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ABSTRACT

SECURITY OF QUANTUM KEY RECYCLING

Akyliz, Kaan
M.S., Department of Physics
Supervisor: Prof. Dr. Sadi Turgut

September 1, 2022, [56|pages

In cryptography, unconditional security is achieved by hiding the message under a
sufficiently long one-time pad, a key that is completely unknown from outside. The
one-time pad is single-use-only, because the presence of an eavesdropper is unde-
tectable in a classical channel. In contrast, an adversary is highly detectable in a
quantum channel. Quantum key recycling’s objective is to detect the adversary and
re-use the one-time pad. The analysis of quantum key recycling is mainly concerned
with the rate and the security of the transmission. By using a method called “smooth-
ing”, tight bounds on these quantities can be established. Smoothing was used in a
noise tolerant quantum key recycling scheme; however, only for the asymptotic case.
This thesis’ primary focus is to establish more favorable bounds on the rate and secu-

rity for the non-asymptotic case by using the smoothing method.

Keywords: information theory, quantum cryptography, quantum key recycling
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KUANTUM ANAHTAR GERi DONUSUMUNUN GUVENLIGI

Akyiiz, Kaan
Yiiksek Lisans, Fizik Bolimii

Tez Yoneticisi: Prof. Dr. Sadi Turgut

Eylil 1, 2022 ,[56] sayfa

Kriptografide kosulsuz giivenlik, yeterince uzun, sakl bir “tek kullanimlik sifre” kul-
lanilarak elde edilir. Bu sifre tek kullanimliktir, ¢linkii klasik bir kanalda gizlice din-
leyen birinin varhiginin tespit edilememektedir. Tersine, gizli dinleyici bir kuantum
kanalda tespit edilebilmektedir. Bir kuantum anahtar geri doniisiimii protokoliiniin
amaci, gizli dinleyicinin varligim tespit etmek ve “tek kullanimlik sifrenin” tekrar
kullanilmasini saglamaktir. Protokoliin incelenmesi temel olarak iletim hiz1 ve giiven-
1igi ile ilgilidir. “Smoothing” adinda bir method kullanarak, iletim hiz1 ve giivenligi
nicelikleri iizerinde siki sinirlar tespit etmek miimkiindiir. “Smoothing” daha 6nce bir
(gtiriiltiilii) kuantum anahtar geri doniisiimii i¢in kullanildi; ancak sadece asimtotik
durum i¢in. Bu tezin 6ncelikli amaci “smoothing” methodunu kullanarak, asimtotik

olmayan durumda hiz ve giivenlik iizerinde daha siki sinirlar tespit etmektir.

Anahtar Kelimeler: bilgi teorisi, kuantum kriptografi, kuantum anahtar geri donii-

sumii
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CHAPTER 1

INTRODUCTION

Communication is the exchange of information, and is often intended to be private.
The study of private (or secure) communication, cryptography, has a long history
which dates back to the ancient Egypt, 1900 BC [1]]. Contemporary “classical cryp-
tography” studies the security of digital information in two main branches, symmetric
key cryptography and public key cryptography. Symmetric key cryptography requires
the use of a pre-shared “secret key”. Public key cryptography does not require a pre-
shared key, but it relies on the assumptions of computational hardness. To illustrate
their general scheme, one example will be given for each, starting from the symmetric
key cryptography. Let Alice wants to send a private message to her friend Bob. She
first puts her message in a box, locks it using her key, and sends the box to Bob. Af-
ter receiving the box, Bob uses his key to unlock the box and read the contents of the
message. If Alice’s and Bob’s keys are identical, and the information to make this key
is hidden from the outside world, then Alice and Bob use symmetric-key cryptogra-
phy. In public key cryptography, Bob offers a public key, a key that will lock his lock.
But that is an asymmetric key that only locks, it cannot open. Alice puts her message
in a box and locks the box with Bob’s public key and sends it to Bob. Bob takes the
box and opens it with his private opening key. In a nutshell, anyone who wishes to
send Bob a private message can use Bob’s public key, which can only be opened by
Bob’s private key after it is locked. The important thing is that, in principle, Bob’s
opening key can be produced by an investigation of the locking key. However, this

operation is very infeasible, and that ensures its safety

In classical computers and communication channels, the information is binary, and

represented in binary strings. Hence, the messages and the keys are also represented



in binary strings. Encryption, refers to the mapping of a plaintext (message) to a
ciphertext (encrypted message). Decryption, refers to the mapping of the ciphertext
back to the plaintext. In both, mapping is done by a key. In symmetric-key cryp-
tography the key which encrypts the message is same with the key which decrypts
it, whereas in public-key cryptography, they are not. The security in symmetric-key
cryptography depends on the amount of “secrecy” on the secret key, which refers to
the amount of information content that is hidden from the outside. Using a secret
key consumes its secrecy so it can only be used as a one-time pad once. Also, these
keys cannot be used to distribute more keys for the same reason. So, if the parties
are interested in "unconditional” security, they should physically meet and share keys
or thrust a courier for the delivery. The security in public-key cryptography is condi-
tional, it depends on the hardness of computing Bob’s private key from Bob’s public
key, and the "hardness" decreases with increasing computational power, computation
time, and the efficiency of the algorithm. Hence, it doesn’t provide everlasting se-
curity. To exemplify, let’s look at the first and still one of the most used public-key
cryptography, the RSA Encryption. To reveal the private key from the public key,
one should factor an integer with two large prime factors. Execution of the proto-
col requires multiplying large prime numbers, which can be done by the computers
in polynomial time. However, the factorization runs in exponential time. Therefore,
RSA can be executed by a classical computer but cannot be broken. In contrast, a
quantum algorithm called “Shor’s algorithm” factors integers in polynomial time on
a quantum computer. The temporariness of privacy in public-key cryptography is a
significant problem for organizations that do not want to risk disclosing their informa-
tion in the future. On the contrary, quantum cryptography offers protocols for secret
key distribution and secret key recycling (key re-using) that does not suffer from de-
creased security. Furthermore, these protocols have rigorous security proofs and their

physical implementations are already being produced commercially.

In 1984, Charles Bennett and Gilles Brassard developed the first quantum key distri-
bution(QKD) scheme[2], the BB84. The basic idea is sending the key information in
quantum bits (qubits) rather than classical bits so that an attack on the qubits would
disturb the state of the qubits. This can be detected by consuming a part of the qubits

to publicly discuss if a disturbance exists. The fundamental assumption of quantum



key distribution is that the laws of quantum mechanics hold. There may be other
assumptions depending on the type of the security proof such as, trusting the manu-
facturer of the device etc. More importantly, quantum key distribution suffers from a
very small probability of failure, the probability that protocol accepts the distributed
keys although the keys are not secure. In 2005, Renato Renner gave a rigorous proof
on upper bounding this small probability of failure, along with new tools that have

been crucial for quantum cryptography[3]].

Back to 1982, two years before the invention of BB84, a scheme named quantum
key recycling was given by Charles Bennett, Gilles Brassard, and Seth Breidbart
[4]. This protocol gave an idea on how to re-use a secret key securely, which is
not possible solely with a classical communication. The idea revolves around send-
ing the ciphertext in quantum bits instead of classical bits. Therefore, an attack on the
qubits would disturb them, which can be later detected with a classical authentication
method. An attack on more qubits increases probability of disturbance along with the
probability of detection. Although quantum key recycling did not receive as much
attention as quantum key distribution, a quantum key recycling protocol with error
tolerance established comparable rates of secure data transmission with less classical

post-processing[3]].

As it can be seen from both protocols, the core difference between the classical and
the quantum cryptography comes from the detection of the adversarial behavior. In
a classical channel, an adversary can intercept the signals and copy the information
without disturbing the transmission. Therefore, parties are forced to assume that an
adversary is present and copying their transmitted information. In quantum cryptog-
raphy, the information inside the qubits cannot be copied/cloned and the adversary is
forced to perform measurement on the qubits if she is interested in the information
encoded by the qubit’s state. However, without knowing the method of encoding, the
adversary always takes the risk of disturbing the state. This disturbance is directly
proportional to the number of qubits she measures as well as the information she ob-
tains. By applying some methods that will be discussed in the following chapters,
disturbance she makes can be corrected in both sending and receiving ends and the
stolen information can be removed by a method called privacy amplification. The

error correction and privacy amplification comes with very tiny probabilities of fail-



ure that can be calculated and upper bounded. The upper bound can be decreased
at the cost of reducing rate of the transmission. The users can knowingly choose
how much risk they wish to take against the rate they want to send the information.
Classical cryptography lacks parties to remotely send secrecy with a such quantifiable
security. The only remote classical transmission of secret keys can be done by com-
putational assumptions which of course cannot provide a time invariant upper bound
on the probability of failure. There is no doubt that given enough time all calculable
(or decidable) problems can be calculated and hence the upper bound of failure can

ultimately become unity.



CHAPTER 2

PRELIMINARIES

Quantum cryptography is built on quantum mechanics, information theory and cryp-
tography. In this chapter the main concepts, terminology used and common tech-

niques that will be used in this thesis will be introduced.

2.1 Quantum Mechanics

2.1.1 The Quantum State

Any closed quantum system has an associated Hilbert space H, i.e. a complete inner-
product space. The associated space of a system is called, the state space of the
system. The system is completely described by a unit vector in its state space called,
the state vector. If {|i) }; is an orthonormal basis for #, then the state vector |¢)) can

be expanded in this basis as,

) = Za i) @2.1)

where the «; are amplitudes, which are complex numbers satisfying, > _. |o;|* = 1.

2.1.2 The Quantum Evolution

Time evolution of a closed quantum system is described by a unitary operation. Let
|v) describes the state of a system at time ¢, and |w) at time ¢;. The transformation U
that describes the evolution should be unitary and should only depend on time ¢, and
t1[6].

w) = U |v) (2.2)

5



An operator U is said to be unitary if UTU = UUT = I. It can be shown that any

unitary operator can be expanded as
U=> Xlixil (2.3)

where {[i)} are its eigenvectors and )\; are eigenvalues, which are complex numbers
with modulus 1. Any unitary operator U maps an orthonormal to another orthonormal
basis. Let, {|v;)}; is an orhonormal basis, if U is unitary, then for some orhonormal
basis {|w;) };
U=>|w)vi. (2.4)
i

2.1.3 The Quantum Measurement

General quantum measurements are described by a collection { M}, } of measurements
operators which satisfy the equation [6]

> MM, =1 (2.5)
k

This equation corresponds to the sum of the probabilities being one. A collection
{M ,IMk} of operators satisfying are called positive operator valued measure
(POVM) operators. The measurement operators act on the state space of the measured
system. Suppose the system is in state i) before measurement, then the probability

that outcome k occurs is,
i = (] MM |4) (2.6)

and the post-measurement state of the system is,
My |¥)

N

If one does not care about the post-measurement state but only cares about the proba-

(2.7)

bilities of measurement outcomes, then one may use a set of POVMs instead of gen-
eralized measurement operators. In case, all measurement operators in a collection
{ P} are orthogonal projectors, then the measurement is called a projective measure-
ment. For a projective measurement, POVMs and generalized measurement operators

are the same. The probability of getting outcome £ is,

P = (Y| P [¥) (2.8)

6



and the post-measurement state of the system is,

Py, )

- 2.9
IR0 29

2.1.4 Entanglement

Entanglement is the inability of describing a joint state by a tensor product of indi-
vidual states. If a joint state [¢)45) € HAP can be written in the form |14) ® |¢5) for
some |1)4) € H” and |¢)g) € HP then the state is a product state. If the state is not a

product state, then it is entangled.

For two systems A and B with associated state spaces H 4 and Hp, the composite
system AB’s state space H 4p is given by the tensor product H4 ® Hp. In other
words, a generic state |¢)) of AB can be written as a superposition of tensor product

of states of A and B as
V) = E aij lia) ® |jB) - (2.10)
ij

It can be shown that, for any state |¢) it is possible to find two orthonormal bases of

‘H 4 and H g respectively such that
) = Nilia) ® |in) @.11)

where, \; are non-negative numbers. This is called the Schmidt decomposition[6]].

2.1.5 The Density Operator

In many cases, one cannot not certainly know which state a quantum system 1is in.
Therefore, one is forced to assign some probabilities on some possible states. Suppose
a system is in state |¢);) with probability p;, then the set of pairs {|¢;) , p; }; is called,

an ensemble of pure states. The density operator p associated with this ensemble is,
p="> pilti)esl (2.12)

The density operator is the main quantity that enables us to compute all physically rel-
evant quantities like expectation values, probabilities of measurement outcomes etc.

Let’s see why by investigating a measurement process. A measurement on a density

7



state is described by a collection of measurement operators { M} } which satisfies the
equation ) _, M, ,I M), = I. Suppose the system is in state p. Given the state |¢);) the
conditional probability probability of measuring £ is[6],

pui = (il MIM ) = e (MM, i) @13

and the post-measurement state is,

Melvi) (2.14)
(il MMy 1)
Given the state p, the probability of measuring % is[6],
P = D pipwi = 3 it MIMy 45w (2.15)
tr (Mng Y n ywi><¢i|) P tr(M,ijp) (2.16)
and using the Bayes’ rule the post-measurement state is,
M X M
7,D7,| M Mk |¢z>
My [9s)ab| M|
= Zpkh'pi LI Tk (2.18)
T (e MM
M, |3 | M|
_ Zpi k| )(i| My, (2.19)
. Pk
My,pM;|
_ kP (2.20)
Pk

If the outcome £ is unknown, then the post-measurement state p’ should be a mixture

of py with probability p, which is,

pr= moe =) MipMj (2.21)
k

k

Suppose that a system whose state is described by ensemble {|v;) , p; }; has evolved
in time according to a unitary transformation U. This means that, after the time evo-
lution, the new ensemble is {U |¢;) , p; };, This shows that the final density operator
is [6]

szvwz Wi UT = UpU? (2.22)



A density operator should be a non-negative operator with unit trace. An operator
is non-negative if it is Hermitian and it has non-negative eigenvalues. Non-negative
operators are also normal, therefore can be written in the diagonal form. Let p be a

density operator, then there exists some orhonormal basis {|t;) }; such that [6]
p=> Nili)eil (2.23)

where, |1);) are the eigenvectors of p and tr(p) = >, \; = 1. A density operator
is mixed state if it has more than one non-zero eigenvalues. If all of its eigenvalues
are non-zero and equal to each other, it is the maximally mixed state or completely
unpolarized state. If a density operator is not mixed then it is a pure state in which
case it can be written as a single 1-dimensional projector as |¢))(1)| for some [¢)) € H.
If a density operator p*? describes the state of a composite system AB and can be

written in the form,

pP =) pirt ®pl (2.24)

for some non-negative p; and p:' pZ, then it is called a separable state. If a state is
not a separable state, then it is entangled. In the rest of the thesis, the set of density

operators on Hilbert space H will be denoted as S(H).

2.1.6 The Partial Trace

Let particle A and B interact for a period of time and have a final state represented by
pAP . If one wants to describe the state of particle A individually, one should remove
particle B from the representation of their combined state. This corresponds to taking
the partial trace on B,

p = trg(p?P) (2.25)

Generally, a density state of system AB can be written as pA? = > ijr Nigkt [1a)dal @

|kp)lp| where {|ia)}; {|kB) }» are orhonormal bases for A and B spaces respectively.

9



In that case, the partial trace is computed as,

p* = trp(p"?) (2.26)

=D Aguliafjal © te(lkp)iz|) (2.27)
ijkl

=D Awtlia)ial (slks) (2.28)
ijkl

= Aijuadit [ia)jal (2.29)
ijkl

= Xjulia)jal (2.30)
ijkl

To illustrate how the partial trace acts on a separable state, let p? = > pipi @ pP.

trp(p*) = tra(_pin' @ pf') 231)
= Zpi trp(p; ® p7’) (2.32)
=D _pinitr(pf) (2.33)
4 ZW%A (2.34)
=" (2.35)

2.1.7 Purification

Let an arbitrary density operator p € S(H*), then a state |V 45) € HA that satisfies

the equation p = trr(|W ag XV ar|) is called, a purification of p.

Note that, if a unitary operator U# is applied on the ancilla space H of a purification,
the result will also be a purification of the same state due to the cyclic property of

trace.
trr (Ia @ Up|War)(Wag|la @ Uf)

=trp (Ia @ UfUg|War)(Wagr|la ® IR) (2.36)
=R (|War)(Varl)

10



2.1.8 The Classical-Quantum States

In quantum cryptography, a classical random variable X with a set of probabilities

{pz}. defines a classical state and is described as,
px =Y palr)al (2.37)

where |x) are orthonormal. Let the state px g be a classical-quantum state (cq-state)
with classical part X and quantum part £, by this we mean that px g can be written

as
pxe =Y pole)z| @ pl. (2.38)

Note that if an adversary, Eve has subsystem E but not X, she may differentiate

between p ’s by making a measurement on £ and obtain information about .

2.1.9 The Ideal State

An ideal state is a cq-state composed of an uncoupled maximally mixed state and a

quantum state,

1
paal = T3] > )z @ p”. (2.39)

rzeX

Let Alice has the subspace H x and Eve has the subspace ‘Hg. Alice performs a pro-
jective measurement on her space and obtain a value x € X', uniformly at random.
Furthermore, Eve cannot do any measurement on her space that gives her any infor-
mation about x. Hence, = is completely unknown to Eve, and this defines an ideal

state for keeping x a secret.

2.1.10 The Completely Positive Trace Preserving Maps

Time evolution of open quantum systems is described by the CPTP maps. Let £ be
a map from density states in S (H ) to density states in S () denoted as, £ €
C(S(Ha),S (Hp)), then for any p € S(H*) and 0 € S(HAF), £ should be

11



1) Trace preserving,

tr (€(p)) = tr () (2.40)

2) Convex linear,
& (Z piﬂi) = Zpig (pi) (2.41)
where, ) . p;p; is a density operator.

3) Completely positive,
(E@1p)(oar) >0 (2.42)

CPTP maps may "expand, evolve and reduce" the state of the system. This behavior

is shown by the Steinspring dialation.

Let £ € C(S(Ha),S(Hp)) and p € S(H™*), then there exist an isometry V (VIV =
I) from H 4 to H gg such that,

Elp) = trg (VpVT). (2.43)

V can be seen as an operator which makes an isometric embedding from H* to H” ®
HT, followed by a unitary operation on H? ® HZ. Finally, the partial trace throws

away some part of the system reducing it to a sub-system.

It can be shown that any CPTP mapping can be described by a collection {E}} of
Kraus operators that satisfy the equation ) _, E,JLE;C = L. If £ is a CPTP map, then

there exists some collection of Kraus operators { £} such that,
E(p) = EwpEl. (2.44)
k

This is known as the operator-sum representation.

Example 2.1.1. Let a projective measurement be performed on subsystem A of a
joint system AB which has an arbitrary state p*? € S(HAP), while recording the out-
comes {k} in a state in system K. The measured observable M is an observable of A,
and let M=M = ), kP, where P} are the projection operators to the eigensubspace
associated with k. Here the measurement operators are P := |k)(k|, the probability

of measuring k is py, = tr(P, ® Ip) and the corresponding post-measurement state is

12



piB = pik (P, ®1I)p(P, @ I). Therefore, the post-measurement state without knowing

the result is,
KAB __ AB
PAE =7 pi ] @ 2.45)
k

A CPTP mapping &,cqs from S(HAP) to S(HE4P) can be written in the operator-
sum representation as,

E,=|k)® P oIy (2.46)

which satisfies the condition,

ZE;];Ek = Z(k‘]@ Pl olg
! k

_ (Z p,;“) ® Iy (2.47)
k

= I4p.
Then,
Emeas(p) = Z EIZPABEk
k

= |kXE| ® (P, ® I)p*P (P ® 1)
- (2.48)

=3 pe kKA @ pit®
k

_ KAB

It can be seen that the final state is a sum over coupled states between observed values

k’s and its environment states p;5’

s. Any measurement outcome % and the coupled
environment state p;'Z live in a space which is orthonormal to other spaces of out-

comes.

2.1.11 The Trace Distance

The trace distance is a metric on the space of density operators. Let p € S(H) and
o € S(H), then the trace distance between p and o is
T(p,0) = sup tr[M(p—o)] (2.49)
0<M<I
where M is a POVM operator. Or equivalently using ¢; distance ||p — o1,
1

1 1
T(p,o):=35lp—oli=5trlp—ol = Strv/(p—0) (2.50)
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Suppose p — o is written in diagonal form as p — o = >, \; |i)(i|, where |7) are the
orthonormal eigenvectors of p — o and )\; are its eigenvalues. The absolute value of

p — o can be written as |[p — | = Y. |\;| |i)i| and its trace is tr [p — o = D, ||

Trace distance implies the maximum probability of success in differentiating density
states in a single measurement. To illustrate this, let’s assume one has an equal chance
of getting o or p and wants to find out the state by performing a measurement. Pairs
of measurement operators and outcomes (i.e. guesses) are (M,p) and (I — M, o).

Then, probability of success is,

Psuccess = %tl"(M,O) + %tl"(([ - M)U) (251)
= %tr(o) + %tr(M(p —0)) (2.52)

1 1
=3 + 3 tr(M(p —0)). (2.53)

To maximize this probability one can maximize the second term in the left-hand side

of (2.53)), which corresponds to selecting an appropriate measurement operator,

1 1
Psuccess = = + = Ssup tr [M(p = O')] (254)
2 2o0<m<r
—4lrpo) (2.55)
BRI '

Observe that the trace distance gives us the maximum advantage one can have in
distinguishing these density states with a single measurement. In quantum cryptog-
raphy, the aim is to quantify the maximum information an adversary can gain on a
secret message by measuring her state. Therefore it is very important to distinguish
the output state of a quantum protocol and the ideal state which is uniformly random
and uncorrelated from an adversary. The upper bound of the distance between the

ideal state and the output state quantifies how secure a quantum protocol is.

2.1.12 The Diamond Distance

The diamond distance gives us the distinguishing advantage between two quantum
maps with equal prior probabilities of 1/2. Let £1,& € C(S(Ha),S(Hp)), then the

diamond distance between £; and &, is

61— &Ello = sup  ||E1®@1r(p) —E @ Ir(p)|; - (2.56)
pPES(HAQHR)
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2.1.13 No-cloning Theorem

In the heart of quantum cryptography, lies the no-cloning theorem. The inability
of cloning an unknown state without already knowing what the state is. Suppose

operator U is defined as,

U:lg) = o)y @), V) e H (2.57)

Let |¢1) € H and |¢5) € H, then,

U 1) = [th1) @ [h1) (2.58)
U [¢2) = [th2) ® [th2) (2.59)
= (| UU |1h2) = | (¥1]tha) |? (2.60)

U must be inner product preserving in order to describe a quantum system’s time

evolution. However, | (11]19) |? # | (¢1]12) | unless | (101 [¢2) | = 0 or | (11 |hs) | =
1, therefore U cannot be defined for an arbitrary |¢) (2.57).

2.2 The Information Theory and Cryptography

2.2.1 Quantifying Information

In the following definitions, let X be a random variable with alphabet X', outcomes
x € X and probability mass function Px(x). Similarly, let Y be a random variable

with alphabet ), outcomes y € ) and probability mass function Py (y).
Definition 2.2.1. (Information content) The information content of outcome = is,
h(z) := —log(Px(z)) (2.61)

Definition 2.2.2. (Shannon entropy) The entropy of X is the average information

content,
H(X) = E[h(X)] (2.62)
= — ) Px(x)log(Px(x)) (2.63)
where, E is the statistical average.
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The entropy of a random variable X is the average information content of n real-
izations of X where n goes to infinity. The average information content of any n

realizations of X asymptotically converge to the Shannon entropy.

Suppose that one will observe X once and wants to correctly guess the outcome. The

best guess is the most probably outcome.

Definition 2.2.3. The minimum entropy of X is the information content of its most

probable outcome,

Hpnin(X) := min h(x) (2.64)
= min [— log Px ()] (2.65)
= —logmax [Px(z)] . (2.66)

In terms of minimum entropy the guessing probability is,
max Py () = 27 Hmin(X), (2.67)

Definition 2.2.4. The conditional entropy of X given Y is,

H(X|Y) =) Pr(yHX[Y =y) (2.68)
=—> Py Z Pxyy (zly) log (Pxy (x[y)) (2.69)
- — i Py (y) Pxjy (z]y) log (Px)y (z[y)) (2.70)
= - i Pxy (z,y)log(Pxy (z|y)). (2.71)

Ty
Definition 2.2.5 (Conditional minimum entropy). The conditional minimum entropy

of X givenY is,

Huin(X[Y) = —log (Z mgX(pxy(fcly))> : (2.72)

2.2.2 Quantifying Quantum Information

Now, the quantum counterparts of the classical entropies will be defined.
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Definition 2.2.6. (von Neumann entropy) Let p € S(H) , then von Neumann entropy
of pis

H(p) = tr(plogp). (2.73)

Example 2.2.1. Let p has a spectral decomposition ) __ p, |z)(x|, then
H(p) == pslogps. (2.74)

One can observe that the von Neumann entropy of the density operator is the coun-

terpart of the Shannon entropy of a random variable.

Definition 2.2.7. (Min-entropy) [3] Let { M,,, } be a POVM, then
Hyin(p) := —log max tr(pM,,). (2.75)

Definition 2.2.8. (Conditional min-entropy) [3] Let p*? € S(H* @ HP), of ¢
S(H?P) then,

Hoin (p2P)0B) := log(\) (2.76)
such that, \ - [y ® og — pap > 0.

Definition 2.2.9. (Smooth min-entropy) [3] Let p*? € S(HA ® H?), of € S(HP)
then, e-smooth min-entropy of p4p5 to o is,

H:. (pap | o) := sup Huin (pas | 0B), (2.77)

paB:llpaB—paBl1<¢e

2.2.3 The One-Time Pad

One-time pad encryption is used to provide information-theoretic security. Let Alice
and Bob pre-share a key = € {0,1}", i.e. a binary string of n bits. Alice wants to
send a message text m € {0,1}". Alice computes a ciphertext ¢; = = & m and
send it to Bob. After receiving ¢c; Bob can recover m; by using his key x and ¢y,
c®@x =x@dxPdmg = my. If key = is sampled from an uniform distribution

hidden from Eve, then Eve cannot gain any information about the message from the

17



ciphertext. Proof.
P(C =c¢|M =m)P(M =m)

P(M =m|C =c) = PO =0 (2.78)
_ P(X=m®c)P(M =m)
- FlC =0 (2.79)
_ P(M=m)
T2 P(X @M= c) (280)
P(X® M =c) Z P(X = 2)P(M = m)dpmeac (2.81)
1
= o > P(M = mZém@“:—n (2.82)
P(M =m|C =c¢)=P(M =m) (2.83)

where ¢ is the Kronecker delta. However, Eve can store this cyphertext so if Alice
and Bob use the same key « to exchange another message mo € {0, 1}" where ¢y =
mo @ x then Eve can perform c¢; @ co = my & ms. Therefore, using the same key

twice leaks information (m; @ ms) about the messages.

2.2.4 The Hash Function

In a general sense, the hash functions can be defined as functions that map long bit
strings to shorter bit strings. Hash functions can have unique properties. A set of hash

functions that shares a common property is called, a family of hash functions.

Definition 2.2.10 (1-universal). A family of hash functions, .7 = {h : {0,1}" —
{0,1}™} where m < n is 1-universal if V2 € {0,1}" and Vz € {0, 1},

Phejf(h(l’) = Z) = — (2.84)

where h is chosen from .7#” uniformly at random. Note that, the only random variable

here is h. For any value of x and z, when h is chosen from .7 uniformly at random,
equation (2.84) holds.

Definition 2.2.11 (2-universal). A family of hash functions ¢ = {h : {0,1}" —
{0,1}™} where m < n, is 2-universal, if Vo,Vaz' € X,z # 2/, and all pairs z, 2’ € Z,

Prew(h(z) =2 Nh(2)=2")) = — (2.85)
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where h is chosen from 77 uniformly at random. Also note that when = = 2/, 57

satisfies (2.84) , i.e.

Pres (h(z) = 2 A B(x) = 2)) = Prp(hlz) = 2) = 2im (2.86)

which means that any 2-universal hash is 1-universal. An extractor function, or a
randomness extractor, Ext(u, x) is essentially a construction over hash functions. The
seed of the extractor v € U is defined for indexing the hash functions. For example,
if 7 = {hy, ho, hs}, then the seed is u € {1,2,3} and the hash functions can
be denoted as h,. Therefore, choosing a seed uniformly at random, corresponds to
choosing a hash function at random for the extractor. Finally, x denotes the input for

the chosen hash function. Let Ext : (u,z) — z, and E, f(u) = > ﬁf(u), then

]EuéExt(u,as),Z(SExt(u,a:’),z’ = m,m’|Z|71 + (1 F 51’,$/)|Z‘72 (287)

2.2.5 The Message Authentication Codes

A message authentication code (MAC or a tag) is a binary string that contains in-
formation about a larger binary string (a message). MACs are used to check the
integrity of the messages. Suppose Alice and Bob pre-shares a key & which selects a
hash function f; from a family of 2-universal hash functions. Alice calculates the tag
7 = I'(m, k), i.e. the function denoted by I" takes the message m and the key k£ and
calculates fi(m) = 7. Alice sends 7 along with m. Bob receives m’ and 7 (assumes
7 remains unchanged), checks if I'(m’, k) = 7, encodes the accept/reject result in one
bit and sends to Alice. The failure probability of a MAC is P(7 = ['(m/, k)|m # m'),

i.e. the probability of accept when m # m’. This probability is calculated as follows.

Let binary strings, m, m’ € {0, 1}! represent two messages, k € {0, 1}" represents a
MAC key, 7 € {0, 1}* represents tag and 7 = ['(m, k), then P(7 = I'(m/, k)|m #

m') = 5 [17]] or equivalently,

1

Ede(m’,k),F(m,k) = 5m,m/ + (1 - 5m,m’)§- (288)
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2.2.6 Syndromes

Syndromes are used as a method of error correction. An error correction refers to
correcting the flipped bits of a message that is sent through a noisy channel. A given
set of syndromes has an encoder function Syn : {0,1}" — {0,1}" and a decoder
function DecSyn : {0,1}” — {0, 1}". The encoder function maps a message to a
syndrome, which encodes the relations (such as the checksums) of the message bits.
After the message and the syndrome is sent through a noisy channel, the receiver
puts the syndrome to its decoder function which checks if the relations hold and
gives a bit string with the length of the message. Then, one can XOR the received
(and possibly corrupted) message m’ and the decoder output s to recover the original
message s & m’ = m. The decoding can fail, i.e. 7 % m, if the flipped bits are more
than the number of bits the syndrome can correct. However, failure of the decoding

is noticed by the receiver [7].
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CHAPTER 3

QUANTUM CRYPTOGRAPHY

3.1 Quantifying Security

The one-time pad is the “gold standard” in cryptography. It is the only known algo-
rithm that can unconditionally and perfectly secure a message. However, one-time
pad is also costly, a secret key can be only used once as a one time pad. Meanwhile,
Alice aims to find a more sustainable method and she considers using Bob’s public-
key to encrypt her messages. Nobody except Bob, has the private key that can decrypt
it, but, this situation can change. In particular, Bob’s private key can be calculated
from Bob’s public key, but this requires to perform calculations which are practically
impossible with current technologies. However she is anxious because she thinks that
with promising new technologies together with new algorithms, these problems can
be solved. Therefore, her security may not hold in the future and may completely lose
its value. If Alice chooses to send her messages using Bob’s public key, Eve, the ma-
licious eavesdropper, can easily copy them without notice. Eve can then store them
until she can compute Bob’s private key from his public key, and can read all the mes-

n_n

sages Alice sent to Bob. Alice looks at the probability "" that Eve computes Bob’s

n_n

private key, and it is very small. However, "¢" grows as the technology improves.

n_n

For quantum protocols, "" gives the probability that after (or during) the execution of
the protocol, Eve learns some information about the secret message. With probability
"(1 — e)" Eve learns absolutely nothing, forever. In other words, the ¢ in quantum
protocols stays constant. Alice decides to use quantum cryptography, if the € is very

small and it provides fast and accurate communication.
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3.2 Quantum Key Distribution

Quantum key distribution is used as an umbrella term for the key distribution proto-
cols that utilize quantum mechanics. Unlike classical key distribution methods which
rely on computational assumptions such as the hardness of factorization in RSA, secu-
rity of quantum key distribution is unconditional. It is invulnerable to new decryption
algorithms as well as increasing computational power. Developed in 1984 by Charles
Bennett and Gilles Brassard [2], BB84 is the first scheme for implementing quantum

key distribution.

3.2.1 BB84

Alice chooses binary strings z € {0,1}" and b € {0, 1}" uniformly at random and

for each x; she encodes qubits |1/)21> as,

|0 = 10) |¥g) = |+)
|90y =11y |[¢1) :==1]-) (3.1)

where {|0),|1)} and {|+) , |—)} are the eigenvectors of Pauli-Z and Pauli-X matrices
respectively. Then, Alice sends W@ to Bob.

Bob receives ‘¢2> and chooses a binary string ¥’ € {0,1}" uniformly at random.
Then for all qubits in |¢Z> he performs measurement according to the bits in the
binary string b'. In particular, he measures ** qubit in Z-basis if b, = 0 and X-basis
if O} = 1 and obtains the bit x;. After measuring all qubits he obtains a binary string
x' € {0,1}" that is composed of z’s. Consider that, if b, = ¥} then x; = 2/ but if
b; # b, with probability one half z; = 0 and probability one half = = 0 regardless of
the value of ;. Consequently, Alice and Bob publicly compare each b; and b, to see
whether they match or not, and if they match Alice and Bob keep z; and 2, otherwise
they discard them. After that, they consume a part the binary string that they keep in
order to check if there is a discrepancy. If there is discrepancy, this shows the channel
is noisy and the noise may be caused by an adversary. If they decide that the error is so
high that they will not be able to recover a secure key from the noisy qubits they may

abort the protocol. If there is a ‘tolerable’ amount of unmatched bits, Alice and Bob
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can use error correction protocols and correct the unmatched bits in the remaining part
of the key. However, as the remaining part of the key is recovered from noisy qubits,
Eve may have information on this key. In order to have perfectly secure key from a
partially insecure key, Alice and Bob perform privacy amplification on their partially
insecure keys. This involves applying a random hash function to their insecure keys

and as a result producing a secure key with a smaller length.

Note that the crucial feature of QKD is that, the adversary Eve cannot clone the state
sent by Alice due to the no-cloning theorem. To gain any information, Eve is forced to
make destructive measurements on the state and forward them to Bob. Hence, Eve’s
existence and actions can be detected by Alice and Bob. In classical communications,

Eve can simply copy the cyphertext without changing it and hence remain undetected.

3.2.2 The protocol

From a uniformly random source generating 2n bits, Alice generates x,b € {0,1}".
She encodes the bits in a classical state |¢)) as in , and sends the qubits to Bob.
Note that the state may change while transmission so lets denote Bob’s received state
|4"). Bob generates n bits b’ = {0, 1}" from a uniformly random source and measures
the qubit in the i*" location in the Pauli-Z basis if b; = 0 and in Pauli-X basis if b; = 1
foreachi € {0, 1}" and records the outcomes as O or 1 on a binary string 2’ € {0, 1}".
Then, he announces the ¥’ to Alice, and in return, she announces the locations ¢ where
b; # b;. They both throw the = and 2z’ values corresponding those locations, and left

with raw keys r, ' € {0, 1}™.

3.2.3 Parameter estimation and error correction

Alice and Bob have to perform error correction for their raw keys in order to use
them as a one-time pad, however before that they have to estimate how much noise is
present in their communication. To do that, they discuss and randomly choose £ bits,
k < m, and announce them. By looking at the error rate ; := e/k where e is the
number of unmatched bits in £ bits, they make an error estimation for the remaining

raw key. Suppose that §; is the error rate on the compared k bits and d5 is the error
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rate on the remaining raw key of m — k bits. Suppose that Alice and Bob decided to
tolerate a maximum error rate of v on the compared bits. If 6; < ~, they will perform
error correction on the remaining raw key that can correct for an error rate that is
less than v + v, where 0 < v < 1 — ~. Then, the probability of failure of the error

correction can be written as follows,

Poe(7,v) == P((01 <7)N (02 > v+ 1)), (3.2)

This probability can be upper bounded based on Serfling’s inequality as[8]],

(m—k:)k?).

m(k+ 1) (33)

Ppe(f%V) S exXp (—2y2

3.2.4 Privacy amplification

Suppose that the error correction is successful and Alice and Bob shares the same
binary string [ with length log |I| = m — k. But, they still don’t have perfectly secure
keys. The error causing measurements of Eve and the error correcting information
they shared publicly, leak information about /. Hence, they should somehow map the
partially secure [ to another binary string z € {0, 1} that is perfectly secure. [ €
{0, 1}™~* can be modelled as a binary string sampled from a random variable L with
a non-uniform distribution given Eve’s knowledge E. Eve’s probability of guessing L
is 27 Hmin(LIE) " Alice and Bob cannot decrease Eve’s probability of guessing / but they
can map [ to a smaller binary string z with length ¢ that looks uniformly random from
Eve’s perspective. It should also have a similar probability of guessing, that is, 27°

—Hmin(LIE) But, notice that ¢ cannot be more than

should be as close as possible to 2
H,in(L|E). Because the secrecy of [ cannot be increased without spending another
hidden information. The process of mapping non-uniformly distributed binary string
to a smaller but uniformly distributed binary string is called the privacy amplification.
Privacy amplification is done by using a randomness extractor (2.2.4) that takes a
uniformly random seed s, and an input string [. The failure probability of privacy
amplification is the probability that it fails to produce a perfectly secure z. This is

given by the distance between pzgg, i.€. the actual state after privacy amplification

and 1; ® ps @ pg the ideal state where p; is the decoupled maximally mixed state.
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This can be upper bounded in terms of smooth min-entropy [2.2.9]as [3]]

1 .
8 (pzse, tu ® ps ® pg) < 3 —HLim(LIE)p 4 g 3.4)

3.2.5 The Ekert91

The Ekert91 is the entanglement version of the prepare-and-share protocols[9]. Any
security proof of a quantum protocol in the entanglement version also holds for the
prepare-and-measure version. In the entanglement version, instead of preparing Alice
and measuring Bob, Alice and Bob shares parts of a Bell state and both measure their

parts in either standart basis {|0) , |1)} or Hadamard basis {|+) ,|—)}.

B4) 4 = % (l00) + [11)) 3.5)
S S Y (3.6)

V2

If Alice and Bob measures in the same basis their outcome will match with proba-
bility 1, and if they use different basis their outcome will match with probability 1/2.
Therefore, Alice or Bob may announce the bases of measurement just like in prepare
and measure version, and the other side can send the locations of the matching bases
(or non-matching). Remember that, the purpose of Alice and Bob is to produce and
share an identical random key. In prepare and measure protocols, Alice generates
random bit and encodes it with a random basis then sends it to Bob. Then Bob mea-
sures it and announce his basis, then Alice lets him know if the basis matches or not.
In Ekert version, when Alice measures with a random basis, the outcome will always
be uniformly random as the reduced state for both Alice and Bob is I /2. But after
Alice measures, Bob’s state will collapse into whatever Alice’s is, so if Bob measures
with the same basis, he will get the same outcome with probability 1 and if not he
will get it with probability 1/2. Note that a maximally entangled state is necessarily
in a product state with the environment’s state (including Eve’s state). This property

of entanglement is sometimes called as the monogamy of entanglement.

[VaBE) = |paB) @ [VE) (3.7)

Therefore, Alice and Bob shares an entangled pair and an adversary can have no
knowledge on the measurements of Alice and Bob. The Ekert version provides a the-

oretical framework for the analysis of the protocols like quantum key distribution and
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quantum key recycling, which may be more favorable over the prepare-and-measure

version while making security proofs.

3.3 Quantum Key Recycling

Two years before the BB84, Charles H. Bennett, Gilles Brassard and Seth Breidbart,
proposed the first quantum key recycling scheme in their paper “Quantum Cryptog-
raphy II:How to re-use a one-time pad safely even if P=NP”[4]. Their idea was to
send a quantum ciphertext instead of a classical ciphertext, so that if an adversary
is present they can detect it by checking if the ciphertext is changed or not. If it’s
not changed, then it’s safe to re-use the one-time pad. The paper was submitted to
“Fifteenth Annual ACM Symposium on Theory of Computing” but got rejected. Af-
ter publishing BB84, Charles H. Bennett and Gilles Brassard decided to drop their
idea of key recycling, thinking that BB84 was a better idea[4]. Thirty years later,
Ivan Damgard, Thomas Brochmann Pedersen and Louis Salvail picked up the idea
and proposed a key recycling scheme together with a security proof, in their paper,
“A Quantum Cipher with Near Optimal Key-Recycling”[10]. However, their scheme
requires the honest users to use quantum computation. In 2017, Serge Fehr and Louis
Salvail proposed a new scheme with a security proof, in their paper, “Quantum Au-
thentication and Encryption with Key Recycling” which does not require quantum

computers and uses BB84 qubits[11]. Their scheme is as follows.

Alice and Bob shares an authentication key & and a basis key 6 € {0,1}". Alice
and Bob agrees on a MAC function I which has the properties described in (2.2.5)).
Alice chooses a bit string z € {0, 1}" uniformly at random and encodes it on BB84
qubits by using . Alice produces a plaintext m then computes the tag ¢ as t =
['(m||x, k). <||” stands for concatenation. Alice sends ¢, m through a classical channel
and |x) through a quantum channel to Bob. Bob receives the noisy qubits, measures
them in #-basis recovers measurements x’ and checks if ¢ equals to I'(m/||z, k). If
it is Bob accepts, otherwise he rejects. Bob encodes result accept/reject on the bit
w € {0,1} and sends it to Alice. In accept, they re-use 6 and k. In reject, only 6 will
be refreshed, & will still be re-used. Notice that, if it was ['(m;, k) and Eve knows

the plaintexts m,; then Eve would gain information on key k. However, in our case
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Eve does not know x. Therefore, in order to get information on % she has to measure
the BB84 qubits. Unless Eve knows 6, she has a chance to disturb the state and get
detected. So, if Bob accepts, the next round key &', is set to §. Otherwise, Alice and
Bob selects #" uniformly at random. Note that, as long as the input of a MAC function
holds a considerable uncertainty (see [4]), k is safe to be re-used to authenticate the
message. Alice generates a new, uniformly random z every round, hence, in both
accept and reject cases, k can be re-used. Suppose Eve holds the system F, authors’
claim is, if before the execution, Py,.ss(0|E) ~ 0 and k is uniformly random given
¢ and E, then after the execution, Pj.ss(¢'|E) ~ 0 and k stays uniformly random

given #' and F.

3.4 Security Definition

3.4.1 The Ideal Protocol

The security of a quantum protocol is quantified by bounding its diamond distance to

its “ideal version”.

Definition 3.4.1 (The ideal protocol). Suppose that Alice and Bob want a part of the
classical information, let’s say X, to remain completely hidden from the adversary

Eve after the execution of the protocol. Let F denote the action of the ideal protocol.

F Pinput — Pideal (38)
where,
1 E
pideal = [T > ezl @p (3.9)
rzeX

clearly, X is uniformly random and uncoupled from Eve’s state, i.e. completely un-

known from Eve’s perspective.
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3.4.2 The Diamond Distance

Definition 3.4.2 (The diamond distance). Let &,& € CPTPM(S(Ha),S(Hp))-

Then the diamond distance between &£; and &, is defined as,

€1 =&l = sup  [[& ®1r(p) — E @ Ir(p); (3.10)
PES(HA®HR)

Let £ be the map induced by the real protocol and F be the map induced by the
ideal protocol. Then, the diamond distance between £ and F gives the maximum
distinguishing advantage between £ and F in a single execution. To illustrate, let an
unknown map be either F or £ with probability 1/2 and any operation or measurement
on its input space and its the environment is allowed. Then, the maximum probability

of correctly guessing the map, after applying it on an input state once is,

€ (3.11)

N | —

pS’U,CCESS - 2

A useful interpretation of ¢ is; with probability of at least 1 — €, the action of the real

protocol is indistinguishable from the action of the ideal protocol.

3.4.3 Composability

The security defined with the diamond distance is composable. This means, if single
execution of the protocol is e-secure, two consecutive execution of the protocol is at

least 2z-secure.

Proof. Let ||E — F||o < ¢, using triangular inequality in step (3.13]) and the fact that
CPTP maps do not increase trace distance [3]] in step (3.14),

|Eo& —FoFlo=|E0(E—F)+(E—=F)oF|s (3.12)
<|Eo(E=F)llo +[(E=F)oFl (3.13)
<|E=Fllo+IE—Fllo < 26 (3.14)

This can be clearly generalized to NV executions of the protocol. Different maps that

induce diamond distance can also be composed, such as parts of a quantum protocol
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or subsequent rounds of different quantum protocols. Proof.

||(92051 —.Fof||0: ||€20(€1 —f)+(52—F)O.F||Q (315)
<|[[& o (& = F)llo + [[(Ea = F) o Fllo (3.16)
S H(c:g — .FH() + Hgl — «FH(} S €9 —|—€1 (317)

3.4.4 Partitioning the Epsilon

The analysis of quantum key distribution involves composable quantities such as cor-
rectness, secrecy and robustness. Correctness refers to the probability that Alice and
Bob obtain identical keys, secrecy refers to the probability that Eve is clueless about
the keys that Alice and Bob obtains, robustness refers to the probability that Alice
and Bob rejects and the output is discarded. To illustrate, let quantum key distri-
bution protocol induces a CPTP map Egg 5 k. Kp7e that maps initial state of Alice,
Bob and Eve in combined system ABFE to key states in K 4 K g. Alice and Bob’s pub-
lic discussions are encoded in the state in 7". Let K4, Ky € K U{L}, K := {0, 1}!
and { L} N K = (). K is the set of keys Alice and Bob accept after execution and { L}

is the reject set.

ESm sk wrE (W asEXYanE]) = po | LNL| ® pre + (1 — pL)prarsre  (3.18)

where,
PRAKTE = D Prakyt Kokt kaknt] @ pp s, (3.19)
ka,ky €K t€T
Let F define the ideal map,
F(Yape)XVape|) = tr ks @ prE (3.20)
1
KK Kp = ﬁj (3.21)

then, e-security,[12]

1
§HPKAKBTE — UK Kp & pTEHl < Esecure (322)

e-correctness,[13]]

(1 - pJ-) Pr [K 7é K/} < Ecorr (3.23)
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e-secrecy,[3]]

1
(1- pJ_)§ o arsTE — KAk @ PrEll; < Eseer- (3.24)

and e-robustness i €,opust = P.1 -

Furthermore, e-security is upper bounded with e-correctness and e-secrecy as,

68661//’"6 < 68667" + 8607‘7‘ (325)

3.4.5 6-state and 8-state Encodings

In a quantum key recycling protocol, the security and the rate of the protocol may
depend on the selection, and number of the bases used to encode the binary infor-
mation on the qubits [13]. As seen in quantum key distribution and quantum key
recycling protocols, one can encode one bit of information g € {0,1} in 4-states
|0),]1),|+),|—) according to the value of g and the basis basis b € {0,1}. These
states are commonly called as the BB84 states. Another method of encoding is the
6-state encoding. Here, the basis key for encoding one bitis b € {0, 1,2}, and a qubit
‘¢S> is defined as,

00) == [+z) [5) == 1+y) |45) = |+2) (3.26)
[wo) == 1—x) |[¢1) == |—y) |¥3) :=|—2) (3.27)

where |+x) |£y) |£z) denote the eigenkets of Pauli matrices o,,0,, .. Finally, g

can be encoded into 8-states with four bases (u,w) € {0,1} x {0, 1} [13],

’wuwg> L= Euw |wg> (328)
— (~1)o [(—ﬂ)g cos %]g @ w) + (—=1)*(vVi) ¥ sin %]—g D w>] (3.29)
where F,, = 0412, and cosa = 1/ v/3. Tt has been demonstrated that 8-state

encoding provides more favorable security bounds and secure transmission rates than

6-state encoding and 4-state encoding for quantum key recycling [13]].

3.5 Post-selection

In the Ekert91 version of the protocol Eve prepares the initial state in S(H%7% 1), and

distribute sub-systems A and B to Alice and Bob and keeps E to herself. As a result,
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the attack that Eve can make depends on the preparation of the initial state and Eve’s

action on her sub-system E.

Definition 3.5.1 (Eve’s attacks). The general attacks refer to the attacks without any

constraints.

The collective attacks introduces two constraints [[14]],

e The initial state is of the form papp = 0" € S(HY}x)-

e The measurement device on AB system is memoryless (results don’t effect
other measurements) and makes measurements individually. This constraint
is not valid for Eve, Eve can make measurements on the combined space and

hence the name collective attacks.

General attacks introduce many complications on the security proofs. Therefore, the
protocols are commonly modeled under collective attacks and generalized to general

attacks by the post-selection argument.

Let £ be the map induced by a quantum protocol and act on S(H%%). Let F be the
map induced by the ideal version of the protocol. The post-selection argument [[17]]
states that if £ is invariant under the permutations of the input states, then &’-security

against general attacks implies e-security against collective attacks.

(General attacks) ' : = ||€ — F|, (3.30)
P = max II®&—-1®F) (), (3.31)
peS(HrOH L)
(Collective attacks) e : = max ||(€ = F) (¢®")||, (3.32)
c€S(HaBE)

Post-selection argument,

=7l < e ) e ME=PY L G

— < (n+1)% e (3.34)

where, d denotes the dimension of Alice and Bob subspace H 45. The ¢ that max-
imizes (3.32)) is a pure state of ABE system and can be written as a 1-dimensional

projector,

0 :=|Vape)XVape| (3.35)
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Proof. Let an arbitrary density state be expanded as p = ppy + (1 — p)p1, po and py
has orhogonal support when p is not pure. By using linearity of CPTP maps and the

triangular inequality,

1)~ (Pl < PIE (p1) = F (1), + (1 =) € (02) = F (o), (3:36)
< max (€ () ~ F (o)l € (p2) — F(0)ll}  (337)

Let m be a CPTP map that randomly permutes the n-subspaces (that are in tensor
product) of the state space S(H®™). The CPTP map £ o 7 is permutation invariant
under its input states if £ does not apply any operation depending on the action of 7.
Post-selection argument can be used if Alice and Bob starts the protocol by randomly

selecting a permutation for their qubits and forgetting about it.

3.6 Noise Symmetrization

The noise symmetrization [3]] is a mapping of the initial state that lets us write the
reduced state of Alice and Bob as a mixture of pure Bell states. Let > be the CPTPM

induced by noise symmetrization and 0¥ := Y(trg o), then
0P = N [UTNTT |+ A [THDT| 4 Ao [TFNTT| + A [FNOT|  (3.38)

where A\g+ A1+ A2+ A3 = 1, [U= YU, | D], [TTNTTF|,|PFTNDT| are the Bell

states and Y. is defined as

3
Z(ai ® o;)trpo(o; @ 0y) (3.39)

1=0

¥ ptB s

B |

for any p? € S(HAP) where o, ’s are the Pauli matrices including the identity, 0.
¥ (pAPB) produces a density matrix diagonal in the Bell basis. Hence, if Alice and Bob
publicly selects Pauli matrices, uniformly and independently at random, and apply it
on their individual states, their joint state can be written as a simple convex sum over

pure Bell states.

Let Alice and Bob apply the same, randomly chosen Pauli matrix to their state 02
and perform measurement in the same basis. Alice gets the bit x, Bob gets y. If the

state produces x = y with a probability -, their state before the measurement should
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be in the form [15]],
3

o7 = (1= 20w+ 2 e+ L et + ] joy o] Gao

3.7 Purification

There is unitary freedom in the purification of ¢4Z. In [16], the purification is written

as,
“IJABE> — /1= g'y ‘\IJ‘} ® |mo) +

V3 1) @ ) 197 & o) + o) @ o)) @41

where {|m;)}; is an orthonormal basis and Eve’s Hilbert space can be chosen as HE.

3.8 Quantum key recycling with Noise

This section is intended as a summary of [S]. Alice and Bob share some secret keys
beforehand and publicly agree to use some functions during the executing the proto-
col. Alice wants to send a plaintext My, to Bob securely without consuming any
key material. Therefore in each round, Alice sends next round keys concatenated
with plaintext. If the protocol succeeds, they would gain the same amount key mate-
rial that they consumed. But if it fails, they consume their keys completely and next
round keys would be unsecure to use and hence discarded. In both cases, plaintext
is transmitted securely. Considering the odds of failing, Alice and Bob may choose
to allocate some part of the plaintext to send key information. So after some num-
ber of rounds, if the protocol fails, they can consume the key material sent inside
the plaintexts and continue executing the protocol. Description of the protocol is as
follows. The assumptions are: Eve has no access to Alice’s and Bob’s devices,i.e.
the information that is generated locally by Alice, and the calculations that Alice
and Bob make. Eve has unbounded quantum memory and unbounded computation
power. In prepare-and-measure version, Alice prepares n qubits individually, and
sends them individually to Bob. In EPR version, Alice and Bob shares n pairs of

EPR states and they perform their measurements individually and separately on each
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pair. Furthermore, Eve prepares the initial state in EPR version. Eve may perform
any measurement on her combined subspace after n rounds, i.e., H5". The initial
state of Alice, Bob and Eve is prepared and distributed by Eve. Alice and Bob then
publicly choose a permutation, uniformly at random, and apply it to their initial state.
This guaranties that their protocol is permutation invariant and allows to make the
post-selection argument. Then, Alice and Bob applies the same random Pauli to each
of their n qubits individually (noise symmetrization). As a result, the initial state is
written as a purification with one free variable which is the error rate . This greatly

simplifies the subsequent analysis.

3.8.1 Prepare-and-measure version
3.8.2 Before execution

Alice and Bob privately share,

a basis key b € B"

two MAC keys kijac k¥ac € {0,117

an extractor seed u € U

e a one-time-pad key for protecting syndrome ks, € {0,1}*
Alice and Bob publicly agree to use,

e a pairwise independent hash function Ext : ¢ x {0,1}" x B — {0,1}* x B"
e a MAC function I" : {0, 1}* x {0, 1}+**+e — {0, 1}

e a linear error correcting code with encoder Syn : {0,1}" — {0,1}* and de-

coder SynDec : {0,1}* — {0,1}"

3.8.3 During execution

Encryption
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Alice, independently from Bob and Eve

e generates a uniformly random bit string x € {0,1}"

e generates a uniformly random key k£ € {0, 1}2**¢

e produces a plaintext My, € {0, 1}” where, ¢/ :=( — 2\ —a

By using the shared key material and her generated material, Alice computes

—_—

= Miare || k. (m € {0, 1}, <

” denotes concatenation.)
s = kgyn @ Syn(x)
z||b = Ext(u, z||b)

c=meoz

. 7 =T (kyac, zllells)

Finally, she encodes x to qubits with shared basis key b

0) = @) [¥na) (3.42)
=1

and sends | V), s, ¢, 7 to Bob.

Decryption

Bob receives |V’), s', ¢, 7’/ and

—

. measures |¥’) in the b-basis and obtain 2’ € {0, 1},

recovers & = 2’ @ SynDec (kgyn @ 8’ @ Synz’),

. computes 2|0’ = Ext(u, Z||b) and 7 = ¢ @ 2,

. accepts if 7/ =T (kac, 2 ||| | ') and syndrome decoding is successful. Re-

ject otherwise.

Sends Accept/Reject bit w (if accepts, w = 0, if rejects, w = 1) and an authen-

tication tag x = ['(kfsq, w) to Alice.

/2:, as the length of £ is known.

If Accept, parse 1M as My |
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3.8.4 After execution

o If Accept, setb + ', (kyac [k iacl ksyn) ¢ k. Re-use w.

e If Reject, refresh kyjsc, kpac Ksyns bs U

If accept, Alice and Bob send the same amount of key material they consume during
the round. Basis key b, mac keys kijac, kiac € {0,1}* and syndrome one time
pad kyn € {0,1}" are replaced by the sent material, while extractor seed u is re-
used. Moreover, Alice sends the plaintext m,,.. to Bob. If reject, Alice and Bob lose
kyiacs Kipacs Ksyn, b, w0 but mypg,.. is still sent. The remaining part proves the security

of this quantum key recycling protocol.

3.9 The security proof

The security proof of the protocol is done on the EPR version of the protocol. This
also proves the security of the prepare-and-measure version [6]. In prepare-and-
measure Alice randomly generates a = € {0, 1}, encodes x in b-basis and sends it
to Bob through a noisy channel. In EPR version, Alice and Bob shares a noisy EPR
pair, Alice and Bob measure the qubits in b-basis. Alice’s measurement outcome is
x € {0,1} and Bob’s is y € {0, 1}. The other steps are the same in both versions.
The map induced by EPR version of the protocol is,

E=PoMoZoXor (3.43)

Here, m randomly permutes the states as defined in > randomly applies Pauli
operators to each n-partite states [3.39, 7 adds the state of the basis key b in tensor
product, M measures Alice and Bob spaces separately in basis b, P performs post-

processing.

The protocol starts with a random permutation therefore the post-processing argument

can be used and one can assume Eve prepares n identical and independent states o®".
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After noise-symmetrization, o = |\IJABE ><\IIABE ’ where

3
[WABEY = [1 — 57 |U7) @ |mo) +

V310 @ ) 497 & o) + o) @ o)) .44

Then Alice and Bob put their basis key in working memory, which is in a maximally

mixed state.

Z(o®™) = B, |b)(b] @ 0" (3.45)

where b € B and E;(.) := >, py(.), i.e. expectation over the states denoted the by
subscript of E.

Alice and Bob measure their states in b-basis which results in,
M(Ey [DYD] @ 0°7) = Biy [bry)bry| @ po (3.46)
where z,y € {0,1}"
p,]f;y:: é U?ciyi (3.47)
i=1

and,

by . b; b;
O-ﬂ%'yi'_ |szyz> Eziyi

: (3.48)

Since |E§ ” >< Ef; vi | ’s are in tensor product, without loss of generality one can define
it for the arbitrary z,y € {0,1} and b € B where B only encodes one bit. Then
the ]Ezy ><Egy| are defined with a vector v and the vector is defined according to the
elements in basis set B. Let unit vector v := (vy, vg,v3), V1,02, v3 € R and |v - m)

denotes vy |m1) + va |ma) + vs |mg), then

ob,=|Es, XEz,| - (3.49)
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1| 3 ]
B =~ [\/1= S b+ S -m) (350
1 [ [ 3 ]
‘EI’O> = \/m 1- §7|m0> - \/g’lv ' m> (351)
1

|Ego) = NI [(—v1vs — ivy) [my) + (—vavs +ivy) ma) + (1 — v3) |ms)]
— U3
(3.52)
. 1 ) . 2
|ET)) = VeI [(—v1v3 + iv2) [ma) + (—vov3 — iv1) [ma) + (1 — v3) [ms)] .
— U3
(3.53)
To exemplify, in 8-state encoding v is defined as[13],
. (=1
v=—2| (ym (3.54)
(=1)*

where (u,w) € {0,1} x {0,1} and b € {(00), (01), (10), (11)}. An important prop-
erty regarding o7, is[5],

3

3

E,o0b, = (1 - 57) lmo)mo| + % > mi)mi - (3.55)
i=1

The measurement is followed by the post-processing operator P. The output state
of P is written with assuming the authentications don’t give false positive results.
The probability of fail of the MAC functions with key length log |kyrac| = A is
P(T(kypac, m') = T(kyac, m)|m’ # m) = 27*. Assuming this does not occur
will add 2= to the trace distance. Therefore, considering I' is used two times, with
separate keys k}, . and k3, one can assume that authentications are successful by

adding 2 - 27 to the trace distance.

1€ = Fllo = 1€ = Eautn + Eautn — Fllo (3.56)
< N€autn — Ello + [|Eauwtn — Fllo (3.57)
<227 4 [ Eautn — Fllo (3.58)

Hence upper bound of the authenticated protocol implies the upper bound of the ac-

tual protocol. Note that, authenticated protocol does not involve two MAC keys and
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sets ' = s, = ¢, W = w.

P(p*PE) = Eppuvheyn Z | 2yubzb ksgn 2yubzb kg |

zb's
QR E, Z \bimscw) (bimscw| @ Dy
bitcw
— 1
: 6s,ksyn€BSynm5Z||b/,Ext(u,x||b)5c,m@z ngyéﬂuéf)b/ + wezym (359)
where the success/fail of error correction is denoted by
1 ifHamm(z @ y) <t
0, = (2®9) < (3.60)

0 otherwise

Hamm(.) denotes the Hamming weight (i.e. the number of non-zero symbols in its
input). Hence, if the bit error is less than ¢, the error correction succeeds (6,, = 1)

and fails otherwise (6,, = 0). Note that, for error parameter v and tolerated error ¢

(51,

t

n
Pcorr(tv 7) =3 Exyexy — Z I ’Yk<1 - ”}/)nik (3.61)

k=0

Some takeaways regarding (3.39),

e If Bob accepts (w = 1) the next round keys are b=1U,a = u, if he rejects

(w = 0), b and 7 is chosen uniformly at random from B and U respectively.

® Kkgyn, u, b have uniform distributions. This cannot be said for M contains mgye,

m = mbm‘e| |k

Finally, in accordance with the assumption that Alice’s and Bob’s devices are only ac-
cessible by Alice and Bob, the parts that are residing in their devices, i.e., XY UBZB'K,,
will be traced out. The remaining parts are the outputs of the protocol; Eve’s subsys-

tem, the public messages and the next round keys, EQC'SM BU. Hence,

(C/’Auth

QKR(pABE)

ABE) _ pBUMSCQE (3.62)

=t XYUBZB/ Koy P © M(p

pE?UMSCQE =F;., ., Z 2’€]l~)amscw> (511mscw]
o (3.63)

E - B
® [wpl;ﬁmc,[w:l] + wpi)ftmc,[w:()]
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where,

E . 4 . E
Phiime jwe1] *= Eaybay2 Z O (mee) b, Ext(@,2]b) Powy (3.64)
b

pg}mc,[w:m = ]Exye_afy]Ebprxy (365)

Note that, S is decoupled and uniformly distributed in both w = 0 and w = 1 because

S'is one-time padded with ky,.

3.9.1 Ideal protocol

The ideal protocol should decouple next round keys, from Eve’s state and public

states. Hence it can be defined as replacing BU K -state of pBUMSCOE with a max-
imally mixed state. Moreover, if Eve does not know the plaintext mpq., it should
also decouple its state from the rest. Let F' represent the map induced by the ideal

protocol when Eve does not know the plaintext and / when she does. Hence,
F(0%7) = R (pPUMSOE) — By [bik) (bik| @ oMo SO 3.67)
Although there seems to be two different ideal maps, because of the 2-universal prop-

erty of the extractor function (i.e. Eﬁ5(m@c)ugExt(ﬁ b)) = ﬁ), Mpare 18 decoupled

from the rest in both ideal states. Hence, F (¢®") = F' (¢®™) [3].

Mpare SCQE __ E

SC
p - MMbare

Mpare ><mbare ’ T

_ (3.68)
® Y |wkw| ® [wpfi_y + @pf_]
pl—t) = EayOoyBopih, (3.69)
Plo—o) = EayfryEvppy, (3.70)
where 7°¢ is the maximally mixed state in S(H°) space. The trace distance be-

tween the actual state and ideal state in the non-asymptotic case i.e. finite n, is as

following[5]. Let

1) = \/ (1-3) -+ 5 a7



then the trace distance between actual state and the ideal state can be upper bounded

as,
(€8 = F) (o), = [P0 — 50K @ ]| 372

1
< min {P (t,7), 5 V2 logfﬁ)} (3.73)

The proof can be found in [5].
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CHAPTER 4

NON-ASYMPTOTIC BOUND WITH SMOOTHING

4.1 Smoothing the state

We introduce smoothing on the state after measurement. The state after the measure-

ment is defined as,

pi= M(Ey |b)Xb| 0°™) = Epy [by)bay| & pE., @.1)

Let G := {0,1,2,3}", g € G, |my)my| = ®?:1 Img, Xmg,|, S € G, Ps =

> ges Img)my|. We introduce smoothing on p by projecting Eve’s reduced state onto

the eigenspace of Pk,
p = Epyy [bxy)bry| ® ngfpyPS 4.2)
The trace of p is as follows,

tr(p) = tr (Epay Psphy, Ps) (4.3)

3 ®n
3
=tr | Ps { (1 - 57) |mo)(mo| + % 2; |mi>(m,~|} Ps (4.4)
Let the set of probabilities {p,} ,c¢ be defined as,

3 n—Hamm(g) Hamm(g)
P, = (1 _ —’y) (1> ? (4.5)
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where Hammy(.) the is Hamming weight (i.e. number of non-zero symbols). Then

(#@.4) becomes
tr (Pg Zpg |mg)(myg| PS> (4.6)
geg
=tr (Z Dy |mg)<mg]> 4.7)
geS
=> p, (4.8)
geS

The following lemma will be used to bound the ¢; distance between p and p.

Lemma [3]: Let P(H) be the set of non-negative operators on Hilbert space H,
0,0 € P(H) such that @ = Po P for some projector P on H. Then,

lo =&l < 2¢/tr(0)(tr(o) — tr()) (4.9)
Using @.9), tr(p) = L and tx(p) = 3 s Py,

lp—plh <2 /1= p, (4.10)
geS
=2 [ > p, 4.11)
geG\S

4.2 Bounding the security with smoothing

The ¢, distance between the actual state and the ideal state is defined in [9] as,
H (ESIQ?F}{L - ]:) (U(Xm) Hl - H(P —RoP) (Ebwy [bryXbry| @ pl?xy) ||1 (4.12)

This can be upper bounded by the ¢; distance on the smooth state,

(P =R oP) (), (4.13)
=|Plo—p+p)=RoP(p—p+pl (4.14)
< [[P(p) =RoPp)lli+ IP(p—p) —RoP(p—p)l (4.15)
< [[P(p) =R oP@)lli + IP(p—p)lls + IR o P(p— p)lx (4.16)
< [[P(p) =RoP@):+ llp— ol +llp — plh (4.17)
= [P(p) = RoP(@): +2llp— pllx (4.18)

44



The inequality between ({.16) and follows from the fact that CPTP maps do

not increase ¢, distance [3]].

4.3 Post-processing on the smooth state

P(p) = Eoyubhayn Z |z yubzb ksyn {xyubzb kg |

zb's

R E,, Z bimscw) (biimscw| @ ngbExyPS (4.19)

blicw

— 1
' 5s,ksyn@Synmdz\|b’,Ext(u,w||b)6c,mEBz {weazydﬁu(sl}b/ + we:pyW}

and taking the partial trace,

pPUMSCE — 1y Bz K yn P (D) = B Z 2~ btimscw) (biimscw)
o (4.20)
B - E
® [wpgﬁmc,[wzl] . wﬂBﬁmc,[w:O]]
where,
B o ¢ i B
Phime jw=1] *= Eaybay2 Z O(mee) b Ext(a,z|b) LS Poay s (4.21)
b

Prime o] "= BayOryBuPs iy, Ps (4.22)

4.4 '"Ideal'" post-processing on the smooth state

The ideal map is defined by tracing out BU K and adding a maximally mixed state in
BUK after post-processing,

R o P(p) = R(pPUMSOE) (4.23)

= By [Mtare Xoare | © 7€ @ Y || ® [wpfioyy +@pf—g]  (4.24)

where, ﬁ[i:l] = ExyexyEngpfzyPS and ﬁﬁ)zﬂ] = ExyéxyEbPSpfzyPS.
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4.5 Security of the smooth state

The security of the smooth state is defined by the trace distance between P () and
R o P(p). Let this be denoted by D,

D:

IP(p) =R o Pl (4.25)

o

UMSCQE R( ﬁBUMSCQEM (4.26)

|
Y

N =N =

Then applying Ps on the Eve’s subspace on the derivations for bounding the trace

distance in [S] we get,

2D — ||ﬁBUMSCQE _ R(EBUMSCQENI (4.27)
= ||E;,, |bimew) (biimscw]

. . . . (4.28)

® (pl;ﬁmc,[wzl] + pl;ﬂmc,[wz(]] i p[wzl} - p[w:(]})Hl

= ||E; e/ bUmew) (bumscw| & (ﬁfﬂmc,[wzl] — ﬁﬁ:”> IR (4.29)
= Epome| ey — Plo=y (4.30)
= Bpe 0/ (P, oo — Ploc)? (431)
< By 00\ BalPE, 1oy — PEy)’ (432)

By expanding the term inside the square root and using P2 = Ps,

Ei(PsPhyme o1 Ps — Psplo—yPs)” (4.33)
_ E E E )
- ]Ea(PSpl;ﬂmc,[wzl] P‘spl;ﬂmc,[wzl]PS B PSp[w:H P‘Spbﬁmcﬁ[wﬂ} PS (4 34)
- ]Ea(PSpI;Eﬂmc,[wzl}P‘Spglmc,[wzl]PS o Pspﬁi:ﬂpspl}amc:[w:ﬂps> (4.35)
- ]E{‘(P‘Spglmc,[wzl}PSpBEfme,[wzl]PS B Pspf):l}PSp[izl]PS> (436)
By putting q4.23l) into (]4.36[) with Pfx,[wzu =2, px‘yOxyprwy
20
= Eg [2 Eﬂém@cHB,Ext(ﬂ,be)6m@c||l~),Ext(ﬂ,a:’||b’)i|
b (4.37)

2
P o1} PsPpar e Ps — (Psplozy Ps)
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By using the 2-universal property of extractor, i.e. Ey,0pxi(u,z),-08xt(2/),2/ = Oz, |Z| 14
(1 - 5x,x’)’Z‘_27
=B Y [|BI72" + Gy (2°18]7" — |B]72")]
bb’ (4.38)
2
Ps g foe1) Pspiiar jw=1yPs — (Psp—1 Ps)
= Ey o Z 5bb’5xz’ (2£|B|_n - |B|—2n) PSpli,[w:l}Pspgm’,[wzl]PS
o (4.39)

—on 2
+ Eqgor Z |B| 2 PSIObEx,[wzl]Pspgx’,[wzl}PS - (PSP[]Z:HPS)
bb!

= Ex:}:’ Z 5bb/5:m:’ (2£|B|7n - ’8’7271) P«Spr:(:,[wzl}PSpgx/,[w:l]PS
by (4.40)

+ (PspfoyPs)” = (PsplyPs)’

= (2°|BI" — 1) EouEupy Oty 0w Ps iy 1) PsPyar 1) Ps (4.41)

Inside Pi«,[w:u there is 0,, < 1 and a sum over non-negative operators prxy [S].

Hence, taking 6, = 1 upper bounds (4.41))

< (2°1B]" = 1) EyuEpy Sty 00 Pspiy, Ps piy i Ps (4.42)
< (2°|B]") Evwr Bty Ovty Oz Psppy Pspy o Ps (4.43)
= (2°"")Ev. Psph, Pspf, Ps (4.44)
By putting (#.44) into {#.32),
D< %sz_—n tr \/Eu Pspll. Psp, Ps (4.45)

pE are non-negative operators so Fy,pf Pspf < Ey.pp.] pp. and the square root is

operator-monotone. Hence,

1

< SV by sy pfl I Ps (4.46)
1

= §x/2f—n tr v/ PsEy (oo )2 Ps (4.47)

The terms By, (pp,)*(4.49) and Ps := )~ ¢ [mg)(m,y| commute. Hence,

1
= 5 V 2€—n tr Pg\/ be(pbx)QPS (448)

where [5]],
3 (147) & o
Euu(ne)? = {(1 =) (1= 30 ol + 22 3 |mi><mi|} (4.49)
=1
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Let a function f(~y) be defined as[3],

fy) = {\/(1 ) (1 - g’y> + ;7(1 + 7)} (4.50)

then, f(v)" = tr \/Ey.(pp:)?. Let the set of probabilities {¢, } ,c¢ be defined as,

1 3 %(H—Hamm(g)) 7(1 + ,7) %Hamm(g)
= L=9){1-5 — 451
g f('7>n (( 7) ( 27)) ( 6 ) ( )

then the term \/Ey, (py, )2 in (4.48) can be written as \/Ey, ()2 = f(7)" > geg Qg Mg Xmy|.
Putting this into {#.48),

Ps/Ee(ppe)*Ps = f(7)" Z qg [mg)Xmy] (4.52)

geS

Finally, putting (4.52) into (4.48) we can write D as

]
D <5 [ f(y)(tr Y gqlmg)img|)? (4.53)
geS
b 1\/2£7n+2n log f(7)+2log 3" cs g (4.54)
2

4.6 Security of the actual state

Putting (4.8) and (@.54) into (@.18)) we have,

1 1/2 1/2
D < _(28n+2n10gf(’7)+210g(zges‘Ig)) + ( Z pg> (455)

2
geG\S

4.7 The asymptotic rate

In the inequality (4.55), the smoothing terms were induced by > ;.\ s Py [mg)}(my]
and des qg |mg)my|. Let Py = |mo)mo| and P, := |my)mq| + |ma)(me| +

|mg)(ms| then,

3 on
gezgpg g )myg| = ((1 - %)Po + %R) (4.56)
Xn
qu [mg)mg| = f(,ly)n (\/(1 —) (1 - gV) Py + ;7(1 + V)Pl) (4.57)
geg

48



Operators (4.56) and can be seen as representations of a sequence of n i.i.d.
Bernoulli random variables, G := Gy, G, ..., G, with probability mass functions P
and Q that are defined on the same probability space G = {0, 1}". Then for any G;

in the random variable sequence G,

P(G; = 0) = (1 _ 3%) tr(Py) = 1— 377 (4.58)
3
P(G;=1) = %tr(Pl) - 77 (4.59)
QG =0) = i\/ - (1-5)) (4.60)
f() 2
QG = 1) = ——[25(1 1) .61)
f(y) V2

Let,p:=P(G;=1)andq = Q(G; =1)(p < qfor0 < <05),5,:=>" G
Then, Q(S,,) and P(S,,) describe two binomial distributions over the same random
variable S,. Let, the set S be {g : ) . ¢; < na} such that p < o < ¢. Then, by using
the Chernoff bound on the term ) ges dg In (4.55) we get

—n(g—a)2 \ 1/2 1/2
(2Z—n+2nlog f(y)+2loge (%q : ) / + < Z ) / 4.62
Py (4.62)

geG\S

D <

N | =

Due to the weak law of large numbers the term 9e6\s Py in (4.62) asymptoti-

cally goes to zero for p < «. Also, when « 1is infinitesimally close to p, the term
—n(g—a)?

2loge 2« takes its minimum value. Selecting « as p in (4.62)), defining 3 as the

error correction rate ¢/n (3.61) [3] and setting ~y in the definitions of p and ¢ to £,

we can compare the asymptotic rates implied by the distance “without smoothing”

(3.72), and “with smoothing” (4.62). The distances (3.72) and (#.62) can be made
exponentially small for [/n < 1 —2log f(f) and [/n < 1 —2log f(B) + (a-p) loge

q
respectively. The terms that are induced by the post-processing, O(log(n)/n), and the

authentication, 2\ /n, asymptotically go to zero. The syndrome length asymptotically
goes to a/n = h(J3). The length of mpq. is specified as ¢/ := ¢ — 2\ — a (3.8.3).
Hence the asymptotic rates ¢/ /n are; 1 — 2log f(5) — h(f) without smoothing, and
1 — 2log f(B) + =2 Jog ¢ — h(S) with smoothing.

q
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Figure 4.1: Asymptotic rates I’ /n: “with smoothing”, 1 — 21log f() + MqTW loge —

h(B), and, “without smoothing” 1 — 21log f(5) — h(p). |D |D

4.8 The non-asymptotic rate

The trace distance between the actual state and the ideal state is given by the minimum

of two terms [/5]],
. 1
d(BUK | Myye CQE) < min {PCOrr (t,7), 5\/ 23—”+2”1°gf(7)} . (4.63)

In [5], an upper bound to d is selected as d < 27 where v is the security param-
eter. The maximum -y that makes P (t,77) < 277 is denoted as 7,,,,. Note that,
Peorr (t,7y) is a decreasing function of -y, so when v > 7,4, it is apparent that d < 277.
When v < 7,42, Observe that, P, (£,77) > 277. Hence, the second term should be
upper bounded with 27 when v < 7,,4.. The upper bound for 7,,,., is given in [S]
by solving the Chernoff bound for « as

t In 2 tvin?2 In2\?
Ymax (L, V) < Yo(t, V) ::——i-yn +\/2_1/n —i—(ys ) (4.64)

n n n n

The term log f(~p) in (4.63) is an increasing function of . Hence for v < 7,4z, ¢

can be upper bounded as
¢ <n-—2nlog f(v) —2v — 1. (4.65)

This gives the non-asymptotic rate for ¢ without smoothing.
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For finding the non-asymptotic rate with smoothing, we selecting S as {g : > . ¢; <
na} and use the upper and lower tail Chernoff bounds on (4.62)),

1 {—n+2nlog f( )—Mloge 12 —n(a=p)®
=32 R + 2¢ 2wFa) (4.66)

) —n(a—p)? ,
We select « that satisfies e 2+2) < 2 for some v/ € Z1 as

np+In2v ++/In2v (4dnp+1n2v)
o =

, 4.67)
n
and we select ¢ as,
2
¢ <n—2nlog f(vo) + nlg—a) loge — 21/ + 4. (4.68)
q
Putting (4.67) in and defining /' := v + 2 we get
D <27 (4.69)
and using (3.58),
|(Eqxr — F) (6%7) ||, < 2'7% 42" (4.70)

Finally, the non-asymptotic bound on the rate of my,,.. will be deduced as shown in
[5]]. Suppose Alice and Bob are willing to tolerate a maximum distance of #. Each
round adds 7 := 2! + 217 to the distance (4.70). Hence, after N = [0/n] rounds
of accept they will refresh the extractor and the basis keys, u and b. The amount of
bits required are specified as [5] log [U| = log |{0, 1}™ x B"| and log |B"| will be sent
as a part of my,,.. in each round. The rate of useful classical payload after subtracting

all the expenditure can be written as

N2
A=1- g—210gf(’y0)—|—uloge—
n q

30log(n+1) 2X+2v 14 2log|B|
n n N '

|B| is chosen as |B| = 4 (8-state encoding), and error correction length a is[18]]

a = nh(B) + v/n®™ (107%) \/B(1 — B) log L ; 5, 4.72)

where (.) denotes the binary entropy function and ®(z):= [ (27) /2 exp [~2?/2] da.

4.71)

30 log(n+1)
n

Also note that, term comes from the post-selection (3.5))

1€qxr — Fllo < (n+ 1) [|(Eqrr — F) ()|, , (4.73)
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Figure 4.2: Non-asymptotic rates A: (4.71) and “without smoothing”. Parameters are

selected according to [5]: N = 1000, § = 2728, v = A and 8 = 0.02, 0.04, 0.06. The

dashed lines are the asymptotic rates that are given in @
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CHAPTER 5

CONCLUSION AND DISCUSSIONS

The properties of quantum mechanics, most notably, the no-cloning theorem and the
destructive measurement, extended our capabilities of securing our information and
let us develop classically impossible schemes like quantum key distribution and quan-

tum key recycling.

This thesis introduces the main concepts and common techniques in quantum me-
chanics, information theory, and cryptography. Then, it gives a review of quantum
key distribution, and quantum key recycling. Since the noise-tolerant quantum key
recycling protocol was published in 2019, the protocol has lacked the use of smooth-
ing method on the non-asymptotic security analysis, and this was left as an open
question in the paper [3]. It was also argued by the authors that using smoothing can
lead to better results on the rate of the protocol. In this thesis, smoothing is done in a
particular way that would increase the rate. Finally, it is demonstrated that under the
same security conditions, the rate with smoothing is higher than the rate in [3S)] in the

non-asymptotic case.

As a final note, one may consider other ways of doing smoothing, and different con-
centration bounds in the security proof. One may also demonstrate that the non-
asymptotic rate of the protocol converges to the asymptotic rate, which is equal to the

rate of quantum key distribution with one-way post-processing [3]].
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