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Abstract

Information theory finds more and more applications within physics. Here, we look
at the coherent relative entropy from a mathematical and physical perspective. We
exploit the relation between this recently introduced entropy measure and the Rényi
divergence of order infinity to show that properties of the coherent relative entropy
follow almost directly from properties of the Rényi divergence. Besides, we discuss
that properties of a new generalized coherent relative entropy also follow from these
properties of the Rényi divergence. On the physics side we present a short survey on
the relation between information theory and physics, where we discuss the Szilard
engine and Landauer’s principle, and we then explain the physical meaning of the
coherent relative entropy in this context.
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Chapter

Introduction

In 1961 Rolf Landauer pointed out in his paper [1] that information behaves like a
physical concept. This result gave a solution to the infamous Maxwell’s demon [?]
and resulted in new studies where information theory and thermodynamics are con-
sidered to go hand in hand. Nowadays, researchers study this relation and its impli-
cations in the quantum regime by uniting quantum information theory and quantum
thermodynamics [3-6]. This thesis will focus on the recently-introduced so-called co-
herent relative entropy and its interpretation as the work cost of quantum thermody-
namic processes.

Background

In Refs. 6, 7 a new quantum theoretical measure named coherent relative entropy was
introduced. Mathematically speaking, it is an entropy measure of a so-called CPTNI
map €4, applied to a state ¢ given as a density matrix. The map goes from input
system A to output system B which both are characterised by a positive semi-definite
operator. In Refs. 6, 7 they prove several properties of the coherent relative entropy.
These are properties we expect an entropy measure to hold, for example the data pro-
cessing inequality. In Refs. 6, 7 they prove these properties from scratch using non-
trivial techniques, e.g., using semi-definite programming. This approach results in
technical and lengthy proofs.

Next to introducing this new entropy measure and proving various properties, the
main result of Refs. 6, 7 is to discuss and formally show the physical meaning of this
new measure. The CPTNI map £4_,p is applied to the input state ¢ with quantum
thermodynamic systems as input and output systems. They showed that the coherent
relative entropy captures the maximum amount of work extracted or the minimum
amount of work needed when physically performing the map £4_,5 on an input state
.

Our contributions

Here, we present a mathematical and physical contribution to the research field. Re-
garding our mathematical contribution we provide new quantum information theo-
retic insights into the coherent relative entropy. Our starting point is a connection
between the coherent relative entropy to the Rényi Divergence of order infinity. This
connection was also noted in Refs. 6, 7, yet they did not focus or elaborate much on
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this. In this thesis, we exploit this connection to provide the following two contri-
butions. First, we extend this connection to the general Rényi divergence of order «,
where the coherent relative entropy considered in Refs. 6, 7 corresponds to the case
« = oo. This lets us introduce the general coherent relative entropy of order a. Sec-
ondly, this connection lets us re-prove some of the properties of the coherent relative
entropy, as considered and proven in Refs. 6, 7 but now: (1) by means of simpler
proofs that exploit corresponding properties of the Rényi divergence and (2) for our
generalized version of the coherent relative entropy.

On the physics side, our contributions are as follows. We first give a self-contained
introduction survey explaining that information behaves like a physical entity. We do
this by discussing the Szilard engine [5], a thought experiment that in principle ex-
plains that information can be transformed into work. Also we present Landauer’s
principle [1] which states that erasing information costs work. We extend these no-
tions from classical to quantum physics. Moreover, we present the recently introduced
idea of treating a quantum register as a work storage system by identifying the quan-
tum information it contains with the amount of work this information can be trans-
formed into by identifying the quantum information it contains with the amount of
work this information can be transformed into. We do this to eventually present the
physical meaning of the coherent relative entropy in this context. The coherent relative
entropy tells us the work cost or the amount of work extracted when a CPTNI map is
physically performed. This work can then respectively be extracted from or stored in
the work storage system. Finally, we give an example of the physical meaning of the
coherent relative entropy in this context.

Structure

The structure of this thesis is as follows. Chapters 2 and 3 discuss some preliminary
concepts of information theory which will be used throughout this thesis. In Chap-
ter 4 we present the coherent relative entropy and our main results. We use the con-
nection between the coherent relative entropy and the Rényi divergence to introduce
the brand-new generalized coherent relative entropy and deduce its properties from
those of the Rényi divergence. In Chapters 5 and 6, we move on to the part on physics
in this thesis. We give the necessary background knowledge to ultimately discuss the
physical relevance of the coherent relative entropy.



Chapter

Preliminary Quantum Information
Theory

This chapter will explain some relevant concepts of quantum information theory. These
concepts are necessary for the understanding of further claims and results discussed
in this thesis. It is assumed that the reader has sufficient knowledge of linear alge-
bra, yet the core concepts will be revisited within the context of quantum information
theory. Most of these contents can be found in Quantum Computation and Quantum
Information by Michael A. Nielsen and Isaac L. Chuang [9] and Quantum Information
Processing with Finite Resources by Marco Tomamichel [10]. These references also form
a good basis for those looking for more in-depth information.

2.1 Linear Algebra

Let H be a finite dimensional Hilbert space over the field of complex numbers C.
Elements of # are vectors and are notated as ket-vectors, |¢). Given such a Hilbert
space H there is the dual vector space H* = {f : H — C | flinear}. Elements
of H* are denoted as bra-vectors, (¢p|. If an orthonormal basis of H is chosen it is
natural to think of ket-vectors and bra-vectors as columns vectors and row vectors
respectively. Then, bra- and ket-vectors are related via the conjugate transpose, |¢) =
(¢|". From this we have an intuition of matrix multiplication and the inner product
naturally emerges (|¢), [¥)) = |¢)T|¢) = (¢|¥) € C. To be more concrete, we give an
example where we let dim(H) = d. We can write ket-vectors as

a b1
a b
) =|"|ec” and Jpy=|7|ec
a4 bd
The inner product is
by
o . by d
(), 19) = (@ @ ... m)-| .| =Yab.
: i=1
ba
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In a similar way, we define the outer product of |¢) € H' and |¢) € H as |¢)(y| €
L(H,H'). Here L(H,H') is the set of all linear maps from H to H'. Elements of
this set are referred to as operators. When H = H', we write L(H,H) = L(H) for
the set of all linear maps from H to itself and its identity element will be denoted by
I. In addition, one can consider the vector space of superoperators, L(L(H), L(H')).
When H = H’ with denote the identity element of L(L(H), L(H')) as id. When an
orthonormal basis is chosen, it is natural to think of an operator R € £(#) as a matrix,
R e Cdim(H)xdim(H)

Before we define an orthonormal basis within this context, we introduce the set
of state vectors. The set of elements with norm one is the set of state vectors which is
denoted by S(H) := {|¢) | \/|¢){(¢| = 1}. A collection of state vectors {|i) }ics is an
orthonormal basis of H if

Yol =1.

icl
In an orthonormal basis all elements thus have norm one and are orthogonal to each

other. When we look at two-dimensional Hilbert space H, which we may assume to
be H = C?, we often use the orthonormal basis consisting of

v () ()

Next, we briefly recall certain operator properties, and some relations among these
properties. An operator R € L(H) is positive semi-definite - notation R > 0 - if for all
|p) € H we have (¢|R|p) > 0. We denote P(H) as the set of all positive semi-
definite operators in £(# ). Positive semi-definite operators are Hermitian as well. An
operator R is Hermitian if Rt = R. If RRT = R'R, then R is normal. Besides, for two
L,R € L(H) the Loewner order is defined as L > R meaning L — R > 0. An operator
V € L(H,H') with dim(H) < dim(H) is called an isometry if VIV = L. If we require
H' = H, we say V is a unitary operator, in which case it also holds that VV*t = I

When using the bra-ket notation, it is convenient to introduce the trace as a map
that sends the outer product to the inner product.

Definition 1. The trace map is the unique linear map tr : L(H) — C such that for all

|p) € H and for all (| € H* the following equality holds:

tr ([)(¥]) = (¥le) -

It is not too hard to see that this definition is well-defined. Note that the trace is cyclic,
i.e. for all operators R,L € L(H) we have the equality tr(RL) = tr(LR). Since the
trace is cyclic it is invariant under unitary similarity transformations. For U a unitary
operator we have

tr (LIRU*) —tr (u*UR) —tr(R) .
This definition of the trace map coincides with the common definition of the trace for

operators. Let R € £(H) and {|i) }ic; an orthonormal basis of H, then the following
familiar notion of the trace map is recovered:

tr(R) = tr(R-T) = tr (2R|i><i|) = Y (i[R}i) .

iel i€l
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Given a operator R € £(H) there are a few more concepts important to mention:
e The kernel of R, ker(R) := {|¢) € H | R|¢p) = 0};
* The support of R, supp(R) := {|¢) € H | (¢|yp) =0,V|¢p) € ker(R)};
e The rank of R, rk(R) := dim(supp(R)).

2.1.1 Functions on Operators

Whenever R € L(#) is normal there exists a spectral decomposition of R:

Where Ay, ... Agimz) € C are the eigenvalues of R, and {[i) }c; is an orthonormal
basis consisting of the corresponding normalized eigenvectors. Note that R is normal
if and only if it is diagonalizable, so the existence of a spectral decomposition of R
is equivalent to R being diagonalizable. We observe that in spectral decomposition
R is expressed as the sum of its eigenvalues which in principle can be simplified by
taking only the sum over the non-zero eigenvalues, because this does not change the
outcome of that sum.

Now, given an function f : C 2 D — C, we use spectral decomposition of an
operator R to specify f(R).

Definition 2. Let f : C O D — C be a function and R a normal operator with spectral
decomposition R = Z?;T(H) Aili) (i| and eigenvalues A; in D. We define the the function f on

operator R as

An example of such functionis f : C\ {0} — C given by f(R) = R°foras € Z.
This function is consistent of our natural understanding of raising a normal matrix to
the power of an integer when considering the non-zero eigenvalues of R. For R > 0
we generalize this function by letting s € IR, while still only looking at the non-zero
eigenvalues.

2.1.2 The Tensor Product

Up to this point we only considered one Hilbert space, we extend this by looking at
multiple Hilbert spaces at once. Therefore we need to introduce the tensor product of
vector spaces. Let H 4, Hp be Hilbert spaces. Treating these as vector spaces, a new
vector space emerges: the tensor product denoted as H 4 ® Hp. Elements of the tensor
product are finite linear combinations of vectors |¢p4) ® |¢pp) with |p4) € Ha and
|¢pp) € Hp. From now on often refer to H 4 as (quantum) system A, Hp as (quantum)
system B and H 4 ® Hp as (bipartite quantum) system AB.

There are several properties of the tensor product which are important to note
beforehand. For all |pa), |a) € Ha, |¢B), |¢B) € Hpand A € C:

o (lpa) +[$a) @ |B) = |Ppa) @ |P5) + [Pa) © |P5);
* |pa) @ (I¢p) + [¢B)) = [Pa) @ |PB) + |[Ppa) @ |¥5);



6 CHAPTER 2. PRELIMINARY QUANTUM INFORMATION THEORY

* (Alpa)) @ ¢p) = A([pa) @ @) = |pa) @ (Algp)) -

Furthermore, the tensor product of operators naturally acts component wise on the
tensor product of ket-vectors, i.e.

(R®L)(|pa) @ |¢5)) = R|pa) @ Li¢p) -

This relation induces an isomorphism L(H ® Hp) = L(Ha) ® L(Hp). Similarly,
the tensor product of bra-vectors also acts component wise on the tensor product of
operators and on the tensor product of ket-vectors. This first relation induces an iso-

* Y *

morphism as well, namely (H4 ® Hp)* = H’ ® Hj. We use these relations to deduce
the following equalities:

((Yal @ (¥ )(ROL) = (YpalR @ (p5|L,
((wal @ (¥5])(19a) @ [¢5)) = (Palpa) @ (¥slPs) = (WalPa) - (¥sl¢5) ,

where in the second relation we use the trivial isomorphism, C ® V = V given by
x ® v+ & - v for V a vector space. Hence, there is also the following relation:

(R@ (¥5])(|pa) ® |¢B)) = Rlpa) @ (¥5l¢p5) = R|Pa) - (¥5|¢s) -

Recall that the trace sends the inner product to the outer product, so this last isomor-
phism can be used to deduce that

tr([pa)(pal @ |@p)(¢sl) = tr(lpa)(Pal) - tr(lPs)(Ps]) -

From linearity it follows that tr(R® L) = tr(R) - tr(L).
Later, we will use a property of the tensor product of operators, namely that expo-
nentiation works component wise.

Lemma 1. Let Ry € P(Ha),Rp € P(Hg) and p € R. Then, we have the equality (R ®
Rp)? =R, @R}

Proof. Consider the following spectral decompositions R4 = Y ; Aile;) (e;| and Rp =
¥ uilfi) (fj| where all A;, p; > 0. Spectral decomposition of the tensor product is then
given by

Ry ® Rg = Z/\iyj (|€i> & ‘f]>) (<€i| X <f]D .

i,j

Raising this to the power of p can be seen as an function as discussed in Definition 2.

(Ra®Rp)! = Z/\fﬂf (lesy @ [f7)) (Ceil @ (fil)
ij

= Z/\f|€i><ei’ ®Z,u;7|fj><f]“ =R ®R}.
i j

2.2 Density operators

Definition 3. An operator p € L(H) is called a density operator or density matrix if it is

positive semi-definite operator, p > 0 and tr(p) = 1. The set of density operators is denoted
by D(H).
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When looking at a spectral decomposition p = Y_; A;|i) (i| this definition translates into
p being a density operator if ) ; A; = 1and A; = (i|p|i) > 0 for all i. A density operator
p is called pure if there is a state vector |¢) € S(H) such thatp = |¢) (¢], i.e. the density
operator can be represented by one state vector. In physics, a pure density operator is
the mathematical object to describe a deterministic quantum state. Besides, in spectral
decomposition of p all but one of the A; are equal to zero. Not all density operators
are pure, such density operators are called mixed. When a density operator is equal to
I/ dim(#) we say it is maximally mixed.

We give an example of a pure density operator that is given by the following state
vector

2
9) = 210+ =) = (ﬁ) ol = (2 e

A density operator is a normalized operator, it has trace one. Later on we will come
across sub-normalized states as well. The set of sub-normalized states is denoted as

Dc(H):={peP(H)|0<tr(p) <1} .

Now, we consider a density operator in the tensor product of two Hilbert spaces
‘H 4 and Hp. Imagine you want to look only at system B. This can be done by tracing
out system A and looking at the reduced density operator. Formally, when considering
a density operator pap € D(Ha ® Hp) as a description of a state in the bipartite
quantum system AB it is possible to describe only the subsystem B.

Definition 4. Let H o and H g Hilbert spaces. The partial trace tr 4 is a superoperator defined
as:

tra:=tr®idp: L(HA®@Hp) > C® L(Hp) = L(Hp),

where the last isomorphism is naturally given by « ® Rp = « - Rp. In a similar way the partial
trace trp is defined as

trg = ida @tr: L(HA®@Hp) = L(HA) @C = L(Ha) -

Take for example the pure density operator pap = |¢)(¢| given by the ket-vector
|p) = Y ailer) @ |fi) = YL ailei)|fi), where the last equality is notation. In this context,
{|ei)} is an orthonormal basis of £L(H 4). Tracing out system A yields

tra(pag) =tra (th ajlei)|fi) (el f]> E(x i tr(le;) (ej]) @ | fi) (il
=) wij{ejler) - | fi) (fil = ZM ezlez i) (fil = Zaz\fz (il
L]

where in the last two equalities we used that the |e;) form an orthonormal basis. Notice
that it is quite easy to show that pp := trs(pap) is a density operator as well, referred
to as the reduced density operator.

2.21 Completely Positive Trace Preserving (CPTP) Maps

In order for a superoperator £ € L(L(H), L(H')) to describe a valid quantum evolu-
tion, it has to map density operators into density operators. This gives notion to the
following slightly stronger condition which is necessary and sufficient.
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Definition 5. A superoperator € € L(L(Ha), L(Har)) is called a CPTP map if both of the
following properties hold:

1. & is Completely Positive, i.e. for all Hilbert spaces Hp and operators Rap € L(HA ®
‘Hp) we have

R > 0= E(RAB) = g®idB(RAB) >0;

2. & is Trace Preserving, i.e. for all Ry € L(H a) we have that

troE(Ry) =tr(Ry) .

Examples of a CPTP map are the partial trace or the following map given by an isom-
etry. Let V be an isometry, the map My given by My (x) := VxV' then is a CPTP
map.

When describing quantum processes it is sometimes useful to consider Completely
Positive Trace Non-increasing maps - referred to as CPTNI maps - instead of CPTP maps.
The only difference with Definition 5 is the second requirement which changes into:
for all R4 > 0 we have that tr((R4)) < tr(Ra).

Also, it is possible to give a different equivalent definition of CPTP maps. For this
we need to point out how a superoperator can be represented as an operator via the
Choi-Jamiotkowski isomorphism.

Definition 6. Let E4_, 40 € L(L(Ha), L(H a1)) a superoperator map. Define the Choi matrix
as

J(€) = (Eamsn ®ida)(|P)(P]) .
With |®) = Y, |i) ali) a, such that {|i) s } is an orthonormal basis of H 4.

If the superoperator £ is completely positive, then J(&) is positive semi-definite. More-
over, & is trace preserving if tr/(J(€)) = I and trace non-increasing if tr 4/ (J(£)) < L.

2.2.2 Purification

Looking back at our example on page 7, we began with a pure density operator and
acquired a possibly mixed density operator by applying the partial trace. The fol-
lowing - referred to as purification - ensures that every mixed density operator can be
obtained in such way.

Theorem 1. Let pp € D(Hp) be a density operator. Then there exists a state vector |p) €
S(Ha ® Hp) with Ha = Hp such that tTA(|(P> <(P|) = 0B.

Proof. Let pp € L(Hp) with spectral decomposition pp = Y% A;|e;)(e;| where d =
dim(#p) and let {|7) };c; be an orthonormal basis of H 4 = Hp. Next, consider

- i\/ﬂi)yeﬁ € S(Ha®Hp) .

When we trace out system A we obtain pp:

tra(|¢)(p|) = tra (2\/7\/7’ (jl @ le:) 3]) 2\/)‘)\ (jli) @ le;)( e]

=Y Ailei)(ei| = ps -
i
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Looking at Theorem 1 we say that |¢) (¢| is a purification of pg. A question that follows
from this proof is whether purification is unique. The answer is clearly no, because
another orthonormal basis of H 4 would not have changed the outcome. It turns out
that purification is unique up to choice of orthonormal basis of H 4.

2.3 Norm, Distance Measure and Metric

In this section we will introduce a norm and a distance measure for operators. Eventu-
ally, this distance measure lets us define a metric on the set of sub-normalized oper-
ators. This metric will tell us how similar two operators are. Later in this thesis, we
will come across this norm and this metric again. We present some of its properties
that become useful for proofs later on when discussing the coherent relative entropy
in Chapter 4.

Definition 7. For p € R\ {0} the Schatten-p-norm for an operator R € L(H) is defined as

==

IRl := te(IR|P) 7.
Additionally, the Schatten-co-norm is defined as

IRleo := Amax([R]) -
Here Amax(|R]) is the maximum eigenvalue of |R| = VR'R..

The Schatten-p-norm is a well-defined norm for p € [1, c0). We will also encounter the
Schatten-p-norm for p € (0,1), yet contrary to its suggestive name it is not a norm.
The Schatten-p-norm has the useful property that the norm of a tensor product is equal
to the product of the norms.

Lemma 2. Let R4y € L(Ha),Rp € L(Hp) and p € R\ {0}. Then, we have the following
equality:
IRa @ Rgllp = [[Rallp @ [ Rgllp -

Proof. We start by noting that

’RA ®RB’ = \/(RA ®RB)+ (RA ®RB) = \/R+ARA ®R.{3RB .

From Lemma 1 it follows that
VR4Ra @ RERs = \/RERa © /RER = [Ra| ® [Rs| -

Using Lemma 1 again, plus the fact that the the trace of a tensor product is the product
of the traces of the components yields

|Ra @ Rgllh = tr (JRa @ Rp|?) = tr ((|[Ra| ® |Rg|)F)
= tr (JRa|” ® |Rg|?) = tr (|[Ral?) - (|Rs|") = [Rall}p - IRz} -

When taking the p-th square root the proof is completed. O

In the next part we discuss the distance between two density operators. One may
think of such distance as a measure of the closeness of two operators. When two
density operators are 'close’ together, it is hard to tell them apart. On the other hand,
if the measure yields that the density operators are "further away’ from each other,
then it is easier to tell them apart. The fidelity is such a distance measure.
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Definition 8. Let p,0 € D(H) density operators. The fidelity is the function F : D(H) x
D(H) — [0,1] given by

F(p,0) = | /pv/alls = tr [y/pv/o]

The fidelity increases when density operators are closer to each other, i.e. that itis a
measure of ‘similarity’. The fidelity equals 1 when the density operators are identi-
cal. For pure density operators p = |¢)(¢| and o = |¢) (¢| the fidelity simplifies to
F(p,0) = |{¢|¢)]- Next, we define the generalized fidelity [11] for sub-normalized states
0,0 € D<(H):

F(p,0) = tr(|ypva]) — /(1 —trp)(1 —tro) € [0,1] .

Evidently, for density operators the generalized fidelity and fidelity from Definition 8
coincide. The general fidelity has some interesting properties which we briefly dis-
cuss below. Then, we present a metric and show that its properties follow from the
properties we discuss now. One of these properties is the data processing inequality
as proven in Ref.

Lemma 3. Let p,0 € D<(H) sub-normalized states and T € L(L(H), L(H')) a CPTNI
map. Then,
E((T (), (T(¢)) = F(p, ) -

In other words, applying a CPTNI map to sub-normalized operators makes it harder
to tell these operators apart.

Let us prove another property of the generalized fidelity, namely that it is invariant
under isometries.

Lemma 4. Let p,0 € D<(H) sub-normalized states and V € L(H, H') an isometry. Then,
we have
F(VpV',VaV') = F(p,0) .

Proof. Let p,0 € D<(H) sub-normalized states and V € L£(H,H') an isometry. Start
by noting that VpV" is again a sub-normalized state, because VpV' > 0 and we have
0 < tr(VpV') = tr(p) < 1. Moreover, each semi positive-definite operator has a
unique positive semi-definite square root:

(V\/p\ﬁ)z =V /pVIV vt = VoVt = <\/VpV+>2 .

Hence, V/pV' = \/VpV* for all p € D<(H). Next, let’s have a look at the terms of
the fidelity. First we notice that

V(1= (VpVh) (1 — r(VoVt)) = /(1 — tr(p)) (1 — tr(0)) .

Secondly, again using the property of isometries that VTV = I we obtain the following:

tr (‘WW) =tr<‘V\fpV+V\/EV+D _ tr(‘v\@\/aw‘)
= (\/ VWWV*V\@\/EW) —tr (v ﬁpﬁv*> —tr (|Voypl) -

We conclude that F(VpV', VoVT) = F(p,0). O
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The next property we address is that the generalized fidelity is supermultiplicative
as shown in Ref. 12. Formally stated in the lemma below.

Lemma 5. Let p4 ® pp,04 @ 05 € D<(Ha ® Hp) sub-normalized states. Then, we have
the following inequality:

F(pa ®pp,0a®@08) > F(pa,04) - F(pB,0B)

These are the essential properties which we use later on. We continue by using the
general fidelity to define a metric for sub-normalized operators.

Definition 9. Let p,0 € D<(H) sub-normalized states. The purified distance is the map
P:D<(H) x D<(H) — [0,1] given by P(p,0) = /1 — F(p,0)>.

The purified distance is a metric on D<(#H) [10]. From this it follows that for instance
the triangle inequality holds for the purified distance. Again it gives an intuition how
similar two sub-normalized operators are. We say two sub-normalized states p,c €
D<(H) are e-close to each other if P(p, o) < ¢. This will be denoted by p ~. ¢ and can
be used to relax the requirement that two operators are equal into the two operators
being e-close to each other. This is exactly what we will use in Chapter 4. From the
properties shown above for the generalized fidelity it follows sometimes trivially that
purified distance has similar properties. We will use these properties in Chapter 4
as well to prove properties of the in Chapter 4 presented coherent relative entropy.
The data processing inequality and invariance under isometries follow directly from
Lemmas 4 and 5.

Corollary 1. Let p,0 € D<(H) sub-normalized states and T € L(L(H), L(H') a CPTNI

map. Then, we have
P((T(p),(T(0)) < P(p,0) .

Corollary 2. Let p,c € D<(H) sub-normalized states and V- € L(H,H') an isometry
operator. Then, the following holds:

P(VpV', VoVt = P(p,0) .
The next property does not follow trivially, therefore we will give its proof.

Lemma 6. Let pa,04 € D<(H ) and pp, 0 € D<(Hp) sub-normalized states. There is
the following inequality:

P(pa ® pp, 04 ®0p) < \/P(pA,UA)Z + P(ps,08)* .

Proof. First, we apply Lemma 5 to get

P(pa ® pp,0a @ 0p) = \/1 — F(pa ® pp, 04 ® 03)?

< /1~ F(pa,04)? F(og,03)? .

Note that F(pa,04)%, F(pp,05)* € [0,1]. Therefore we have the following inequalities:
0< (1—F(pa,oa)?) (1 —F(pp,08)?)

=1—"F(pa,0a)* — F(pp,08)* + F(pa,04)*F(p5,08)*,
2 —F(oa,04)* — F(pg,08)* > 1~ F(pa,04)*F(p5, 05)*,
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where the second inequality can easily be deduced from the first one. Moreover, we
can write this second inequality in a suggestive way in order to deduce the following,

P(pa ® pp, 04 ® 0p) < \/1 — Foa,04)* +1—F(ps,03)?

= \/P(PA/UA)2 + P(pp, 08)? .




Chapter

Information Entropy

In the previous chapter, we introduced some important concepts of quantum informa-
tion theory for this thesis. We continue by introducing entropy which is an established
concept in information theory. Entropy is a measure of uncertainty. In this chapter, we
tirst present the Shannon and the Rényi entropy - two kinds of well-known entropies
- both for classical and quantum information theory. Next, we define the Rényi di-
vergence which is the main object of study in this chapter. We discuss its properties
which we will use in Chapter 4 to prove properties of the coherent relative entropy
which we introduce in that chapter as well. Note that from now on we write log(x)
for the binary logarithm of x, i.e. log,(x). For more details, properties and proofs of
information-theoretical entropies we refer the reader to Refs. 9, 13,

3.1 Classical Entropy

As mentioned an entropy measures the amount of uncertainty in a system. When
looking at a random variable X, entropy is the measure of uncertainty before its value
is known to us. A commonly used entropy is the Shannon entropy which is a function
of the probability distribution of such random variable. Here, we consider only finite
probability spaces.

Definition 10. Let X be a random variable with finite range X. The Shannon entropy of X is

defined as
== X P(X=1) log (P(X =) .

This entropy can be generalized to the Rényi entropy.

Definition 11. Let X be a random variable with finite range X and a € [0,1) U (1, 00). The
Rényi entropy of order w, is defined as

Hy(X) := — log (Z P(X ) .

xeX

We retrieve the Shannon entropy by taking the limit of H, as « approaches 1:
lim H,(X) := H(X) .
a—1

Also, for the limit of H, as a approaches infinity we get

lim H,(X) := —log <max{P )}) .

n—r00 xeX

13
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3.2 Quantum Entropy

Now, we discuss similar entropies as mentioned in the previous section, yet in a quan-
tum information-theoretical setting. We start with a quantum version of the Shannon
entropy, the Von Neumann entropy.

Definition 12. Let p € P(H). We define the Von Neumann entropy as follows,

H(p) := —tr(plogp) .

In addition, we extend the classical notion of the Rényi entropy to the quantum Rényi
entropy.

Definition 13. Let « € [0,1) U (1,00) and p € D(H) a density operator. Then, the
Rényi entropy of order  is defined as

1, 1
1_“tr(p)— 1—a

Ha(p) := lellé -

Similarly to the classical case, we retrieve the Von Neumann entropy for taking the
limit of H, as & approaches 1. The Rényi entropy of order 0 and infinity are also
defined by taking the limit of H,:

e lim,_0 Hy (,0) = IOg I'k(p),
o lim, 1 Ha(p) = H(p);
e limy 00 Hy(p) = —log || ]]eo (max entropy) .

Now, we define the following distance measure for positive semi-definite operators
which will be the main object of study for the rest of this chapter.

Definition 14. Let « € (0,1) U (1,00) and p,o € P(H). The Rényi divergence of order  is
defined as

* le; L
— log|lo 7 por

Du(pllo) ==

o

for supp(c) C supp(p), or & < 1 and supp(p) L supp(c). Otherwise Dy (p||o) = oco.

Taking limit of D, as a approaches infinity we obtain the Rényi divergence of order
infinity:

Des(plle) = log||o2po ™2
By taking limit of D, as a approaches 1 we obtain the Rényi divergence of order 1, the
quantum relative entropy:

D _ Jtr(plog(p) —log(c)) supp(p) < supp(v)
(plle) := .
00 otherwise
Here, we remark that in the literature e.g. Ref. 10 the Rényi divergence is defined
similarly for normalized p. For p not normalized, p is normalized by dividing it by its

trace. For our purpose Definition 14 works better.
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3.3 Properties of the Rényi Divergence

In this part we will give some properties of the quantum Rényi entropy. These proper-
ties will be used later on this thesis in order to prove similar properties of the coherent
relative entropy. Therefore not all proofs will be spelled out. Some properties we
prove, for other proofs we refer to the Refs. 10, 15,

Scaling

When scaling the operators we obtain a different measure for the quantum Rényi di-
vergence as shown in the lemma beneath.

Lemma 7. Let a,b € R be scalars, p,o € P(H). Then the following holds:

g1
Du(ap||bo) = Du(pllo) +log (b) :

Proof. We assume D, (pl||c) # 0. Then, we have

o
a—1

1-a

Dy /(ap||bo) = log HblfTa(flfTaapblz;«“aW

4

it
a=1og< . )+Da<pr|o—>.

= P i 1 logb%&a Halz;aapa%

O

Note that for « = co Lemma 7 translates into Deo(ap||bo) = De(p||) 4 log () since
Data Processing Inequality

Another property is the data processing inequality. This a similar property that also
holds for the purified distance as shown in Corollary 1. In words it means that act-
ing on a system will make two operators more indistinguishable, resulting in a lower
Rényi divergence as proven in Ref.

Lemma 8. Let T € L(L(H),L(H')) be a CPTNI map and p,c € P(H). Then, for all
« > 1/2 the following holds:

Du(T (0)IT (7)) < Dalpllo) -

Superadditivity

When looking at two systems the Rényi divergence of a factorizable bipartite system
is the sum of the Rényi divergence the separate systems. We call this property super-
additivity.

Lemma9. Let pa,04 € P(Ha) and pp,0p € P(Hp). Then, we have

Dy(palloa) + Du(psllos) = Du(pa @ pplloa ® o) -
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Proof. We work out the right hand side of the equality to obtain the left hand side

1-a

o 1w 1-a
- log (74 ©08) = (04 ©p3) (04 © 03)

Du(pa ® plloa ® o) =

4

Next, we apply Lemma 1 to obtain

o
a—1

Da(pa ® pplloa ® 0p) = log

e 1a e 1
(‘7142[v ® ot > (0a ®pp) (UAZ’X ® gt >

4

Lastly, we use Lemma 2 to show

Q a1 JER
Du(pa ® pplloa ® 0p) = —— log [ TA" pATA || - ||loB" PRI ]
[ [
o 1-a 1-a 1% 1-a 1-a
= ——qlog|os pac |+ —Flog|loy" ppog* || = Dulpalloa) + Dulpslios) -
14 14

O]

Isometry Invariance

Just like the generalized fidelity - Lemma 4 - and the purified distance - Corollary 2
- the Rényi divergence is invariant isometry transformations, which is shown in Ref.

Lemma 10. Let V € L(H,H') be an isometry and p,o € P(H). Then, for all & > 0 we
have

Ds (va*y\v(rv*) = Da(pl|o) -
Triangle-like Inequality

In general, the Rényi divergence does not satisfy the triangle inequality. We consider
the case that it does hold a property that looks like the triangle inequality as explained
in Ref.

Lemma 11. Let p,0, x € P(H). Then, for all « € [1/2,00) the following holds:

Da(pllo) < Dalpllx) + Deo(x 1) -

Thus, for & = oo this translates into the triangle inequality as one is familiar with.
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Coherent Relative Entropy

In this chapter, we discuss and contribute to the so-called coherent relative entropy.
This new entropy notion was recently introduced in Refs. 6, 7. In these papers they
discuss the physical interpretation of this measure and argue why it is called an en-
tropy. They show various properties of the coherent relative entropy, e.g. the data
processing inequality. In their proofs of these properties they often use non-trivial
techniques, for example from semi-definite programming. This results in lengthy and
technical proofs.

Here, we provide new quantum information theoretic insight into this novel en-
tropy measure. The starting point of our contribution is a relation between the coher-
ent relative entropy and the Rényi divergence of order infinity; this connection was
already mentioned in Refs. 6, 7, but little attention was given to it. In this thesis we
exploit this connection in the following two ways. On the one hand, by extending
this connection to the Rényi divergence of general order a, we obtain a natural gen-
eralization of the coherent relative entropy to a general order «, where the original
definition corresponds to & = co. On the other hand, it allows us to re-prove some of
the properties of the coherent relative entropy, as considered and proven in Refs. 6, 7,
but now: (1) by means of simpler proofs that exploit corresponding properties of the
Rényi divergence, (2) for our generalized version of the coherent relative entropy.

4.1 Process Matrix

In this section the process matrix is presented which is component of the coherent rel-
ative entropy. Before we give its definition it is useful that we first discuss the frame-
work we use. For the coherent relative entropy we have to consider two Hilbert spaces
H 4 and Hp. Recall that we refer to these spaces as system A and system B respectively.
Also, we consider the reference system R 4 which is isomorphic to system A. Take a den-
sity operator with spectral decomposition o4 = Y; A;|i) (i| 4 as well as a CPTNI map
Ea—,p which preserves the trace of 4. We call 04 the input state. The process matrix
holds information about the input state and the CPTNI map. Next, let us examine a
purification of |0} o, namely |0) (0| ar, with [0)ar, = ¥ vAili)|i). Now, all is set to
define the process matrix.

Definition 15. Let 04 € D(H ) a density operator and let Eo_p € L(L(Ha), L(Hp))
be a CPTNI map such that tr(Ea_p(ca)) = tr(ca). The process matrix of o4 and E4_,p is

17
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defined as

PBR, = (Eamp @idr,) (o) (0|ar,) = Z Airi Eap(li)(j]) @ [1) (] -
L]

We note that the process matrix differs from the Choi-Jamiotkowski isomorphism
presented in Definition 6, but looks quite similar. The process matrix is an operator
that encodes information of the CPTNI map £4_,p and the input state c4. It also gives
an intuitive notion that the system R 4 remembers what the input state was. Observe
that ppr, uniquely determines o4 as well as the CPTNI £,4_,5 on the support of 7 4.

Lemma 12. Let pgr, be a process matrix given by input state 04 and CPTNI map E4_p.
Then, ppr,, uniquely determines this input state 04 and CPTNI map € 4_,p on the support of
TA.

Proof. We retrieve o4 by applying the partial trace to the process matrix:
oA—Z Aidj tr € (Ji) ]\—Z\//\/\ Gl - 18} (il = o Adli) (i
1

This uruquely determines the input state 4. We retrieve the CPTNI map with the
following observation,

(T (iN)ppr, (L@ ) = /Aid; E(D)(]) -
This determines £(|i) (j|) for |i), |j) in the support of 74. O

We continue by examining how the process matrix behaves under CPTNI maps.
Let us start with a process matrix pgr, which encodes an input state 04 and a CPTNI
map E4-,p. Next, let Fp_,c be a CPTNI map such that tr(Fp_c(Eap(0a))) = 1.
Applying this map to the process matrix yields the following process matrix:

PCRr, = Fpc ®@idgr, (0BR,) -
Which encodes input state 4 and CPTNI map Fp_,c © £4-,5. An example of CPTNI
maps are My, and My, given by isometries V4 € L(Ha, Ha) and Vp € L(Hp, Hp).
Given these isometries such that 04 and £4_,5(04) are in the support of V4 and Vp
respectively, we apply these maps on the process matrix we achieve the following;:

PR, = My, @ My, (psr,) = ) \/Aidj My E([i)(j]) ® M, i) (j]
L

= Z )\iA]’ MVBgMVA'f (MVA’i> <]|> ® MVA‘Z.> <]| .
L]

Recall that My (-) = V- V. Besides, we used the property of isometries that V}V, = IL.
Notice that ppr, encodes CPTNI map My,EMy,, which is trace preserving on the
encoded input state 0y = My, 04.

4.2 The Coherent Relative Entropy and its Relation to the Rényi
Divergence

In this section, we will introduce the coherent relative entropy. We will adopt the
definition as used in Ref. 6. Additionally, we present its connection to the Rényi di-
vergence of order infinity which forms the starting point of our mathematical con-
tributions. Here, we use this relation to define a new generalized coherent relative
entropy.
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Definition 16. Consider two Hilbert spaces Hp and Hp with T4 € P(Ha) and T'p €
P(Hp). Then, for any process matrix ppr,, representing an input state o4 € D(H) and a
CPTNImap Ea—p € L(L(Ha), L(Hp)) the coherent relative entropy is defined as

DA—>B<PBRAHFA;FB> = m7gxmax {/\ | T(Ty) < Z’AFB} ,

where the optimization is over all CPTNI maps Tap € L(L(Ha),L(Hp)) such that
T(0ar;) = P8R

Recall that ppr, determines o4 and a CPTNImap £ on the support of 4. So within the
optimization over the CPTNI maps 7T, there is a degree of freedom outside the support
of 04. When o4 has full support, i.e. its kernel is trivial, this degree of freedom is lost
and it is necessary that 7 = £.

We may want to relax this definition by not requiring 7 (c4r,) and ppr, to be
exactly equal. It can be more useful to consider cases when 7 (car,) is close enough
to ppr,. We can quantify this by saying 7 (car,) is e-close to ppr, in terms of the
purified distance as introduced in Definition 9. For this we need the smooth coherent
relative entropy.

Definition 17. Consider two Hilbert spaces H 4 and Hp with respective operators I' 4 > 0
and I'p > 0. Then, for any process matrix ppr, representing an input state c4 and a CPTNI
map E—,p and for all € > 0, the smooth coherent relative entropy is defined as

D;HB(pBRAHI’A,FB) = m7z_ixmax {/\ | T(Ty) < Z*AI’B} ,

where the optimization is over all CPTNI maps Tap € L(L(Ha),L(Hp)) such that
T (CAR,) e OBR,-

We note that that for ¢ = 0 the smooth coherent relative entropy coincides with the
coherent relative entropy as stated in Definition 16. When looking more closely at
the constraint 7 (T'4) < 2T, it is possible to derive an elegant relation between
the coherent relative entropy and the Rényi divergence of order infinity. This relation
also is given in proposition 12 of Ref. 6 and will be the starting point of our approach
when introducing a generalized coherent relative entropy and proving properties of
the coherent relative entropy.

Theorem 2. Consider Hilbert spaces H 4 and Hp with respective operators I'y > 0 and
I'g > 0. Then, for any process matrix ppr, representing an input state oo and a CPTNI map
Ea_sp and for all € > 0 there is the following relation:

D% _,5(0Br,|IT A, TB) = f,pax{—Doo(T(rA)HfB) | T(0ar,) e PBR,}

A—B
where the optimization is over all CPTNI maps Ta—p € L(L(Ha), L(HE)).

Proof. Let us have a look at one of the requirements in the optimization process of the
coherent relative entropy, 7 (T 4) < 27*T'5. We note that this expression is equivalent
to
—1/ /2 _ 5 ATO
I, 2T (Ta)T 2 <27'T}.

Here, I') is the identity on the support of I's. We note that the support of Fgl/ *T(T A)Fgl/ ?

is contained in the support of 2~*T'%. This means that the eigenbasis of F;/ T(T A)F;/ :
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is an eigenbasis of 27T too. The operator 2-*T% has eigenvalues 2~ and 0. There-
fore this inequality is equivalent to the eigenvalues of Fgl/ *T(T A)I’El/ ? being at most
27}, We recall that ||[T;"/*T (T4)T'5/*||e is the Schatten-co-norm which is the largest
eigenvalue of the operator Fgl/ *T(T A)Fgl/ ?. This means we can rewrite our inequality
into

1T T ()T Pl <274

By applying the logarithm of base two - which is monotonic - on both sides the Rényi
divergence of order infinity emerges:

< -—A.

[ole]

Deo(T (T4) V) = log [T T (T 4)T; "

For the coherent relative entropy we optimize in such way to obtain the maximum
of A, hence we want to make |A| as large as possible. We notice that |A| takes its
maximum value when —A is equal to the minimal value of Do (7 (I'4)||I's). Note that
Deo(T (T4)||Tp) is a function of 7, hence —A = min7{Dw (T (T4)||Ts)}.

We recall that 7 (c4r,) still needs to be e-close to pgr,. When we add this con-
straint, we get the following relation:

—D% ,5(0Br, T4, TB) = Inin {Deo(T (Ta)|TB) | T(0ar,) ~ PBR,} -

A—B

Lastly, we use the property that max,{—x} = — min,{x}, to obtain

Dissp(08r, [T, Tp) = — min {Des(7 (Ta)[ITs) | T(ear, ) ~e o, }

A—B

= max{—Du(T (Ta)[T5) | T(car,) ~e pBr,} -

A—B

O]

So there is a relation between coherent relative entropy and Rényi divergence of order
infinity. Instinctively the idea of a generalization of this relation follows. As we de-
fined the Rényi divergence of order & we can define coherent relative entropy of order
« as well.

Definition 18. Consider two Hilbert spaces H 4 and Hp with respective operators I' 4, I'p >
0. Let w € [0,1) U (1, 00). Then, for any process matrix pgr, representing an input state o
and a CPTNI map & o_, g and for all ¢ > 0, we define the smooth coherent relative entropy of order «

as
D: a,5(0BR,|IT A, TB) := ITnaX{—Da(T(TA)HTB) | T(car,) e PBR,}

A—B

where the optimization is over all CPTNI maps Ta_,p € L(L(Ha), L(HB)).

When we write the coherent relative entropy without a subscript & we refer to the
coherent relative entropy (of order infinity) as presented in Definition 17.

4.3 Properties of the Coherent Relative Entropy

The coherent relative entropy holds some properties that we want in order for it to
be called an entropy. In Refs. 6, 7 these properties are proven from scratch to a large
extent using non-trivial techniques, e.g., from semi-definite programming. As a conse-
quence, these proofs in Refs. 6, 7 are technical and lengthy. Here, instead, we exploit
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the observed connection between the coherent relative entropy to the Rényi diver-
gence as discussed in Theorem 2 in order to show that many of these properties of
the coherent relative entropy are inherited from similar properties of the Rényi di-
vergence as discussed in subsection 3.3. This results in short proofs, and sheds new
insight into these properties. Besides, we generalize these properties for the coherent
relative entropy of order «.

Scaling

The coherent relative entropy behaves in a similar way as the Rényi divergence when
we scale the positive semi-definite operators. This property is also discussed in propo-
sition 8 of Ref. 6. Here, the proof follows almost directly from Lemma 7.

Lemma 13. Let a,b € R~ be scalars, I' 4, 'y > 0 positive semi-definite operators, ppr, a
process matrix. Then, for all «,e > 0 we have

N . b
D; a_p(eBrR,|laT 4,bT8) = Dy 4 . p(0BR,|IT4,T'B) + log <ng) :

Proof. From linearity of CPTNI maps it follows that 7 (al'4) = a7 (T'4), hence
Dy(T (aT 4)||bT5) = Dy (aT (T 4)||bT5)

Using Lemma 7 we get

D (aT(T)||bT5) :—D,X(T(rA)HrB)Hog( b) .

aoa—1

Optimizing both sides we obtain the coherent relative entropy:

A A b
D% pp (P, 470, T8) = D g o, 1T, To) +log (5 )

Data Processing Inequality

In proposition 19 of Ref. 6 the data processing inequality for coherent relative entropy
is shown by using optimization techniques. In this thesis, the proof of the data process-
ing inequality is a direct consequence of the data processing inequality of the Rényi
divergence as discussed in Lemma 8 and the purified distance as discussed Corol-
lary 1.

Lemma 14. Let Fp.c € L(L(Hp), L(Hc)) be a CPTP map, T4, Tp > 0 and ppr, a
process matrix. Then for all « > 1/2 and € > 0 we have

D%, a5 (8R4 |IT A, TB) < Df ayc(F(or,)IITA, F(Tp)) -
Proof. Let T 4_,p be the CPTNI map such that

D5 a_(0Br, 1T, T8) = —Da(T (Ta)||T5) -

From Lemma 8 it follows that

—Do(T (Ta)|ITs) < —=Du(F(T (CA))IF(T8)) -
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Moreover, from Corollary 1 it follows that

P (F(T(oar,)), F(psrs)) < P(T(0ar,) pBR,) <€

Therefore, noting that 7 (pgr,) is the process matrix of initial state 04 and CPTP map
Fo&,wehave

D5 ac(F(pBr,)|IT 4, F(T5))
= max{~Da(T(La)|F(T5) )| T 0 F(ppr,) ~e F(0ar,)}

A—=C

> =Dy (FoT(Ta)|F(Ts)) = =Du (T(Ta)lIT8) = Dg a-5(08R, T4, T) -

O]

Isometry Invariance

In Corollary 2 and in and Lemma 10 is shown that respectively the purified distance
and the Rényi divergence are invariant under isometry. The coherent relative entropy
holds this property as well. In proposition 7 of Ref. 6, this property is also mentioned.
However, its proof is not totally spelled out. In this thesis, we will provide an insight-
ful proof.

Lemma 15. Let V4 € L(Ha, Ha), Vs € L(Hp, Hp') isometries, T 4, T positive semi-
definite operators, pr, a process matrix, such that I' o and pg, are in the support of V4 and
that T'g and op are in the support of V. Then, for all a,e > 0 we have

D5 a_5(My, ® My, (pr,)|Mv,(Ta), My,(T5)) = D5 4_5(pBr, [T A, TB) -

Proof. As discussed on page 18 we note that if process matrix ppr, encodes input
state 04 and CPTNI map 4,5, then ppr = My, ® My, (ppr,) encodes input state
0y = My,(cs) and the CPTNI map My, o E4.,p © My,,. Also, notice that for the
purification of ¢/, we similarly take o/ R, = Mv, ® My, (0ar,)- Let Ty_.p be a CPTNI
such that

P8R, ~e T (0AR,) -

From Corollary 2 it follows that this is equivalent to
PBR, ~e My, © T ® My, (0ar,) = My, o T o My, (0ur,) = T'(0hr,) -

In the last equality we used V} V4 = I, a property of isometries. Thus ppg, is e-close
to T (0ar,) if and only if pjr  is e-close to T'(cyg, ). Besides, we observe that 7' =
My, o T o My, is again a CPTNI map. In general, we have the following relation:

Di, a-p(pBRAlIT4,TB) = —Da(T(T4)[ITp) = —Da(My, o T(L4)[|My; (T5)) ,

where we applied Lemma 10 for the last equality. Again, using the property of isome-
tries and the equivalence of the e-closeness discussed above we get the following rela-
tion,

Di a_,3(My, ® My, (08r,)|Mv, (T 4), My, (T's))
> — Dg(My, 0T o My, (My,(Ta))||My,(Tg))
= —Do(T(Ta)|IT8) < D% 45(p8r, T4, TB) -
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For T such that last inequality becomes an equality we get

DE,A%B (pBRA HFA/ FB) > D;,A%B (MVB ® MVA (pBRA) H MVA (FA)/ MVB (rB)) .
Furthermore, let T be the CPTNI map such that

D% 4_5(My, ® My, (pgr,,) | My, (T4), My, (T5)) = —Da(T (My, (T4))||My, (T5))
> —Dy(My, o T o My, (My,(Ta))[|Mv,(Ts)) ,

where the last inequality follows from the fact that T maximizes the Rényi divergence
and My, o T o My,, may not be the optimal solution. This means the following:

Di a,p(0Br, 1T, TB) < D5 4 ,3(My, ® My, (psr,)|Mv, (Ta), My, (Ts)) -

We finally conclude that

Di ap(0Br, 1T, TB) = D 4 ,3(My, ® My, (psr, ) |Mv, (Ta), My, (Ts)) .

Chain Rule

The coherent relative entropy also holds some kind of chain rule. The coherent rela-
tive entropy of a concatenation of processes can never be lower than the sum of the
individual processes. This property corresponds to proposition 20 in Ref. 6.

Lemma 16. Let H 4, Hp, Hc be Hilbert spaces with respectively positive semi-definite oper-
ators I' 4, T'p and T'c. In addition, let R4 and Rp be reference systems. Let o4 be a density
operator and Ea_,p, Fg—,c CPTNI maps, such that tr[F o E(04)] = tr[€(0a)] = 1. Then
foralle, e > 0and o > 1/2 we have

A

D 4 3(E(0ar,)|ITa, Tr)+ D% .o(F(osr,)IT5,Tc)
< DI (Fo&(oar,)lITa Te) -

Proof. Let T o_,p and 7—_/3 _,c be the CPTNI maps such that

N

D 4-p(E(0ar,)ITA,TB) = —Da(T (Ta)||IT) and

b (F o8k, [T, Te) = ~Des (T'(T8)Tc) -

We use data processing inequality of the Rényi divergence as discussed Lemma 8, to
obtain the following inequality:

D (T(TA)IIT) — Do (T'T5)|C)
< =D, (T o TAIT (1)) - Do (T )N

Next, we apply Lemma 11, which results in the following inequality:

~Dx (T o TIAIT () = Do (T (Tw)lFe) < =D (T o TTWITC) -
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Next, we show that 7~ o7 is indeed an option in the optimization process for D;ﬁ;c (Fo

E(car,)|IT 4, Tc). Remember that the purified distance is a metric, hence it obeys the
triangle inequality:
— = — = —
p (T o T(UARA)/]:Og(UARA)> <P (T o T(0ar,), T Og(UARA)>
+ P (T/ Og((TARA>,fOE((7ARA>> .
When we apply Corollary 1, we obtain
P (T oT(eary) T 0&(0ar,)) + P (T 0 £(@ar,), F o Eoar,))

< P (T(0ara) E(0ary)) + P (T (pbry), Flopr,) ) e +¢

Thus, 7 o 7T is indeed an option in the optimization process. We conclude that

N

D¢ 4_5(E(car,)|ITa,TB) + D5 c(F(0Bry) T8, Tc)
<D o(Fo&(oar,)ITa,Te) -

Superadditivity

The notion of the superadditivity property of the Rényi divergence - Lemma 9 - gives
rise to a similar property for the coherent relative entropy as well. This property is
also discussed in proposition 9 of Ref. 6.

Lemma 17. Let Ha, Ha, Hp, Hp be Hilbert spaces with respectively positive semi-definite
operators I'a, I 4, I'p and U'p:. In addition, let ppr, and (pr R, Process matrices, & > 1/2 and
e, e > 0. Then,

D5 4-5(08RAIT A, TB) + D5 o5 (Corr,, 1T a7, Tr)
< ngA@A’aB@B/ (PBRA ® gB/RA/ ||FA QLa,I'p® FB’) ’

where &' = /€2 + €2,

Proof. Let T ass 3,77’14/ _,p be the CPTNI maps such that

D A s(0Br T4, T8) = =Da(T (T4)|ITg)  and
/

A ol —

DS aop (Cor ITa, Te) = =Du(T (Ta)|ITp) -

When we add these two we get

D% 4 p(or, T4, T8) + D 4 (Cor,, IT 4, )
— —
= — (Du(T (TA)IT8) + Du(T (L) T

Let us apply Lemma 9 over here to obtain
— — — —
— (Da(T (L) T8) + Du(T' (C4)[IT5) ) = =Ds (T(Ca) @ T () |T5 @ T )

=D, (ToT Ta@Ty)|Ts&Ty) .
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Now, we will show that

S
(T 2T )A®A'—>B®B/ (Tar, ® O-A/RA’) N PBRy D CBR -

We us the inequality of Lemma 6 to obtain

—_— =
p <<7'® T )A®A,%B®B/ (0AR, ® OAR,,)  PBR, ® @B'RA,)

=P (7-(U'ARA) QT (UA/RA,) /PBR, @ éB/RA,)

2

< \/P (7-(UARA),PBRA)2 +P (T(U—A’RA,)/gB’RAJ <Ver+4e2=¢".






Chapter

Information is Physical

In the previous chapters, we considered information and entropy as mathematical
concepts. This chapter will be devoted to information and entropy as physical con-
cepts. We give the relevant background knowledge before we present the physical
relevance of the coherent relative entropy in Chapter 6. First, we give a self-contained
literature review on information as a physical entity. We will argue with a renowned
thought experiment that information is indeed physical and can be traded for work.
The approach of this experiment is classical, yet we will extend this to a quantum sys-
tem. In the second part, we discuss the results of more recent studies. In particular, the
so-called information battery. The idea of this information battery is to treat a quantum
register as a work storage system.

5.1 Szilard Engine

Szilard came up with a thought experiment to investigate the infamous Maxwell De-
mon. The outcome of this experiment gives a link between information and work.
For this thought experiment, we use a slightly different one than the original one [5]
because it gives a more intuitive notion of what happens. However, the ideas and out-
comes are still very much identical. For information on the ideas that are presented
here, see Refs. 17—

The experiment starts with a cylinder with volume V containing a single parti-
cle, see fig. 5.1 for an illustration of the experiment. The particle is in thermal equi-
librium with the cylinder walls. Both ends of the cylinder are blocked by a piston.
The particle cannot apply enough force on the pistons to move them further out-
wards than in the initial situation, step (1) in fig. 5.1. Moreover, the whole set-up
is connected to a heat bath making sure the temperature is constant and the parti-
cle does not lose thermal energy [2]. The first thing we do is inserting a partition
halfway in the cylinder (2). We assume that the amount of work required to insert
and remove such partition is negligible. Due to this insertion, there are two com-
partments, one is empty, the other contains the particle and both have volume V/2.
Both possible trajectories are represented in fig. 5.1. Next, we measure in which
compartment the particle is without modifying the particle. For now, it is not im-
portant how this information is obtained, only that we gained one bit of informa-
tion. This bit of information needs to be stored somewhere, indicated by the filled
box in step (3) in fig. 5.1. It can be in one of three states, a blank state '?” when
there is no knowledge, ‘0" when the particle is in the left compartment and "1” if it is

27
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in the right compartment. Note that we now have obtained one bit of information.

One can push the piston on the side
that does not contain the particle until it
touches the partition and can remove the
partition (4). Pushing the piston does not
cost any work since there are no particles
able to resist the movement. After the re-
moval of the partition, the particle now
can exert pressure on the just moved pis-
ton due to its collisions with the piston (5).
Because the set-up is connected to a heat
bath, the expansion happens isothermally,
and heat is extracted from the bath. We
now have lost the information in which
compartment the particle is, we lost our
bit of information (6). When the piston
moves work can indeed be extracted, e.g.
connect a pulley to the piston which lifts a
weight when it moves. Finally, while the
particle is in its original state, the memory
system is not. Thus in the last step we re-
set the memory system to its blank state
(7).

A natural question that arises is how
much work can be extracted. This can be
calculated with the use of this experiment
and the ideal gas law:

_ NkgT
p - VvV /

where p is the pressure, N is the amount of
particles, kp is the Boltzmann constant, T is
the temperature and V is the volume. In our
experiment, we have a gas consisting of

3 r 3
_ }
=0 1=
¥ ¥
= =

| : [ _ Heati [

/

7

Figure 5.1: An illustration how the Szilard
engine works. Two possible trajectories, one
where the particle is the left-hand side and
one where the particle is in the right-hand
side. Besides, the green box represents the
memory system.

one particle, hence N = 1. The amount of work done by the system, when the gas
changes from a state with volume V/2 to one with volume V', while T is constant all
the way is given by

v
/ keT 1y — ks

2 (m(V) “in <‘2’)> — ksTIn(2) .

1%
W:/Z}pdV: 2

In other words, it is possible to extract kgT In(2) work in this process. After the ex-
periment the system is back at its initial state. The experiment can thus be carried out
again and again. After n cycles we have converted nkpT In(2) heat into work.

Result 1. During one cycle the Szilard engine converts kgT In(2) heat into work.
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I

I 2 ?

Figure 5.2: The two possible trajectories for gaining one bit of information.

We have seen how much work can be extracted while losing information about the
position of the particle. Now, we briefly discuss how we can obtain information about
the location of a particle and how much works this costs, shown in fig. 5.2. First, the lo-
cation of the particle is unknown, step (1) in fig. 5.2. Next, by compressing the volume
(2) and inserting a partition (3) we know where the particle is. A similar calculation
as done for the Szilard engine shows that to obtain this bit we need to invest at least
kpT In(2) work. This leads to the following generalized version of Result 1.

Result 2. From one bit of information kgT In(2) work can be extracted. On the other hand, to
gain one bit of information at least kT In(2) work needs to be invested. Information behaves
like a physical quantity.

5.1.1 Landauer’s Principle

There is a catch to the Szilard engine as discussed above, it violates the second law of
thermodynamics. In Szilard’s thought experiment heat is converted into work without
loss. When considering both the system and the heat bath together, there is a decrease
of heat and an energy gain due to the performed work. Heat energy is converted into
mechanical energy while the system cools down, hence the - physical - entropy has
decreased, this violates the second law of thermodynamics.

Indeed there is something we forgot to take into account. If we only look at the
particle, then is back at its initial state in step (6) of fig. 5.1. However, in step (7) the
memory system is reset. This is exactly where Landauer’s principle comes into play:
Resetting the memory device, erasing the recorded bit, results in a dissipation of heat
of atleast kg T In(2) [1].

Let us derive Landauer’s principle, where we follow a similar approach as pre-
sented in Refs. 19, 20. We want to describe a process that resets one bit of information
regardless of its initial value. The bit is successfully erased or reset when it is impos-
sible to recover its initial state. We can do this by implementing the irreversible map
that sends the value of the bit always to 0. Again, we take a cylinder with one particle
inside to model a bit. We assume that we initially know the value of the bit, the par-
ticle is either in the left - value 0 the in memory system - or the right compartment -
value 1 in the memory system - where a partition makes sure the particle cannot move
from one to the other compartment. In fig. 5.3 is shown how the reset process works,
starting in situation (1). The resetting process has two steps beginning with removing
the partition (2). Next, a piston isothermally compresses the volume and pushing the
particle to the left and generates heat (3). The partition is inserted back and the bit has
value 0 (4). Note that this system models the irreversible map, hence the initial state
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of the bit cannot be recovered and the information we initially had has been erased.
The value of the bit has been reset. This process requires at least kT In(2) work to be
carried out, so there is a dissipation of kgT In(2) heat which flows from the memory
system - the cylinder - to the environment.

Returning to the Szilard engine, the full
cycle should also take Landauer’s princi-
ple into account. We measure where the
particle is, this is stored into our mem- | B |
ory system. The particle now extracts l ! | !
kpT1In(2) work while heat is transferred
from the heat bath to the cylinder. The par- — - — =
ticle is back at its original state. However, 2 2
the memory system should erase its infor- ! !
mation for the total system to be in its orig-
inal state. This is exactly what happens in =~ — — — —
step (7) in fig. 5.1. According to Landauer’s ... $4 3 eat ¢ ¢ ¢
principle, the erasure of this bit of infor- \ /
mation is associated with at least kg T In(2)
heat which is transferred from the mem-
ory system to the heat bath. Therefore, a
full cycle of the Szilard does not only con- - Figyre 5.3: Regardless the value of the bit the
vert kpT In(2) heat into mechanical work, resetting process shown in this figure makes
it generates at least kT In(2) heat as well. sure the bit reset to the 0 value. It is not pos-
Ergo, the system heats up and there is no sible to reverse this process.
apparent violation of the second law of
thermodynamics.

4

Result 3. In the Szilard engine kgT In(2) work is extracted from one bit of information. This
cools the system down with kgTIn(2). However, due to Landauer’s principle this cooling
is compensated for. Resetting the memory system heats up the whole system with at least
kpT In(2). Ultimately, energy conservation is not violated.

5.2 Information in Quantum Systems

Up to this point, everything has been reviewed in the classical world. Now, we gen-
eralize this to quantum systems. We do this to lay the foundation for the physical
interpretation of the coherent relative entropy which we discuss in Chapter 6. First,
we describe the Szilard engine in a quantum system.

In the Szilard engine, we start with a particle moving freely. The probability of
the particle being in the left compartment is 1/2 and the same for it being in the right
compartment. Let |0) be the state where the particle is in the left compartment and |1)
for it being in the right one. The particle is initially in the state

1 1
S10) (0] + 51111 =172

This is a maximally mixed qubit. When we have information about the location of the
particle and a partition is inserted the particle either is in state |0) (0| or |1)(1|, hence
its state is pure. After one cycle the particle is again in the maximally mixed state.
Adopting our findings - Result 2 - from classical systems, we obtain the following
result.
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Result 4. When a pure qubit is turned into a maximally mixed qubit we can extract kgT In(2)
work.

5.2.1 Extracting Work from Qubits

We have seen that from transforming a pure qubit into a maximally mixed qubit we
can extract kg T In(2) work. The maximum amount of work that can be extracted from
a pure qubit is kgT'In(2) [21]. When a qubit p is in a mixed state its maximum amount
of extractable work is given by the following generalization [22] :

W = kBTln(2) — kBTH(p) .

Recall that H(p) is the Von Neumann entropy as defined in Definition 12. When we
apply this equation to the situation where we start with a pure qubit and end with a
maximally mixed qubit, we obtain as the difference the amount of extractable work:

AW = kBTln(Z) — kBTS(Ppure) — (kBTln(z) — kBTS(Pmixed))
= _kBTS(Ppure) +kBTS(pmixed) = kBTln(z) .

This is what we have expected, one pure qubit allows the extraction of kgT In(2) of
work. This leads to a generalization of Result 4.

Result 5. When a pure qubit is turned into a maximally mixed qubit we can extract kgT In(2)
work. When a maximally mixed qubit is turned into a pure qubit we need to perform kgT In(2)
work.

This last result can be generalized to the concept of a quantum register - which con-
sists of several qubits - as a work storage system. A quantum register in this context
may be called an information battery [6, 7, 23, 24]. We use this information battery
when describing the set-up for the physical meaning of the coherent relative entropy
in Chapter 6. When work can be extracted from a certain process this work can be
stored in the information battery. When a certain process can only be carried by per-
forming work, it is possible to use the work that is stored in this information battery.
An example of an information battery is shown in fig. 5.4.

An information battery is a system consisting of n qubits. We connect it to a heat
bath to make sure the temperature remains constant. This system starts in the state
2"l;n, which means that all qubits are in maximally mixed state %]Iz. We say the infor-
mation battery has a work storage of nkgT In(2), as it is possible to extract nkgT In(2)
work from some process and use this work to change the state of all n qubits from
maximally mixed to pure.

1/2 1/2 1/2 1/2 1/2 1/2 1/2
|

0)¢0] 10){0] [0){0] [0 0| AL/2: /2 [IT/2

Figure 5.4: An example of an information battery with 7 qubits. First, all qubits are maximally
mixed and the system has a work storage of 7kgT In(2). Then we store 4kgT In(2) of work
in this battery yielding the lower displayed state of the register with 4 pure and 3 maximally
mixed qubits.
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For example, imagine a situation like the Szilard engine in which kT In(2) of work
is extracted. This energy can be stored in our information battery, which state changes
into e.g.

2" M, ®10)(0] .

In this situation, n — 1 qubits are in maximally mixed state one qubit is in a pure state
|0) (0. Note that |0) (0] is chosen arbitrarily, because it could have been |1) (1| as well.
This process can be executed multiple times until our information battery is in the

state
2ML @ 10) (0] @A)

Here A qubits are in maximally mixed state n — A qubits are in pure state. At this point,
the information battery has a storage capacity of AkgTIn(2) and (n — A)kgT In(2) can
be extracted from the information battery.



Chapter

Work Cost of Quantum Processes

In this final chapter, we explain in a broader context the physical relevance of the co-
herent relative entropy as discussed in Chapter 4. For this, we use the relation between
information theory and physics as discussed in Chapter 5. In particular, the informa-
tion battery. Firstly we present the set-up of quantum thermodynamics we here use.
Then, we use the coherent relative entropy to determine the work cost of a quantum
process in our set-up. This result was shown in Ref. 6. Here, we give a self-contained
explanation of that result in a within this context.

6.1 Quantum Thermodynamics

We will start by introducing our framework for quantum thermodynamics. For more
in depth discussions on quantum thermodynamics we refer to Refs. 25, 26. Consider
a quantum system described by Hamiltonian H4 which is connected to a heat bath.
There is also an information battery where work can be extracted and stored. In this
system thermalization will take place, the system will equilibrate to the equilibrium
state given by

e~PHa
A= tr (e=PHa)

Here B = 1/k;T and this state is often referred to as the Gibbs state.

Besides, to each quantum system A we assign a positive semi-definite operator I'4.
In our framework this will be the non-normalized Gibbs state I'4 := e PHa with H,
the Hamiltonian of system A. We elaborate on our framework by defining the allowed
operations. The allowed operations are the I'-sub-preserving maps which are a CPTNI
maps E4,p such that £4_,5(I'4) < I's. When we carry out a I'-sub-preserving map and
extract work, this work can be stored in the information battery. When we want to
implement an operation which is not an allowed operation we may extract work from
the information battery. Recall that the coherent relative entropy optimizes over al
CPTNI maps T, for which T4 (T'4) < 27T’ holds.

The reason that these states characterise our system and that the I'-sub-preserving
map are the allowed maps is explained by quantum resource theory. Discussing quan-
tum thermodynamics as a quantum resource theory is beyond the scope of this thesis.
If the reader wants to dive into this, we recommend Refs. 27—

33
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6.2 Work Cost or Gain of Processes

We arrive at one of the main questions, what is the information gain when carrying
out an allowed operation? Adding to this, what is the work cost when implementing
an operation which is not allowed? It turns out that this can be calculated via the
coherent relative entropy. This result was also found and discussed thoroughly in Ref.

. Infig. 6.1 there is a visual representation of this process. We need two Hilbert spaces
H 4 and H g with respective matching positive semi-definite operators I'y and I's. Both
system A and B are connected to a heat bath and there is an information battery X.
Let us start in initial state 4 and apply the CPTNI map £4_,5. Let ppr, be the process
matrix of o4 and £4_,p, then the optimal implementation of this map on this input
state is given by the coherent relative entropy:

D% _,5(0Br,|IT 4, TB) = A .

When A is positive this means A pure qubits can be extracted from this process which
can be stored in our information battery. Intuitively, when A is negative —A qubits
need to be invested to perform this map. These qubits should be extracted from our
information battery. Recalling the relation between information and physics we con-
clude that the work we can optimally extract is given by

Wextracted = )\kBTln(z) = Dfﬁl_)B (PBRAHFA/ 1—‘B)kBTh'l(z) .

Notice that the amount of work needed is also given by Weytracted, Yet occurs when its
value is negative.

We will prove this result in Theorem 3 by showing that an allowed operation in our
framework which implements a CPTNI map 74,5 and changes A maximally mixed
into pure qubits in the information battery, suffices the relation 74 _,5(I'4) < 27 Tp.
This theorem is also presented in proposition 1 of Ref. 6. Moreover, we show that for
any CPTNI map that suffices 74 ,5(I'4) < 27T’ there exists a free operation working
on our system and the information battery that implements 74_,p and ‘charges’ the
information battery with A.

Theorem 3. Let Ta_,g be a CPTNI map and let A € R. Then the following are equivalent:

1.
Tap(Ta) <27T3;

2. Let X be a large information battery system. For any integers 0 < Aj, Ay < dim(X)
such that Ay — Ay < A, there is a I'-sub-preserving trace non-increasing map F ax_,px
such that for all o4 we have

Fax—Bx ((TA ® (27)”]12/\1» = Ta-p(oa) ® (2*)‘2]12/\2> .

Here, we denote 2~ "1pu for the uniform mixed state of rank y in the Hilbert space Hx.

Proof. We start by proving 1. = 2.
Let A1, Ay € Z>¢ such that A; — A; < A and X an information battery system with
I'x = 1x and of dimension at least max{A1, A, }. We define Fax_.px as

:[]‘2}‘2
20

JT:AX—>BX(‘) = 7?4—>B (tI'X (idA ®]12)\1 ())) &
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Then for all 04 we have Fax_,px (04 ® (27M1,,)) = Ta—p(0a) @ (2721, ). Notice
that Fax_,px is a composition of trace non-increasing maps and hence is trace non-
increasing as well. The only thing left to show is that Fax_,px is I'-sub-preserving
map. First, we plug I'y ® I'x into Fax_,px to obtain

‘ 1
FAX—)BX(FA & FX) = 7;1—>B (trX (ldA ® 12"1 (FA ® ]lX))) ® 22_):
= 27/\27:4—>B (2A1FA> 1y, = 2/\17/\27:4—>B (Ta)® Ly, ,

where in the last equality we used the property that 74_,p is a linear function. Next,
we use our assumption Ty _,5(T'4) < 2-M'p and that 1, <1x = I'x to acquire

QMR B (T) @1y, <2M MM @Ty <Tp®Tx.

In the last equality we used that A; — A, < A. This shows that F4x_.px is I'-sub-
preserving.

We continue by proving 2. = 1.
Let A1, Ay € Z>psuchthat A; — Ay < A. Note that we can retrieve T4, from Fax_px:

try ((idB ®1y1,) Faxossx <aA ® (2*A1]12A1>)) — try (TfHB(aA) ® (2*A1]12A1>)
=27MMTY L p(0a) = Tass(0a) -
By plugging I'4 into 74_,p and using that 1,,, < 1x = I'x we obtain
Tasp(Ta) = try ((idB ® 1y, ) FAx-BX (rA ® (24111%)))
< 27N try ((idp ® 1pn, ) Faxopx (T4 ®Tx))
Now, we use the I'-sub-preserving property of F4x_.px to get

27N try ((idp ® Ly, ) Fax—sex (Ta ®Tx))
S 2—)\1 trX (I‘B R HZAZFX) — 2_(/\1—/\2)1—'3 .

We retrieve T4z < 2-*TI'z when sequence (A1, Ay) is chosen such that A; — A, ap-
proaches A . O

We conclude that the coherent relative entropy gives the amount of work extracted or
needed such that a CPTNI map on an input state can be carried out.

Information battery l, Information battery

Heat Bath

Figure 6.1: When performing £4_,p we extract work and store this in the information battery
viaZ. The map £4_,p ® 1 is then an allowed operation.
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6.2.1 Example

We illustrate the relation between the coherent relative entropy and work by an exam-
ple. This example will be the Szilard engine as covered in section 5.1. In that section,
we found that one bit can be transformed into kg T In(2) work. As we know the out-
come of this experiment, it is a good example to demonstrate our findings.

In this setting we start in a system A where the particle can be in either the left or
the right side. The Hamiltonian H 4 is such that we have corresponding positive semi-
definite operator T'4 = 1]0) (0] 4 3|1)(1] = 1/2. Where |0) corresponds to the particle
being in the left compartment and |1) to the particle being in the right compartment.
We will review two processes. In the first process the particle is forced into the left
compartment and is in system B which is essentially the same system. So, we have
Hamiltonian Hp = H4 and corresponding positive semi-definite operator I'y = TI' 4.
The second process is when the particle pushes the piston back and we are back in
system A. For convenience we set ¢ = 0 during both processes.

To start with the first process, we consider the input state 04 = 1/2 as the particle is
equally likely to be in the left or right compartment. In addition, we consider CPTNI
map E4-,5(-) = |0)(0| as the particle is forced in the left compartment. The work cost
or gain is given by the coherent relative entropy:

D (0BR,|[1/2,1/2) = rTnaX{—Doo(T(M)HH/Z) | T(0AR,) = PBRA} -

Because the input state has rank 2 and ¢ = 0, the only candidate for optimization is
T = £. This gives the following result:

D (8R4 |11/2,1/2) = —Deo(T (1/2) [1/2) = = Deo(10)(0][[1/2) = ~1.

We can interpret this result by saying that forcing a particle to be in the left compart-
ment costs at least kg T In(2) work.

The second process starts in state o = |0) (0| as the particle is in the left compart-
ment. Also, we implement CPTNImap g, 4(-) = 1/2. Again we look at the coherent
relative entropy,

Dp_sa (0ar,|[1/2,1/2) = gr,lax{—Doo(T(“/Z)HM) | T(0BRy) = AR} -

The input state is g = |0)(0|, its purification is opr, = |0)(0] ® |0)(0|, thus the pro-
cess matrix is par, = 1/2® |0)(0|. We optimize over all CPTNI maps 7 such that
T (0BRy) = pAR;- This comes down to 7 (|0)(0]) = I/2. We want to maximize

—Du(T(1/2)[1/2) = ~log |1/~ 2T (1/2)1/27 3

[ele]

Because the logarithm is monotonic, this means that we want to minimize the largest

eigenvalue of 11/2*%7‘(11/2)11/2*%. Let us have a look at 7 (I/2). When we use the fact
that 7 is linear, we get

T(1/2) = ST(0)0D) + 3T (1)) = va+ 2 T(1)1])

Within optimization, there is the degree of freedom for 7(|1)(1|) as long as 7 is
CPTNIL. Therefore, when expressing its outcome in the basis {|0), |1) }, we get

T(u)(u):("o “ ) and T(n/z):1<”°+1/2 m )

a 1—ag—ay 2 M 3/2—ag —az
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where ay € [0,1],a1 € C and ay € [0,1 — ag] in order to make sure 7 is completely

s . . . _1 _1 . .
positive and trace non-increasing. Now, we examine 1/27 27 (I/2)I/2” 2 and its eigen-
values. We have

vt = (M0 )

a 3/2—ag — a

One can calculate that the eigenvalues of this matrix are

1 1
Ar=1-— Eazii\/(Z—az)z—f—M%—4a0+4a0a2+2a2+4\u1\2—3.

Recall we want to minimize the maximum eigenvalue. We notice that the maximum
eigenvalue increases if |a;| increases. Therefore, we set a; = 0. Our eigenvalues then
simplify into

AM=ag+1/2 and Ay =3/2—ag—ap.

We observe that A1 > 1/2 with equality when agp = 0. When we also set 2, = 1, we get
A1 = Ay = 1/2. This is the minimum value of the maximum eigenvalue and we found
a solution to our optimization:

Dp-sa (0ar, [[1/2,1/2) = max {—Deo(T(1/2)[[1/2) | T(paRs) = OBRs}
12 0

=g 1y

1.

Just as we expected, it possible to maximally extract kgT In(2) work when this pro-

cess is carried out. These two processes show that with the coherent relative entropy

we can show what we already have seen, one bit of information can be traded for
kpT In(2) work.






Discussion

In this thesis, we presented a self-contained research in quantum information theory
and some of its applications in quantum thermodynamics. Our contributions strongly
rely on the connection between the coherent relative entropy and the Rényi diver-
gence. This relation allowed us to contribute in two ways. First, we generalized the
coherent relative entropy to the coherent relative entropy of order a. Secondly, we
exploited this relation to prove properties of the coherent relative entropy of order «
by using properties of the Rényi divergence of order a. This led to proofs which were
sometimes trivial and shorter than when proven from the ground up. In Chapter 5
we gave a research survey on information as a physical concept. The coherent rela-
tive entropy also finds its application in quantum thermodynamics as we discussed
in Chapter 6. If we want to perform a process from one system to another, given an
initial state, the coherent relative entropy tells us the optimal amount of work that can
be extracted from this process. The extracted work can then be stored in an informa-
tion battery where work is stored in the form of pure-state qubits. On the other hand,
when a process initially could not be carried out for free, the coherent relative entropy
gives the minimal amount of work needed to perform this operation. Again, this work
could theoretically be extracted from an information battery.

We have identified a few remaining questions. For example, the coherent relative
entropy tells us the work cost of a map from one system to another given an initial
state, but this relies on the way the physical system is described. The I'-sub-preserving
maps are argued to be the allowed maps. However, in this thesis, we did not go
in-depth into why these maps are indeed the maps that describe nature. Quantum
resource theory might give the answer to this.

Lastly, we recommend further research. The results are theoretical, similar ex-
perimental findings could strengthen the results found in this thesis. Besides, the
new-found coherent relative of order « could be an interesting research topic. More
properties of the coherent relative entropy of order a can be deduced from properties
of the Rényi divergence. The physical interpretation of the & order coherent relative
entropy is also an open question at this moment.
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