL.

Example 6.8 Prove that the homography o of a field plane PG(2, F)) with

matrix
101

A=1011
001
is an elation. Find the vertex and axis of o.

Solution. The characteristic polynomial of the matrix A is

A—-1 0 -1
INM—Al=] 0 A=1 -1 |=(0\-1)>3%
0 0 x—-1
The fixed points of o are the solutions of (I — A)X = 0, that is,
00-1] [z 0
00-1| [y| =10
00 0 z 0

Therefore, the line ¢ of equation z = 0 is fixed pointwise by ¢, and no point of
PG(2, F)\{¢} is fixed. To find the vertex V, let P be any point of PG(2, F)\{¢}.
Then by Case 2 in the proof of Theorem 6.5, V.= ¢ N PP?. Let P = (0,0,1).
Then P? is given by

1017 [o 1
AP=l011] [o| = |1
001] |1 1

So V =PP°nt=(1,1,0). O

Exercise 6.3 Prove that, for a given point V and a given line ¢ of a projective plane
7, with respect to composition of functions, the set of all (V, ¢)-perspectivities of 7 is
a group.

Note 34 The identity collineation i is considered both as a homology and an
elation.

Example 6.9 Let o be a (V, £)-perspectivity and 7 a collineation of a projective
plane 7. Prove that 7o is a (V' 7, £7)-perspectivity of 7.

Solution. Let P be a point of the line £7. Let Q = 7~ !(P). Therefore Q € ¢. So,
ror  (P) = 7(a(r"1(P))) = 7(0(Q)) = 7(Q) = P

Hence (7 is fixed pointwise by 7071, Similarly, V7 is fixed linewise by 7o7~1. 0
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Theorem 6.10 A (V, {)-perspectivity o of a projective plane 7 is uniquely determined
by the vertex V', the axis £ and the image Q = P of one point P, P ¢ {, P £ V.

Proof. Note that as P ¢ £ and P # V', necessarily Q # V and Q ¢ /.

We first prove that such a o must be unique. Suppose there are two (V,¢)-
perspectivities o, 7 such that P° = P™ = . Then 7~ !0 fixes P, V and fixes /
pointwise.

By Example 6.4, 7~ 'o = 4, and there- 14
fore T = 0.

We must now show that we can uniquely
find the image R of any point R of
m\{V, £}. Let R be any point of 7\{V, ¢}
not on the line VPP’ = VPQ. Let
PRN{¢=U. Then,

R° = (PUNVR)°
= (PU)° N (VR)°
= P°U°N(VR), asV isfixed linewise,
=QUNVR, asP°=Q and U €/ is fixed.

Lastly, if S is a point on the line V PP? distinct from V' and not in ¢, then
we use R, R? in a similar way to find S7. (]

Example 6.11 Find the equation of the (V| ¢)-perspectivity o of a field plane
PG(2, F), where V = (1,0,0), £ is the linex =0, P = (1,1,1),Q = (1,b,b), (b €
F), and P? = Q.

Solution. Using the same nota-
tion as in the proof of Theorem 6.10,
let R = (x1,y1,21).

Then U = (0, Y1—o1, 21 —.’1?1).
The equation of the line QU is

Y z
0=11 b b
0y1r —x1 21 — 21

= [b(z1 — x1) = b(y1 — x1)]w — (21 — 21)y + (Y1 — 21)%
=b(z1 —y1)r — (21 —21)y + (y1 — 1)2.
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The equation of line VR is z1y — y12 = 0.
The point of intersection of QU and VR is

R = (y1(21 — w1) — 21(y1 — @1), by1 (21 — 1), b21(21 — 1))
= (z1(z1 — 1), by (21 — 1), bz1(21 — 1))
= (xl,byhbzl).

Thus o is the homology with matrix

100
A=1000]. 0
00b

Example 6.12 Let o be a (V,£)-perspectivity of PG(2,q),q = p". Since o is a
collineation of PG(2,¢q), by the fundamental theorem of field planes (see Theo-
rem 4.27), it has an equation of type pX' = AX“, where « is an automorphism
of GF(q). Recall that every automorphism of GF(q) is of type a — a?’,i =
0,1, ...,(h —1). Show that « is the identity automorphism.

Solution. Without loss of generality, take ¢ to be the line of equation z = 0. Let
the (V, ¢)-perspectivity ¢ have the equation

X — AX* = pX/,
where « is an automorphism of F and

a11 G12 @13
A= |az ax ax|, a;; €F, |Al#0.
a31 a32 ass

Since ¢ is fixed pointwise by o,
(0,0,1) =(0,0,1) and (0,1,u)? = (0,1, u).

Therefore,

«
ai1 a2 a13| |0

0
ao1 age ass| [0l =p 0], for some non-zero p € F.
asy azz asz| |1 1

Since 1% = 1, we have a;3 = as3 = 0 and agz # 0.
For all u € F, we have:

63

a1 a12 0 0 0
as1 sy 0 1| =p|1|, forsome non-zerop € F.
a31 a3z ass u u

Put w = 0, and we have a12 = azy = 0 and azy # 0.
So, for any non-zero u € F, ass/(assu®) = 1/u, and therefore asgu = azzu®.
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Suppose a: a +— aP’ i =1,2, ... ,or (h—1). Then the polynomial assx = azzz?"
is of degree at most p"~! but is satisfied by the p” — 1 non-zero elements of
GF(q). In other words, the polynomial has more zeros than its degree, making
it the zero polynomial. Therefore az3 = ass = 0, contradicting earlier results.
Hence « is the identity automorphism. Moreover, ags = ass. (Il

Note 35 In the above solution, the matriz A of o is

aill 0 0
A= lagrax 0 |, ay €F, |Al#0.
azr 0 as

As noted before, the eigenvectors of A are the fized points of o.

Case 1: a11 # aga. The eigenvalues are a1y and ass. The eigenvalue apy
gives rise to the axis x = 0; the eigenvalue ass gives rise to the vertex (ayn —
a99,a21,a31), which does not lie on the azis since a1 # asa. Thus, o is a
homology.

Case 2: a11 = asga. There is only one eigenvalue, namely ay1. The axis £ is
the line x = 0, as in Case 1. To find the vertex V of o, let m be the line joining
(1,0,0) to (1,0,0)° = (a11,a21,a31). Then, V.= mnN{ = (0,a21,a31). In this
case, o is an elation.

Exercise 6.4

. Let 01, 02 be two homographies of PG(2, F') whose matrices are

100 10a
010/ and |01b],
00k 001

respectively (k #0,1 and a,b,k € F).
(a) Find their fixed points and their fixed lines.

(b) Verify that o1 is a homology and o2 is an elation.

. Let o be a central collineation with vertex P. Suppose o also fixes two lines £, m not
on P. Show that o is the identity.

. Let o be a homography of the field plane PG(2, F) with matrix

-2

1
A= 0 4
-1 4

oo

1

Find the fixed points of ¢ and hence determine whether o is a central collineation, and
if so whether o is an elation or a homology.
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. Let o be a collineation that fixes the point P linewise. Show that if a line £ not through
P is fixed, then ¢ is fixed pointwise. Hence deduce that if ¢, m are two lines not through
P which are fixed by o, then o is the identity.

. Let o be a homography of the field plane 7 with matrix A where

A=

SO

0
0
1

o= O

Determine the action of o on the lines of PG(2, F'). Hence or otherwise determine
whether o is an elation or a homology of PG(2, F).

. Let o be a homography of PG(2, F'). Show that the line [0, 0, 1] is fixed pointwise if and
only if ¢ has matrix

1
A=10
0

o= O
SV

for some r,s,t € F with ¢t # 0. Find the vertex of ¢ in the case t # 1.

. Let o be a homography of PG(2, F'). Let the matrix of o be

o o

1
A= 10 , a,c#0.
0

o= Q
—_

)

Show that o has exactly one fixed point and one fixed line (and hence o is not a
perspectivity).

. Let V be the vertex and ¢ the axis of a homology o of PG(2, F'). Let P be any point
not fixed by o. Let VP N{ = Q. Prove that the cross-ratio (V,Q; P, P?) is constant.
(Hint: consider the homology o1 of Question 1.)

. Let I" be the collineation group of a projective plane 7. For points V, P, Q, lines ¢, k,
let

(a
(b) I'(x,¢) be the set of all (V, £)-perspectivities of 7 with V' € k.

) T'(v,r) be the set of all (V, £)-perspectivities of .

)
(c) I'(p,q) be the set of all (P, £)-perspectivities of 7, for all lines £ through Q.
(d)

)

d
(e) I'(py be the set of all (P, £)-perspectivities of 7, for all lines £ of 7.

I'(¢) be the set of all (V, £)-perspectivities of , for all points V' of 7.

Show that for all choices of P,Q, /¢, k
(i) T, I'(p,0), L), I'(py are subgroups of T'.
(11) F“’z) < F(Z)7 F(p,P) < F(p)‘

(Note: Tt is sufficient to prove I'x ¢y, I'(¢y are subgroups and I'(z ¢ < I'(s. The rest
follows by duality.)
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(Hint: To prove I'( ¢ is a group, consider the cases k = £ and k # ¢ separately. Take
o, 3 € I'(x,¢), what can you say about af™1? To prove T'¢,e) < Ty, what can you say
about v ', 07, for X € £ and v € I'(py?)

Let £ be a given line of a projective plane 7. Suppose
(a) A, B are two points on ¢;

(b) m is another line through B;

(C) ’F(Ayz)| > 1 and }F(B,m)‘ > 1.

Prove that !P(B’M > 1.

(Hint: Take o € T'(a,0),8 € I'(5,m) with o # i and 3 # 4. Consider the collineation
BaB ta~t and its effect on a point X of £, and also its effect on a line n through B.
You need also to prove that a3 *a ! is not the identity i.)

Note 36 The following theorem also holds: If

(a) £ is a given line of a projective plane 7 of order q;
(b) [Ceeey| > a;

then

(a) ‘F(A’[)’ > 1 for all points A € {;

(b) q is a prime power.

Group of elations
In what follows, an elation which is distinct from the identity ¢ will be referred

to as mon-trivial.

Theorem 6.13 Let A, B be two distinct points of a line £ of a projective plane
w. Then

1. With respect to composition of functions, the set of all (A, £)-elations forms
a group G 4.

2. If o is a non-trivial (A, £)-elation and T is a non-trivial (B, {)-elation then

ot is a (C,0)-elation with C # A, B.

3. With respect to composition of functions, the set of all elations with £ as
axis is an Abelian group G called the translation group with axis ¢.

4. Every non-trivial element of the above group G is either of infinite order,
or of the same prime order.
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Proof.

1. The proof of 1 is left as an easy exercise
for the reader.

2. Let o be a non-trivial (A, ¢)-elation and
T a non-trivial (B, £)-elation. Now o7 # i since
otherwise ¢ = 77! would imply that A = B.
Also o7 fixes ¢ pointwise and hence by Theo-
rem 6.5 fixes some point C' linewise. Suppose
C ¢ (. Then 7(C) is a point of BC distinct
from B and C. Thus o(7(C)) is a point on the A ¢y B
line AC7. Therefore o7(C) # C. This contra-
diction shows that C' € £. Let P be any point of o7(P)
m\{¢}. Then {P, 7(P), B}, {r(P),a(r(P)), A}, 7P
and {P, o7(P),C} are triples of collinear points.
Hence C # A, B. P

3. We first prove that ot = 70, where o
is a non-trivial (A, ¢)-elation and 7 is a non-
trivial (B, ¢)-elation. Let P be any point of
w. If P € ¢, then o7(P) = o(P) = P and
To(P) = 7(P) = P. Suppose P ¢ /¢, then
{P,o(P),A} and {P,7(P), B} are two triads
of collinear points. Let U = BP° N AP7. Since
7(P) = BP N AU, we have

or(P) = (BPNAU)?
= (BP)° N (AU)?
= BP° N AU?
=U, since AU = AU.
Similarly, 7o (P) = U. Therefore, 7o (P) = o7(P) for all points P in 7. Therefore,
oT = TO0.
We next show that if a1, aig are both non-trivial elations with the same vertex
D and axis ¢, then ajas = asay. Without loss of generality, suppose D # B.
Then for j = 1,2, Ta; # i and Ty is a non-trivial (E;, £)-elation with E; # D, B.
But then, since non-trivial elations with distinct vertices commute, we have:
a1 (Tan) = (Tag)ay,
(17)ag = Tasa,

(TOél)QQ = 7'(042041).
Therefore,

T(1an) = T(agay),
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and so

a1 = aprp, since 7 has an inverse.

It now follows that, with respect to composition of functions, the set of all elations
with £ as axis is an Abelian group G.

4. Suppose there exists an elation of finite order in G. Then by Sylow’s Theo-
rem, G contains an element of order p for some prime p. Let 8 be an (F, £)-elation
of order p. Let § be any non-trivial (X, £)-elation, E # X. Then 3¢ is an (F, {)-
elation with F' # F, X.

Hence (89)? is an (F, {)-elation. But since G is abelian,

(B0 = 376"

=46P, as OGP =i.

But 67 is an (X, £)-elation. This is a contradiction unless 67 = i. O

Exercise 6.5

1. In a projective plane 7, let A, B be points on a line £ and let m be another line
through B. Let o be a non-trivial elation with axis £ and vertex A, and let 8 be a
non-trivial elation with axis m and vertex B.

(a) Prove that faf 'a™! is an elation with axis £ and vertex B.
(b) Prove that Baf~'a ™! is not the identity.
(Hint: Consider the effect of Sa37 a™" on a point X € m.)

(V, £)-transitive and (V, £)-Desarguesian planes

Definition 6.14 1. Let V be a point and ¢ a line of a projective plane w. Then
7 is (V, £)-transitive if given any pair of points A, B of m such that
(a) A, B,V are collinear and distinct;
(b) A,B¢Y,
then there exists a (V,£)-perspectivity o with A° = B.

2. If w is (X, £)-transitive for all points X on a line m, then 7 is said to be

(m, £)-transitive.

3. If 7 is (€, €)-transitive, then w is said to be a translation plane with
respect to £; often we write w° is a translation plane. The line £ is called a
translation line.

Example 6.15 A field plane PG(2, F) is a translation plane with respect to any
of its lines.
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Definition 6.16 A dual translation plane 7 is a plane 7% with a special point
L, such that w" is (L, m)-transitive for all lines m through the point L (called
a translation point). Thus a dual translation plane may not be a translation
plane.

Theorem 6.17 Let A, B be distinct points of a line £ of a projective plane w. If

7 is (A, £)-transitive and (B, {)-transitive, then w° is a translation plane.

Proof. Let C be any point of £ = AB.
Let X,Y be two points not on £ but
collinear with C'. We have to show that
there exists a (C, £)-elation o such that 7
X7 =Y.

Let Z = AX N BY. Then Z # X,Y.

Since 7 is both (A, ¢)-transitive and (B, £)- X

transitive, there exists an (A, ¢)-elation

a and a (B, {)-elation § with X* = Z ¢

and Z° = Y. Put ¢ = Ba. By Theo- A C B
rem 6.13, o is a (V, £)-elation. Now

X=X =2°=Y and V=XYN{=C. O

Example 6.18 Let ¢ be a translation line of a projective plane m and let « be
a collineation of 7. Prove that £% is also a translation line of .

Solution. Let XY be any two distinct points of 7 not on £*. Let XY N¢* = C.
We have to show that there exists a (C,£%)-elation o with X7 =Y.

Since X,Y,C are collinear, with C' € ¢, it follows that X ', Yo ' Co
are collinear, with Ce ' € {. Since ¢ is a translation line of m, there exists a
(C™", 0)-clation 3 such that

1

Therefore,
aBaH(X) =Y.

By Example 6.9, 0 = a3a"! is a ((Co‘fl)a,éo‘)—elation. Thus ¢¢ is a translation
line of . O
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Exercise 6.6 Let m be a projective plane.
1. Prove that if £, m are two translation lines of 7, then so is every line through ¢Nm.

2. Prove that if 7 has three non-concurrent translation lines, then every line of 7 is
a translation line (in which case the plane 7 is called a Moufang plane).

Definition 6.19 Let V be a point, and ¢ be a line of a projective plane .
Let T, T' be two triangles in perspective from V, with the property that two
pairs of corresponding sides of T,T' intersect on €. Then 7 is said to be (V, £)-
Desarguesian if the third pair of corresponding sides necessarily intersect on £.

Example 6.20 A field plane is (V,¢)-Desarguesian for all points V' and all
lines .

Theorem 6.21 (Baer) Let V' be a point and £ be a line of a projective plane
7. Then m is (V, £)-transitive if and only if w is (V,£)-Desarguesian.

Proof. (=) Supposeis (V,¥)-
transitive. Let ABC, A’B'C’ be
two triangles in perspective from
V with M = ABNA’B’ and N =
AC N A'C’ both on £. Since 7

is (V, ¢)-transitive, there exists a
(V, £)-perspectivity o, with A =
A’. Since V is the vertex of o, BY
lies on V B. Since ¢ is the axis of
o, (ABM)? = A'B°M. There-
fore, B° = VBNA'M. Therefore,
B = B’. Similarly, C? = C". Let
BCN{¢ = L. Since L, B, and C
are collinear, their images (under o) LY = L, B = B’ and C° = C' are collinear.
Thus L = BC N B'C’.

(<) Suppose 7 is (V,¢)-Desarguesian. Let A, A’ be two points collinear
with V', but not on £. We need to prove that there exists a (V, £)-perspectivity o,
with A7 = A’. Let B be any point not on the lines VAA’ and ¢. Let M = ABN/.
Define the permutation « of

m\AA U{V,AA" N ¢}
by

a: P—P, ifP=VorPel,
BB =AMNVB, itB#VorB¢lL
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Having obtained a pair {B, B’ = B“}, use them to define the permutation (3 of

by

m\BB'U{V,BB' Nt}

B: P—P ifP=VorPecl
P— P =RB'NVP, ifP#VorP¢l/l where R=PBn/.

Thus, a and § agree on V' and on points of /.

We next prove that a and 3 agree on all points not on AA’ and BB'. Let C

be a point not on AA’ and BB'. If C € AB, then C* = VO NA'B' = C8. If
C ¢ AB, let ACN{ = N and BCNB'C’' = L. Since  is (V, £)-Desarguesian, we
have: L € ¢. Hence, C* = C”.

Define o to be a on 7\{AA'} and 8 on 7\{BB'}. Thus o is a well-defined

permutation of .

Lastly, we prove that o is a (V, £)- perspectivity. By definition, o leaves ¢ fixed

pointwise, and V fixed linewise. Let r be any line not through V', and distinct
from £. Without loss of generality, let » N ¢ = L, and B,C be any two points
of r distinct from L. Then, L = L°, B’ = B?,C’ = C? are collinear. Thus o
preserves collinearity. Hence, o is a (V, £)-perspectivity. O

Note 37 1. A projective plane 7 is Desarguesian if and only if it is (V,£)-

transitive for all choices of a point V' and a line ¢ of .

(See Ezercise 6.6(2)). A Moufang plane is (V, £)-Desarguesian, for all choices
of a point V and a line £, with V € L.

Recall Theorem 5.11. If in a projective plane w, the Little Desargues Axiom
holds for triangles in perspective from any point P of a line XY, with XY
as axis, then m can be coordinatised by a quasifield .

Thus m can be coordinatised by a quasifield if and only if the line XY is a
translation line of .

Recall Definition 5.12(2) of a nearfield. It can be proved that a projective
plane w can be coordinatised by a nearfield if and only if, in the notation of

Chapter 5 and Definition 6.14, (see Theorem 5.11),

(a) mis (XY, XY )-transitive;

(b) m is (V,m)-transitive, with V.= X, and m is a line through Y or
V =Y, and m contains the point X.

Let m be a translation plane with XY = (. as translation line; let w be
coordinatised by a quasifield v. If two other points of £, are chosen to play
the role of X and Y, the coordinatising ternary ring is a quasifield 7', but
~ and 7’ need not be isomorphic.
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6. A finite Moufang plane is Desarguesian. This is a consequence of a theorem
by Artin and Zorn: a finite alternative division ring is a field.

Exercise 6.7

. Let m be a projective plane which is coordinatised by the set 7, as explained in Chapter
5. Prove that 7 is a translation plane with respect to XY and a dual translation plane
with respect to Y if and only if v is a semifield.

. Let m be a projective plane which is coordinatised by the set v, as explained in Chapter
5. Prove that v is a nearfield if and only if 7 is (XY, XY)-, (X,Y)-, and (Y, X)-
transitive.

. Use the above two questions to prove: Let m be a projective plane which is coordinatised
by the set =, as explained in Chapter 5. Then 7 is Desarguesian if and only if v is a
skew field.

. The points and lines in the following diagram are those of a projective plane 7. Assume
that 7 is (V, £)-Desarguesian. Prove that L, B, and C are collinear.

The Hughes plane of order ¢2,q an odd prime power

This projective plane was first discovered by Veblen and Wedderburn, in the
case ¢ = 3. For ¢ any odd prime power, Hughes (1959) defined a nearfield N of
order ¢ which has special properties. This nearfield N is then used to construct
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a projective plane of order ¢g2. Such a projective plane is called a Hughes plane
of order ¢? and is denoted by H(q?).

H(q?) is given here as an example of a projective plane, which is neither a
translation plane nor a dual translation plane. Its construction depends on the
following two facts:

1. There exists a 3 x 3 matrix A over GF(g) such that A9 te+1 = k[ k €
GF(gq), but no smaller power of A has this property. (See Singer’s Theorem,
Theorem 4.41, where such a matrix is shown to exist.)

2. For all odd prime powers ¢, there exists a nearfield NV of order ¢2, which is
not a field.

In order to show the existence of such a nearfield N, we need the following
lemma.

Lemma 6.22 Let F = GF(q?),q odd. Then:

f=al—ax—p €F[z], «anon-square,

has precisely one zero in F, namely (—(37 — a?8)(a?t! — 1)71.

Proof. We first prove that a9t # 1. Let w be a generator of GF(¢?). Then the
(¢ + 1)th roots of 1 are 1,wd~ !, w?@=1 . 9= Since ¢ — 1 is even, all of
these (¢ + 1)th roots of 1 are squares, and therefore none of them can be equal
to a, as « is a non-square. Therefore, a4%! £ 1. Let X € GF(q¢?) be a zero of f.
Then

aX +8=X1 — a'X9+447=X" =X,
= a(aX + )+ 5= X,
— (@ —1)X = —87 — o983,
= X =(-p7—a8)(a’" - 1)71, since a?tt £ 1. U

Example 6.23 Let (F,+,.) be GF(¢?), ¢ an odd prime power. Define (N, +,0)
as follows:

1. F, N have the same elements, and same addition.
2. Multiplication o in N is given by
Toy = T.Y, if y is a square in F)
=T.y, if y is not a square in F, where T = z9.
Prove the following:

(a) N is a nearfield of order ¢.
(b) Every element of N commutes with every element of GF(q) C N.
(¢) N is not a field.
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Solution.
(a) (i) (N,+) = (F,+) is an abelian group with 0 as identity.

(i1) (NV\{0},0) is a loop with 1 as identity. We leave this as an exercise for
the reader.

(iii) Let a,b,m € N.
If m is a square, then

(a+b)om=(a+b).m=am+bm=aom+bom.

If m is not a square, then

(a+b)om=(a+b).m=@+b).m=am+bm=aom-+bom.

Thus,
(a+b)om=aom+bom, foralla,b,me N.

(iv) Suppose a # b. We need to show that the equation
roa=xo0b+c

has unique solution z, for all a,b,c € N.
If both a and b are squares, the unique solution is c¢(a — b) .
If both a and b are non-squares, then

zoa=xo0b+c — T.a=T.b+c

= ZT.(a—b)=c

= r=c(a—b)""

If one of a or b is a square, and the other a non-square, we need to solve
either ax? = bx + c or ax = bx? + ¢. In both cases, we need to solve an
equation of type
f=a2—azx— (=0,

where «, being either a~'b or b~ 'a, is a non-square. By Lemma 6.22,
there exists a unique solution.

(v) N has associative multiplication. We leave this as an exercise for the
reader.

(b) We next prove that a oz = z o a, for all z € GF(q), for all a € N. For all
r € GF(q) C GF(¢?), we have T = 2, and z is a square. Therefore, for all
a € N,x € GF(q) C N,

aox =a.x
roa = x.a, whether a is a square or not, as T = x.
=a.x

= aowx.
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(c) Let w be a generator of GF(g?). Then w is a non-square and w? is a square.
Then, w o w? = w3 and w? ow = W29 #£ W3 = wow? Thus N is not a
field. (]

From now till the end of this section, we write zy for z o y.

Exercise 6.8 Let N be the nearfield of order ¢* as defined in Example 6.23. Prove
that if a,b,a’,b’ € K = GF(q), and n € N\K, then

l.a+bn=ad +bn < a=d,b=".
2.a+nb=0 <= a=b=0.

Construction of the Hughes plane. Let N be the nearfield of order ¢2, as
constructed in Example 6.23. Let A be a 3 x 3 matrix over GF(¢) such that

AT+ — | | € GF(q), but no smaller power of A has this property. Let V =
{(z,y,2) | ,y,2 € N}. On V, define addition and right scalar multiplication by:
for all (z,y,2), (a,b,c) € V, and for all k € N

(x7y7z) + (a’b7c) = ('r+a/’y+b7z+c)7
(x,y,2)k = (xk,yk, zk).
Definition 6.24 Let N be the nearfield of order ¢, as constructed in Exam-
ple 6.23. The Hughes plane H(q?) is the triple (P, L,T), (where the elements

of P are called points, the elements of L, are subsets of P to be called lines, and
T is an incidence relation), defined as follows:

1. The set of points of H(q?) is
P ={(z,y,2) | z,y,2 € N, not all zero},
with the proviso that

for all k € N\{0}, (z,y, 2)k refers to the same point.

2. Let a =1, or a € N\GF(q). For each a, let L(c) (to be called a line of L)
be the set of points (x,y, z) satisfying x + ay + z = 0. Then the set of lines
of H(q®) is

L={A"L(a) | 0<n<q’+q},
where for each n, A"L(«) is the set of points v(A™)! with v € L(«).

3. T : the point v = (x,y,z) is incident with the line A"L(«) if and only if
v =w(A")t, for some w € L(a).

Example 6.25 Find the number of points and lines in H(q?). Show that each
line of H(q?) has ¢? + 1 points.
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Solution.

V-1 ¢°—1
-1 ¢-1

L |P| = =q¢' +¢"+ 1L

2. As0<n<q¢>+q a=1,or a € N\F, there are ¢*> + ¢ + 1 choices for n,
and ¢®> — g + 1 choices for a. Hence

ILl=(*+q+1)(®—qg+1)=¢"+¢*+ 1

3. For given «, if any two of x,y, z are given, the third can be uniquely deter-
mined by the equation x + ay 4+ z = 0. Therefore, the number of non-zero
solutions of this equation is (¢?)? — 1. Since (z,y, 2) = (v,y, 2)k, k € N\{0},
the number of points on line L(a) is (¢* —1)/(¢®> — 1) = ¢* + 1. Thus, each
line of H(q?) has ¢? + 1 points. O

Theorem 6.26 H(q?) is a projective plane of order ¢*.

Proof. 1In view of Example 6.25, we need only show that every pair of lines of
H(q?) intersect in a point. This is left as an exercise for the reader. (]

Example 6.27 Show that a line of H(q?) is represented by an equation of the
form

ar + by +cz +a(dz+by+c2) =0, a=1, ora e N\GF(q),

where a,a’,b, ¥, ¢, ¢ are elements of GF(q), uniquely determined by A™".

Solution. Given n and o, let A~ = [a;;]. Since the matrix A is over GF(g), the
a;;’s are necessarily elements of GF(¢). By definition, the point

v=(z,y,2) € A"L(a) = v=w(A")!, for some w € L(a),
= w=v(A"")! € L(a)
aii a1z a3
= [(E Yy Z] a21 G22 23 S L(Oé)
a31 a3z as3

Therefore, (a112+ a12y+a132) + (a1 +azey+assz) + (as1z+asey+assz) = 0.
Thus the line A” L(«) is represented by an equation of the form

ar +by+cz+aldr+by+dz)=0, a=1, orae N\GF(g),
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where a = a11+as31,a’ = asy, ete, are all elements of GF(g), uniquely determined
by A™™. O

Note 38 In particular, corresponding to o = 1, we have ¢ + ¢ + 1 lines with
equations of type
ax +by+cz=0, a,bce GFq).

Thus PG(2, q) is a Desarguesian subplane (a Baer subplane) of H(q?).
Example 6.28 In H(q ), let

et
(O7b’1)7 A = (a7a71) ( b
Find the coordinates of

0 = (0,0,1), X = (1,
b,1), U = (1,1,1), I = (,

1. YAN XB;
2. CINYA;
3. YANOM.

Solution.

1. The line A"L(«) has an equation of type
ar +by+cz +a(dz+bVy+c2) =0, a=1, ora € N\GF(q),
where the coefficients are all elements of GF (g
uniquely determined by A~". In particular,
the line OU has equation z — y = 0. Thus,
OU ={(a,a,1) |ae N} U{(1,1,0)}.

Now, Y A has equation

a1 + (—a1a)z + a(ajr + (—aja)z) = 0,

for some a1, a} € GF(q), and « =1, or « € N\GF(q). The equation of X B
is
biy + (—bib)z + B(bly + (—byb)z) = 0,

for some b1, b} € GF(q), and 8 = 1, or 8 € N\GF(q). Therefore, YANXB =
(a,b,1).

2. Let the equation of C'I be

ar+ by +eiz+alajr+bjy+ciz) =0, a=1, or a« € N\GF(q).
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Since (1,1,0) € CI, we have
ai + by + ald) +b7) =0.
If « € N\GF(q), then
a;+by=0=a} +0b, C(0,b)
since aq, al, b1, 0] € GF(q).

Thus, for « = 1, or « € N\GF(q), CI
has equation of type

0

a1 — a1y + a1z + aajr — ajy + cyz) = 0,

where
—a1by +c1 + a(—aib + ) = 0. (1)

Now the point (a,a + b,1) lies on YA
and on C1, since

aja —aj(a+b) +c; +a(aja —aj(a+b)+c))
=a1a —ara — a1b+c; + a(aja — aja —alb+¢}), since ay,a}, € GF(q)
= —a1b+c1 + a(—ajb+c))
=0, by Equation (1).

Thus CINY A = (a,a+b,1).

3. Similarly, the equation of OM is
a1z + b1y + a(alz + bly) =0,

where a,d’,a),b; € GF(q),a =1,
or a € N\GF(gq), and

ai +bym + a(a) + bym) = 0. (2)

The point (a, ma,1) lies on YA
and on OM, since 0 A(a,0) X

aja + byma + a(aja + bima) = {a1 + bym + a(a] + bim)}a
= 0a, by Equation (2)
= 0. O
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Note 39 Let the point v = (z,y,2) of H(q?) be incident with the line A"L().
Then v = w(A™) for some w € L(a). Therefore, vA* = w(A") At = w(A™ 1)
for some w € L(a), and so the point vA! is incident with the line A1 L(«).
Thus the map o: v — vA® is a collineation of H(q?), mapping the line A"L(c)
to the line A"t1L(«), which is distinct from A™L(«). Suppose that H(q?) is a
translation plane with respect to the line A"L(«), for some n and «. Then, by
Ezample 6.18, o(A"L(«)) is also a translation line of H(q?). In fact the ¢>+q+1
distinct lines ' (A"L(0)),i = 1,2, ... ,¢*> +q+1, are all translation lines. These
q% 4+ q + 1 distinct lines cannot all pass through the same point, since there are
exactly ¢ +1 lines through each point of H(q?). Therefore, at least three of these
q*> + q + 1 translation lines are non-concurrent. By Ezercise 6.6 it follows that
every line of H(q?) is a translation line, making the plane a Moufang plane. It
has been remarked before that a finite Moufang plane is a field plane.

Thus, if H(q?) were a translation plane, it would be isomorphic to PG(2,q?).

Theorem 6.29 H(q?) is neither a translation plane, nor a dual translation
plane.

Proof. Example 6.28 part (1) shows that N is a coordinatising set for H(q?),
as defined in Chapter 5. Let the addition defined (as in Chapter 5) on N be @,
and the multiplication be ®.

Suppose that H(q?) is a translation plane. Then, as observed before, the
coordinatising ring (N, ®,®) is a field of order ¢*. By Example 6.28, parts (2)
and (3),

a+b=a®b, foralla,b € N.
=bda, since (N,d,O) is a field.
=b+a

moa=a@®m, foralla,m €N
=m®a, since (N,®,0O) is a field.
=aom

(a+b)om=(a®b)Om

=(a®m)®(bem), since (N,d,O) is a field.

=aom-+bom.

The remaining axioms for a field are easily seen to hold in (N, +,0). This is a
contradiction, since (IV, +, o), by construction, is not a field. Hence, H(q?) is not
a translation plane.

It is similarly proved that H(q¢?) is not a dual translation plane. O
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The Hall planes

Given a quasifield ~y, the plane it coordinatises is a translation plane. The Hall
quasifields (which we will soon define) are examples of quasifields which are not
skew fields; the planes they coordinatise are non-Desarguesian translation planes.

Definition 6.30 Let v be a quasifield. The kernel K(v) of v is the set of all
elements k of v such that, for all a,b € v,

k(ab) = (ka)b and  k(a+0b) = ka+ kb.

Theorem 6.31 Let v be a quasifield. The kernel K(v) of v is a skew field, and
v is a (left) vector space over K (7).

Note 40 By left vector space V over a skew field K we mean
o IfveV ke K, thenkveV.

o All the vector space axioms hold, but with scalar multiplication always on
the left.

A right vector is similarly defined.
Proof. For any a,b € 7, and any k,l € K(v), we have

(kl)(a+b) = kE{l(a + 1)}
= k{la + Ib}
= k(la) + k(Ib)
= (kl)a + (kl)b.
Thus, K(v) is closed under multiplication.
Similarly, the other axioms of a skew field can be proved to hold in K (7).

Using the addition of v as vector addition, it follows that v is a (left) vector
space over its kernel. O

This leads to the following important theorem:
Theorem 6.32 Let (,+,.) be a quasifield of finite order. Then,
1. g =p" for some prime p, some integer r,

2. (v,+) is isomorphic to (GF(q),+).

Proof.
1. Since « is finite, its kernel K(v) is a finite skew field. By Wedderburn’s
Theorem, K (7) is a finite field, and therefore its order is p”, for some prime
p, and positive integer h. Let the dimension of v, as a vector space over its
kernel, be n. Then v has order ¢ = p"".

2. Both GF(q) and v are vector spaces of dimension n over GF(p"). Therefore,
(7,+) is isomorphic to (GF(q),+). O
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Exercise 6.9

1. Let m be a translation plane of prime order p. Prove that 7 is isomorphic to
PG(2,p).

2. Give a complete proof of Theorem 6.31.

In view of Theorems 6.31 and 6.32, it is not surprising that every construction
of a quasifield v starts with a Galois field F', and a subfield K of F, retains the
addition of F', retains the multiplication of K, and alters the multiplication in
F\K.

Definition 6.33 1. A finite Hall quasifield is a quasifield H(q?, f) con-
structed as follows.

Let K = GF(q), and let f(z) = x? — rz — s be an irreducible quadratic over
K. Let X be a zero of f in F = GF(¢?). Let H(q?, f)={a+b\|a,b e K}.
The addition & in H(q?, f) is defined by

(a+b\)®(c+dN) =(a+c)+ (b+d)A.
The multiplication ® in H(q?, f) is defined by

(a4 bX\) ©c=ac+ (be)
(a4 bX\) ® (c+d\) = (ac — bd~ ' f(c)) + (ad — be +br)X,  ford # 0.

2. A finite Hall plane is a plane coordinatised by a Hall quasifield.

The proof that H(q?, f) is indeed a quasifield can be found in M. Hall’s book
‘The theory of groups’.

Exercise 6.10 Concerning the Hall quasifield H(q?, f), as defined above,
. Verify that every element a of H(¢?, f) \K satisfies f(a) = 0.

. Verify that every element of K commutes with every element of H(q?, f).
. Show that H(9, f), where f = 2® + 1, is associative, making it a nearfield.
. Show that H(9, f), where f = z? — x — 1, is not associative.

. Show that H(q?, f) is distributive if and only if ¢ = 2.

. Write out the multiplication table for the Hall quasifield H(16, f), for an appropriate
polynomial f (irreducible over GF(4)).



134 Non-Desarguesian planes

It is interesting to note that the properties, enunciated in questions 1 and 2
above, characterise Hall quasifields. In Projective Planes (Trans Amer Math Soc
54 (1943), 229-277), M. Hall used the following definition, which is stated here
as a theorem.

Theorem 6.34 Let (H,+,.) be a quasifield, with the field K = GF(q) contained
in both its centre and its kernel such that H is two-dimensional over K. If there
exists an irreducible quadratic f over K with f(a) =0 for all a € H\K, then H
18 a Hall quasifield.

Remark. Recall the Bruck-Bose construction (see Exercise 4.5(10b)), where
projective planes are constructed from spreads of projective spaces. It can be
shown that every translation plane gives rise to a spread, and from every spread,
the Bruck—Bose construction gives rise to a translation plane.

The problem of discovering all quasifields, or of all spreads, is not yet solved.
Non-isomorphic quasifields can yield the ‘same’ plane. Criteria, weaker than iso-
morphism, are needed to decide if two quasifields yield the same plane. One such
‘weak’ criterion is that of isotopism. (See Hughes and Piper: Projective Planes.)
Unfortunately, while isotopic quasifields give rise to the same plane, there exist
translation planes which can be coordinatised by non-isotopic quasifields. For
example, H(9, f), with f = 22+ 1 is a nearfield, while H(9, g), with g = 22 —2—1
is not a nearfield. As a consequence, H(9, f) and H(9, g) are not isotopic. They
both, however, give rise to the unique non-Desarguesian translation plane of
order 9.

In fact, it has been proved that there are exactly four projective planes of
order 9, namely: PG(2,9), the Hall translation plane of order 9, the Hall dual
translation plane of order 9, and the Hughes plane of order 9.
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Preliminaries

We shall be dealing with homogeneous polynomials ¢ in the variables xg, x1, ..., 2,
over some field F', with special interest in the case where F' is GF(q).

Definition 7.1 Let n be a positive integer. A homogeneous polynomial ¢ of
degree n in the variables xg,x1,...,x, over a field F' is the sum of terms of
type

no ,.N1 n
Ty Ty R

where a € F, each n; is a non-negative integer, and ng + --- + n, = n. Fach

no

term axy®x . ...x" of a homogeneous polynomial of degree n is said to be of

degree n, and a is called its coefficient.

Example 7.2 The polynomial ¢(xg,z1,22) = 22 + w921 + 322 over R is not
homogeneous because the term 3z is of degree 1 (not 2).

The polynomial ¢(zg, r1,22) = 3+ 2071 + 323 is a homogeneous polynomial
of degree 2 over R, because every term is of degree 2. O

We quote without proof the following theorem. (For a proof, consult any textbook
on Combinatorics.)

Theorem 7.3 A homogeneous polynomial of degree m in the r + 1 wariables

o, T1,...,T. over a field F' has (T:") terms, where a term may have its coeffi-
cient equal to zero.

Example 7.4 Let F be a field.

1. The polynomial ax? + by? + c2% + fyz + gxz + hxy over F in the r +1 =3
variables z, ¥y, z is homogeneous of degree n = 2. It has (2;2) = 6 terms.

2. The polynomial az? + by? + cz? + dt? + fyz + gxz + hwy + £zt + myt + nat
over F in the r + 1 = 4 variables z, y, z,t is homogeneous of degree n = 2.

It has (3J2r2) = 10 terms. O

Given a homogeneous polynomial ¢(zg, 21, ..., ), it is often necessary to eval-
uate ¢(xo + Ayo, x1 + A\y1, - - -, + Ay;-). There are no inherent difficulties, since



136 Conics

the binomial theorem is valid over any field. For example, let ¢ = 22 + zo1.
Then

¢ (20 + Ayo, 1+ Ay1) = (20 + Ayo)” + (o + Ayo) (1 + Ay1)
= x5 + 2Azoyo + A2yg + Tow1 + AToy1 + yor1) + A yoyn
= 22 + 2071 + AM2T0Y0 + Yor1 + y120) + A (Y3 + yoy1)-
However, for the purpose of developing the theory, it is more convenient to use
Taylor’s expansion and Euler’s Theorem; they involve partial differentiation,
which is to be treated as a formal operation. In what follows, Taylor’s Theorem
and Euler’s Theorem are quoted. Proofs of these two theorems (valid over any

field) can be found in Hodge and Pedoe: Methods of Algebraic Geometry, Chapter
3, and in Walker R. J: Algebraic Curves, Chapter 1.

Theorem 7.5 Owver any field F, if ¢ is a homogeneous polynomial in xqg, 1, . . ., Ty,
of degree n, then

1. Taylor’s Theorem: For A € F,
(o + AYo, ¥1 + Ay1, - T + AYyr)

—ZE i+ i+ + i 5¢(x T SC)
- gl yo@xo ylaxl yr@xr 0) 1y e eesSn/e

Example 7.6 1. Let ¢ = 23+x¢z;. Expanding formally by Taylor’s Theorem:
whether the characteristic of F is 2 or not

d(xo + Ayo, 1 + Ay1)

0 0
= ¢(x0,Y0) + A (yoazo + 1 8) (23 + wow1)

Z1
RS o .. 0 2( 2 )
- - - X o
o0 \ P8z, Moz, ) 0T 0N
= x5 + zoz1 + A (yo (220 + 71) + 1 (0))
)\2 ) 82 82 ) 82 5
2 ) Z
T3 [(yo 923 + 2yoy1 Dadts + Y a2 (x5 + zox1)
)\2
= a3 + zox1 + A(220Y0 + YoT1 + Y170) + 5(21/8 + 2yoy1)
= x5 + 2om1 + A(22oY0 + Yox1 + Y170) + A2 (Y5 + Yoy )-

If the characteristic of F' is two, we have (since 2zgyo = 0),

d(x0 + Ayo, 71 + Ay1) = 2§ + 201 + Myor1 + y170) + AN (Y3 + your)-
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2. Suppose the characteristic p of the field F' divides n. Then

¢ ¢ ¢
80+x1 —|—...+:rramr

3331 :n¢:0

as p divides n. For example, if ¢ = 23+ z¢x; is a (homogeneous) polynomial
over GF(2"), then
d¢ 9¢

=~ =2x9 + 711 = 71, e
1

3:50

= Zo,

and so

0¢ 0
8704‘3718

= 2921 + Tor1 = 2x971 = 0.

Definition 7.7 1. A hypersurface V" |, of order n, in PG(r, F) is the set
of points (xg,x1,...,x,) satisfying

¢(x07x1,"'5m7’) = Oa

where ¢ is a non-zero homogeneous polynomial of degree n.
2. When the order n is equal to 2, a hypersurface is called a quadric.

3. In the case of the plane PG(2, F), a hypersurface is referred to as a curve,
and is usually denoted by CT, or just C™. When the order n is equal to 2,
the plane curve C? is called a conic.

4. If ¢ is irreducible over F, or any extension of F', then the hypersurface ¢ = 0
s said to be irreducible; otherwise the hypersurface is reducible.

Example 7.8 1. In PG(2,R), the conic C? of equation 2% +y? = 0 is reducible,
because although the homogeneous polynomial 2 + y? is irreducible over
R, it is reducible to (x + iy)(z — iy) in the extension C of R.

2. The set of points
C={(1,6,6%) |6 € FYu{(0,0,1)}

is a set of points of a conic, since the points satisfy the equation y? = zz. It
is to be noted that in the case F' = GF(g), the conic C has precisely ¢ + 1
points.

Note 41 In an abuse of language, we say a point P of hypersurface V" ; of
PG(r, F) belongs to an extension E of F' if P belongs to PG(r, E)\PG(r,F); if
P belongs to PG(r, F), we say P belongs to F.
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Theorem 7.9 Let ¢ = 0 be the equation of a hypersurface V. | of PG(r, F), of
order n. Then a line ¢ of PG(r, F) either lies wholly on V" ; or intersects V" ;
in n points, some possibly coinciding, some possibly belonging to an extension
of F.

Proof. Take two points P, @Q of coordinates p, q, respectively. Any point on the
line PQ has coordinates of type p + Aq, where A\ € F. Thus the intersections of
PQ and V' ; are given by

$(p+ Aa) = 0.

By Taylor’s Theorem, this is a polynomial of degree n in A, unless each coefficient
in the expansion is zero, in which case the whole line PQ lies on V."* ; if ¢(p+2Aq)
is a polynomial of degree m in A, then it has n zeros, some possibly coinciding,
some possibly belonging to an extension of F'. 0

Conics
From now till the end of this chapter, we will restrict our attention to conics.

Example 7.10 Let ¢(x,vy,2) = ax?® +by? + c2% + fyz + grz + hay. Use Taylor’s
theorem to verify that

(w0 + Ar1, Y0 + Ay1, 20 + Az1)
= ¢(w0, Y0, 20) + A[2ax0x1 + 2byoy1 + 2c2021
+ f(y120 + yoz1) + g(z0x1 + z120) + h(zoy1 + 1y0)]
+ No(z1,y1, 21)
=0
gives the intersections of the conic ¢ = 0 with PQ, where P = (x9, o, 20) and
Q = (21,91, 21).
Solution. This is similar to Example 7.6, and is left to the reader as an exercise.
|

It follows from Example 7.10 that given a line £ and a conic C? of PG(2, F)
then either the line lies wholly on C? or else, £ N C? is a set of two points which
may well belong to PG(2, K)\PG(2, F), where K is a quadratic extension of the
field F. Thus, the conic C? has points in PG(2, K).

Example 7.11 The conic of PG(2,R) of equation 2% +y%+ 22 = 0 is irreducible,
and has no point in PG(2,R); it has points (e.g. (1,7,0)) in PG(2,C). O

Let C? be an irreducible conic in PG(2,q) of equation
¢ = ax® +by* + cz® + fyz + grz + hay = 0.

There is, a priori, no reason to believe that C? has any point in PG(2,q).
Example 7.10 says that the line PQ has precisely two points in common with C?,
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since PQ lying wholly on C? would make C? reducible; these two points may
coincide, or may belong to PG(2,¢*)\PG(2, q). However, if P = (xq,yo, 20) is
known to lie on C?, then the quadratic equation in A in Example 7.10, in the

case where Q ¢ C?,
1. is of type 7\ + sA? = 0, where r, s € GF(q), s # 0,
2. has two zeros, namely A = 0 and A\ = —rs~ 1.

Now, A = 0 is a double zero of the quadratic if and only if r = 0.
Suppose P = (xg, Yo, z0) does not satisfy

0

5y = 200+ hy+g2=0, (1)
¢

a9y hx +2by + fz =0, (2)
2o B

Then A = 0 is a double zero of the quadratic 7\ + sA? if the point Q lies on the
line tp, of equation

(2azo + gzo + hyo)x + (2byo + fzo + hao)y + (2¢20 + fyo + g20)z = 0.

Definition 7.12 Provided that the point P = (xo,yo0,20) does not satisfy the
equations 1, 2, and 3, the line tp of equation

(2axo + gzo + hyo)x + (2byo + fzo + hxo)y + (2¢z0 + fyo + g20)z =0

is called the tangent line at P to the conic C2.

Note 42 1. The equation of tp can be written as

8¢" + %-‘ +za¢-‘ =0,
P P P

=
or yay 0z
where g—i’—‘ means % evaluated at P; similarly, %—‘ , ‘g—ﬂ means these
P vip “%lp

partials evaluated at P.

2. Suppose there exists P € C?, such that

99 _ 9] _ 9¢] _
aﬁJP_ay—‘P_aZ—‘P_O. W

Then, the equation of Example 7.10 becomes
/\2¢(x1,y1, z1) = 0.

In that case, for any point Q, the line PQ intersects C? doubly at P; in
particular, if Q is any point of C? distinct from P, then the line PQ lies
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wholly on C?; therefore the conic C? is reducible to a pair of (distinct or
coincident) lines.

Definition 7.13 1. Let C™ be a curve in PG(2, F) of equation ¢ = 0. Let P
be a point of C™ which satisfies

00 _00_ 00 _
ox Oy 0Oz ’
then P is called a singular point of C™.
2. A curve of PG(2, F) is said to be singular or non-singular depending on
whether it has a singular point or not.

Example 7.14 Prove that a conic of PG(2, F) is reducible if and only if it is
singular.

Proof.

1. Suppose a conic C? of PG(2, F) is reducible. If it reduces to two distinct
lines ¢,m (in F, or in a quadratic extension of F’), then the point £Nm is a
singular point of the conic. If C? reduces to two coincident lines, then every
point of C? is singular. In either case, the conic is singular.

2. Let ¢ = az? 4+ by? +c2? + fyz+ gxz + hzy = 0 be the equation of a singular
conic. Without loss in generality, let (1,0, 0) be a singular point of C?. Then
(1,0,0) satisfies ¢ = 0 and also

%:2ax+hy+gz:0,
ox
%:hx—l—%y—i—fz:(),
dy
%:gm—&—fy—i—%z:O.
0z

Therefore, a = h = g = 0. The equation of C2? becomes ¢ = by?+cz?+ fyz =
0. The quadratic % is reducible, and therefore the conic C? is reducible.
|

Thus, as far as conics of PG(2, F') are concerned the terms non-singular and
irreducible imply each other. At a point P of an irreducible conic C?, one line
(the tangent line ¢p) intersects C? doubly at P, and each of the remaining lines
through P contains one further point of C2. In particular,

Theorem 7.15 If an irreducible conic has one point in PG(2,q), then it has
precisely g + 1 points in PG(2,q).

Proof. Let P be a point of an irreducible conic C2. Each of the ¢ lines through
P, distinct from the tangent line tp at P, intersects C? further in a point of
C?. O
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Example 7.16 Prove that, in PG(2, F), there exists a unique irreducible conic
C? through five points, no three collinear.
Solution. A reducible conic is made up of two (distinct or coincident) lines.
Therefore five points, no three collinear, cannot lie on a reducible conic. In other
words, if there exists a conic C? through five points, no three collinear, then C?
is necessarily irreducible.

Without loss of generality, take the five points to be

(1’050)7 (07170)’ (070’ 1)7 (1)171)7 and (lﬁa)ﬁ)'

The condition that no three of these points are collinear implies that (1, «, )
does not lie on any side or diagonal of the fundamental quadrangle. Thus, o and
3 are distinct, and distinct from 0 and 1. These five points lie on the conic C?,
of equation

az? + by? + c2® + fyz + grz + hay = 0,
if and only if

a=b=c=0,
f+g+h=0,
faB+gB+ha=0.

Therefore, f: g: h=a—0:af —a: [ —af. Thus, the unique irreducible conic
through the five points has equation

(0= B)yz + (af — a)zz + (B — af)ry = 0. O

Definition 7.17 A set K of k points of PG(2,q), no three collinear, is called a
k-arc. (See Ezercise 3.3(5).)

Example 7.18 1. A quadrangle is a 4-arc.

2. Later (see Theorem 7.22) we prove the fact that an irreducible conic in
PG(2,q) is a (¢ + 1)-arc.

Example 7.19 Find the number M of 5-arcs in PG(2, q).

Solution. The first point A can be chosen in ¢?+¢+1 ways, and the second point
B in ¢® + q ways. The third point C' can be any point, not on AB, and therefore
can be chosen in ¢?> ways. The fourth point D cannot lie on any side of the
triangle ABC, and therefore can be chosen in ¢> +q¢+1-3(¢—1)—3 = (¢—1)2
ways. The fifth point F cannot lie on any side or diagonal of the quadrangle
ABCD, and therefore can be chosen in ¢ +¢+1—6(q—2) — 7= (¢—2)(q—3)
ways. The number M of 5-arcs is therefore

(@ 0+ D@+ e (a1 g~ 2)(a—3). 0
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Example 7.20 Find the number of reducible conics in PG(2, ¢), whose equa-
tions split into two linear equations over GF(g?), but not over GF(q).

Solution. Let ¢ = 0 be the equation of such a conic. Let ¢ = ££7 where £ is
a linear polynomial over GF(¢?), but not over GF(q). Denote by a,a? the two
lines in PG(2, ¢?) with equations £ = 0 and ¢¢ = 0, respectively. Then, since

Pl=(anal)=alNa=P,

the point P = aNa? is in PG(2, q). The number of lines through P in PG(2, ¢%)\
PG(2,q) is (¢* + 1) — (¢ + 1) = ¢® — q. Therefore, the number N of conjugate
pairs of lines through a point P of PG(2,q) is equal to %(q2 — q). Therefore,
the number of reducible conics in PG(2, ¢), whose equations split into two linear

equations over GF(¢?), but not over GF(q) is:

)Q(q_1>:€( 3_1). 0

[Number of points in PG(2,¢)] x N = (¢* + ¢+ 1 5 5

Example 7.21 Find the number of irreducible conics in PG(2,q) with ¢ + 1
points.

Solution. By Example 7.16, each 5-arc determines uniquely an irreducible conic
C?, and by Theorem 7.15, such a conic is a (q + 1)-arc. Therefore, by the last
example, the required number is:

M 1/5(¢* + g+ 1)(@* +9)g*(a — 1)* (¢ — 2)(g - 3)
(“31) 1/51(q +1)q(q — 1)(g — 2)(q — 3)
(@ +q+ D) (g—1)=¢" - ¢ O

We can now improve Theorem 7.15.

Theorem 7.22 An irreducible conic in PG(2,q) is a (¢ + 1)-arc.

Proof. The number of conics in PG(2,q) is equal to the number of points
(a,b,c, f,g,h) of PG(5,q), which is ¢® + ¢* + ¢ + ¢®> + ¢ + 1. There are five
different types of conics, namely:

Type 1: Conics which are made up of two coincident lines.
Type 2: Conics whose equations split into distinct linear equations over GF(q).

Type 8: Conics whose equations split into distinct (conjugate) linear equations
over GF(¢?).

Type 4: Irreducible conics which have ¢ + 1 points.
Type 5: Trreducible conics which have no point in PG(2, q).
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We count the number N; of conics in PG(2,q) of type i. Then Nj is the
number of lines in PG(2, q), which is equal to ¢* + ¢ + 1. Ny is the number of
pairs of distinct lines in PG(2, q). Therefore,

2
“+q+1 1
N2:< N ):2(q2+q+1)(q2+Q)~

From Examples 7.21 and 7.20, we have
P+ P+ g+
= Ny + Ny + Ns+ Ny+ N5

1

=(q2+q+1)+§(q2+q+1)(q2+q)+%(q3—1)+q2(q3—1)+N5
2 2

=(®+q+1)(1+¢*) + N5

="+ ++*+q+1+Ns.

=(*+q+1) (1+1(q2+q)+1q(q—1)+q2(q—1)> + N5

Therefore, N5 = 0. Hence, irreducible conics are (g 4 1)-arcs. ]
We now quote a very famous theorem:

Segre’s Theorem: If ¢ is odd, every (¢+ 1)-arc of PG(2, ¢) is an irreducible
conic.

[It can be shown that if ¢ = 2" h > 3, a (¢ + 1)-arc of PG(2,q) is not
necessarily an irreducible conic.]

Note 43 As Example 7.11 shows, there exist fields F, and irreducible conics
in PG(2,F) with no point in PG(2,F). By Theorem 7.22, such fields F are
necessarily infinite. However, if an irreducible conic C? in PG(2,F) has one
point P in PG(2,F), then one line tp through P is the tangent line there, and
each of the remaining lines through P contains one further point of C?.

Definition 7.23 An irreducible conic in PG(2, F') is said to be non-empty or
empty depending on whether it has points in PG(2, F) or not.

Theorem 7.24 FEvery non-empty irreducible conic of PG(2,F) can be trans-
formed by means of a homography o of PG(2, F) to

C={(1,0,6*) |0 € F}u{0,0,1)}.

Proof. Let X,Z,U be any three points of an irreducible conic C? of PG(2, F).
Let the tangents to C? at X and Z intersect at Y. It follows that XY ZU is a
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quadrangle, and we may therefore take it to be the fundamental quadrangle. Let
the equation of C? be

az? +by? + c2® + fyz + grz + hay = 0.

Since X = (1,0,0),Z = (0,0,1),U = (1,1,1) € C?%, we have a = 0, ¢ = 0, and
b+ f+ g+ h = 0. Since the tangent tx at X = (1,0,0) is the line z = 0, we
have hy + gz = 0 = z = 0, and therefore h = 0 and g # 0. Similarly, since the
tangent tz at Z = (0,0, 1) is the line z = 0 we have f = 0. Thus b+ g = 0. The
equation of C? is thus

y* — 2z =0.

It follows that the conic can be written as
¢ ={(1,6,6%) | 6 € F}U{(0,0,1)}.

(The conic can of course also be written as C = {(02,0,1) | § € F}U{(1,0,0)}.)
O

Note 44 1. The form y? = zx is called the canonical equation for a non-
empty irreducible conic.

2. As we have seen in Note 24 , it is convenient to adjoin an abstract element
oo to F'; recall that the following are the rules: (for all a € F\{0}):

a
0.0o=00 owt+too=00 a.co=00 —=0 a+oco=o00.
e’}

Left undefined are 0 . oo and .
If F' = F U {0}, then we may write

C=1{(1,0,0*) |6 c F'},

where 6 = oo corresponds to the point (0,0,1).

3. 0 is called a parameter; (1,0,0?) is called a generic point of the conic
C, which we often refer to as the point 0 of the conic (1,0,0?).

4. As has been pointed out, an empty irreducible conic C* of PG(2,F) has
points in PG(2, K)\PG(2,F), where K is an appropriate quadratic exten-
sion of the field F. Thus, in PG(2, K), such an irreducible conic has y* = zx
as canonical equation, and (1,0, 92) as parametric representation.

Theorem 7.25 Let C™ be a curve of order n in PG(2,F), of equation f = 0.
Let C? be a conic, of equation ¢ = 0. If C™ and C? have no common component
(i.e. if f and ¢ have no polynomial of degree 1 or 2 as common divisor), then
C™ intersects C? in 2n points, some possibly coinciding, some possibly belonging
to PG(2, E)\PG(2, F), where E is an extension of F.
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Proof. The following statements are valid in PG(2, E), where E is an appropri-
ate extension of F. If C? is reducible to lines ¢, m, then each line intersects C™
in n points, some possibly coinciding. Hence |C™ N C?| = 2n. If C? is irreducible,
then take its equation to be y? = zz. Substituting (1,0, 6?) into f = 0 gives rise
to a polynomial of degree 2n in §. Hence |C™ N C?| = 2n. O

Note 45 The general result concerning intersections of curves in PG(2,F) is
here quoted without proof.

Theorem 7.26 (Bézout’s Theorem) Let curves C", C™, of PG(2,F) have
orders m,m, respectively, and suppose they have no common component (i.e.
the equations of the curves have no polynomial of degree > 1 as common divi-

sor). Then, they intersect in mn points, some possibly coinciding, some possibly
belonging to PG(2, E)\PG(2, F'), where E is an extension of F.

Example 7.27 Find the equation of the line joining the points ; and 5 of the
conic (1,6, 62). Find the equation of the tangent line to the conic at the point 6.

Solution. Let the equation of the line (07, 05) be lx + my + nz = 0. The inter-
sections of this line and the conic are given by

I +mb +nb* = 0.
Thus, the zeros of this quadratic are #; and 5. Therefore,
l:m:n=20105:—(01+6): 1.
Therefore, the required equation is
01022 — (01 + 62)y + 2z = 0.
The equation of the tangent line at the point 6 is

i /| +2—=| =-— + 20y — z = 0.
T -‘H—i—y y-‘a z Z-‘a 0°x+20y—z=0

Alternatively, the equation of the tangent line at the point 6 can be obtained by
putting 1 = 03 = 6 in the equation of the chord (6;,05). O

Note 46 If the characteristic of the field F' is 2, the equation of the tangent at
point 0 is
0%c +2=0.

Therefore, in PG(2,q), ¢ = 2", for varying 0, the above equation gives q + 1
tangents, all passing through the point N = (0, 1,0).
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Conics over a finite field F of characteristic two

The last note suggests that when F' is a finite field of characteristic two, conics
have some interesting properties. Throughout this section, the field F' is assumed
to be finite, of characteristic two. Thus 2a = 0 for all @ € F', and every irreducible
conic is non-empty. Let the equation of a conic C? of PG(2, F) be

¢ = ax® + by + c2® + fyz + grz + hay = 0.
Example 7.28 Prove that C? is made up of two coincident lines if and only if

Solution. Since F has characteristic two, each element a of F' has a unique
square root. If f = g = h = 0, then az? + by? + c2? = (Vaz + Vby + /cz)?. If
C? has equation (fx + my + nz)? = 0, then

(bx +my +nz)? = 22% + m?y? + n?2?,

and therefore the coefficients of yz, zx, xy are all zero. |

From now till the end of this section, suppose f, g, h are not all zero. Then

0o

o hy + gz,
0o

aiy—hl' +fZ,
0o

3 =gz + fy.

Note that the point N = (f,g,h) is the only point which satisfies 9¢/0x =
09 /0y = 0¢/0z = 0.

Definition 7.29 The point N = (f, g, h) is called the nucleus of C?.

Example 7.30 Show that C? reduces to two distinct lines, if and only if its
nucleus N = (f, g, h) lies on it.

Solution. C? reduces to two distinct lines if and only if it has a singular point,
if and only if N € C2. |

Theorem 7.31 The q+ 1 tangent lines of an irreducible conic C? in PG(2,q),
q = 2", pass through the nucleus N of C?.

Proof.  Let P = (x0,90,20) be a point of C2. The equation of the tangent ¢p
at P to C? is

x(gzo0 + hyo) + y(fzo + hxo) + 2(fyo + gzo) = 0.
The nucleus N = (f, g, h) lies on tp, since

f(gzo + hyo) + 9(fz0 + hao) + h(fyo + gxo) = 2fg2z0 + 2fhyo + 2ghx = 0. O
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Example 7.32 Let A, B,C, D be any four points on an irreducible conic C?, in
PG(2,q), ¢ = 2". Let X, Y, Z be the diagonal points of the quadrangle ABCD.
Prove that the diagonal line XY Z passes through the nucleus N of C2, and
hence is a tangent to C2.

Solution. Without loss of

generality, take A = (1,0,0),
B=(0,1,0),C =(0,0,1),D =
(1,1,1). The equation of line
XYZisxz+y+z = 0. The
equation of C? reduces to fyz+
gzx + hxy = 0, where f + g+
h = 0. Thus, the nucleus N =
(f,g,h) lies on the line x4+ y+
z=0. O

Example 7.33 Let C2 be an irreducible conic in PG(2,¢), ¢ = 2", and let N
be its nucleus. Then K = C? U{N} is a (q + 2)-arc.

Let P be a point of C2. Assume that h > 3. Consider the (¢+1)-arc K’ = K\{P}.
K’ is not an irreducible conic since otherwise, K’ and C? having at least five points
in common would (by Example 7.16) coincide. Thus, if ¢ = 2", h > 3 there exist
(¢ + 1)-arcs which are not irreducible conics. O

It can be proved that if ¢ = 2", h > 3, there exist (q + 2)-arcs which are not
made up of the points of an irreducible conic and its nucleus.

Exercise 7.1 Let C? be the conic of equation: z? + y? 4+ yz + zy = 0.

(a) Find the nucleus of C? and hence show that C? is non-singular.
(b) Show that (0,1,1) € C?. Find the tangent to C? at the point (0,1,1).
(c) Show that (1,1,0) ¢ C?. Find the tangent to C? through the point (1,1,0).

Conics over fields of characteristic # 2

Throughout this section, the characteristic of the field F' is assumed to be dif-
ferent from two. It is convenient to take the equation of a conic C? as

¢ = ax® + by? + c2® + 2fyz + 292z + 2hay =0
or

X'AX =0,
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where
T ahg
X =y and A= |hb f
z g fec
Note that A is symmetric, and X is a column vector representing the point
(z,y,2).

In an abuse of notation, let P, @ be column vectors representing the points
P and @. Then P + 60Q), for varying 6 € F, is a point of the line PQ. Thus, the
intersections of the line P@Q with the conic X*AX = 0 are given by

(P+0Q)'A(P+6Q) =0,
P'AP + 0Q'AP + 0P AQ + 6%Q'AQ = 0.
But Q*AP is a 1 x 1 matrix, and (Q*AP)! = P!A'Q = P'AQ), and therefore
Q'AP = P'AQ.

Thus, the intersections are given by

P'AP 4+ 20P'AQ + 6°Q' AQ = 0.
Definition 7.34 The equation

P'AP + 20P'AQ + 0*Q*AQ =0
is called the Joachimsthal’s equation.

This is, of course, identical to what was obtained in Example 7.10. In partic-
ular, the tangent ¢p at P has equation P*AX = 0 (see Definition 7.12).
The singular points of the conic are the non-trivial homogeneous solutions to
the following system of homogeneous linear equations:
% = 2ax + 29z + 2hy = 0,
ox
o¢
Ay
o¢
0z

=2by +2fz+ 2hx =0,

=2cz+2fy+2gz=0.
In matrix form, this is

ahgl |z
hd f| |yl =0 or AX =0.
gfc| |z

This has non-trivial solutions if and only if |A| (the determinant of A) is zero. If
|A| # 0, the conic has no singular points, and is therefore an irreducible conic.

Let the set £ of lines of PG(2, F') be represented by row vectors. In particular,
if A is any non-singular matrix, P! AX = 0 is the equation of a line, of coordinates
PtA.
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Definition 7.35 Let C? be a given irreducible conic, of equation X'AX = 0.
Let 0: PG(2,F) — L be defined by o: P — P'A. Since A is symmetric and
non-singular, o is by Definition 4.79 a polarity, called the polarity associated
with C?. The point P and the line P*A are respectively called pole and polar
with respect to C2.

Note 47 Given a line ¢, its pole P with respect to C? is given by P = A=t If
P € C2, the polar of P is the tangent tp to C? at P.

Let P = (x9,¥0,20)" and Q = (x1,y1,21)". It is advantageous to display
PYAQ as

‘171 Y1~

xo| a h g
Yo | h b f
20 | 9 [

where, for example, the coefficient of ygz; is the element of A in the row indexed
by yo and the column indexed by z7, namely f.

Theorem 7.36. (The pole and polar property) Let o be (as in
Definition 7.35) the polarity associated with an irreducible conic C2.
1. A point Q lies on the polar of a point P if and only if P lies on the polar
of Q.
2. A point P lies on its polar if and only if P lies on the conic C? (and in that
case the polar of P is the tangent tp to C? at P).

Proof.
1. This is proved in Example 4.80.

2. We have

P cpolar of P <= P'AP =0
<= P lies on the conic C?.

It has been noted before that P?A is the tangent at P to C2. O

Example 7.37 Let C? be an irreducible conic of PG(2, F'). Let its equation be
XtAX = 0. Find the polar of (1,0,0) with respect to C2.

Solution. The polar of (1,0,0) is

which is the line of equation ax + hy + gz = 0, of coordinates [a, h, g]. O
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Definition 7.38 Let C? be an irreducible conic of PG(2, F). If P is a point of
C?, and tp is the tangent to C? at P, we say that P is the point of contact of
tp with C?, or tp touches C? at P.

Example 7.39 Let C? be an irreducible conic of PG(2, F).

1. Let P be a point not on C?. Prove that through P there pass two tangents
to C?, the polar of P being the join of the points of contact. (Note: these
points of contact may be in an extension of F.)

2. Prove that the equation of the two tangents (from P ¢ C?) to C? is
(P'AX)* — (P'AP)(X'AX) = 0.

Solution.

1. Let P+ denote the polar of P with respect to C2. Since P & C?, Pt is not a
tangent line of C2. Let P- N C? = {A, B}, A, B being necessarily distinct,
but may be in a quadratic extension of F'. As A lies on the polar of P, P
lies on the polar of A. Similarly P lies on the polar of B. Thus P lies on the
tangent at A and on the tangent at B (Theorem 7.36).

2. Given P ¢ C?, we are looking for all points () such that P(Q is a tangent of
C?. Therefore, Joachimsthal’s equation

P'AP + 20P'AQ + 0*Q'AX =0

has coincident roots. This happens if and only if the discriminant
(2P'AQ)? — 4(Q"AQ)(P'AP) = 0.

Thus, the equation of the two tangents from P is, (replacing @ by X)
(P'AX)?* — (P'AP)(X'AX) = 0. O

Example 7.40 Let C? be a conic of PG(2, F) Let its equation be z2 + 2xy +
y? +dyz + 422 = 0.

1. Find the equation of the tangent to C? at (1,—1,0).

2. Find the polar line of (1, —2,3) with respect to C2.

3. Find the pole of [2,4, —1] with respect to C2.

4. Find the tangents of C? passing through (1,0,0).

Solution. From the given equation of the conic,a =1,b=1,¢=4,f =2,9 =0,
and h = 1. The matrix A of the given conic is

110
A=1112
024.
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1. The tangent at the point (1,—1,0) is

=0x+4+0y—22=0,

AN
O R 8
NI N
= DN O\

which is the line of equation z = 0, of coordinates [0, 0, 1].

2. The equation of the polar line of the point (1, —2,3) is

T Yy z
111 1 0
911 1 o =—x+5y+82=0.
310 2 4

3. The pole of the line ¢ = [2,4, 1] is A~1/!. Now

1 0 —4 2
= — _adjA = —4 4 -2
detA detA | 5 5

Thus the pole of the line ¢ (as a column vector) is

0 —4 2 2 —18 9
=|-4 4 -2 4 (=110 |=|-5
2 =20 -1 —4 2

The pole of the line ¢ (as a row vector) is (9, —5, 2).

4. For P = (1,0,0), we have P'AX = x +y and P!AP = 1. So the equation
of the tangents passing through (1,0,0) is (P*AX)? — (P'AP)(X'AX) =0,
that is

(x+y)? — 1(x% + 22y + y? +dyz +42°) = —4(yz + 2%) = —4z(y + 2) = 0.

The two tangents passing through (0,0, 1) are the lines z = 0 and y+2 = 0.
O

Example 7.41 Let A, B,C,D be four points of an irreducible conic C? of
PG(2, F). Prove that the diagonal triangle XY Z of the quadrangle ABCD is
self-polar (i.e. each vertex of AXY Z has the opposite side as polar).
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X(0,1,1)

Solution. Take A, B,C, and D as (1,0,0), (0,1,0), (0,0,1), and (1,1, 1), respec-
tively. Then the coordinates of the diagonal points X,Y, Z are (0,1,1), (1,0,1),
(1,1,0), respectively. Then the equation of C? reduces to fyz + gzx + hay = 0,
where f + g+ h = 0. The equation of the polar of X = (0,1, 1) is

=(h+g)x+ fy+fz=0

—fr+fy+fz=0,

since f + g + h = 0. Therefore, the polar of X = (0,1,1) with respect to C? is
the line —x + y + z = 0, that is the line Y Z. Similarly for Y and Z. O

Example 7.42 In Example 7.41, take X,Y, and Z to be (1,0,0), (0,1,0), and
(0,0, 1), respectively. Prove that C? has an equation of type

az® +by? +cz> =0 with abe # 0.

Solution. Let the equation of C? be X*AX = 0. Since the polar of X is Y Z,

is equivalent to x = 0.

Therefore h = g = 0. Similarly, since the polar of ¥ = (0, 1,0) is the line y = 0,
we have f = 0. Hence, the equation of C? is of type

az? +by* + ¢z =0 with abc # 0 as |A| # 0. O
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Example 7.43 Let X,Y, Z be three points of an irreducible conic C? in PG(2, F).
Prove that the tangents at the vertices of AXY Z meet the opposite sides of the
triangle in collinear points.

Solution. Without loss of generality, take X, Y, and Z to be the points (1,0, 0),
(0,1,0), and (0,0, 1), respectively. The equation of C? becomes

2fyz 4+ 2gzx + 2hxy = 0.

The tangent at X = (1,0,0) is

=0 and therefore is hy 4+ gz = 0.

Q > OR
~~ O >R
~ Q|

1
0
0

(=]

i

This intersects the side YZ (of equation # = 0) in the point F = (0, —g,h).
Similarly, the other two points are G = (f,0,—h) and H = (—f, g,0). Now

(O’ -9, h’) + (faoa _h) + (_fvgao) = (anao)v

and therefore F, G, H are collinear. O

Example 7.44 Let C? be an irreducible conic
of PG(2, F). Let P,Q be two points not on
C?, such that @ lies on the polar of P. Let
A be a point of C? such that PA is not the
polar of Q). Let PA intersect C? further in
the point B; let QA, QB intersect C? fur-
ther in the points A1, By, respectively. Prove
that the line A; By passes through P.

B
Solution. Take C? to be the conic y? — zoz = 0, P = (0,1,0), and (since @ lies
on the polar of P and not on C?) @ = (1,0, «) with a some non-zero element
of F'. Let the parameters of the points A, B, A1, By, be a,b, ay, by, respectively.
The equations of AB, AA;, BBy, A1 B are, respectively, (by Example 7.27).

abr — (a +b)y+ 2z =0,

a1z — (a+ar)y+2=0,

bbiz — (b+ b))y +2 =0,

arbiz — (a1 + b))y +2 =0.
Since @ = (1,0, «) lies on AA; and BB; we have aa; + « = 0 and bb; + a = 0.
Since (0, 1,0) lies on AB, we have a+b = 0. Therefore, aa; = bb; = —ab;. Hence

ay + by = 0 and so A1 B; has equation ai1bix + z = 0. Therefore, Ay B passes
through P = (0,1,0). O
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Exercise 7.2 Assume that the characteristic of the field F is not 2.

. Prove that the conic C, of equation
z2 +2y2 + 322 +5yz+4zx + 3xy =0
is singular and find its singular point.

. Find the polar ¢ of the point (1,2,3) with respect to the conic
fyz+ gzx + hry =0,
where f 4+ g + h = 0. Show that the point (1,1,0) lies on .

. Let C? be a conic of PG(2, F), of equation 3> — zz = 0.

(a) Identify the matrix A of the conic.

(b) Write down the polar Y+ of Y = (0,1, 0) with respect to C*.
(c) Find the intersections of Y+ with C2.
)

(d) Deduce the equation of the two tangents from Y to C?, and verify the equation
found in Example 7.39(2).

. Given the conic z? — 2zy + 4y — 422 = 0,

(a) Find the equation of the tangent at (2,2, —1);
(b) Find the polar line of (2,3, —1);

(c) Find the pole of [3,—2,1];

(d) Find the tangents passing through (0,0, 1).

. Find the equation of the tangent to the conic
2 2 2
¥4 2y" + 52" —2yz — 2z —4zy =0

at the point (1,1,1). Find the equation of the pair of tangents from the point (0, —2,1)
to the conic.

. Prove that the polar lines of all points on a line are concurrent.

. Find the equation of the conic through the points
A= (051a2)7 B:(zaovl)7 C:(17270)7 D:(0717_2)7 E= (_27051)

(Hint: Either solve five homogeneous linear equations or using (AB) to represent the
equation of the line AB, note that (AB) - (CD) and (AC) - (BD) are conics through
the points A, B,C, D. Thus, (AB)-(CD)+ X(AC) - (BD) = 0 is the equation of a conic
through A, B,C, D. Find X to ensure that E lies on such a conic.)

. Prove that if five distinct points on a conic are such that no three are collinear, the
conic is non-singular.

. Let A, B,C be any three points on a conic C?. Let the tangents at A, B,C be d, e, f,
respectively; let the vertices of the triangle formed by these tangents be D, E, F' (oppo-
site d, e, f, respectively). Prove that the two triangles ABC and DEF are in perspective
from a point.
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Let C? be a conic of PG(2,F) of equation X*AX = 0. Let P,Q be distinct points
of PG(2,F). Let the line PQ intersect C? in the points R, S. Write R = P + 6,Q,
S = P+ 02Q. Prove:

(a) 01 + 02 = 0 if and only if P*AQ = 0 if and only if (Q, P; R, S) = —1.

(b) The polar of P with respect to C? is the locus of points @ such that (P,Q; R, S)

(c) If Py, Ps,P3, Py are any four points on C?, then use the harmonic property of
the quadrangle to prove that the diagonal triangle of the quadrangle Py P> P3Ps is
self-polar with respect to C2.

Let C be a given conic. Prove that if triangles ABC, PQR are both self-polar with
respect to C, then the six vertices lie on a conic.

(Hint: Take ABC as the triangle of reference. Get az® + by? + cz® = 0 as a canonical
equation for C. Take P = (z1,y1,21),Q = (22,y2, 22), and R = (x3,ys, 23). Prove P
lies on the conic of equation

a$1$2$3 +by1yzy3 +c2512'223 _ 0.)
x Y z

Let X, Z be two points of an irreducible conic C? of PG(2, F). Let point P be the pole
of XZ. Let C and D be two points of X Z, distinct from X and Z, such that D lies on
the polar of C. Let ¢ be any line through P, distinct from PX and PZ, intersecting
the conic C? in the points A and B. Let E = ADNBC and F = AC N BD. Prove that
E and F lie on C?, and that the line EF passes through P.

(Hint: Take XPZ as the triangle of reference, the conic C? as y? = zx, the points
C,D,A, B as (c,0,1), (d,0,1), (A2, \, 1), and (¢?, ¢, 1), respectively. Find the relation
between ¢ and d, and the relation between A and ¢. Deduce that E and F' have coor-
dinates of type (u?, —u,1) and (u?,u,1).)

Let C? be a conic not through the vertices of a triangle ABC'. Let C? intersect the sides
BC,CA, AB in the points (P, P'), (Q, Q"), (R, R"), respectively. Prove that AP, BQ,CR
are concurrent if and only if AP, BQ', CR’' are concurrent.

A wariable chord AB of a conic C? passes through a fized point P, P ¢ C?. The lines
joining A, B to another fized point Q@ (Q ¢ C?) meet the conic again in points C, D,
respectively.

Prove that C'D passes through a fixed point.

Conic envelopes

The dual concept to a plane curve of order n is the envelope of class t.

Definition 7.45 An envelope X! of class t of PG(2,F) is the set of lines
whose coordinates [l,m,n] satisfy a homogeneous equation of degree t.

Thus, through a point P of PG(2, F), either there pass t lines of Xf, or else
the pencil of lines through P belongs to Xt



156 Conics

In particular, a conic envelope X2, of equation
¢ = Al>+ Bm?+Cn?>+ Fmn+ Gnl + Hlm =0

is of class 2.
All the theory developed for the conic may now be ’dualised’. For exam-
ple:
1. On each line of an irreducible conic envelope ¥2, there exists a unique point
(called its tangential point) which lies on no other line of %2.

2. In PG(2, q), an irreducible conic envelope has ¢ + 1 lines.

3. If ¢ is even, the ¢ 4+ 1 tangential points of an irreducible conic envelope of
PG(2, ¢) lie on a line, called the nucleus line of the envelope.

4. A reducible conic envelope is the set of lines through two points, the two
points possibly coinciding, possibly belonging to a quadratic extension of F'.

Theorem 7.46 If the characteristic of the base field F is not two, then the
tangent lines of an irreducible conic C* of PG(2,F) form an irreducible conic
envelope, (called its associated envelope).

Proof.  Let X!AX = 0 be the equation of an irreducible conic C? of PG(2, F).
Thus |A| # 0, and so A~ exists. The tangent line £ at the point X of C? is

(= X"'A.
Therefore,
(AT = XTAATTATX
= X'AX, since A is symmetric
=0, since X € C2.
Since |A7!| = ﬁ = 0, it follows that the set of tangent lines is an irreducible
conic envelope of equation ¢A~1¢ = 0. O

Exercise 7.3 In these two questions, assume that the characteristic of the field F' is
two.

1. Let the equation of a conic envelope 2 of PG(2, F) be

¢ = Al> + Bm® + Cn® + Fmn + Gnl + Hlm = 0.

(a) Prove that ¥? is made up of two coincident points if and only if F = G = H = 0.
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(b) Suppose F,G, H are not all zero. Show that the line ¢ = [F, G, H]| satisfies

% _ 06 _ 90 _

o~ om  on
(The line £ = [F, G, H] is called the nucleus line of ¥2.)
Show that £? reduces to two distinct points, if and only if its nucleus line £ =
[F, G, H] belongs to it.

(c) Prove that if Y2 is an irreducible conic envelope, then the ¢ + 1 tangential points
of ¥? lie on the nucleus line £ = [F, G, H].

(d) Let £? be an irreducible conic envelope, and let £ be its nucleus line. Prove that
$2 U {/} is a dual (g + 2)-arc.

(e) Let %2 be an irreducible conic envelope. Let a, b, ¢, d be any four lines of 2. Let
x,y, z be the diagonal lines of the quadrilateral abcd. Prove that the diagonal lines
x,7, z pass through a point R, and R lies on the nucleus line of £2, and hence is
a tangential point of %2
(Hint: Example 7.32 deals with the dual situation. For example, ‘the diagonal
points of a quadrangle’ is the dual concept of ‘the diagonal lines of a quadrilateral’.)

. Let X2 be the conic envelope of equation: 12 + m? + mn + Ilm = 0.

(a) Find the nucleus line of ¥ and hence show that ¥? is non-singular.

(b) Show that [0,1,1] € £2. Find the tangential point of ¥? on the line [0, 1, 1].
(c) Show that [1,1,0] ¢ %2. Find the tangential point of %? on the line [1,1,0].

Exercise 7.4 In these questions, assume that the characteristic of the field F' is not
two.

. Prove that the conic envelope 1% +m? 4+ n? — 2mn — 2nl + 2lm = 0 is a repeated point.

. Let C? be an irreducible conic, and £2 its associated envelope. Let P be a point, and
P its polar with respect to C?. Prove that P and P+ are pole and polar with respect
to X2

. Find the pole of the line [—1, 1, 0] with respect to the conic envelope P4+m24+n?—6mn =
0.

. Let ©2 be the conic envelope mn + nl+ Im = 0. Prove that £? touches the sides of the
triangle of reference XY Z.

Let ¢ be a line through the point Y, and let L be the pole of the line £ with respect to
%2, Prove that the point ZL N/ lies on the line z —y — z = 0.

. Let ABC, A’B’C’ be two triangles in a field plane PG(2, F'). Prove that the following

results are equivalent:

(a) There exists a conic S through the vertices of the triangles.

(b) There exists a conic C touching the sides of the triangles.

(c) There exists a conic D such that the triangles ABC, A’B’C’ are both self-polar
with respect to D.

(Hint: By Exercise 7.2(12), we have (¢) = (a). Use the equation obtained for S, and
duality to prove (¢) = (b) and (b)) = (a).)
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. Let A, B,C be three points on a conic S. Suppose also that the sides of the triangle
ABC touch a conic C. Let A’ be any point of S, and let the tangents from A’ to C
intersect S again in the points B’ and C’. Prove that B’C" touches C.

(Hint: Use the result of question 5. Also, use the dual of the result in Example 7.16,
namely that five points, no three collinear, lie on a unique irreducible conic.)

Conics over finite fields of odd characteristic

The two intersections of a given line £ and a given irreducible conic C? of PG(2, q)
may be distinct in PG(2,¢%)\PG(2,q), may be coincident in PG(2,q), or may
be distinct in PG(2, ¢). From a combinatorial point of view, in PG(2, ¢) a line £
and an irreducible conic C?2 may have 0,1, or 2 points in common.

Definition 7.47 Let C? be an irreducible conic of PG(2,q),q odd.

1. A line ¢ of PG(2,q) is a secant, a tangent, or an external line of C?
depending on whether the two points of C% N ¢ belong to PG(2,q), are coin-
cident, or belong to PG(2,¢*)\PG(2,q), respectively.

2. Let P be a point not on C?. Then P is an interior point or an exterior
point of C? depending on whether the polar of P with respect to C? is an
external line or secant, respectively.

It follows from Definition 7.47, that through a point P there pass 2 or 0 tangents
to the irreducible conic C? depending on whether P is an exterior or interior
point of C?, respectively. Hence, since C? is a (¢ + 1)-arc, we have the following.
1
Number of secants of C? = (q—;— )
= number of exterior points of C2.
Number of tangents of C? = ¢ + 1.

1 1
Number of external lines of C? = ¢®> + ¢+ 1 — (q; ) —(g+1) = §q(q -1)
= number of interior points of C2.
Example 7.48 Prove that if C? is an irreducible conic of PG(2,q), ¢ odd,
then
1. On every external line of C?, there are %(q+ 1) exterior points, and %(qu 1)
interior points.
2. On every secant of C?, there are 3(q—1) exterior points and % (¢—1) interior
points.
Solution.

1. Let ¢ be an external line of C?, and P its pole with respect to C2%. By
definition, P is an interior point of C?, and therefore through P there pass
%(q—l— 1) secants and %(q—i— 1) external lines of C?. By the pole—polar property,

the poles of the $(¢ + 1) secants through P lie on the line ¢, and are all
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exterior points. The remaining %(q—l— 1) points of ¢ are the poles of the
%(q + 1) external lines through P; these points are interior points.

2. Let £ be a secant of C?, and let £ N C? = {A, B}. Let P be a point of C?,
distinct from A and B. Let the tangent ¢p at P to C? intersect £ in the point
Q. Through Q, there pass a second tangent to C2. Thus the (¢ — 1) tangents
of C?, distinct from the tangents at A and B, intersect £ in %(q —1) distinct
points; these points are exterior points of C2. The remaining %(q —1) points
of ¢ (distinct from A and B) are interior points of C2. O

Theorem 7.49 Let P, Q be two exterior points of a conic C? of PG(2,q), q odd,
such that Q lies on the polar of P. Then, PQ is an external line of C? if ¢ = —1
(mod 4), and is a secant of C? if ¢ =1 (mod 4).

Proof.  First, assume that ¢ > 7, and there-
fore C? has at least eight points. Through P
draw a secant AB, distinct from the polar
of @, intersecting C? in A and B. Join AQ
and B(@. Since A does not lie on the polar of
Q, AQ is a secant of C2. Let AQ intersect
C? further in A;. Similarly, let B; be the
point of intersection of secant BQ with C?.
By Example 7.44, the secant A;B; passes
through P. Thus, ABB1A; is a complete
quadrangle having P and @ as diagonal points. It follows that the ¢ + 1 points
of C? consist of

1. Disjoint sets of four points (of type ABB1A;1).
2. Two points on each of the polars of P and Q.
3. Two points, if any, of PQ.

Hence, if PQ is a secant, then 4 divides ¢ — 1, and if PQ is an external line,
then 4 divides ¢ + 1.

The case g = 3: On every secant lies a Q
unique exterior point. So, if P and @ are
exterior points, P@Q cannot be a secant.

The case ¢ = 5: Let Ay, Ag, ..., Ag be
the six points of C2. Let PA;As be the A
polar of Q. Let QA3sA,4 be the polar of P. - — —
Then PAj is a secant of C? and therefore P
passes through Ag. Similarly, @, As, Ag are
collinear. Thus PQ is a secant of C2. O
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Theorem 7.50 Let P be an exterior point of C? of PG(2,q), q odd, and P+ its
polar with respect to C?. Then the intersection of P+ with any secant through P
is an exterior point if ¢ =1 (mod 4), and an interior point if ¢ = —1 (mod 4).

Proof.  Let Q be an exterior point on P+. Suppose ¢ = 1 (mod 4). By Theo-
rem 7.49, PQ is a secant. There are %(q — 1) secants through P, and %(q -1
exterior points on P1 (see Example 7.48(2)). Thus all the secants through P
intersect P1 in an exterior point. The case ¢ = —1 (mod 4) is similarly proved.

O
Let C? be an irreducible conic in PG(2, q), of equation

¢ =X'AX = ax? + by® + c2® + 2fyz + 29wz + 2hay = 0.
It is convenient to write Joachimsthal’s equation as
¢pp +200pq +0°0gq = 0,

where P'AP = [¢ppp|, P'AQ = [¢pg], and Q' AQ = [¢pgo].

Theorem 7.51 Let C? be an irreducible conic in PG(2,q), q odd, of equation
¢ = 0. Using the notation above, the values ¢pp for exterior points P of C?
are either all squares, or all non-squares. When the values ¢pp are squares for
exterior points P, the values ¢pgg are non-squares for all interior points Q) of
C?; and conversely.

Proof.  Suppose that for a particular exterior point P, ¢pp is a square. From
P draw a tangent t to C2. Let ¢’ be any other tangent to C2, intersecting ¢ in the
point Q. Since PQ is a tangent to C2, Joachimsthal’s equation has discriminant
zero. Therefore (¢pg)? = dppdoq. Since ¢pp is a square, so is Poq-

If Py is any point of #/, distinct from @, and from the point of contact of C
and ¢/, then repeating the above argument proves that ¢p p, is also a square.
Thus, this is true for all exterior points.

Let R be any interior point of C2. Through R draw a secant ¢ of C2. Let
P (necessarily an exterior point of C?) be the pole of ¢ with respect to C?.
Thus ¢pr = 0. By Theorem 7.70, PR is a secant if ¢ = —1 (mod 4), and
an external line of ¢ =1 (mod 4). In the first case, —1 is a non-square, and the
discriminant —4¢pp¢rr of Joachimsthal’s equation is a square. Therefore ¢ i is
a non-square. In the second case, —1 is square, the discriminant of Joachimsthal’s
equation is a non-square. Again, ¢rg is a non-square.

The converse is similarly proved. O

Exercise 7.5
. Prove Theorem 7.51 as follows, justifying the validity of each step of the proof:
(a) Take C? to be the conic ¢: y*> — zx = 0.

(b) If P = (z0,yo0,20) is any point of PG(2,¢q), then an arbitrary line through P is a
tangent to C? if and only if y§ — zoxo is a square.
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2. Let A, B, C be three distinct points of an irreducible conic C? of PG(2,q), ¢ odd. Let
£ be any line, not through A, B or C. Prove that the three points of intersection of £
and the sides of triangle ABC' are either all exterior, or two interior and one exterior.

Conics in PG(2,R)

Recall that in PG(2,R), the line z = 0 is called the line at infinity, and is denoted
by ¢s. The equation of £%  (the line at infinity) of PG(2,C) is also z = 0. Let
C? be a conic in PG(2,R), of equation

¢ = ax?® + by? + c2® + 2fyz + 2gxz + 2hay = 0,

or, in matrix notation

X'AX =0,
where
ahg
A= |hbf
gfc

Thus the points at infinity on C? are given by z = 0 and ax?+by?+2hay = 0.
1. If h? —ab > 0, C? N {4 is made up of two distinct points in PG(2, R).

2. If h? —ab =0, {, touches C? at the point (h, —a,0).

3. If h? —ab < 0, C? N4y is empty and C? N 2% is made up of two (conjugate)
points in PG(2, C).

Definition 7.52 In cases 1, 2, and 3 above, the conic is called an hyperbola,
a parabola, and an ellipse, respectively.

OO0

Example 7.53 Let C? be a conic in PG(2,R), of equation
¢ = ax® + by® + c2® + 2fyz + 292z + 2hay = 0.

Suppose I = (1,i,0) € C?. Then, necessarily J = (1, —i,0) € C2. Thus substi-
tuting into ax? + by? + 2hxy = 0, we have

a—b=x2hi=0.
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Since a,b, h € R, we have a = b and h = 0. The equation of C? becomes

¢ = ax® + ay® + c2* + 2fyz + 2922 = 0.

Definition 7.54 A conic of PG(2,R) containing the points I and J is called a
circle. The points I,J are called the circular points at infinity.

Note 48 1. Under Definition 7.54, in PG(2,R), any line together with Ly is
a circle. So, also is any pair of conjugate lines through I and J. These are
the reducible circles.

2. Recall that an irreducible conic is uniquely determined by five points, no
three collinear. Thus a circle is uniquely determined by three non-collinear
points of PG(2,R)\{l}, as it necessarily passes through I and J.

Definition 7.55 Given a conic C? of PG(2,R), the pole of £ with respect to
C? is called the centre of C?. Any line through the centre of C? is called a
diameter.

Note 49 1. The centre of a parabola is at infinity.

2. The centre of an ellipse or a hyperbola is in the affine plane PG(2,R)\{ls},
as will be seen presently.

Example 7.56 Find the centre of the conic C?, of equation X*AX = 0.

Solution. Let the centre of C? be (2’,y’,2'). Since it is the pole of /,, with
respect to C?, we have:

‘ 1‘/ y/ Z/
r|a h g _ _
z|lg f ¢

Therefore,

ar’ +hy' +g2 =0,
ha' + by + f2' = 0.

Therefore (2,3, 2') = (hf — bg, gh — af,ab — h?). O
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Note, in particular:

1. For a circle, a = b and h = 0. Thus, the centre of a circle is (—ag, —af,a?).
If a # 0 (which is true for all irreducible circles), the centre is (—g, —f, a).

2. If ab — h? # 0, which is the case for ellipses and hyperbola, then the centre
is in PG(2,R)\{ls0 }-

Example 7.57 Let O be the centre
of a circle C?, and let d be a diameter
of C2. Let d N C? = {A, B}. Prove
that the tangents to C? at A and B
are parallel.

Solution. Since d passes through O,
the pole of %, by the pole—polar prop-
erty, the pole P of d lies on £% . Also
the tangents at A and B meet at P,
and therefore are parallel. O

Note 50 Recall that in the Euclidean plane, two lines

lx+my+n=20,
Uz +m'y+n =0,

are perpendicular if and only if lI' + mm’ = 0. Now, in Example 7.57, let P =
(1,a,0), « € R. Then any line through P is of form

lar —ly+cz =0,
for some l,c € R. The polar d of (1,a,0) with respect to the circle is
az +aay + (g + fa)z = 0.

Thus, the tangent at A is perpendicular to the diameter through A.

Definition 7.58 (Focus-directrix) Let C? be an irreducible conic of PG(2,R).
From I = (1,i,0) and J = (1,—i,0) there pass four tangents to the conic C?
(considered as a conic of PG(2,C)), two through each point. The points of inter-
section of these four tangents are called the foci of C?. A directrix of C? is the
polar of a focus of C?, and hence C? has four directrices. A directrixz (focus) is
said to be affine if it is a line (point) of PG(2,R)\{s.
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The ellipse or the hyperbola

1
O
o Dire/ctrix
I J
Focus
/7
The circle ,” The parabola

Note 51 1. The hyperbola and the ellipse have each two real foci and two
conjugate foci, two real directrices and two conjugate directrices.

2. The circle has its centre as focus, and has no affine directrix.
3. The parabola has one affine focus and one affine directriz.

Example 7.59 Let P = (1,,0), @ = (1, u,0). Prove that (I,J; P,Q) = —1 if
and only if Ay = —1.

Solution. Relative to A = (0,1,0), B = (1,0,0), C = (1,1,0), the points
1, J, P, have parameters i, —i, A, u, respectively. Therefore,
i — A | —i— A
(i, i, M\ ) = —1 = ~ A |
T—p | —i—p

= =N+ ) = (4N — )
= 2pu=-2 (on simplification)
— \u=-1
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Example 7.60 In the extended Euclidean plane, the two lines

lx +my+nz =0,

mx —ly+n'z =0,

are perpendicular, and intersect the line at oo at the points P = (1,—m/l,0)
and @ = (1,1/m,0). By Example 7.59, (I,J; P,Q) = —1. O

Definition 7.61 A rectangular hyperbola is a conic of PG(2,R) of equation

¢ = ax® +by® + cz® + 2fyz + 2gzx + 2hay =0,  where a+b = 0.

Example 7.62 1. Any conic PG(2,R) made up of two perpendicular lines is
a rectangular hyperbola. This is because, in

(lz +my +nz)(mx —ly+n'z) =0,

the coefficients of x? and y? are ml and —ml, respectively.

2. Any conic PG(2,R) for which a = b = 0 is a rectangular hyperbola. Such a
conic passes through P = (1,0,0) and @ = (0,1,0). In particular, £, and
any other line form a rectangular hyperbola. (]

Example 7.63 Let C? be a conic PG(2, R) intersecting £, in distinct points P
and Q. Prove that C? is a rectangular hyperbola if and only if (I, J; P,Q) = —1.

Solution. First, assume a and b are not both zero. Let P = (1, A,0), @ = (1, ,0)
be points of C2. Then A, p1 are zeros of by? + 2hy + a = 0. Thus bAy = a. So, C?
is a rectangular hyperbola if and only if a + b = 0, if and only if Ay = —1, and
(by Example 7.59), if and only if (I,J; P,Q) = —1.

If a=b=0, then P=(1,0,0), Q = (0,1,0) lie on C? and (I,J; P,Q) = —1. O

Exercise 7.6 Prove that two perpendicular tangents to a parabola intersect on the
directrix.

A non-empty irreducible conic viewed as a line

Recall from Section 24 that if any three distinct points of a line ¢ of PG(r, F') are
assigned the parameters oo, 0,1, the parametric representation of ¢ is uniquely
determined. In fact ¢ may be regarded as {(1,6) | § € F'U {oco}}. The same
situation arises for a non-empty irreducible conic C?: if any three distinct points
of C? are assigned the parameters oo, 0, 1, the parametric representation of C?,
namely {(1,60,0%);0 € F U {oo}}, is uniquely determined. Given a non-empty
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irreducible conic C? of PG(2, F), the set of all collineations of PG(2, F') which
fix the conic (as a set of points) with respect to composition of functions forms a
group, called the group of the conic. We aim to show that this group is isomorphic
to the group of the line. Thus, a non-empty irreducible conic has the structure
of a line.

Example 7.64 Let X and Z be any two points of a non-empty irreducible conic
C?. Let o be a map, from the pencil of lines with X as vertex to the pencil of
lines with Z as vertex, defined as follows: for every point P of C2, (X P)° = ZP.
Prove that o is a homography between the two pencils.

Solution. Take X = (1,0,0),Z = (0,0,1), and C? as y? = zz. Let P = (1,0, 0?).
Then the equations of X P and ZP are

fy—2=0 and Oz —y=0.
Therefore, the pencils are homographically related. (Il

Theorem 7.65 Let A1, Ao, As, Ay be four points of an irreducible conic C? of
PG(2,F). Choose a fifth point O of C2. Then

1. (Chasles’ Theorem) The cross-ratioO(A1, Aa; As, A4) isindependent of the
choice of O. Define the cross-ratio (A1, As; Az, Ay) to be O(Aq, Ag; As, Ay).
2. Let 0; be the parameter of A; (i=1,2,3,4) when C? is taken as {(1,0,0%) | 0 €
Fu {OO}} Then (Ah AQ; 1437 A4) = O(Al7 AQ; Ag, A4) = (91, 92; 93, 94)
Proof.

1. Choose another point O; of C?. By Example 7.64, there exists a homo-
graphy o between the pencils of lines with O and O; as vertices, such that
(OA;)° = 014, (i=1,2,3,4). By Theorem 4.70, cross-ratios are invariant
under a homography, and so

O(A1, Az; Az, Ag) = O1(Ar, Az; Az, Ay).
2. Take O as (1,0,0). Then the line OA; has 6; as parameter. Hence
(A1, Ag; Az, Ayg) = O(Ax, Az; Az, Ag) = (01, 02;03,04). O

Given a non-empty irreducible conic C? of PG(2, F), the set of all homogra-
phies of PG(2, F') which fix the conic (with respect to composition of functions)
forms a group. We can now show that this group is isomorphic to the group of
homographies of the line.

Theorem 7.66 A homography o of PG(2,F) fives the conic C? : y?> = zx if
and only if it can be written as

ad +b
ch+d’

0— o= ad —bc # 0.
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Proof. Let 01,05,605 be the parameters of three distinct points A;, As, Az of
C?, and let 0 be the parameter of another point A of C2. Let o be a homogra-
phy of PG(2, F) which fixes the conic C2. Let Ay, Ay, A3 be chosen by the fact
that 00,0,1 are their new parameters. Let ¢ be the new parameter of A. By
Theorem 7.65,

(A1, Ag; A3, A) = (00,0;1, ) = (01,02;03,0).

Therefore,
O —05 05— 03
0= 6, —0 / 0y — 0
af +b
= 0T d where a = (03 — 61), etc.

On simplification, ad — bc = (0 — 03)(02 — 03)(03 — 61).
Since 61,05, 05 are distinct, we have: ad — bc # 0.
Conversely, if

ad +b

cd+d
is a homography on C?, then there are three distinct points Aj, Ao, A3 whose

new parameters are 0o, 0,1, respectively. Therefore ¢ is the parameter in the
canonical representation defined by A;, As, As. (Il

0 — ¢o= ad —be # 0,

Note 52 Theorem 7.66 says that the group of homographies of PG(2, F') which
fizes an irreducible conic is isomorphic to the group of homographies of PG(1, F).
Note that if a € Aut F, then (1,0,0%)* = (1,0%,(0%)?), and therefore an auto-
morphic collineation leaves C? invariant. Thus the group of all collineations of
PG(2, F) which fizes the conic (as a set of points), like the collineation group of
the line, may be written as

ad® +b
= — - Aut F.
10} B d ad —bc#0, ac Aut

For PG(2,p"), the order of the group of the conic is equal to (q+1)q(q—1) x h.

Exercise 7.7 In the following questions, the term irreducible conic is used to mean
non-empty irreducible conic.

1. Assume that the characteristic of the base field is not two. Let C? be an irreducible
conic of PG(2, F), and P be a point not on C?. Let the points of contact of the
tangents from P to C? be A and B, these two points possibly belonging to an
extension of F.

(a) Take C? to be y? = zz. Consider the lines of the pencil with P = (a, b, cg
as vertex. Write down the condition that the chord joining the points of C'
with parameters 6 and ¢ passes through the point P. Deduce that the map
o: 0 — ¢ is an involution on C2. [The lines of the pencil with P as vertex are
said to cut an involution ¢ on C?. We call P the vertex of o.]
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(b) Prove the converse: every involution on C? is generated by chords which pass
through a fixed point. Deduce that two involutions on C* have a unique pair
of corresponding points in common.

(c) Deduce that (A,B;C,D) = —1, where C,D € C?, and chord CD passes
through P.

(The Cross Axis Theorem for conics.) (See Exercise 4.8.) Let P;,4 = 1,2, ... be
the points of an irreducible conic C?. Let o be a homography on C?. Prove that
the point of intersection P; Py N P; P of the cross joins P;P] and P; P/ lies on a
line (called the cross axis of the homography.)

(Hint: There are two cases to consider.

Casel: If o has two fixed points, take them to be X = (1,0,0) and Z = (0,0, 1) in
a canonical representation of C2. Show that the equation of o reduces to §' = k#.
Show that the point (61, k62) N (B2, k61) lies on the line X Z.

Case 2: If o has only one fixed point, take it to be Z = (0,0,1) in a canonical
representation of C2. Show that the equation of ¢ reduces to 8’ = 6 + a, @ € F.
Show that the point (61, kf2) N (02, k61) lies on the line = 0 (the tangent to C?
at Z).)

(Pascal’s Theorem)(See Theorem 2.4)

Let C? be an irreducible conic of the plane PG(2, F). Let A, B,C, A’, B', C’ be six
points of C2. Then, the points L = AB'NA'B,M = AC'NA'C,N = BC' " B'C
are collinear.

(Hint: There exists unique homography o on C? such that A’ = A%, B’ = B?, and
C’ = C’. Use question 2.)

Note 53 Pappus’ Theorem is a ‘special’ case of Pascal’s Theorem.

. Let 0 be a homography on an irreducible conic C?. Let P € C?. Prove that the

set of lines PP’ is a conic envelope.

(Hint: As in the previous question, use a canonical equation for o, namely 6’ = k0,
or' =0+a,a€F.)

. Let A,B,C,D be four distinct points of an irreducible conic C? of PG(2,q), q

odd. Let O = ABNCD. Prove that O is an exterior point of C? if and only if the
cross-ratio (A, B;C, D) is a square.

Pencil and range of conics
Definition 7.67 1. Let C7 and C¥ be two curves of order n in PG(2,F), of

2.

equations f =0 and g = 0, respectively. Then the set of curves of order n of
equations f +Ag =0, A\ € F', where F' = FU{oo} and A = 0o corresponds
to C3, is called a pencil of curves, and is denoted by CT' + A\C3.

Dually, we have a range X7 + AX% of envelopes.

It follows from the definition 7.67 that

o If F = GF(q), a pencil of curves (or a range of envelopes) has ¢+ 1 members.

e Any point of CT N C¥ satisfies both f = 0 and g = 0 and therefore lies on

every curve of the pencil C7" + ACY.
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Definition 7.68 The points of CT'NCY are called the base points of the pencil
CT + ACZ. The lines of X7 N AX% are called the base lines of the range.

Suppose C? and C3 are two conics in PG(2, F) with no common component
(i.e. their equations have no polynomial of degree 1 or 2 as common divisor).
Then, every conic of the pencil C? + \C3 passes through the four points of
C?NC3, these four points possibly coinciding, possibly belonging to an extension
of the base field.

Example 7.69 Let ABCD be a quadrangle in PG(2, F'). Prove that the conics
through A, B, C, D form a pencil.

Solution. Without loss of generality, take A, B,C,D to be (1,0,0), (0,1,0),
(0,0,1), (1,1,1), respectively. Any conic C? through A, B, C, D has equation of
type (see Example 7.16)

fyz+ gza + hxy =0,

where f 4+ g + h = 0. Thus, each conic through A, B,C, D corresponds to a
point P = (f,g,h) on the line z +y + z = 0 of PG(2, F). If P, = (f1,91,h1)
and P> = (f2, g2, h2) are any two points of that line, then P can be written as
Py +AP,. Thus, C? can be written as C?+\C3 for two conics C7 and C3 through
A, B,C,D. a

Note 54 Three conics of the pencil of
conics through A,B,C,D are the line
pairs (AD, BC), (AC, BD), and (BD, AC).
Thus, any conic through A, B,C, D has
an equation of type

AC.BD + AAD.BC = 0,

where AC.BD means the product of the
equations of the lines AC and BD; sim-
wlarly for AD.BC.

In Example 7.32, it was shown that if the characteristic of the field F is two, the
nucleus N = (f, g, h) of the conic

fyz+gzez+hzy =0

lies on the diagonal line
z+y+2=0

of the quadrangle of reference. Thus, we have: the nuclei of the ¢ + 1 conics of
the pencil of conics through the vertices of a quadrangle are the ¢ 4+ 1 points of
the diagonal line of the quadrangle.
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Exercise 7.8 Unless otherwise stated, assume that the characteristic of the field F is
not two.

1. Let I, m be lines and S be an irreducible conic of PG(2, F'). Investigate the following
pencils S + Al.m of conics:
(a) 1 and m are chords, and I Nm ¢ C2.
(b) 1is a tangent to C*, m is a chord, and I N'm ¢ C2.
(c) 1is a tangent to C2, m is a chord, and I N'm € C.
(d) 1 and m are distinct tangents to C2.
(e) Iis a tangent to C2, and I coincides with m.

2. Investigate the dual situation of question 1.

3. Let ABCD be a quadrangle in PG(2, F).
(a) Explain why the coordinates of A, B,C, D can be taken as

()‘Hu'7 V)v (7A7/“La V)7 (/\a 7#77/)7 ()‘7”’771/)7

respectively. Compute the coordinates of the diagonal triangle under this rep-
resentation.

(b) Show that the equation of any conic through A, B, C, D can be taken as
az® + by2 ez = 0, where a,b,c € F, and aX? + b,u2 +a’ =0.

(c) Deduce that the diagonal triangle of the quadrangle ABCD is self-polar with
respect to every conic of the pencil through A, B, C, D.

4. (a) Suppose C; and C3 are two rectangular hyperbolae of PG(2,R). Show that
every conic of the pencil C1 + AC> is a rectangular hyperbola. (See Defini-
tion 7.61.)

(b) Suppose A, B, C' are any three distinct points of a rectangular hyperbola Ci.
Let AH be the line perpendicular to BC, intersecting C1 at H. Prove that
C1 + ABC.AH is a rectangular hyperbola.

(c) Deduce that H is the orthocentre of triangle ABC (i.e. H is the point of
intersection of perpendiculars from vertices to opposite sides of the triangle).

5. (Pascal’s Theorem, see Exercise 7.7(3).)
Let A, B,C, D, E, F be six points on a conic of equation S = 0. Let

L=ABNDE, M=AFnDC, N=EFnBC.

Prove that the points L, M, N are collinear by the following steps:
(a) Identify the base points of the following pencils:

Sy =S — A(AD).(EF) = 0,
Sy =S — u(AD).(BC) = 0,
81 — VSQ =0

(b) Where do the line pairs (AB,CD) and (AF, DE) of the two pencils Si,S2
intersect?
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(¢) By considering the conic S1 — Sz = 0, show that there exist A\, u € F' such
that
(LM) = u(BC) — A(EF) = 0.

Pascal’s Theorem is often stated as: ‘If the vertices of a hexagon lie on a conic,
then the points of intersection of opposite sides are collinear’.



8 Quadrics in PG(3, F)

Preliminaries

In Chapter 7, we found that conics (quadrics of PG(2, F')) are rich in properties.
We expect quadrics of PG(3, F') also to have interesting properties. First, we
have an introductory look at the situation in PG(r, F').

Definition 8.1 The set of points (xo, x1, ... ,x,) of PG(r, F') satisfying a homo-
geneous polynomial ¢ in xg, ..., x, of degree two

qﬁ:Zaijxixj, (OS’LS]ST)
g>i

is called a quadric, and is denoted by Q2 . Dually, the set of hyperplanes of
PG(r, F) satisfying a homogeneous polynomial of degree two is called a quadric
envelope.

Theorem 8.2 Let S,, be an n-dimensional subspace of PG(r,F), and Q>_, a
quadric of PG(r,F). Then Q>_| NS, is a quadric of Sy, unless S, lies wholly
on Q2 .

Proof. Choose the coordinate system so that the equations of S, are x; = 0,7 =

n+1, ..., r. Substitute this into the equation ¢ = 0 of @2 _; and an homogeneous
equation ¢* = 0in xg, ... ,x, is obtained. If ¢* is identically zero, S,, lies wholly
on Q2 ;. Otherwise, ¢* = 0 is the equation of a quadric in S,,. O

Note 55 When working in r—dimensional spaces over a field F', we say a sub-
space m belongs to an extension E of F' if m belongs to PG(r,E), but not to
PG(r, F); if m belongs to PG(r, F), we say 7 belongs to F.

In particular: in PG(r, F),

1. A quadric of a line is a point pair, possibly coinciding, possibly belonging
to some quadratic extension of F.

2. Every line of PG(r, F) meets Q2_; in two points (possibly coinciding, pos-
sibly belonging to a quadratic extension of F'), or else lies wholly on Q2 ;.

3. As the example of the quadric 22 +y% + 22 +t2 = 0 of PG(3, R) shows, there
exist fields F' and quadrics of PG(r, F) which have no point in PG(r, F).
Quadrics of PG(r, F) which have no point in PG(r, F') are called empty;
those which have points in PG(r, F) are called non-empty.
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Every plane of PG(r, F') intersects Q2_; in a conic. If F' = GF(q), every conic
has at least one point belonging to GF(q) (see Theorem 7.22); therefore in
PG(r,q), Q> , has points belonging to GF(q).

Definition 8.3 1. Q2 | is reducible if its equation ¢ = 0 splits into two
linear equations in F, or in an extension of F. Otherwise, Q> | is irre-
ducible.

2. Q% | is singular if it contains at least one point P such that every line

through P intersects Q2_, doubly there; such a point P is called a singular
point of Q2 ;.

Note 56 Recall that as far as conics of PG(2, F) are concerned the terms sin-

gular and reducible imply each other. But for r > 3, there are singular quadrics
of PG(r, F) which are not reducible.

As in the case of the conic (see Chapter 7), with the help of Taylor’s theorem,
the following results are valid:

1. A point P is a singular point of the quadric ¢ = 0 if and only if P satisfies

o¢ :
m%:Qz:QL.“J PecQ? |
2. At a non-singular point P of Q2 |, there exists a unique hyperplane P+
0 0 0
W22] vae] reenl2] o
&vo P 81'1 P 8xr P

called the tangent hyperplane at P to Q2 ;. The hyperplane P has the
property that every point @ of it (distinct from P) is such that the line PQ
intersects Q2_; doubly at P, or else the line PQ lies wholly on Q2.

By Euler’s Theorem (see Theorem 7.5)

¢ o¢ ¢
b b ST , = 2¢.
o0 Oxg T oy tote oz, 0
Thus, if the characteristic of F' is not two, any point which satisfies
9¢

g, =0 I=O0L

necessarily lies on the quadric Q2_;.
In the case of the characteristic of F' being two, 2¢ = 0, and so

o¢ o¢ o¢
T - e e O
To Dz + 1 911 + + z, oz,
Hence a point satisfying d¢/dz; = 0,4 = 0,1, ... ,r, need not lie on Q2 ;. We

have seen an example of this in the plane:
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Example 8.4 The nucleus N = (f, g, h) of the conic C? of PG(2, 2") of equation
ax? 4+ by? + c2? + fyz + gxz + hay = 0 satisfies

00 _ 06 _ 5 _,

or oy 0z

The conic C? is non-singular if and only if N ¢ C2.

Note 57 The equations

oo
8$i -

0, +=0,1,...,r

can be written in matrix form as
MX =0,
t

where M = [my;]; ma; = 2a;:, my; = my; = a5, and X = (xo, 1, ... ,z,)"

Definition 8.5 The (r+1)x (r+1) matriz M defined above is called the matrix
associated with the quadric ¢ = 0.

Example 8.6 The matrix associated with the quadric Q3 of PG(3, F)
¢ = ax® + by® + c2® + dt* + fyz + gz + hay + Lot + myt + nzt =0
is
2a h l
2 m
n

S
3 P«

[\

h
g f
Il m d

O

Note 58 Thus, if the characteristic of the field F' is not two, M is a symmetric
matriz. If the characteristic of the field F' is two, m;; = 0 for all i, and therefore
M is skew-symmetric.

Definition 8.7 Let ¢ = 0 be the equation of a quadric of PG(r,F). If P is a
point of PG(r,F), such that 0¢/0x;, when evaluated at P, is not equal to zero
for all i, then the hyperplane Pt of equation

o¢ o¢ 99 | _
IOM—‘P+$18%—‘P+"'+ITa$T—‘PO

1s called the polar hyperplane of P; P is the pole of its polar. In matriz form,
the polar hyperplane P+ of P is P*M.
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Example 8.8 Let Q2_; be a quadric of PG(r, F'), of equation ¢ = 0. Prove that
if two distinct points P, P’ satisfy 9¢/0z; = 0,4 = 0, ... ,r, then every point
of the line PP’ also satisfies 9¢/0x; = 0, for all i. Deduce that the set of points
satisfying d¢/0z; = 0, for all ¢, is a subspace of PG(r, F).

Solution. Since d¢/0x; are linear polynomials, for all A € F

0 0 0
2 —ge] wage| e
0T | piapr  OTilp 0x; | pr
Thus if points Py, Ps, ..., P, satisfy 0¢/0x; = 0, for all 4, then any point of
(Py, Py, ..., P,) also does. Hence, the set of points satisfying d¢/0x; = 0, for all
i, is a subspace of PG(r, F). O

Note 59 Let Q2 , be a quadric of PG(r, F), of equation ¢ = 0. Recall that if the
characteristic of F' is not two, any point P of PG(r, F') which satisfies 0¢/0x; =0
for all i, necessarily lies on Q?_,. This is not true when the characteristic of F'
18 two.

In the next definition and theorem, we analyse the situation when the charac-
teristic of F' is two.

Definition 8.9 Let F be a field of characteristic two. Let Q2_, be a quadric of
PG(r, F), of equation ¢ = 0. Any point P of PG(r, F) which satisfies 0¢/dx; = 0
for all i, is called a nucleus of Q2 ;.

Theorem 8.10 Let F be a field of characteristic two. Let Q>_, be a quadric of
PG(r, F), of equation ¢ = 0.
1. If there exist two points of PG(r, F) which satisfy 0¢/0x; = 0 for all i, then
Q?_, is singular.

2. If Q%_, is non-singular, then it has 0 or 1 nucleus, depending on whether r
s odd or even, respectively.

Proof. Let M be the matrix associated with quadric ¢ = 0. Recall that if the
characteristic of the field F' is two, M is skew-symmetric. The points X satisfying
0¢/0x; = 0 for all i are solutions to the homogeneous linear equations

MX =0. (1)

1. 'Y, Z are two solutions of (1), so are Y + AZ, for all A € F. Thus, every
point of the line Y Z satisfies d¢/0x; = 0 for all 4. Since every line of PG(r, F')
meets any quadric in two points (possibly coinciding, possibly belonging to
a quadratic extension of F'), or else lies wholly on the quadric, it follows that
the two points Y'Z N Q?%_; are singular points, and hence Q2_; is singular.



176

2.

Quadrics in PG(3, F)

If @Q%_, is non-singular, two cases may occur:

Case 1: 1 is even The determinant of a skew-symmetric matrix of odd order
is always zero. Therefore the rank of M is precisely r, since otherwise there
would be more than one point satisfying M X = 0, and by part (1), Q%_,
would be singular. Therefore, there exists only one nucleus of Q?_;.

Case 2: r is odd The rank of a skew-symmetric matrix of even order is an
even number. If rank M < r — 1, there would be more than one point X
satisfying M X = 0, and Q2_; would be singular. Therefore rank M = r+1,
and there is no non-trivial solution to M X = 0, and hence Q?_; has no
nucleus. (]

Note 60 As is the case for conics, over a field of characteristic different from

two,

it is convenient to take the equation of a quadric Q>_, of PG(r,F) as

X'AX =0,

where A is symmetric. Since then 2A = M, it follows that A and M play similar
roles.

Exercise 8.1

1.

Assume that the characteristic of the field F is not two. Prove that in PG(3, F),
the quadric Q%, of equation

d(x,y, 2, t) = 2° + 2yz + 22z + 20y = 0,
has a unique singular point, namely V = (0,0,0,1). (In this case, V is called the

vertex of Q3, and Q3 is called a quadric cone.)

Let Q2_; be a quadric of PG(r, F). Let P be a point of PG(r, F)\Q?_;. Prove, with
the help of Euler’s Theorem, (see Theorem 7.5) that P lies on its polar hyperplane
P+ if and only if the characteristic of F is two.

Let x = (zo, 1, ... ,2r) and y = (Yo, Y1, - .. ,yr) be two points of PG(r, F); let
¢ = 0 be the equation of a quadric Q2_; of PG(r, F'). Verify that

O O Y o= (00l e et 2wy
yoawo ylaa:l yral‘r B xoayo $18y1 xrayr Y

Deduce

(a) If point P lies on the polar of point Q with respect to @2_;, then Q lies on
the polar of P.

(b) The polar hyperplane of a point P passes through every point @ which satisfies
0¢/0x; = 0, for all i.
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Quadrics Q2 in PG(3, F)

From now until the end of this chapter, unless otherwise mentioned, the term
quadric will be used to mean non-empty quadric in PG(3, F). Let the equation
of a quadric Q% of PG(3, F) be

é(x,y, 2,t) = ax® + by? + c2* + dt* + fyz + grz + hay + Lot + myt + nzt = 0.

Consider the linear equations
MX =0,

where M is the matrix associated with Q3, that is
2a h g 1

h2bf m

g f2n
I mn 2d.

M =

Four cases may occur:

Case 1: Rank M = 4. There is no non-trivial solution to M X = 0. Therefore,
Q3 is non-singular. By Definition 4.79, the map o : P — P'M is a polarity of
PG(3, F) if the characteristic of F' is not two, and a null polarity if the charac-
teristic of F is two.

Case 2: There is a unique point V which satisfies M X = 0, and lies on Q3.
If the characteristic of F' is not two, this happens when rank M = 3. If the
characteristic of F' is two, the rank of M (being necessarily an even integer) is
2. Thus, there exists a line ¢ through V' such that every point of ¢ is a nucleus
of Q3. In this case:

Definition 8.11 The line £ of Case 2 above (which can only occur if the char-
acteristic of F' is two) is called the nuclear line of Q3.

Case 3: Rank M = 2, and there exists a line m of Q% such that every point
of m is a singular point of Q3. In that case, Q2 splits into two planes (possibly
in a quadratic extension of F') about m.

Case 4: Q3 splits into two coinciding planes. Then, the rank of M is 0 or 1
depending on whether the characteristic of F' is two or not.

Definition 8.12 If the quadric Q3 has a unique singular point V (Case 2,
above), then it is called a quadric cone. The point V is called the vertex
of the cone.

Thus, a quadric cone of PG(3, F') is made up of lines through its vertex V', and
has the property that every plane not through V intersects it in an irreducible
conic. In particular, by Theorem 7.22, a quadric cone of PG(3, ¢) consists of ¢+ 1
lines through its vertex V, and therefore has (¢ + 1)g + 1 = ¢® + ¢ + 1 points.
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Example 8.13 Find a canonical equation for
a cone Q3% of PG(3,q). (Compare with
Theorem 7.24.)

V/A
Solution. Let the quadric Q3 of PG(3,q), of 2
equation ax? + by? + c2? + dt? + fyz + grz +

hxy + lxt + myt + nzt = 0, be a quadric cone.

Take vertex V as (0,0,0,1).
Thus ¢(0,0,0,1) = 0 and MV = 0. Therefore,

d=0 and
20 h g 1 0
h 2b f m 070
g f2n| |0 7
I mn 2d| |1

Therefore both d = 0 and I = m = n = 0. The equation of Q3 reduces to
ax? 4+ by? + cz? + fyz + grz + hay = 0. In the plane ¢t = 0, this last equation is
that of a conic C2. Now C? is irreducible, and by Theorem 7.24, can be taken as
having equation y? — zx = 0. Thus, a canonical equation for Q3 is y? — zx = 0.0

Note 61 If the characteristic of F' is two, the line x = z = 0 is the nuclear line
of the quadric y*> — zx = 0.

Example 8.14 Let f(z,t) = 2? + xt + at?, where 2% 4+ x + « is irreducible over
F'. Consider the quadrics of PG(3, F):

H:p=at—yz=0,

E:¢=f(x,t)+yz=0.

1. Verify that both quadrics are non-singular.
2. For each quadric, find the equation of the tangent plane Pt at the point
P =(0,0,1,0) and investigate how P+ intersects the quadric.

Solution. For quadric H:

9¢ _
or

¢ 19J0) ¢
ta o= T4, =Y ar
oy 0z ot
and therefore 0¢/0x = 0¢/0y = 0¢/0z = 0¢/0t = 0 implies that x =y =z =
t = 0. Therefore, H has no singular point. The equation of P+ is 1-(9¢/0z) =
y = 0. Therefore, P+ intersects H in the lines y = 0 = z and y = 0 = ¢: these
two lines intersect in the point P and lie wholly on H.

z,
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For quadric &:

0¢ _ 9 _, 9 _, 9% _
Bx_2x+t’ ay—z7 az—y, 6t—x+2at.

If the characteristic of F' is two, O¢/0x = 0¢ /0y = 0¢/0z = 0¢/0t = 0 implies
that + = y = 2z = t = 0 and the quadric £ has no singular point. If the
characteristic of F is not two, write d¢/0x = 0/t = 0 as

el [ =0

This is solvable non-trivially if and only if 1 —4a = 0. But, by the irreducibility of
22 4 x4 a, the discriminant 1 —4c« is a non-square in F, and therefore is not zero.
Thus 90¢/0x = 0¢/0y = d¢/0z = O¢p/0t = 0 implies that x =y =2z =t = 0.
Therefore, the quadric £ is non-singular. The equation of Pt is y = 0. Let F
be the splitting field of 22 + x + « over F, and let 3 and 3 be the zeros of
22 + 2 + a in E. Therefore, Pt intersects quadric &£ in the lines y = 0 = x — (3t
and y = 0 = & — [t, which belong to E. These two lines intersect in the point
P =(0,0,1,0). O

Hyperbolic and elliptic quadrics of PG(3, F)

It has already been noted that if F = GF(g), a non-singular quadric Q% of
PG(3, F) has points belonging to F. Throughout this section, the quadric Q3 of
PG(3, F) is assumed to be non-empty and non-singular. Thus, if M is the matrix
associated with Q3, then M X = 0 has no non-trivial solution, and therefore the
matrix M is non-singular.

By Definition 4.79, the map L : pole « polar given by L: P — P'M, is

1. a polarity of PG(3, F) if the characteristic of F' is distinct from two, since
M is symmetric;

2. a null polarity of PG(3, F') if the characteristic of F is two, since M is
skew-symmetric.

Hence, the pole and polar property (see Example 4.80) holds for L.

If the characteristic of F' is two, (L being a null polarity,) P € P+ for any point
P of PG(3, F) (see Example 4.81).

Let ¢ be a line of PG(3, F). Then ¢ is a line (see Definition 4.77) called the
polar line of €.

Consider a point P € Q2. Then, Pt (the tangent plane at P) intersects
Q3 necessarily in a conic C2. By definition, every line through P in the plane
P+ intersects Q% doubly at P. Thus, C? splits into a pair of lines £, m through
P, the lines £, m possibly belonging to a quadratic extension of F. Suppose ¢,
m coincide. Then, every point of the double line ¢ has P+ as tangent plane,
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contradicting the fact that L is a 1-1 and onto map. Thus, we have:

Theorem 8.15 Let Q% be a non-empty and non-singular quadric of PG(3,F).
For all points P € Q2, P-NQ2 (the conic of intersection of the tangent plane at
P and Q3%) splits into a pair of distinct lines (possibly in a quadratic extension
of the field F').

Definition 8.16 1. Lines which lie wholly on a non-singular quadric Q% are
called generators. (Thus there are two generators through each point of

Q3.)

2. A point P of a non-singular quadric Q% is a hyperbolic point of Q3 if the
generators at P belong to F; otherwise P is an elliptic point of Q3.

Example 8.17 1. In Example 8.14, the point (0,0, 1,0) is hyperbolic on the
quadric H, and elliptic on the quadric £.

2. In PG(3,C), there are no elliptic quadrics; this is because every polynomial
of degree two over C is reducible, and therefore the two generators at a point
P of an irreducible quadric of PG(3, C) belong to C. O

Theorem 8.18 If a non-singular quadric Q3 of PG(3, F) has one elliptic point,
then no point of Q3% can be hyperbolic.

Proof. Suppose the point P is elliptic, and the point
Q is hyperbolic on the quadric Q3. Let ¢, m be the
two generators through Q. Thus, the point P (being
elliptic) lies on neither ¢ nor m. But then the plane
(¢, P) intersects Q3 in a conic C?, and C? contains the
line ¢ and the point P ¢ ¢. Thus, C? splits into two
distinct lines ¢, n, with P on n. Furthermore, since £
belongs to F', n necessarily belongs to F', which makes
n a generator through P. This contradiction proves
that an elliptic point and a hyperbolic point cannot
co-exist on the same quadric. O

Definition 8.19 A non-singular quadric Q3 is called elliptic or hyperbolic
depending on whether Q3% has elliptic or hyperbolic points.

Note 62 An elliptic quadric £ of PG(3, F) becomes a hyperbolic quadric in an
appropriate quadratic extension of F.
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Example 8.20 Prove that in PG(3, q), an elliptic quadric £ has ¢% + 1 points,
and a hyperbolic quadric H has (¢ + 1)? points.

Solution. Let P be a point of £. There is a unique tangent plane P+ through
P, and P+ contains no further point of £. Every line through P, but not lying in
P, necessarily intersects £ in one further point. There are ¢? such lines. Hence
&€ has ¢% + 1 points.

Let P be a point of H. The tangent plane P intersects H in a pair of
generators through P; thus there are 2q + 1 points of H in the plane P+. Each
of the ¢? lines through P, which do not lie in P, intersects H in one further
point. Thus H contains ¢? + 2¢ + 1 = (¢ + 1)? points. O

Definition 8.21 In PG(3,q), a set of k non-coplanar points, no three collinear,
is called a k-cap.

Thus, an elliptic quadric £ of PG(3,q) is a (¢ + 1)-cap. For the sake of informa-
tion, we quote the following remarkable theorem (proved in 1955 by A. Barlotti
and independently also by G. Panella):

‘If q is odd, every (¢ + 1)-cap of PG(3,¢) is an elliptic quadric’.

In the case of q even, examples of (¢? + 1)-caps which are not elliptic quadrics
have been constructed.

Example 8.22 (Compare with Example 8.14) Prove that in PG(3, F), a hyper-
bolic and an elliptic quadric have

rt—yz=0 and Pz, t)+yz=0

as canonical equations, respectively, where ¥ (z,t) is a homogeneous polynomial
of degree two in z, t, and v is irreducible over F'.

Solution. Let the equation of a non-empty and non-singular quadric Q3 of
PG(3, F) be

¢ = ax® + by? + ¢2® + dt* + fyz + gxz + hay + Lot + myt + nzt = 0.

Take any point of Q% as Z = (0,0, 1,0) and the tangent plane there to be y = 0.
Then ¢ = 0 and 1 (0¢/0z) = y = 0. Thus, ¢ = 0, g = n = 0. Take another
point of @3, not in the plane y = 0 as Y = (0,1,0,0), and the tangent there to
be z = 0. Thus b = 0 = m = h; the intersection of the tangent plane y = 0 and
Q3 is given by
Y(x,t) = ax® + dt* + lat = 0,

where 1 reduces to distinct linear factors over F' in the case of the hyperbolic
quadric, but is irreducible over F in the case of the elliptic quadric. Thus, in
the case of the hyperbolic quadric, ¥(x,t) may be taken as xt. The equation of
Q3 is now reduced to 1 (z,t) + fyz = 0, with f # 0, as otherwise Q% would be
reducible. In the case of the elliptic quadric, we are done by dividing by f. In
the case of the hyperbolic quadric take any point of the quadric, not on y = 0
or z=0,as U =(1,1,1,1). Thus, 1+ f =0 and so f = —1. Hence, a canonical
equation for the hyperbolic quadric is zt — yz = 0. O
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Hence, we have (compare with Theorem 7.24): In PG(3, F), a hyperbolic
quadric has the parametric representation

(LA M),  ApeF

where F' = F U {cc}, and

1. A =00, = p1 # oo corresponds to the point (0,1,0, u1).

2. ;= 00,A =\ # oo corresponds to the point (0,0,1,\;).

3. A = p = oo corresponds to the point (0,0,0,1).
Example 8.23 Identify the generators of the hyperbolic quadric of PG(3, F),
of equation zt — yz = 0.

Solution. At each point (1, A, i, A) of H, there passes the line
Iy y= Az, t= Az

Furthermore, ¢, lies wholly on H, since the coordinates of any point of ¢, satisfy
xt — yz = 0. Similarly, the line

b, z=pzx, t=py

passes through the point (1, A, s, A) and lies wholly on H. Thus ¢ and ¢, are
the generators of H through the point (1, A, s, Ap). |

Definition 8.24 The sets of generators {x, £, (A, p € F' = FU{oco}) are called
the A\-system and the p-system, respectively. Each of these systems is called
a regulus. (See Ezercise 3.1(4).) The two reguli are said to be opposite or
complementary.

It follows that each generator £, of the A-system intersects each generator
£, of the p-system at the point (1, A, p, Ap). If €y, €x, are two generators of
the A-system, then their points are of type (1, A1, u, A1p) and (1, Ag, p, Aapt),
respectively. Thus no two generators of the A-system intersect. Similarly, no two
generators of the p-system intersect.

Example 8.25 Let £ be a generator of the hyperbolic quadric H of PG(3, q).
Then, through each point of ¢, there passes a generator of the opposite system;
the set of the ¢ + 1 generators intersecting ¢ is a regulus R, and ¢ belongs to the
opposite regulus R'. O

Theorem 8.26 Three mutually skew lines of PG(3,F) determine uniquely a
requlus that contains them. (See Exercise 3.1(4).)
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Proof. The equation of a quadric in PG(3, F') contains 10 homogeneous coeffi-
cients. Therefore, 9 points determine a unique quadric if the coordinates of these
9 points give rise to nine linearly independent linear equations in the 10 coeffi-
cients. In particular, given three skew lines ¢, m, and n of PG(3, F'), pick three
points on each line; there exists a unique quadric H containing these nine points.
Now any quadric which contains three points of a line contains the whole line.
Therefore the quadric H contains the three lines ¢, m, and n. The very fact that
‘H contains these three mutually skew lines guarantees that H is non-singular
and hyperbolic. The lines ¢, m, and n belong to one regulus of H. O

Exercise 8.2 Unless otherwise mentioned, assume that the characteristic of the field
is not equal to two.

1. In PG(3, q), for all ¢, verify that S is a quadric cone in PG(3, ¢) by showing that
S has a unique singular point
S: 22 —yt=0.
2. Prove that y? + 2% 4+ 2yz + 2zx + 2zy + 2t + 2yt + 22t = 0 represents a quadric
cone, and find its vertex.

3. Let S be a non-singular quadric of PG(3,2"). Let P be a point, with P ¢ S. Prove
that P is the nucleus of the conic SN Pt.

4. Prove that the tetrahedron whose vertices are the points
(1,0,0,0), (0,1,2,3), (0,1,1,—1), and (0,—4,5,1)

is self-polar (i.e. each vertex of the tetrahedron is the pole of the opposite face)
with respect to the quadric

2+ 17 +2y2 = 0.
5. (a) Find the equation of the quadric of PG(3, F) which have the lines
z=0, t=0; y=0, z=0; r+y—2z=0, y+z—-t=0,
as generators.
[Answer: zzx +zy +yt — 2zt =0.]

(b) Find the equation of the tangent plane at the point (1,1, 3,2) of this quadric.
(c) Obtain the equations of the two generators through the point (1,1, 3,2) in the

form
20 =1, 3y=z; 2c+y—2=0, y+z—-2t=0.

(Hint: The first line is in fact the transversal from (1, 1, 3, 2) to the given skew
lines. Write the equation of the quadric as xz(y + z) — t(z — y).)

6. For each of the following quadrics S of PG(3,¢), determine whether or not S is
singular.
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If S is singular, determine whether it is a quadric cone or a pair of planes. If S is
non-singular determine if S is elliptic or hyperbolic. Consider the cases ¢ odd and
q even separately if required.

(a) S: 2> +ay+ 2t =0.

(b) S: y? + 2% + 2wy + 2wz + 2ut + 2yz + 2yt + 22t = 0.

() S: 2* +ay+az —at —yt — 2t =0.

Using the parametric equation of the hyperbolic quadric H of PG(3, F), give the
equations of the generators of H through the point (1, A, u, Aw).

Let H be the hyperbolic quadric of PG(3, ¢), with equation

x2+22—|—xy+zt:O.

(a) For any point P(zo,yo, 20,t0) in PG(3,q), determine the equation (or plane
coordinates) of the polar plane P+ of P with respect to H.

(b) Verify explicitly that for ¢ even, P € P* for all P € PG(3,q) and for q odd,
P € P+ if and only if P € H.

(¢) For any two distinct points P and @ in PG(3, q), verify that

PeQt <« QepP

(d) For P1(0,1,0,0),P»(0,0,0,1),P3(0,0,1,—1), and Q(1,0,0,0),
(i) Verify that Pi, P>, Ps € H and Q ¢ H.
(ii) Find the equation of each of the tangent planes Pit, P+, Pst and find the
equation of the polar plane Q.
(iii) Find the equations of the two generators through each of Pi, Ps, Ps.
(Hint: Consider P{- N'H etc.)

(iv) For each of the lines Py P2, P> Ps, QP», determine if the line is a generator,
bisecant, tangent, or external line of the quadric H.

Let H be any fixed hyperbolic quadric in PG(3, ¢). Recall the definition of the map
1 (see Definition 4.79 and Examples 4.80 and 4.81). In particular,

If line € contains the distinct points P1 and Pa, then £+ = Pi- N Pst.

Solve the following using geometric arguments (i.e. do not use coordinates).

(a) Count the number of generators of H, tangent lines of H, secant lines of H
and hence determine the number of external lines of H.

(b) Let £ C H be a generator of H. Prove that ¢+ = £.
Deduce that the polarity L maps generators of H to generators of H.
(c) Let Pi, P, be two points of H such that £ = Py P, is a secant of H.
Prove that ¢ is a secant of H.
Deduce that the polarity | maps secant lines of H to secant lines of H.

(d) Let £ be a tangent to H at the point P of H. Let @ be any point of £ distinct
from P (so Q ¢ H).
Prove that £+ = (P, Q)" is a tangent line of H through P.
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Deduce that the polarity | maps tangent lines of H to tangent lines of H.

(e) Explain why it follows that the polarity 1 maps external lines of H to external
lines of H.

(f) Can we make similar statements regarding the polarity L associated to an
elliptic quadric in PG(3,¢)?

Let Q be a point of an irreducible conic C?, and let £ be a line through Q, but
not in the plane of C2. Let 0 be a homography between the points of C? and the
points of £, such that Q° = Q. Prove that the lines PP?, as P varies on £, form a
regulus.

Let £ and m be two skew lines of PG(3, F'). Let ¢ be a homography between the
points of £ and the points of m. Prove that the lines PP?, as P varies on ¢, form
a regulus.

Definition: Let S; and Sz be two quadrics in PG(3, F'), of equations ¢ = 0 and

1) = 0, respectively. Then the set of quadrics of equations ¢ + Ay = 0, A € F',

F' = FU{oo}, is called a pencil of quadrics, and is denoted by S1 + AS2. Thus,

any point of S1 N Sz lies on every quadric of the pencil. S; NS5 is called the base

curve of the pencil.

Let f = 22 + bz + ¢ be an irreducible quadratic over GF(q), and let its zeros in

GF(¢?) be o and @ = .

Let S; and Sz be two quadrics in PG(3, q), of equations 2 + bay + cy* = 0 and

2% + bzt + ct? = 0, respectively.

(a) Verify that Sp is a pair of conjugate planes intersecting in the line ¢1, of
equation x = y = 0. Similarly, S» is a pair of conjugate planes intersecting in
the line ¢2, of equation z =t = 0.

(b) Let P =(0,0,c,1) and @ = (e, 1,0,0). Verify that

S1NSe = {<P7 Q>7 <ﬁa@>7 <ﬁ7 Q>7 <P7@>}

(c) Let A be any non-zero element of GF(gq). By considering the matrix associated
with the quadric S1 + AS2, show that the quadric S1 + AS2 is non-singular.

(d) Suppose that there are e elliptic quadrics, and h hyperbolic quadrics in the
pencil S1 + AS2. Justify the following two equations:

el@®+1)+hig+1)?=¢"+¢*+qg+1—-2(q+1)
et+h=qg—1.

(e) Deduce that every quadric of the pencil S1 4+ AS2, except S1 and S», is hyper-
bolic.

(f) Deduce that £1, 2, together with one regulus from each hyperbolic quadric of
the pencil S1 + ASz, form a spread of PG(3,¢). How many such spreads are
thus constructed?

(g) (See Exercise 4.6, Question 8.)

Show that the set of lines RR, as the point R varies on PQ, is one of the

spreads just constructed. Make a similar statement about the set of lines RR,
as the point R varies on the line PQ.
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The twisted cubic

A proper definition of the term ‘a variety V' of dimension d and order n in
PG(r, F')’ is outside the scope of this book. The following covers the situation in
PG(r, F),r =2,3.

1. Recall Definition 7.7 and Theorem 7.9. In PG(2, F'), a curve C7 is the set of
points satisfying one homogeneous equation of degree n; a line £ of PG(2, F')
either lies wholly on C7' or intersects C7* in exactly n points, some possibly
coinciding, some possibly belonging to PG(2, E)\PG(2, F), where FE is an
extension of F. A line which has exactly n points in common with C7 is
referred to as a general line. Thus, the order of C7 is the number of points
it has in common with a general line of PG(2, F'). By Bézout’s Theorem,
two curves with no common component, of orders ny,no, intersect in ning
points.

2. In PG(3, F), a surface V3" is the set of points satisfying one homogeneous
equation f(x,y, z,t) = 0 of degree n. Let 7 be a plane of PG(3, F'). Without
loss of generality, take m to be ¢ = 0. Substituting ¢ = 0 into f = 0 gives
the intersection of 7 with the surface. If 7 does not lie wholly on the surface
(i.e. if t does not divide f), it is said to be a general plane. Thus a general
plane 7 intersects V' in a plane curve of order n, and a general line in
7 intersects V3 in n points. With respect to the surface, a general line of
a general plane is called a general line of PG(3, F'). Thus the order of a
surface V5' is the number of points it has in common with a general line
of PG(3, F). Any line which has more than n points in common with the
surface V3" is contained wholly on the V3.

For example, a plane is a surface of order 1.
In the case of the quadric (which is a surface of order 2), a general line
intersects it in two points; a generator of the quadric lies wholly on the
quadric, and is therefore not a general line.

3. In PG(3, F), a (space) curve C is the set of points satisfying simultane-
ously at least two homogeneous equations f; = 0, fo = 0, ..., where the
polynomials f;’s are linearly independent and do not have a polynomial of
degree i > 1 as common divisor. Let VQ{z} denote the surfaces of equations
fi=0,i=1,2,.... A plane 7 which

e is general with respect to all the surfaces Vz{i};

e does not intersect all the surfaces VQ{Z} in a common plane curve;
is said to be a general plane of PG(3, F') with respect to the curve C; such
a plane 7 intersects the surfaces in (plane) curves, and the number of points
of intersection of these curves in 7 is prescribed by Bézout’s Theorem (see
Theorem 7.26). Thus, a general plane of PG(3, F) intersects a curve C in a
fixed number n of points, and n is called the order of the curve C. Such a
curve is denoted by C7'. For example,
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(a) Aline?in PG(3, F) is given (by two linear equations) as the intersection
of two planes 71, m2. Any plane, except those of the pencil m + Ama,
is a general plane with respect to £. A general plane intersects £ in one
point. Therefore, the line ¢ is a curve of order 1.

(b) In PG(3, F), a curve of order n of a plane 7 is a curve of order n of
PG(3, F'). This is because a general plane intersects 7 in a general line,
which in turn intersects the curve in n points.

(¢) Consider two quadrics S, S’ of PG(3, F'), whose equations do not have
a polynomial of degree ¢ > 1 as common divisor. Let = be any plane
of PG(3, F'), where 7 is not contained in either quadric. Then the two
conics 7NS and mNS’ intersect in four points (some possibly coinciding,
some possibly in some extension of F'). Therefore, the curve SN’ is
of order 4.

(d) Any plane 7 of PG(3, F') which contains n + 1 points of a curve C7 of
order n, is not general: in this case, m necessarily contains a plane curve
C which lies on all the surfaces which define C7'.

Definition 8.27 A twisted cubic (or ¢ normal rational curve) of PG(3, F)
is a set of points which under a homography o of PG(3,F) can be transformed
to

C*={(6°,6%,0,1) |0 € F'}, F' =FuU{oo},

where 0 = oo corresponds to the point (1,0,0,0).

As in the case of the conic, we speak of the point ‘0’ of the twisted cubic
(63,02,0,1).
Note 63 The homography o of PG(3,F) defined by

o: (z,y,2,1) = (t,2,y,2)

applied to C® shows that another parametric representation of the twisted cubic
8

{(1,0,6%,6*) |0 € F'}, F' =FU{c0},
where 8 = oo corresponds to the point (0,0,0,1).
Example 8.28 The quadrics

S: yz—axt=0 (or

<y
Il
S
—

S y?—z22=0 (or %:3>

of PG(3, F), both contain the line y = x = 0, and they residually intersect in

points (z,y, z,t) satisfying
xr oy oz

y z t
Put 2/y = y/z = z/t = 6. Thus, the residual intersection is the twisted cubic
(62,6%,60,1). The twisted cubic cannot be a plane curve, since a plane cannot
intersect a quadric in a cubic curve.
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A plane 7 of PG(3, F') of equation ax + by + cz +dt = 0 intersects the twisted
cubic in three points 01, 05, 03 where 6; are the roots of

ab® +b0% + c +d = 0,

the three points possibly coinciding, possibly belonging to some extension of F'.
Therefore, the twisted cubic is a curve of order 3.

Note that the quadric S” of equation z? — yt contains the twisted cubic
(62,6%,60,1), but not the line y = x = 0. Thus, the twisted cubic C? is the
complete intersection of the quadrics S, §’, and S”. Thus,

yz —at =0, yz —zx =0, and 22 —yt=0

are the equations of C3. The quadrics S, S’, and S” pairwise contain C> and a
common generator, and each common generator has two points in common with
C3. Now S’ and 8" are quadric cones. Thus, in particular, C? passes through the
vertex of §”, and has one further point on each generator of S”.

Example 8.29 Find the equation of the plane 7 joining the points 61, 62, 03 of
the twisted cubic (63,602,0,1). Write ™ = (01, 02, 053).

Solution. Let the required equation be
ax + by 4+ cz+ dt = 0.

Then the plane 7 intersects the twisted cubic in three points 61, 05, 03 where 6;
are the roots of

af® +b6% + b +d=0.

Therefore,
a:b:c:d=1: 7(01 + 02 -+ 03) : 9192 +9293 +0391 : 7919293.
Thus, the equation of 7 is

T — (01 + 02+ 03)y + (0102 + 0203 + 0361)z — 016205t = 0. O

Definition 8.30 If a plane 7 intersects the twisted cubic (63,02, 0,1) in three
coinciding points 6, then w is called the osculating plane at 6.

Example 8.31 The equation of the osculating plane at the point 6 to the
twisted cubic is (putting 6 = 6; = 0 = 03)

x — 30y + 30%z — 03t = 0.
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Note 64 If the characteristic of F is three, (3a =0, for all a € F'), the osculat-
ing plane at the point 0 is

x— 0% =0.
Since each element of a field of characteristic three has a unique cube root, each

plane of the pencil of planes about the line x =t = 0 is an osculating plane.

Example 8.32 Find the equations of the line joining the points 6; and 65 of
the twisted cubic (62,6%,6,1). Such a line is called a chord.

Solution. Let 6 be any point of the twisted cubic. The required chord lies in the
plane (01,62, 6) of equation

xTr — (91 + Hg)y + (91922 + G[y - (91 + 02)2 + 919215] =0.
Thus, the equations of the chord (61, 6;) are

xr — (91 + 92)y + 60105z = 0, (2)
Yy — (01 + 92)2 + 60165t = 0. (3)
O

Note 65 No two chords of C® can intersect in a point of PG(3, F), since other-
wise they would span a plane intersecting C3 in four points, which is an impos-
sibility.
Example 8.33 Prove that through a point P € PG(3,F)\C?, there passes a
unique line ¢ which intersects C® in two points, these two points possibly coin-
ciding, possibly belonging to a quadratic extension of F'.
Solution. It follows from Example 8.32 that we need to prove that a point
P = (z1,11,21,t1) of PG(3, F)\C? gives rise uniquely to two elements of F,
namely b = 6 + 03 and ¢ = 6,0s; then the unique line ¢ is (f1,6s), given by
Equations (2) and (3). Since P € ¢,

x1 — by +cz1 =0,

y1 —bzy +ct; =0.
If P = (21,y1,21,t1) lies on the quadric cone S”, of equation 22 — yt = 0, then

the generator joining P to the vertex V = (1,0,0,0) of 8" has the required
property. If P ¢ 8", the above two linear equations in b, ¢ have the solution

po Y17 = x1ty Y-z
22—yt 2t —yit

In that case, the zeros 61, 65 of
0> — b0 +c=0

give the unique line /. U
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Definition 8.34 The line of PG(3, F) of equations

x — 20y + 6%z = 0,
y—202+6%* =0

is called the tangent line to C3 at the point 0.

Thus a tangent line of the twisted cubic C? at the point @ is a chord inter-
secting C3 doubly at the point 6.
If the characteristic of F is two, the tangent line to C? at the point # has
equations
T+ 6%z =y+0%=0,

and therefore every point (z,y, z,t) of this tangent line lies on the quadric S :
xt — yz = 0. Now, no two tangents can intersect, since otherwise the plane of
the two intersecting tangents would have four (> 3) points in common with C3.
Thus, if the characteristic of F is two, the tangent lines to a twisted cubic C? are
non-intersecting generators of an hyperbolic quadric. Hence:

Theorem 8.35 If the characteristic of the field F' is two, then the tangent lines
to the twisted cubic C3 of PG(3, F) form a regulus.

If the characteristic of F' is not two, then from the equations of a tangent line
at the point 6 we have:

1 20
22—yt yr—at oy —zx

Eliminating 6 shows that the points of the tangent lines satisfy
VY = (zt —y2)? — 4(y? — zx)(2% — wt) = 0.

Hence we have:

Theorem 8.36 If the characteristic of the field F' is not two, then the tangent
lines to the twisted cubic C* lie on a quartic surface of equation

Y = (vt —y2)? — 4(y* — zx) (2% — at) = 0.

Just as no two chords of C? can intersect in PG(3, F)\C?, neither two tangents
nor a tangent and a chord can intersect in PG(3, F)\C3.

In particular, the quartic surface 1» = 0 is made up of lines (the tangent lines
of C3) and no two of its lines intersect. This quartic surface is referred to as a
ruled quartic surface. Since ¢ is homogeneous of degree 4, a line ¢ of PG(3, F')
intersects the ruled surface 1) = 0 in four points (some possibly coinciding, some
possibly in some extension of F'), unless ¢ lies wholly on the surface. Thus, a line
¢ of PG(3, F), which is not a tangent line of C3, meets four tangent lines of C3.
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The dual concept of a curve in PG(3, F') is a developable. For example, if the
characteristic of F is not three, the set of osculating planes z—30y+302z—603t =0
form a developable with parametric representation [1,—36,30%, —63]. It follows
that through a point P of PG(3, F') (where the characteristic of F' is not three),
there pass three osculating planes to the twisted cubic.

Suppose the characteristic of F' is not three. Let P = (z1,1,21,t1) be
any point of PG(3, F). Through P, there pass three osculating planes of C3
(63,02,0,1) at the points 01, 05, 03 where the 6;’s are the roots of the cubic equa-
tion

Tr1 — 39y1 + 39221 — 93t1 = 0.

Thus,
1: (01 + 92 + 93) . (9192 + 9293 + 9391) . 019293 = tl : 32’1 : 3y1 LIy,

Therefore, the equation of the plane 7 joining the points 61, 02, 05 is (see Exam-
ple 8.29)

tiz — 321y + 3y12 — 21t = 0.

Let (3, F') denote the set of all planes of PG(3, F'). The map o from PG(3, F)
to X(3, F') defined by

o: PG(3,F)— X(3,F)
({E7 Y, z, t) = [ta —32, 3ya —l’]

is a correlation with matrix

oo o
o wo o
|
co Lo
oo o

-1

Since A is skew-symmetric, o is a null polarity. It follows that P € P7 (see
Example 4.81). The points P and P are said to be pole and polar with respect
to the twisted cubic C3. Note that the polar plane of the point (62,626, 1) of C3
is [1,—30, 362, —0%], namely the osculating plane at §. By Example 4.82, every
tangent line of C? is self-polar with respect to C>.

Definition 8.37 A ks-arc of PG(3,q) is a set of k points, no four coplanar.
Example 8.38 The twisted cubic (6%,62,60,1) of PG(3,q) is a (¢ + 1)sz-arc.

It can be proved that if ¢ is odd, g > 5, then every (¢ + 1)s-arc is a twisted
cubic. This result is not true if ¢ is even.
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Exercise 8.3 Unless otherwise mentioned, the ambient space is PG(3,F), and the
characteristic of the field is not two or three.

1. Consider C = (6,0%,0° —1,60° +1); 0 € F' = FU {c0}.

(a) Prove that C is a twisted cubic.

(Hint: 6,6%,0° —1,6% + 1 are linearly independent cubic polynomials in 6.)
) Find the equation of the plane (61, 02,03).
) Find the equation of the osculating plane at the point 6.
) Find the equations of the chord (01, 02).
e) Find the equations of the chord of C through the point (0,0,1,0).
) Find the equations of the tangent line at the point 6.

) Find the equation of the quartic surface which is ruled by the tangent lines of
C.
(h) Find the matrix of the associated null-polarity.

(i) Interpret all the above results in the cases where the characteristic of the field

is two or three.

2. Let P be a fixed point of a twisted cubic C3. Let m be any plane not through P.
Prove that the projection of C*, from P onto 7 (i.e. the set of points w N PP; as
P; varies on C?) is an irreducible conic.

3. Recall that in PG(2, F'), five points, no three collinear, determine a unique conic.
Prove that in PG(3, F), six points, no four coplanar, determine a unique twisted
cubic.

4. Let P be a point not on a twisted cubic C3. Let QS be the unique chord of C3
through P (Q,S € C®). Let R be the point on QS such that (P,Q;R,S) = —1.
Let £ be a line which passes through P and which has no point in common with
C3. Prove that as P varies on £, R generates a twisted cubic.

5. Let ¢ be the line XT, where X = (1,0,0,0) and T = (0,0,0,1). Let o be a
homography between the points of C* = {(6%,6%,0,1) | § € F'}, F' = FU{oo} and
the points of ¢, such that X° = X and 7% = T. Prove that if P is a point of C3,
then the lines PP? form a regulus.
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Hall ternary ring, 104 diameter, 162
kernel of a quasifield, 132 collinear, 15, 26
linear, 104 collineation, 56
loop, 101 automorphic, 61
multiplication, 102 central, 112
nearfield, 108 fixed linewise, 110
quasifield, 108 fixed points, 65
semifield, 108 fixed pointwise, 110
skew field, 108 homography, 57
Veblen—-Wedderburn Ring, 108 concurrent, 15, 26
arc conic, 137
chord, 36 associated envelope, 156
external line, 36 centre, 162
k-arc, 36, 141 cross axis theorem, 168
ks-arc, 191 directrix, 163
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(¢ + 1)-arc, 36 envelope, 155
(g + 1)-arc, 69, 142 exterior point, 158
tangent, 36 external line, 158
Artin—Zorn theorem, 108, 124 focus, 163
automorphic collineation, 61 generic point, 144
automorphism, 6 group of, 166
hyperbola, 161
Baer, 97, 122 interior point, 158
subline, 67 irreducible, 137, 140
subplane, 67, 69 Joachimsthal’s equation, 148, 150
subspace, 84 non-singular, 140
Baer subplanes nucleus, 146
intersection, 69 parabola, 161
partition of plane into, 74 parameter, 144
sharing a line, 69 point of contact, 150
Bézout’s Theorem, 145 polarity associated with, 149
Bruck-Bose pole and polar, 149
construction, 85 rectangular hyperbola, 165

Bruck’s partition, 74 reducible, 137, 140
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conic (contd.)
secant, 158
singular, 140
singular point, 140
tangent, 139, 158
conjugate, 8, 67
coordinatisation, 99
coplanar, 26, 27
correlation, 95
Cramer’s rule, 9
cross axis, 93
cross axis
theorem, 93
cross-ratio, 86
invariance under projection, 92
curve
non-singular, 140
singular, 140
space curve, 186

Desargues’ Theorem, 15, 38
Desarguesian plane, 38
developable, 191
diagonal triangle, 21
diagonal trilateral, 21
difference set

multiplier, 74

order, 72

perfect, 72, 73

(v, k, X)- difference set, 80
dimension axiom, 26
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duality, 20, 23
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dual subspaces, 77

dual theorem, 20, 23

principle of, 20, 23, 31, 51, 77
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Fano’s Postulate, 25
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fundamental theorem, 64

generalised quadrangle, 37
group
collineation, 56
projective linear, 57
regular, 70
Singer, 57, 70
transitive, 59

Hall quasifield H(q?, f), 133
Hall ternary ring, 104
harmonic, 89
harmonic conjugate, 44
property of the quadrangle, 90
Hessenberg, 109
homogeneous
polynomial, 135
homogeneous equations, 45

homogeneous coordinates, 45, 49, 76

homography, 57
fixed points, 65
homology, 112
Hughes plane H(q?), 127
hyperbola, 47
hyperbolic quadric, 180
hyperplane, 26, 75
hypersurface, 137
irreducible, 137
order, 137
reducible, 137

incidence relation, 17
involution, 93
involutory reciprocity, 95
irreducible
conic, 138, 140
hypersurface, 137
quadric, 173
isomorphism, 2

Joachimsthal’s equation, 148
Jungnickel and Vedder, 73
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line at infinity, 17

linear independence, 9
linear system, 92
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loop, 101

matrix
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rank, 10
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Menelaus’ Theorem, 56
minor, 13
Moufang, 109

identity, 109

plane, 109, 122
multiplier, 74

nearfield, 108
non-Desarguesian plane, 38
non-singular

conic, 140

curve, 140
non-squares, 6
nuclear line, 177
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of a conic, 146

of a quadric, 175

of a (¢ + 1)-arc, 36

order of a projective plane, 30
order of a projective space, 31
orthocentre of triangle, 170
osculating plane

see twisted cubic, 188
ovoid, 84
ovoidal fibration, 84

Pappus
implies Desargues, 43
theorem, 16
parabola, 47
parameter, 86, 144
Pascal’s theorem, 168, 170
pencil
axis, 76
base points, 169
curves, 168
of hyperplanes, 76
of lines, 55
quadric, 185
perspectivity, 16, 112
axis, 16, 112
elation, 112
homology, 112
vertex, 16, 112
(V, £)-perspectivity, 112

Pfaffian, 12
plane
affine, 36

Baer subplane, 67
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cyclic, 73
Desarguesian, 38, 51
dual translation, 120
Euclidean, 15, 17
extension, 66
Fano, 30
field plane, 48
Hall, 133
Hughes plane H(q?), 127
(¢, m)-transitive, 120
Moufang, 109, 122, 124
non-Desarguesian, 38
of order 10, 70
Pappian, 59
projective, 29
subline, 66
subplane, 66
translation, 120
(V, £)-Desarguesian, 120
(V, £)-transitive, 120
point at infinity, 17
polarity, 96
associated with a conic, 149
hermitian, 97
null, 96
null-polarity, 177, 179
orthogonal, 96
polar, 96, 149
pole, 96, 149
self-polar, 96
symplectic, 96
totally isotropic, 96
unitary, 97
polynomial
characteristic, 11
degree, 135
homogeneous, 135
matrix companion, 72
minimal, 6
principle of duality, 31, 51, 77
projection, 90
projective geometry
fundamental theorem, 79
projective plane, 29
projective space, 25
dimension, 25
order, 30, 31
subspace, 25

quadrangle, 19, 29
fundamental, 54
quadratic non-residues, 6
quadratic residues, 6
quadric, 172
complementary regulus, 182
elliptic, 180
elliptic point, 180
envelope, 172
generators, 180
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quadric (contd.)
hyperbolic point, 180
irreducible, 173
A-system, 182

matrix associated with, 174

p-system, 182
non-singular, 173
nuclear line, 177
nucleus, 175
opposite regulus, 182

parametric representation, 182

pencil, 185

polar hyperplane, 174

polarity, 177, 179

quadric cone, 176

reducible, 173

regulus, 182

singular, 173

singular point, 173

tangent hyperplane, 173
quadric cone

nuclear line, 177

vertex, 176, 177
quadrilateral, 19, 29
quasifield, 108

range
base lines, 169
envelope, 168
of points, 55
points, 76

reciprocity, 94
involutory, 95

reducible
conic, 140
quadric, 173

reference
points, 86
simplex of, 79
tetrahedron, 82
triangle of, 54

regulus, 29
(¢, m, n)-transversals, 29
see also quadric

secant
1-secant, 84
Segre’s theorem, 143
semifield, 108
Singer, 57
cyclic group, 70
group, 70
theorem, 70, 81
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singular
conic, 140
curve, 140
point, 140
skew field, 42, 108
solid, 26
spread
spread, 85
t-spread, 85

using quadrics, 185
squares, 6, 8
subfield, 3
prime, 5
subspace
dual, 77
hyperplane, 26
line, 26
null subspace, 25
number of, 78
plane, 26
proper subspace, 25
skew planes in S4, 28
solid, 26

span, 25
surface
order, 186

in PG(3, F), 186
quartic, 190
ruled quartic, 190

Taylor’s theorem, 136
translation

dual translation plane, 120

group, 119

line, 120

plane, 120

point, 121
transversal

(¢, m,n)-transversals, 29
triple (P, L£,T), 17
twisted cubic, 187

chord, 189

equations, 188

null-polarity, 191

order, 188

osculating plane, 188

tangent line, 190

unit point, 54, 79

vector space, 3
Von Staudt’s Theorem, 94

Wedderburn’s theorem, 42, 108
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