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Abstract

In classical information theory, union and intersection of typical sets are often used to analyze vari-
ety of problems. Analogous to this, in quantum information theory one desires to construct a POVM
(Postive Operator Valued Measurement) that functions as a measurement on the intersection/unioun

of typical subspaces. However, unlike the classical case this is highly non-trivial the quantum setting.

In this thesis, we study and explore this fundamental issue in quantum information. In particu-
lar, we study the techniques invented by Sen in his recent work [25] for analysing this fundamental
issue for the case of classical-quantum states wherein he studies a very long standing open problem
of simultaneous decoding for communication over classical-quantum multiples access channel. Our
study finds that his techniques cannot be extended for arbitrary quantum states and therefore his re-
sults are not general enough to solve many other important long standing open problems in quantum
information.

Further, we make some progress for the above mentioned problem by designing a binary POVM
which behaves as measurement on the intersection subspace. Our construction utilizes Jordan’s
lemma and has practical applications, such as proving a converse for the asymmetric hypothesis
testing problem. Our proof technique can be viewed as a quantum generalization of the proof pre-
sented in Thomas and Cover’s book for the Chernoff Stein’s lemma.






Introduction

A fundamental bottleneck which often arises in quantum information theory is about calculating
the probability of intersection of two events. Understanding this bottleneck will help us understand
many quantum network information theory problems in the one-shot setting, e.g., entanglement as-
sisted multiple access channel [17], entanglement broadcast channel with common message in the
one-shot setting [3, 25} /1, 5]]. Recently, the the broadcast channel with common message was studied
for the case of classical-quantum channel in [24]. For details on one-shot setting see for example,
[21], [I19]], [18]], and references therein.

This bottleneck was first alluded by Fawzi et al in their paper [11]]. Recently, Sen studied this
problem from the point of view of communication over classical quantum multiple access channel
[25]. In his work, he was able to resolve the intersection issue with respect to classical-quantum
states and their respective marginals . In this work, we make some progress towards understanding
the intersection bottle neck for general quantum states and as an application we give a proof for the
converse of Quantum Chernoff Chernoff Stein’s lemma. Quantum Chernoff Stein’s lemma is a well

studied problem, see for example, [22, 6], [7].

In the classical setting, when we calculate the probability of events under a particular prob-
ability distribution, it translates to measurement of quantum states in quantum setting. These mea-
surements are in general POVM. However, because of the Gelfand-Neymark’s lemma [[13] it is
enough to consider only projective measurements. Therefore, in this dissertation we will use pro-
jective measurements and POVMs interchangeably. In the following section we’ll discuss about the
motivation of this dissertation by going through two case studies to show why, exactly we need a

well-formed notion of intersection (or union) of subspaces.
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1.1 Backgrounds and Preliminaries

Abbreviations

CQ Classical Quantum

MAC Multiple Scces Channel

POVM Positive Operator Valued Measure
AEP Asymptotic Equi-partition Property

CQ-MAC  Classical Quantum Multiple Scces Channel
Notations

We use H to denote a finite dimensional Hilbert space and D(#) to represent the set of all quantum
states acting on {.For any vector we use ket-operator |-) to denote it. For any quantum state p we
define supp(p) := {|i) : Ay > 0}, where \; represents the non-zero eigenvalue of p. Similarly, for
any distribution P defined over a set X we will use the notation supp(P) := {x € X : P(z) > 0}.
Given two distribution P, () over the set X' such that supp(P) C supp(Q), the relative entropy
between P and () is defined as,

e Zrons(2)

reX

Given two quantum states p,o € D(H) such that supp(p) C supp(o), the quantum relative
entropy (also known to be quantum KL-divergence) between p and o is defined as,

D(pllo) = Tr[p(log(p) — log(o)].

For two normal operators A and B we will use the notation II := {A > B} to denote a
projection operator on the positive eigen-space of the operator (A — B). We use p®" over H*", to

represent n independent copies of p.

Facts

Fact 1. [26, Theorem 11.8.1] Let X1, X5, ... X, be a sequence of random variables drawn i.i.d.
according to a probability distribution Py(x) and let P»(x) be any other probability distribution on

sample space X. Then
1 P (X1, Xs,... X,)

—log

— D(P || P,
no " Py(X1, Xe, ... X,) (Pr][P2)

Definition 1.1.1. For a fixed n and ¢ > 0, a sequence (z1, xo,...,x,) € X™ is said to be relative
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entropy typical iff

Pl('Tl;an o 7:1371)

1
D(PlHPQ)_eSElOg —< D(P1HP2)+€

P2(£17x27 ... 7xn)

The set of relative entropy typical sequences is called relative entropy typical set A (P P)
Using relative entropy asymptotic equi-partition property (AEP), we can show that the relative en-

tropy typical set holds the following properties:

1. For (x4, 2, ...,2,) € A™(P|Py),

P2(371, o, . .. 7$n) c [P1(3€1, To, ... ,$n>27n(D(P1HP2)+6)’ Pl(xla To, ... 7mn>2fn(D(P1HP2)fe)] )

(1.1.1)
2. Pl(AEn)(P1||P2)) > 1 — ¢, for n sufficiently large.
3. P2<A£n)(P1||P2)) < o—n(D(P1]|P2)—€)

4. B(A (P Ry)) > (1 — )2 @@+ for n sufficiently large.

To prove our main result in [6.1.1) we will use Jordan’s lemma. This lemma is about simultaneous

block diagonalisation of two non commuting projection operators. We mention this lemma below.

Fact 2. (Sum of subspaces) Suppose S1,.5,, ..., S, be n subspaces with in a vector space V over F'.
The sum of S1, 5, ..., S, denoted as —|_Z»:1 S; can be defined as follows:

n n

i=1 ,
i=1

For this dissertation we’ll use the phrase span of subspaces to refer to sum of subspaces.

Fact 3. (Direct Sum of vector spaces) Suppose we have n distinguishable vector spaces Vi, Vs, ..., V,
over the same field F'. Then, n-fold direct sum (or, direct sum) of the vector spaces V', Vs, ..., V, is
defined to be the vector space @;_, V; where,

@%:X%:{<U17U27"'7UH> |Ui € ‘/1(]' Slgn)}
i=1 i=1

and,
dim {@ VZ} = Z dim{V;}
i=1 i=1
where X?Zl is the n-fold Cartesian product. Lets try to understand the concept with an example.

Say we have two vector spaces V; = R? and V, = R? over R. Then V; @ V5 is a 4 dimensional

ar| . bi| .
vector space over R. Suppose we have a vector |a) := [ "| in V4 and another vector |b) := [;] in
%

2
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V4, then |a) in the 4-dimensional vector space V; @ V5 can be defined with padding | dim{V5}| zeros

aq 0
0
at the below of the vector |a), making |a) = C(L)Q and similarly |b) in V} & V5 would be . So
1
0 by
a1
a2
a) + |b) =
o)+ = |}
ba
Fact 4. (Direct Sum of vector subspaces) Suppose Sy, S5, ...,S, be n subspaces with in a vector

space V over F. S := @, S; is said to be the direct span of Sy, S5, . .., S, if for ever vector s € S
can uniquely defined by set of {s; € S;}icp n) vectors as

n
S = E S;
i=1

Simply put, ifViS; < S then S := @;_, S; if and only if

1.
sin— s, = {0}
J#i
, where {0} is the zero vector space containing the zero vector only.
2.

s=-Fs
=1

Fact 5. (Jordan’s lemma)[20] For any two projectors 111,11, there exists an orthogonal basis in
which 11, and 11, simultaneously get block diagonalised and each of these blocks are either 2 X 2 or

1 x 1. Further, for each 2 X 2 block both 11, and 115 behave as a one-dimensional projector.

Fact 6. (Markov’s Inequality)[|15|]] Let X be any non-negative random variable. Then, for any \ > 0,

Pr{iX >} < @

Fact 7. ([10], [27]) Let p®",0®" € D(H"). Consider 11, := {o®" = 27(D0lo)+3) 581 yyhere
d € (0,1) Then, lim,,_,, Tr[IL,p*"] — 1.

Fact 8. (Gao’s union bound) [12|] Let 111,115, - - - | I1,, be n projectors. Then,

TI‘(Hn cee H2H1,0H1H2 Tt Hn) 2 1—4 Z TI'[HZCp],

i=1
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where I = | — 11,

Fact 9. (Schatten |, norms or Operator norms) Given a field F', F™*" represents set of all matrices
with m rows and n columns. If the vector l,, norm (we are assuming that we already have prerequisite
knowledge about vector 1, norms)is compatible to both F" and F™, then for a matrix M € F™*",
for 1 <] < oo Schatten l,, norm of M, denoted as || M ||, can be defined as

|3]0)]
0], = p

[[[0)]1,,70 [[v) Hp
We have two special cases of Schatten /,, norm:

1. for p = 1, || M||, also known as trace norm is nothing but summation of all singular values
of M.

2. for p = oo, ||M]|, also known as operator norm is nothing but largest singular value of M.

Fact 10. Given a Projective Measurement 11 and two states py, p; € D(H) then,

Tr[(p1 — p2)] < |lpr — p2lly

Fact 11. (Operator norm and trace norm relationship) Given two operators A and B on H, we have

the following inequality

[ABIl, < min{|[A[|,[| Bl [ Allo[|1Bll1}-

Fact 12. (Gelfland-Neymark’s Lemma)[13] Let 11 be a POVM over a Hilbert space H. For any
arbitrary integer d > 2, there exists an normal projection 11" in H ® C? such that for all linear

operators A acting on ‘H, we have
Tr[I1A] = Tr[I'(A ® [0)(0|°")]

Above, |0) is a fixed quantum state-vector which is not dependent of Il and A , in C°.
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1.2 Motivation

There are quite a lot of classical problems which can be generalised in quantum scenario with the
help of a "notion’ of intersection of subspaces. In this section we’ll explore two of them and in the

upcoming chapters we’ll show certain construction of “intersection’ of subspaces.

1.2.1 Case Study A : Hypothesis Testing and Chernoff Stein’s Lemma

Hypothesis Testing

A fundamental problem in information theory is asymmetric hypothesis testing. In classical setting,
if we are provided with two probability distributions P and () on a common sample space .A. Then
a classical test on A can be defined as a function 7" : A — [0, 1]. For a sample instance A, T'(a)
denotes the probability of acceptance by the test. Let 0 < € < 1. Now, we give the definition of the
classical hypothesis testing relative entropy D%, (P||Q) as following:

T3, T(a)P(a

D5 (P||Q) == max - log > " T(a)Q(a) (1.2.1)

Notice that, the above definition of hypothesis testing is asymmetric because, we are min-

imising over all tests on A accepting( i.e. accepting the true distribution which A follows ) the
distribution P with very high probability(1 — €) or, very low (¢) probabilities of error to get the
optimal test which minimises the acceptance probability of the distribution Q).

We can give an analogous definition in quantum scenario. In this problem we are given many
independent and identically-distributed (i.i.d.) copies of a quantum system described either by p or
o. The aim is to minimize the probability of wrongly identifying p in place of ¢ under the con-
straint that we correctly identify the state p with high probability. Formally, the problem is defined

as follows:

€ (AN ;N . ; @n
D5 (p%"|o ).—Hnm[r}f;gnBl_ﬁTr[Hna |. (1.2.2)

If we are provided with only one copy of a quantum system described either by p or o, then quantum

hypothesis testing relative entropy D (p||o) can be defined as following:

D5 = i Tr(Io]. 1.2.
w(pllo) . r[lo] (1.2.3)
Classical Chernoff Stein’s Lemma

In Chernoff Stein’s lemma, we consider the problem of testing two hypotheses, P, vs P,. We fix

one of the probabilities of the error and try to minimize the other probability of error. We can show

10
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that the relative entropy is the best exponent in probability of error. Before stating Chernoff Stein’s

lemma let’s give the following lemma which helps proving the converse of Chernoff Stein’s lemma.

Lemma 1.2.1. /26, Lemma 11.8.1] Let B,, C X™ be any set of sequences x1, xs,--- , T, such that

P\ (B,) > 1 — €. Let P, be any other distribution such that D(P,||Py) < oo. Then, P»(B,) >
(1 — 26)2- (PPl P2)+).

Now we will state the classical Chernoff Stein’s lemma

Lemma 1.2.2. /26, Theorem 11.8.1] Let X1, X5,..., X, ~ Q). Consider the hypothesis test
between two alternatives. H, : Q = Py and Hy : Q = P, where D(P| P,) < oo, Let Ay C X" be

an acceptance region for hypothesis H,. Let the probabilities of error be

oy, = PMAY), By = P} A,). (1.2.4)
and for ) < € < % define
By = Jmin, Bn (1.2.5)
an <€
Then, )
lim —log B, = —D(P,| P») (1.2.6)
n—oo N

We will derive a lemma analogous to[Theorem 1.2.1|in quantum scenario but in[Theorem 1.2.1],
we used the concepts of union and intersection of two sequence of sets. So that’s why we need a
generalised notion of intersection and union of measurement operators. In we will further
discuss about this and give a construction of intersection which will help us to prove the lemma

which in turn will give the weak converse for Quantum Chernoff Stein’s Lemma which is similar in
flavor with [Theorem 1.2.2)

11
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Y [ERI] ER5 81 X 4
Alice Encoders Channel Z D (g, h2) ‘
|

[2‘1—""’} 3 g Y G Decoder Charlie
o 2 P(Z|XY
N (Z]XY)
Bob

Figure 1.1: A classical MAC. Alice, Bob input their consecutive message-pair (mj,msy) to the
encoder and then feed the encoded code-words to the channel. Charlie use the decoder to get his
guess (m;.my) of the sent messages. X, Y are the random input alphabets and Z is the output
alphabet of the channel.

1.2.2 Case Study B : Classical Multiple Access Channel (MAC)

In this particular case study we’ll show the need of an intersection argument by demonstrating the
working of a one-shot(i.e. the channel can be used once for transamission of the data) classical

multiple access channel(MAC). For now let’s assume two transmitters(or, senders).

Say, Alice and Bob are the two systems who are willing to transmit their corresponding mes-
sages to a common receiver Charlie with rates R, and Rs bits/symbol. Let’s say mq, my be the
messages for Alice and Bob respectively. Then m; € [2f] and m, € [2%2]. Now a classical one-
shot two-sender one-reciever MAC € connected to Alice and Bob at the input terminals respectively
with the corresponding input alphabets X and ) and to Charlie at the output terminal with an output
alphabet Z.

Upon getting the message my, Alice encodes it to a letter z(m;) € X and similarly Bob,
encodes it’s message ms to a letter y(ms2) € ). The channel has a well-defined probability distribu-
tion p(z|z,y) foreach x € X,y € Y,z € Z. So let’s assume channel outputs a z € Z according to
the distribution p(z|z(m1), y(m2)). Let 0 < e < 1. Charlie now has to devise some decoding algo-
rithm to guess the messages m and my from the output with a condition on the average decoding
error at most O(€).To get a better understanding of it refer to which is depicting an image
of classical MAC.

We construct the code-book ' in a following randomised approach. Initially we fix the prob-
ability distribution p(x) and p(y) of the input alphabets X and ) respectively. Then for each
my € [2%1] we choose its corresponding encoding in X" as z(m;) independently following the
distribution p(x) and for each my € [272] we choose its corresponding encoding in Y as z(m;)

independently following the distribution p(y).

12
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Generally the outcome z depends both input letters  and y. So z must follow the original
channel probability distribution p(z|x, y). So the true probability distribution on X') Z is as follow-
ing:

P2 (2,y, 2) = p(2)p(y)p(z]z, y) (1.2.7)
The decoding strategy devised by Charlie must capture the true distribution only, but due to noise or

some other reasons there can be room for certain errors and which can be of three possible types:

* There might be a possibility that the outcome z only depends on z, i.e. unlike the true  dis-
tribution of z, the captured distribution is p(z|z). Then the distribution on X)) Z can be given
as:

(% x p”)(2,y, 2) = p(z)p(y)p(z|z) (1.2.8)
where, p(z|z) = >_, p(y)p(2|z, y)

* Another possibility is that the outcome z only depends on y i.e. here the captured distribution
is p(z|y). Then the distribution on XY Z can be given as :

(% x p*)(x,y,2) = p(x)p(y)p(z|y) (1.2.9)

where, p(z|y) = >__p(x)p(z|z,y)

* the last one is that the outcome 2 depends neither on = nor y. So, in this case, the captured
distribution is p(z). Then the distribution on X'} Z can be given as :

(" x p¥ x p?)(z,y, 2) = p(x)p(y)p(z) (1.2.10)

where, p(z2) = ZW p(x)p(y)p(z|7,y)

Now we consider the tests 7, 7% and T which are the optimal tests coming from the classical
hypothesis testing relative entropy definitions D¢, (p*>?||p*# x pY), Dy (p*Y?||p¥? x p*) and
DS, (p¥Y2||p* x p¥ x p®) respectively. For the sake of compactness, we will use hypothesis testing
mutual information quantities I§,() : XZ),I5(X : YZ) and I§;(X)Y : Z) to represent the classi-
cal hypothesis testing relative entropy quantities DS, (p*Y?|[p*Z x p¥), D% (p*¥?||p¥# x p*) and
DS (p*Y2||p* x p¥ x p®) respectively. From the definition of classical hypothesis testing relative
entropy we have following properties for 7%, 7% and T', which are following:

> p(w,y, )T (w,y,2) > 1—€

Ty,
pr 2py)T¥ (z,y, 2 )<2’I?I(y:XZ),
2y,

Zp(x, y,2)TY (z,y,2) > 1 —¢

29,2
S el T 00 5) < 20,
T,z

13
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Zp(x,y,z)T(x,y,z) Z 1 — €

x7y)z

> p@)p(y)p() T (2, y, 2) < 2713Y2),

x?y7z

Notice that, each of T, 7% and T aims to keep the acceptance probability of the true dis-
tribution very high (1 — ¢) while making the acceptance probability of the erroneous distribution

exponentially small.

Finally we will try to give the decoding strategy which will be followed by Charlie to guess
the message pair (mq, ms) sent by Alice and Bob respectively.From the above discussion we have
observed that each of these tests 7%, T and T are designed to solve particular types of errors we
discussed earlier. But we need to design a test which can itself solve all the types of errors. So we
need a intersection test 7' := 7% N T% N T. If the channel output is z then Charlie uses following
randomised algorithm for decoding the message pairs, which we have referred from [25].

Algorithm 1 Randomised Decoding Strategy [25]]
for m,; = 1to 2" do
for m, = 1to 22 do
Toss a coin with probability of HEAD
being T'(z(my), y(ms), z)..
if the coin comes up HEAD then
declare (mq, ms)as Charlie’s guess and HALT.
end if
if the coin comes up TAIL then
go to next iteration.
end if
Declare FAIL if Charlie did not declare any guess above.

Now we will try to analyse the performance of the decoding strategy by finding it’s expected
decoding error probability under a choice of random code-book C'. Let’s assume the input to the
channel was the message pair (my,ms). A decoding error happens if Charlie gets HEAD for a
message pair (my,msy) # (mq, my) or if Charlie gets TAIL for the actual message pair (my, msz).
Then the expected decoding error probability under a choice of random code-book C' given the

inputted message pair (mq, ms) is given by:
Ec[p.(C;my, my)] < 2fatRep=15(X¥:2) 4 of2o-I;(ViX2) | ofig-Ij(¥Y2) L 3¢ (12.11)

Now the probability of average decoding error under a choice of random code-book C' can be

given as:
1

(m1,m2)

14
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Now the expectation of the average decoding error probability under a choice of random code-

book C' can be given as:
Ec[p.(0)] < 2f1tR2g-1i(XY:2) 4 oRe9=1};(V:XZ) 4 gfig=I;(¥:Y2) 4 3, (1.2.12)
So, for any pair (Ry, R) lying in the following region:

Ry <Iy(X:YZ)—logl/e,
Ry < I5(V: XZ) —logl/e.
Ri+ Ry < Iy (XY :2Z)—logl/e

there exists a code-book C' with average decoding probability less than Ge.

Now if we try to get something similar bounds in quantum scenario we can think of a quantum
version of one-shot MAC € with two input taking classical alphabets with underlying random prob-
ability distribution and one shared quantum output. Alice and Bob are connected to input terminal
and Charlie is connected to the output terminal. We call this type of MAC as a classical-quantum
MAC or CQ-MAC. Similar to that of classical case let’s say m; € [2%1] and m; € [2%] be two
messages sent by Alice and Bob respectively. The two input alphabets of C' are X and ) and the
output is in the Hilbert space Z. If x € X and y € Y are inputted to the channel then it outputs a

quantum state with density matrix given as p,, € 2.

Upon getting the message m;, Alice encodes it to a letter x(m;) € X and similarly Bob,
encodes it’s message m to a letter y(msq) € V. With 2(m;) and y(m2) being inputted to The chan-
nel it outputs a state pu(m,), y(m.)- Let 0 < € < 1. Charlie now has to devise some decoding algorithm
to guess the messages m; and ms from the output state with a condition on the average decoding
error at most O(e).

We basically can represent the channel with all of these systems &’,) and Z with a classical-

quantum state given as following:

7% =3 p(a) 2} (o] @ pl)ly) (vl © Pz

x|*

where |x)(x|*’s and |y)(y|”’s are orthogonal states and interpreted only as classical systems

because they are well-distinguishable.

We construct the code-book C' in a following randomised approach, which is quite similar
to what we have done previously in classical case. So, the tensor products of the marginal states
of the original state, p*% ® pY, p¥? ® p* and p* ® p¥ ® p® can occur erroneously. To resolve

these types of error we need the following hypothesis testing mutual information terms or quantum
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hypothesis testing relative entropy (which we have already defined in|[I.2.3) terms:

I3(V: XZ) = Dy (p*¥?|p*? © p”),
I5(X : YZ) .= Dy (p*?]|p”? @ pY), (1.2.13)
I (XY 2 2) = Dy (0% [p* @ p” @ p?)

Notice that in classical case we constructed a test T’ by performing the intersection three dif-
ferent test elements 7%, 7Y and T which are the optimal tests coming from the classical hypoth-
esis testing relative entropy definitions I§; (Y : X 2Z), 15 (X : YZ) and I5; (XY : Z) respectively.
Similarly, suppose II¥, IT”" and II be the optimal POVMs coming from the definition of quantum
hypothesis testing relative entropy definitions I5(V : X2),I5(X : YZ) and I5(XY : Z)
respectively.let 0 < e < 1. We need such an intersection POVM IT of the above three POVM:s such
that it holds the following properties.

Te[IIp*Y%] > 1 — P(e), (1.2.14)
Tr[[1(p" % ® p¥)] < 27 0 ¥2), (1.2.15)
Tr[ll(p”? @ p")] < 27192, (1.2.16)
Tr[ll(p" ® p¥ @ p?)] < 27 H (¥, (1.2.17)

where P (¢) is a polynomial function of e.

If such a POVM II exists over the Hilbert space X)) Z, then we can achieve the following
rate pair region
Ry < Iy(X :YZ)—logl/e,

Ry < I (YV:XZ)—logl/e. (1.2.18)
Ri+ Ry < I (XY :2)—logl/e

with an average decoding error probability atmost O(e).
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1.3 Contribution of this dissertation

* We have examined the research conducted by Sen [25] on constructing POVMs on the in-
tersection subspace for classical-quantum states using two non-trivial concepts: tilting and
augmentation. Additionally, we have explored its potential application in proving error upper-

bounds for a classical-quantum multiple access channel (MAC) under one-shot conditions.

* We conducted a study on the input space distribution of a classical-quantum multiple access
channel and found that they are generally mutually independent. However, we also discovered
that even if they are dependent, we can still utilize Sen’s work [25]] on the joint distribution of
input spaces to obtain a comparable upper-bound for error probabilities. This approach may

prove useful in addressing other quantum information theory problems in the future.

* We attempted to apply Sen’s approach from [25] to assess its effectiveness on general quantum
states. Establishing an error upper bound for general quantum states would enable us to deter-
mine an error upper bound for Entanglement assisted MAC, which differs from vanilla MAC
in that it operates on general quantum states. Regrettably, Sen’s ideas are only partially appli-

cable to general quantum states. We conducted an analysis to determine the cause of this issue.

* Our work presents a new approach to defining the intersection of two measurement opera-
tors and establishes a lower bound for measurement probabilities. We conducted research
on asymmetric hypothesis testing and the Chernoff Stein’s lemma, a significant breakthrough
in information theory. Using our approach, we were able to prove a weak converse of the
Quantum Chernoff Stein’s lemma.

In the next chapter, we’ll try to show that the notion of intersection of two or more measurement
operators is highly non trivial and will see some approaches to create a robust notion of “Intersection

of Measurement Operators” gradually.
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1.4. ORGANIZATION CONTENTS

1.4 Organization
* In the first Introduction we discussed about the main issue that our dissertation fo-
cuses followed by providing some needful preliminaries to for understanding the dissertation

better and then giving the motivation behind working on this issue.

* The starts with demsonstrating the highly-nontriviality of Intersection notion of cer-
tain POVMs and then discussing about the concept of geometrically tilting[25]] a state.

* Chapter 3| discuss about the techinique of ’smoothing and augmentation’[25].

e In we investigate an one-shot probability innerbound for a CQ-MAC[278] and then
provide a more generalised version of the proof.

* Chapter 5| provides an attempt to map the strategy discussed in to prove similar kind
of upper-bounds for general quantum states.

* In chapter 6] we give a novel construction of intersection of two measurement operators and

provide a lower-bound of probability for general qunatum states.

* Finally in we draw our conclsion of this thesis work and discuss some further open

ideas which we will be interesting to work on.

18



Chapter 2

Tilted Span

2.1 Non-triviality of Intersection of measurements

Before going into the main construction we will first try to show that the notion of intersection of two
or more measurement operators is highly non trivial. But at first we need to set some presumptions.
Let I1;, I15 and II5 be three non-commutative POVMs(i.e. they might not have the same support set).
Using Naimark’s dilation theorem we can have an embedding to an extended Hilbert space such that
we will have an isometric orthogonal projective measurements ﬁl, Il, and II; corresponding to
each POVMs mentioned above. Now we can try taking the projector IT over the intersection of the
support set of l'fl, l'Iz and ]._Ig. Now, let’s see some attempts to create a robust notion of Intersection
of Measurement Operators”.

2.1.1 Intersection of supports

If Iy, I, and I1; are three projective measurement(i.e. they might not have the same support
set) Now we can try taking the projector I1 over the intersection of the support set of ﬁl, I,
and ﬁg

The above approach of taking intersection suffers an issue which is due to the reason that the

intersection can be a zero subspace( since the projectors can be non-commutative sometimes).

2.1.2 Simultaneous Product of Measurements

Another simple approach can be taking the product of the projectors 11 := T, [, TT5 15 1,115
But this approach could fail since the projectors are non-commutative in general , sandwich-

ing one projector by the other will depend on the ordering of the projectors appearing in II.

Let’s try to analyse it with taking Case Study as a reference.
We had POVMs I, I1Y and I as defined in Case Study and we need a II such that it

satisfies Properties [[1.2.1411.2.17].. If we define IT := [I¥TIYILIIIY 1Y, Property [1.2.14{ can

be satisified with a lower-bound of 1 — o(¢) using Fac But if for the other three properties

it’s quite unclear that whether thay can be satisfied synchronously.
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2.1. NON-TRIVIALITY OF INTERSECTION OF MEASUREMENTS CHAPTER 2. TILTED SPAN

For an example, if we try to analyse the below expression,

Te(1(p>? ® p")]
= Te[II' TP ILIIIYTIY (Y2 ® pY)]

If someone tries to prove Property [1.2.16, we know Tr[II(p¥Z @ p¥)] < 2-1a(¥Y2)

2.1.3 Span of Orthogonal Complements

In classical scenario, we know intersection of a family of events(classical) is nothing but the
complement of the union of the individual complement of the events. Using similar intuitions
we can take the span of the supports of the projectors as a notion of 'union’ of a family
of projectors. Now complement of a POVM 11 in a Hilbert space H is defined as 13, — 11,
which is a projection(for the sake of simplicity let’s assume POVMs to be projectors) on the
orthogonal complement of the subspace 11 is projecting onto.

But this method fails again due to the fact that the span of the support can take up the whole

Hilbert space the projectors act on, making the complement of the span a zero subspace.

The concept of ’tilted span of subspaces” aims to enhance our understanding of the union of
POVMs, or more specifically, the union of subspaces that the POVMs project onto. The next section

will delve into the notion of tilted span subspaces.
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2.2 Tilted span of subspaces

Let H be our original Hilbert space. Let’s consider Hilbert spaces #;,j € [l|, each of the same
dimension as of H i.e dimH. Now define the conjugated and extended Hilbert space H=H
{@jeyH,;}. Consider &;,j € [I] be linear maps mapping #H isometrically onto H; ,for j € [I], let
0 < a; <1, we design our a;-titling map &, : H; — H as follows:

Eia; = V1 = ajLly + \/a;E; (2.2.1)

where &; is an isometric embedding of H to H; and 7, is the identity embedding of H to H. We

will now give the formal definition of tilted span of subspaces. &,

Definition 2.2.1 (Tilted Span). Ler 0 < a; < 1,Vj € [l]. The subspace SN (W;) < H will be
called the a;-tilt of W; along the j-th direction. The subspace W q, ....q,) 0f H defined by

------

77777

is called the (ay, ..., a;)-tilted span of W1, ..., W,.

2.2.1 Ilustration of Tilted Span

Now let’s try to understand how the above concept is working with an example. Let’s assume our
original Hilbert space is C2. Now let W, := span{|0)} and W, := span{y/1 — €|0) + /€|1)}.
Consider a quantum state p := |1)(1|. Now the probability of p being accepted by W, W5 is 0 and €
respectively, but the probability of p being accepted by span{W;=+W,} is 1.The reason behind such
behaviour is due to a small angle between W5, W,. Now using tilting of subspaces we can actually
push(tilt) W, and W, away in a mutually orthogonal direction while embedding them isometrically
in an extended Hilbert space. Let’s say the original Hilbert space A = C?. Now V;j € [2],we define
A; = C? and the extended Hilbert space is given as A= Ao A & A,. Now, using the above
mentioned concept of tilted span of subspace, for a given 0 < a < 1 we have the tilted subspace W/

and W, as follows:

Wi := span{v/1 — a|O>A + a0y}
Wy = span{\/(1 — a)(1 — €)|0)* + Va €)[0)42 + /(1 — a)e|1)? + Vae|1)42}

Now we define the a-tilted span W, := span{W|, W}} or W, := span{W|+W,}.

Let’s define the basis of tilted subspace W{ and WJ as |u) := /1 — a|0)* + /a|0)* and |v) :=
V(L —a)(1 =€)yt + /a(l —€)|0)*2 + /(1 — a)e|1)* + /ae|1)“2 respectively. But they are

21




2.2. TILTED SPAN OF SUBSPACES CHAPTER 2. TILTED SPAN

P) oo

W4 .= W) tilted along Z

W
/ | Hyl

Pathology : Span can take entire space

W{ = W, tilted along Y
Tilting : The drawback is resolved

Figure 2.1: Span versus tilted span : WW; and W, are two subspaces in the same plane as the paper
is having two orthogonal co-ordinate basis X and Y. We have a quantum state |p) also in the same
plane. The left figure shows |p) has small projections on the two subspaces but very large projection
on their span W, + Ws. In this particular scenario |p) is lying completely on the span W; + Ws.
On the contrary in the right figure, we can see that W, is tilted along Y and W, is tilted along a
orthogonal direction Z which is assumed to be perpendicular to the plane of paper. The quantum
state |p) now has small projection onto the span W/ + W, of the the two tilted subspaces W] and
|4%9

not orthogonal since (u|v) = (1 — a)y/1 — e. Notice that |||u)||,._,, we need to find a orthogonal

projection [p) of [v) on |u). So, |p) = (|u)(u|)elv) = (1 — a)\/(1—a)(1 —€)|0)*

a)y/a(1 — €)]0)*1. So an orthonomal basis |v') along [v) — |p) is as following :

V') = ! —a)(l—e — €)]0)A2 — )
V) \/E+a(1_6)(2_a)( ay/(1—a)(1—e)]0)* + a1l —€)]0)* + /(1 — a)el1)*
+ Vae|1)? — (1 — a)y/a(1 — €)|0)* )

So,

B e s (wa == alo

+Va(l — 6|0y + /(1 — a)e DA + Vae|1)?2 — (1 — a)y/a(l — €)|0)A )}

W! = span{\/l — al0)? + /a0y
Now we can see the projection of |p) onto W, is of length
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(1 —aw)e _ (1 —a)e (222)
Vet+all—e)(2—a) Va o
< % (2.2.3)

Now here is due to the fact that o € (0, 1) and is due to the fact that ¢ € (0, 1). Setting
a = /e we get the length less than er and the probability of |p) getting accepted by W/ is less than
/€ and the [5-norm of the difference between the original subspaces and the tilted subspaces are in
O(22.¢1).

In the next section we will work out an example to get a better view of this notion of tilted span”.

Before going into that let’s prove a proposition which will later help us in while proving

error upper-bounds for a classical quantum multiple access channel using the concept we discussed

in [chapter 2|and [chapter 3|
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Proposition 2.2.2. [25| Proposition 2] Let 0 < a < 1. Let |h) €H be a unit vector. Let Wy, ..., W,
be [ subspaces over H. Vj € [l], define ¢; := HHW].|h>H; and let 0 < a; < 1. Define a :=
min;.;ca;. Then,

S
;/I]lg[}l(]< &])6‘7 - W(CL1 ,,,,, ”‘l)’ >

Proof. At first, we will try to prove the lower bound.

(2.2.4)

2

l
> ST IVI =l 0|, (2.2.5)
j=1
l
= > =) [ )
j=1

I
= (1—aye
=1
> mazj.jepn (1 — aj)e; (2.2.6)

Here the inequality in[2.2.4]is due to the fact that the length of the projection of a vector in a subspace
should be greater than equal to the sum of the square of the length of the projection of that particular
vector on the individual basis and [2.2.5| follows from the definition in[2.2.1 Now we have to prove
h) = Z§:1 Ajlu;), where Vj € [l], u; € C, and \uj> is an arbitrary unit vector in &£, (W;). Let
luj) = E;q,(|v;)), where |v;) is a unit vector in I¥; and can uniquely determined by |u;), since for
any j € [l],; 4, is an isometric embedding. So now we can write,

~ 2 ! ! 2
[, = 1> VI=asmslon + - vanes o))
j=1 Jj=1
1 2 i
> 11> vaAi€s(lv;))
j=1 9
l
>a > [N (2.2.7)
j=1
In the other way,
~ |12 A A
[183]], = 14l
= ’<h‘HW(a1 ..... a;) h>‘
l
< |(hliy| = |32 A (hlus)
j=1
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b l l

SN DV DS (2.2.8)
j=1

j=1

Here a is due to the fact *forgot the theorem* and b follows from Cauchy-Schwartz inequality.Now
from the above inequalities[2.2.7]and 2.2.8 we get,

l

!
ay | DR < D[Rl
j=1

j=1
l

= | D>_(1 = a;) [(hlop)? (2.2.9)
\&
l

:\2(1—aj) (| Ty, | 00| (2.2.10)
j=1

— Z(l —a;)(h ‘ij‘ ;) (v; |HWj| h)

Jj=1

l

\ > (1= a;)(h [Ty, [Ty, | h) 2.2.11)

Jj=1

IN

l

=\ 20 =0T, )

(2.2.12)
(2.2.13)
l
> e (2.2.14)
j=1

Here follows from the definition of |u;), and notice that £;(|v;)) is in#;, while |h) belongs to
‘H, so they are mutually orthogonal sine they reside in mutually orthogonal Hilbert subspaces in the
extended Hilbert space i.e. . So, (h|&;(|v;)) = 0 and we are only left with (h|v;) .For since
;) € W; projecting it in TW; will left us with |v;) only i.e Iy, |v;) = [v;). 2.2.1Tfollows from the
fact that |v;)(v;| < I . Now if we put the RHS of 2.2.13|and 2.2.14]in [2.2.8| we get,
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|12

l

2

EN DSV RDIAN
j=1

j=1

(2.2.15)

]

So we have successfully proved our proposition. As a corollary we now give a small extension to

Propostion 1.

Corollary 2.2.3. [25, Corollary 1] Let |h) € H be a unit vector. Let Wy, W7, ..., W, be subspaces
of H. Vj € [l] U0, define ¢; := “ij\h)“22 and let 0 < o < 3. Define the subspace W of H as W
=Wy + W,. Define € := 1776“ Z;Zl €;. Then,

max{e, (1 — oz)(;ggfﬁ €)} < [Mwlh)ll oot ¢y
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2.3 An Instance to Exemplify

Now let’s try to apply this result and see how our approach works in an example. Let’s say we have
three POVMs Ilyy, , [Ty, and Ilyy, projects(for the sake of generalization) on the subspaces Wy, Ws
and Wj each belongs to H and we have a state vector |p) and p := |p){p|. Now Vj € [I], for
e € (0,1) tr[lly,p] > 1 — € and for each j € [I], My o = (Iy — Ilw,) is a POVM projecting on
WjL. Now lets define the a-tilted span W* € H as follows:

w

Wit = —|_ Sj,a(Wji)(Where 0<a<l)
=1

1=

So our required POVM is (I; — Il ) where H=H&H, & Hy® Hs, where Vj € [3], H,;is a
Hilbert space with dim (). Thus,

tr{(Ly — Mg )pl =1 — tr(lly.p]
=1 —tr{lly.|p){pl]
=1 —tr[(p/ys[p)]
=1 — (p|ILw Mt [p)
=1—||Hws]p)]],. (2.3.1)

Now Similarly Vj € [3],

tr{y.p] = tr{(ly — T, )p]
=1 —tr[(p|Ilw|p)]
=1 — tr[{p[Iw; 1w, |p)]
=1 — (p[Uw; [w;|p)
=1- HHW;‘|p>Hz2§5
= || 1), = 1= M0 1)) e, (232)

22

Continuing from [2.3.1] using the result proved in[2.2.15| we can write,

tr{(Ly — Mya)pl = 1 — ||yt |p) || 0
>1—-3 (1 —a) €
(8]
e
(8
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Taking o = /€, we have the bound ¢r[(L; — IIy1)p] > 1 — 3y/e. Continuing from , using the
result proved in[2.2.6) we can write,

tr((Ly — M1 )p] = 1 — || My2]p) | o
<1—(1—-aw)

Taking o = /¢, we have the bound tr[(L; — ITyy1)p] <1 — /e
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Chapter 3
Smoothing and Augmentation

Let’s try to build a more robust notion of intersection of subspaces. Consider we have a pure state
WYY on a bipartite hilbert space X ® ). The state can be expressed in state-vector form as :

(U)AE = " prasla) @ [b)°,
a,b
where |a)#, |b)? are computational basis of the Hilbert space A and B respectively.

3.1 Smoothing

If we tilt |¥)“5 isometrically in a particular way to get a state | )45 over a larger Hilbert
space A’ ® B’ which can be expressed as following:

[UHAE = paa(VI = 2ela) + Vela) ' + Vela)™) @ (VI = 2€[b)" + Velb) P + VVelp)®),

where a and b are the indices for corresponding computational basis |a) and |b) and for each (a, )

we assume A’ and B’ are symmetric in nature and given as:

./4/ = A@ (@Aa) D (GEAZ)) )
B =B (@Ba) & (eEBb)

Here, A, and A, are orthogonal Hilbert spaces of equal dimension as that of A and B, and B, are

orthogonal Hilbert spaces of equal dimension as that of B. Now if we try to represent | /)45 as a
density matrix W’ B’ which can be expressed as following:
(\I/’)A/B/
=D > ttaptty y (VI =2c|a)* + Vela)* + Vela)®) (VI = 2¢(a/[* + Ve[ + Veld | )
a,a’ bb’

@ (V1= 26[0)° + VVelb) ™ + VVelb) ) (VT = 26(V/|" + Vet | ™ + Ve(t|™)
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Then, we can write,

(v

— TrB/ |:\IJ,AIB/:|

= Tr |50 3 praattiny (VI = 2ela)* + Vela) + Vel ) (VT = 26(a'[* + Vela |4 + Vela|)
a,a’ bbb’

@ (VI = 2e0)" + Velb)® + Vb)) (VT 2e(W] + Velp|® + Ve®)
= S (VI 2ela) el Vel ) (VT 2 + V(e )
_ (\P//)A’ + (I).A’

where

(@A =" (Z ua,bu;:.b) (VI = 2ela)™ + Vela) ) (VI — 2¢(a’[* + VVe(d ™)

b

a,a’

and

fosed
=3 ptanty (VI =2¢|a)* + Vela) ) (Vela'[*) + (Vela) ™) (Veld |*)+

(Vela)*) (V1 = 2e(a’[AVe(d'[*))
If we define the following two normalised isometric embeddings £ 4 and &, from A to A’:

Ea (]a>“4) =1 = 2€|a)? + /e|a) e,
& (la)*) == Vela)™

It’s trivial to see that ||£4]|, < 1 and [|&||,, = 1 (since it’s an identity embedding) and for every
b, ||&|., are equal in magnitude. Now, consider the following mathematical expression: (¥”)4,

which is an isometric tilt of (¥')#. Now, assume a state |¥;) with the following form:
W) =) Hapla)”
If we substitute |¥}) in the expression &4 we get,

, A A A
O =) T EAN(W|E] + VED EJTNTLIEL + €D ET) (W€
b b b
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To prove that the expression &' is small in the operator (I, )-norm defined in ??, we need to show...

o

A A A
= (VD EAlU)(T|E] + Ve Y " ETNTIE, + > ET,) (T €]
b b b

A A A

< |VED EA T (W] |0y) (W3 € E|U) (¢

b 00 0o b o0

A i A t

<2Ve| > EAUNTIEN| + €D E W) (W]E]

a b o b 0o
A ; A i

;MZ]&AM@M S A

o0 b
A

A
2/ |B| ( max || £ W) (W] Ep|Wp) (W, |E]

VAN

) +€|B| <m§1x

)

A A

< 2yl (mpx |eawiftol| el ) +el8l (mpxten. |reitol] el )
A ~ A -

= 2/€|B| [ max ||E4| W) (U] ) + ¢ |B] (max Wy ) (W | )

|‘I’b><‘1’b| |‘I’b>< b

y
)

) +€e|B| (max

< 2v/€|B]| | max |\I/b>(\lfb| +€|B| <maX

)

[Wp)( ‘1’b|

|‘1’b (U]

A
< 3/ |B| (max | |9, (,)

(o
(o
(s
2B ([l mpx
(s
(s
(o

A
< 2v/€|B| | max ||| W) (T, ) +€e|B| (max
h 1

< 3Ve|B] (maxnmb *‘Hi)

|\I/b>AH§ is the measurement probability of

getting the outcome b. Hence, if the probability ‘distribution of measurement outcomes of B has

low (I )-norm i.e. it is ’smooth’, then we can say H<I>A/ = || (A = () A ., is small.

Lastly, with all these analysis, what we are trying to say is, although (U')A5" is tilted along
both ’a’ and ’b’ directions( by "’ direction we mean tilting along the {A,, B, }, family of Hilbert
spaces and by ’b’ direction we mean tilting along the {.A,, B}, family of Hilbert spaces), after
tracing it out over ', (U')* is predominantly tilted along ’a’ because it’s very close to ()" in
operator ([, )-norm. Thus we can conclude that although if a bipartite quantum state (i.e. with two
different subsystems), is tilted along two mutually orthogonal directions, its reduced (traced-out)
state is primarily tilted along only one of those directions. This phenomenon is called smoothing a
traced-out quantum state over a subsystem. In the above discussion we actually smoothed (0')A%

with respect to Trg[-].
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3.2 Augmentation

In the above section we learnt ’Smoothing’ of a quantum state. However, notice that smoothing
(U")A'B" with respect to Trp:[-] in the above-mentioned example is only possible if the measurement
probability distribution of measurement outcomes of B is ’smooth’ (simply put, the probability dis-
tribution must not have any peak). But for an arbitrary bipartite quantum state ¥ this might not
always be true. So to ensure *smoothing” we need to augment the state W5,

Observe that the state W% is basically defined over two Hilbert spaces A and B. To en-
sure smoothness of the measurement probability distribution of a reduced state over any of the two
Hilbert spaces, we have to enlarge the Hilbert space and uniformly spread the distribution over the

larger Hilbert space.

We define two larger Hilbert spaces A and B as:

A:zA@EA
B:=B®LP

where, £4 and LZ are new augmented Hilbert spaces of dimension |£|. We can now define our

augmented state 4B gver A and B as follows:

PAB = | 2|20 @ 157 @ 127

AB
)

Now we can tilt U458 to get a state (\17’ in the similar manner we have done in the previous

section. Now if we have a mixed state (ensemble of certain pure states) we can tilt it by tilting all

. - AB ..
the pure states components of it. So for (/) % it’s trivial to see that
H (\I}’)A/ o (\I;”)A/ < 3\/E ’B|
o L]

If we set the dimension of augmenting system || is large enough we can certainly achieve
smoothing with respect to Trp/[-].

In the next chapter we’ll try to apply the proposed techniques discussed in and
in a two party classical-quantum multiple access channel (cq-MAC) to check whether we
can get our desired properties defined in[I.2.18§]
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Chapter 4

One-shot inner bound for a CQ-MAC

4.1 Structure of a CQ-MAC

We have already discussed about classical two-party MACs in [subsection 1.2.2f and showed the

optimal error bound and rate region for the two senders. Here in this chapter, we are considering a
two-party multiple access classical-quantum channel (CQ-MAC).

Now let’s say Alice and Bob are the two senders who would send classical messages m; € [271](M,)
and my € [272](My), where R; and R, are the rate of transmission of the sender Alice and Bob
respectively. There is a MAC € taking two alphabet as classical input and output a quantum state
to Charlie. Alice and Bob has the input random alphabet(can be treated as random variable) X', Y
respectively and the channel outputs in Hilbert space Z. Alice and Bob has the encoders &; and
&,, where & takes the input m; and encode it to a random variable realization x(m;) € X and &,
takes the input ms and encode it to a random variable realization y(ms) € ) and these are feed-ed

Z

in the channel and get a quantum state P in Z as output. Now from this quantum state

mi1),y(ma)
Charlie has to guess the correct message pair(my, msg). Our aim is to bound the average probability

of decoding error at Charlie’s end by e.
= R S P m) <
p@ =T pe m 7m — €
MM o

mi,ma2

Where p.(m1, ms) refers to the decoding error in Charlie’s end given input messages from Alice

and Bob is m; and ms respectively.

4.1.1 CQ State to describe a CQ-MAC

]We can actually elucidate a two sender CQ-MAC with a classical quantum state For input alphabets

X and ). if we have fixed probability densities {p(z)},cx and {p(y)},cy then we can represent a
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classical quantum state as follows:
Y Z
E p(x |93 (x| @ p(y)ly) (Yl ® pz,,

Similarly we have the following marginal states by performing partial traces:

Zp )|x) x|®px (4.1.1)

where, p7 = Zp Y)P%,

Yy
2= syl @ oy (4.1.2)
where, pyz = Zp(:c)piy

Zp Y)PLy (4.1.3)

Here in4.4.T|the output state is dependent only on X and similarly in[4.4.2|the output state is depen-
dent only on Y and while in[4.4.3| the output state is independent of both the inputs.

4.1.2 Augmentation of the CQ state

We now augment input alphabet with a Hilbert space £, X’ := X ® L and )’ := Y ® L and the
extended output Hilbert space Z’ := (Z®C?)® (20 C*@ LY)® (Z®C*® LY) where {L"} e x,
{LY} ¢y are distinct orthogonal Hilbert spaces labelled with superscripts = and y depending on the
input from alice and bob respectively and they are isomorphic to £. Let {, }’s are the eigenbasis of
L and {l,}’s are the eigenbasis of LY

D )| =T =1
lz

Z 1) (| = 77 = I°
Ly

So now let’s define an augmented version of the existing cq-mac channel € with input alphabet X"

and )’ and output Hilbert spaces Z’. Unlike the previous channel here we input (z,l,), (y,[,) and
C2
as an output we get the augmented state pZ, ® |0)(0]. So the classical-quantum state for the channel

€ is:

s - X! y/ CZ
p*YE =1L Y p@)p(y)|e L) (el @ ydy) (yl| @ (2, ©(0)(0])

xallvyvly
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=127 Soto {|x x|®2|z (L] @ Jy) y|®2|z Ll®

(02, ® |o><0|>}

y Yy
=Ll QZp y)lz,y)(z,yl @ p7, © I¢ @ I* ®|0>< |

CQ
= L] @ T @ T ®0)(0]
_ -2 XYZ ¢ L82
=[L[7pT @ 00| ® L

Now the reason we need this orthogonal eigenbasis {[, }’s and {/, }’s, is that we need to tilt the out-
c2
put quantum state (p7, ® |0)(0|) in X’ direction, )’ direction or both X’} direction.

4.1.3 Tilting of the CQ state

Now when we say we are tilting in X’ direction we mean given a vector [, € L% the tilting map
project a vector |z) € Zina orthogonal larger isomorphic augmented Hilbert space Z® LY by
the help of [, and then we get the final output by the tilted sum(span if we use a subspace instead
of a vector) of the existing vector |z) and it’s orthogonal isomorphic embedding. So we finally can
define the tilting map for some Z := Z ® C2and 0 < § < 1/10, Ty, : 2 — Z @ (2 @ LY) as
follows:

Txit6 ¢ |z) = () + 6l)|l))

1
V1+ 62
Similarly we have tilting map tilting in ) direction only Ty, s Z— 20 (Z® L) as follows :

1
V1462

Ty : 1Y) = (ly) + dly)lly))

For the tilting map tilting in both X and Y direction Txy,, 1,5 Z— Z'is given as:

1
V1+ 262

Now we have a "perturbed’ or ’tilted” variant of channel €” of the existing augmented channel, which

Taviteys = [h) = (1) +6lm)Lz) + 81h)|Ly))

have the same input alphabets but a tilted version of output quantum state given as

!/

C2
(pl)(zz,lz),(y,ly),é = Ey;lz,ly,é(piy ® 10)(0]),
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where, Txy,, 1,6 Will act on a mixed state ensemble by acting on each pure state in the ensemble

individually. It’s easy to see that,

CQ
()Gt w6 — Pay @ [0)(0] || < 46 (4.1.4)

1

So finally the augmented and tilted classical-quantum state is given as

’

1\ =z _ X Y /
(D)2 =117 Y p@)p)|edo) (@l © 1y dy) (gl @ (0)F a0

,lz,y,ly
Similarly, we can show that
/ X/y/g/ . le/z/
H(P) p X
—2 Y ¢ nZz' zZ ¢
=117 > pl@)p@)lzlo) el ® [ydy) (Y4, @ ()i wins — Pay @ 10){0]
T,lz,y,ly 1

X! y/ , C2
<L) pla)ply) !:c-lx><:v-lx!®\y-ly>(y-ly!®{(p’)ézz),(y,zw,s—piy@\0><0!}

Z,lz,y,ly 1
C2
=127 > p@)pW)||(0) ) i) s — Poy @ 10)(0)
T,lz,y,ly 1
<L > pla)p(y)(46°)
z,lz,y,ly
— 452 4.1.5)

4.2 Intersection POVM

In this particular section we’ll go through selection of appropriate POVMs for the original CQ state
p¥YZ of MAC € and then applying suitable modification to them in augmented space and then
defining the intersection POVM for the modified state (p')¥'”'?" of the modified MAC €. Let’s
first discuss about the selection of the POVMs with satisfiability for some particular properties we
discussed in

4.2.1 Appropriate selection of POVMs for the original CQ state

Now, let’s define the POVM element (I1”)%>?,(I1")5”? and (I1")*¥Z inside Hilbert space X ® Y ®
Z in the following way:
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@)% = 3 [ o] ® byl © (),

T,y
INXYZ X y AVA
()32 =" |a)(z] @ ly)(yl ® ()5,
T,y
H// XYz . X Y H// A
()2 = o) (2] @ ly)(y| © ()7,
$73/

For each (z,y) € X ® Y and 1 > ¢ > 0, , POVM elements (II")Z., .. (II")3.,, and (II")7, are

defined in a particular way such that following three properties are satisfied:

(I 32
Tr[(I1") 37 (0" © p*%)
(117
Tr[(1")3 Y2 (p" @ p%)

Tr[(H//)X)}ZprZ

Te[(I1")*2 (p* @ p?)

<

(4.2.1)

IN
N =N =N =
|
~
oo
=
<
N

<

4.2.2 Modification of the selected POVMs for finding the Intersection POVM

By Fact there are orthogonal projections (H)Z (H)f;my and (H)Z in Z that give equal

Xix,yo T,y
measurement probability on states (aZ ® |0><0\Cd) that POVM elements (I1")%., . (II")3., , and

Z

(I1")Z, gives on states 0 2. Let Wy, , denotes the orthogonal complement of the support of (IT)7., ,

in Z. Define W52y, Wa.e,, analogously. Define the tilted spaces

W/X;(x,lz),(y,ly),é = E;Zx,é(WX;x,y%
W/y;(ac,lz)y(yvly)ﬁ = B;lm,é(Wy;x,y)a

residing in the Hilbert space Z’. Define the subs ace
W/(xvlw)7(y7ly)76 = W’X;(J?,lx),(ny),(s + W/y;(xJilf)V(yvly)vé + WX;:E,y;

!
and (IT)Z
( )W'<z,zz),(y,zy>,a

orthogonal projection in Z’ onto Z. Then define the POVM element (I1')Z’ ) (viy),s I 2’ to be

to be the orthogonal projection in Z" onto W', 1) (y.,).5- Let H? be the

(z,la),(y,ly
nZ' -4 nZz' Z 1z nZ'
(H )(x,lz),(y,ly),é T (1 - (H >W/(z,lz),(y,ly),6)Hé (1 - (H )Wl(z,lz),(y,ly),(s)
Define POVM element
NX'Y' Z! Y Y nZz'
(II') = Z )@ lo) (@lo] @ |y-Ly)(y.Ly| @ (11 )(m,lm),(y,ly),(s (4.2.2)

xvy7lz7ly
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So we have our Intersection POVM (II')*Y'#" in the larger augmented Hilbert space X')’'Z’. In

the next section we will try to check whether we can satisfy all the properties discussed in (1.2.14))-
(1.2.17) and the optimal rate regions given in (1.2.18]

4.3 Performance Analysis

Let’s first start with the upper-bound of error probability of not getting the actual state i.e. (p/)* Y2’

By using equations [4.1.4] [4.1.5] [4.2.1] Fact[§and corollary 2.2.3] we can show

TH(AYY'Z — ()2 ()2
= TV E - (Y E) ()2

= !/3|72 Z p(z)p(y) (TY[(Pl)ézz),(y,zy),a] - Tr[<H/)(Zx,lz),(y,ly),§(p/>(233,l1),(y,ly),5])

$1l$7y7lll

= ’ﬁ|_2 Z p(z)p(y) (Tr[(Pl)é,zz)7(y,zy)75] - Tr[H§ (1Z - (H,)ﬁﬂwz)&y,lw,g)(Pl)é,lz),(y,zy),a

ac,lz,y,ly
zZ! NnNZ=2' z/
(A7~ ()7 TE )

% 4|£|_2 Z p()p(y) <Tr[(1z/ - H?)(P’)é/,lx),(y,z,,),é] + Tr[(H/)%/(wV,z)y(y,,y),é(Pl)a,zx),(y,ly),aw

<4 e S oplo) (T 1202, @ 00
FTE (67, ©100D)
<ar + SRS S pn (100 T 02, @ 9 0D)
+ (1= T, , (2, © [0} ()
+ (L=, (62, 030
=t 2T S (o) (0 - T (02,)]) + (- T, (02,)

+ (1= Tz, (02,)]))
— 48% + i—f (1= T 225 2]) + (1= Te{()32p 2]
n (1 B Tr[(H//>XyZprZ])>
T2€

2
< 46 +§
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where, inequality a follows from Gao’s union bound [§] b follows 4.1.4] and ¢ follows from [2.2.3]

We choose § := €'/, then

Tr[(l?(/ylzl o (H/>X/y/2/)(pl))(/yl2/] S 7661/2 (431)

4.3.1 Marginal states of (p/)*Y'%’

Notice the following construction of different marginal states of (IT')* 'V'2" using patrital trace:

( XZ/ "C‘lzp ’33[ l’l’®2’£| ),(y,ly)

T,z Y,ly
(p/>yz :|‘C| 12]) ’yl yl |®Z |£| (a:lz (y,ly)
ylu «Tlx
z p
7= )G wi)
T,y lz,ly

Similarly,

Y =1Ly b {Z%}w Mol = 1217 Y ple) e Lo
z,ly z,ls

2 = 1LY a0 {Z%}wz dy| = 1217 )l |
Yly z,le Yyly

G =12 Y papWled) ] © [y udy

‘Tvlz:yvly

So the marginal states are following

D 0 ()7 =12 Y palleddfed] @l >|yl><yl|®{2p| AR

Z,lz,y,ly z,ly
Y’ X!
’ 1 =1 _ Py ’
) S =18 S sl o) @ et el @ {3 R I 1 )
x,le,y,ly Yy

@ @ W) =122 Y p()p(y) <|x.z§<'a:.zx| ® yd,) (5.1

Z,lz,y,ly
p(x
®{ > |£|2 P (wl)(y@})

z,Ylz,ly

39



4.3. PERFORMANCE ANALYSIS CHAPTER 4. ONE-SHOT INNER BOUND FOR A CQ-MAC

4.3.2 Smoothness of the Marginal states

In we noticed that ’Smoothing” says that if a bipartite quantum state is tilted along two
mutually orthogonal directions, its reduced (traced-out) state is primarily tilted along only one of

those directions. Now observe that

£
1+ 242

171 Taya,a,s(1h) () =

Ly

Z (1R) + 1) 1)) ((l + 3Rl {lal) + 0%[) (Al L)Ly

+0(|h) + 3l L)) (RI (] + 811 1L,) (] + 3 (hI(L.]))
1+ 62

1+ 2(527:"” s([M)(R]) + N, s([R)(RI)

where,

_ e

> (8(1R) + Sl L)) (Rl | + 01R)IEy) (Rl + 8{RI(L]) + 8% R (RlIL,) (L, )

Y

Now notice that,

W s(RYRDIL < —=2 (Za<|h>+6|h>|z (i) (k] + 6(h] (1)

1+ 262

[e.9] (e 9]

+ |22 SRRl )

o0

E—l
_ (25|r|h>+6|h>|zw>n2 S|+
ly 9

1+ 262

> )

2

o)t
<
< T |10+ I | 1)

2

|£|‘1<35H|h>+5|h>|lz>||§ /lelly>||2>
(a1

30 |||h) + 8|h)|1, H\AZ> ;7:

IN

=1L

Using the similar deductions, observe:

_ 1+ 62
LI Tayiea, s (1h) (B]) = 1+252’5»;zy,a(|h><h!)+Ny;zy,a(\h><hl)
lz

£ Toaaa 11 (1) = 2 (1) (1) + A1) ()
lgl
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where,
Nty s 1AY== TS (318 + G1B3IE)) (110l + 01R) ) (A + 60RIG ) + 521} ) 1)
_ e

> (8(1h) + 1) 1)) (RI(L, | + S1R) L) ((h] + 6 (RI(L )+

Tty

%R (Rl + 1)) (L] + (1y1))

Ni(Ihy(hl) = 7

and also it can be shown that,

w
=)

[Ny, s} RN, <

T B

IN5 (1R (Pl <

So from the above discussion we can easily see that,

p( ) nz _ p(z) nZz'
|£| ( )xlz ),(y,ly) — mz(p )(x,lz),(y,ly)

T,y

=§jmm{fj§9ﬂw,mw@wwwb+A@@<%y®mxm%

1+ 67 ¢
a 1+25273”y <05®‘0><0’> +

Nyﬂy’é (py ® ’0 )

Ty, (/)5@\0 o] +

Nyﬂy’é (py ® |0 0|>

C2
Here the equality a is due to the following two equalities. Let |h, ) (hey| = (pZ, ® |0)(0]) and

c? c?

[y} (hy| =32, p(2) (07, @ 10)(0]) = pi7 © |0)(0] Then,

> p(@) Ty, (hay) (ay) Zp ((hay) + 0lhay)|ly)) ((hay| + 6 Chay (L))

T

14 42
b 1+252

= (([hy) + 6]hy)|1y)) (Chy| + 6Chy[(Ly]))
= 73]§ly76 (|hy><hy|)

C2
= Ty, (pyz ® !0><0l>
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and,

S I, () ) = o S ) D2 (000 + 3V ) e

T T lo

+ 0lhay)lle) ((hayl + ey |(ly]) + 0% hagy) (ho g |l ) (L)

_ g
= 1725 ZZ(6<|hy> + 31y D) (g (L

T

+ 0[ Ry ) 1) ((y |+ 3Ry [(1y]) + 6%y (y[[2) (L)
= Nyily75 (|hy><hy|)

C2

= Ny, (ﬂf ® |0) <0!>
and equality b follows from the definition of p; in equation (#.4.2). Similarly,

PY), 2z 1497 ¢
W(P')é,zx),(y,zy) = mfv;lz,a pz @10)(0] | +
yvly

CQ

Nxi,.s (Pf ® !0><0|>
P(@P(y) z 1462 =z ¢
2 i W = Ty (77 @00

z,y,le,ly
C2
Ns (/)Z ® |0><0|)

~

with
c? 30
‘NX;M (P}Zc ® |0)(0] < —=
L~ VIL]
c 30
‘Ny;zy,s <p§ ® [0)(0] < —
VI
c? 30
‘Né <pz ® [0)(0] < N

4.3.3 Upper-bounds of Error Probabilities

Here we’ll give an upper-bound of error probabilities we discussed in (1.2.14)-(1.2.17) in [subsec-
tion 1.2.2| using the smoothness property we proved in [subsection 4.3.2 Now observe that using
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Fact[IT| we can have the following inequality

H<H/)€C/,lz)v(y,ly)76 L (1%~ (H/)VZV/’u,zm«y,zy»a)Hg(1Zl B (Hlﬁ‘/,/@vlz%(w%é) 1
< (12/ - (H/)ﬁ/]’m,lw,(y,lw)HgH1 H(:LZ/ B (H/)%IW%%(%@)";) ’oo
< || - (H/)ﬁfl%z,zz),(y,lwﬁ) ‘oo HH?‘L H(lz B (H/)g‘/,’w,zz),(y,ly)ﬁ) ‘oo
= [[(1* - (H’)VZ‘},W:C)WM) Eo HH§ L 2121

Now we try to find the upper-bound,

/ p(y) /
Tr (H/>(Zx,lz),(y,ly),5 —|£| (p/)(%?t,lz),(y,ly)
y,l

[ c2 c2
<Tr ()1 iy | Tries | 22 ©0)(0] > ()G, ()5 (NXM (ﬂf®’0><0‘>)
a i 1
< Tr |(I)Z T z 0C20 )z N z 0020
= T | ( )(x,lz),(y,ly),(s X0 | Pz @10)0] ) | +|( )(x,zm),(ny),a LV | P ® 10) (0]

602
_l’_ [RE—

i

i =
< T | ()G s o | Taaes | 2 @ 10)(0) )

C2

="Tr Hg’(lz’ . (H/)%’(z,lz),(y,ly),ts) (7}%,5 pf & |0> <0\)> (12’ . (H/)ﬁfl%z,zz),(y,zy),é)]

602
+ —
L]
C2
<Tr|(1% — (H/)I%v’(m,zm>,<y,zy),6) (n;lz,é (Pf ® |0><0|)> (1% — (Hx)ng,zz),(y,zym)]
602
+ —
L]
C2
% Tr | (1% — (H,)fxgv’x;@,zz),(y,ly),é) (Tx;lz,d (Pf ® [0) <0|>> (17 — (H')%ﬂx;(w,lz),(y,zw,a)]
602
+ —
L]
| , c? 602
~ Ty | (1% - <H/)$V/X;(x,lz),(y,ly)15) (7—2(;11-,6 (Pf ® |0><0|>) + m
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12/ / Zl Z/ Z C2 652
=Tr ( B (H )W'X;(m,lx%(y,ly),é)HTx;lw,é(é) 7};1”’6 Pz & |O> <0| t 7|
[ : ; c? 662
. Trug.s(Z
= Tr (17"“’5(2) - (H/)v(i(/’;«iflzz,(y,ly),é) (TX;lm,5 (ﬂf ® |0><0’>> + —|£\
[ : ; c? 662
. Trug.s(Z
= Tr (179”1’5(2) - (H/)Ti;iw,gfwi;z,w) (7:\’;11,6 (Pf ® |0><0|>> + iz
P c2 662
=T (12 -1, ) (P2 l0)0] ) | + ==
© | o L]
[ c2 662
602
=Tr [(H”)ff;x,ypf} +

VLl

Here, inequality a follows from Fact[I0}b follows from Fact[IT].c follows from the fact that

(H/)W’x;w,lw),(y,ly),a < (H/)W'(a:,m(y,zy),

,» the equality d follows from that fact Ty, ;(Z) < Z’, and

equality e follows from the fact that 7Ty, 5 is an isometric map. Similarly we’ll have the other two

upper-bounds,

z! p( ) "2 ] zZ Z 602

Tr (H')(x,lx),(y,ly),é { IZ| —=(p) a:ll)7(y,ly)} <Tr [(H/,)y;m,ypy] + Z
’ p(x 602
Tr | ()G 1 (o). Nt ¢ < Te[MNZ,07] + ——=
yv, ’ xyzl;ly y Yy y \/m

Now using equation (& and the definition of (IT')*"Y'Z" in (#@.4.7), we can write

Tr [(H')*W’ (=

=217 py) > _pl)
Yly z,ly

<L py) Y pl@)T
Yly z,ly

_ Zp H//)

= T2 (Y @ pF2)] +

I5(V:XZ) | 602

VLl

<2

(p’)X'Z/ﬂ
p(y) z'
Tr H/ (xlx) (Yily),6 |£| ( ) la),(y,ly)
yvly
602
H// " - + =
e+
602
z
Xix px} + =
Y VIL]
602

VL]
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where inequality a follows from (4.3.1)) and (4.3.2)). Now we choose |L| large enough so the second
term in the above inequality is less than min{2~~/#(V:¥2) 9=—I(¥VZ) o=l (XV:Z)Y quch that we

can have the following inequalities

T '(H/>X'y/zf <(pl)y' 2 (pl)X’Z/)- < 9 T (V:X2)+1
Tr -(H/)X/y,Z/ <(p/))(/ ® (p/)y/ZI)- S 2_1;{()(:)72)4—1 (432)

Tr _(H/)X/ylzl <(p/)X/y/ ® (p/)zl>— S 2—[%(.%?)):2)—‘,—1

So we have given the error upper-bounds of the modified CQ-MAC €” and Now we’ll describe a
decoding strategy Charlie needs to follow in order to guess the message pair sent by Alice and Bob

respectively.

4.3.4 Decoding Strategy and Expected Average Decoding Error

For any of the message pair (m;,m») € [2%1] x [2%2] we have a corresponding POVM element

/

(H’)él (o), (y 1) (ma). 6+ Charlie uses pretty good measurement [4],[23],[16] using the POVM ele-
ment set { x’ () (m1), (9:dy ) (ms) 5}(m1 ) €21 X [272] We now analyse the expectation of the average
decoding error probability of this particular strategy performed by Charlie under a choice of random
code-book C'.

Let’s assume the message pair are feed-ed in (!',’ " by Alice and Bob is (my, ms), then the €”
should output a state (p’ )(Z;'Jz) (M), (w.dy ) (ms2),8 . Let ﬁ be decoder POVM corresponding to de-

coded output (1, 7m2) coming from pretty good measurement which can be written as follows

=

z z z
B i) > Mmoo, Yo M), (4.3.3)
(11,1m2) (U:ly) (112),6 (4:ly) (112),6 (ri1,112) (U:ly) (1122),6
c[2F1]x[252] c[2f1]x[252]

Now using Hayashi-Nagoka inequality [[14]], the decoding error for (mq,ms) can be upper
bounded by

!

z’ Z =z
Tr |:<1 o /B(ml’m2)> (pl)(m,lm)(ml),(y7ly)(m2),§i|

< 2Tr (12 —(H')%m,zwxml):s) N, | +4 Y, Tr

2 z
(H/) (z,lz) (1), (p,) (%lw)(ml)v]

(y»ly)(mQ)v (y,ly)(mg),é_ (mlva) (y,ly)(mg),(s (y,ly)(mz),5
#(m1,m2)
z! Z! z! z’
=2Tr (1 — (') (z,zzxml),) (D) Goaymy. | +4 D Tr <asz ), () (x,m(ml),]
L (?lvly)(m2)75 (yvly)(mQ)v(s m17£m1 ( )(m2)76 (yvly)(m2)76
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Vet (0 Tty omo),
Wi (7203 () (me)d

+42Tr

MaFma

+4ZT1"

mi#mai,
Ma7#ma

(z lz )(m1), (p ) (:rl
(y ly)(m2),6 (v, ly)( )5

The expectation of the average decoding error probability of this particular strategy performed
by Charlie under a choice of random code-book C' can be upper bounded by

!

2 _ a2 z
Ec [TT [(1 - B(ml,mg)) (p/>(x,lz)(ml),(y,ly)(mg)ﬁ]i|

z z z
(1 (H/) (z,l2)(m1), ) () (x,lz)(ml),]

(y:ly)(m2),6 (U:ly)(m2),6

< 2Eq |Tr

’ Z/

Z Z/ Zl
+4 Y Eo |Tr [() %0, () et || T4 D Ee [T {10 0m,. (¢) <x,zz><m1),”
mi17#m1 (y:ly)(m2)76 (y,@)(mz),& Mmo7#ma (yvly)(mQ)r(s (yvly)(mQ)?é
z/ z
+4 Z Ec |Tr (H,)(m,lm)(ml),(p/>(z,lz)(m1),]]
Th17£m1, (yvly)(m2)76 (yvly)(mQ)r(S
Ma7#Ema
=2/ > pla)ply) (Tr| (17— () (G
(z,l2),(y,ly),0 (@,l2),(y,ly),0
e,y ly

4 DL Y p@p ) (T ) 6ot ))

Tl 1y, ly

-0 Y p@pu)p) (TR L 60000

R ERTNRTNG
+42B =)™ =D)L Y pl@)p()py)p) (Tr[TI"[(H’)(Zx/,l/z ),(y,,l;),(s(p’)é,wy,zym})
T lz,x’ 1L,
Yoy, vl

— WAV ()Y (Y E ] a2 )T ()Y ()Y @ (o))

AR = )T ()Y ((0) @ ()Y )]

FAEP - DE™ 1T ()Y (07 @ ()]
< 152642 4 4281 — 1)2~TH(XVEIFL 4 yoRe _ 1)o-TH(XEIHL 4 g9 _ ) (9R2 _ 1)p~li(XV:E)H
; 152612 4 oFfa—I5(XY2)+3 | oRo— I (VX243 | oRi+Ry—If; (XV:2)+3

where a follows from @ and (4.3.1). Choosing a rate pair (R, R») satisfying the following

constraints:

Ry <Iy(X:YZ)—3—logl/e,
Ry <Iy(Y:XZ)—3—logl/e.
Ri+ Ry <IS(XY:2Z)—3—logl/e
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can guarantee the expected average decoding error for €” to be at most 155¢'/2, Now from (#.1.4)

we can say for the original MAC €, the expected average decoding error should be at most 159¢!/2.

Hence, we have proved existence of at least one code-book C' with probability of average decoding

error is at most 155¢%/2,
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4.4 Generalised Approach

4.4.1 Structural Changes of CQ State

In this section we will show that the construction works even also if the input alphabets of a MAC
are not mutually independent in probability. This will give us a more generalised form of the above
approach of Sen’s work [25].

Here instead of what we discussed in [subsection 4.1.1) we say for the joint input alphabet space

X ® ), if we have a joint probability density {p(z, )} y)crey then we can represent a classical

quantum state as follows:

Xy
pF = pla, )|z, ) (Yl @ pZ,

w?y
Similarly we have the partial traces
X
= le)al @ ) pla,y)pZ,} 4.4.1)
T Yy
Yy
2= Il e O p,y)eZ,} (4.4.2)
Yy T
= p@y)ez, (4.4.3)

Similarly,

Z{pr )} (o] = Zp (4.4.4)
P = Z{ZP (5,9) ol = Zp iy (4.4.5)

P => ple, )l (el © ) (! (4.4.6)

Z‘?y

Using the same technique we discussed in|subsection 4.1.3|and [subsection 4.1.2] we can finally have
/)X’ y'z

the tilted, augmented and enlarged state (p

1! z! _ X Y =4
(V2= 12172 ) pley)led) (@l @ |yl (yl) © () wa)

%lmy»ly

with the marginals,

\_/

W 0P =12 Y sttt © )bl o {5 DL )

Tyl y,ly Tl
, p(z ) :
G 2 @) =127 Y sl @ el @ {3 A
zle,y,ly Yily
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/ ! / / _ X y/ p x7y / 4
(W) @ (1) =112 S pley)lelel] @ lyb)ydl @ { S ﬁ@)ém,w}

ﬂc,lm,ny ﬂc,yyl:c,ly
Similar to (4.1.5)) we can show,

H(p,)){/y/zl . pxlylzl

< 442
1

4.4.2 Intersection POVM Construction

Using the same strategy we used in we can have our Intersection POVM (IT')*'Y'#" in
the larger augmented Hilbert space X’)’ Z’. In the next section we will try to check whether we can
satisfy all the properties discussed in (1.2.14))-(1.2.17) and the optimal rate regions given in (1.2.18)),

where,

/ /

1\ !’ X y / !
()Y = 3" L) L @ [y dy) Wy © (T (i) (4.4.7)

xnyZ:ly

4.4.3 Performance Analysis
In We have already given all the desired properties of the intersection POVM in
Using similar intuitions here also we’ll have the following properties :

Tr[(ley’z’ . (H/)X’y’z’)(p/)x’y’z'} < 7661/2
Tr -(H/>X/y/3/ <(p/)y/ 2 (p/)X/z/)_ < 27];{(3):XZ)+1
_(H,>X/y/2/ <(p/))(/ ® (p/)y/Z/)- < 2_[%()(:372)4-1

Tr _(H/)X/y/g/ <(p/))(/y/ ® (p/)Z/)_ S 2_[%()()/:2)4—1

(4.4.8)
Tr

So we have shown a generalised version of Sen’s strategy in [25]]. Although this generalised con-
struction may help us in Distributed Source Compression problem with quantum side information
and making it a good application of Sen’s work since Distributed Source Compression problem with
classical side information shares a very similar idea as that of classical MAC with two mutually

dependent inputs. However, further work is required to fully explore these connections.
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Chapter 5
Extension of Construction

In this chapter we’ll attempt to build an extension of the construction we discussed in We
will try to find whether we’ll be able to perform this approach quantum states instead of having any

classical system appended with the quantum system.

5.1 Quantum State Description and Smoothness of marginal states

Let’s say we have 3 systems Alice, Bob and Charlie and we represent them with Hilbert spaces A, B

and C. Suppose we have a shared quantum state p 45c. We have the marginals defined as,

pac = Tra[pasc]
pie = Tralpasc]

pe = TraB[pasc]

Let’s consider C4 and Cp be two Hilbert spaces where we assume dim(C4) = dim(Cg) > dim(C).
Lets define C4 := C @ Cau, Cs := C & Cy and éAB = C @ Cyq @ Cs. Now we define a map
Taps : ABC — ABC 4 as follows:

1
Vit

Similarly we define the maps 745 : AC — AC 4 and Tps : BC — BCg in an analogous way:

TAB,S(’h>ABC) {‘h>ABC D 5’h>ABCA D 5’h>ABC5}

TA6(|h>Ac> {’h AC@(SVL .ACA}

1 52
V1 52

Proposition 5.1.1. Consider we define p yp¢ ,,. = Tas.s(pasc) and Pac, = Tas(Trg[pasc)) then

T s(|1)*) = {11)5¢ & s|n)=es}

we can show the following:

I Te5(0 456 4] = Pacll,, <30
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Proof. We can write p 43¢ in the following way:
ABC
pasc = ZMVL (h|

Since for general quntum states system (simply put Hilbert Spaces) A, B and C might not be well-
distinguishable. Hence we can’t perform augmentation for each individual Hilbert spaces and we

only apply tilting to them. Thus we can write p 455, as:

ABC
PABCas = Z AT 5(|h)(h])

— —1 952 Z/\h (’h)ABC + 5|h>ABCA 4 5|h>A8CB) (<h|ABC + 5<h‘ABCA + (5<h”4865)
h

T 14202 D An (IR)A5€ 4 5|1y ABC4) (([ABC 4 5 (h|4BC4)
h

_|_

o Z/\h{(lh>ABC + 5|h>ABCA) (§<h|ABC5) + (5|h>ABCB) ((hlABC + 5<h|ABcA)
h

ABCp
+ 0% h)(h|}

Now we can write,

Trsloase )

1
T 12 Z AT [([1)5 + 6] n)A554) ((RI15C + 6 (R[04 |

+— T 252 ZAhTrs (‘h>ABC +5|h>ABcA) (5<h|ABcB) i (5|h>ABcB) (WABC n 5<h|ABCA)

ABCp
+ 52|h><h”

= 1+252 Z)\h |h AC_|_5|h>ACA) ((hlAC+5<h|ACA>

+ Z A { (|h)AC + 61R)ACA) (5(h[A°8) + (8]h)A°8) ((hI€ + §(h|A°4) + 62“36(71\}

1+252

1+ 62
— 1+252z/\hTA5 )R] + Z/\hNM 13 {h)

1+ 62

— 1+252TA5 ZAhyh h|)+NA5 th h\)

1+ 4

= mTA,é (pac) +

25 Nas(pac)
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1+ 62
=11 Tas(Trglpasc]) + Nas(Trslpasc]) (5.1.1)
1407 N
= Trg [pABé AB] = m/&w‘ LT 46(Trslpasc))
= Trs[pape ) < Pac, + Nas(Trslpasc]) (5.12)

= TYB[PABCAB] —Pai, = Nas(Trglpasc))

where,

Noaa (D R]) =~ ({104 4 5B (5(hA%8) 4 (1)) (I + (1A 482} (]}

1—1—252

Now we have,

|wastiion)

1
14 262

oo

{(IM)AC + §IRYACH) (S(RIACE) + (5hYACH) (RS + §(hACA) + 5%13%}”

| )

(25\\ (IRYC + |h)AC4) (8¢hIA°E) || + 0%

1
~ 14 262
< 39.

Thus we have
|Nas(Trlpasc))ll,, <30 (5.1.3)
So,
| Trsl0a86 ) = Pac ]l <30

O
Now similarly as in[5.1.Th we’ll have the another two equations as well:
1+ 42
Tralpanc ) = 11 252 ——=Tss(psc) + Nps(pse) (5.1.4)
14 6°
Traslpape ) = m(ﬁc) + Ns(pc) (5.1.5)
where,
Ng 5(|h><h|) {(17)5€ + 8|R)5) (5(h[5) + (a]R)EA) ((RIFC + d(h["F)

1 +2(52
BC A4
+ 6% h)(hl}

(|h><h|)

{(|h)C + 8|h)A) (6(h[°B) + (5|R)A) ((R|° + 6(h|°®)
+ 6% ([R)%A + [R)°®) ((R]°4 + (h|°®) }

1—1—2(52
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Similar to (5.1.3) we’ll have

| Ng.s(pse)ll, < 360
[Ns(pe)llo < 30

Since we assume ¢ is sufficiently small, we can claim the following:

HpAB(fAB - PABCH1 < 467 (5.1.6)

5.2 Intersection POVM Construction

Now we define 3 projectors IT45¢, TTAZC and TI45¢ such that the following properties satisfies

M4% 0 D% s > 1—e

Tr[145€ (pp @ pac)] < 275

A% . T[E% pase) > 1 — e 5o
Tr[IIA5 (p4 © pre)] < 277 -
A% e[l pape] > 1 — e

Te[TI45C (o4 @ ps @ pe)] < 27

Let W’ 4 denotes the orthogonal complement of the support of ﬂﬁsc in ABC. Define W', W’
analogously for ITABC and ITA5C respectively. Define the tilted spaces

W a5 :=Tas(W' 4),
Wss :=Tps(W's),

Define the subspace
Ws=W 5+ Wips+ W,

and (IT')A8 Ca5 0 be the orthogonal projection in ABC 45 onto W’5. Let Hﬁggw be the orthogonal

Correct

projection in ABC onto ABC. Then we define the projector (IT')A2 Cas in ABC A5 to be

Correct

/ ABé.AB R ABéAB / AB@AB ABéAB ABéAB / ABéAB
(H )Co’rrect T (1 - (H )W/(g HABC 1 - (H )W’5
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CHAPTER 5. EXTENSION OF CONSTRUCTION

5.3 Performance Analysis

So we try to find the error probability of not getting the actual state 1.e. p 456 .5

ABC 4 NABC AR

Tr |:<1 B — (H )C’orrect

ABC NABC a5

< Tr |:(1 A — (H )Cm"rect
a

ABC 45

Correct

=Tr[pasc] — Tr [((H/)

Tr [pasc] — Tr [<1A86AB )

) PABéAB}
) pABC] + 46>

) ppABC] +46°

e TR (14 — (2 pae] + 49

= 1 T [T (148 — (T ) e (1450 — ()00 ) TIAGA®] - 45
% 4Tr [(1’45@‘3 — Hjﬁ?w ) ,OABC: +4Tr [(H’){;‘ff"g PABC} + 467
— AT (V)54 p e | + 402
< L;—QG (Tr [(H’)éﬁiffmzsc} + Tr :(H’)éﬁi;‘BpABc} + Tr [(H/)ﬁvlféABPABcD + 46
< ?5_3 (Tr [(I)375 pase] + Tr [(1)ig pase] + Tr [(I1)37C pasc]) + 467
< i—f (3 —Tr [ﬂﬁBCPABc] —Tr [ﬁ?BCPABc} —Tr [ﬂABCPABC]) + 462
< 24;.236 Y
= % + 46°
We choose ¢ := /4, then A
T [ (05545 P ape ) = 1 76612

Here, inequality a follows from (5.1.6)

and Fact [10] b follows from Fact [§] and ¢ follows from

Corollary Before going into the probability of error upper-bounds we can show the following

inequality using

ABCap
Correct

)

[
1

<[

- () e (150 — ) |
. 2 R
(e | [|masées| = 218l

Now we’ll try to get the upper-bound of error probabilities,

ABC 45

Correct

Tr [(H')

()

(Pac.1o ® 15)|

ABC A
Correct

<Tr (Pacs @ PB)}

()

()

ABC A
Correct

<Tr

a

<Tr
b

ABC AR

Correct

(Pac, ® ,03)} + Tr [(H’)

(nae, @ ps)| + a1

A, (Nas(Trslpase]) © po)|
ABC Ag

,>Cor7"ect

(Nas(Trg[pasc]) ® ps) H1
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.ABé AB ABCAB

S Tr (H,)Correct (p.ACA ® pB i| + H H/ Correct ||(NA,5(TrB[pABC]) ® pB)Hoo

< T [(I0)28545 (Tas(pac) © pi)]| + 6|ABC]5

Correct
= T [5G (1A5s — ()40 ) (Tuas(pac) @ ps) (14500 — (1)5042 )| + 6].ABC]s
< T [ (1456 — (7554 ) (T s(pac) © pi)]| + 6.4BCo

< T [ (145600 — (55 ) (Tus(pac) @ ps)]| + 64BCId

I
I
= T [ (245 — (TR ) TGS ) (Tas(pac) @ )] + 61ABCS
= T | (157440 — ()T ) (Tas(pac) @ pi) | + 6ABCIS
= Tr [(145 — (I)5) (pac ® ps)] + 6| ABCIS

= T [TI4% (puc ® ps)] + 61ABC|S

< 27k 4 6| ABCIS

Here, inequality a follows from (5.1.2)), b follows from Fact[I0}c follows from Fact [ 1| the equality
d follows from that fact T4 5(pac) < AC4z, and equality e follows from the fact that T4 5(p.ac) is

an isometric map. Similarly we have two other upper-bounds as well,

Correct

T [ (Y2555 (pc g @ )] < 27+ 6.4BCIS

tr (025545, (e @ pa ® pi)| < 274 +61.ABCIo

Correct

In contrast to equation (4.3.2), the above equations lack a control variable such as |£|. This means
that there is a possibility that the space ABC is very large, rendering the term 6].4BC|J ineffective
for quantum states that exist in a very large Hilbert space. Therefore, Sen’s work [25] is not effective

for general quantum states.
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Chapter 6

Quantum Intersection Lower Bound

In [subsection 1.2.1| we discussed about hypothesis testing and classical stein’s lemma and gave an

intuition to extend it for quantum Stein’s lemma using the approach similar to that we used to prove
classical Stein’s lemma but we noticed this would require a strong notion of intersection of mea-
surements operators and in we realised notion of intersection of measurement operators

is highly non-trivial.

To understand the need for a notion of intersection in the quantum scenario, consider the fol-
lowing statement about classical probability distributions. Consider three distributions P, (); and
(- distributed over the set X" such that supp(P) C supp(@);) and supp(P) C supp(Qs).

Further, for o, § > 0, let us the define two set .A; and A, in the following way:

A= {z: Qi(z) > 27" P(x)}

Ay = {2 : Qy(z) > 277 P(2)}
with the following properties:

I;r(Al) >1—¢

f;r(Ag) 2 1—e.

Then, it is trivial to observe that for a set A* which is the intersection of the two set .A; and A,
ie. A* := A; N Ay, we have the following properties

Pr(A") > 1 — 2 (6.0.1)
gr(.A*) > 27M(1 — 2¢) (6.0.2)
gr(.A*) > 2772 (1 — 2¢) (6.0.3)

where (6.0.1) follows from the union bound for probability and the other two inequalities (6.0.2),(6.0.2)
follows from the fact that A* C A; and A* C A,.
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We aim to prove a similar statement in the quantum setting. To define the problem formally let

us consider p, oy and 0o € D(H) such that supp(p) C supp(o) and supp(p) C supp(os). Further,
for a,, B > 0, let I1;, II; be two measurement operators such that

I, == {o, = 277p})
Iy == {0y = 2772p})

with the properties analogous to the classical scenario,

Tr[ll1p] > 1—¢
Tr[llyp] > 1 —€

Then, we want to find a projector II* such that it holds the following properties

Trlll"p] > 1 = f(e)
Tr[IT*oy] > 277 f(e)
Tr[IT*oy] > 2772 f(e)

where, f(€) is some function of € (in the classical case it was (1 — 2¢)).

In this work we take care of the issues mentioned above and show it is indeed possible construct
a IT* such that it satisfies the properties analogous to the intersection subset as mentioned in the
discussion above. An important ingredient which we use to construct this II* is the Jordan’s lemma
[20] which has found many applications in quantum information and computation, see for example,

[8]], [2]] and also in post-quantum cryptography [9]. We now mention the main contribution of this
work.
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6.1 Objective

We aim to prove the below Theorem with the help of certain presumptions we had in
ftion T.11

Lemma 6.1.1. (Main Result)Le? p, o0y and 05 € D(H) such that supp(p) C supp(o1) and supp(p)
supp(oy). Further, for ky, ko > 0, let T1y, 11, be such that 11, := {0 = 27" p} and 11, := {0y
27%2pY with the property that Tr[I11p] > 1 — € and Tr[Ilop] > 1 — €. Then, there exists a projector
IT* such that

C
=

Te[IT*p] > (1 — 4V/e), (6.1.1)
Tr[[T*oy] > 27%2(1 — 201/e), (6.1.2)
Tr[IT* o] > 277 (1 — 4v/e). (6.1.3)

A byproduct of the above lemma is the following corollary which has an application in proving a
converse for the quantum Chernoff Stein’s lemma which is similar in spirit to the converse provided
in Tom and Cover book [26, Theorem 11.8.3].

Corollary 6.1.2. Let p®" and o®™ be two quantum states over the Hilbert space H*™ such that
D(p|lo) < oco. Further, 11 is a projector such that Tr[HSLQ)p‘X’”] > 1 — €. Then,

TI‘[H5L2)U®n] > 27n(D(p||a)+6)g(€)’

where g(€) = (1 — 19y/€) and § > 0 is arbitrary.

Corollary can be viewed as the quantum generalisation of [26, Lemma 11.8.1].
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6.2 Proof Construction

6.2.1 Construction of the Intersection Projector IT*

Let IT; and IT; be as mentioned in Lemma We will apply Fact[5|on the pair {II;, II, }. Consider
{Ho{}l;:1 as the set of orthogonal projectors obtained by Fact |5| applied with respect to the pair
{I1;, 15 }. Thus, 22:1 II, = I. Furthermore, for every o € [1 : k] we can represent II, 11,11, :=

IT; , as the following one dimensional projector:

10 = |va)(val, (6.2.1)

for some |v,) in the range of I1,,. Similarly, for every o € [1 : k], we have

M0 = [wa)(wal, (6.2.2)
for some |w,(«)) in the range of II,. Thus, it is now follows from the property of {|v,)}*_, and
{lwa) Yoz, that

k
My = Jva) (val, (6.2.3)
a=1
k
Iy =) wa)(wal. (6.2.4)
a=1
Further, for every a € [1 : k], let
Pa = HapHaa (625)
01, = o114, (6.2.6)
09,4 = o011, (6.2.7)

Thus, from the definitions of II; and II,, we have the following pair of inequalities for every

a€ll: k|,

(Va|o1.0|Va) = 27 (Valpalva), (6.2.8)
(waloaalwa) > 277 (wa|palwa), (6.2.9)

For our future discussions it will be useful to make the following observations, for every a €
[1: k], po = 0and 3°F_ Tr[p,] = 1. Thus, {Tr[pa]}*_, forms a valid probability distribution over
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a€[l: k.

Let cos?(0,) := |(va|wa)|” and define the following sets:

& = {a:cos?(by) > 1 —8e}, (6.2.10)
& = {a: Tr[[va)(Valpal > (1 = vVe)Tr[pal} (6.2.11)
& = {a: Trl|wa)(walpa) > (1 —v/€)Tr[pa] } , (6.2.12)
Good := & NE N Es. (6.2.13)

The intuition for defining the set Good is that we only want to consider those blocks where |v,,)

and |w, ) are almost the same, i.e., the angle between them is very small along with the property that

|va) (va| and |wg ) (w, | behave almost like an identity operator over that block.

We now make the following claims about the sets &, &, £3 and Good.

Claim 1. The probability of the set £ under the distribution Tr[p,] satisfies the following lower
bound: Pr{& } > 1 — \/e.

Claim 2. The probability of the set & under the distribution Tr[p,] satisfies the following lower
bound: Pr{&} > 1 — \/e.

Claim 3. The probability of the set & under the distribution Tr[p,] satisfies the following lower
bound: Pr{&} > 1 — /e

Claim 4. The probability of the set Good under the distribution Tr[p,| satisfies the following lower
bound: Pr{Good} > 1 — 3 /e.

Claim 4] follows from Claims and [3]and union bound for probability. We will prove these claims
later. To show the existence of II* which satisfies (6.1.1), (6.1.3)) and (6.1.2) we construct IT* as
follows,

= ) [va)(val. (6.2.14)
«cGood

To show that IT* satisfies (6.1.1)), (6.1.3)), (6.1.2)) we first make few observations. From Jordan’s

lemma (Fact [5) we have that for every a € [1 : k] the vectors |w,) and |v,) lie in either a two

dimensional subspace or one-dimensional subspace. For the blocks where both |w,) and |v,) lie in
one dimensional subspace then in that case cos(f(a)) = 1, i.e., |w,) = |v,) for these cases. For the

blocks where both |w, ) and |v,) lie in a two dimensional subspace we have the following,

[Va) = c08(04)|wa) + sin(fy)|ws). (6.2.15)
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6.2.2 Proof for the properties of IT*

In this section we show that IT* has properties similar to that of A* = A; N A, as discussed in the
introduction. In particular we show that II* satisfies (6.1.1)), (6.1.3)), (6.1.2).

e Proof of (6.1.1)

Proof. Consider the following set of inequalities

Te[Ilp] £ Y Trflva)(valpa]
acGood

> S (- Vo
aGGOOd

§1_4\/Ev

where a follows from the definition of (6.2.14), b follows from (6.2.13)) and ¢ follows from
Claim {4l

e Proof of (6.1.3)

Proof. Consider the following set of inequalities

T[lon] = ) TefJva)(valona]

acGood

b

>27h Z Tr[|va) (Valpal
acGood

>270 N (1 VeTrlpd)
acGood

S 27 (1 = Vo)1 - 3V6)
> 2_k1(1 - 4\/2)7

where a follows from the definition of (6.2.14), b follows from (6.2.8)), ¢ follows from the
definition og the set Good defined in (6.2.13) and d follows from Claim 4]

e Proof of (6.1.2)

Proof. Consider the following set of inequalities
Tr[[l*oy) = Z Tr[|va) (Va|o2,4]
acGood

L Z <COS2(6)@)TI‘HUJQ><UJQ|O'27Q] + sin? (0,) Tr[|wi) (wE| a0
acGood
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+ c0s(0,) sin(0,) Tr[Jwe ) (Wi |og.] + cos(6,) sin(@a)Tr[|wi>(wa|02,a])

= Z (COS(Q@OC)TI'HQUOC><U}&|O'27OC] + c08(0) sin(0n) Tr[|wa ) (w2 | 2.0]
acGood

+ cos(0,) sin(0,) Tr[|w ) (wa|oo.a] + sin2(0a)Tr[0'2,a])

V=

Z <cos(29a)Tr[|wa) (Wa|0a.0] + sin?(0,) Tr[o2.4)
«cGood

+8in? (0a) Tr[|wa) (wy 02.0] + Sin2(9a)Teri><wa|02,a]>
> Z (2'“2 c08(20,) Tr[|wa ) (Wa| pa] + sin®(0a) (Tr[oaa] + Tr[|wa) (wy |o2.0]
acGood

+ Tr[lwi><wa|02,a])>

LN (2 cos(20) Tl ) (i)

acGood
é Z (2_k2 cos(260,)(1 — \/E)Tr[pa])

«cGood
2 97k (1 — o) (1 — 1616 > (Trfpa])

acGood

> 2702(1 — V/e)(1 - 16Ve)(1 - 3Ve)
> 2772(1 — 204/e), (6.2.16)

where a follows from the definition of IT* (see (6.2.14)), b follows from (6.2.13)), ¢ follows
because Tr[og o] = Tr[|wa) (Wa|o2.a) +Tr[|w) (wk|oy 4] and cos(26,) = cos?(6,) —sin®(0,),
d follows under the assumption that cos(f,) > sin(f, )} e follows from (6.2.9), f follows
because 03, = 0 and from Lemma (6.2.1)), g follows from the definition of Good, defined in
(6.2.13), h follows from the fact that cos(26,,) = 2 cos*(f,) — 1 and for o € Good, cos?(6,) >
1 — 8y/€ and i follows from claim [4]

Lemma 6.2.1. Let A be a 2 x 2 positive semi-definite matrix, i.e.,

A v b
b d

where a,d > 0, b is the conjugate of b and let Re(b) represent the real part of b. Then,
Tr[A] 4 2Re(b) > 0.

Proof. From the positivity of the matrix A it follows that for any non-zero+ -vector |x),

"For the case where sin(f,) > cos(f,) we will bound d by lower bounding sin(6,,) by cos(f,,).
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(z|Alx) > 0. Now if we multiply A by the row vector [1, 1] on the left and by the column
vector [1,1]7 on the right, we’ll get Tr[A] + 2Re(b) > 0 since A is positive. O

6.3 Proof of Claims

6.3.1 Proof of claim

Proof. Using the basis obtained from Jordan’s lemma we have the following representation of

ILILIL,
k

LI =) cos®(fa)|va) (val, (6.3.1)
a=1
where cos?(0,) = |(va|wa)|>. We now have the following set of inequalities:

1 — 8¢ < Tr[IL 11,11, ]
k

L Z 05 (0a) Tr[|va) (Va | pal

k
< Z cos? o) Tr[pal, (6.3.2)
a=1

where a follows from the Gao’s union bound (Fact[g)), b follows from ( and ¢ follows from the
property of the trace and the fact that |v, ) (v,| < I1,. Thus, it follows from (]@[) that

E[cos?(0,)] > 1 — 8, (6.3.3)

where in the above the expectation is calculated with respect to the distribution Tr[p,]. We now
prove the claim[I]as follows:

A=

Pr{sin®(0,) > 8v/¢}

AN
B

(6.3.4)

where a follows from the Fact[f's inequality and b follows from (6.3.3). Claim [I|now easily follows
from (6.3.4).

Proof of claim

Proof. The proof of claim [2|follows from the following set of inequalities

1—e¢ % Tr([I1; p]
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k
L ZTY[|Ua><Ua|pa]
= Z Tr[|va) (Valpal + Z Tr[va) (valpal

acls acgls
<Y Trlpa] + (1= V) Y Trfpa]
a€és actl
2

= Pr{&} + (1 = Ve)(1 — Pr{&,})
—1— e+ VePr{&)
= Pr{&} > 1 — v/, (6.3.5)

where a follows from the property of the projector II; given in Lemma [6.1.2] b follows from the
Jordan’s lemma and c from the definition of the set £ and from montonicity property of the trace
and the fact that |v,)(v,| < II,. Claim 2] now easily follows from (6.3.6).

Proof of claim

Proof. The proof of claim [2|follows from the following set of inequalities

1 — € < Ty[Mlyp]
2 ZTTHwa><wa|pa]
= Z Tr[|wa ) (Wa|pa) + Z Tr[[wa) (Wa| pa]

a€eés a€830
< Z Tl“[pa] + (1 - \/a Z Tl“[pa]
€l gy

= Pr{&} + (1 - Ve)(1 — Pr{&})
= 1= e+ VePr{&)
= Pr{&} > 1— Ve, (6.3.6)

where a follows from the property of the projector II; given in Lemma b follows from the
Jordan’s lemma and ¢ from the definition of the set & and from montonicity property of the trace

and the fact that |v, ) (v, | < I1,. Claim 2| now easily follows from (6.3.6).
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6.4 Quantum Stein’s Lemma

Suppose we have a source which emits several i.i.d. copies of one of the two states p or o and
we should make a decision based on some POVMs. Let’s say we have designed two POVMs
{IL,, (I = II,,) } in such a way that given n realization of the unknown state, if someone obtains
the measurement outcome associated to 11" then the state was p and if the measurement outcome

associated to (I — II,,) then the unkown state was 0. Now here we can have two types of error.

* Type-1: if the measurement outcomes implies the state to be o, but actually the state was p.
Probability of such error is & (I1,,) := Tr[(l — I1,,) p®"]

* Type-2: if the measurement outcomes implies the state to be p, but actually the state was o.
Probability of such error is 5"(II,,) := Tr[I1,,0"]

Quantum Chernoff Chernoff Stein’s lemma studies the asymptotic behaviour of % log(@é), where,

B = min Tr[IL,,0®"] (6.4.1)
I, : Tr[I1, p®n]>1—€
= B¢ = i 37(11,,).
Bi=pp Doim B (1)

Notice that this definition of Bg is taken from the definition of quantum hypothesis testing

relative entropy in equation (1.2.2). We now give a lower bound on %log(ﬁg) (converse) which is

similar in flavour to the proof given in [Theorem 1.2.2l This may be seen as an application of our
main result given in|{Theorem 6.1.1
Theorem 6.4.1. (Converse of Quantum Chernoff Stein’s Lemma) Let w®" € D(H") be n i.i.d.

realisation of an unknown state. Consider the hypothesis test between two alternatives H, : w = p
and Hy : w = o, where D(p||o) < oo. Let 11" be an acceptance POVM of Hy. Then for 0 < € < 1,

lim %bg(@i) > —D(pllo), (6.4.2)

n—oo

where [ is defined in equation 64.1) and f is a polynomial function on €.

Before giving a proof of [Theorem 6.4.1let’s prove [Theorem 6.1.2| using the idea we discussed in

above sections.

Proof of Corollary 6.1.2

The proof follows using techniques similar to the one used in the proof of Lemma [6.1.1] However,
we give its proof for completeness. Let I1Y" 1= {g® = 2-nD(llo)+9) 8} Then, from Fact [T,

we have, Tr[lL(ll) p®"] > 1 — €. Fact [5| guarantees that for every « € [1 : k] we can represent
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ananﬁﬂ)ﬂw = H,(fl, and Hwnﬁf)nn,a = HSL as the following one dimensional projectors:

HSzl,Zv |vn, o) <Un al;
5 -

113 |wna><wna‘

for some |vy,.), |Wn.q) in the subspace spanned by the eigen vectors of I1,, ,. Now for any |w,, o) it

can be written in the following way:

|Wn, ) = €0S(0n.0)|Vna) + sin(@nva)|via>,

where cos(0,,.0) := |{Un.a|wn.q)|*. Similar to the proof of Lemrna we define Good := & N&s,
where £ and 82 is defined similarly as in[6.2.10]and [6.2.11] Observe here that we don’t need the set
&3 because 112 doesn’t have any property as mentioned for II; in Lemma 1} Using arguments
similar to that the one used in the proof of claim 4, we can show that Pr{Good} > 1—2y/e. We

now prove the corollary using the following set of inequalities:

Tr [H(2) "]

n

= ZTr | W) (Who|0E"]

=1

Z Tr(|wp o) (Wnalo"]
acGood

> > (cos(gen,a)Tr[|vn,a><vn,a|a§n] + sin?(6,,.4) Tr[0®"]
acGood

Q

Ve

+ SmQ(gma)TrHUma) <U7ta |U§m] + Sinz(en,a)TrHUrtJ <Un,a|0§m])

V=

> (2‘"”“““)*‘” ¢08(20.0) Te|Un ) (Va9
aGGOOd

+ Sin2(9n,a) (Tr[agn] + Tr[|vn,a><via|‘7§m} + Tr“”iaﬂvn,ala?n]))

Z (2—n(D(pHU)+5) COS(2Qn,a)Tr[|Un,a> <Un,a |p;®n])
acGood

Z (2—n(D(pH0)+5) cos(20,,.4)(1 — \/E)TT[PZM])
acGood

2 P — o) (1-16ve) Y (Telpg™)
acGood

> 97 PUT(1 /)1~ 16v/0)(1 — 2v6)

- Q—n(D(pHU)+5)<1 — 19V/e),

V= Ve

Ve

where a follows from the definition of (6.2.4), b follows because each term in the summation is
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non-negative, ¢ follows using arguments similar to the one used in the proof (6.2.16)), d follows from
the inequality (6.2.8), e follows from Lemma (6.2.1) and because 5" > 0, f follows from the
definition of £2 given in g follows from the fact that cos(20,,,) = cos?(0,.a) — sin?(0,,.4)
and for @ € Good, cos?(6,,,) > 1 — 8y/€ and h follows because Pr{Good} > 1 — 2,/€ as discussed
above. We now give a lower bound on %log(ﬁg) (converse) using Corollary which is similar
in flavour to the proof given in the Tom and Cover Book [26]. This may be seen as an application of
our main result

6.4.1 Proof of Theorem 6.4.1

Proof. Tt follows Corollary that for any arbitrary II,, such that Tr[IT,,p®"] > 1 — €, we have
Tr[IL,,0®"] > 2~ (PPl +9) (1 — 19,/¢.) . Thus, we have

1. -~ 1. .
—log B > —log 3,
n n

= % log (Tr[IL,0%"])
> ~(D(pllr) +9) + — log(1 ~ 194),

then

1 .
lim ~log 3% > —(D(plo) + )

n—oo N,

O

So we are finally done with all the discuss we can possible, now it’s time to draw conclusion and

discuss what can further be done in context with this dissertation.
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Chapter 7
Conclusions and Future Work

In this work we have provided a notion of intersection of two projective measurements
using Jordan’s Lemma. Using this, we give a proof of the weak converse for the Quantum
Chernoff Stein’s Lemma. As a future work, it will be an interesting problem to prove a result
similar to our main result for the reverse operator inequality. To elaborate more on this, con-
sider p, o1 and o9 € D(H) such that supp(p) C supp(oy) and supp(p) C supp(cz). Suppose
for some ki, ky > 0, let IT;, Tl be such that IT; := {0y < 27%1p} and Il := {0y < 27%2p}
with the property that Tr[II;p] > 1 — e and Tr[IIyp] > 1 — e. Then, finding a projector IT*
such that Tr[IT*p] > 1 — f(e), Tr[Il*oy] < 275 f(€) and Tr[[T*oy] < 27%2 f(¢), where, f(¢)
is some function of €. This will help in understanding many important problems in the area of

quantum network information theory.

We have extended Sen’s one-shot upper bound for CQ-MAC [25] by demonstrating that
it applies even when the input alphabet spaces of CQ-MAC follow a joint probability dis-
tribution. This generalization can be useful for solving the Distributed Source Compression
problem with quantum side information, making it a valuable application of Sen’s work. It is
worth noting that the Distributed Source Compression problem with classical side information
shares a similar concept with classical MAC with two mutually dependent inputs. However,

further research is required to fully explore these connections.

We attempted to apply Sen’s method [25]] to derive comparable upper bounds for general
quantum states, which could aid in proving the Entanglement-Assisted MAC problem [[17]].
However, this approach proved to be ineffective for general quantum states as it is not well
interpretable to augment each system of a general quantum state individually.

Sen’s work [25] presents a statement that is weaker than the classical statement. The
scope of the statement is limited to negative hypothesis states that are a tensor product of
marginals and at most one arbitrary quantum state. However, it is crucial to address the open
problem of proving a quantum lemma that can handle arbitrary negative hypothesis states,

similar to the classical setting.
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