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Preface

Quantum information processing is one of the most fascinating and active fields
of contemporary physics. Its central topic is the coherent control of quantum states
in order to perform tasks — like quantum teleportation, absolutely secure data trans-
mission and efficient factorization of large integers — that do not seem possible by
means of classical systems alone. The vast possibilities of physical implementations
are currently being extensively studied and evaluated. Various proof-of-principle
experiments have already been performed. However, in the present note only some
possiblities can be indicated. Main emphasis will be on quantum optical methods,
indispensable for transmission of quantum information.

For more complete information on achivements and latest proposals concerning
quantum information processing the Los Alamos preprint server

http://xxx.lanl.gov/archive/quant-ph

is highly recommended.

Recommended Literature: (Alber et al., 2001; Bowmeester et al.; 2000; Ekert et al., 2000;
Nielsen and Chuang, 2001; Preskill, 01; Shannon, 1949; Bertlmann and Zeilinger, 2002;
Audretsch, 2002; Bruf}, 2003)


http://xxx.lanl.gov/archive/quant-ph




Contents

I Idealized Quantum Gates and Algorithms

1 Basics of Quantum Computation

1.1 Classical Logic Circuits . . . . . . . . .. ... ... .. ...
1.2 Quantum Computational Networks . . . . . ... ... .. ... ...
1.2.1 Quantum Gates . . . . . . . . ...
1.2.2  Quantum Teleportation . . . .. ... ... ... .......
1.2.3  Universality . . . . . ... ... .

Quantum Algorithms

2.1 Quantum Data Base Search . . . . . ... .. ... ...
2.1.1  Grover’s Algorithm . . . . . ... ... ... L.
2.1.2  Network for Grover’s Algorithm . . . . . ... ... ... ...
2.1.3 Details and Generalization . . . . . ... ... ... ... ...

2.2 Factoring Large Integers . . . . . . . . . . . . ... ... ... ...,
221 Basics . . ...
2.2.2  The Quantum Fourier Transform . . . . ... ... ... ...
2.2.3 Quantum Order Finding . . . . . .. ... ... ... .....

Physical Realizations of Quantum Gates

3.1 Quantum Optical Implementation . . . . . . .. ... .. ... ....
3.1.1 Photons . . . .. . .. ...
3.1.2  Photonic n-Qubit Systems . . . . ... ..o
3.1.3 Nonlinear Optics Quantum Gates . . . . . . ... .. .. ...
3.1.4 Linear Optics Quantum Gates . . . . . . .. ... . ... ...

3.2  Measurement-Based Quantum Computation . . . .. .. ... .. ..

3.3 Cold Trapped Ions . . . . . . . . . ... .. ... ..
3.3.1 General Considerations . . . . . . ... ... ... .......
3.3.2 Linear Paul Trap . . . . . . . . .. .. ... ... .
3.3.3 Implementing Quantum Gates by Laser Pulses . . . . . . . ..
3.3.4 Laser Cooling . . . ... ... .. ... . ... ... ... ..

11
11
17
17
24
27

33
33
33
34
35
37
37
40
44



6 CONTENTS

II Fault Tolerant Quantum Information Processing

4 General Aspects of Quantum Information

4.1
4.2

4.3

4.4

Introduction . . . . . . ...
Quantum Channels . . . . . . . ... Lo
4.2.1 Open Quantum Systems and Quantum Operations . . . . . .
4.2.2  Quantum Noise and Error Correction . . . . . . .. ... ...
Error Correcting Codes . . . . . . . . . .. ... ...
4.3.1 General Apects . . . . ... Lo
4.3.2 Classical Codes . . . . . . . ... ... o
4.3.3 Quantum Codes . . . . . . . . . . .. ... ... ... ...
4.3.4 Reliable Quantum Computation . . . . . . .. ... ... ...
Entanglement Assisted Channels . . . . .. ... ... ... .....
4.4.1 Quantum Dense Coding . . . . . .. ... ... ... .....
4.4.2 Quantum Teleportation . . . .. .. ... ... ... ... ..
4.4.3 Entanglement Swapping . . . . . .. .. ... L.
4.4.4 Quantum Cryptography . . . .. .. ... .. ... ......

5 Quantifying Quantum Information

5.1
5.2

Shannon Theory for Pedestrians . . . . . . .. ... ... ... ....
Adaption to Quantum Communication . . . . . ... ... ... ...
5.2.1 Von Neumann Entropy . . . . . .. . ... ... ... ....
5.2.2  Accessible Information . . . .. ... ... L L.
5.2.3 Distance Measures for Quantum States . . . . . . .. ... ..
5.2.4  Schumacher Encoding . . . . .. ... ... ... .......
5.2.5 AlaNielsen/Chuang . . . . ... ... ... ... .......
5.26 Entropy . . ... ..

6 Handling Entanglement

6.1

6.2

6.3

Al
A2
A3
A4

Detecting Entanglement . . . . . ... ... o000
6.1.1 Entanglement Witnesses . . . . . . .. .. ... ... .....
6.1.2 Examples . . .. .. ...
6.1.3 Other Criteria . . . . . . .. .. ... ... .
Local Operations and Classical Communication . . . .. .. .. ...
6.2.1 General Aspects . . . . . ...
6.2.2 Entanglement Dilution . . . . . .. . ... ... ...
6.2.3 Entanglement Distillation . . . . . .. ... ... ... ....
Quantification of Entanglement . . . . . . . . ... ... ... ...

Turing’s Halting Problem . . . . . .. .. .. ... ... .......
Some Remarks on Quantum Teleportation . . . . . .. ... ... ..
Quantum Phase Estimation and Order Finding . . . .. ... .. ..
Finite-Dimensional Quantum Kinematics . . . . . . . . . . ... ...
A.4.1 General Description . . . . . . . ... ... L.

89

91

91

93

93
101
103
103
108
110
116
120
120
121
123
124

127
127
131
131
135
137
144
145
145

147
147
147
150
153
156
156
161
161
161



CONTENTS

A4.2 Qubits . ... ..
A.4.3 Bipartite Systems

Bibliography

Index

175
176

183

199



CONTENTS



Part 1
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Chapter 1

Basics of Quantum Computation

1.1 Classical Logic Circuits

The smallest entity of classical information theory (Shannon, 19419) is the bit (binary
digit), i.e. the decision on a classical binary alternative. Usually bits are identified
with the numbers 0 (for wrong) or 1 (for true) and typically correspond to the
position of some simple switch. Every definite statement may be encoded into a
sufficiently long but finite sequence (by, ..., b,) of bits.! In this sense the essence of
a calculations may be described as the transformations of a finite sequence of input
bits (encoding the task) into a finite sequence of output bits (encoding the result).
This suggests the following model for actual calculators:

1. An input register (array of switches) will be put into a state corresponding to
the ni-tuple (by,...,b,,) € {0,1}" encoding the task.

2. A computational circuit, the elementary components of which are called gates,’
transforms (by, . .., by, ) into an ny-tuple (b1, ..., b,,) of bits encoding the result
to be stored into an output register.

From the mathematical point of view it is only important which element of F,,, ,,,
denoting the set of all mappings from {0,1}"" into {0,1}", is implemented by
the circuit. Therefore, computational circuits implementing the same mapping are
called equivalent.

Every element of F,,, ,,, can be implemented by some assembly of gates listed in
Table 1.1:

Lemma 1.1.1 For arbitrary positive integer ny,ny all elements of F,, », can be
represented as compositions of tensor products of functions from Tabular 1.1.

Proof: See below. i

DRAFT, October 17, 2007
! An important consequence of this fact is the halting problem (see Appendix A.1).
2For simple hardware implementations see (Piitz, 1971, pp. 244-252).

11



12 CHAPTER 1. BASICS OF QUANTUM COMPUTATION

Name Symbol | Class Action
ID — | Fia b — b
FANOUT | —4 | Fis b — (bb)
NOT | —{>—| 7, b — 1—b
AND FQJ (bl, 62) — b1b2
OR = f271 (b17 bg) — b1 + b2 - b1b2

Table 1.1: Elementary gates

Thus every classical logic circuit corresponds to a graph consisting of symbols from
Tabular 1.1. For instance, the graph

N =N

corresponds to the mapping

SWITCH & OR o (AND ® AND) o (IDNOT ® ®ID ® ID) o (ID ® FANOUT ® ID) |,
acting as
by ifs=0,
tnosb) — {30 3327

Another example is the graph

-
& > > 11—
—¢

corresponding to

XOR % ORo (AND ® AND) o (ID ® FANOUT ® ID)
o(ID @ (NOT o AND) ® ID) o (FANOUT ® FANOUT)
and acting as

def  [NOT(bg) if by =1
biba) = 0Bk = {bz if by = 0

- b1 + b2 - lebg
= b1 + b2 mod 2.
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Name Symbol | Class Action
CNOT 4@57 F272 (bl, bg) [d (bl, b1 ) bg)
TCNOT 4637 f272 (bl, bg) — (bl @D b2, b2)

SWAP :F272 (bl, bz) = (an bl)

(17b17b2) = (17b27b1>

0,b1,b 0,b1,b
CSWAP? % Foy | O00) o (Ohuh)

CCNOT4 f373 (bl, bg, bg) — (bl, bg, blbz @D bg)

&l
T 1

Table 1.2: Some reversible gates
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Of course, also for the gates listed in Table 1.2 there are equivalent networks, e.g.:°

CNOT = (ID® XOR)o (FANOUT ®ID) , (1.1)

fi >QD< , (1.2)
X ¢ . (1.3)

= _4 &
¢ %
= @ ® (1.4)
d

Now we are prepared for the

Proof of Lemma 1.1.1: Thanks to FANOUT and SWAP it is sufficient to proof
the lemma for decision functions, i.e. for no = 1. Obviously, then, the statement
of the lemma holds for n; = 1, since the four elements of F; ; are ID,

TRUE % OR o (ID ® NOT) o FANOUT,

and their compositions with NOT (applied last). Now, assume that the statement of
the lemma has already been proved for n; = n and consider an arbitrary f € F,, 11,1 .
Then both fy and f; , where

fs(bla--~7bn> déff(bla"'7bn7s),

can be represented as compositions of tensor products of functions from Tabular 1.1.
There is a composition of FANOUTs and SWAPs acting as

(bl,...,bn,s)}—>(bl,...,bn,s,bl,...,bn).

Composing this with
SWITCH o (fo ® ID @ f1)

(to be applied last) gives f. This proves the statement of the lemma for ny =n+1.

According to Lemma 1.1.1 we may perform arbitrarily complex computations by
composing simple hardware components of very small variety. Of course, given
f € Fuyn, , there are infinitely many representations of f as composition of tensor
products of elementary components. Therefore, the interesting problem arises how
to simplify a given gate (logic circuit) without changing its action.®
DRAFT, October 17, 2007

3The CSWAP gate is also called FREDKIN gate.

4The CCNOT gate is also called TOFFOLI gate.

5See (Tucci, 2004) for more equivalences of classical and/or quantum networks.

6See (Lindner et al., 1999, Sect. 8.2.3) for ny < 6 ,ny = 1 and (Lee et al., 1999;
Shende et al., 2003) for quantum gates.
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From the technological point of view it is also of interest that
NAND ¥ NOT o AND

is universal in the sense that it can replace NOT, AND, and OR as elementary
gates:”
NOT = NANDoFANOUT,
AND = NOToNAND,
OR = NANDo (NOT ® NOT) .

In the same sense
NOR ¥ NOT o OR

is universal:

NOT = NORoFANOUT,
AND = NORo (NOT @ NOT) ,
OR = NOToNOR.

Alternatively, in order to minimize dissipation of energy (Landauer, 1961; Landauer, 1998;
Plenio and Vitelli, 2001; Bub, 2001; Parker and Walker, 2003), one may execute all
calculations using only reversible networks® (Toffoli, 1980a):

Since?
CONOTS (b1, ba, 1) = NAND(by, by)  ¥by, b € {0,1}

and
(CCNOTﬂaLO)
CCNOTs(b, 1, 0)

the CCNOT gate is universal for reversible classical computation in the following
sense:

)::FANOUT@) vbe {0,1},

For every mapping ¢ € F,, », there is a reversible n-bit network com-
posed of only CCNOT gates,'” SWAP gates, and ID gates (wires) im-
plementing a mapping f € F,, (n > ny,ny) fulfilling

fl(bla R ,bn1,6n1+1, e ,Cn)
: =¢(br,...,bn,) Vbi,...,0, €{0,1}
fng(bh s 7bn1acn1+17 s 7cn)

for suitably chosen constant bits ¢, 41,...,¢p .

DRAFT, October 17, 2007

"Le., every classical logic circuit corresponds to a composition of tensor products of IDs,
FANOUTSs, and NANDs.

8 Reversible classical networks (logic circuits) are those corresponding to bijections f € F,, ,
for some n € IN.

9TorroLl called his gate the AND/NAND gate to indicate that also CCNOT;3(j,k,0) =
AND(j, k) holds. Correspondingly, he called CNOT the XOR/FANOUT gate.

0The CNOT gate cannot fulfill this purpose for classical computation.
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Of course, it is a nontrivial task to optimize such networks.'!
Theorem 1.1.2 (TOFFOLL) For all ny,ny € IN and for every ¢ € F,, », there is
somen € (max {ni,na},....,n1 + ng) and some bijection f € F, , with

Filby, ... b, 0,...,0)
: = G(br,... b)) Vbi,... bn €40,1}.
Faa(brs . by, 0,...,0)

Proof: See (Toffoli, 1930b, Theorem 4.1).

Exercise 1 Show that CSWAP acts as indicated and, therefore, is universal for
classical reversible computation:

by b b b
by 1 14b 0 b
0 b1ba 0 1

Exercise 2 Show that the following networks act as indicated:!?

a) Multiplication by 2:

an—-1 ———— - X 2%
an 0

b) Adder®® for a,b € {0,1}:

0 —P P Cout = A Cin B b(a® cin)
a a
+ =
b b
Cin op; db a®bd cin

DRAFT, October 17, 2007
HSee (Shende et al., 2003) and (Tsai and Kuo, 2001; Younes and Miller, 2003;
Shende et al., 2004a), in this connection.
128ee also (Vedral et al., 1996; Draper, 2000; Tsai and Kuo, 2001; Cheng and Tseng, 2002).
13Note that aci, Db(a®cin) =0iff a+ b+ < 1.
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c¢) Adder for a,b € {0,1}" :

0 e | co

ap e —— al
+

by e — by

0 H 1 — a; ® by ® ey

0 ————1 | Cn—2 «J_I» Ap_92 P by _o®Cp_o

Ap_1 . an—1
+
bn71 e br_1
0 — Cn—1 -y Ap—1 @bnfl @Cn,1
a, - an,
+
by on
. Gn Dby, & cp

Z a, 2"V + Z b, 2"V = 2" + Z (a, ®b, ®c,)2"" .
v=1

v=1 v=1

T Y z+y

Exercise 3 Show that for every reversible classical 2-bit network there is an equiv-
alent one composed only of CNOTs, TCNOTs and NOTs.*

1.2 Quantum Computational Networks

1.2.1 Quantum Gates

If the computational registers are made smaller and smaller you will finally have to
take into account the quantum behavior of the devices. Then a n-bit register has
to be considered as an array of quantum mechanical systems to be ‘switched” —

for classical computation — into one of two selected (pure) states corresponding
to two orthonormal state vectors, usually denoted |0) and [1). This way the n-bit
information (by,...,b,) will be encoded into the state vector

b1, ... b)) = 1b1) @ -+ |bp) (1.5)

corresponding to the situation:

DRAFT, October 17, 2007

1Hint: Check the action of (ID ® NOT) o TCNOT on the ordered set of 2-bits.
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‘Switch” number v being in the state corresponding to |b,) for v =1,... . n.

Then reversible classical n-bit gates correspond to permutations of the 2" states
corresponding to the orthonormal computational basis

{Ib) : be{0,1}"}

of the registers state space. Since such permutations are special unitary transfor-
mations there is a chance to implement them by mathematically simple quantum
mechanical evolution (governed by some SCHRODINGER equation). Of course the
interpolating states do no longer correspond to some element of the computational
basis even if this is the case for both the input state and the output state. Moreover,
quantum mechanics allows coherent superpositions as input states,'® correspond-
ing to complex linear combinations of the elements of the computational basis. Then
the gate causes the transition

Y M by > A If(b),

be{0.1}" ¢ be{o,1}™

where f € F,, is the mapping corresponding to the classical action of the gate.
This means that, in a way, the gate is able to perform all the 2" transitions

b) — |f(b)) , be{0,1}",

simultaneously — thanks to quantum mechanical evolution. Of course, one would
like to exploit this massive quantum parallelism for more efficient computation.
Unfortunately quantum mechanics imposes severe restrictions:

1. Unknown coherent superpositions cannot be copied with arbitrary precision
(Wootters and Zurek, 1982; Peres, 2002). Otherwise a device for superluminal
communication could be constructed (Werner, 2001, Chapter 3).

2. Every measurement of an unknown state destroys most of the information
carried by that state (quantum state collapse).

3. It is extremely difficult to correct errors caused by unwanted interaction with
the environment.

Nevertheless quantum computational networks can be devised, at least in principle,
which are much more efficient, for certain tasks, than classical computational net-
works. Their general structure is as follows:

e The information is usually processed on one and the same quantum register'®
realized as an array of qubits,'” i.e. quantum mechanical systems with a
preselected simple quantum alternative corresponding to orthonormal state
vectors, usually denoted |0) and |1) .

DRAFT, October 17, 2007
15See (Long and Sun, 2001) for an efficient preparation of these superpositions.
16Thanks to the SWAP gate this is not a necessity but this point of view simplifies the treatment.
1"Usually qubits are treated as distinguishable, due to their localization in (essentially) disjoint
regions; see (Fickert et al., 2002) for a refined description.
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e The possible (pure) states of such an n-qubit register correspond to the (nor-
malized) complex linear combinations of the elements (1.5) of the computa-
tional basis.

e ‘Simple’ quantum computational steps are depicted in the network model by
quantum gates with an equal number (< n) of guantum wires (horizontal
lines) attached on both sides. These quantum wires represent the qubits on
which the gate acts.

e Several quantum gates may be assembled as in the classical reversible case
(without loopbacks, of course).

e The whole network itself is a (more compljcated) n-qubit quantum gate acting
corresponding to some unitary operator Uy .

e The action of this operator on the initial state vector |by, ..., b,) representing
the task (encoded in the bit sequence (by, .. .,b,)) has to be checked — i.e. the
output state Uy |01, - . ., b,) has to be measured — to yield a result.

Even though only the probability of a certain outcome of a quantum computation
is predictable (according to the rules of quantum mechanics) quantum computation
may be very useful for problems of the type

“solution easy to check but difficult to find”.

This will be demonstrated by several quantum algorithms in Chapter 2.

Remarks:

1. We use the naive tensor product formalism of quantum mechanics to describe
coupled systems. The latter is very problematic if the interaction of matter
with radiation is to be described; see Section 6.2.1 of (Liicke, nlqo).

2. Of course, the network model described above is just the simplest model for
quantum computing. Some possible generalizations, not to be discussed in this
chapter, are:

e Computation with non-unitarily evolving mixed states (Tarasov, 2002).

e Quantum computation via application of sequences of one-qubit projective
measurements to suitably prepared initial states (Raussendorf et al., 2002).

e Use of non-deterministic gates, i.e. those succeeding only with proba-
bility (considerably) less than 1 (Ralph et al., 2002; Bartlett et al., 2002).

3. We are not going to discuss oddities like'® “quantum computation even before

its quantum input is defined” (Brukner et al., 2003) or “counterfactual compu-
tation” (Mitchison and Jozsa, 2001). For quantum programming we refer to
(Bettelli et al., 2001).

DRAFT, October 17, 2007
18See 3.1.4, however.
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Name | Symbol | Operator Matrix Action

g : 0) = uqy |0) + ugy |1
U gate U (“11 U12) 10) 11 [0) + uar [1)

U1 U2 ’1> — U9 \O) + Ugg ‘1>

Table 1.3: General one-qubit gate (uTJ Uik + Ugj Ugk, = 5jk)

Name Symbol | Operator Matrix Action
- 1 0
ID gate —_— 1 <0 1) |b) — |b)
. 0 1 IR
NOT gate > = (1 0) |0) = |1)
. 0) — |0
phase shift gate Ss <(1) 96> 0) = >
‘ 1) — e 1)
N 0) — -+ (]0) + |1
HADAMARD gate s % G _1) 10) \f (10) + 1))
1) — 75 (10) = 1))

Table 1.4: Special one-qubit gates

The elements |by, ..., b,) of the computational basis of an n-qubit system are
naturally ordered by the corresponding integers

I(b) & an b, 2" VYbe{0,1}". (1.6)

v=1

It is relative to this ordering that the actions of quantum gates are usually repre-
sented by unitary matrices as in Tables 1.3—1.5.

Remark: Note that every (complex) unitary 2 x 2 matrix corresponds to a spin
rotation; see, e.g., Exercise 19 of (Liicke, tdst) and Sect. 4.2.1 of (Liicke, ¢ft).

Note that a quantum gate may be used for classical computation iff the entries of
its matrix take only values from {0,1}. Whenever this is the case we use the same

symbol and name for the quantum gate as for its classical analog. In this sense we
have, e.g.,

Au(5) = CNOT - 1
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Name Symbol | Matrix Action

) Ion O |b1,...,bn,c>
(U) gate : ( " ) ~ .
/\( >g 0U H{\517---bn>®U\C> ifby=...=b,=1
b1, ..., by, C) else
Table 1.5: Special (n + 1)-qubit gates

N2(5) = CCNOT : e = e (1.7)

& e

Le.

B = . (1.8)

Obviously, the phase shift gate (for ¢ # 0 mod 7) and the HADAMARD gate have no
classical analog.

Sometimes it is more convenient to sketch the action of a gate as done in Figure
1.1 for the f-CNOT gate.

1ba)
c® f(b))

Figure 1.1: f-CNOT gate for f € F,

Quantum computational networks are called equivalent if they implement the
same mapping up to a phase factor.

Exercise 4

a) For arbitrary a € {0,1}" , n € IN, show that
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N
N

where o
fa(b) = 5a,b Vb € {0, 1}”
and
N def { - ifb=0,
b 1 else.

b) Show for arbitrary f,g € F,, 1 that

h=f®dg =

A first example showing the superiority of quantum networks is the DEUTSCH-
JOZSA problem:

Assume you are given an (n + 1) qubit gate which is only known to be
the f-CNOT gate of some f € F,,; that is either constant or balanced,

i.e. fulfills
S (—)/®=o.
be{o,1}"
Find out by ‘asking’ this DEUTSCH-J0ZSA oracle whether f is balanced
or constant.

Note that in classical computation

1) [b1)

1ba)
(b))

ba)
0)

you may have to ask the DEUTSCH-JOZSA oracle 2"~ + 1 times (in the worst case)
to find the answer. Already for n = 60 that would take more than

259

60 - 60 - 24 - 365 - 10

5 years > 18 years
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to get the answer if the oracle is asked at a frequency of 1 GHz. In quantum com-
putation, however, we may take advantage of coherent superpositions:

0) —
: : }~ Y )P
|0> be{o,l}"
v (0) - 0y — 1)), 11) ) .
Since . ,
Galb) = 5 (10) + (=1)"]1))
1 b'b 11
= — > (=D7P) vbe{o1}
\/§b’e{0,l}
and hence
Oem by =27 3 (=) Py vbe {01} (1.9)
b’e{0,1}"
we have
U2 o f-ONOT 0 O™V 10, .,0,1y =277 S (—1)/ PPy gy

b,b’e{0,1}"
(1.10)
For the DEUTSCH-JOZSA oracle this means
ARn+l) | g ~@(n+1) [ ~10,...,0,1) if fis constant,
020 6 - ONOT o U™ [0, 0,1) = {L 0700 el
Therefore, the following quantum gate has to be used only'” once in order to solve
the DEUTSCH-JOZSA problem (Cleve et al., 1998, Sect. 3):

~0,...,0) if f is constant,
110,...,0) else.

Remark: (1.10) holds for every f € F5; and can therefore be applied
also to the BERNSTEIN-VAZIRANI oracle, i.e. the f-CNOT gate with
f(b) =a-b for some a € {0,1}". Then ¥ becomes

!
o Y ()R <)
b,b’e{0,1}"
DRAFT, October 17, 2007
19 Actually, since there is always some tiny probability for getting the wrong answer, the

quantum test should be repeated a few times. For a physical realization of the algorithm see
(Gulde et al., 2003).
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1.2.2 Quantum Teleportation

Obviously, the BELL network

—

.

acts according to®"

e e 070 + 171 2 -
0,0) — Voo & @, d:f|>\/§|> = ( 0,0®1) Yoo,
o o |0,1) + 1,0 A A
0,1) — Ty < T, (1:f‘>\/§‘> = ( 0,1®1> Yoo,
e e 0)0 - ]-a]- 2 -
‘1,0> — \11170 d:f d_ d:f|>\/§|> == ( 1,0®1) \IIO,Oa
e e Oal - 170 2 -
1,1) +— Wy, ey Cl:fH\/§|> = ( 1,1®1)‘1’00,
where A ot .
Uoo i +10){0] + [1)(1] = 1,
Uoa i +[1)(0] + [0)(1] =,
Gio = +0)0l= (] = S,
U1,1 = _|1><0|+|0><1| = S

This indicates the possibility of quantum dense coding:*

Bob prepares the entangled® state W by applying the BELL network
to the easily available state |0,0) and sends his first qubit to Alice (ar-
bitrarily far away). Now Alice may transfer a 2-bit message to Bob by
applying one of the operators Uo,o, UOJ ) (Afl,o, Uljl to this single qubit
and sending it back to Bob. Bob can ‘read’ this message by performing

DRAFT, October 17, 2007

20The states on the r.h.s are usually called BELL states. They exhibit maximal correlation

between the two qubits. We use the notation <g) def (+ﬁ> . Thus
1

V2

1 v U, VA N4 ) 2
— ® — ® VWU e C 0} .
(‘IJI (V2| 1 2 e MO

21See (Mermin, 2002) for an interesting discussion of dense coding.

22 Entanglement of vector states ¥ means

ig.

(WA B|U) £ (U|Ax1|0) (Vi B|¥) ,

i.e. (non-classical) correlations between the subsystems. See (Brukner et al.. 2001) in this context.
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a BELL measurement, i.e. checking whether the state of the 2-qubit
system is @070, \11071 s ‘111’0, or \11171 .

The whole procedure is described by the following network action:

|b1) [b1)

|b2) |b2)
0 —H {7 {1} 1)
10) D S5 |b2) -
Remarks:
1. As pointed out in (Mermin, 2002), the network
e
H O—rj——{uf O
& & >

— although unsuitable for dense coding — has the same effect on the considered
special input.

2. We use abbreviations like

B
. X?C
{4k 4]

without explicit definition.

Moreover, checking the special cases U € {|0),|1)}, we see that the teleportation

network
H|-

]

o
WV

JahY
U

acts on 1 ® |0,0) in the following way:

A

1 _
be{0,1}?
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(for every one-qubit state vector ). This indicates the possibility of quantum
teleportation:*

Qubits 2 and 3 are prepared in the state @y (indicated by the BELL
subnetwork on the left acting on |0,0)). Then qubit 2 is sent to Alice
and qubit 3 to Bob (far apart). Since, now, Alice and Bob share an
entangled pair of qubits, Alice may teleport the unknown state v of
qubit 1 to Bob in the following way:

Alice performs a BELL measurement on the system formed by
qubits 1 and 2 and sends Bob the classical 2-bit information
b if the result is Wy, (corresponding to the output |b) of the
teleportation network for qubits 1 and 2). After receiving this
information Bob transforms the (collapsed) state of qubit 3

into ¥ by applying Ub-

Note that the actions taken by Alice and Bob, sharing the entangled pair, have the

same effect on qubits 1-3 as the following post selection scheme:*!

—4»— ~+
> : +
T

4R

In this sense the following scheme describes teleportation of entanglement, also called
entanglement swapping:*

0 HH]

0 ® Hf———9— +
0 —H] & ' +
10) S ST

This possibility is very important for creating entanglement for teleportation over
very large distances.

Exercise 5 Show that the entanglement swapping scheme prepares the subsystem
formed by qubits 1 and 4 (arbitrarily far apart) in the state g .

DRAFT, October 17, 2007
23The possibility of teleportation, further discussed in Appendix A.2, was first pointed out

in (Bennet et al., 1993).  Generalization to n-qubit states is straightforward (Diaz-Caro. 2005).

Concerning the experimental realization of quantum teleportation see (Giacomini et al., 2002).

24The symbol ~* represents an ideal test (projective measurement) whether the corresponding
qubit is in state |0) or |1).
258ee (Bowmeester et al., 2000, Sect. 3.10) and (Gisin and Gisin, 2002).
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1.2.3 Universality

A 2-qubit gate corresponding to the unitary operator U@ is called universal if for
every quantum network there is an equivalent one composed only of one-qubit gates
and 2-qubit gates corresponding to U®.

Ordering the computational basis vectors

I(b)), < |b) Vbe{0,1}" (1.11)

as 0),,]1),,,-.. |2 — 1), then X,_;(=) just interchanges the last two of these vec-
tors, the latter being |1,...,1,0) and |1,...,1,1). Also cyclic permutations of the
computational basis vectors can be achieved by suitable composition of A, (=) gates,
as the following exercise shows.

Exercise 6 Show that the n-qubit network

N

N
D

/ah)
>

N
>

E}»

acts according to
|z), — [(x + 1) mod 2") ~ Vze{0,...,2" — 1},

where

Zbl,2”1> b)) vbe{0,1}". (1.12)
v=1 n

Therefore:

For every quantum gate that has a classical analogue there is an equiv-
alent quantum network composed only of A, (=) (and ID) gates.

This together with the following theorem shows that the CNOT gate is universal if
the following holds for every v € IN :

For every U € U(2) there is a network composed only of single qubit

A~

gates and CNOT gates (and ID gates) that is equivalent to the A,(U) (1.13)
gate.
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Theorem 1.2.1 Let 2 < N € IN. Then every unitary N x N-matrix may be
represented as a product of permutation matrices and N x N-matrices of the form

10 ) -
~ UelU(2).
(o ) 2)
Outline of proof:?® Given 2 < N € IN, choose some orthonormal basis {ey,...,ex}

of €. Then, for arbitrary
pe () e
U21  U22

N e{2,...,N},and v € {1,..., N} define

ujren/_1 +usg ey forv=N -1,
2 def y
Un e, = < uipen_1+uxey forv=N',

ey else.

Then, for arbitrary normed
N
zZ = Z e, eCN ,
v=1

N'€{2,...,N}, and ¢ € C with

N
2 V12
P+ D [P =1
v=N'+1
we have
0 0
0 0
A (N') 0 _ ¢
Uy ¢ = N
SN +1 SN 1
z.N z}V

for suitable UN) ¢ U(2) and ¢’ € €. Thus, by iteration, we see that there are
UM, ..., UP € U(2) with
zZ = 02(2) ) "UJSIN)eN

(G (02) T a= e

Identifying z with the last column of an arbitrarily given unitary N x N-matrix U

we get
((U](VN)>_1 . (02(2))—1 [})%N G

Thanks to unitarity, the latter also implies

((Uw)l... CRE U) by
N,v

Iteration of this argument, if necessary, proves the theorem. 1

and hence

DRAFT, October 17, 2007
Z6Compare (Reck et al., 1994; Dita, 2001).
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That (1.13) holds for » = 1 is a simple consequence of the following lemma
(Barenco et al., 1995):

Lemma 1.2.2 For every® U € SU(2) there are A, B,C € SU(2) with

~

=1, A~B~C=U.

o

AB

Proof: Let U €SU(2). Then one may easily show (see Exercise 28 of (Liicke, eine))
that there are angles 1, 6, ¢ with

U = Rs(y) Ry(0) Rs(0),

. o +i¥ . of [+ 9 Lqn?
Rg(w)d:f(e ’ Q«/,>, Rz(@)d:f< 3 Smg).

With the definitions
A @ (5) . B R m(-150) e R0

where

2 2 2 2
this gives
ABC = Ry(w) Ro(8) Ra(-§) Fis(45%) Rs(%3*)
- ?3(1#)1%3(—11})
and
ASB~C = Rs(y) Ra(§) = Ra(-9) &G@);RB(%)

= Ra(w) Ra(8) (S Ba(=5) =) (S Rs(=252) =) Ra(%52)

= Ra() Ra(§) Fa(§) Ra(452) Ra(%52)

= R3(¢) R2(0) Rs(0)

= U. |

Remark: Note that ,0,¢ in the above proof correspond to the well-known
EULER angles; see Sect. 2.1.1.3 of (Liicke, mech) and — for generalization — also
(D’Alessandro, 2001).

Because of

10) 0)
b Je—d—{sHd—Al ABCp)

and

DRAFT, October 17, 2007
*TAs usual, we denote by U(2) the set of all (complex) unitary 2 x 2-matrices and by SU(2) the
set of all U €U(2) with detU =1.
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1) )
b e BH&—Al A=B=C )

this has the following consequence:

N
4

Corollary 1.2.3 For fl, E, é, U according to Lemma 1.2.2 we have:

TR S

o

Corollary 1.2.3 together with

_ A/:eizSA

B | ’
shows that that (1.13) holds for » = 1, indeed.

Exercise 7 Show that

and?®

(= A

Il
[=]
[=][=]

Moreover, because of

|0) 10)
0) DO 10)
W o8l
|0) 10)
e e 1)
) ﬁ | B] LAl BC )

DRAFT, October 17, 2007

ZRecall (1.3).
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1) 1)
,—Tj )
5] (A~ AB)

Jan
%
=

= o
s s
[4R)
N

1) 1)
,—Tj )
5] LAl AC by

D
o
=

= =
s =
[4R)
N

we have (Sleator and Weinfurter, 1994):

= Py N
- A\

V2 417

This SLEATOR-WEINFURTER construction may be generalized for /\n(f/Q) with
arbitrary n € IN :*

A\

14

° al
\

L
R

Since

U@ ={V?: Veu@)}
this that (1.13) holds for every v € IN, hence:

The CNOT gate is universal.*’

DRAFT, October 17, 2007

290f course, one should look for more efficient implementations; see, e.g. Exercise 8 and
(Aho and Svore, 2003; Vatan and Williams, 2004; Shende et al., 2004b). For a nice introduction
into the general theory of computational complexity see (Mertens, 2002).

30Therefore, if CNOT is implementable together with all one-qubit gates and projective mea-
surements w.r.t. the computational basis, all observables can actually be measured.
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Exercise 8 Show that the following network acts as indicated:

by Ib1)
|bs) |bs)
|ba) T T |b3)
1) 1)
1b,) 1b2)
o) —P O— 10)
|0) D Sy, |0)
|0) S, SV, |0)
|0) |0)
|0) S, S |0)
|0) P, ,—Tj S, |0)
[ I Y
b= Ulbpy) ifby=...=b, =1,
|brs1) else.
Exercise 9 Show that?®!

&=
and that

acts according to
|j7 k> — <_1)6j715k’1 |]7 k> :

DRAFT, October 17, 2007
31This equivalence is exploited in most suggestions for physical realization of CNOT.



Chapter 2

Quantum Algorithms!

So far, we have only discovered a few techniques which can produce speed up versus
classical algorithms. It is not clear yet whether the reason for this is that we do
not have enough intuition to discover more techniques, or that there are only a few
problems for which quantum computers can significantly speed up the solution.

(Shor, 2000)

2.1 Quantum Data Base Search

2.1.1 GROVER’s Algorithm

Let us assume that the b € {0, 1}" are the indices of the entries of some unstructured
data base. Moreover let us assume we are given a search machine that provides an
implementation of the f-CNOT gate, where

1 fb=a
b pr—
fa(b) {0 else

when fed with a unique characterization of some entry indexed by a. Now consider
the following problem:

Vb e {0,1}",

Find a with probability > 50% by testing the behavior of the fo-CNOT
gate.

In classical computing (recall 1.2.2) one has to test fa-CNOT at least 2" !-times® in
order to find a with probability of 50% . A substantial speedup,® exploiting quantum
DRAFT, October 17, 2007

! Algorithms are general, step-by-step procedures for solving general problems.
2Moreover, expectation value for the necessery number of tests for finding a is

C2n gl
=——.

v=1

n

=2l

3See (Aaronson and Gottesman, 2004), however.

33
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Figure 2.1: Action of G on <I>(()") .

parallelism, was suggested in (Grover, 1996). The basic ingredients of GROVER's
algorithm are the initial state

o) L ggno,...,00 =22 3 by =220, (2.1)
be{o,1}"
and the unitary operator
Ga —Rym Rjay (2.2)
0
where
def

Ry €1-2P, VUeH,.
Since both reflections R|a> and Rq)(n) leave the ]a)—q)(()")—plane invariant, G’a acts as
0

a rotation in this plane. To determine this rotation it suffices to check its effect on
.

As explained in Figure 2.1 this action is a rotation by the angle 20 towards |a) ,
where 7/2 — 0 is the angle between (IDS") and |a) . Therefore:

Applying Ga an appropriate number of times to <I>(()") and testing the
result with respect to the computational basis solves the posed problem.

2.1.2 Network for GROVER’s Algorithm

Exercise 10 Show that the following (n + 1)-qubit networks act as indicated:*

\I’{ : Ja : }501;\1/ + 51b1%‘a>\11

b) O b)

DRAFT, October 17, 2007

1Recall Exercise 4a).
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A

Using the obvious notation and generalization of A, (U) for n-qubit unitary operators
U, we get from Exercise 10

and therefore:

2.1.3 Details and Generalization

For actual application of GROVER’s one has to know the number of times Gy should
be applied. This can be read off from®

n : 1
GL ®f" = sin((2 + 1) 0) |a) + cos((2u +1)0) —=— >_ |b) , (2.3)
=147
where )
0 < arcsin (\/2_n> : (2.4)
Since

0~2 "2 for 27?2 <1

DRAFT, October 17, 2007
SFormula (2.3) was presented first in (Boyer et al., 19983).
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we have
n e
GL oy ~ |a) for = {4\/2"] and 2" > 1.

In this sense GROVER’s algorithm provides a quadratic speedup compared to clas-
sical computation.

Let us now consider the case that there are exactly ¢ data base entries,® indexed
by aj,...,a; € {0,1}", meeting the search criteria and that the search engine,
therefore, provides an implementation of the (fa, + ... fa,)-CNOT gate. In order to
find at least one of these a, we just have to replace Ga by

A

. ot ) )
Gay,.ar = —Ryoo Bjay) -+ Rlay)

which may be implemented as described in 2.1.2 with the f3-CNOT gate replaced
by the (fa, + ... fa,)-CNOT gate. Correspondingly, (2.3)/(2.4) have to be replaced
by

lag) + ... |a)

7 b)

Gh a oM = sin((2u +1) Qt) —|—cos((2u +1) Qt)

— Y
2n—t be{ai,...a;}
(2.5)

6, %< arcsin <\/t2_n> . (2.6)

Choosing p such that sinQ((Q,u +1) Ot) is close to 1 we get a state that is essential
a superposition of only those states of the computational basis which correspond
to data base entries meeting the search criteria. Performing a test we select one
solution at random.
Unfortunately, we only know how to choose p if we know ¢. If ¢ is unknown we
271

find a solution after an expected number of O( T) applications of the described

procedure with suitably chosen p's (Bover et al.. 1998, Sect. 4).

and

For interesting modifications of GROVER’s algorithm see (Ambainis, 2005; Korepin and Grover, 2
Tulsi et al., 2005) and references given there. For a few-qubit experimental imple-
mentation of the algorithm see (Walther et al., 2005) and references given there.

For application to robots see (Dong et al., 2005).

Final Remark: Presumably GROVER’s algorithm will not be useful
for searching a standard database, because transferring the database to
quantum memory would require too much effort (Deutsch and FEkert, 1998).

DRAFT, October 17, 2007
SFor instance, we may be interested in only a subset of Dbit-values
(Grover and Radhakrishnan, 2004)
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2.2 Factoring Large Integers

2.2.1 Basics

The greatest common divisor ged(ng,ny) for given ng,n; € Z may be efficiently
determined via EUCLID’s algorithm.:”

Defining
i 8 ol ) )
0 else
successively for v =0,1,2,... we get
ged(ng,ny) =ng for s=sup{r € N:n, # 0} < co. (2.8)

Thus, factoring a given product N = pyps of unknown large integers py, ps is a task
of the type

“A solution is easy to check but extremely difficult to find.”

Classical encryption schemes rely on this fact.

The most popular public-key encryption algorithm® is RSA, named after its three
inventors Ron Rivest, Adi Shamir, and Leonhard Adleman. It works as follows
(Rivest et al., 1978):

e Messages and keys are represented by natural numbers corresponding to binary
strings.

e Messages M are encoded as
C =M€ mod N,

where N > M and e are two public keys created in the following way:

1. Two large prime numbers p and g of comparable size are ran-
domly chosen? and kept secret. Only their product

N=p-q

is publicly announced.

2. e is chosen as a large random number having 1 as largest com-
mon divisor with (p — 1) - (¢ — 1) — to be checked by EUCLID’s
algorithm.

DRAFT, October 17, 2007
7As usual, we use the notation

|x] défsup{nGZ: n<z} VrelR.

Thus, for n,41 # 0, ny4o is the remainder of the integer division of n, by n,,1. For details
concerning EUCLID’s algorithm see Section 2.2.3.

8See (Singh, 2002; Kahn, 1967) for the history of classical cryptography and (Schneier, 1996)
for applications.
9See (Rivest et al., 1978, Section VILB) how to find large prime numbers without testing pri-

mality by factorization.
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e The message may be decrypted in the form
M = C%mod N .

where d € {1,...,(p—1) (¢ — 1) — 1} is the private key to be determined
from!?
e-d=1mod (p—1)-(¢—1).

Of course, d has to be kept secret as well as the prime numbers p, ¢ which then may
be forgotten.

The task of factorizing N in the form
N=p-q withp,qe{2,...,N—1}
is essentially solved if a factorization
ny-n_ = 0(modN) (2.9)
of an integer multiple of N is found that fulfills the conditions
ny # 0 (modN) (2.10)

Then'!
ged (ne, N) € {2,...,N -1} (2.11)

and these factors may be efficiently determined using EUCLID’s algorithm.

Outline of proof for (2.11): Obviously, every prime factor of N must be a factor
of either ny or n_ (or both) and neither ny nor n_ can be the product of all these
(not necessarily pairwise different) factors. g

Finding a factorization of type (2.9),(2.10) is facilitated by the following theorem.

Theorem 2.2.1 (EULER’s Theorem) Let x, N € IN. Ifz and N are coprime,
i.e. if ged(z, N) =1, then
2#WN) =1 mod N

holds, where EULER’s ¢ function is defined as'?

o(N) £

{yeN: y<N,gcd(y,N)=1}\-

DRAFT, October 17, 2007
10The essential point is that
p-1)-(g-1)=¢p q,
where ¢ denotes the EULER function introduced in Theorem 2.2.1, below. d may be determined
modulo (p — 1) - (¢ — 1) running EucLID’s algorithm (2.7) for ng = (p—1)-(¢—1) and ny = ¢
and resubstituting iteratively the expressions for ny, = 1, s given by (2.8), using (2.7) to yield the
representation 1 = e - x 4+ y - N with certain integers x,y .
1 As usual, we denote by ged(ng,n2) the greatest common divisor of two integers nq,ns .
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Proof: See, e.g., (Schroeder, 1997, Sect. 8.3) or (Niclsen and Chuang, 2001, Theo-
rem A4.9). |

By EULER’s theorem, for N € IN and
re{2,...,N—-1}, ged(z,N)=1 (2.12)

the function
f) ¥ wez (2.13)

has a minimal period
r < inf{a e IN: 2% = 1 (modN)}, (2.14)
called the order'® of z modulo N . If r is even and
z"? % —1 (modN) (2.15)
then the conditions (2.9) and (2.10) are fulfilled for

ng=a"2+1.

Outline of proof: (2.9) is a consequence of (2.14) and
(xr/2+1)<zr/2 71> =z"—1.
(2.10) follows from (2.15) and the corresponding property
2"/% % 41 (modN)

implied by (2.14).

Summarizing, we have the following factoring algorithm:
1. Randomly choose some x € {2,..., N — 1}.
2. If ged(z, N) # 1 then x is already a nontrivial factor of N .
3. If (2.12) holds, determine the order r of x modulo N .
4. If r is odd or 2"/? = —1 (mod N), restart the algorithm.

5. If r is even and 2™/2 # —1(modN), determine the factors ged (x”/2 +1, N)
using EULER’s algorithm.

DRAFT, October 17, 2007
2By |M| we denote the number of elements of a finite set M .
13The numbers x € {1,..., N — 1} form a group w.r.t. multiplication modulo N . Every element
x of this group generates a cyclic subgroup of order r.
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Thanks to the following theorem (and EULER’s algorithm) the efficiency of this
factoring algorithm depends solely on the available techniques for determining (2.14).

Theorem 2.2.2 Let m be the number of different prime factors of the positive
integer N and let x € {1,...,N — 1} be randomly chosen. If ged(z, N) =1, then
the (conditional) probability for (2.14) being even and x™/? # —1(modN) is not
smaller than 1 — 27 .

Proof: See, e.g., (Niclsen and Chuang, 2001, Theorem A.4.13). |

In order to gain exponential speed up for the determination of (2.14), Peter
W. Shor suggested the following (Shor, 1994):

Instead of calculating x* (modN) for a = 1,2,... until the result is
1 (modN), transform the state

22L_1

oL Z ’a>2L® ‘0>L )
a=0

where

L= min{leN: N <2},

into the state'*

1 2kl
57 2 la)yy @2 (mod ),
a=0

(exploiting quantum parallelism) and evaluate the latter by means of the
quantum FOURIER transform applied to the first 2L qubits..

2.2.2 The Quantum FOURIER Transform

In order to plot, over the interval [—Q, 4], the FOURIER transform

-~ 1 To )
flw) = QW/O F(t) et dt

of a (sufficiently well-behaved) signal restricted to the time interval [0, Tp] it is suf-
ficient to have the discrete values

~ 2 2T
il kez. |k
Fh) . kez, ]TO

<Q
Th -

DRAFT, October 17, 2007
1 An efficient implementation is described in (Vedral et al., 1996).
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if Ty is large enough (depending on the required precision). In order to determine
these values approximately it is sufficient to know the sampling values

To
| — ' 0,1,...,N—1
Fi) . Jelot. . N-1},

for sufficiently large N € IN (depending on 7y and 2):
= 2 1 = w255 To
k ik 2T g 2
Frg) = NP oR () ¥y o

Remark: In order to estimate the quality of this approximation note that

2
| Al
Ty

<Q.

To

N-1 T
S (i) e ® = [ an w0 s0 e,
7=0 0

where

ATO/N def Z(S<tl/)

veZ
and hence!®
~ 2N
Aqy/n(w) = V2 Zc?(w—uﬂ' T, )

;LGZ
NyQuisT-frequency

Hence, using the so-called discrete FOURIER transform

N—
Z 27r~
{%j}jeqo,n-1y { Z "N } (2.16)
=0 ke{0,...,N—1}

we get
2w To 2w
k)~5m0 iwng
f( Ty Vor N Hmed ) Ty
for the sampling values
1o :
Since
N— 1— €z27rm
Z 4——?——0Vm6ﬂ LN =1}, (2.17)
- l—e'n™
the inverse of the transformatlon (2.16) is
def 1 Nl i ke 2w
(b — {5 @ o S a0 @)
VN k=0 j€{0,..,N—1}

DRAFT, October 17, 2007
15See, e.g., (Liicke, musi, Anhang A.1).




42 CHAPTER 2. QUANTUM ALGORITHMS

Especially for N = 2" we define the quantum FOURIER transform E, by

F, S a2y ¥ S Eb)|b)  V(we,..., w0 4) € CF, (2.19)
be{0,1}" be{0,1}"
where!¢ ot
z(b) = =z n
(b) ot j<b>} vb e {0,1}

(b) = Zyp)

Obviously, F), is a linear operator on €% and, therefore,

n ~ 1 7 n
(2(a) = 6ap, Vae{0,1}") T (x(a):\/Q_n 1(2) 3% 1(b) Vae{O,l})

implies'”

V2 E, by = 3 @RI, (2.20)

ac{0,1}"
= Y @ E M) vbe{o,1}"
ac{0,1}" v=1
The latter implies'®
£, |b) = ®( +e 22 I®) ) vb e {0,1}" (2.21)

Thanks to

i 2mbu 2

=1 forpu<n-—v

we may rewrite this as

1 - 227r Zn b, 2"
£, b) ( it b 1 > Vb e {0,1)" 2.22
b= = ® n) vbent  (222)
or as
E,|b) 0) + < ei2”2_(a_1)b(”—'/)+a> 1) Vb e {0,1}" 2.23
b= =@ [0+ (1T m) veepy| @)

showing, by the way, that F), is isometric.

Exercise 11 Using (2.23), show that the n-qubit network

DRAFT, October 17, 2007

16Recall the definition of I(b) in (1.6).
"Note the ordering of

def
QP Xy = X1® ... ® Xn-

18 An import special case is £}, [0) = US™ |0) .
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with

1) |n)

. def (1 0
Sy = (0 ei271'/2”> ] S E A
[bn) |b1)

Y

43

implements the quantum FOURIER transform.'® Moreover, using Corollary 1.2.3,

show that

e o —

- )

holds for 6, = —m/2" and C,, = Rs(4,) .

DRAFT, October 17, 2007

Remarks:

1. If the crossings are ignored then the above implementation of the quan-

tum FOURIER transform uses n/2 SWAP gates, n HADAMARD gates and n?/2
Aq(8,) gates.

. Since

%I(a) 2219 Z xl(b) <a’ﬁ’n b>
(2-19) be{o, 1}~
_ S o <F;1a‘b> Vae {0,1}"
be{o, 1}

the above network implementation for F, yields a nice factorization of the
matrix corresponding to the discrete FOURIER transformation. This factoriza-
tion is the core of the radix-2 version of the fast FOURIER transform (FFT)
algorithm.?"

YNote that

1

7% (10) + €™ (1)) =Un b)) Vbe{0,1}.

20Gee, e.g., (Brigham, 1974; Nussbaumer, 1982).
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Exercise 12 Prove the identities?!
ﬂﬁl’(oa b27 R bn) = +ﬁt/fl(b27 s 7bn/a 07 bn’+17 ce 7bn)

+ei27r2:l:2bl/2_y ﬁL’—l(b27 R bn’7 17bn’+17 s 7bn> )
V2 Fo (Lo b)) = +Fui(bos. by 0, b, b

_ei2ﬂZ::2 bvz " ﬁl'*l(b% R bn’7 17 bn/+17 s 7bn>
for the partial discrete FOURIER transform J, defined by

’

<‘¢7-1/ l’) (b) déf Z l’(b,17 e 7b;’t” bn/+1, . ’bn) exp (+Z 27T Z by bV/ 2n’_]/_y/>
ble{O,l}"/ v'=1

for n” <n € N and
(F2) (b) € &(b), (Fz)(b) = z(b).

2.2.3 Quantum Order Finding

As already mentioned at the end of 2.2.1, to find the order (2.14) of a given integer
r €{2,...,N — 1}, SHOR suggested to exploit the effectively implementable®* state

. 1 2P
Wshor = 5 2 (Forla)y,) @ [ (mod N)),
a=0
= — e 2L ey, @ |z (modN)), .
2.19),2.16) 221 2= 2 g

where
Ldéfmin{l ceIN: N < 2l} .

The essential point is the following:

2% (modN) = 2% (modN) <= ¢ =amodr.

Therefore,
e a 2
pa,e) = |{le)yy @ |2° (modN)) , | Wpor)
. 2
ia 2% ¢
= ﬁa/gj:we 22L Va,CE{O,...,QQL—l},

DRAFT, October 17, 2007
21Tet us point out that

!
i 2 " b, 27 i =
RELD D =TT VWbhy,... by € {0,1}.

228ee also (Coppersmith, 1994), in this connection.
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where

M, ¥ {a’e {O,...,22L—1}: a’:amodr},
is negligible unless all the phases

bre

2 mod2r) € [0, 27)

with
be {0,..., {(22]4—1 —minMa) /TJ} ,
are predominantly almost the same, i.e. (assuming L sufficiently large)
unless e .
[0,27) 5 27 227L(1’Il0d271') =0 <22L> :
1
=0 (5z)

The latter means that®

c d

22L

holds for some integer d .
More precisely, one can show:**
A projective measurement of Wy, w.r.t. the computational basis is likely

to find the first 2L-qubit register in a state |c),; with

ged(d,r) =1 (2.24)

being fulfilled for integer d .

If we have found a fraction ¢/22F fulfilling (2.24) for some (unknown) integer d
with ged(c,d) = 1, then r may be efficiently determined using the continued fraction
algorithm:?

The motivation for the definition (2.7) — given ng,n; € IN — is the observation

that
n n 1 n
v :{ v J+ (nl,—nyﬂ{ Y J) Vn,,n, €N
nu+1 nzz+1 nqul nqul

remainder

DRAFT, October 17, 2007

231f, by chance, r divides 22F then b runs from 0 to % — 1 and, therefore, an adaption of (2.17)
shows that p(a, c) vanishes exactly unless 5% = d holds for some integer d.

24Gee (Shor, 1997, Section 5) for details and Appendix A.3 for an improved search algorithm.
Note that » < ¢(N) < N.

25 Otherwise the prescription will yield an integer 7/ that fails the test " = 1(modN) almost
certainly. Then the whole procedure has to be repeated.
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since, then, we have

n n 1
Mo _ {OF
ni

ete.,
hence the continued fraction expansion26
v—2
T 1 1 ‘
nl_L J+ZH - | ’nH Veedl,... s} (2.25)
Mp+1 ny

with s given by (2.8).

Remark: Formally, i.e. without specification of the a, and b,, finite continued

fractions®”
ai| | as a, |
bp+ —+ — 4+ ...+ —
| b1 | be | b,
are recursively defined by
a1| def
bO + bo
| b1 b1
and
a a a a a a
oyl gl ol ol e |
| bl | b2 | bV+1 | bl | b2 b, + a,,+1
v41
Due to

Ny+1 7é 0 (2:7)’) Nyyo < Nygo < Nyyq

s must be finite and fulfill the equation {%J = "n—‘l . Since
ng (nufla nu) 7é 0 — ng (nu+17 nu)

we see that ged(ng,ny) divides ng and that ng, dividing ns_;, also divides ny and
ny . Hence (2.8) holds, indeed.

Given ¢, L € IN fulfilling (2.24), the set of possible fractions ¢ is strongly re-

stricted by the following lemma.

DRAFT, October 17, 2007
26Note that the continued fraction expansion does not change if ng and n; are replaced by
= png and nf = pny, where p € IN.
2TSee, e.g., (Perron, 1954; Perron, 1957) or (Brezinski, 1991) for the general theory of continued
fractions. See also (Baladi and Vallee, 2003).
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Lemma 2.2.3 Given ng,ni,d,r € IN fulfilling

Nno d

ng r 272’

using definition (2.7) and (2.8), we have*

d:{noJﬁl |
+ = Il T

Np+1

for somet e {l,...;s —1}.

Proof: See (Niclsen and Chuang, 2001, Theorem A4.16). g

Therefore, using (2.7) for

ny =c, L =22

and determining — for t = 1,2,...,s — the numbers A;, B, € IN characterized by

ni

{%J—i_i:‘{”#J =— gcd(Ay, By) =1,

we have

’r:Bt forsometﬁs.‘

Also these A;, B, can be efficiently determined via EUCLID’s algorithm:

! |l |
ay as an,
bo+—+—4+...+ —,
Tl | by | by
is well-defined then
v+1 v—1
a,| a ay by |
b0+ i:bo—i‘ 7“"‘ \V/l/zl, ,n—l
/;l bu Hz::l| bu | bu by+1 + au—i—l
and, therefore,
ar|  as| a,|  Ay(ai,...,a,;b0,...,0))
bp+ —+ —+...+ == Vv=1...n,
O e b, Bo(ar,....avibo, .. 00) "
DRAFT, October 17, 2007
28Note, however, that
t t—1
1| 1] 1 \
-1 all R — v . IN.
ay — Z|au |au+|at71+1 ap, , Q4 €



48 CHAPTER 2. QUANTUM ALGORITHMS

if the A, and B, are recursively defined by?”

Ay déf bu Au—l + ay AI/—2

def

forv=1,2,....n,
Bl/ - bl/ Bl/—l +a, BV—2

where

Fortunately, these definitions also imply

a,=1 Vpe{l,...,n}

b, € N V,ue{O,...,n}} — gcd(A4,,B,)=1 Vve{l,...,n}.

Outline of proof:

Au+1 B, = bu+1 AV B, + Aufl B,
— bqul AV BV + Allfl BV72 + bl/ Aufl Bufl

and the corresponding equation with A, B interchanged imply
Ay1B,—Byy1 Ay =—(A,B,_1—B,A,_1).
By induction, starting from
ApB_1 —ByA_1=-1,

this gives
A,B, 1 —B,A, = (-1)""" vve{o,...,n}. (2.26)
In case
AV:chl/7 Buzeucu

the positive integer ¢, would divide the Lh.s. of (2.26), hence also the r.h.s. The
latter, however, is only possible for ¢, = 1.

Example®* N = 899, L = 10 : If, for instance, the projective measurement gives
|267137),, for the first 2L qubits, then we get™

2% — [0,3,1,12,2,1,1,1,26,1,1,22, 2]
SOOI T SR UL VU1 UL PR (VU R B
13701 T2 Tf2 pr T T 26 T 22 T2
DRAFT, October 17, 2007
2 Thus

(by bl/-',—l + a/u-i-l) Au—l + (au by+1) Au—2 = by+1Ay + al/+1Ay—1

and similarly for the B, .

30Compare (Rosé et al., 2004, Section III).

31In Maple, after the command ”with(numtheory);” this result will be produced by the com-
mand ”convert (267137/2%0, cfrag);” and the subconvergent [0,3,1,12,2,1,1,1] can be evalu-
ated by the command "nthconver([0,3,1,12,2,1,1,1]1,7);”.
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and succeed with ¢t = 7 :

107 d
1,12,2,1, 1,1} = — = —
[Oa377 a777] 420 7’7

i.e. testing r = 420, we get®* the factors

899
ged(11%7° +1,899) =29, ged (11210 —1,899) = 31 = 5

If, for instance, we unfortunately measure ¢ = 801411 then we get

801411

520 = 0,1,3,4,7,1,80,1,1,7,6]

with the subconvergent

107 321
4,71 = — (= —— ).
0.3,4,7,1] 140 ( 420)

In this case, although the condition

c d

22L

- 1
- 272

(but not ged(d,r) = 1) is fulfilled (with d = 321) r = 420 will presumably not be
detected and the whole procedure will be repeated, maybe with a different random
value for x .

DRAFT, October 17, 2007
32E.g., by the Maple commands ”"gcd(11210,899) ;” and "gcd(11210,899) ;.
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Chapter 3

Physical Realizations of Quantum
Gates!

A set of necessary conditions to be fulfilled for the physical implementation of quan-
tum computation is given by DIVINCENZO’s checklist (1DiVincenzo, 2000):

1. Qubits have to be well characterized and scalable.?
2. The standard states |0,...,0) must be preparable.?

3. The duration of a gate operation must be much smaller than the decoherence
time.

4. A universal set of gates must be implementable.

5. The qubits must be measurable in order to be able to ‘read out the result’ of
a quantum computation.

Remark: For quantum communication the following two requirements have to be
added:

e It must be possible to convert static qubits into flying qubits (typically photons).

e It must be possible to protect flying qubits against decoherence.

3.1 Quantum Optical Implementations

Optical systems currently constitute the only realistic proposal for long-distance quan-
tum communication and underly implementations of quantum cryptography.

(Knill et al., 2001)

DRAFT, October 17, 2007
!See the special volume Fortschr. Phys. 48 (2000) No. 9-11.
2Thus, 1-photon realizations of n-qubit systems should be considered as qudits with d = 2"
rather than n-qubit systems proper.
3This is still difficult for n-photon systems.

51
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3.1.1 Photons

In the CouLOMB gauge the free electromagnetic field E(x,t), B(x,t) is given in
the form

B(x,t) = curl A(x,t), E(x,t)= —aatA(x, t),
A(x,t) = AW (x, 1) + (AD(x,1))

*

by some complex vector potential

2

A (x,1) = / (Z €; (k) fj(k)) o (c[kft-kx)

j=1

dk
V2 k|

where, for every k # 0, the vectors €;(k) form a

k
right handed orthonormal basis {el(k), e (k), ]k|}

and thus guarantee div A(H) =0.

Remark: We use SI conventions; see Apendix A.3.3 of (Liicke, edyn).

In the HEISENBERG picture of the quantized theory the classical fields E(x, ¢) and
B(x,t) have to be replaced by corresponding observables on the state space Hgelq
i.e. by operator-valued (generalized) functions E(x,¢) and B(x,t) to be interpreted
in the following way:

If & € Hgeq is a sufficiently well-behaved (and ||| = 1) then
<<I> ‘ E(x,t) <I>> resp. <<I> ‘ B(x, t) CI>>

is the expectation value for E(x,t) resp. B(x,t) in the HEISENBERG
state (corresponding to) & .

Up to unitary equivalence these observables are given by

A~ ~ ~ ~

B(x,t) = curl A(x,t) , E(x,t)= —aA(x, t),

. . N T
Axt) = A7 (x, 1) + (A(”(x, t)> ,
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where*
2

~ () < def ) 3/2 ohic €. o 6—i(c|k|t—k‘x> & .
A (x,t) = (2m) \/ﬁ/(; i(k) J(k)) \/m (3.1)

and the a;(k) are annihilation operators® fulfilling the commutation relations®
. N R R T
[a;(k), a; (K)]- =0, [a;(k), (ay(K))]- = 6;5 6(k — K) (3.2)

on a suitable dense subspace D, of the HILBERT space H containing a cyclic nor-
malized vacuum state vector () characterized (up to a constant phase factor) by

a;(k) Q=0 (3.3)

(in the distributional sense). This also fixes the inner product on H .

The operators a of the form

i=Y /aj(k) (f00) dk, i, foe LX(R?) (3.4)

7=1.2

with”
a,af] =1 (3.5)

characterize modes of the quantized electromagnetic field corresponding to the clas-
sical complex vector potentials
il Q>

AW (x,t) = <<A(+) (x, t))T Q
_ <Q ' AV 1), a*] ) Q>

= ) 3/2 c - €. F e—ile kit—k-x dk
sadhon O | (;1 M f](k)) - >\/m |
(3.6)

DRAFT, October 17, 2007
4Thanks to the special choice of the factor in front of the integral we get the desired expression

i— 1/ (eO:E(X,t) B )+ — Blx,t) - Bx,t) :) dx

2 Ko
for the HAMILTON operator, characterized (up to an additive constant) by
9 L) PN D!
2A ,t:f{H,A ,t}
oAM= 1 (et)]
5See (Mizrahi and Dodonov, 2002), however.

60f course, the notation T includes the requirement
T
(@ | a;(k) @) = <(aj(k)) ) ’ <1>’> .

"Condition (3.5) is equivalent to de QH =1.
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With these modes the subspaces H(™ C H of n-photon state vectors may be defined
recursively by

HO L0 ae )

and
HOD = faf o oM e H™ G modef forn=0,1,2,....

Physical characterization of n-photon states: n (ideal) detectors but no more
can be made fire by an incoming n-photon state.

Modes a, , a, are called orthogonal, iff the states al Q, dL Q) are orthogonal, i.e. iff
lay, , a,]- =0.

Fortunately, already classical electrodynamics tells us how photons are affected
by passive linear optical components:

The change of the mode a of a photon, caused by a passive linear opti-
cal component, is such that the corresponding complex vector potential
changes as predicted by classical electrodynamics.

3.1.2 Photonic n-Qubit Systems
Single-Photon Realization

For every n € IN, using sufficiently many beam splitters a single-photon state a'
can be changed into a coherent superposition®

Yoo paf 0
be{o,1}™

of (essentially) orthogonal 1-photon states

which may be chosen as elements of the computational basis of a (simulated) n-qubit
system.

Remarks:
1. Since the single qubits of the 1-photon realization cannot exist independently
from each other we should better call the system a qu2™it system.

DRAFT, October 17, 2007
8For the special case n = 3 an example is illustrated in Figure 3.1.
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5 10,0,0)
510,0,1)
7 10,1,0)
7 10,1,1)
75 11,0,0)
% 11,0, 1)
7 11,1,0)

ZILLL)

Figure 3.1: Preparation of @é?’) in a single-photon realization.

2. Cascades of beam splitters may also be used to implement approximate mea-
surement of the number of photons:’
E.g., replace the single-photon input in Figure 3.1 by a 2-photon state and
direct the output rays into separate ideal detectors. Then the probability that
exactly two of these detectors ‘fire’ is 15/16 (=~ 94 %).

For such a choice of computational bases all unitary transformations can be (essen-
tially) effected by linear optical components. Thanks to Theorem 1.2.1 it is sufficient
to show this forn =1:

Assume, for instance, that that |0) and |1) describe horizontally polarized (almost
monochromatic) photons. Then the 1-qubit gates may be implemented by linear
optical elements corresponding to JONES matrices U in the following way:

A 0) = A A1 10
WO FTL R PR

i

|

|

v

1

|
A2 |1 ' ! Ay |1
Xl N X [ X b

All unitary transformations of the polarization state of a photon (with almost sharp
momentum) can be (almost accurately) performed by proper use of only A\/2-blades

DRAFT, October 17, 2007
9See (Bartlett et al., 2002) for details. See also (Haderka et al., 2003; Waks et al., 2003).
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and polarization-dependent phase shifters.

General remark: Instead of performing the n-qubit transformations
Uy one may choose a fixed n-qubit transformation V(,) perform the

n-qubit transformations U(n) f/(n) and interprete the result w.r.t. the
new computational bases {|b)/ o V(n) |b) : b e {0, 1}"} Usually, in
practice, this freedom is tacitly made use of.

Exercise 13 Consider the single-photon realization of a 2-qubit system with:

5 _ upper path and
10,0 = vertical polarization ,
5 _ upper path and
10.1) = horizontal polarization ,
5 _ lower path and
10 = vertical polarization ,
5 _ lower path and
Iy = horizontal polarization .

a) Show that the CNOT gate may be implemented by placing a 90° polarization
rotator into the lower path.

b) Show that the TCNOT gate may be implemented by applying a polarization
beam splitter — reflecting the vertically polarized components and transmit-
ting the horizontally polarized components — in the following way:

a00‘0,0> + o1 ’0,1> a00‘0,0> + aqq |0,1>

()610‘1,0>+C¥11’1,1> a10\1,0>+a01|1,1) .

The single-photon ‘realization’ has a serious disadvantage spoiling the eventual
speed-up of quantum computation:

The number of optical devices required for the single-photon simula-
tion of n-qubit systems grows exponentially with n (Cerf et al., 1998;
Kwiat et al., 2000).

Therefore, we will consider only many-photon realizations in the following.



3.1. QUANTUM OPTICAL IMPLEMENTATION 57

Multi-Photon Realization

For given n € IN we may choose a fixed!" set

{av;:ve{l,...,n}, je{01}}
of 2" pairwise orthogonal modes and consider the n-photon states
b) = d;bl e &L,bn Q Vbe{o1}"
as elements of the computational basis of a true n-qubit system.!!

Here, while the 1-qubit gates may still be easily implemented by linear optical
components, the physical realization of universal 2-qubit gates is quite a technolog-
ical challenge.!?

Fock Realization

Another possibility is to choose some fixed set {a,...,a,} of pairwise orthogonal
modes and consider the states

b) = |b)" Vbe{0,1}", (3.7)

1 N v N Un,
|l/1,...,l/n>F d:efﬁ (CLI) 1(QIL> Q Vyl,...,yn€Z+, (38)
. -

as elements of the computational basis of the n-qubit system.
The states dLQ of the single-photon realization for n-qubit systems form the
subset
{IB)T b+ by =1}

of the computational basis of the FOCK realization for 2"-qubit systems using the
2™ modes

Qrby+1 = ap , b€ {0,1}".

Obviously, for n=1 the FOCK realization does not coincide with the single-photon
realization. Actually, 1-qubit gates like the HADAMARD gate cannot be implemented
by linear optical components, since |0>F represents the vacuum state. Nevertheless,
the FOCK realization has certain advantages as, e.g., those to be discussed in 3.1.4.

DRAFT, October 17, 2007
10Recall the above general remark, however.

1 Of course, for n = 1 the n-photon realization coincides with the single-photon realization.
12Concerning recent progress in detector technologies see (Rosenberg et al.. 2005).
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3.1.3 Nonlinear Optics Quantum Gates

For both the n-photon and the FOCK realization of n-qubit systems the (universal)

~

CPHASE gate A;(Sy)

E

is nonlinear in the sense that — contrary to the action of linear optics components
— the modes are are not transformed independently of each other.

If a non-linear sign gate NS is available,'? i.e. an optical one-way gate acting
according to'*

(a@)"+8(@)" +7@)") Q= NS | (a(@)’ +5(@)" —(@)*) 2

then the CPHASE gate can be easily implemented by proper use of linear optical
components like the HADAMARD beam splitters (with deflecting mirrors) charac-
terized in Figure 3.2.

10)

- —> —

Figure 3.2: HADAMARD beam splitter.

One such implementation,'® suggested in (Ralph et al., 2002), is sketched in Figure
3.3. The essential idea is to exploiting two-photon interference (see Section 5.2.3
of (Liicke, nlqo)) at two HADAMARD beam splitters forming a balanced MACH-
ZEHNDER interferometer as sketched in Figure 3.4.

One would like to realize the necessary NS gates by means of optical nonlinear-
ities. Unfortunately, sufficiently strong nonlinearities of crystals are accompanied

DRAFT, October 17, 2007

13See (Sanaka et al., 2003) for an experimental realization.

14The gate is non-linear in the sense that its action cannot be reduced to a linear transformation
of the modes a .

15The modes a,,,, are assumed to differ only by vertical translation and to describe photons with
(almost) sharp momenta.
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Figure 3.3: Optical implementation of a CPHASE gate.

a |0) a |0)
——— -

- —> ~

A N A

Figure 3.4: Action of a balanced MACH-ZEHNDER interferometer.
by too strong absorption and therefore are not suitable. A way out may eventu-

ally be provided by electromagnetically induced transparency'® (EIT), discussed in
Section 8.3.2 of (Liicke, nlqo).

Using beam splitters characterized by

0) cos 9 |0) —eT%? sin 9 |0)
- > e P
N\ A A7
| VAN 2 | | 9 /\/ Y2 |
N emiesing|1) 1) 7 X cosd 1)
N A G

indeterministic'” NS,-gates, i.e. gates acting according to

(ai+ﬁa*+7(af)2) Q <ai+ﬁaf+m(eﬁ)2) 0

DRAFT, October 17, 2007
16See (Ottaviani et al., 2005) and concluding discussion of (Munro et al., 20052).  See also
(Munro et al., 2005b) concerning the use of ‘weak’ cross KERR nonlinearities.
17 A gate is called indeterministic if it acts correctly with nonzero probability < 1 not depending
on the input state and if, after its action, it is known whether the action was correct or not. An
indeterministic gate is called near-deterministic if its probability of success is near to 1.
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_________________ NS ...
1 1
1 1
1 AN , 1
1 \k /// 1
1 N e 1
1 (&')T 0 N A/ 1
: 9 M P2 7 Dy :
: //// \\\ /7/ :
1 Z 4 1
1 d AN .’ 1
: 1 N ©1 U3 > 3 :
1 - - 1
1 \\ 4 \\\ 1
: \\ ,// \\\\ :
1 N 7 N

| —— \/{)2 :
1 1
L e e e e e e e e e e —, —— e — ———— 4

Figure 3.5: An indeterministic NS,-gate

if successful, can be implemented'® as sketched in Figure 3.5. According to (Knill et al., 2001,
Fig. 1) these gates act successfully iff a single-photon state is detected by D; and
the vacuum state is detected by Dy . For

9, 1929.5° ¥ 8
9 | = [ 65.5302° | and Zz -1
_ o 3
s 22.5 o 180°
we have x=-1 and the probability of success is 0.25. For

o +36,53° 1 _868(’325%20
9o | = | 62.25° and | 72| = 02
9 —36.53° 3 ~1,2

3 ' ©4 102, 24°

we have x=i and the probability of success is 0.18082.

3.1.4 Linear Optics Quantum Gates'
Indeterministic Gates

Fortunately, using photonic memory and quantum teleportation, (deterministic)
CPHASE gates may by implemented using indeterministic ones:

DRAFT, October 17, 2007
18See also (Rudolph and Pan, 2001; Ralph et al., 2002; Hofmann and Takeuchi, 2002) and espe-

cially (Gilchrist and Milburn, 2002) for other possibilities.
198ee (Dowling et al., 2004).
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The essential observation, due to (Gottesman and Chuang, 1999), is the equivalence

N +
T
U
—q T
P T = : (3~9)
o, { 1]
_ +
P +

where

-3

is the inverse of the BELL network and @, the state defined in 1.2.2. This equivalence
is obvious from the discussion of quantum teleportation in 1.2.2 and, thanks to

97

&l
Il

implies the equivalence®”

5 +
<I>+{ o 7] & B 7 _
<I>+{ — %T -
5 +

Therefore:

If the auxiliary 4-qubit state
o) < (1@ CPHASE® 1)(9, ® 0,

is available then the (deterministic) CNOT gate can be replaced by ap-
propriately modified double quantum teleportation.

DRAFT, October 17, 2007
208ee also (Brukner et al., 2003) in this connection.
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If @1(34 ) can be stored for later use?! then it is sufficient to have a nondeter-
ministic gate producing @1(34 ) with nonzero probability from standard input. One
such possibility, obviously, is to replace the deterministic CNOT gates in the above

characterization of @1(34 by nondeterministic ones, if the latter are available.

In principle (Kim et al., 2001) , (deterministic) teleportation is possible by ex-
ploiting sum frequency generation of both type I and type II for a complete BELL
measurement (see, e.g., Section 3.2.2 of (Liicke, nlqo) for the explanation of sum
frequency generation). However, also indeterministic teleportation by only partial
BELL measurement — as, e.g. sketched in Figure 3.6 and explained by Exercise 14 —

may be useful for improving the probability of success, at least , of an indeterministic
CPHASE gate.

Figure 3.6: Partial BELL measurement.

Exercise 14 Consider a HADAMARD beam splitter for the orthogonal modes a; as
i.a a beam splitter acting as

i (@ ) s — (a1 — o)
a1 — —a a s Ao — — a1 — a .
1 \/§ 1 2 2 \/§ 1 2

Show that the beam splitter, applied to the BELL states
1 1

@i:ﬁ(ﬁioﬂd;fl) , \pi:ﬁ(a{ia;)a

in the corresponding FOCK representation as sketched in Figure 3.6, acts as follows:

(10,07 £ 5 (12,07 - 0.2)7)).

Uy =V, +— [1,00",
\:[111 =V_ +—— |0, 1>F .

b, +——

According to (3.9) and Exercise 14 a so-called CZ 1 gate, i.e. an indeterministic

CPHASE gate working with probability of success 1/4, can be implemented in the
Fock realization as sketched in Figure 3.7 This gate succeeds if the (photon number
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Figure 3.7: Implementation of a CZi gate

resolving) detectors Dy, ..., D} indicate that the common state of the first two qubits
as well as that of the last two qubits is a single-photon state.?? The ancillary states

0.1) +[1,0) _ aj +aj
‘1101 — — Q
V2 V2
may be easily prepared using a single-photon source and a HADAMARD beam split-
ter:%

al ©

Near-Deterministic Quantum Gates

The construction sketched in Figure 3.7 can be generalized in the following way
using 4n ancillary qubits®! instead of only 4 (Knill et al., 2000; Knill et al., 2001):

DRAFT, October 17, 2007
Gee (Pittman and Franson, 2002) in this connection.

22The dotted vertical lines indicate that the effect of the corresponding CPHASE gates on the
output qubits can be achieved via LOCC (Local Operations and Classical Communication).

23Note that the single-photon state ¥, is entangled when interpreted as FOCK realization of
a 2-qubit state.
24The case n = 2 is of special interest (Niclsen, 2004).
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Let ag, . . ., G, be pairwise orthonormal modes describing photons with (almost)
sharp momenta and prepare the first 2n ancillary qubits in the state

n 7 2n
. Z(Haz)( i az)a,

p=n+tj+1

(instead of Wyp). Let F be the linear operator on Hg, . 4, characterized by
F(n) Q= and

Foa fel a for a L {ao,...,a,}, .
& Fw =\ Ay e G fora=ay, k€ {0,...,n}, (3.10)
where — as in Section 1.2.3 of (Liicke, nlqo) — we denote by Ha,. .. ay, the smallest
closed subspace of Hgeq that contains 2 and is invariant under dg, . aQn. Then,

as explained in connection with the single-photon simulation of n-qublt systems, the
transformation

a, — Fya, F,) Vv e{0,...,2n} (3.11)

can be implemented using by linear optics.

Remark: For n+ 1= 2™ and?®
k) =alQ VEke{o,...,2™ —1}

the corresponding state transformation

n

Z BT Yk e{0,...,2m —1}

7=0

k), —  Fulk),,

m

simulates the m-qubit quantum FOURIER transform.

Exercise 15 Using the CAMPBELL-HAUSDORFF formula®®
eABe A = exp(ad ;) B, (3.12)

where

show the following:

2)

Lidlae ~  4iala, .
e NP gy et 0 = etieding, Y 5€40,....2n} , p € R.

b)

A i(af an+ala “ .. o
ale“(alaﬁ%“l)e = cosfa; +isinfas
~+i(a] astalar)o

z(al a2+a2 a1)0

e
—i(af ax+aban)e PN - voeR.
e "\ 2 Qs e isinfa, + cosfas
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ZRecall (1.12).
26Compare Footnote 50.
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A

c¢) F(, is a unitary operator on Hg, .. a, -

Since
/ > —1 2 . tiv 2, At
Foya, Foo = et g
,,Ul( o0 i) 510, U VZZO ‘
. .
= > 1 (e+’”n2+1 b aT) Vie{l,....,n}
l1,...,.l;=0v=1
and
J R . n J iy 25 At
. A v 2T
fl(foscfif) = & Hesival
v= 0,--,l;=0v=
’rJL j+1 . 27 . 2
= > Heilml”eﬂl’ml”dl Vje{0,....n—1}
l1,...,lj+1:OV:1
n j+1 - 27 g/ . 27 7/
= Z He*‘mlue“”mlud& vVie{0,...,n—1},
ool =0 V=1
we get

v=n+1 v=
n n A-i« Nj 2n AT
LD DRV B § N () 11 al | o (3.13)
No,-:,Nn=0 J=0 v=n+14+No+...+Nn

0<Ng+...4Np<n

n n Con N, 2n
+6 Z /\No,---,Nn H (e—z n2+1]&;{) ! H CALJ; 0O
No,...,Np=0 v=n+No+...+Np
0<Ng+...4+Np<n
with suitable Ay, ~, € IR, not depending on a,3 € €. Now, if the number
N, of photons of mode a, in the state ﬁ(n) (ai + 7 d(T)) F(n)qDEZIL is checked for all

v € {0,...,n} by projective measurement then:

o If

then the state is projected onto

n
A ~ .27 . ~
—i=E- FN; \ AT B 0
ANo,... N, (041 + 0 (I | e ntl ]) an+No+...+Nn) NoyoooyNp 825

J=1
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where

A def A1\ Vv
Angoove = Ao I (a5)™

v=0
2n

A def N
Bng,..oNo = 11 af, .
v=n-+1+No+...+Nn,

e The probability for (3.14) — thanks to unitarity of F (n) — 18 1
n

Since the phase factor [}_; e 1IN s fixed by the measurement result, this shows:

With probability arbitrarily close to 1 the state (oci +0 d(T)) Q with un-

known a, 3 € € can be teleported®” into (a 1+ 5dL+NO+...+Nn) Q with
random Nj, ..., N, fulfilling (3.14) resulting from — typically destruc-
tive — measurement of the corresponding photon numbers in the state
F(n) (Oz 1 + ﬁdg) F(n)(I)(n)

tele *

In order to implement a CZ,2,(,+1)2 gate, i.e. an indeterministic CPHASE gate
working with probability of success n*/(n + 1)*, 4n + 2 pairwise orthogonal modes

agy -+ -, Gon, by, . . ., bay, are needed. ag resp. by is used for the FOCK realization of the
first resp. second input qubit of the gate. The ancillary FOCK qubits corresponding
to the modes ay, ..., as,, by, ..., by, have to be prepared in the 4n-qubit state

2n
ORI § R SR T

anc tele tele »
v,pu=n-+1

where \I’g;l)e is defined similarly to (1)1(;:1)6 with modes @, replaced by modes b, and
S means action of the CPHASE gate on the pair of FOCK qubits corresponding

~

to the modes a,,b, . Defining F, resp. Ay . resp. By .y, similarly to F,

resp. ANO7,__, N, Tesp. BNO,..., ~,, with a-modes replaced by b-modes and
. def - N A
taﬁ(N) = (Oz 1+p (H e nil jNJ) aL+N0+...+Nn) )

. (3.15)

A;,B(N) = (041 +0 (H eiﬁrlej> BL+N0+...+Nn>

F(n) F(/n) ((a i + ﬁdg) (O/ i + ﬁ/ l;zr]) quﬁl)

2n
= 1 80 (B (i +5ab) 8) @ (B (o1 + ' 8) i)

v,u=n-+1

DRAFT, October 17, 2007

27See (Fattal et al., 2003) for an experimental demonstration of the basic version.
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and hence, by (3.13):

A A

Finy Firy ((Oé 1+ 8af) (o’ 1+ 3'b) @g@)

2n
C s (e (e e (e
V#I£+1 n_%l wlld n_%l ()l££

o R 6/ R n_
® ( bi)Q 4 Fn( bL)Q
(V” 1 Vl;[+1 vn+1 ") ul;[o

+ > AN N,’LA/ (- N;fix’,,b” (N') B?v(; ..... N Q)
NJ....NLy=0
O0<N{+..+N},<n
Therefore, if the numbers Ny, ..., N,, N, ..., N} of photons in the modes ay, . . . , Gy,
130, e ,l;n are checked for the state F(n) F(’n) ((a 1+3 dg) (o/ 1+ BB) \iféﬁl) by pro-

jective measurement then:

o If
0<No+...+N,<n and 0<Nj+...+N,<n (3.16)

then the state is projected onto a state with the factor

2n
Vo T[S0t s(N) 1, 5 (N) Q
v,u=n-+1
_ g(n+N0+...+Nn,n+N{)+...+N;l) ta,ﬁ(N) t;/,g/(N/) 0

™

which may be easily transformed, using only linear optical components, into
the desired output

SO (al+pat)(o/ 1+ 40 Q.

e The probability for (3.16) is n?/ (n + 1)°.

Especially for n = 2, according to (Knill et al., 2001, Supplementary Informa-

tion, Fig. 4), the ancillary state <I>§Zl)e can be prepared (indeterministically) using
only linear optics as sketched in Figure 3.8.
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al 0 1
ST T T T T T T S N ST T T =
s \\ ’
A N\ A
s N s
/ N /
90° p— - —15°.< 90° 5
< ’ \\\ // \\ U -
N A 7
N ’ \\ s /\/\
s
+45° % 0° —45%< (° PN
7 \\ , \\ // \\
4 \ AN 3
S 7 S
L PN
N
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’ N
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. N 4
_________ > ——— N -

(2)

tele

Figure 3.8: Preparation of ®

3.2 Measurement-Based Schemes for Quantum Com-

putation®

The implementation of near deterministic CPHASE gates just described shows some
interesting deviations from the conventional network model:

e Many ancillary qubits are used in addition to the input-qubits.

e The total state of all the qubits is suitably prepared using easily implementable
deterministic gates and indeterministic gates, the latter acting only on the
ancillary qubits.

e Then the desired output state can be transported onto the output-qubits using
only (photon number) measurements and applying some easily performable
final correction depending on the measurement results.

Meanwhile it turned out that for every n-qubit gate (n € IN) and standard input
state the corresponding output state can be efficiently produced,? e.g., as follows
(Childs et al., 2005; Walther et al., 2005; Nielsen, 2005):

1. Prepare a nxm-qubit cluster state® with sufficiently large m in the following
way:

DRAFT, October 17, 2007

28Gee also (Browne and Rudolph, 2004; Rudolph and Virmani, 2005; Varnava et al., 200
Raussendorf, 2005) and (Lim et al., 2004).

29Concerning the preparation of explitly known states see (Kaye and Mosca, 2004).

30We use the notion cluster state in a more general sense than originally introduced in
(Raussendorf and Briegel, 2001; Raussendorf, 2003).

9;
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(a) Prepare n x m qubits in the states

déf |0>V/,L + ’1>1/,u

) — (v,p) e {1,...n} x{1,...m},

and imagine them arranged in a n X m-matrix scheme:

|+>11 |+>12 e |+>1m
a1 oz - [Hom

(b) Join all horizontally neighbouring qubit states and certain vertically neigh-
bouring qubit states, depending on the effective network action desired,
by lines respecting the rule that every state attached to a vertical line
should have only one neighbour attached to a vertical line. Writing

(vn) instead of |4),

"

OO -0
DO O-@-6
D-O-O--@

as an example forn =3, m=5.

we may get, e.g.

(c) For every (horizontal or vertical) line (bond) apply a CPHASE gate to
the pair of qubits connected by the line.

2. Once the cluster state is prepared certain projective single qubit measurements
are performed on the qubits corresponding to the first row (qubits 11,...,nl).

3. Once the qubits of the v-th column have been tested certain projective sin-
gle qubit measurements, depending on the outcome of the previous measure-
ments®! (and the final output desired), are performed on the qubits corre-
sponding to the (v + 1)-th column.

4. When the measurements on the m — 1-th column are performed the n-qubit
system corresponding to the m-th column is left in the desired output state up
to known single-qubit transformations depending on the results of the previous
measurements.

5. The deviation from the desired output state may be either corrected or may
be taken account of by appropriate change of the computational basis.
DRAFT, October 17, 2007

31Measurements the outcome of which determine the choice of subsequent measurements are
called feed-forwardable.
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A fascinating aspect of such measurement-based schemes for quantum computation
is that the universal CPHASE gate is needed only for preparing the cluster state
and for this purpose an indeterministic implementation of the phase gate is sufficient
(Nielsen, 2004; Nielsen and Dawson, 2004; Chen et al., 2005):32

Every cluster state can be prepared by successively applying single-bond and/or
double-bond operations:

I. Single-bond operations: E.g. for the case sketched in Figure 3.9 the
two teleportations (measurements of Ny, N1, Ny resp. N, N{, N}) are at-
tempted one after the other.

O-0O-0-0-0
O-O-&-©
O-O-®

Figure 3.9: Trying to add qubit C' with a single bond.

The teleportation that does not affect A is tried first. If it does not suc-
ceed one has to restart with a newly prepared qubit C'. If it does succeed
then the second teleportation is tried. If the latter also succeeds C' is
added with a bond to A. If it does not succeed then a projective single-
qubit measurement w.r.t. the computational basis has been performed
on A and this qubit has to be removed from the cluster and single-qubit
correction have to be performed on the qubits connected to A (for the
sketched special case only one) depending on the measurement result
indicated by the corresponding detectors. As soon as the size of the
cluster has been changed by this procedure we say that a single-bond
operation has been performed. Thus:

A single-bond operation adds resp. removes a qubit with prob-
ability 2/3 resp. 1/3.

IT. Double-bond operations: E.g. for the case sketched in Figure 3.10 one
first try to connect D to C' by a single-bond operation. If this adds D
to the cluster we apply CZ4/9 to the pair B, D. If the corresponding
teleportation not affecting B fails then D has to be removed from the
cluster and we have to restart with a newly prepared qubit D . If the
first teleportation succeeds also the second teleportation is tried. If the

DRAFT, October 17, 2007
32Moreover, such schemes circumvent the problem of programmable deterministic quantum gate
arrays (Nielsen and Chuang, 1997).
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O-O-O-0O-0O
O
O-O-@ O

Figure 3.10: Trying to add qubit D with two bonds.

latter succeeds D is connected to both C and B if not then B and D
have to be removed from the cluster. As soon as either C' or B has
been removed or D has been connected to both C' and D we say that a
double-bond operation has been performed. Thus:

A double-bond operation adds resp. removes a qubit with

probability % . % resp. % + % . % .

In order to create the cluster, after every double-bond operation that removed a
qubit a single-bond operation can be applied. Then:

On average, 2N successive operations add at least

G- 22 D)2

qubits to the cluster.

Easier implementable indeterministic CPHASE gates®® with lower probabilities
of success are sufficient if the cluster is built from microclusters in which a single
qubits are connected to several dangling qubits in order to allow for multiple gluing
attemps.?*

3.3 Cold Trapped Ions®

Of all the proposed technologies for quantum information processing devices, arguably
one of the most promising and certainly one of the most popular is trapped ions.

(James, 2000)

DRAFT, October 17, 2007
33Gee, e.g., (Gasparoni et al., 2004; Zhao et al., 2005).

34See end of (Nielsen, 2004).

35See (Buzek and Sagura, 2002; Ghosh, 1995; Wunderlich and Balzer, 2003).
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3.3.1 General Considerations

One of the earliest proposals to fulfill DIVINCENZO’s requirements for quantum
computation is the following:

1. e Qubits are identified with ions of some specified kind being in a superposi-
tion of two specified (at least) metastable energy eigenstates |g) resp. |e)
representing the computational basis states |0) resp. |1). Typically, |g)
is the ground state.

e The ions are bound to specified places inside an ion trap and their col-
lective oscillation is cooled to the quantum mechanical ground state.

2. The states |g1,...,8,) = [0,...,0) may be prepared by applying Laser ra-
diation tuned to the transition of |e) into a rapidly decaying higher energy
eigenstate.

3. The decoherence time is of the order 10! seconds while the duration of gate
operations is of the order 10~** seconds.®¢

4. e 1-qubit rotations are implemented by laser pulses — of appropriate du-
ration and phase — tuned to the transition between |g) and |e).

N

e The controlled sign gate A; (S,r> is implemented by a suitable sequence
of laser pulses exploiting one of the collective translational modes as data
bus in the following way:

(i) A first pulse on the control qubit (Ion j;) acts according to

|gj1>|0>osc — |gj1>|0>050 ’ (317)

|ej1>|0>osc — _Z |gj1>|1>osc °

(ii) A second laser pulse on the target qubit (Ion js) — tuned to the
transition of |g) into an exited energy eigenstate |¢) different from
le) — acts for b € {0, 1} according to

12i3)10) 0sc (_1)b‘gj2>|b>osc’ (3.18)

|ej2>|b>osc — |ej2>|b>osc :

(iii) A third pulse of the same type as used in (i) acts according to

|gj1>|0> U |gj1>|0> Y
, 3.19
|gj1>|]‘>osc I -1 |ej1>|0>osc ° ( )

These laser pulses have no effect if the control qubit (Ion j;) is originally
in the state |g;,). On the other hand, if the control qubit (Ion j;) is
originally in the state |e;,) then the action is as follows:

DRAFT, October 17, 2007
36See, e.g. (Nielsen and Chuang, 2001, Fig. 7.1) for a comparison with other implementations.
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Figure 3.11: A linear PAUL trap

— The first pulse transfers this information into the data bus by exciting
it to [1)_.. and applies —i &y to the control qubit.

— Then the second pulse multiplies the |g;,)-component of the target
qubit’s state by —1.

osc

— Finally, the third pulse returns the data bus into its ground state and
acts on the |g;,)-component of the control qubit’s state by —i gy , once
more.

Obviously, the resulting action is that of a A4 (5}) gate.
5. Measurement of the final state of the computation may be done by irradiating
by continuous laser radiation tuned to the transition of |g) into a rapidly

decaying higher energy eigenstate. Then only those ions ‘found’ in the ground
state show strong fluorescence.

All this will be explained in more detail — for the special case®” of “°Ca* ions in a
linear PAUL trap — in the subsequent sections.

3.3.2 Linear PAuUL Trap

The linear PAUL trap used by the Innsbruck group is sketched in Figure 3.11.

DRAFT, October 17, 2007
37See http://heart-c704.uibk.ac.at/quantumcomputation.html
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There are four rod electrodes, namely along

c, {(my, 2)ER:y=—-r9, 2=0, x e {-2 +70}}
C; € {(@y2)eR: 2=+, y=0, v €{-2, +2}},
c; {(:cy, z)eR:y=+rp, 2=0, vz € {-% —i—%}}
c, ¢ {(xy, z)ER: z=—rg, y=0, ze{-% +x°}}

and two ring electrodes (end caps). The electric potential of the rod electrodes
along C; and C3 is*® ®(t) while the rod electrodes Cy and C, are grounded. Both ring
electrodes have the constant electric potential ®,5,, > 0.

Trapping in Radial direction

If the rod electrodes were infinitely long and infinitely thin then they would con-
tribute the electric potential

1) 2 2
®ideal(x7 Y, z, t) - ?0 (1 + Y T2 : ) if q)(t) == @0 = const
0

since this fulfills the LAPLACE equation as well as the boundary conditions along
the rods. If

O(t) = Og cos(Q2t), Q=16 — 18 MHz (radio frequency)

then the quasi stationary approximation

®, cos(Nt 2_ 22
(I)L(:v,y,z,t) . 02<)<1+y r2 )
0

= ®j cos(Nt) Y +1 @y cos(Qt) (3.20)

2
21

can be used near the center of the trap — also for finite rods, if sufficiently long.

The evolution equations of a particle of mass m and electric charge ¢ in the

electric potential (3.20) are®
i) + 120 cos(@t)y(t) = 0 (3.21)
mrd ’
- q %o
t) — Qt)z(t) = 0 3.22
(0~ L% cox@0)=(0) = 0. (522
#t) = 0

DRAFT, October 17, 2007
38Note that static electric potentials cannot have minima in regions free of electric charge.

Q
39In the Innsbruck experiment: ®y ~ 300 — 800V , o ro~ 1.2mm.
T
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With o O
def q Po def
b= mr3 Q2 ¢= 2 (3:23)

equations (3.21) and (3.22) become equivalent to the special cases

(5¢) w0 +20 00 = o, (3.24)
g\
() 0202050 = 0 (3.25)
of the MATHIEU differential equation
((fc) y(¢) + (a +2b cos(2 C))y(() =0. (3.26)

The general solution of (3.26) is"°

y(Q) =Y Cop ()\+ ethC t2ing L\ omnd eamg) ,

nez

with general integration constants AL (to be adapted to the initial conditions) and
certain constants Cs,, and p depending an a,b. We are interested in stable solutions,
only, and therefore have to require

p=10, PBeR.

Then
y(Q)=> Cyy ()\1 cos((2n + ) C) + Ay sin((2n + 0) C)) ; (3.27)

nez
where

MEN A =i —A).

Inserting this into (3.26) gives the recursion formula

a— (2n+
Conys — (55) Con + Cons = 0. (3.28)

Defining

C
G ™ G0 A NG, BE MG
Co
and exploiting the well-known theorems for sin and cos we can rewrite (3.27) in the
equivalent form

y(€) =YT(¢) +,(C),

DRAFT, October 17, 2007
40Gee (Ghosh, 1995, Section 2.3).
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where:
YEQ) € Acos(8Q) £ B sin(50),
5,) = (Y(C) (Gan + Gonn) cos(2nC) = V™ (C) (Gan — Gay) sin(203¢)) .

n=1
For sufficiently small*! |b] one may show:
1. Solution of (3.28) gives a stable solution (3.27).

2. The micromotion §,(() is negligible.

3. The corresponding statements hold also for z(().

In the following the micromotion will be neglected.

Trapping in Axial Direction

The positive potential of the ring electrodes in Figure 3.11 servers to confine positive
ions also in axial direction. The additional (time-independent) electric potential
contributed by these electrodes is

2
@”(J},y, Z) ~ gq)ring (Z}) for .7}/1’0 < 1,

where ¢ is some geometric factor of order 1 characterizing the contribution of @y,
on the center of the ring electrodes.

In the Innsbruck experiment we have
Dring ~ 2000V, ¢~ 5mm

and m
5 Cdz l’2

q@(z,y,2) =

with w
zi ~ 500 — 700 kHz for *°Ca™ .
v

Since w, is definitely smaller than §( ~ 1,4 — 2 MHz, in this experiment, it is
sufficient — for what follows — to consider only the motion along the z-axis in the
potential contributed by the ring electrodes and the repulsive Coulomb potential of
the ions. The total mechanical potential for N identical ions then is (approximately)

N 2 N

- m q 1

Vxl...xN:—w2§ 2+ .
(T1,. . TN) 9 ijI I 4 e =t 2 —

i<k

(3.29)

DRAFT, October 17, 2007
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Mean Values of the Ion Positions

For j € {1,...,N}, let &; be the mean value of the j-th ion’s z-coordinate. Obvi-

ously, for

xdéf(xlw"axl\/'):jdéf (jla"'vjN)

the potential of the N-ion system has to be minimal:

(aaff(:cl,...,a;N)> =0 Vje{l,...,N}. (3.30)
:CJ |x=i

Without loss of generality we may assume
I < Ty <...<Ipn. (331)

under this condition (3.30) is equivalent to

N 1 N 1
Xi=>Y ———=+ >, ———==0 Vje{l,...,N}, (3.32)
’ k.j=1 (Xk — Xj)2 k,j=1 (Xk — Xj)2
k<j k>3
where*? )
Xy, (T ) (3.33)
! e 4meg mw?
For N < 3 the solutions are easily determined:
N=1: X;=0,
N=2: Xlz—gi, X2:+3%,
N=3: X=—{%, Xo=0, Xs=+{%.

For N > 3 the X; have to be determined numerically.

Of course, the distance between the ions is minimal at the center of the trap.
Numerical calculations show that

3 2.018
AT pin ~ 0559 g
(James, 1998). Therefore, in the Innsbruck experiment, the overlap of the ions’ wave
functions is negligible® and the ions are individually addressable by laser beams.

DRAFT, October 17, 2007
“2For *°Ca™ and %= ~ 700kHz: ~ ~ 4.85 ym.
43Recall Footnote 17 of Chapter 1.
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Collective Oscillations

Near its minimum the potential (3.29) may be approximated as

N
of T
Vizy,....on) = Vg, .-, qn) o 5%2; > Vikdaiak
k=1
where
¢ € z,—% Vje{l,... N}, (3.34)
1 o 0
Vi & V(... Vi ke{l,...,N}.
ik m w2 (8% 8xk (xlu ’IN)>|“_,. k€ { ) ) }
Explicitly, by (3.29) and (3.33), we have
1+ Z |X | for j =k
Vie = Vi = S (3.35)
2
for j # k.
X — X[
The corresponding system of evolution equations is

Gi(t) +wp > Viai(t) = 0.
k=1

eigenvectors

(3.36)
Since the matrix (V) is positive and symmetric, there is an orthonormal system of

Cn
C, = , lG{l,...,N},
Cin

of this matrix in IRY with positive eigenvalues

Vii ... Vin Cu A2 Cn

: : : =(l) : le{l,....,N}.
Wy

UN1T ... VNN CZN

Ciy
Hence, every solution of (3.36) is a superposition

(3.37)
=> (M a0+ ¢0) (3.38)
=1

of the special collective motions (eigenmodes)

A (1) €y e

(3.39)
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The first two eigenvectors may always be chosen as

1 1
Cl = — : Withd)lzwx,

VN
X, (3.40)

1
CQ = with d)2 = \/§wx .

VXX i,

Proof: (3.35) directly implies Eszl Vi, = 1 and, therefore, (3.37) for | = 1 with
w1 = wg . On the other hand, we have

N N N
2X 2X;
I S o Do
ot (3.35) X=X A 1X - X
N
X, — X
= X;+2) =4
jAl=1 | X Xj‘
al 2 al 2
= X + [ — I
3.3 ’ ; |Xl — X]'|2 ; |Xl — X]'|2
1<j >3

= X;.
(3.32)

The latter implies (3.37) for | = 2 with @y = /3w, . |

Then (qgl), e ,qﬁ)) is called the center of mass mode and (qf), e ,q}?) the
breathing mode.

3.3.3 Implementing Quantum Gates by Laser Pulses
Quantization of the Collective Oscillations
Using the generalized coordinates

Qi(t) =R (N et 40 et (3.41)
we get

%@:@+%qwm>weuwwm- (3.42)

for the z-coordinates of the ions and

m . .
L= (G- Q) 3.43
=1
for the Lagrangian corresponding to (3.36). With the canonically conjugate mo-
menta
p, def 9 L=mQ,
J an J
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we get the Hamiltonian

H(Q,P,t) = —ZPlJr Z

and standard quantization of the system amounts to selecting a (normalized) ground
state (vector) |0) . and replacing the @, P, by operators

A h
Ql - = (al+&;r>7

2mw;

. hmw; [~ .
B = — nSWZ <dl_d;r>7

osc

(3.44)

. . . X . <t .
with annthilation operators a; and ecreation operators a, obeying the canon-
! l
ical commutation relations™*

6] =0, [alal] S (3.45)
and the FOCK condition

ar |0),

osc

=0 Vvie{l,...,N}. (3.46)
The quantized Hamiltonian, then, is

~

1 iV: 52 mg: 2 A2
E)sc - Pl + — anl
2m 3 277

= > hw (éz i+ 1) (3.47)

and a maximal orthonormal system of the state space (for the quantized oscillatory
motion) is given by the FOCK states

ny
N1, N e = o H <al> 0)se + My.-.,NN € Zy, (3.48)
-yt
fulfilling
d;r ar|na, .. Ny = My Ny N - (3.49)

The corresponding observables for the xz-coordinates of the ions are

N
T = i~ASC+ C; Oyt
J (3.42) 310 ; lel()
_ 1 C (a+a), 3.50
(3.44) ]10 Z lj l l ( )

DRAFT, October 17, 2007
44These commutation relations are easily seen to be equivalent to

Q1, Q1] =0, [P,P]_=0, [Q,P]_ =ihoy.
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Of course, a more detailed description of the ions’ motion would require inclusion
of the modes describing radial oscillations.

Laser-Ion Interaction

In the following we assume that all the ions are “°Ca™ ions. Moreover we select a
special mode @, (typically I = 1 or 2) as data bus. All other modes are assumed
cooled into their ground state and will not be included in the description. The
Hamiltonian describing the collective motion of all ions the the internal state of the
j-th ion not interacting with an external electromagnetic field then is

. T x
h @y, (azo ay, + %) + Ee; lej)(ej] + Eg; |g5)(g;] :

Ee,—FEgj EC]' +Egj

=1 (e ey~ g e D+ —25— ([ej) (e | + |57 (g5])

-1

int

where Ee; resp. Eg, is the energy level of the qubit state |e;) resp. |g;). This
Hamiltonian describes the same time evolution as

o def Nwoj .oxT ox
H(]j = —72()] o3; + hwlo ay, Ay (351)

where 5 Foi
def Le; — £4G] o def
Woj = g O3 = [8) (gl = les) eyl - (3.52)
(3.52) will be used in the following. We assume the laser radiation to be strong
enough for the exterior field formalism to be adequate (see, e.g., Sections 7.1.1
and 7.2.1 of (Liicke, nlqo) in this connection). Interaction with the classical laser
radiation will be described in the dipole approximation® by adding

Vj = Qe f'j ) E((ij,0,0) t) )

where
el el electric charge of the valence electron ,
. def { observable of the valence electron’s

i = position relative to the center of the ion,

E(x,t) % external electric field at position x and time ¢ .
We assume that the exterior field is of the form

E(X, t) — EO (e—i(wL t—kL.X—‘r(Z)) 4 e-l—i(wL t—kL.X-i-(Z))) ) (353)

DRAFT, October 17, 2007
451n the quadrupole approximation we would have to add

7 g ((fj V) B, t))

l/—(2;.0.0)
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Replacing r; by

Lo B T = () (g5l + les) (e ) £5 (1g5) (5] + lej) (e5)

_def def ~ —def
; | 6. =
J eg,J J

~ —— —
= (gi | tje;) g (el + (g5 | Tje5) |gs) (e

we get
= aa ot + e 57)- (e
L (wL tomy; (alo+ajo) +¢j) ) |
where
Mo < ki thwlo L6 o— ki

In the interaction picture (see, e.g., Section 7.1.1 of (Liicke, nlqo))the time evolution
is determined by B o
‘A/jl — €+% Ho; t‘7j e—% Ho;t

instead of Hoj + Vj . Using the CAMPBELL-HAUSDORFF formula,® here in the form

A~

—‘rifflo't/\‘ —l‘HO't_ .. .
e n I eT R 0 = exp ad%HOjt Vi,

and
[Hojan ] = +hay,
[Hoj, i) = —hay, a,
F, 671 = (g, 0%
= +hwg; 65,
we get!”

R R . . —ilr t— % 7iu“)lot+H.. +b
VjI = —qa (reg’j -Eg6] ettwoit 1 H.c.) (e Z( Lo (aloe C) ¢]) + H.C-> :
Hence in the rotating wave approximation,’ i.e. if we neglect the contributions
of the higher frequencies % (wy, + wo;) :

X —iwy .t
N L +im -(dz e "o +H.c.) —ilwr —wos
V}I ~ )\j 50’;6 0J 0 e i(wr,—woj )t + H.C.,
DRAFT, October 17, 2007
46Recall Exercise 15.
4By ‘H.c.” we denote the hermitian conjugate of the preceding term.
48Gee (Anicllo et al., 2003) for some criticism of this approximation.
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where®

of 2 i
)‘j d:f —% el Teg,j Eqge Z . (354)

Using the BAKER-HAUSDORFF formula ™

Vl, A, é],}_ = [é, A, B],} =0 = B =zl ABl AL (3.55)

and (3.45) we get

iyt t

ity <5zo e "o 1f’+H.c.)
e = e

. <t . x -1y 1.2
= ettmgj iy € Fimgjdige 0 o To iy

Therefore, if

WL — Woj = k@lo , kez, (356)

then the rotating wave approximation becomes

(@) (i)
~ h . 1,2 & n lo ag, k) wos
le ~ A 3 e 2 i > (i) ; ” etiln Jwoit 4+ Hec.

w,v=0 He ’
For sufficiently small A\; non-resonant transitions and hence terms with p—v—k # 0

may be neglected. Then we may use

hA+ <t LI xt x
Aj =0 (alo) Fy(ay, a,) +Hee. for k>0,

1% 2 7\ (3.57)
J h At B oxT X X |%|
Aj 595 Fr(ay, a,) (alo) +H.c. for k>0,
where .
<t < \Y
o) a a
Aoxtoxo\ def —Lg2 o V(l‘)) (l0>

v=0

DRAFT, October 17, 2007
4In the quadrupole approximation (recall Footnote 45) we have to add

def 2
>\;‘ = *ﬁQe1<ej

(75 - Eo)(7; 'kL)gj> :

S0For operators in finite dimensional vector spaces (3.55) may be proved as follows: Since
erMBe M and exp (adA A) B fulfill the same first order differential equation and initial condition

(for A = 0), the CAMPBELL-HAUSDORFF formula (3.12) holds for arbitrary A, B. Therefore, also
def A 3
fl()\) 1€ e)\AeAB

and L
() def A(A+B)+% [4.B]_

fulfill the same first order differential equation and initial condition (for A = 0), if the Lh.s. of
(3.55) holds, and hence f; = f5.
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Multiplying Vf from the right with

oo
Lose = Z |n>osc Osc<n|
n=0

and inserting

5 = le;) (gl
finally yields
~ h N R
=3 (At (), (3.59)
n=0
with
A?"L,k déf { |eJ><g]| ® |TL + |k|>osc osc<n| for k Z 07 (3 60)
! le7){g5] @ [M)oe o + [K]| - for k <0,
and
1 !
= e 2 o5 (i )" ¥ (77120j> : (3.61)

(n + [k])!

LY () def > (=) (Z i i) (generalized LAGUERRE polynomials) .

Outline of proof for (3.61): We have to show

<t vkl X v
@, (al ) |
$ o Bl e B et
v=0 v! (V + ‘k|)' 08¢ osc (n + |k|)| 0SC 0sC
and
<t \Y /x \vrIkl
3 v\ (@) n!
Z:O(—C) ( Z!)(z/+ k) 7+ K ose osd + Kl = TR LL{“'(J;) M)y oucln + | -
Since

(&) ()" = (1, én, ) (a1, @1, — 1) - (6], &g, — (0= 1)

(see Equation 1.63 of (Liicke, nlqo)), the first of these equations follows from

(é}o)”'k' (@) [Mhpse = (ajo)'k'n(n—l)...(n_(y_l))|n>osc
n(n—1)...(n—@—1)) /Sy 4 k)

osc

(3.48)
n! n+ |k|)!
= (n+ |k|)! ((n |l/|))' [+ [KD)

s fOr M >V

0 else,
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the second from

(@) @)™ 0t fose = e sl (@) (E10) ™ 1+ e
T
= (o] (31) " @) ) ) o
(ot [K]!
_  f)! (n—p)r Mese form=v
0 else. 1

The propagator in the interaction picture is the exponential®

A i( (jo#) &) (By* + )

n=0

5 (3.62)
— 1 sin (‘Q" k‘ 2) (Ayk e PRy 4 Hc)) + Dt
where L
Op; = arg (£ - 3.63
w7 g( )(361)(354) || (3.63)
and
prk def lej)(ej] @ [+ |k|)ose osdm + k|| for k>0,
! ) {(e5] ® [M)ose o] for k <0,
CAf’(L,k def { ‘g]>< | ® |n>osc osc<n‘ for k > 0’
’ 2,08 ® [n+ [E])o o + [K]| for k<0,
k|1
~ Z |ej><ej‘ ® |n>osc osc<n| for k > 0,
Dﬂvk déf n=0
j lk|—1
> 180851 @ [M)oge ouelm|  for k< 0.
n=0

Outline of proof for (3.62): By (3.60) we have

(Ank>f {gy><eg®|n>03c%c<n+k| for k>0
! lg;)(ej| @ |n+ |k|). .. (n| for k<0

0OSC OsC

DRAFT, October 17, 2007

S1Usually [Q7"

is called the RABI frequency for the transition

g) @ [n+ k) = lej) @ n).. k<O,

SC osc

resp.
185) © [M)gse = l€5) @ [0+ [Kl)oge 1 E=0.
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and therefore

inik jnok
AT AR = 0,
PN T .
AP (APR) = b B, (3.64)
N o A
(A;_ll,k) A;_lz,k _ 6n1n2 C;_h,k
for £ > 0 as well as for k£ < 0. This implies, first of all,
iy i t (nk in
e R Vit IT exv (—i 3 (Qj»’“ AP 4 Hc)> ) (3.65)
n=0

Moreover, (3.64) implies

& jnk 2 k|2 pnk | Ak
(4 Ayt vme) = |opt| (Brt 4ty
R 2v+1 2v+1 R o~
(Q}L’k A?’k + H.c.) = ’Q;Lk (A?’k e i ®ri 4 H.c.)
and hence
exp (—z; (Q;l’k A?’k + Hc)) = 1+ (1 - cos( Q?’k ;)) (By’k + C';L’k)
—i sin( Q?’k %) (A;L’k =19 + H.c.) .
Inserting this into (3.65) yields (3.62).
Especially, we have
67%’ f/jlt
n,
= ( (\Qj | 2) (les) €51 @ [Moge onel] + 185)(85] @ [M)osg oxcl]) (3.66)
n=0

in ([0 §) (o] il + B ) ) or =0

and

i Y71
e Vit

o0 n t
= Z (COS <’Qj71’ 2> (|ej><ej| ® |n>osc osc<n| + ‘gj><g]‘ ® |n + 1>osc 0sc<n + 1|)
n=0

- ni| t —i(pj—m
_zstQﬁ]Q) (lej) (] @ M)y oucm + 1] €77 /2>+H.c.)>

+185) (85l @ [0)oge 0sl0]  for k= —1.
(3.67)
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Laser Pulses for Quantum Computation

An exterior electromagnetic field of the form® (plane-wave), (3.56) acting on the
j-th ion during the time interval

At =2¢p/ ‘Q?k’

is called a p-pulse for (n,k). Examples for the action exp(—% Vf At) of these
pulses are:

1. ¢-pulse for (0,0) with ¢; = :

alg) ®10).. +FBle;) ®10), +— (a cosp —ietV 3 sin go) g;) @10,
+ (ﬂ cosp —ie Y sin go) lej) ®|0),.. -

2. Z-pulse for (0,-1) with ¢; = 7 :

185) @ 0)pse > +125) ® [0)ose

l€j) @ [0)pge > —i]8s) @ |1 -
3. m-pulse for (0,-1) with ¢; =0:

18j) @ [0)pse — +185) @ [0)oge 5

18/ @ Mose = —185) @ [Doge 5

€) @ [0)pse > —18j) ® [0)se

lej) @ Dose > +18) @ [Loge

Obviously, the action of a p-pulse is that of a 1-qubit rotation, i.c. it is de-
scribed by the matrix

( cosp —iet™ sing
—ie ™ singp cos @

> w.r.t. {|gj> = 0), lej) = |1>},

as long as n;, = 0. Moreover, suitable laser pulses for implementing the CNOT gate
as described in 3.3.1 are the following:

(3.17): a g—pulse for (0, —1) with ¢; = 7 on ion j

(3.18) :  a m-pulse for (0,—1) with ¢;, = 0 on ion j,,

tuned to a transition |gj;,) ® [1) .. = e;2> 10)ose
e}g> sufficiently different from |e;,) ,

OSsC
with

(3.19): a g—pulse for (0, —1) with ¢; = 7 on ion j; .

EXGI‘CiSG 16 DRAFT, October 17, 2007
52Note that for electromagnetic radiation the electric field uniquely fixes the magnetic field and
vice versa.
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This shows that a sufficiently large class of quantum gates may be implemented,
provided that the oscillatory modes can be cooled to their ground state.

Show the following;:

a) The matrices €'91% and €'92% correspond to special 1-qubit rotations, for all
v eR.

b) e—i01] Gy etion — G .
¢) Every Ue SU(2) may be represented in the form?

U _ 61&2% ez’&lg 61&2%

, ¥,0,9€R.

3.3.4 Laser Cooling

See (Metcalf and van der Straten, 1999).

DRAFT, October 17, 2007
53Recall the beginning of the proof of Lemma 1.2.2.
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Chapter 4

General Aspects of Quantum
Information

An open system is nothing more than one which has interactions with
some other environment system, whose dynamics we wish to neglect, or
average over.

(Nielsen and Chuang, 2001, p. 353)

4.1 Introduction

Quantum information theory deals with transmission and quantification of quantum
information. Roughly speaking, quantum information is the information carried
by n-qubit systems (n € IN). Of the utmost importance for quantum information
— as opposed to classical information,' — are:

1. The quantum mechanical superposition principle:

The pure states of a quantum system are in 1-1-correspondence with
the 1-dimensional subspaces of a complex HILBERT space (unless
there are superselection rules?).

2. The no-cloning theorem (Dicks, 1982; Wootters and Zurek, 1982; Peres, 2002):

There cannot exist any recipe for preparing any two or more systems
such that each of them carries the same quantum information as a
given quantum system — unless the state of the latter is completely
known, of course.

DRAFT, October 17, 2007

1See (Shannon, 1949) for the theory of classical information.
2See (Verstracte and Cirac, 2003; Bartlett and Wiseman, 2003) for the case with superselection
rules.

91
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Remark: There are several justifications for the no-cloning theorem,? e.g.:

e Given ¥ € H, there is no linear extension of the mapping

C(T ® ¥y) ' J @ T for all normalized ¥ € H

toall of H® H.

e Cloning would allow measurement of incommensurable quantum observables
— impossible according to quantum mechanics.

e Cloning would, by proper use of one of the available BELL sources, allow for
superluminal communication? — impossible according to special relativity.

While the superposition principle opens up the fascinating possibilities of quan-
tum computation, the impossibility of cloning unknown quantum states strongly
limits the amount of information that can be read out from quantum states.” Thus,
e.g., it is impossible to distinguish nonorthogonal states® by a single measurement.
Nevertheless, quantum information seems to offer a wealth of useful applications
without any classical equivalent.

We say that quantum information is transmitted — to whatever degree intact —
through a quantum (rather than classical) channel if the information is sent
using systems whose quantum character cannot be neglected in this respect. In
other words:

We identify quantum channels with open’ quantum systems, used
for quantum communication.

For practical communication it is important that information can be transferred
in a reversible way from one physical system to another. The no-cloning theorem
implies that unknown quantum information cannot be transferred from quantum
to purely classical systems in a reversible way. This is why quantum channels and
entanglement-assisted classical channels are the main topic of these lectures.

In the following, unless stated otherwise, we will always work in the interaction
picture and make extensive use of DIRAC’s bra-ket notation.® For simplicity, we
consider only finite-dimensional HILBERT spaces. This is sufficient for clarify-
ing the main points.

DRAFT, October 17, 2007

3See (Werner, 2001, Section 2.3) for a detailed discussion.

4See (Herbert, 1982). Similarly, joint measurability (without cloning) of non-commuting ob-
servables would enable superluminal communication.

50n the other hand, the non-cloning theorem constitutes the basis for secure quantum cryp-
tography (see http://www.idquantique.com) and quantum passwords (Gu and Weedbrook, 2005).

SWe tacitly identify states with their density matrices or wave functions (if pure).

"We have to consider open quantum systems since quantum information is prone to quantum
noise caused by interaction with the environment.

8See, e.g., (Liicke, eine).
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4.2 Quantum Channels

4.2.1 Open Quantum Systems and Quantum Operations

Let us consider two quantum systems S; resp. Sy with (finite dimensional) state
spaces H; resp. Hs and consider Sy as the environment of Sy ; i.e. let us assume the
bipartite System S composed of S; and S to be closed. Moreover, let us assume
that S; is prepared in a pure state” p(") € S(H;) at time 0. Then, at time 0 there
are no correlations between S; and Sy and the state of S is of the form

po = pH @ p? (4.1)

with p? € S(H,). At time t, then (see, e.g., Section 6.1.2 of (Liicke, nlqo)), the
state of § is R R

=UpM e pP Ut (4.2)
where the unitary operator U on the state space H;, ® Hs of system § is given by

def +L1Fgt —LHt
U<e e nitt

H resp. Hy = Hé ) ® HO being the actual resp. free Hamiltonian of §. The partial
state of S at time t, therefore, is

p =e(p), (4.3)

where!?

¢(p) = trace, (U (p ®p?)UT) Vi e S(Hy). (4.4)
Thanks to the spectral theorem, the initial state of the environment can be written
in the form

Z As ‘¢(2)>< Ol S as=1 (4.5)
p=1
with some orthonormal basis {¢1 e ,¢n22 } of Hy. (4.4) and (4.5) imply!!

@) = Y M (v 0 (3 @ o2 ) 6] 0 [u2)

a,B=1
= Y Kugp K., Vp €S(H) (4.6)
a,B=1

DRAFT, October 17, 2007
9By S(H) we denote the set of all states, i.e. of all positive operators p on the HILBERT space
H with trace (p) = 1. L(H), as usual, denotes the set of all bounded linear operators on H .
10Note that € depends not only on H and Hy but also on the initial state of the environment!
11'We use the notation
o)

(2) - z (2)y < S (2)
(#)(3oaee o) |u) 2 3 (o] 5

for ¢(2),’(/J(2) € Ha, Al,...,AN € Hy, and Bl,...7BN € Hs.




94 CHAPTER 4. GENERAL ASPECTS OF QUANTUM INFORMATION

for every orthonormal basis {wf), . ,1/1,(122)} of Hy , where

Koy @<¢g>m¢g>> €L(H) Va,Be{l,... ny}

and, therefore,
S KlaKes = 3 (o 07]02) (o] 0]0f)
a,B=1

a,B=1
no . R
= Y (6P 10T
B=1

=1

A4.5)
If, from an ensemble in the state (4.2), those individuals are selected (by projective

measurement of the environment) for which S, is in the partial state ‘77/}((3)><77/J&2)‘
then (4.6) has to be replaced by'?

no . N
()= Kupp KLy Vi €SH)
B=1

and
trace (Qﬁ([))) <1
is the relative number of individuals selected. In either case £ is just a special

quantum operation:'?

Definition 4.2.1 Let H and H' be HILBERT-spaces. Then by Q(H,H') we denote
the set of all mappings € from S(H) into L(H') of the form

N
C(p) =Y Kip Kl VpeSH), (4.7)

k=1

with suitable N € N and K, € L(H,H') fulfilling**

N
SKIR <1, (4.8)
k=1
The elements of Q(H,H') are called quantum operations and the Ky in (4.7) are
called KRAUS operators for €.
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12For a corresponding representation of general linear maps see (Shabani and Lidar, 2006, The-
oreml).

13 See (Buscemi et al., 2003) for efficient realizations and (Werner, 2001, Section 2.6.2) for the
dual action of quantum operations on the observable algebras.

14Note that the adjoint K of a linear mapping K € L(H,H) is characterized by

<¢, K¢>H _ <KT¢' ¢>Hl VipeH, v eH .
Thus, e.g., (|¢) ()" = [¥)(W].
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Remarks:
1. Note that'®

0 < trace (Qﬁ(f))) <1 VpeS(H)
>0

and that

N
S KK =1 < trace(€(p)) =1 VpeSH).
k=1

2. Obviously, we also have
€1 € Q(H1, Ha), € € Q(Hyp, Hs) = €08 € Q(Hy, Ha).
3. But, given €; € Q(H;,Hs) and €3 € Q(H1,Hs), this does not
guarantee existence of an € € Q(Ha, H3) with €3 =€, 0¢; .

4. Of course, nonexistence of such €, is only possible if €; is not in-
vertible. The latter is obviously the case if, e.g., H; = H, and
&) = ;> p
0

H>ﬁ

N — |~
Mw

VpeSH).
5. The linear extension
C(A) € if(kfl (I VAeL(M),
k=1
of € to all of L(H;) is completely positive,' i.c.:

A>0= (19€)(A)>0 VA el'®H, neN.

Lemma 4.2.2 Let H, and Hy be finite-dimensional HILBERT-spaces'” and let €
be a mapping from S(Hy) into L(Hz). Then € is a quantum operation, i.e. € €
Q(H1,Hs) , iff the following three conditions are fulfilled:

DRAFT, October 17, 2007

15The possibility trace (@(ﬁ)) < 1 is included to allow for absorption.
——

>0
6 Every trace preserving affine mapping of S(H) into S(H) can be represented as (the restriction
of) a difference of two completely positive mappings (I<uah and Sudarshan, 2005).

17Since we agreed to consider only finite-dimensional HILBERT spaces, all operators on H;
resp. Ho are of trace class. For infinite-dimensional HILBERT spaces Hq1 = Ha see (Davies, 1970,
Theorem 2.3 and notes on page 147).
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' trace (€(p)) <1 Ve S(Hy).
2.

C(Apr+ (1= p2) =A€(p) + (1= N)€(p2) YA€ [0,1], pn, fo € S(H).
3.

(1 O(|UNP[) >0 Y¥eH ®H,,

where € denotes the unique linear extension'® of € to all of L(H) .

Outline of proof: Assume that € fulfills the requirements 1-3. Choose an orthonor-
mal basis { 51)) ey ,(111)} of H; and defining

S (w]e) ol v em (4.9)
we get
<¢* ¢51)> - <¢9> ¢> Ve eH,vell,... ,n}
and hence'?

n1

C(lyel) ,=. D (o

v,p=1

= > i

v,u=1

v) ([ a) (|6l ) (o))

o) (8] @ ¢£“><¢£PD) [47)

= (@AWY VY eH, ¢ =1, (4.10)
o))

)] )

=320t ePeetD )30 el eel” | >0

where

Y]

= (1@@) ( Vi:

o) o) o

DRAFT, October 17, 2007

18Existence of this extension, is guaranteed by the second condition. For self-adjoint A it is
given by X X
0 ay def 5 Ay A A_
C(A) = trace(A;) €[ ———— ) +trace (A_) [ ———— ),
(trace A1) (trace A_)

where A+ resp. A_ denotes the positive resp. negative part of A
A—A, +A  +Ai>0, AA =0

Linear mappings from £(H) into £(Hz) are also called superoperators.
19We use the notation explained in Footnote 11, with the roles of the tensor factors Hi, Ho
interchanged.
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and hence A
0 < AeL(Hi®Ha).

3. req.

This, together with the spectral theorem implies

N
A= Z | W) (| for suitable Uy,..., Uy € H; @ Hy.
k=1

The latter, together with (4.10) gives
- N
C(lunwl) = 3 W 1w (Wl l67) Vo e My
k=1
Thus, defining the linear mappings®’
ka (7,/}|\\Ilk> ViyeHr, ke{l,...,N}

from H; into Hso we get

2

C(le)wl) = D K lw)(wl K vy er, v =1.

k=1

By condition 2 this gives (4.7). The latter together with condition 1, finally, gives?!
(4.8).

Conversely, conditions 1-3 are easily seen to be fulfilled for € € Q(H1, Ha). 1

Remark: At first glance one might consider conditions 1-3 of Lemma
4.2.2 as natural requirements on the action of quantum channels. Note,
however, that the output state of a quantum channel need not even be
determined by the input state in case of initial correlations with the

environment.??

Definition 4.2.1 and Lemma 4.2.1 describe the most general quantum operations.
Simple versions are, among others:

DRAFT, October 17, 2007
20Here, we use the notation

’

N/
1 2) \ def 1 2
Wl > v oy >> S (w]u) u?
j=1 j=1
for o,V () € Hy and P ) € Hy.
2Violation of (4.8) would imply existence of a normalized eigenvector v, of Zgil K ,1 K} with
eigenvalue greater than 1 and thus trace (@(ﬁ)) > 1 for p=|ihy) (.

22Recall Footnote 10. See also (Kuah and Sudarshan, 2005), in this connection.
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1. Unitary transformations

given, e.g., by (4.4) for

U=VxV", Vunitary.

2. Complete projective measurement operations

p— €(p Z P (1),0P W {¢1 e gbnll)} orthonormal basis of Hy ,
given, e.g., by (4.4) if there are ﬁgQ), ..., p!?) € S(Hs) with pairwise orthogonal
supports and such that?*

UPw @0 =Pa@p? Vie{l,...,m}.
J

;
Example:**
U = action of CNOT,
Sy = control qubit,
Sy = target qubit,

PP = 10)0f (or 1))

3. Cascaded complete projective measurement operations

ni R ~
p—C@)= > K(jl,...,jr)P'K(le,...,jr)7

j17"'7j7‘:1
where A R A
K(jlv-'vjr) = Pijr e P17j1 V(jh e aj?“) € {17 s 7n1}7‘
with IADM, e ,Pk,m being the projectors of the k-th projective measurement.

Remark: Note that

but that, in general, the IA((jh“_ are no longer projection operators.

r)

DRAFT, October 17, 2007

23In this case nondemolition measurements on S; can be performed by corresponding (usually
destructive) measurements on Sy . Note, however, that for the resulting partial state of S; it does
not matter whether the state of the environment, including the measurement apparatus, is checked
or not.

H8ee, e.g., (Liicke, 2002, Chapter 1) for a detailed discussion of the CNOT gate. Another
example would be the STERN-GERLACH measurement if it really worked as usually described.
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Theorem 4.2.3 Let 'H, and Hy be HILBERT-spaces and let f(l, e

KN € E(Hl,Hg) . Then

N N
Z kD (KT =3 K p(K)T VpeS(H)
k=1 k=1

iff there is a unitary N X N-matriz (Ujk> with

N . A
K =Y U, K, Vje{l,...,N}.

k=1

99

Ky, K, ...,
(4.11)
(4.12)

Outline of proof: Assume that (4.11) holds. Then, if we choose an orthonormal

basis {¢1, ..., ¢, } of Hy and define
def o -
v N 6,0 (Riay)
v=1
def -
v, <Y 60 (Kio)
v=1
for k € {1,...,N}, we get

n

> (16

v, 1

(16040

DoIUNT = Y

~
Il
-

*
Il

<

3

2

Mz

4 11) k=1v,u=1
N
= D W
k=1
Therefore, by Corollary A.4.3, there is a unitary N x N-matrix (U f
N .
Uy =Y U’V Vke{l,...,N},
j=1

i.e. with

o) @ (KL 16.)(0ul (K1)

o) @ (i 16.)(0ul (F0))

)

k) with

n n N
> 6, ® (f(kqs,,) => ¢ ® (Zkaf%;qby) Vke{l,...,N}.
v=1 v=1 =1

This implies

N
Ky, = ZUij§¢y Vvell,...,

j=1

n},ke{l,...,

and hence (4.12).
Conversely, it is obvious that (4.12) implies (4.11). g

N}
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The standard example, in case n; > 1, for a mapping € of S(H;) into S(H;)
fulfilling conditions 1 and 2, but not 3, of Lemma 4.2.2 is the transposition®

P =3 A ] — ) = 3() @ i P ool (aa3)

k=1 k=1
depending on the basis { W (;57(111)} of H;.

Proof of positivity: Thanks to the spectral theorem it is sufficient to show that
Spure(H1) is left invariant under transposition. This, however follows from?*®

T(lo)wl) = ) e'| Vowetri. (4.14)

Disproof of complete positivity: Obviously, it is sufficient to check the case

np = 2. Then, with
. def .
k) € oM @ o) ik e (1,2},

we have
GeD) = (10,0000 +1,1)(11))

* %(‘0’ D0, 1]+ |1’0><1,0|) (4.15)
- %(\1, 1)(0,0] + |0,0)(1, 1|)

for the WERNER states?”

W A e e aje )|, Al

But for A > 1/3 (4.15) cannot be positive, since, e.g.
1-3X

(e D)¥0) (10,00 +11,1)) = (10.00+111)). g

DRAFT, October 17, 2007
Z5Note that, for p’ € S(H;), transposition is equivalent to complex conjugation

i = Z o) o — Z (7)o ) (] -

= J,k=

26Recall (4.9).
2TThese states are distinguished by their invariance property

A AN s A N « A
(U ® U) W (U ® U) — W, for all unitary U € £(H)
(Werner, 1989, Section IT). Note that the flip operator
10,0){0,0[ +[1,0)(0, 1] + [0, 1)(1, 0] + [1, 1){1, 1]

coincides with 1 ® 1 — 2 [~ )(¥—|.
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4.2.2 Quantum Noise and Error Correction

The action of noisy quantum channels corresponds to non-invertible quantum oper-
ations €. Nevertheless such an operation may be become invertible by restriction
to states with support on a suitable subspace C of H — and thus allow for error
correction on the code space C .

Theorem 4.2.4 Let ‘H be HILBERT space, € € Q(H,H) and let C be a linear
subspace of H . Then the following three statements are equivalent:

1. There are KRAUS operators Kl, e ,RN for € and aq,...,ay > 0 with
ﬁckjkkﬁ’czéjkajpc \V/],k?E{l,,N} (416)

2. There is a trace preserving quantum operation R with

(R0 @) (J)(wl) o< [¥)(¥] Yo el ¢l =1. (4.17)
3. There are KRAUS operators f({, . ,f(}v for € with

Pe KKy Pe=agPe Vi ke{l,...,N} (4.18)

for some self-adjoint matriz (aj) .

Outline of proof: Assume the first statement to be true. Then, using the polar

decomposition
RiPe = Uy Pk K; B
= Ya; U, Fe (4.19)

(see, e.g., Lemma 7.3.20 of (Liicke, eine)) we have

S Pe =P Ul UL e (4.20)
and hence R R R
For N
~\ def AN ot R LIPS .
m(p) = Z( ;Pch>p( }LPUjC> + Py p Py VpGS(H), (4.22)
=1
where N
~  def 2 ~
0 = A=) Pye (4.23)
j=1
and thus N
POQ(PC,;PC) Py = Y a, B0 Bep e Ul By
(4.19) =
= 0 VpeSH),
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this gives®®

N
PPN . ot o PN
Ro®)(j)wl) = Y Rl Pye  Kaly)  (@IR Py U P (424)
T = Yar e
(4._19) mo
= 5J‘ a U,
431, k Yar Ukly)
N
= a; vy ecC.
(4_20); J Wl Ve
Since
N
AP T PP 5t 5 A
S (0F Poe) (0F Pye) +Pi Ry = 1,
= J J (4.21)
this implies the second statement.?’ Now assume the second statement to be

true. Then (4.17) holds and, of course,?” trace <Q:<|w><¢|>> must be constant for

normalized i € C. Therefore,

(Ro Q) (Pcﬁﬁc) — B pPe Ve S(H) (4.25)
holds for some v > 0. If f({, . ,f(}v are KRAUS operators for € and Rl, ceey Ry are
KRAUS operators for 2R then (4.25) is equivalent to

al T
S RiKpPepPe Ky Ri=yFPepPe VpeSH).
k=1

Then,?! by Theorem 4.2.3, there are complex numbers Ajr with
R; K Pe =Xy Pe Vi ke{l,...,N}
and hence
Pe K] RUR Ky Pe = Ny A Be Vi ki€ {1,..., N} .
Since fR is trace preserving, this implies the third statement with
N
am =Y NyXNp Vkle{l,...,N}.
j=1

Finally, assume the third statement to be true. Then, by the spectral theorem,

there are a unitary matrix (u,;) and real numbers aq,...,ay with
N
E u;/jaj/k/uk/k:aj5j7k Vj,kE{l,...,N}.
J' k=1

DRAFT, October 17, 2007
ZNote that Pc U'JT PUj c= U]T Pﬁj c-

29Recall Remark 1 to Definition 4.2.1.

30Note that for py,p2 € S(H) and A1, Ao € € we have

A1 P11+ A2 P2 X p1 + P

ﬁl#ﬁQ }:>>\1:)\2.

31'We may add N — 1 zeros as KRAUS operators to \ﬁf?c .
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This, together with (4.18), implies the first statement with

N
Kj:Zuij,g V]€{1,7N} ]
k=1

Remark: (4.19), (4.21), and (4.22) show how errors produced by € can
be corrected for the code C :

Perform a projective measurement w.r.t. the orthogonal sub-
spaces U; C and apply U ]T according to the result of this ‘mea-
surement’.

Corollary 4.2.5 LetC be a linear subspace of the HILBERT space H and let Kl, e
Ky resp. K, ..., K% be KRAUS operators for € € Q(H, H) resp. ¢ € Q(H,H). If
(4.16) holds and zf the K’ are complex linear combinations of the K then, with R
as constructed in the pmof of Theorem J.2.4, (4.17) holds also for € replaced by €.

Outline of proof: Assume that

N
K= A K
k=1

and let YR be defined as in the proof of Theorem 4.2.4. Then

(R0 @) (Ju) ()
N
@24 >o (PeUf o) ¥an U Pe ) (I X, t/ar e UF (PeU) Py )
’ Jikylr=1
N
_ N
WBy P veec

4.3 Error Correcting Codes

4.3.1 General Apects

According to standard formulations (Liicke, 1996) the time evolution of closed??
quantum mechanical systems is unitary.

Let us consider the closed system of one qubit together with its environment. A
unitary transformation of the corresponding state space maps separated pure states
to entangled pure states:

x) = (al0) +811)) ® |E)
— X'} = a(|0) ® | Eno) +11) ® [ o)) + B(10) ® | Ero) + 1) @ | Ery))

DRAFT, October 17, 2007
32For open quantum systems see (Alicki, 2003) and references given there.

(4.26)
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(Va, 8 € €). This way the originally pure partial state®*
(| A@1[x) = |af* (O] A[0) + |B* (1 A[1) + 2R(@B (0] A[1)) VA € Lan(C?)

may become a mixture:**

(A1) = lal* (O] A[0) + B (1 A1) % (Ejp | Eim) = 610k00mo
In other words:
The environment may cause decoherence.
Therefore, we have to be able to undo unwanted changes caused by the environment.

Now, for arbitrary vectors |E,) from the state space of the environment we have

3

z_:o(afr 0)) ® |E,) = [0) ® (|Eo) + | Es)) + 1) @ (| Ex) + | Ez)) (4.27)
and
z_:o(m 1)) @ |E,) = [0) ® (|Er) —i|B)) + (1) ® (|Eo) — |Es)), (4.28)

where the 6, correspond to the PAULI matrices:*°

dif(l 0) d£f<0 1) dﬁf( 0 —i) dif(l O)
=0 1) 7 v o) 2T\ o) BT o 1)

(4.29)
Equations (4.26)—(4.28) imply
3
W)=Y (e (0l +811)) @ |5 (4.30)
r=0
if |
|Eoo) = |Eo) + |E3) ,  |Eoa) = |Er) +i|Ey)
|Evo) = |Ev) —i|E2) , |Evg) = |Eo) — |Es)
ie. if
|Bo) = |Eoo) + | E11) By = |Eo1) + | E1o)
0 2 ) 1 2 )
By) — |Eo1) — |E1p) By — |Eoo) — |F11)
2 2i P 2 '

DRAFT, October 17, 2007
33We assume that |a|> 4+ |3*> =1 and (E | E) = 1.

34This is why open quantum quantum mechanical systems (Davies, 1976) do not evolve unitarily.
35Consider, e.g., the simple example |E) = |0) , |x/) = CNOT |x).

36Hence 69 = 1, 61 = >, 63 = Sy, 09 =161 0.
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(4.30) tells us that there are only three types of errors to be corrected, corresponding
to" 61,09,65. In this sense the set of possible errors for single-qubit systems is
discrete.

More generally, a unitary operation of the state space of an n-qubit system and
its environment acts according to®®

> wb)@IE) — Y N X )@ By, (4.31)

be{o,1}" be{0,1}"  b'efo,1}"

where the ‘Eb b’> are suitable state vectors of the environment depending on |E)

(and b,b’, of course), but not on the A\ . Now, from (4.27)/(4.28) we see that for
arbitrary states |Ejp ;) of the environment there are vectors |E,) with

3

S(a b)) ®[E)= > V)@ |Ey) Ybe{0,1}.

r=0 b’e{0,1}

Straightforward induction shows that for arbitrary state vectors ‘Eb b’> there are
corresponding state vectors |Ey(b)) ;r € {0,...,3}"; with

> (b)) @lE®d)= Y [b)e|By) Vbe{o1}"
re{0,1,2,3}" b'e{0,1}"

where
or @6, ®...®6, VYre{0,. .. 3}".

Together with (4.31) this shows that every unitary action on an n-qubit system?®’
and its environment is of the form

> wb)®IE) — > N, Y (6rb)) @ [Ee(b)) , Vbe {01}

be{o,1}" be{0,1}™ re{0,1,2,3}"
Usually, in the theory of quantum error correction, only the case

|Er(b)) = |Er) Vbe{0,1}",re{0,1,23}"

DRAFT, October 17, 2007
370Of course, the &, are not the only set of operators serving this purpose:

def

3 3 3

5’; = Zurs Os ) |El> o ZU:S |ES> ’ Zum UZS - 5rs
s=0 s=0 =0
3 3

= > (6. 10) ®|E,) Z G.10) @ |E;)  Vbe{o,1} .

r=0

38This is a simple consequence of linearity and the fact that the |b) form a basis of the n-qubit
state space.

39We assume that the qubits are not destroyed. For instance, if a qubit is identified with an
atom in a superposition of its ground state and its first excited state, then exciting a higher level
destroys this qubit.
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is considered.*® Then the error action is of the form

Vo) — Y (V) @|E), U= 3 Nb). (4.32)

ref{0,1,2,3}" be{o,1}"

and error correction for such quantum mnoise should be possible along the lines
indicated below.

Remark: Alternatively, (4.32) may be written in the form

U ® |E> — Z (Xa Zb \I/) & ’Ea,b> ) (4‘33)
a,be{0,1}"
where:
Xb dZBf (50[)1 + 511)1 5-1) ® e ® (501)" + 511)"6_1) ’ (4 34)
Zb def (601)1 + 51})1(3'3) ®X...Q (50bn + 61bna-3> :

To explain the essential idea of quantum error correction, let us assume that also
for multi-qubits systems only one-qubit errors corresponding to &3 (phase errors)
occur. In order to conserve an unknown one-qubit state (disentangled from the
environment) we first of all encode

U =al0)+3[1)
for arbitrary «, 5 € C into the (pure) three-qubit state

U = a i) + 3 |in)

where
of 1 ,
) ﬁ(m, 0,0) +10,1,1) +11,0,1) +|1,1, 0>) (even parity)
N (4.35)

o) \/Z<|1’1’1>+|1’0’0>+|0’1’0>+|0’0’1>) (odd parity) .

This may be done in the following way:

al0) +511) S

%

DRAFT, October 17, 2007

40 For the general case see (I<nill et al., 1999). The b-independence of the |Ey(¥)) is easily
derived if every qubit interacts only with its own environment. Note, however, that the |Fr) need
neither be orthogonal nor normalized nor unique!
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Decoding is not more difficult:

Vah)
%

D al0) + B1)
afwo) + B lin) ¢ —4 [H] 10)
—4 [0) .

(>

If the state vector of the total system (three-qubit system plus environment) is

U@ ‘E > then, according to our assumption, the interaction between both subsystems
can cause only transitions of the form

3
Vo) — 3 (aé )\1/> ® |E57)
v=0
with suitable state vectors ‘Eg(,y)> of the environment, where

’bl,bg,b3> ifr=20

2 (v) def
03 |b1,ba,b3) = {(_1)bu |by, ba, b3)  else

¥b e {0,1}° .
The essential point is that the subspaces
H, 53 {alio) + Blin) : &, € €}

are pairwise orthogonal. Therefore, to restore the original encoded state vector

a|0) + B 1), it suffices to perform an optimal test (measurement of first kind ) to

)

which of the four subspaces H, this state vector belongs and apply (3:(; according

to the outcome.

Exercise 17 Show that the (n + 1)-qubit network

o
WV

a
>

&
N

transforms ()\0 10) + Ay |1>> ® 0,...,0) into Ag|0,...,0) + Ay |1,...,1) and discuss
its possible use for error correction.
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4.3.2 Classical Codes

The general idea of classical error correction (Hamming, 1950; Pless, 1989) is the
following:

e Consider a channel transmitting n-bit words without changing more than m
bits of any word.

e Then the original words can be uniquely reconstructed from the received ones
if only special code words w = (ws,...,w,) € {0,1}" are sent which are
chosen such that the HAMMING distance

n
def
dw,w) S Jw, —wl) (= w—w)
v=1

between any two code words w,w’ is > 2m.

Obviously, 2" must be larger than the number of code words (the more the larger
m is) for error correction to work this way.*! Actually:

“Error-correcting coding is the art of adding redundancy efficiently so
that most messages, if distorted, can be correctly decoded.”
(Pless, 1989, p. 2)

Especially convenient are the [n, k| linear classical codes, for which a set C C {0, 1}?
of 2% code words — the code — is selected by means of an (n — k) x n-matrix H

as42

C:ker(f])déf{bé{o,l}n: ]:Ib:()}.

Of course, the n — k rows of the so-called parity check*® matriz H have to be
independent in order to have

dim (ker(ﬁ)) =k.

Warning: The code C may contain transposed row vectors of the parity
check matrix H .

Without restriction of generality the parity check matrix can be assumed to be of
the form**
H = (A1),

DRAFT, October 17, 2007
410f course this reduces the capacity of the communication channel.
42Here, we identify matrices with the corresponding linear maps. Note that the components of
H are in {0,1} and that all arithmetic is to be understood modulo 2. Hence, e.g., H=-H.

n
“3Every row (hi,...,hy) gives rise to a parity check Z h, b, 20 on the substring of those bits
v=1
of b in places where the row has 1’s.
HThis is easily seen using GAUSSian elimination. Eventually the bits have to be relabeled.
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where A is some (n — k) x k-matrix. In this form we easily see that
HG =0

(1
G‘(A)’

C:{@a: aE{O,l}k}.

holds with the n x k-matrix

hence®?

Remark: A possible coding would be

k A
{0,1}" > a — Ga e {0,1}" .
word of message corresp. code word

While G may directly be used as a generator of the code, H is more convenient
for error detection:

Let £ C {0,1}" be the set of possible ‘errors’ and let H/\E be an
injection. Then the distortion

W— W =w+e

of a code word w € C by an error e € E can be identified by checking
the error syndrome K X

Hw =He
and corrected by adding (=subtracting) e.

Exercise 18 The rows of the r x (2" — 1) parity check matrix characterizing the
so-called binary HAMMING code Ham]|r, 2] are the nonzero elements of {0,1}",
ordered*® according to the value of the corresponding binary numbers.*”

a) Show for every r > 2 that Ham|r, 2| is suitable for correcting errors on single
bits.

b) Discuss Ham|2, 2] in detail.

Let C be a a [n, k] linear classical code. Then
Cr ¥ b ef0,1}":b-b=0mod2Vb’ €C}
is called its dual code.

Exercise 19 Let C be a [n, k] linear classical code with parity check matrix H and
generator G . Show the following:*®

DRAFT, October 17, 2007

4>Note that, thanks to 1, the rows of G are all independent.

46 Actually, different orderings give rise to equivalent codes.

47See (4.53) for r = 3.

48 As usual, we denote the number of elements of a finite set C by |C|.
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a) Ctis a [n — k,n| linear classical code with parity check matrix H+ = GT and
generator G+ = H'.

b)
(cY) =c.

_bb _[[C] ifbecCt,
b,zec( 1 _{0 it b e {0,1}"\ C.

4.3.3 Quantum Codes

In classical communication the received message may be inspected and corrected
according to the error syndrome. In quantum communication, however, we should
carefully avoid too detailed ‘measurement’ (associated with uncontrollable ‘collapse’)
of the state before reconstruction. Therefore, in order to be able to correct all errors
corresponding to error operations & € & we have to look for quantum codes® of the
following form:

e The n-qubit state space ‘H containing the quantum code words is a direct sum
of specified subspaces H, .

e Every 6 € € is of a definite type d, i.e. & |w) € Hy holds for all quantum
code words™ |w) .

e If 5,6" € € are of the same type d then ¢ |w) ~ &' |w) holds for all quantum
code words |w) (but not necessarily for other state vectors).

Under these conditions — if only errors corresponding to operations ¢ € € are
superimposed® — quantum error correction is possible as indicated in 4.3.1:

e The ‘received’ state is forced — via corresponding ‘measurement’ — to ‘col-
lapse’ into a state described by an element of one of the subspaces Hy .

e Since the ‘collapsed’ state is just the sent code word distorted by an error of
type d we only have to apply the inverse of some unitary error operation of
type d to reconstruct the correct code word.

DRAFT, October 17, 2007

9By n-qubit quantum code we always mean the set of pairwise orthogonal n-qubit state
vectors used as quantum code words. Note, however, that many authors mean by quantum code
the complex linear span of quantum code words.

°0In 4.3.1 we already used linear superpositions |ig), |@1) of the computational base states as
quantum code words, in order to indicate additional possibilities in quantum coding.

510f course, € should include the trivial ‘error operation’ & = 1.
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Exercise 20
a) Show that for SHOR’s 9-qubit code words

o) 292(10,0.0) + 11,1 @ (10,0.0)+ 111 )  (10.0.0) + 1,1,1)).

1) 2 292(10,0.0) - [1.1,1) )  (10.0.0) - [1.1,1) ) & (10.0.0) - [1.1,1))
every superposition of single-qubit errors, i.e. every distortion of the form

(a ‘@ADO> + 0 ‘1})1>) ®E) — Y (a Or ‘1}}0> + [ oy ‘?})1>) ® |Ey) ,
reRg

3
Ro def U {permutations of (r,0,0,0,0,0,0,0, 0)} )

r=0

may be corrected as described above.

b) Show that encoding ¥ = «|0) + 3 |1) into « ‘7}10> +0 ‘1}11> may be achieved as

follows:

v m
0) —
0) ———b—

0) —© H |
0) db 04‘{@0>+ﬁ 1171>
0) ———b—

10) S—H]|
0) —b
0) ———b—

Recall that, according to (4.33), for every n € IN the possible error n-qubit error
operations are elements of the PAULI group **

&, < {i" Xy, Zn, : v €{0,...,3} , by, by € {0,1}"} (4.36)

That the latter is a group w.r.t. operator multiplication follows immediately from
the algebra of PAULI matrices:

~

6,6, = 1 Vv e {0,1,2,3}

CATjé'k = —&k&j Vj,k€{1,2,3},j7£k,

6169 = i63, (4.37)
5’26’3 - i&b

(3'36'1 - 2(3'2

DRAFT, October 17, 2007

52The X3, and Z}, were defined by (4.34) and (4.29).
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The following statements also follow directly from these relations:
6,=06r=06," Vvre{0,1,2,3}, (4.38)
6,06 e {6“ R @Fy, P Ty, Ty € {O,...,3}} is not a group, (4.39)

(4.40)
(4.41)

¥ Xy, Zp, € 6% = ¥ =iPP vy e{0,1,2,3} , by, by € {0,1}", (440
66' € {+6'6, —6'6} Vé,0€6,. 4.41

Theorem 4.3.1 Let W C H be an n-qubit quantum code and let € C &,, be a set

of error operations including the trivial operation 1. Assume that the linear span
Hy of W is stabilized by the subset Sy, of S, , i.e. that

Hw={VeH: =" Vjec&y}. (4.42)

Moreover, assume
¥ 0" ¢ N(Gw)\ Gy Va0 €€, (4.43)

where M(Syy) denotes the normalizer of Gy :

Then there is a unique mapping ds from Syy into {+1,—1} such that:

g(60) = do(§)(60) VoeBw, €€, WeHy, (444)
GHw CHa, © {PeH:§d=ds(3)d} Voee, (4.45)
dy # dy = Mg, L Ha, V6,6'€€, (4.46)
do =dy = 6V =060 V5,6 €€, UeHy (4.47)

Outline of proof: (4.44) is a direct consequence of (4.41) and (4.42). (4.44) directly
implies (4.45). Since®
Gg=0g" YVje Gy (4.48)

— and since eigenvectors corresponding to different eigenvalues of a self-adjoint op-
erator are always orthogonal — (4.44) also implies (4.46). Finally, (4.44) and (4.41)

imply
g6 =ds(9)6 g YieBw,5€€

and hence
(676096 = da(@)dw(§)d (67 ) (67 5')"
(438)
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53This is because for all 6 € &,, we have 62 = le=s6=0".
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Therefore (4.47) follows according to

dy =dyr = (676")§(6°6) =§ Vie Gy
= 66 € N(Gy)
— 4B
“4.43) -
— U= Ve My
(4.42) R . .
— V=60 VIeHy.
(4.38) weo

Remarks:

1. In view of (4.43), &)y should be chosen as large as possible.

2. The maximal G,y fulfilling the requirements of Theorem 4.3.1 for
given H,y is an abelian group called the stabilizer of Hyy .

3. Quantum codes W fulfilling the requirements of Theorem 4.3.1 are
called stabilizer codes.

4. If there are 6, ¢’ € € and |w) € W with
Gy =6 [w) but &#8

then the code is called degenerate w.r.t. €.

5. SHOR’s 9-qubit code, described in Exercise 20, is degenerate w.r.t.
the set of single qubit error operations. This can be easily seen by
considering phase flip errors on different qubits.

6. A stabilizer code is nondegenerate w.r.t € iff
646 = 66 ¢ Gy Vo,0 € €.

7. In classical coding there is no analog for degeneracy.

Lemma 4.3.2 For j € {1,2}, let the C; be a [n,k;| linear classical codes with
Cy C Cy # Cy, and define
def ) . \ def 1 /

2| b,ECQ

where H denotes the n-qubit state space. Then (4.42) holds for

Sw={XaZp:acC, belt}. (4.50)
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Outline of proof: Let
= 3 N |b>e{¢zeH: G =10 vg56w}.
be{o, 13

Then

450, Tt Z Zy Y. Ap b

b/ ct be{o 1

- Z Ap 3 ()PP )

et
befo,1}" ! b/ecL

= 2 b
Ex. 19 beCl

= DXy D A b
(450 |CQ b'ec, bec,

= D Apldp) -

b€C1

Since, obviously,

Ka 2y

iy,) = |iy,) Va€eCly,b €Cl,beC

this proves the lemma. 1

Remarks:

1. The quantum codes CSS(Cy, Cy) described by Lemma 4.3.2 are called
CALDERBANK-SHOR-STEANE codes .

2. The number of code words for these codes is

0SS (€1, = 1 _ gt
|Ca|

Lemma 4.3.3 Let C;, W and Gyy be given as in Lemma 4.5.2. If Ci as well as
Cy is suitable for correcting errors on up to t bits then

G4 = 676 ¢N(Sy) V6,6 €¢ (4.51)
holds for
¢ = {Xel ZeS D ep,e3 € {b < {0, 1}77, . Z ‘bl” S t}} . (452)
v=1

Outline of proof: Consider &,6" € € with & # ¢’. Then there are

ej,e) € {b € {0,1}": Z|b”| < t}

v=1
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with®*
{ei + e, e3+e3} # {0}
and .
5% 6 = (Xel Ze3) Xe; Ze,
= Ze, Xe,+e| Ze,
(_1)63~(e1+e/1) Xel+el1 Zngreg
Hence
(&* (5'/) Xa Zb (6’* 6'/>* = Xel+e/1 Ze3+eé Xa ZAbAZAeS+e/3Xe1+e/1

= j(estes)a;b(etrer) g Zy, Vabe{0,1}".
If e3 + €5 # 0 then (e3 + €%) - a # 0 mod 2 and, consequently,
(6" ) S (7 ) = ~Xa
for some a € Cy since the generator of Co is the parity check matrix of C5-. On the
other hand, if e; + €] # 0 then b - (e; + €)) # 0 mod 2 and, consequently,
(676") 2y, (67 6")" = -2y,
for some b € Ci- . Thus 6* 6" & N (Syy). |

Remark: Obviously, CSS(C;,Cs) is nondegenerate w.r.t. & specified by
Lemma 4.3.3.

In general, the number of operations® &y affecting at most ¢ € {0,...,n} qubits

t

- AP ) .

of an n-qubit system is®® Z ( ) 3’ . Therefore, in order to correct all corresponding
j=0 \J

errors for a nondegenerate n-qubit code according to the scheme described above,

that many subspaces H,; are needed. Moreover, the dimension of each of these

subspaces must not be smaller than the number of code words. Therefore:

Correction of all errors on at most t qubits of a nondegenerate n-
qubit code spanned by 2* orthogonal code words is not possible if the
quantum HAMMING bound
t
3 (") 392k < o
j=0 \J
is violated.

Note that for £ =t = 1 the quantum HAMMING bound becomes 2+ 6n < 2" | hence
n>>5.

For further details on quantum codes see (Preskill, 01, Chapter 7), and (Schlingemann and Werner, 2(
Schlingemann, 2001; Keyl and Werner, 2002).
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54Recall Footnote 42.

S Recall (4.32).

°6The index j = 0 corresponds to the trivial error operation (unit operator).
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4.3.4 Reliable Quantum Computation

Let us discuss the implementation of error correction in more detail. For simplicity,
we consider only the quantum code CSS (Ham[B, 2], Ham|3, 2]i) , called the STEANE

code. According to Exercise 18 a parity check matrix for Ham|[3, 2] is

) 0
H %o
1

o = O

0
1
1

O O =

11 1
01 1]. (4.53)
101

Exercise 21

a) Show that the code words corresponding to the parity check matrix H; are
the same as those corresponding to the parity check matrix

) 001 11100
me{1 01101 0].
110100 1
b) Show that®’
1000011
4|01 00 1 0 1
Hi=1o 0101 1 0
0001111

'_

is a parity matrix for Ham|3, 2]
c¢) Show that

Ham[3,2]* = {b € {0,1}7: Hsb =0, (-1)" "7 =1} .

According to Exercise 21, the quantum code words of the STEANE code are

1
g) = :7§(}0000000>-%|1101001>—%|1o11010>-%|0111100>

+[0110011) + [1100110) + [1010101) +[0001111)) ,

(4.54)

(+[1111111) + |0010110) + [0100101) + [1000011)
+[1001100) + [0011001) + [0101010) + [1110000)) ,

&
|
Sl -

DRAFT, October 17, 2007
STRecall Exercise 19 a).
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Exercise 22 Show for (4.54) that the following network acts as indicated:

al0) + 1) P
|0) ~{H P
|0) ~1H
) —{H] a o) + B )
0 JaR) N J\
|0) N NV, N
|0) D O—D
|0) O—D Sy,

Exercise 23 Show that the following 10-qubit network acts as indicated:

b1) |b1)
|b2) |b2)
|b3) |bs3)
|ba) |ba)
|bs) |b5)
|bs) |b6)
|b7) |b7)
0) S——D—
0) S—& S— } it3b) |
0) —> < <> &5
where, e.g.,
e
det
N N
N NN
N N
€U N

The network of Exercise 23 may be used to reduce single-qubit errors of type &1
or/and &y to those of type o or/and 73 :
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An ideal test for the computational basis of the last 3 (ancillary) qubits
causes the 10-qubit state to collapse into some state being the direct
product of

e a (possibly only partially coherent) superposition of distortions of
the original code word by single-qubit errors, appearing in one and
the same position if of type 1 or 65, and

e a base state of the ancillary 3-qubit system which corresponds ei-
ther to (0,0,0), if the collapsed 7-qubit state is a distortion of the
original code word by single-qubit errors of only type ¢ or/and 73,
or else corresponds to the classical error syndrome of a bit-flip in
the position, where the code word is distorted by an error of type
g, or/and 75 .

If the collapsed state of the ancillary system does not correspond to
(0,0,0) then &; should be applied to the qubit in the position where the
code word is distorted. In any case, then, the resulting 7-qubit state will
be a (possibly only partially coherent) superposition of distortions of the
original code word by single-qubit errors of type 6y or/and &3 .

3

Exercise 24 Show that the following 10-qubit network flips the (Z e; 2377 )—th
j=1

qubit for input of the specified type with |ej, es,e3) # |0,0,0) and, therefore, may

be used to avoid testing the error syndrome for single-qubit errors of type 1 or/and

(3'2 .

Vah)
N>

Vah)
>

Vah)
>

Vah)
V

Vah)
V

/ah)
N>

Jah)
>

le1) le1)

lea) :I le2)
les) — |es)

where

-

Q.

g
B
B
g
]
B
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The eventually remaining single-qubit errors of only type 6y or/and 3. may be
converted into errors of type & or/and 1 by applying Ug" . Correction these errors
as just described and applying U§"™ once more restores the original message.

Up to now we tacitly assumed that all devices used for error correction work
perfectly error free. Of course this is unrealistic and, actually, special care has to be
taken to prevent these devices from making things worse.

For instance, if a phase error appears for the first ancillary qubit of the error
syndrome network presented in Exercise 23 then according to Exercise this error
may propagate into all of the last four data qubits. To prevent this one could use

|0) & O—P—D
|0) S
|0) S
|0) S
instead of
) —B—b—D—b
and implement in a suitable way.”®

While such precautions prohibit propagation of errors of the ancillary part of
the network into the data part they do not guarantee a correct error syndrome.
Therefore the ‘measurement’ of the error syndrome should be repeated and only
used for error correction if confirmed.

In order to protect calculations against quantum noise they should be performed
directly on the encoded data.

Of course, the encoded data should be error checked sufficiently often. Especially,
the actual computation should not be started before the initial encoded state has
been checked to be free of errors.

DRAFT, October 17, 2007
%See (Mottonen and Vartiainen, 2005, Fig. 8), in this connection.
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Altogether it seems possible to implement reliable quantum computation, if
sufficient care is taken. For further details see (Preskill, 1998b; Preskill, 1998a;
Leung, 2000).

4.4 Entanglement Assisted Channels”

“Entanglement is monogamous — the more entangled Bob is with Alice, the less
entangled he can be with anyone else.”
Charles Bennett®

4.4.1 Quantum Dense Coding’!
Let S = S; @ S, be a bipartite®® 2-qubit system with state space H ® H and

computational basis {\1/, ) & O, R qﬁu}we o1 Then the so-called BELL states
ot 2 ((0.0)+1L.1)).
o 2 ((0.0) = |L.1)).
Y (4.55)
Ur= E(IO,U +11,0))
v ((0.1)~ [1,0))

QI

2

form an orthonormal basis of H ® H and may be locally transformed into each
other:% A
T = (s3@1)0F,

VF o= (63@1)0F, (4.56)
Vo= (el) et
Obviously, 2 classical bits of information may be encoded via the BELL states, e.g.:

0,002, (0,1)=d, (1,00=¥", (1,1)=d".
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See (Liicke, 2002, Section 1.2.2) for the network models of dense coding, teleportation, and
entanglement swapping. See also (Devetak and Winter, 2003; Devetak et al., 2004) for related
protocols.

6Onttp://qpip-server.tcs.tifr.res.in/ qpip/HTML/Courses/Bennett/TIFR2.pdf

61See also (Mermin, 2002).

62See Appendix A.4.3.

63 As usual, we denote by 61, ...,03 the PAULI operators, i.e. w.r.t. (|0),[1)) :

. (0 1 (0 —i (1 0
a1={10) 27\ o) 7 \o -1/
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Thus, if Alice and Bob (situated arbitrarily far apart) initially share a pair of qubits
forming S; @ S, in a BELL state,% say W_, then Alice may communicate 2 bits of
information by sending Bob her single qubit (system S;) after acting on it in an
appropriate way:

2-bit information | operation by Alice | new BELL state
(0,0) 0103 ot
(0,1) 030103 o~
(1,0) 03 vt
(1,1) none U-

After receiving Alice’s qubit Bob just has to perform a projective measurement
w.r.t. the BELL basis® {®T &~ ¥+ ¥~} in order to decode the 2-bit information.

Needless to say, without entanglement Alice would not have any chance to trans-
mit more than a single bit by sending just a single qubit. Therefore, the described
procedure to communicate 2 bits by sending just 1 qubit is called quantum dense
coding (of classical information). Of course, the crucial point is that Alice has to
be given one partner of an entangled pair of qubits first. Note, however, that Alice
and Bob may store their qubits for some time in suitable quantum memory®® before
starting to communicate. Then the information carried by the sent qubit is of no
use for any potential eavesdropper.

4.4.2 Quantum Teleportation
Consider, e.g., a 3-qubit system § = S; & Sy B S3 with state space H ® H ® ‘H and

computational basis {\a, B,7) O e ® b ® (by} (o) in the initial state®”
a’ 77 b
1
‘1’0:1#@%(9250@(151—9251@%) : (4.57)

In order to determine the effect of a projective measurement on the subsystem S;®S,
w.r.t. its BELL basis we rewrite this state in the form

\IJO:®+®XO+©7®X1+\D+®X2+\I}7®X3' (458)

Writing
¥ =al0)+3[1)
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64For the creation of photon pairs in BELL states via parametric down conversion see, e.g.,
(Gatti et al., 2003) and references given there.

65For the implementation of such measurements see, e.g., (Paris et al., 2000;
Kim et al., 2001).

66For the possibility of storing optical qubits see (Gingrich et al., 2003).

67Obviously, then, the subsystem Sy @ Ss is in the BELL state corresponding to ¥~ .

Tomita, 2000;
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and comparing

\/§¢®%(¢0®¢1—¢1®¢0)
= a\0,0,1>—a|0,1,0)—B|1,1,0>+ﬁ\1,0,1>

with
V20t @x04+ P @1 + U@ x2+ ¥ @ s
1
= 500 @x+ LD ®xo+10,0)®x ~ LY @x

+10,1) @ x2 + [1,0) @ x2 +10,1) ® x5 — |1,0) ® X3)

+ + — —
- |0,0>®%+|0,1>®u+|1,0>®%+\1,1>®XOQX1
we get
X0+X1 - —|—Oé|1>’
X2+X3 = —Oé|0>’
X2e— X3 = +011),
Xo—x1 = —0#10)
and hence
Xo = all)—=7310),
= 0103
x1 = «all)+4310),
= &w
' (4.59)
X2 = 5|1>—Of|0>7
= 630
x3s = —al0)—g|1),
= 9.

(4.57)—(4.59) show the possibility of quantum teleportation (of quantum infor-
68

mation):
If Alice and Bob (situated arbitrarily far apart) initially share a pair of
qubits forming S, @ S3 in the BELL state % (o ® 1 — 1 ® ¢p) then
Alice may communicate to Bob the quantum information contained in
the unknown state 1 in the following way:

Alice performs a projective measurement on S; & Sy w.r.t. the BELL
basis {®T, &~ ¥ W~} and tells Bob her result via classical commu-
nication. Bob just has to perform one of the operations 6163, 71, 03
or none — according to the outcome of Alice’s measurement — on his

DRAFT, October 17, 2007
68See (Sanctuary et al., 2003) for critical remarks on corresponding experiments.
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qubit (system Ss) in order to have the latter in the state £ :

result of Alice’s measurement | Bob’s operation
o+ G361 = (6103) "
o~ 61 =(61)7"
ot b3 = (63)7"
- none

Note that the classical information sent by Alice would be of no use to an eaves-
dropper and that sending classical information avoids the decoherence problems
connected with sending qubits.

4.4.3 Entanglement Swapping
Consider a 4-qubit system S = Sy & S; B Sz @ S5 in the initial state

Uy=0" @0 . (4.60)
Then the calculations of Section 4.4.2 show that

b, = (i®i®i®&1&3)1(|0>®<1>+®|1> 1) ® & ®10)
(ieiwiean);
-(leieies)

)
)R ®[1) —[1) @& @|0)
(4.61)

)

)

(10)
(1) @ v* ® 1) - 1) @ ¥* ® |0)
-3l

1\3\»— N | —

0) @™ @ |1) —|1) @ ¥~ ®10)

Now assume that
Victor has access to &g,

Alice  has accessto S;1 B Ss,

Bob has access to  Ss.

Then — even though Victor, Alice, and Bob may be arbitrarily far apart, the en-
tanglement of the subsystem Sy & S; may be swapped to the subsystem Sy @ &3 in
the following way:

Alice performs a projective measurement on S; &S, w.r.t. the BELL basis
{®F, &, U U~} and tells Bob her result via classical communication.
Bob just has to perform one of the operations 6,63, &1, d3 or none —
according to the outcome of Alice’s measurement — on his qubit (system
S3) in order to have the partial state of the subsystem Sy @ Ss in the
state U~
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Thus Alice may act as an entanglement provider:

Alice prepares pairs of entangled qubits and distributes one partner of
each pair to various customers including Victor and Bob. If Victor and
Bob need to share an entangled pair they instruct Alice to perform a pro-
jective measurement on §; @ Sy w.r.t. the BELL basis {®T, &~ ¥+ ¥~}
and communicate the result to either Victor and Bob who then knows
the type of entanglement of the pair shared with Bob.

4.4.4 Quantum Cryptography®

As explained in 2.2.1 the security of the RSA encryption scheme relies on the extreme
difficulty to factorize large numbers n by classical means (and the possibility of
authentication of submitted messages). Otherwise d could be determined from n
and e. However, in view of SHOR’s quantum factoring algorithm (Shor, 1994) and
the possible implementation of quantum computers such classical cryptosystems as
RSA may become insecure. Fortunately, quantum mechanics itself offers means for
secure communication exploiting the VERNAM cipher™ (also called one time pad):

Exploiting quantum mechanisms, Victor and Bob agree on a purely ran-
dom secret key ¢ = (c1,...,¢,) € {0,1}". Then, instead of sending Bob
the pure the plaintext message ¢ = (c1,...,¢,) € {0,1}" Victor sends
him the encoded message™

e = (bl@cl,...,bn@cn)
(through some public channel) which Bob may decrypt as
b: (61@01,...,671@0”)

but appears purely random to all eventual eavesdroppers.

As shown by Claude Shannon (Shannon, 1949a), this cryptosystem is
absolutely secure if e is kept secret and used only once.

If Victor and Bob share enough (nearly) maximally entangled pairs of qubits™ they
may establish a secret key in the following way:

DRAFT, October 17, 2007
69See (Bowmeester et al., 2000, Chapter 2) for a nice introduction and (Elliott et al., 2005) for
actual implementation. A commercial quantum cryptosystem is offered at: www.idquantique.com
"Developed by Gilbert Vernam at AT&T in 1917 (first published in 1926).
"INote that

b b by mod2 Vb, b e {0,1} .

72If the entanglement is not good enough even if it is fairly bad they may perform entanglement
distillation resulting in a smaller number of nearly perfectly entangled pairs; see Section 6.2.3.
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Via public communication they agree on an orthonormal basis (e, e;, €3)
of IR* and on a series of joint measurements of the following type on
definite pairs:

For every tested pair the momenta of the partners are directed
parallel or antiparallel e; and a check for linear polarization is
performed, but Victor and Bob independently and randomly
between two possibilities: Either they test whether the linear
polarization of their photon is parallel or orthogonal to e; or
check whether the linear polarization is parallel or orthogonal

1
to e} = —= (e; +e3).
V2

As long as their choices are different their results for the corresponding
pairs are completely uncorrelated. Whenever they choose the same type
of measurement their results are (nearly) perfectly correlated. Thus
they may agree via public communication on a random secret key in the
following way:

e Alice and Bob identify those pairs for which, by chance,
they had chosen the same type of measurement and dis-
card those pairs of which at least one barter got lost and
thus did not provide a definite result.

e The remaining pairs are split into two groups.

e Bob and Alice (publicly) compare their results for the first
group in order to check perfect correlation.

e If the correlations turn out to be (nearly) perfect for the
first group then Alice and Bob agree to use their results on
the second group for a common key. Thank to the corre-
lations they need not communicate the results concerning
the second group. Therefore a possible eavesdropper has
no access to the chosen key.

e Weak deviations from perfect correlation may be error
corrected after communicating results of various parity
checks™ — of almost no use for any eavesdropper.

This cryptosystem can only be attacked by manipulating the entangled pairs before
Victor’s and Bob’s measurements. But such attack will be detected by Victor and
Bob, who can eventually discard the current key and create another one.
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73 Alternatively, if the correlations are only marginally spoiled, one could apply standard classical
error correction™ to the appropriately encoded (and slightly disturbed) plaintext after use of the
one time pad.
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Chapter 5

Quantifying Quantum Information

In fact, the mathematical machinery we need to develop quantum infor-
mation theory is very similar to SHANNON's mathematics (typical se-

quences, random coding, ...); so similar as to sometimes obscure that
the conceptual context is really quite different.

(Preskill, 01, Section 5.2)

5.1 SHANNON Theory for Pedestrians

For simplicity, let us consider an information source (Z, p) of the following type:
1. Letters x are randomly drawn from a finite alphabet Z = {z1,... z2x}.

2. The probability for drawing the n-letter word w = (zj,, ..., z;,) is’

n

P(Zjy, s 2,) = Hp(ij) V2,25, €2,

v=1
where
p(z) = probability for drawing z Vz € Z.

Consistency, of course requires
p(z1) + ... +plan) =1. (5.1)
Then, for the corresponding SHANNON entropy

H(Z,p) < =" plz) logy(p(2)) (5.2)

Jj=1
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IThus we assume that the probabilities for the successively drawn letters are independent.
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one may prove’

SHANNON ’s noiseless coding theorem:

For arbitrarly given 6 > 0, we may associate with every n € IN a set
Wi, of typical n-letter words® such that:

1.
(W.| < 20UHEZPFD) v e N,

2. The probability for a drawing a n-letter word w ¢ W, tends to 0
for n — oo.

In other words:

Asymptotically, the relevant words can be indexed by [n (H(Z,p) + 9)]
bits,* for every fixed § > 0.

In this sense, the information gained by drawing the letter z is — log, (p(z) bits.
The average information gained by drawing a letter, correspondingly, is H(Z, p) bits.

Remarks:

1. As to be expected, we have:
H(Zp) =0 <= 3FJze€Z:p(z)=1. (5.3)

2. Straightforward calculation shows that®

Z=0UZy, Z1#0=721N2Zy# Zy

= H(Z,p) = H({Zlv Zs} @) +p(Z1) H(Zy, 1) + D(Z2) H(Za, p2) ,
(5.4)
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2See (Shannon, 1949, Appendix 3).
3The typical words have to include essentially all those containing the letter = approximately
[np(z)]-times for every z € Z. For large n the number of such words is of the order

n!

— = x nHE@p) <since N! ~ e VN for large N> .
I (np(2))!

STIRLING

4Obviously, such coding can be used for data compression, if H(Z,p) < log, (|Z|) .

5(5.4) together with (5.5) and continuity in the p(z) fixes H uniquely (Shannon, 1949, Theorem
2).
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where

p(Z; et z

= p(:)/p(Z) VzeZ

H(Z,p) as a functional of p is maximal® for constant p, i.e. for
p(z1) =...=plzy) =1/N.

p(z) = 7

V:eZ =  H(Zp) =log(|Z]). (5.5)
Since
logy(12]) = N if |2] =2V,

compression is not possible for constant p(z) (essentially all words
are typical).

Now assume

Z=XXxXY
and define
def
pi(z) = D play) YVeeX,
yey
def
pay) = Y play) Vyey,
zeX
det [ p(x,y)/p2(y) i pa(y) >0
x = V(z,y) € Z
pl( |y) {1/|X’ else ( >y) )
det [ p(z,y)/pi(x) if pi(z) >0
xr) = V(zr,y) € Z.
p2(y| ) { 1/ |Y| else ( 7y>
Remark: A possible application is the following:
X = {elements drawn and sent via some channel} ,
Y = {elements received through that channel} ,
p(xz,y) = joint probability for sending = and receiving y,
pi(x) = probability for sending z,
p2(y) = probability for receiving v,
pa(y|z) = probability for receiving y when x is sent,
pi(z|ly) = probability for  having been sent when y is received .
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6The simplest way to check this this is by means of a LAGRANGE multiplier A : Determine A € IR
,p(zn) = 0 (not a priori postulating (5.1)) for which H(Z,p) + A (1 =Y., p(2))

and p(z1),...

is maximal.
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Then, thanks to”

a#b = a(lna—Inb) >a—b Va,b>0 (5.10)

we have®
H(X xY,p) <HX,p1)+ H(Y,p2) (subadditivity) (5.11)

and

(5.12)
= p(z,y) =pi(2)p2(y) Y(z,y) € X XY.

Outline of proof: Replacing b by bc in (5.10) and using

logy(x) = () V>0,

we get

a#bec = a(logQ(a) — log,(b) —10g2(0)> > 111_(2) Ya,b,c>0

and hence
H(Xapl) + H(Y,pQ) - H(X X Kp)

-2 (Z WW)) log, (pl(x)) - <Z p(w,y)> logs (pz(y))

zeX \yeY yeY \zeX
+ > plzy) logz(p(-r,y))
(z,y)EXXY
= Y oy (logz (p(rv,y)) — log, (pl(x)) — log, (pz(y))>
(z,y)EX XY
> > (s - m@) ) /)
(z,y)EX XY
> 0

with equality iff
p(z,y) —p1(z)p2(y) V(z,y) € X xY. i

Moreover, according to SHANNON’s noiseless coding theorem, the conditional en-
tropy’
def
Hy(X[Y) €S po(y) H(X pi(Jy)) (5.13)

yeyY
is the average asymptotic amount of bits of information needed in addition per Y-
part of the drawn z € Z | if only these parts are known, in order to determine also
the X-parts. Accordingly, we have

H(X x Y,p) = H(Y,ps) + HX]Y). (5.14)

DRAFT, October 17, 2007
"Setting = b/a, (5.10) follows from: 0 <z #1=Inz <z —1.

8This corresponds to the fact that correlations between X and Y contain additional information.
Its quantum analogue can be negative (Horodecki et al., 2005).
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Outline of proof:
H(X[Y)

(5j3) —sz(y)Zm(x\y) log2< p1(z|y) )

yey zeX =p(z,y)/p2(y)

= = Y n@ i) log(p) + > p) Y pily) logy(p2(v)) - g

(.’L‘,’y)EZ 71)(26 y) yey rzeX
= ) —
=1

Similarly we have
H(X x Y,p) = H(X,p1) + H(Y|X)

for

Hy(Y[X) € Y pi(a) H(Y, pa(|7))

zeX

Thanks to subadditivity (5.11), the mutual information
I(X:Y) < H(X,p1)+ H(Y,ps) — H(X x Y, p) (5.15)

is non-negative, as required by its interpretation as amount of information contained

in the correlations between X and Y . Its relation to the conditional entropy is given
by

I(X:Y) = H(X,p)— H(X[|Y)
= H(Y,p2) — H2(Y[X) (5.16)
> 0.

5.2 Adaption to Quantum Communication

5.2.1 VoN NEUMANN Entropy!

The VON NEUMANN entropy'!
Si(p) ¥ —trace (plog,p) Vp € S(H) (5.17)

(von Neumann, 1927) can be considered as a generalization of the SHANNON entropy
in the following sense:
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108ee also (Wehrl, 1978; Ohya and Petz, 1993; Petz, 2001; Ruskai, 2002).
1One can easily prove that, at least for the (normalized) statistical operator p of the micro-
canonical or canonical ensemble, k In(2)S;(p) is the usual thermodynamic entropy; see, e.g.,
(Gardiner and Zoller, 2000, Section 2.4.1). Note, however, that the VON NEUMANN entropy —
contrary to the thermodynamic entropy — is non-extensive (not additive) for homogeneous non-
equilibrium systems. For generalizations of the VON NEUMANN entropy as a measure of ‘mixedness’

2

see (Berry and Sanders, 2003) and references given there.
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If
N (1 fora=p,
p= R duloled (o - {5 e
then
Si(p) = H(X,p1) (5.18)
holds for
= {60l ) (00l (5.19)
pl(!¢u><¢u\) N, Yee{l,...n}. (5.20)

Warning: If {¢1,...,¢,} is not an orthonormal system then (5.19) and (5.20) do
not imply (5.18) in general!

Theorem 5.2.1 (KLEIN’s inequality'?) For all A, B € L(H) we have
0<A#B>0, ker(B)C ker(A)

~ A

—> trace <A (lnfl — lnB)) > trace (A — B).

Outline of proof: Thanks to the spectral theorem there are orthonormal systems

{61, dn} and {&),..., .} of H with

A= Za,, 6 ) (00|, B = Zbu |#],)
:>0 ul

>0

for suitable aq,...,b,, . Then

trace A lnA Z a, Ina,

and
trace (A In B) = Z<¢a Zamm m\Zlnb |65 ¢y|¢a>
= Y aa () [(9a | )]
a,y=1
hence

n

trace (A In A) — trace (A In B) Z <1n a, — Z In(by) [{¢a | &) )

DRAFT, October 17, 2007

12Gee (Klein, 1931).
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Since, for x > 0, In(z) is a strictly concave function,'? the latter implies

trace (A In A) — trace (A In B)

> Zn: <lnaa—ln(ibw|<¢a|¢'y>}2>>
<5%0>§:< g (Pl 97) )
i

(5.21)

(5.22)

(5.23)

In (5.22) equality holds only if, for every a € {1,...,n}, at most one of products
aaby |<¢a | ¢fy>| is different from zero. Then, with suitable relabelling of the ¢ﬁy , we

have by (¢ | )" = ba and equality in (5.23) holds only if a, = by for all

aE{l,...,n},i.e.ifA:B. |

Remark: As an immediate consequence of Theorem 5.2.1 we have strict

positivity of the quantum relative entropy

S(pllp') < trace (p(n p—n ')

for all states p, p’ € S(H) with ker(p') C ker(p) and p # p'.

Corollary 5.2.2 Let Hy, Ha be HILBERT spaces and p € S(Hi @ Hs) .

Si(p) <5y (trace 2(p )) + 51 (trace 1(p)) (subadditivity)

and

Si(p) =S (trace 2(p )) + 51 (tracel(p)) <= p = tracey(p) @ trace(p).

Outline of proof: Application of KLEIN’s inequality to

A=p, B=tracey(p) @ trace(p)

gives
0 = trace(A—B)

< —58,(p) — trace (A log, B)

DRAFT, October 17, 2007
13Strictly concave functions f of 2 > 0 are those fulfilling

Af(xn) + (1= ) flas) < f()\xl rQ —)\)x2> YAe (0,1), z1,a2 > 0.

Then
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with equality only for p = trace(p) ® trace1(p). Since

trace (A log B)

= ftrace (A (10g2 (trace»(p)) ® 1+ 1 ® log, (trace 1(,6))))

= trace (trace 2(p) log, (trace o(p ))) + trace (trace 1(p) log, (trace | (ﬁ)))

= -9 (trace 2(;6)) -5 (trace 1(ﬁ)> ;

this proves the corollary. g

The vON NEUMANN entropy of a state p increases if the latter is changed by a
complete projective measurement operation (ignoring the results):

Corollary 5.2.3 Let H be a HILBERT space, py € S(H), {]51,...,151} a set of
pairuise orthogonal projection operators on H with

P+.. +P=1

and define
fo
Then
po 7 P
Proof: Since

trace (p logsy p')

l
S BB

k=1

= Si(po) < S1(pyp) -

MN

= trace ( B, p logy p)
k:l

= trace

A

ZPkPIOgQ >
k=1

= trace( By, p Py logy (p )>

[P, Pr]-=0

= —S1(7),

The statement follows from KLEIN’s inequality (Theorem 5.2.1) applied to A =

p,B=p" g

Warning: In general, trace preserving quantum operations may de-
crease the VON NEUMANN entropy.'*
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ME.g., if
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5.2.2 Accessible Information

Assume that the ‘alphabet’ X = {p1,...,pn, } is a set of (pairwise different) states
on H . Then, by “drawing the ‘letter’ p from X” we mean the random choice of an
individual from an ensemble in the state p. Again, for simplicity, we assume that
for every letter p its probability p;(p) for being drawn is given, positive, and does
not depend on which letters have been drawn before.

The best one can do, in order to acquire information about a drawn letter, is
perform a POV measurement!'® corresponding to some set Y = {El, e ,EN2} of

events E represented by positive bounded operators on H with'6
Ey+.. . +Ey=1.

According to quantum mechanical rules, the probability for E is trace (pE), if p
was drawn. Hence, the probability for p being drawn and F being detected is'”

A

p(p, E) € pi(p)trace (hE). (5.24)

If the letter drawn is unknown, the probability for E is

E = E 0;, B
p2(E) 57 jZIP(PJ )

= trace(po E),
where
dof L o
po = Y pi(pi)p;
i=1

is the state of the source providing the letters. Of course,'® py does not uniquely
determine (X, p;). Nevertheless, the vVON NEUMANN entropy fulfills the HOLEVO
bound

X 1Y) < Silpo) — Somlps) S1(5) (5.25)

Jj=1

DRAFT, October 17, 2007

are the KRAUS operator of the quantum operation & acting on a qubit system we have (’:(i /2) =
|0)(0| and hence

Si(i/2) > S, (e:(i/a)) —0.

15f the elements of X are linearly independent, then the best result can be achieved by projective
measurement, i.e. with El, ey ENz being projection operators (Eldar, 2003). For the importance
of considering also linearly dependent E,’s see, e.g., (Kaszlikowski et al., 2003).

16Recall Corollary A.4.3, in this connection.

17Obviously, (5.24) is consistent with (5.6).

18Recall Corollary A.4.3.
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(Nielsen and Chuang, 2001, Theorem 12.1) and the condition

EIjl,jQ - {1, e 7N1} . trace (ﬁjl ﬁjz) 7£ O, jl §£ jg

= Si(po) < H(X,p1)+ipl(ﬁj) S1(p;) (5.26)

=1

(Nielsen and Chuang, 2001, Theorem 11.10). A direct consequence of (5.25) and
(5.26) is the upper bound

EIjlan € {17"'7N1} : trace (ﬁ]l ﬁ]Q) 7& 07 jl 7&]2

(5.27)
on the accessible information
def .
A(X,p) = Yril}z)%cvl(X 1Y) (5.28)

Hence:

It is impossible to get full information on the letters actually drawn
unless'’
p#p = pp=0 VppeX.

Remark: Note that, for arbitrary p, o’ € S(H) we have®

trace (pp') =0

pp =0 <
— pH LJH.

On the other hand, (5.27) (together with continuity of the entropies) implies the
bound
A(X,p) < Si(po) - (5.29)
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90therwise, distinguishability of arbitrary states could be used for superluminal communication.
20Here, positivity of the operators p, i is essentiall For A = At € £(H) the range AH of A is

also called the support of fl, since

AU £0 = 04T e AH

for such A .
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5.2.3 Distance Measures for Quantum States”!

122

A natural distance measure for quantum states p, p’ of a finite-dimensional®® quan-
tum system is the trace distance®
A A def 1 A A
D(p,p") = S p=#l, (5.30)

2
where ||.||; denotes the trace norm

JAll, < trace <\+/ ATA) (5.31)

for trace class operators A on a HILBERT space H . Especially for qubits we have
~ ]- 2 A~ A~ ]- 2 / A~
p—§(1+p~7), p—§(1+p-f)

and hence?*

D(ﬁvﬁ/) - itrace J\r/(pf-_p/f_)Q

1 R
= Ztrace (\p—p’] %)
1 /
= 5lp=rl,
1.e.:

For qubit states p, p' the trace distance is half the EuCLIDean distance
of the corresponding BLOCH vectors p, p’.

For general mixed states we have the following:

Lemma 5.2.4 Let H be a finite-dimensional HILBERT space and p,p) € S(H).
Then?

D(p,p) = max(trace (P j) — trace (P ;3’)) : (5.32)
pep

where P denotes the set of all projection operators on 'H .
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21See also (Gilchrist et al., 2004).
22For infinite-dimensional systems, however, the trace distance is not physically adequate
(Streater, 2003).
Z3Note that

ﬁzzpu‘q)uxq)u‘ ) 00
=1 Al 1 ’
= — D(p7p)=§Z|pu—pV|
P = Zpi/ |, ) (s | v=l
v=1
if {®,},cy is @ MONS of H.

24Recall that R
lef=1 = (e-#)*=1 Ve c R®.

25This formula holds also with P replaced by the set of all events; i.e. of all positive operators
with trace <1.
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Outline of proof: The spectral theorem tells us that there are an orthonormal basis
{¢v},en of H and real numbers Ay, ..., A, with

p=0 =Y Mo (5.33)
v=1
and
n
> A =0. (5.34)
v=1
Then

and, therefore,

-
Y
>
»
\—:

I

1 n
5 Vz::l |)‘V|
(534) Z A

ve{l,n}
Ay >0

trace( Z A qb,,)
}

vV

—+

=

2

@]

@D
RS

o

>

AN

S

AN
~_

_|_

—+

—

o

@)

@D
RS

>.U>

> Ay¢y> VPePp

ve{l,...,n} ve{l,...,n}
Ay >0 A <0
with equality for
P = Z |90) (vl -
ve{l,...,n}
Ay >0

By (5.33) and linearity of the trace, this implies (5.32). g

Now it is obvious that the trace distance is a metric on the set of states:?6

l)(ﬁl>ﬁ2> Zi 07
=0 — ﬁlzz ﬁ?v
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26The inequality follows from (5.32) and

trace (p1) — trace (ps) = (trace (p1) — trace (ﬁg)) + (trace (p2) — trace (ﬁg)) .
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Corollary 5.2.5 Let 'H; and Hs be finite-dimensional HILBERT spaces and let
¢ € Q(H1,Hq) be trace-preserving. Then Q(Hq, H1) is contractive w.r.t. the trace
distance, i.e.:

D(€(p).€(i)) < D(p.i) ¥p.p € S(H).

Outline of proof: With ¢1,...,¢, and A1,..., )\, chosen as in the proof for (5.32),

we have®7
D(p, o) = umw( > AV@>
ve{l,...,n}
AL >0
= trace<Q_:< Z Av ¢u>>
ve{l,...,n}

ve{l,..., )

V
+
—
&
a
@
VR
>
=
N
3
G
<
&
N———
~_—
+
+
=
&
n
/”_“\
6%|
N
>~
<
<
N
N——

Il
t—f
=
o
(@}
@]
7N
hU)
/N
c
—
>
S~—

\
2
»
—

N—
N——
<C
~
m
~

This, together with (5.32), proves the theorem. |

Corollary 5.2.6 Let 'H be a HILBERT space and N € IN. Moreover, consider
P1s--s Py €S(H) and py,...,py > 0 with

N N
Yop=1=3 1. (5.35)
v=1 v=1

Then

1 N N . .
(Z Pvbu s Zpypy> <3 o lpe =01+ D(pu ) - (5.36)
v=1 v=1

Outline of proof: By Lemma 5.2.4 there is a P € P with
N N N N
D(Smse3tot) = oo (P3 o -PY sk
v=1 v=1 v=1 v=1

N
= Z (pl, trace (13 py—P ﬁ;) + (p, — pl,) trace (P /3;,))
———

v=1
< D(pudl) €lo.1]
15.2.4
< Zpu B+ > (o —0)).
VE{I AAAAA N}

DRAFT, October 17, 2007
2"Recall Footnote 18 of Chapter 4.
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Together with

> - o 35)Qleu vl

this implies (5.36). g

A direct consequence of (5.36) is

N N N
D (Z Pv Pu s va ﬁ;) < Z pua py . (537)
v=1 v=1 v=1

Moreover, setting p!, = ¢’ in (5.37) and recalling (5.35), we get

N
D (Z Pv ﬁu ) ) < Z pl/ pu 5 . (538)
v=1
Another important measure for the distance of states is the BURES fidelity:*®
2
o = e (7 95) (7 )
Since {/[¥)(¢[ = |[)(¢| and hence

ol o oyl = el 7 1)l
W) )

holds for all normalized 1) € 'H , we have:

p=10)W| = Fp,p") = |p'd)  Vpp eSH). (5.39)

Symmetry of the fidelity in general is not evident from its definition but follows
directly from UHLMANN’s theorem (Uhlman, 1976):
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28For commuting p, p’ the BURES fidelity has a simple geometrical interpretation, since

p= puld)oul,

=S [ @7 (Z Vp”p”)

See (Chen et al., 2002) for a geometrical interpretation of the BURES fidelity of general qubit states.
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Theorem 5.2.7 Let H be a HILBERT-space and p1, po € S(H). Then

F(pr,pa) = _max__ [(¥ [ P)]",

V1€T,, V26T

where*

7; dof {\IIEH@)H: ,éztrace2(|\lf>(\ll\)} VpeS(H).

Outline of proof: Let j € {1,2} and ¥; € 7;, . By the spectral theorem, there is are
orthonormal basis {¢§j),...,¢£{)} of H,somen’ € {1,...,n}, and sgj), .. .,sff;) >0
with

’
n

pi= (Sz(,j))2¢,(/j)-

r=1

Therefore, the SCHMIDT-decomposition of W; has to be of the form

U, = Z sl(/j) ¢z(/j) ® Z/,1(/1)

v=1
= Y (Va o) o v
v=1

with some orthonormal basis {1#9), e ,1,&7(3)} of H. Considering j = 1 and j = 2
together we thus get

’
n

(e [ W) = Y (/o2

v,p=1

T//71¢ff)><¢52) ‘1/}/31)> ' (5.40)

In order to rewrite the r.h.s. of (5.40) as a trace we use the unitary operators V and
V' characterized by R
Vo =) vue{l,...n}

and
PP |V oD = (@ [N vy pe{1,...,n}.
(o |70 = (w2 wi)
Then
1w = 3 (Ve | VAT | ve)
: v,u=1
= (o] VT eR)
v=1

=  trace ( Vo YV V’)
= trace (V V' /pa Wﬁl)
Applying Lemma 5.2.8, below, to the polar decomposition
DN A T A
VV' /b /i =U \/ (Vo2 /o1) (V52 /), U wnitary,

DRAFT, October 17, 2007
29Note that 7 is the set of all purifications of p as introduced in Lemma A.4.8.
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(see, e.g., Lemma 7.3.20 of (Liicke, eine)) we always get

[ < (e {/ (3 Vo) (U Vi)
F(ﬁlaﬁl)'

Obviously, by appropriate choice of the w&j ) we get equality. |

Lemma 5.2.8 Let H be a finite-dimensional®® HILBERT space. Then

trace (B p)| < |B| VpeSH), BeLH).

Outline of proof: By the spectral theorem, there are a an orthonormal basis
{b1,...,¢n} of H and p1,...,p, > 0 with

p_zpu |¢ ¢u > Zpu—l

Then
‘trace(Bﬁ) = trace <B|¢V><¢u)‘

= (61 Boy)
v=1

< Yo l(o1B6)
v=l S——

<||5]]
< B‘ . I

UHLMANNSs theorem and the definition of the BURES fidelity show:

F(ﬁ17ﬁ2) = F(ﬁZ»:ﬁl)? (541)
F(ﬁh ﬁZ) S [07 ]-] ) (542)
oy 1 it Py =y
Using UHLMANNSs theorem one may also show:3!
A(pr, p2) % arccos\/F(py, ps) € [0,7/2] is a metric, (5.44)
F(€(p),€(p2)) > Flpu,pa), (5.45)
<Zpupm > oop ) > > ok, Fpu. ) - (5.46)
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30The given may be directly extended to the infinite-dimensional case.
3INecessary and sufficient conditions for a given set of pure states to be transformable

via a quantum operation into another given set of (not necessarily pure) states are given in
(Chefles et al., 2003, Theorem 4).
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For pure states ¢, :

~ A

F(Py, Py) = [(¢] )]

= \1-D(B,, P,

For general states:

L= F(p1,p2) < D(p1, p2) < /1= F(p1,p2)*.

Remark: In principle, fidelity and trace distance are of equal use to
characterize the difference of states. However, usually, calculations are
easier with fidelity. Therefore only the latter will be used in the following.

Relevant for transmission of (unknown) states:

Fun(@) < minF(p,€(5))

143

Relevant for the (approximate) realization of a gate U as the quantum operation

¢ is the gate fidelity
F(U,¢) ¥ mjnF(U/sU*,@(ﬁ))
= mln F(PUw, ¢(Py ))

for which we have, e.g.,??

arccos \/F(01027 ¢ 0 &y) < arccos F(Ul, &) + arccos F(Ul, ¢).

Relevant for quantum sources producing p; with probability p; and disturbed by €

is the ensemble average fidelity

F< ij (pg, ))

DRAFT, October 17, 2007

$2Recall (5.44).
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5.2.4 SCHUMACHER Encoding

Lemma 5.2.9 Let H be a finite-dimensional HILBERT space, py € S(H), and
0>0. Then R
lim trace (ﬁ?”Agg?é) =1

n—oo

and*
9n(S1(po)+9) > dim([\gg?g H®n> > 9n(S1(po)=08) v/ € IN,

where, forn € IN, [\gg?é denotes the projector onto the subspace of all eigenvectors
of py" with eigenvalues in [2"(51('60)_6), 2"(51(’30)”)} .

Lemma 5.2.10 K
Let 'H be a HILBERT space and A a self-adjoint operator on 'H . The for arbitrary

Ui, ...,y € H and pq,...,py > 0 we have

2 - o
> 2trace (A > |¢u><¢u|> =D Dy
v=1 v=1

(v

Ad,)

N
> by
v=1

Outline of proof: Apply the inequality
2 >2x—1 VzeR

toxr = <¢V /Alw,,> 1

DRAFT, October 17, 2007
33See (Mitchison and Jozsa, 2003) in this connection.
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make a guess, FANO inequality

5.2.5 A la NIELSEN/CHUANG
Klein inequality (Niclsen and Chuang, 2001, Theorem 11.7):3

trace (ﬁ log([})) > trace (,(3 log(ﬁ’)) Vp,p e S(H). (5.47)

Hyin(p) def H({p, 1— p}) Vpe|0,1].

PPT criterion
Cat states implemented for JOSEPHSON junctions or coherent states (entangle-
ment laser)

5.2.6 Entropy®

Classically, every message can be encoded in a string of bits. But can
quantum information always be encoded in a string of qubits?!

DRAFT, October 17, 2007
34The r.h.s of (5.47) may become —oo. Equality holds iff p = p’.
35See also (Ohya and Petz, 1993) and (Petz, 2001).
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Chapter 6

Handling Entanglement!

We have seen in 4.4 that perfect entanglement may be used for implementing noiseless
quantum communication. Therefore, quantification and handling (e.g., distillation)
of entanglement is important. Here, for simplicity, we consider only bipartite sys-
tems. One might expect, then, that separability is equivalent to the existence of
corresponding (local) hidden variable models, hence to the validity of all (general-
ized) BELL inequalities.? However, as shown in (Werner, 1989), that this is not the
case.

6.1 Detecting Entanglement

Detecting entanglement of pure states is very easy:
/3 S Spure(Hl ® HQ)

— N\ 2 R
Lemma A.4.6 (trace 2 (p)) = trace(p) .
TheoremA .4.7

ﬁ S Spure(Hl & H2) U Ssep(Hl & H2)

It is mixedness which can make detection of entanglement a very hard problem
(Gurvits, 2002).

6.1.1 Entanglement Witnesses and Non-Completely Posi-
tive Mappings

Lemma 6.1.1 A state p of the bipartite system S with state space H = Hy ® Hs
is non-separable® iff it possesses an entanglement witness, i.c. an operator W €
L(H, @ Hs) fulfilling the following two properties:*

DRAFT, October 17, 2007
1See also (Horodecki et al., 2001) and references given there.

2See (Werner and Wolf, 201; Collins and Gisin, 2003) in this connection.

3Recall Definition A.4.4.

4The second property guarantees that W is Hermitian — thanks to the polarization identity

3
1 N . .
h(x1,x1) = 1 Z (=)™ |x1 4+ 1% x2)(x1 + 1% X2 ,
a=0

valid for every mapping h that is linear in the second and conjugate linear in the first argument;

especially for h(¢, 1) = |#) (1]

147
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trace ()W) < 0.

§ separable = trace (pW) >0  Vj € S(Hy @ H,).

Outline of proof: The statement follows from the known fact® that for every point
X outside a convex set K there is a hyperplane separating X from K. 1

Lemma 6.1.2 (Jamiotkowski) Forj € {1,2}, let {¢§”, o ,gb%)} be a MONS of

the HILBERT space H; . Then for every W e L(H, ® Hy) there is a unique linear
mapping L, + L(H1) — L(H2) with

W=n (1@ &) (P,). (6.1)
where
. . 1 ni ni
B S el e <z>9>><2 s @ ol (6.2)
v=1 pn=1
Ly fulfills
no R
i (| (D) = S (6D @ ¢ | W (6 @ o)) [¢2)e@|  (6.3)
vo,p2=1
for all vi,ve € {1,...,n1} and:
Ly, positive — trace (W p) >0 VpeE Ssep(H1 @ Ha), (6.4)
where®
Ssep(H1 ® Ha) © 15 e S(Hy ®Hy) : p separable} . (6.5)
Outline of proof: Defining £y;, by (6.3) plus linear continuation gives
W= Y Y (e 1w (o e o)) ol @ o (o @ o

vi,p1=1va,puz=1

6.3) ué;l( o) ol]) @ Ly (oY (61

lin. cont.

= (1®£W)< 3 \qb&?@qb&i))(qb&)w&))
vi,pu1=1

DRAFT, October 17, 2007
5See, e.g., (Neumark, 1959, $1, No. 9) and (Robertson and Robertson, 1967, Kap. 1, Satz 8).
SNote that

Ssep(Hl & H?) S<H1) ®alg S(HQ) .

Theore; A4



6.1. DETECTING ENTANGLEMENT 149

and hence (6.1). Conversely, (6.1) gives

D - 8,5 (s e )
K CA (1o L) (B,) o)
o (W ,L1> :

i.e. (6.3). Since

N
trace (W Z M @ pk ) = dim(H;) Ztraee (ﬁg) ® Ly (ﬁ?)) ,
k=1

positivity of £;, implies nonnegativity of trace (W p) for separable” p. Conversely
the latter implies positivity of SW , since

<¢<2>‘sw<’¢u>><¢u>’> ¢(2>> & <\1/¢<1),¢<2>

where

W‘IJ¢<1>,¢<2>> Vol e Hy, 6@ e Ha,

V1:1

dim(H1)
def
Uy g = ( Z <¢<1> ¢91)>¢91)> ®6?.  j

Corollary 6.1.3 For j € {1,2}, let {¢{”,...,¢)} be a MONS of the HILBERT
space H; . Then for every W e L(Hy ® Hs) we have®

trace ()W) <0 = (1@ & )(5) 20 Vj e S(H @ Hy) (6.6)
and
trace (W) >0 Vp € Sup(H1 @ Ha) = £h(p2) >0 Vo € S(Ha), (6.7)

where &% denotes the HILBERT-SCHMIDT adjoint of the linear mapping Ly, that is
characterized by (0.3), i.e.:

trace (S‘LV(AQ) Al) = trace (Ag SW(AI)) VA € L(H,), Ay € L(H,).

DRAFT, October 17, 2007
"Recall Footnote 6.
8Positivity of A € L(H) is easily to checked:

A>0 = det(Ad—=zi)= < Z
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Outline of proof: (6.6) follows from

1 ~
— trace (p W = trace
s (,0 ) 6.1

and (6.7) from (6.4).

We may conclude:

1. If W is an entanglement witness for p then (1 ® EJ{/V) (p) 2 0 and, there-

fore, the positive map ETW cannot be completely positive.

2. For every positive mapping £ : Hy — H; we have:”

(1®L)(P) 20 = p & Seep(H1 ®@ Ha).

3. A state p € S(H; ® Hz) is separable if and only if (1 ® £')(p) is positive
for all positive mappings £ : Hy — H; .

Remark: In general, for detecting entanglement, QLV is more useful

than W since .
t (5 sk s
L£:(p) 20 #= trace(Wp) <0.

W, on the other hand, allows to detect entanglement by local measure-
ments (Githne et al., 2002).

6.1.2 Examples

Lemma 6.1.4 The flip operator of the bipartite system S with state space HQH ,
i.e. the linear Operator F' on H ® 'H characterized by

F(p @) C s @y Yooy, €H, (6.8)
has the following properties:*°

1.

DRAFT, October 17, 2007

90f course this statement is relevant for non-completely positive £’ only.
10Recall Definition A.4.4.
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F=P - P,

where the 1
A dﬁf + A~ A
Py 5 (i+F)
are the projectors onto the symmetric resp. anti-symmetric pure states of S :

VeP,(HOH) < FI =40 VUIecHOH.
3. Forall e R :

1+B8F>0 < pfe[-1,+1].

~

trace (F') = — dim(H) .

5. Forallpe SCH®H) :

p separable = trace (F'p) > 0.

Outline of proof: The first four statements are more or less obvious and the last
one follows from

trace (F(|¢1><¢1| ® wz><wz)>

trace (F' |y @ v2) (Y1 ® v )
trace (|12 @ Y1) (1 @ vs])
= (Y1 @2 | Y2 @)

= Wi le2)*. g

Consequence: The flip operator Fis an entanglement witness for the
mixed WERNER states'' pw(3) with 3 € [-1,—1/dim(H)], where

pu(o) & —LET
v trace (1 + 5 F)

VB e [-1,+1]. (6.9)

For H; = Hy = H the positive linear mapping (6.3) associated with the flip operator
. . 1
on H ® H is the transposition'? w.r.t. {¢1,...,¢,} = {¢§ ). ,qbgll)} :

Er(160)(0l) = T(I6n) )

160, (0] (6.10)
= 25(16n)(dml) Yr,me{l,...,n}.

DRAFT, October 17, 2007
" Compare Footnote 27 of Chapter 4.
2The transposition was considered at the end of 4.2.1.
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While the flip operator cannot be an entanglement witness for, e.g., the F-invariant
pure states,'® a two-qubit state p is separable iff its partial transpose (1 ® %) (p) is
positive. Slightly more generally we have:

Theorem 6.1.5 For j € {1,2}, let {¢{",...,6{)} be a MONS of the HiLBERT
space H; . If ny +ny € {4,5} then an arbitrarily given state

ni na
p= 2 2 Panmm

vi,u=1vo,u2=1

S S(Hl 02y Hg)

1 2 1 2

is separable iff it has a positive partial transpose:'*

ni no
Z Z Priva,papa

vi,u=1vo,pu2=1

> 0.

o © 012 ) (o) @ o1}

Proof:'? See (Horodecki et al., 1996, Theorem 3). g

Another example for Hy = Hy = H and {¢1,...,0,} = {¢§1),...,¢§111>} =
{6, 6@} is

W = 1H®H—npﬁ
= 3 (10(0ul) © (bl o))
v, =

= m(122R) (B),
where

Sy(B) 5 B (6.11)

' trace(B)— B VB e L(H), (6.12)
Obviously, £%, is positive and
(1®27) (p) = traces(p) ® 1 — p Vp € L(H).
Therefore, '

traces(p) @ 12 p = p ¢ Sep(HOH). (6.13)

DRAFT, October 17, 2007
13See, however, (Horodecki and Horodecki, 1996).
4 Positivity of the partial transpose, contrary to the partial transpose itself, does not depend on

the choice for the MONS {¢§2), ceey 5?2)}
15The essential point is that — provided n; + ny € {4,5} — every positive mapping £’ :

L(H3) — L(H1) is decomposable; see (Labuschagne et al., 2003) and references given there.
For entangled PPT states in higher dimensions see (Ha et al., 2003).
16See (Hiroshima, 2003) in this connection.
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6.1.3 Other Criteria'’

Up to now, in view of Corollary 6.1.3, we considered the entanglement criterion

(1@ L)) 20 = p¢&S(Hi@H,). (6.14)

>0

only for positive maps £ : L(H2) — L(H;). But, of course, (6.14) also holds for
positive maps £ : L(Hz) — L(Hsz). Typical examples are

1. £=%:

Every separable state p € S(H; ® Hq) is PPT, i.e. has a positive
partial transpose (1 ® T)(p) — for every choice of MONS.

2. £=20: A
P € Ssep(H1 @ Hy) = traces(p) @1 > p. (6.15)
Remarks:
1. Since'®
N\ T ~ R
(1@T)(p) =(@eI)(p) VieS(Hi®H,)
and
trace ((1 ® ’Z)(ﬁ)) =1 Vpe S(Hi®Hs),
we have!”

(eT)(p) 20 «= @%@, >1 Vpe S(Hi®H,),

as exploited in (Vidal and Werner, 2002).
2. Since?

T(#") = (-1)™ # Vwve{o,...,3},

we have for two-qubit states p :?!

12%)(p) =p <= trace((%“@fj)ﬁ) =0vVped{0,...,3}.

DRAFT, October 17, 2007
17See also (Doherty et al., 2003)
18Note that

(1® T)(Af) = ((1 ® f::)(A))T VA€ LML ®Hy).

YRecall (5.31).
20Recall (A.22)
2Compare (Altafini, 2003, Sect. ILB., Corollary 1).
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3. For all p € S(H1 ® Ha) :

1OT)(H)T =\ T#0

N (1®%) (|\I/><\If|> entanglement witness for p,
¥ non-separable .

Let us list some other sufficient criteria for entanglement:

1. Range criterion:*

w(l) ® <¢(2))* ¢ range((l ® T)(ﬁ)) V¢(1) ® ¢(2) c range(ﬁ)

(6.16)
- ﬁ ¢ Ssep(Hl (9 H?) )

where
(¢(2)> (4 ) Z <¢(2) | ¢ >

depends on the MONS { @ ¢§?2)} of Hsy.

Outline of proof: By Theorem A.4.5 (and the spectral theorem), every p €
Ssep(H1 ® Hz) can be written in the form

N
p=2 [ e v ) (v o v .
k=1
Then Lemma A.4.2 implies

1#,(61) ® w,(f) €range(p) Vked{l,...,N}

and, since??

LoD Z]w“) @ (0) ) (el o (v) ]

also

w]il)@( liz))*erange((l@%(ﬁ)) Vke{l,...N}. |

2. Entropic inequalities:**

ﬁ € Ssep(Hl ® HQ)
a€{0,1,2,00}

} — Sa(trace;(p)) < Sa(p) Vi€ {1,2},| (6.17)

DRAFT, October 17, 2007

22This criterion especially implies that every state p € S(H; ® Hs) containing no product state
in its range must be entangled. For a non-separable PPT state on €2 @ €* containing product
states in its range and fulfilling the range criterion see (Horodecki et al., 2001, Eqn. (27)).

ZRecall (4.14).

248ee (Vollbrecht and Wolf, 2002, Sect. IIT) and references given there.
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(more information for the total state than for the partial states), where®

dof log, (trace (ﬁ"‘))

Sap) —

Va € (0,1)U (L, 00) (6.18)

and?f

Se(p) X lim S,(p) VE € {0,00} .

a—k

3. Greatest cross norm criterion (Rudolph, 2000, Thm. 5):

,5 < Ssep(Hl ®H2) < ||pA||7 =1, (619)
where
Gl et AN YW o i@ g
A éinf{ A AY o A :A,NG]N} 6.20
ML iy Cr L el (620
L(H1) €L(Hz2)

for A e L(H, ®Hs).

4. Computable cross norm criterion’” (Rudolph, 2002, Prop. 19):

pESpHOH) = [/ <1, (6.21)

>

where the linear mapping 2 : L(HLQ H) — L

Yoy

E(H)) is characterized by

A0 @ 61 (61 ® Byal) A

def R (6.22)
(G | AGys ) G0 ) (G| Vn,vm, a2 € {1, ,n} A € L(H)
w.r.t. the fundamental MONS {¢1,...,¢,} of H.
5. Reduction criterion® (Horodecki and Horodecki, 1999):
. tracez(,é)@i—ﬁ >0,
2
pESsep(Hl®H2) — { 1®trace1( ) [A)ZO (6 3)

DRAFT, October 17, 2007
25The normalization factor 1/1 — a guarantees

max S, lo (dim H )
225 (M) (p) = log, (H)
for the so-called RENYI quantum entropies S, ; see also (Lavenda and Dunning-Davies, 2003).
26Note also that
S1(p) = lim _Sa(p).

2"Note that for dim(H) > dim(H;),dim(Hs) there is a canonical mapping of S(H; ® Hsz) into
S(H ® H) respecting separability. Therefore, it is sufficient to consider the case Hy = Ha .
ZSee (Hiroshima, 2003), in this connection.
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6.2 Local Operations and Classical Communica-
tion (LOCC)

6.2.1 General Aspects

By local operations and classical communication (LOCC) state transforma-
tions of the form?’

N
p — = Lrocc(p) =D (Q:l(cl) ® Qiff)) (p) (6.24)

k=1
can be implemented on a bipartite system with state space H; ® Hy, where
N

—
=1

and the (’:,(:) resp. (’I,(f) are trace preserving elements of Q(H;,H;) resp. Q(Ha, Ha) .
Obviously,

P e Hy, @ € H,y

HWWZWWW:1}ZisW@@m@W%Z%M%®Hﬂ, (6.25)

where
Stocc(p) X {states ' of the form (6.24)} .

In order to characterize the possible transformations of pure states by LOCC we
need the following definition:

Definition 6.2.1 Let I:I, H' be Hermitian operators on the HILBERT space H with
spectral decompositions

H=3 E,b) W], H =3 E ).
v=1 v=1

Then we write H < H' iff* there p,...,pn > 0 and permutations m, ..., T, € Sy,
with

EﬂzzlpVE;ru(u) vﬂe{laﬂl} ) leyzl

DRAFT, October 17, 2007
2 Obviously, the LOCC quantum operations (6.24) form a group.
300bviously, =< does not depend on the choice of orthonormal eigenbases for H, H' and gives a
semi-ordering of S(H) .
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Theorem 6.2.2 Let ]:], H' be Hermitian operators on the HILBERT space H . Then
H =< H' iff there are pq,...,p, > 0 and unitary Operators Uy, ..., U, on H with

n n
H=Y"p U HU, Y p=1.
v=1 v=1
Proof: See (Niclsen and Chuang, 2001, Theorem 12.13). g

For pure states and H; = H,, concerning LOCC, nothing is lost if the operations
on one side are restricted to be unitary:

Lemma 6.2.3 Let 'H be a HILBERT space, 0 # ¥ € H®H and M € L(H). Then
there are N,U € L(H) with

~ A~ A~

(leM)v=(NeU)w, U'=0"

Outline of proof: According to Theorem A.4.7 there are non-negative numbers
$1,...,8, and orthonormal bases { §1), e §})} and { (12), e 512)} of H with

T=Y 5.0 0@, n Y dimmn).

a=1
Then, writing
M= > My

v,u=1

o) (62|

and defining

N E SN M,

v,u=1

o) o)

we get
S(N’@i)\l/: (i@M)\I/,

where S denotes the linear swap operator characterized by

Sooy € poo VoyeH.
Therefore (N’ ® i) ¥ and (i ® M) W have the same SCHMIDT coefficients, i.e. there
are unitary U,V € £(H) with

(ienr)v=(Ver)(Vei)w.
Defining N ©E YN we get the statement of the lemma.
The state £rocc(p) in (6.24) can be pure only if it coincides with (C,(cl) ® C,(f))(ﬁ)

for all k € {1,..., N} with px # 0. This, together with Theorem 6.2.2 allows us to
prove the following:
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Theorem 6.2.4 Let 'H be a HILBERT space. Then

P € Srocc(p) < traceq(p) < tracey(p') V5, p € Spure(H @ H).

Outline of proof: Assume that (6.24) holds. Then, by Lemma 6.2.3, £10cc can

be chosen such that
N/
7= (0 0;) p (3] © 0F)
j=1
xp’

holds with N’ € IN and M;,U; € L(H) fulfilling

Nl
Y MM =1, U;=U0] Vje{l,....N'}. (6.26)
j=1
This implies
M; trace 5(p) M| = plytraces(p') Vje{l,....N'}, (6.27)
where . A A
vy < trace (M traces(p) M) Vi€ {1,... . N'}. (6.28)

Using the polar decomposition

N N A\ T N
{/trace 2(p) M]T = U J{/( {/trace s(p) MJT) {/trace 2(p) M]T
= U J{/M] trace o(p) ]\ZI'JT

= U /P trace o (p/
6.27) j p; 2(p)

and multiplying from the right with its adjoint gives

{/trace o(p) M;MJ {/trace »(p) = p); U; trace 2(p') [7; Vie{l,...,N'}.

Finally, summing over j gives

N

traces(p) = Zp; thraceg(,é')(A];r (6.29)
(6.26)].:1

and hence trace 2(p) = traces(p’), by Theorem 6.2.2, since (6.26) and (6.28) imply

N/
>y =1 (6.30)

j:lv
>0

Conversely, if p; < p} , where

L def R o def R
p1 = traces(pr) , Py = traces(p)),

then Theorem 6.2.2 implies (6.29) for suitable unitary Uy,..., Uy € L£(H) and
Pi, ..., Py > 0 fulfilling (6.30). Then, if we define

- def ot T 1P .
My = 4y US (1 ) o H) Pﬁﬁ+ﬁ viefl,...,N'}
P
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(6.29) and (6.30) imply

and
trace2(<Mj ® i) P (MJT ® 1)) :pgtraceg([/) vje{l,...,N'},

Since

trace o(p") = trace 2(p’) } . (i ® U) P’ (i ® ﬁT> =7
' 0" € Spure(H®H) TheoremA.4.7 | for some unitary U € £L(H),

(6.32) shows that there are unitary Vi,... Vs € £(H) with

(Mj®1?;)ﬁ(M]T®Vj):p;ﬁ’ Vje{l,...,N'}.

159

(6.31)

This, together with (6.30) and (6.31), shows that p can be transformed into p’ by

LOCC. g

Lemma 6.2.5 Let I:I, H' be Hermitian operators on the HILBERT space H with

spectral decompositions
H=3 E,b) W], H =3 E ).
v=1 v=1
Then H < H' iff the conditions

ZEU:ZEIV
v=1 v=1

and
n’ n’
/ !/
%%fZEW(V) < %%fZEw(u) vn'e{l,...,n—1}
v=1 v=1
are fulfilled.
Proof: See (Niclsen and Chuang, 2001, Proposition 12.11). g
Remarks:

1. Obviously,

1=<p VpeSH).
2. According to Theorem 6.2.4, therefore,*!
Spure(H ® H) C SrLocc (Pﬁ) :

DRAFT, October 17, 2007

31Recall (6.2).

(6.33)

(6.34)
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3. For qubit states p, p’ we always have either p < p’ or p/ < p or both.

4. However, for higher dimensional H neither p < p' nor p/ < p need
be true for p, p’ € S(H) as application of Lemma 6.2.5 to, e.g., the
case

1 1
ﬁzﬁ(7¢1+7¢2+¢3) : ﬁzﬁ(11¢1+2¢2+2¢3)

shows if {¢1, po, d3} is a MONS of H .

Note that LOCC would be much more powerful if intermediate use of nonlocally
entangled ancillary pairs, restoring their original states, could be made:

For j = 1 resp. j = 2 let { gj),...,qﬁﬁi)} be a MONS of the HILBERT
space ‘H; , let

=Y AoV @el, w=3" X ¢

vp=1 V1

be pure states of the bipartite system with state space H; ® H; and let

2= Y A (60 ©62) ® (4 & 6)

V1 a,@ 1
-3, s (o) @ 0?) @ (6 ® o))
V1 a,B=1

be pure states of the bipartite system with state space (H; ® Hs) ®
(H; ® Hs). Then it may happen that*?

(W) 2 [¥) but  |@) <|D)

n2

— an effect of the ancillary system in the state Z /\Z%C gzﬁ that

a,B=1
is called entanglement catalysis.

Finally, given p, o' € Spwe(H ® H), let us note that p can be transformed into p" by
local operations without communication iff

trace(p') o K trace,(p) KT, KK <1 (6.35)

holds for some K € L(H). Let

traceo(p Zpu o) (|, traces(p va [9)¢

DRAFT, October 17, 2007
328ee (Nielsen and Chuang, 2001, Exercise 12.21) for an explicit example with (nq,n2) = (4,2).
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be spectral decompositions of p, p'. Then, exploiting unitary transformations and
the polar decomposition of K one can show that (6.35) is equivalent to existence of
real numbers kq, ..., k, and a permutation © € S,, with:

n

(k)< P;:(ku)pr(l,) Vve{l,...,n}.

v=1

6.2.2 Entanglement Dilution

6.2.3 Entanglement Distillation
See, e.g., (Bowmeester et al., 2000, Section 8.4) and (Devetak and Winter, 2005).

6.3 Quantification of Entanglement®’

For pure states |W)(¥| of a bipartite system S with state space H = H; ® Ha
there is a generally accepted measure of entanglement, namely the entropy of
entanglement?!

o (9 (2]) % 53 (traces(9)(¥) ) (6:36)

o AT S (trace1(|\ll)<\lf|)> :

i.e. the vON NEUMANN entropy of the partial states. Since
Epure Z vV Pv sz(/l) ® ¢1(/2) = = Z Pv 10g2(py)
v=1 V=1:6/

holds for SCHMIDT decompositions, Epure(|\lf>(‘lf|) becomes maximal®® for

1
n' = min{dim(Hl),dim(Hz)} ;D= Vve{l,...,n'}.

DRAFT, October 17, 2007
33See also (Rehdacek and Hradil, 2002).
34The unit of entanglement is one ebit.
35Recall Remark 3 in the beginning of Section 5.1.
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Hence

pmax E(|\IJ> (\Il\) = log, ( min{dim(Hl), dim(Hz) }) (6.37)
=1

holds for £ = Eye -

Strict requirements for every entanglement measure E on S(H; ® Ha) :

1.
E(p) 20 VpeS(H oH,).
2.
E(p) =0 Vpe Sep(H1 ®@Ho).
3.
E(/’)):O - ﬁeSsep(H1®H2) VPAGS(H1®H2)
(could be relexed by cosideration of additional entanglement measures).
4.

'€ Suocc(p) = E(Y) <E(p)  Vpp eSHi@H,).

5. For all pure states | W) (W], W) (Uy| € S(H; @ Ha) :

Epure (91)(W1]) < Epure (|U2)(Wa]) = E([W1)(T1]) < B(|W,)(Ws]) .

Desirable for entanglement measures E on S(H; @ Has) :

1.
E(p) 2 E() = § € Swocclp)  Vp. i € S(Hy @ Hy)

(not possible).
2. Continuity
3. Additivity
4. Subadditivity

5. Convexity

Standard entanglement measures:*°

DRAFT, October 17, 2007

36There cannot be a unique entanglement measure (Morikoshi et al., 2003).



6.3. QUANTIFICATION OF ENTANGLEMENT 163

1. Entanglement of formation® is the convex continuation
A\ def . ~
Ex(p) = inf >, p, S (traceg(py)>
=Y., pv pv
~

0 pure

of the entropy of entanglement (6.36) to all of S(H; ® Ha).
Additivity of the entanglement of formation is generally conjectured but not
yet proved.

2.
Squashed Entanglement (Christandl and Winter, 20041)

e In general, WERNER states are not maximally entangled, i.e. their entangle-
ment of formation (tangle) is not maximal for given a fixed degree of mixedness
(linear entropy) (White et al., 2001).

e Compare with (Eckert et al., 2002). (see also quant-ph/0210107)
e What about local superselection rules? (Verstracte and Cirac, 2003;

Bartlett and Wiseman, 2003)
e Exploit the notion of truncated expectation values. (Lee et al., 2003)
e What is the generalization of the latter for mixed states?
e Existiert ein Abstandsmaf} a la (Lee et al., 2003)7

e Warum verwendet man nicht den HILBERT-SCHMIDT-Abstand von
Zusténden, der sich leicht mithilfe von Erwartungswerten von (Pro-
dukten von) PAULI-Operatoren ausdriicken 148t7

e Besteht ein Zusammenhang mit (Lee et al.. 2003)?7 Der Abstand
zur Menge der separablen Zustinde sollte doch ein Maf3 fiir Ver-
schranktheit sein...

Remarks:

1. For (dim(H;),dim(H;)) either (2,2) or (3,2) PPT w.r.t. the second
factor is necessary and sufficient for separability (Horodecki et al., 1996).

2. Otherwise states with bound entanglement, i.e. entangled PPT
states, exist (Horodecki et al., 1996, Appendix).

3. In the 2-qubit case every entangled mixed state can be represented
as a convex combination of a separable (in general mixed) state
with a pure entangled state (Lewenstein and Sanpera, 1998). The
representation with minimal norm of the pure state is unique.

4. Also this shows that, for the 2-qubit case, separability is equivalent
to PPT.

DRAFT, October 17, 2007
3TFor pairs of qubits the entanglement of formation coincides with the concurrence
(Wootters, 2001, Section 3.1).
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Appendix A

A.1 TURING’s Halting Problem

The halting problem is the following:

There is no algorithm by which one may decide for every program and
every finite input to the program whether the program will halt or loop
forever.

The proof given by TURING is essentially as follows:

Since every program may be encoded into a finite sequence (by,...,b,)
of bits the programs may be indexed by the corresponding numbers

" 10,277 . The same holds for all finite inputs. Now assume that
there is an algorithm telling us for all (j,k) € Z% whether program j
will halt on input £ . Then this algorithm may be used to write a program
P with the following property:

For every j € Z, , program P will hold on input j iff program
7 will not.

Obviously, program P is different from program j for every j € Z, — a
contradiction.

A heuristic explanation is the following;:

There are uncountably many possibilities for infinite loops which, there-
fore, cannot be checked in a systematic way. But we cannot be sure
whether a given program will halt on a given input or not unless

e an infinite loop is found by chance or

e the program was actually tested on the input and found to halt.

Let us finally note that the halting problem is a solution to HILBERT’s 23rd
problem (see http://aleph0.clarku.edu/ djoyce/hilbert/).

165
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A.2 Some Remarks on Quantum Teleportation

Even though quantum teleportation, described in 1.2.2; seems to indicate some kind
of quantum nonlocality, there is a naive ‘explanation’ relying on locality and some
kind of realism:

There is a set of four compatible relations, corresponding to the BELL
states, between a pair of qubits. These correlations are so strong that
the state (predicting ensemble averages) of the second qubit is fixed by
that of the first qubit and the BELL relation (considered as an element of
reality). Therefore, Alice need only inform Bob about the BELL relation
of qubit 1 to some qubit 2 with known BELL relation to Bob’s qubit
3 in order to enable Bob to transform qubit 3 into the unknown state
of qubit 1. If qubits 1 and 2 are accessible to Alice and far apart from
Bob, then Alice can access this information without influencing Bob’s
qubit (thanks to locality) , although disturbing qubits 1 and 2 in an
uncontrollable way:.

Strictly speaking, of course, this picture is inconsistent:

Two qubits may be in a factorized 2-qubit state with factors meeting
none of the BELL relations. Nevertheless we claim that one of the BELL
relations is an element of reality which we find by measuring w.r.t. to
the BELL basis.

This inconsistency, however, is typical for our talking about quantum systems:

Even when we know the state ® of a system (since its preparation is well
specified), we may ask for the probability [(¥ | ®)|* to find it in another
state U .

Concerning the BELL relation the situation is even less disturbing:

The 1-qubit states give no information about the actual relation between
the partners of the individual pairs. Selection into subensembles corre-
sponding to the 4 BELL relations has to be expected to change the partial
1-qubit states — even from a classical point of view.

In order to test for the BELL relations it seems necessary to get the qubits into
contact' — not necessarily into interaction (Resch et al.. 2002; Hofmann and Takeuchi, 2002).
This way they loose their identity — a natural reason for the change of the total (in-
ternal) state through measurement.

It seems that the BELL relations may be taken as elements of reality, but they

can be applied to only one (freely chosen) set of 1-particle ‘properties’.?

DRAFT, October 17, 2007
1See (Lloyd, 2000), however.
2More generally, see (Griffiths, 2002).
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A.3 Quantum Phase Estimation and Order Find-
ing

Exercise 25 Show that the following quantum network acts as indicated if \Tlcp is
a n-qubit eigenstate of the unitary Operator U with eigenvalue !¢ :

(10) + €22 1))

é

7

1

0) + e 2'# [1)
0) + e2°¢ |1

©-

2
E
—e
— S S

First, let us consider the case

I(b
p=2m 275131 for some b € {0,1}"*" . (A.1)
Since
m+1
(Al) = 2" = exp (z 27 > b, 2(m+1)_”_“) :
p=(m+1)—v+1
(2.22) tells us that
m+1
(A1) = [b) = F! (2* & (j0) + 2" |1>)> . (A.2)
v=1

Therefore, the phase ¢ considered in Exercise 25 can be determined by applying the
inverse quantum Fourier transform to the state

m+1
b, F 2 Q (0 +e D)

v=1

(A.3)

om+1l_j

Z e |j>m+1
—0

2
j=

_m+l

= 2

of the first m + 1 qubits of the output produced by the described network and
measuring the result — if (A.1) holds exactly and everything works perfectly.
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If v € [0,27) is not of the form (A.1), we have

gm+1_1

g 0 1 i 0 S 2m
F*lcb = - 107 —szHJ k
v (A.3),2.18) 2m*! j;() ere 2 | >m+1
= il Z (e (2Tr 2m+1)> ‘]g>m+1
7,k=0

N

™

TR S S eizw(zmﬂi—k

— k
2mt kz:% 1 — ez (F—zmr) Kl
1 2m+171 1 _ el- 2m+1g0
= — k A4
2m+1 k;go 1 - €i2ﬂ—(%_27f+1> | >m+1 ( )
Then (A.4) implies that the probability p(k) for finding |k), ., when testing F‘lCT%
fulfills the inequality
1 on( Lk __ —2
(k) < g |1 = () (A.5)

Let us define
D(k) % min

veEZ
Then, given d € {3,...,2™ — 1}, the probability p, for getting any state |k)
with D(k) > d when testing F _lcf)SO fulfills the inequality

1
< —
Pa= 502

om+1 <w—y>—k‘ Vkez.

27

(A.6)

Proof: Choosing kg € {0, L 2mE 1} such that
def vz
AE 2T 1
o0 0 € (07 )

we get

pa = > p(k)

kefo,..,2mH -1}

D(k)>d
. A . k—k —2
< mm X oo
(A-5) kefo,..,2mH -1}
minyezlkofk—VZm*’llzd
1 ; a ; i |72
— 5 § : 1_6227TW e*ZQWW
m

je{—2"+1,...,2m}
min, cz|j—v2mtl|>d
1 _ 67‘27T om+1 6_1271— om=1

IA
g~
]
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By (A.6), therefore?

1
Pa 22m Z

je{—2m+1,...2m}

2 A—j|?

T T 2m+1

IN

jg{—d+1,...,d—1}
—d

2’"1
1 N2 =2
=1l X @-p +Z(A—J) )
j=—2m+1 j=d
4 gm
. N\ —2
< < DD i+ (1))
j=—2m41 j=d
om _q
1
< 9
= 3 J
j=d—1
1/°° dx
< = i
- 2 d—2 SL‘2
- 1
= 2a-2 1

(A.6) tells us that, with probability > 1 — (d — 2)7'/2, testing F~'®, w.r.t. the
computational (m 4+ 1)-qubit base gives a state |b) for which

. I(b) d
i gt | < 27 G -

p—27Tv =21

Now, let x and N be arbitrarily given coprime positive integers. Then the order
finding problem is to determine

rdéfmin{r’E]N: xr/zlmodN},

the order of x modulo N .

Defining
Ldéfmin{lelN:NS?}
and
[jmod N] € min{k ez, : k=jmod N} Vjez,

DRAFT, October 17, 2007
3Note that

>7|9| >@
253/ T

0
’ Vo e [—m +n],
2

since

d 0 0 1 0 1
~ (sine — — ) == ————2>0 VOel0,+mn].
(sm ) cos Nk [ 7]
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we have?*

r = HHQ;J modNDL: j EINH

<[xj mod N} ‘ [azk mod N]>L =0, Vjke{0,1,...,r—1}.
Therefore the states

and

v, ¢ \}; Tz_:le’””fj ij mod NDL Vse{0,...,r—1} (A.7)
=0

are normalized and, thanks to (2.17), fulfill the equation

\}F Tileﬂ‘%%‘j\ps: Hxﬂ mOdNDL Vje{0,...,r—1}.
s=0

Especially for 7 = 0 the latter gives

= zqf (A5)

We do not yet know the states W, explicitly since we do not yet know r. But we
know that these states exist and have the nice property that they are eigenstates of
the unitary® L-qubit operator U characterized by

A dof [ |[rymod N]), ifye{0,....N—1} L
U\y>L—{|y> clse vye{o,...,2" 1},

More precisely, we have
U, = 0, Vse{0,...,r—1}.

Therefore, replacing n by L and \TJSD by [1); , in Exercise 25 we get the total output

state’
1 r—1

— &) s Q W, .
\/;_ 52:%) 2 s
Since the ¥, form an orthonormal subset of the L-qubit state space, we may assume
that the partial state of the system of the first m + 1 qubits is one of the vector
states ®or= with equal probability and the results concerning phase estimation show:

DRAFT, October 17, 2007
4Recall (1.12).
5Note that, because ged(z, N) =1,

y1 #yomod N = xy; # zys mod N.

SRecall (A.3).
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When ! i)%% is tested w.r.t. the computational (m + 1)-qubit basis
the probability for getting a state |k), ., with

S k - d
; - om+1| — 2m+1’
. 1
for d > 3, is not less than 1 — ——.
2(d—2)

Choosing d and 2™*!/d sufficiently large we obtain, this way, an excellent approxi-
mation k/2™! of s/r for some random s € {0,...,r — 1}.

A.4 Finite-Dimensional Quantum Kinematics

A.4.1 General Description

The state space of a finite-dimensional quantum system is a finite-dimensional
complex EucLiDean space H the inner product of which we denote by (. | .).

The vectors ¢ € H with norm 1 correspond to pure states.”

In the interaction picture, used here, the state vectors ¢ do not depend on
time as long as the states are not disturbed by additional interaction (e.g. with
some ‘measurement’ apparatus).

The state vectors label equivalence classes of preparation procedures for en-
sembles of individual systems of the considered type.

Preparation procedures are called equivalent if the ensembles they provide
cannot be distinguished by the statistical outcome of measurements.

Important measurements performable (in principle) on individual elements of
an ensemble are projective measurements:

The individual drawn from an ensemble with state vector
Y=> (o | V) oy
v=1

will be forced to a transition (if necessary) into one of the ¢,-
ensembles.® According to the rules of quantum theory we have’

(¢, | 1)|* = probability for the transition ¢ — ¢, (A.9)

forall v e {1,...,n}.

DRAFT, October 17, 2007

"We assume that there are no superselection rules.

8L.e., an ensemble formed by a (sufficiently ) large number of individuals for which ¢, is ‘mea-
sured’ actually corresponds (sufficiently well) to ¢, , unless additional perturbations have appeared.

9Therefore, {¢,u | ) is called probability amplitude for the transition 1) — ¢, .
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e Observables are operators A € £L(H) of the form

A= Z:\a/l,/|¢y>(¢,,| . {o1,...,¢,} an orthonormal basis of H,| (A.10)

=1 clR

with the following interpretation:

In a state with state vector ¢, the physical entity A (corresponding
to A) has the definite value a, .

This together with (A.9) implies:'”

trace (W)W’ A) _ { expectation value for A (A.11)

in a state with state vector 1.

e Individuals which are only known to be members of an ensemble with state

N
vector 1; with probability A, for j € {1,..., N}, Z A;j =1, form an ensemble

j=1
to be described by the density matriz''
N
=> XN W, trace(p) =1, (A.12)
O~~~
>0 normalized
in the sense that
trace (9 A) = expectation value for A. (A.13)

e In this sense, the set of all states corresponds to
S(H) < {AcLH): A>0, trace(A) =1} .

States'? with p? # p are called mized.

DRAFT, October 17, 2007

ONote that
trace (|1/1 1/J|A) Zau (¢ | V) | = <¢ ‘ Al/)>

Such ensembles arise, e.g., from projective measurements on pure states if the individuals are
not selected according to the ‘measurement’ results.
2From now on we identify states with their density matrices. Note that

p= )| for some ) € H = Pr=p.



A.4. FINITE-DIMENSIONAL QUANTUM KINEMATICS 173

Lemma A.4.1 Let py,p2 € S(H). Then
0 < trace (p1 p2) < 1
and

trace (p1p2) =1 <= JveEH: p1=ps= V)]

Outline of proof: Thanks to the spectral theorem there are an orthonormal basis
{d1,...,¢0n} of Hand \y,..., N\, >0 with

pr =Z |60) (0]

and hence

trace (p1 p2) =

Z /\V <¢u | ¢V><¢v | ﬁ2 ¢u>
v,u=1
Z)\u <¢u | ﬁQ ¢u> .

v=1

Therefore, 0 < trace (p1 p2) < 1 and

trace (p1 o) =1 <= (0<Ay<1=>(¢y|ﬁ2¢y>=1) Vue{l,...,n}
= Jwe{l...onf: p1=pa=10u)(bnl -

Lemma A.4.2 Let o,...,¢9n € H. Then

(i pubtind) 7 =span (U ) (A14)

k=1

Outline of proof: Thanks to the spectral theorem there is an ONS {¢1,..., ¢, } C

‘H with
N n’
D 1)kl =D A [du) (0] (A.15)
k=1 v=1
for suitable Aq,..., A\, > 0 and, consequently,
N N
(Z ¢k><¢k|> H = span (U {¢k}> : (A.16)
k=1 k=1
Then
N N
Sl lva)® = DOl [ X)
k=1 k=1

s, ;Ay (X [ du){(¢v | X)

= Y M) VYxeH

DRAFT, October 17, 2007
131f not stated otherwise, by H ,H1, , Ho we denote arbitrarily given finite-dimensional complex
EucLIDean vector spaces.
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and, consequently,
XLy Vke{l,...,N} — XLo, Vvedl,...,n},

i.e.

span (U {m}) = span (U {@}) :

k=1

The latter together with (A.16) implies (A.14). g

Corollary A.4.3 Let iy, ..., YN, 01, ..., 0 € H. Then
N N
D [k (Wl = 1) (Wil - (A.17)
k=1 k=1

holds iff there is a unitary N x N-matrix (Uj k) witht*

N .
Yo=Y UV Vke{l,... N}. (A.18)
j=1

Proof: Assume that (A.17) holds and, as in the proof of Lemma A.4.2, let us choose
an orthonormal basis {¢1,...,¢,} C H and Ay,..., A > 0 for which (A.15) holds.
Then Lemma A.4.2 implies

span (U {m}) — span (U {@}) :

Especially, the 1;’s can be written as linear combinations

’
n

k=Y VA by

v=1
of ¢,’s. Then we have
n’ N n’ «
Av o) (o = o e’ A [ou) (@l -
> 10 |(A.15)k§_jlg_jl(k) & M 160) (6l

Since the |¢,)(¢,| form an ONS w.r.t. the HILBERT-ScHMIDT Scalar product

(4

N
Z (Cku)* Cku :5U/L Yu,ve {1,...,n/} ,

k=1

B> © trace (ATB) VA, B e S(H), (A.19)

this implies

DRAFT, October 17, 2007

11n general, of course, the (Ujk) are not fixed by (A.18)
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i.e. the

c, = : , vell...,n'},
ey’

form an orthonormal system in € . Extending this to an orthonormal basis of €
we get a unitary N x N-matrix (c,”) with

N
vr=>_ ¢’ VAo, Vhe{l,...,N}, (A.20)
v=1
where
Ay 0 forv>n'.

Similarly, we get a unitary N x N-matrix (c%”) with

N
Y=Y ¢ "VA e, Yhe{l... N}
v=1

and hence
N

Y0 => (") W Yve{l,...,N}. (A.21)

=1

Combining (A.20) with (A.21) we get (A.18) for the unitary matrix with components
N
UL S ek (47 Yhie{l,...,N}.
v=1

Conversely, (A.17) follows from (A.18) by straightforward calculation.

A.4.2 Qubits

Qubits are 2-dimensional quantum systems for which some orthonormal computa-
tional basis {|0),|1)} of their state space H is chosen. According to the standard

convention
v=(5) wre(om) Loy,
AL = a)0) + B 1)

0-(). m=().

All A € L(H) may be identified with their matrix <A11 Az
A A

we have

> w.r.t. the computa-

tional basis:

v=(5) = Av=(i W) () wee(om)
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Here an orthonormal basis w.r.t. the scalar product (A.19) is {%0/\/5, . ,%3/\/5} :
where

o /1 0) A1_<0 1) Ag_(o —i) A3_<1 o>
T—(Ol el =1, 0 =1y _] (A.22)

are the well-known PAULI matrices. Therefore we have

especially

where the vector'®

fulfills'®
p| <1, p’=p < |pl=1,
Note that the components of p are just expectation values of observables which are

sufficient for quantum state tomography.

Remark: Since
(eﬂ,ap : 72) X9, = X09,p

. e 9
ot sin ¥ cos ¢ wp | €777 cos T
ey, = sin ¥ sin ¢ , Xde = 9 ,

P L.
cos e 7 gin T

holds for

every pure state corresponds to a definite spin orientation in the spin—% case — where

% 7 is the spin vector observable .

A.4.3 Bipartite Systems

For j = 1,2 let {Qﬁgj), e ,¢£g‘j>} be an orthonormal basis of the state space H;
of a quantum mechanical system S;. If §; and S; are distinguishable then the
bipartite system S composed of these two has the state space H = H; ® Hs with
orthonormal basis

{QS(VI)®¢EL2) Ve{lj.”?nl},#E{l,...,ng}}.

DRAFT, October 17, 2007
15Usually, the vector of coherence p is called BLOCH vector when associated with electron spin

and STOKES wvector when associated with photon polarization. More generally see (Altafini, 2003).
Note that

1
1 = trace (p) > trace (p?) = 3 (1 + |p|2) .
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Extending ® to a bilinear mapping of H; X Hs into H; ® Hs we get
£(H1 X Hg) = span (Al X AQ : Al € ,C(Hl) , AQ € E(Hz)) ,

where the linear operators 1211 ® Ag are fixed by

(1211 ® 1212) (¢(1) ® ¢(2)) def (Al 1/,(1)) ® (AQ 770(2)) v (¢(1)’¢(2)) eH, & H,.
(A.23)
If A1 resp. Ag is the observable of S; resp. S; corresponding to the physical entity A,
resp A, then A1 Q A2 is the observable corresponding to the physical entity A; A .

If one is only interested in the subsystem S; of the total system & in state p then
it is sufficient to know its partial state'”

na
~  def ~\  def N
pr = tracea(p) =Y (02| plol?) (A.24)
pn=1
since:
trace (,6 (/211 ® i)) = trace (p]fll) VA, € L(H).
Note that

ig.
p pure #=  pi pure.

Example: If §; and Sy are qubit systems then for the the BELL state
~odef 1 1 0 0 1
v ()2 (1) - ()2 (o)

traceQ( ‘\If’><\II’D = ; 1,

i.e. the partial states give no information at all:

we have

trace (jqr}@r\ (l¥)wl) ® i) = ; Jvl]> Vi e €2

But there are strong (non-classical) correlations between the subsystems,
since

@z%(zz}@wl—m@w)

DRAFT, October 17, 2007
"The so-called partial trace trace, w.r.t. the second factor is the linear mapping of L(H1@Hz2)
into £(H1) characterized by

traC@z(|¢1®¢2><¢’1®%|) = (W) )W Y,y € Ha, o, € Ha.
=trace (|¢2><¢§|)

The partial trace w.r.t. the first factor, written trace , is defined similarly.
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for all normalized ¢ € C?, where

<§>Ld§f (_5) for all o, B € C,

and hence

trace ([0 )(w7] (1)(1) @ (160601) ) = 5166 | w0)P

holds for all normalized v, ¢ € C?.

Definition A.4.4 A state p of the bipartite system S with state space Hi ® Hso is
called separable iff there is a sequence {pn} e Of states of the form

PN = Z A\, p,(,l) ® p@) (A.25)

>0 esml) ES(HQ)

with'®
]\}E{l}OHPA—PAN’h =0.

Theorem A.4.5 (Horodecki) Let S be a bipartite system with state space Hy &
Ho . Then the separable states of S are exactly those of the form (A.25) with

N < (dim(H, @ Hs))?
Proof: See (Horodecki, 1997). g

Lemma A.4.6 Let ¥ be a normalized vector in Hy @ Ha. Then p = [U){(¥| is
separable iff
U = oM ®¢p@ (A.26)

holds for some normed ¢V € Hy and ¢ € H, .

Outline of proof: Let p = p? be separable, hence of the form

WE

Ay ale H(2) A=1.
5 a) Z

>0 eS(H) eS(H)

p=

v=1

DRAFT, October 17, 2007

18Recall (5.31) and Footnote 22 of Chapter 5.
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Then, by Lemma A .4.1,

1 = trace(p?)
N
= ) A A tracegy, (A V) trace s, (58 )
v,u=1

€[0,1] €lo.1]
and, therefore,
trace ¢, (A5 p)) = trace sy, () o) =1 Vwvpe {1,..., N} .

By by Lemma A.4.1, again, the latter is equivalent to the existence of normed ¢(*) €
H, and ¢(2) € Ho with

Py = ‘¢<j>><¢<j>‘ Vee{l,...,N},je{1,2)

and hence (A.26).
Conversely, (A.26) together with

S0 et ‘¢(j)><¢u>‘ vije{1,2}

implies
w)(| = p @5

and hence separability of [¥)(¥|. g

Theorem A.4.7 FEvery vector state on Hy ® Hs allows a SCHMIDT decomposi-
tion,'” i.c. for every ¥ € H, ® Hy there are a unique SCHMIDT number n’ € IN
and orthonormal subsets { 51), ey <;57(11,)} resp. {gb@, ey gbf,)} of Hy resp. Ho with

U= , oW @ ¢ A27
VZZI Sv 0 © 6, (A.27)
>0
for suitable SCHMIDT coefficients si,...,S, . If the eigenvalues of the partial

state trace2(|\lf><\lf|) are non-degenerated then the SCHMIDT decomposition of W is
unique.

Outline of proof: Consider any ¥ € H; ® Ho. Thanks to the spectral theorem

there are an orthonormal basis {(/)gl), ceey 5}1)} of Hy, a positive integer n’ < n;,

and S1,...,8, > 0 with

ny
tracez(l\I’M‘I’\) => (s0)? ¢£1)><¢£1) s o vesa (A.28)
Then there are ¢1,...,1%,, € He with
ny
v=> o @, (A.29)
v=1

DRAFT, October 17, 2007
19For the generalization to n-partite systems see (Carteret et al., 2000)
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and, therefore,

trace2(|\1')<\ll|) = i (Vu | u)

v,p=1

o0 ) (o1 .

The latter together with (A.28) implies

<¢/t ‘ 1/1u> = (51/)2 5V/t Vv,pe {17"'7n1} .
Thus, with
P X Yy Yve{l,....n'},
Sv

(A.29) becomes equivalent to (A.27). Since, conversely, (A.27) implies (A.28) the
stated uniqueness properties are obvious. I
Remarks:

1. Note that the BELL states (4.55) have SCHMIDT number 2 and

hence, by Lemma A.4.6, be separable.

2. The vector state
1
5 (10.0) +10,1) +1,0) +[1,1))

however, is separable since equal to (f[ |0>) ® (I:I \O)) , where

10 =0+ 1) . 1% (o) - 1)

characterizes the unitary HADAMARD operator, strongly used in
quantum computing.

3. For mixed states p € S(H; ® Hz) there is a SCHMIDT-like decom-
position of the Form

p=3 5 A0 AP
:>0

with n’ < (dim H;)?, (d1m Hz)? . According to (Herbut, 2002, Corol-
lary 1) the operators A may be chosen Hermitian and such that

v # u = trace (fl,(/j) /1/(])) =0.

However, in general, they cannot be positive.

Pure states are non-separable iff their partial states are mixed.?’ Therefore, the

correlations in non-separable pure states are non-classical.?! Obviously, the partial

DRAFT, October 17, 2007
20Usually, non-separable states are called entangled; see (Verstracte and Cirac, 2003), however.
2Tn a way, also the mixed non-separable states are non-classically correlated (Werner, 19389).
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transpose

(l ® ‘i) ( i i vy prvapin )
vi,pu1=1vo,u2=1

o0 ® o) o) @ o2
n2
= Z Ay H1V2 2

413y =1

o) © 02 )(41)) @ o)

w.r.t. the orthonormal basis {¢§2), e ,qb%)} of H, must be positive for separable
states:

N T2 N
(1®%) (Z A A @ ﬁ@) =Y AP eT(p?) >0.

v=1 v=1

Therefore, the mixed WERNER states Wy with A > 1 /3, considered at the end of
Section 4.2.1, are non-separable.??

Lemma A.4.8 For every state p € H there is a purification in H @ H, i.e. a
normalized vector ¥ € 'H & H with

p= traceg(\\IJ)OIfD : (A.30)

Outline of proof: Thanks to the spectral theorem there are an orthonormal basis

{ W S)} of H and Ap,. .., A > 0 with
n n
=3 A ¢9>><¢9) C YA =1 (A.31)
v=1 v=1
For the normalized vector??
vE Y VA @6l

v=1

then, we get (A.30).

DRAFT, October 17, 2007
22A decomposition of the 2-qubit WERNER states, taking the form (A.25) for A < 1/3, is
presented on page 6 of: http://www.physik.uni-augsburg.de/weh-school/bruss.pdf
ZFor the set of all suitable ¥ see (Kuah and Sudarshan, 2003, Lemma 1).
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