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Abstract

Daemonic Ergotropy quantifies the extractable energy from a state of a system S in an
idealised laboratory with respect to a Hamiltonian if an ancilla A that may be correlated
with S can be measured first [G. Francica et al., NPJ Quantum Information 3, 12 (2017)].
We extend the original definition of daemonic ergotropy to allow for generalised
measurements and provide a multipartite generalisation. We propose a see-saw algorithm
to find an optimal measurement and give analytical results for some classes of states.
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Preface

This work is about energy extraction from quantum systems. Unlike other works [1]
that are closer related to classical thermodynamics the main object under study is not a
system in a heat bath. Instead of dealing with thermalisation, the system is placed in an
idealised laboratory, in which an experimenter has full control over the unitary evolution
of a given state. This sets the frame in which energy extraction is discussed here and
the fundamental quantity is ergotropy [2], which is the maximal energy decrease a state
can experience with respect to a reference Hamiltonian undergoing any arbitrary unitary
evolution [2].

As always in this kind of issues, it is for a daemon to infuse them with just the right
zest. Suppose, a daemon has access to an ancilla, which may be correlated with the
system. Then, the energy it can extract from the system — the daemonic ergotropy —
will be larger than the ergotropy because the daemon can perform a measurement on
the ancilla and in that way learn something about the system before starting to extract
energy [3].

In this work, we focus on the question what the optimal measurement is and how
to find it. We also suggest to allow for generalised measurements in order to exploit
the daemon’s full potential and reinforce this suggestion by providing an example where
the daemon can extract more energy using a generalised measurement than it could
using a projective one. We however also show for two classes of states, pure states and
quantum-classical states, that projective measurements are optimal.

Before addressing these questions, we begin with a brief overview on operational
quantum mechanics in chapter one. Since correlations are key for the daemons ability
to increase energy extraction, we discuss this topic in the second chapter, focusing on
entanglement and discord. In the third chapter, we discuss the two works that introduce
ergotropy and daemonic ergotropy, which provides the basis for our own considerations
in the remaining chapters. In chapter four, we discuss daemonic gain for three-qubit
systems before we address questions about the optimal measurement in the fifth chapter.
We close with discussing a multipartite generalisation of daemonic ergotropy.

The appendix offers a short discussion of semidefinite programming, which we used
in our algorithm to find the optimal measurement.



Chapter 1

States, Channels and
Measurements

The basic framework in quantum mechanics to describe experiments is given by mainly
three concepts. States describe the objects under study, channels describe how states
can evolve or be manipulated and measurements describe how a measurement result is
obtained from a given state. In this section we are going to discuss these concepts one
after another.

1.1 States

In quantum mechanics, two different mathematical objects can serve as states. The
first one, the state wvector, is a unit-length vector in a complete inner product space,
the Hilbert space [4]. Conversely, every unit vector in the Hilbert space is a state of
the system, which gives rise to the superposition of states. This is a concept that is
unknown in classical physics and leads to non-classic features such as entanglement and
discord. If we consider two systems, A and B, with Hilbert spaces Hy and Hpg, then
the joint system has a state in Hq ® Hpg, which is the Hilbert space spanned by the
basis { [i)4 ® |j)B}, where {|i)4} and { |i)p} form the bases of H4 and Hpg. If the joint
system is in a product state |¥)4p, which means that there are vectors |¢)4 and [¢)p
such that |U)ap = |¢p)a |¢)B, then one can interpret this as system A being in state
|¢) 4 and system B being in the state |1))p. However, if system AB is not in a product
state, this interpretation fails. One can then not find vectors in the individual Hilbert
spaces, that would describe the respective subsystem correctly. Thus, the state |¥)ap
is said to be entangled. Since one still needs to find a valid description for subsystems,
the concept of a state needs to be extended.

This extension is found in density operators. Those are self adjoined, positive
semidefinite operators with trace one. From now on, we will refer to density opera-
tors as states and denote the set of states acting on Hilbert space H as S(H). States
that can be described with a state vector |¢) are called pure states and their density
operator is the projector on the state vector, |¢)(¢|. Any non-pure state is a mixed
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state. The motivation to call states pure or mixed is the fact that any density matrix o
can be diagonalised and as such is a convex combination of pure states o = Y, p;|i) (i
which provides a correct description if the system is in one of the pure states |i), but
one does not know in which one and therefore assigns probabilities p; to the different
cases. Anyway, this interpretation is not always possible, because mixed states are also
used to describe parts of larger, entangled system in a pure state. If a system consists
of two parts A and B with state spaces S(H,4) and S(Hp), one can compute the partial
trace to yield the reduced state of system A as o4 = Trp (0aB), where pap is the joint
state. In fact, any mixed state p4 = >, pi|é)(i| can be expressed as a reduced state from
a pure state |Y)ap = >_;\/Pili)a ® |i)p, the purification of p4.

We will later return to discussing state properties in the section about entanglement
right after covering channels and measurements.

1.2 Channels

Channels describe state transformations. Therefore, a channel is a linear map
A:S(H)— S(K). (1.1)

Channels may also capture changes in the dimension of the state space which is why
the Hilbert spaces H and K do not necessarily coincide. Examples for this would be
attaching or detaching an ancilla. Since every output of the mapping is a state again,
channels are positive (map positive operators to positive operators) and trace-preserving.
Mappings that are otherwise identical to channels but map states to subnormalised states
are called operations. In this case, the process described by the operation only happens
with some probability.

In general, a state ¢ = ), p;0; can be decomposed into convex combinations in
different ways and the evolution of the state should be determined by the evolution of
its constituents such that

Ao) = >_piM(o)- (1.2)

Here, the linearity of the channel ensures that the resulting state after applying the
channel does not depend on the chosen convex decomposition of the input state.

If a channel A is applied only to part of a bigger system, the whole system will
still be in a state after applying the channel. Hence, channels are not only positive but
completely positive which means that any finite dimensional extension A ® 14 of the
channel is still positive.

These considerations lead to the definition of a channel in the following way.

Definition 1.1 (Channel [4]). A channel is a linear, completely positive and trace
preserving mapping A : S(H) — S(K).

So far, our notion of a channel is rather abstract. Therefore, we will now present
the Choi-Jamiolkowski isomorphism. To any linear map between a n-dimensional and a



1. States, Channels and Measurements 1.2. Channels

m-~dimensional Hilbert space, for example a channel, this isomorphism assigns a linear
operator on an (n x m)-dimensional Hilbert space, called the Choi matriz[4]. Choi’s
theorem will then allow us to derive the two most popular representations of channels:
The Stinespring dilation and the Kraus form. In the following, we denote the set of
bounded linear operators on a Hilbert space H as L(H).

Definition 1.2 (Choi-Jamiolkowski isomorphism [4]). The Choi-Jamiolkowski isomor-
phism J : ¢ — Cy maps a linear map ¢ : L(H,) — L(H,,) to the Choi matrix

Co = (1,0 6) Y i) (il = 103l @ (1) () (1.3
for a fixed basis { |i)} on H,.

The inverse mapping J =1 : Cy +— ¢ is [4]
JT7HCo)(X) =Ty (X7 2 1)C,) (1.4)

where X is the operator the mapping ¢ would act on and Try () the trace over the first
system. This can be easily shown.

JTHCH)(X) =Ty (X7 2 1)Cy) (1.5)

i,J

=Yl X 1i)5)(nle(]i) )) (1.7)

n7l7.7

=2 Ul X" (i) Gl) (1.8)

=Try (ZXTZW\ ®¢(\i><j\)> (1.6)

= ZXm¢(|i><j|) (1.9)
%)
= ¢(2Xij|i><j|) = (X). (1.10)

Theorem 1.1 (Choi’s Theorem [5]). The following statements concerning a linear map
¢ : L(H,) — L(Hp,) are equivalent:

1. 1, ® ¢ is a positive map. (¢ is n-positive)
2. The Choi matrix of ¢, Cy is positive semidefinite.

3. ¢ is completely positive.

Proof.
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1. = 2. The Choi matrix of ¢ is positive, because ¢ is n-positive and =, |ii) (5] up
to a normalisation is a (positive semidefinite) pure state, so it is positive semidefinite as
well.

2. = 3. We can diagonalise Cy to write
nm
Co =D |9 (il (1.11)
in terms of the non-normalised states |1;). Note, that we could only absorb the eigen-

values of Cy into the definitions of the v; because Cy is positive by assumption. If we
now define

Py = (] 0 @ 1, (1.12)
we can compute
PiCy P = o([k)alll n) = 3 Pulti) (¢l . (1.13)
Defining operators K; such that
Ki|k)n = Pr|¢i) (1.14)
then allows us to write
O(IR)alll n) = D K K)n (1] u K. (1.15)

Because ¢ is linear, we can represent ¢ in the above way for any A € L(H,) it could act
on:

$(A) = ¢(; Apt|E) (1)) (1.16)
= ;Akqu(lkﬂl!) (1.17)
= iAklZKi|k><l|Kj (1.18)
= g:KiAIl(J. (1.19)

This is known as the Kraus form of ¢ and the operators K; are called Kraus operators.
From the Kraus form, we can easily deduce that ¢ is completely positive. Therefore, we
first note that for any positive operator A also (1 ® K)A(1 ® KT) is positive as we can
write

Wl (Lo K)AL® K" |p) = (@ Al) = ([ Al) >0 (1.20)

with |1/~1> being some not necessarily normalised vector. Trivially, sums of positive oper-
ators are positive again, hence any map with a Kraus form is completely positive.
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3. = 1. This is trivially true. O

For a channel, we additionally require the trace to be preserved. Therefore, a map
is a channel, if and only if it has a Kraus form and is trace preserving,

Tr (¢(A)) = Tr (Z KiAKZ.T> =Tr (AZKJKZ) = Tr (A) (1.21)

implying
KK, =1. 1.22
(2
i

If the trace is not preserved but reduced, the map is an operation.

Another common way of representing a channel is provided by Stinespring’s dilation
theorem. It states that any channel can be modeled by a (joint) unitary transformation
of the system and an environment, which initially are in a product state o ® £&. The
new state of the system after action of the channel is then recovered by tracing out the
environment.

Theorem 1.2 (Stinespring’s dilation [4]). To every channel A acting on a system in
some state o € S(H), there exists a Hilbert space E with a pure state { € S(E) and a
unitary acting on H ® F, such that

Ao) = Trg (U(e @ OUT). (1.23)

Proof. A direct proof of a even slightly more general version of the theorem can be found
for example in [6]. We are instead going to use a derivation in [7] and start with the
Kraus form of A,

Ag) = _ KioK]. (1.24)

Given the Kraus operators, one can always define a unitary U such that

Ulpyu liye =Y (Km @ 1)8)m i +m). (1.25)

m

One can see that U is indeed unitary by checking that it preserves scalar products [7]

(,0|UTU |¢,0) = n;l@, m| (K} @ 1)(K, ®1) |, n) (1.26)
= §<¢| K} K, |¢) @ (mn) (1.27)
= (cé! Y KLK,|8) (1.28)
= (¢l 117|L¢>> (1.29)
= 1. (1.30)
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Plugging U into equation (1.23) and choosing £ = |0)(0| yields

Trig (U0 ® [0)0)UT) = Trgs | 3 Kok @ |n) U] (1.31)
n,l
= Trp | Y KnoK] ® [n)(] (1.32)
n,l
=Y KnoK], (1.33)
which ends the proof. O

One interpretation of Stinespring’s dilation theorem is that channels describe trans-
formations on subsystems of systems that in whole evolve unitarily.

1.3 Measurements

A description of a measurement in quantum mechanics should provide two pieces of
information. First, it should define the probabilities for every measurement outcome
i € Q in the set of outcomes €2 for a given state. Second, it should define the state of
the system after it has been measured, depending on the measurement outcome. In this
sense, a measurement is a mapping that maps the state that shall be measured to the
post-measurement state. Therefore, if the set of outcomes 2 is discrete, one can define a
measurement operator M; for each outcome ¢, such that the state of the system in state
o will be proportional to MZ'QMZ-T and the probability p; of the outcome ¢ will be encoded
in the normalisation of MigMiT such that p; = Tr (QMZTMZ‘) [7].

A measurement is called complete, if one obtains an outcome every time the mea-
surement is performed. Then, the probabilities p; have to sum up to one. Demanding
completeness is not a restriction on the measurement, since one can always treat the
case in which no outcome was obtained as a measurement result by simply introducing
one more outcome label.

If we are only interested in the probabilities p; = Tr (QMJMi) for the various out-
comes but not in the post-measurement states, we do not need to know the measurement
operators and it suffices to deal with the effects F; = MgMi instead. From the com-
pleteness of the measurement it follows that >, E; = 1 because Y, p; = >, Tr (oF;) =
Tr (0>, Ei) = 1. An operator is an effect, if it is positive-semidefinite with eigenvalues
lower or equal to one which is fulfilled by the effects FE;.

1.3.1 Positive Operator Valued Measures

If the set of measurement outcomes () is not discrete, one can not simply define a
measurement by explicitly assigning an effect to every possible outcome. In this case,
we need a mapping that maps a subset of outcomes to an effect which will then allow
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us to compute the probability for the outcome to be in the respective subset. Such a
mapping is called positive operator valued measure (POVM). It is defined as follows:

Definition 1.3 (POVM [4]). A positive operator-valued measure (POVM) is a mapping
P :F — E(H) such that

1. P(0) =0,
2. P(Q) =1,
3. P(U;X;) =Y, P(X;), for any sequence {X;} of disjoint sets in F,

where F' is a sigma-algebra on ) (collection of subsets of 2 including the empty set and
Q itself that is closed under countable unions and complement) and FE(H) is the set of
effects on the Hilbert-space H.

In the definition, choosing F' to be a sigma-algebra ensures that for outcome subsets
of defined probability also the probabilities of their complements and countable unions
are well defined. Lastly, the measurement is required to be complete, so the probability
for the event ’any outcome’ should be one and the probability for the event 'no outcome
at all’ should be zero.

In future discussions when dealing with a discrete set of outcomes we will identify a
POVM P with the sequence {E; := P(i)} and refer to the effects E; as elements of the
POVM [4].

Sometimes, it can be of interest to find the optimal POVM for a task. If the objective
function of the POVM is convex, it is helpful to note that POVMs form a convex set
and in d dimensions an extremal POVM contains at most d? elements [8].

1.3.2 Projection Valued Measures

An important class of POVMs are projection valued measures (PVMs). These are
POVMs with elements that are all projectors. For PVMs the measurement operators
coincide with the effects. This implies that measurements described by PVMs are re-
peatable, which means that if the same PVM measurement is performed a second time,
the post measurement states will not change, since the measurement operators are pro-
jectors.

1.3.3 The Naimark Extension

POVMs and PVMs are related to each other by the following fact: Any POVM can be
completed to a PVM on an extended Hilbert space by a procedure called Naimark exten-
sion [9]. This means that given a projective measurement on a system, the measurement
behaves like a POVM on a reduced system.

Consider a PVM with rank-one elements P; acting on Hilbert space H with dimension
dgr. Then, dp orthonormal vectors |w;) € H define such a PVM if one sets P; := |w;) (w;].

Now consider a POVM with N rank-one elements A; = |a;){a;| acting on H and
N > dg. Since N > dp, the POVM does not refer to a projective measurement. The
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Naimark extension now works in the following way: We introduce a second Hilbert space
K with dimension N — dy and then find N orthonormal vectors |w;) in the extended
Hilbert space H @ K of dimension N, where the projection of any |w;) onto H shall be
|a;). Hence, we have to find N vectors |b;) on K, such that the vectors

wi) = |ai) & [bi) (1.34)

form an orthonormal basis of H & K.

If we choose bases for the Hilbert spaces H and K, we can define a matrix o with
column vectors |a;) and a matrix § with column vectors |b;). Demanding that the
vectors |w;) are orthonormal is then equivalent to demanding that the matrix

M = <ﬁ> (1.35)

is unitary. This implies

T ™\
MM = (g) f ph = <ng ggT) =1y (1.36)
& adl = 1q4,,, aft =Bal =0, 8T = In_a,- (1.37)

The first equation (1.37) is automatically satisfied because the elements of a POVM sum
up to identity. The second equation means that the dg row vectors of o are orthogonal
to the N —dp row vectors of 8 in an N-dimensional space. Such a 8 can be found, since
the row vectors of a only span a dp-dimensional subspace. One can even find the row
vectors of 8 such that they are mutually orthonormal, such that the third equation is
satisfied as well. The vectors b; we aimed to in the beginning are then defined by the
column vectors of 3 and a projective measurement on the extended space is found.

For every POVM P that does not have rank-one elements exclusively, one can define
a second POVM P’ for which every element of the original POVM has been split up into
rank-one effects. Then, a projective measurement on an extended space can be found
and the original POVM is obtained by assigning the same label to the elements of P’
that constitute one element of P.

1.3.4 Ozawa’s Theorem

Ozawa’s theorem offers another way of reducing a generalised measurement to a projec-
tive measurement on an extended space. It states that for any generalised measurement
with measurement operators M,,, one can append an ancilla in a pure state |0)(0]4
to the system and find a unitary U acting on system and ancilla such that the post-
measurement states

MM}, = Tra (PuU(e @ 0)(0)UY) (1.38)

are the same as if one had performed a projective measurement P,, = 1g ® |m)(m|a
after the joint unitary evolution U. One can prove this statement in exactly the same
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way as Stinespring’s dilation theorem by showing that the above equation holds for the
unitary

Uldyu li)a =Y (M @ 1) [d)n [i +m)a. (1.39)

m

In case we are only interested in the probabilities p,, = Tr (MmgMjn> of the out-
comes but not in the post-measurement states, the measurement on the system can be
represented by a joint projective measurement on system and ancilla with projectors
UtP,,U. This can be seen easily by applying the trace in equation (1.38) and exploiting
that the trace is cyclic afterwards.

10



Chapter 2

Multipartite Systems,
Entanglement and Classicality

2.1 Entanglement

A pure state is entangled, if it is not a product of two states. Mixtures of product states

Osep = . Di0] ® 0f - (2.1)
7
are called separable. If a state is not separable, it is entangled [10]. In multipartite
systems one distinguishes further between fully separable states, biseparable states and
genuinely multipartite entangled states. Fully separable states are convex combinations
of pure states that are product in every bipartition. Pure states that are a product
regarding one bipartition and convex combinations of such pure states are called bisep-
arable. Note, that the composing states do not need to be products with respect to the
same bipartition. If a state is neither fully separable nor biseparable it is called genuinely
multipartite entangled [10].
In the following we will discuss some ways to find out whether a state is separable
or entangled.

2.1.1 The Positive Partial Transpose Criterion

There are many criteria for separability [10] but we will focus on the two that are used
in this work.

The PPT, or positive partial transpose criterion is based on the observation that for
any separable state

0= pio] ® o (2.2)
7

also the partial transpose

o™ =3 pile) ®of (2.3)

11
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refers to a state, since the transpose is a positive and trace preserving map. However, the
partial transpose of an entangled state is not necessarily a state anymore, as the partial
transpose of the Bell state [1)) = 1/2(]00) + |11)) is not positive. Although the partial
transpose of a state depends on the chosen basis, its spectrum does not, which makes
the PPT criterion basis independent [10]. For qubit-qubit and qubit-qutrit systems, the
PPT criterion is not only a necessary but also a sufficient criterion for separability [11].

2.1.2 Bell Inequalities

Another way of proving a state is entangled is the violation of a Bell inequality. A Bell
inequality establishes bounds on a function of expectation values that are obeyed by any
system that allows for a description with a local hidden variable model (LHV). This is
a model in which two assumptions, namely realism and no-signaling, are met. In the
following, we discuss these assumptions and derive the general form of a bipartite LHV
model. With this, we can reproduce the upper bound of the most famous Bell inequality,
the Clauser-Horne-Shimony-Holt inequality. This inequality can be violated in quantum
mechanics. However, separable states can never violate a Bell inequality, since they can
always be described with a local hidden variable model, which is why Bell inequalities
can be used to detect entanglement.
In the end, we discuss two Bell inequalities for the tripartite case.

Local Hidden Variable Models

Consider a setting with two parties in which Alice and Bob can both choose a measure-
ment from their respective set of local measurements {4;,..., A} and {B,...,Bs}.
Alice and Bob perform measurements at the same time and they evaluate their results
together, so they record one outcome m;; = (a;, b;) if Alice obtained a; after perform-
ing measurement A; and Bob obtained b; after performing measurement B;. Alice and
Bob can now extrapolate probability distributions p(m;;) for their outcomes m;; for all
possible values of ¢ and j. If Alice and Bob believe in realism however, they believe that
in every instance of the experiment also combinations of measurements that were not
performed would have obtained a value and thus it should be possible to find a joint
probability distribution p(mi1,m12,...) that has the probability distributions p(m;;) as
marginals [12]. This is equivalent to the belief that for any pair of measurements the
outcome is predetermined by some hidden variable A, since one can always write

p(mun, mug,...) = / AAp(N)x(miy, mis, . .. V) (2.4)

where x : RI7*1 1 {0, 1} is a deterministic function and we assumed a discrete set
of outcomes. It can be easily understood that this is possible by considering A uniformly
distributed on the interval [0, 1] and defining

1, A < p(mi1,mio,...
X(mn,mlz,...’)\):{ p( 1 12 ) (2.5)

0, otherwise.

12
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We can now write down a model for the probability distributions p(m;;) by computing
the marginal

p(mi) = Y p(mi,mi,...) (2.6)
My |k#1,l#]
:/ d)\p()\) Z X(mu, mi9, ... ‘)\) (27)
mp|k#i,l#]
= [ )R ). (28)

where x(m;;|A) = X((as,b;)|\) again only takes values zero and one. Since x is a valid
probability distribution, it will only take the value 1 for exactly one value of a; and b;
for any given A. Hence, it can be factorised as

X((ai, b)[A) = X5 (@il N RE (0510, (2.9)

where the factors X?} and xf? may still depend on the considered pair of measurements
indicated by the indices i, j. We can now plug this into equation (2.8) to yield a realistic
model for the experimentally quantifiable probability distributions

plaity) = [ DT @b, (210)

Since Alice and Bob perform their measurements always at the same time, they will
also assume no-signaling. This means, that Bob’s choice of the measurement setting
cannot affect Alice’s outcome and vice versa such that

plai) = plai,bj) Vj (2.11)
bj
and
p(bj)zzp(ai,bj) vi (2.12)

holds. If we now impose this additional restriction on our realistic model stated in
equation (2.10), we directly obtain

Xi =X Vik (2.13)
and

X =Xb; Vin (2.14)
which allows us to write down a realistic, non-signaling model

plaist) = [ POV @INTP(Bs1) . (215)

13
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This is called a local hidden wvariable model and is oftentimes stated in the slightly
different notation

pla,blisg) = [ pOVT*(alis N7 (015 ) dA (216)

Sometimes, the functions ¥ (ali, \) and ¥Z(b|4,\) are not assumed to only take values
zero and one. However, this approach is completely equivalent, since one apply the same
argument as in equation (2.5) on both functions. This generates two additional hidden
variables that can later on be unified to one new hidden variable X , which results in an
equation of form (2.16) again.

The CHSH Inequality

For a bipartite system the most common Bell inequality is the Clauser-Horne-Shimony-
Holt (CHSH) inequality

<AlBl> + <A231> + <AlBQ> — <A2B2> <2, (217)

where Ap, Ay are local measurements on the first, By, By are local measurements on
the second system and the outcomes a,b can take on values +1. In order to verify
the upper bound of 2, we first note that since the probability distribution p(a, b, j) is a
convex combination in A, the left hand side of the CHSH-inequality can never exceed the
maximal value for a fixed A. In this case, the joint expectation values factorise and the
local expectation values are measurement results, that are obtained with certainty. We
denote these outcomes of the measurements Ay, Ao, By, By as ay, as, 81, B2 respectively.
For a fixed local hidden variable, the CHSH inequality then reads

a1 + B + a1 e — anfBy < 2. (2.18)

After factorising the bound of the CHSH inequality becomes obvious.
When trying to prove a violation of a Bell inequality experimentally, one also assumes
that the joint expectation values, which are given through the LHV model as

() = [ () R ali VR (0. Aab (219)
a,b

can be estimated by computing the average value of the outcomes for the A;B; mea-
surement. This can fail, if the performed measurement is influenced by the value of the
local hidden variable (freedom of choice loophole [13]), or if the detected events are not
a fair sample (detection loophole).

LHYV Model for Separable States

In quantum mechanics, there is always a local hidden variable model for fully separable
states. We can easily see this by evaluating equation (2.16) in a quantum mechanical

14



2. Multipartite Systems, Entanglement and Classicality 2.1. Entanglement

framework. For any measurements with labels i, j we have POVMs A’ B’ that assign
effects A%, Bj to any outcomes a,b. We can then write

P(a,bli, j) = Tr (pr;? ® of (Al ® BZ)) (2.20)
k

=> i Tr (o AL) Tr (o BY), (2.21)
k

pa(ali,k) p5(blj,k)

so the joint probabilities behave according to a local hidden variable model with local
hidden variable k. If any kind of states are allowed, the CHSH inequality can be violated
and the left hand side of the inequality can take on values up to 2v/2, the Tsirelson bound.
This maximal violation is obtained for the Bell state |¢)) = 1/v2(|00) + |11)).

Note, that entanglement is no sufficient condition to violate a Bell inequality and
there are in fact entangled states for which a local hidden variable model can be found
[10].

Mermin’s Inequality and Svetlichny’s Inequality

In the discussion of the CHSH inequality, we saw that is sufficient to consider the out-
comes for a optimal value of the local hidden variable. We therefore adopt the notation
where «;, 8, v, denote the outcomes for the measurements A;, B;, C}, for the fixed value
of the local hidden variable to derive tripartite Bell inequalities from the CHSH inequal-
ity. One can write down two versions of the CHSH inequality in this notation:

Sy = a1 + a1 fe + P — iy <2 (2.22)
Sh = agfs + @B + a1 — a1 1 <2 (2.23)

where both bounds can be saturated simultaneously. Now we introduce the third system
and write

S3 1= Sa(11 +12) + S5(11 — 12) = 2(e2fim1 + a1 foy + 1 fiye — azfare) <4, (2.24)
which directly yields Mermin’s inequality [14]
<A23101> + <A13201> + <A13102> — <AQBQCQ> < 2. (225)

The bound will be obtained for extremal values (£2) of Se and S5. Mermin’s inequality
in principle captures all kinds of non-local correlations including two party correlations.
In contrast, for deriving Svetlichny’s inequality, one only employs a bipartite local hidden
variable model, treating Alice and Bob as one party and Charlie as the other. Conse-
quently, for a fixed hidden variable the pairs outcomes («;3;) are fixed as well as the
outcomes y; for Charlie. However, there are not necessarily fixed values for the local
outcomes of Alice and Bob, since these two systems are not described by a local hidden
variable model. Thus, non-local correlations between Alice and Bob only will not lead
to a violation of Svetlichny’s Inequality.

15
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One can now construct Svetlichny by calculating Say; — S47y2. This yields
(1B1)m + (a1f1)y2 + (1 B2)m — (a1B2)72

+H(a2B1)m — (a2B1)y2 — (a2f2)11 — (2B2)y2 < 4 (2.26)
and the upper bound is easily verified by rewriting the left-hand side as
((1Br) = (@262)) (71 + 72) + ((@1B2) + (a281)) (71 — 72)- (2.27)

Svetlichny’s equality then reads [14]

<AlBl(11> + <AlBng) + <A13201> — <A13202>
—I—<A23101> - <A23102> - <AQBQCl> - <AQBQCQ> <4 (2.28)

and since it is symmetric with respect to all three parties any nonlocal correlations that
only concern two of the parties will not lead to a violation of Svetlichny’s equality. Hence,
a violation of Svetlichny’s inequality indicates a genuinely multipartite entangled state.

2.1.3 Entanglement Measures and Maximally Entangled States

Entanglement measures quantify entanglement. There is no unique way to do this, as
many different measures have been proposed, but in order to qualify as an entangle-
ment measure, some requirements have to be met. First, the entanglement of separable
states is zero. Second, local operations and classical communication (LOCC) should
not increase the entanglement of a state. In particular, this implies that entanglement
measures are invariant under local unitary transformations [10].

Due to these conditions, there is only one possible candidate as a unique maximally
entangled state for two qubits. Since entanglement measures are invariant under local
unitaries, the Schmidt decomposition of any state is equivalent to

1) = VA100) + V1 — X|11). (2.29)

The invariance under local unitaries ensures symmetry under exchange of A and 1 — A.
Thus, if there is one maximally entangled state, it must be the Bell state

1

\/5( |00) 4+ |11)). (2.30)
This is motivation to capture the entanglement of a pure state by quantifying the min-
imal amount of superpositions for any decomposition of the state in a product basis.
One way of doing this in the bipartite case is calculating the entropy of the Schmidt
coefficients. For pure states, this is equivalent to the entropy of the reduced density
matrix. This entanglement measure is the entanglement of formation [10]. For mixed
states it is extended using the convex roof construction. Given a state o = >, p;i|¢s) (]
the entanglement is then defined as

E(o) pmf_ sz (1#:)), (2.31)

¥) =
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where all possible decompositions of ¢ are considered. This infimum is generally hard
to find but for two qubits an analytical solution involving the concurrence is known.
Concurrence is an entanglement measure, defined as

C(19) = /2(1 = Tr (%)) (2.32)
for pure states and its convex roof for two qubits is

C(Q) = maX{O, )\1 - )\2 - )\3 - /\4}. (233)

The A; are the eigenvalues of the matrix X = \/ Vo(oy ® oy)o*(oy ® 0y),/0 in decreasing
order. Now, the entanglement of formation is

Er(o) = h(5(1+ /1~ C%(2))) (234

with the binary entropy function h(p) = —plog(p) — (1 — p)log(1 — p) [10].
Another way of creating an entanglement measure is utilising the PPT criterion to
define the negativity as

N(o) = (e[l ~ 1) (2.35)

with the trace norm ||o’B|; = Tr ( (QTB)TQTB>. Diagonalising o’# and using that o’8

has trace one shows that one can rewrite the negativity as
1
N(o) = 5 > Il = N (2.36)
i

where ); are the eigenvalues of ¢”B. This means that the negativity is equal to the sum
of the negative eigenvalues of the partial transpose matrix. Later, when dealing with
three qubits, we will calculate the geometric average of the negativities with respect to
every bipartition and simply refer to this quantity as negativity again.

2.1.4 Three Qubits

We have argued in the previous section, why

1
) = ﬂ(|00> + [11)) (2.37)
is the maximally entangled two qubit state. In higher dimensions one cannot recognise
one state as maximally entangled. Instead, entangled states split up into several classes,
so-called SLOCC classes, since states within each class are related to each other via
invertible stochastic local operations and classical communication (SLOCC). It has been
shown in [15] that invertible SLOCCs act as invertible local operators such as

) =A®B®...® N i) (2.38)
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with invertible operators A, B,..., N on a state. For three qubits pure states can be
divided into states that are completely product, bipartite entangled states and two classes
of genuinely tripartite entangled states: The GHZ-class and the W-class. These classes
are named after their most famous members, the Greenberger-Horne-Zeilinger state,
short GHZ-state

1

(GHZ) = =(1000) + [111) (2.39)
and the W-state
W) = = (J001) + [010) + [100)). (2.40)

V3

These states are maximally entangled in a sense that any three-qubit state that is neither
in the GHZ-class nor the W-class can be reached via SLOCC operations from these states.
Under local unitaries, any state can be brought into the form

1) = Ao |000) + A1e™ |100) + g [101) + A3 [110) 4 A4 [111). (2.41)
Alternatively, also a decomposition in the form
1) = ke |000) + k1 [001) + K2 [010) + K3 [100) 4 iy [111) (2.42)

which is a superposition of a GHZ-class and a W-class state is also possible [16]. However,
the coefficients k; are not always unique in the second decomposition (equation 2.42).

2.2 State Discrimination

The general task in state discrimination is to find out in which state a system is prepared,
given an ensemble of possible states gj that occur with a priori probabilities py [17]. For
non-orthogonal states, this task can not be done perfectly [7]. If one can discriminate
between two states, say o9 and g1 perfectly, then there needs to be an effect E, such
that Tr (¢oF) = 0 and Tr (01 F) = 1. Since E < 1, Tr (01 F) = 1 implies that E is a
sum of a projector on the range of p; and an effect acting on the complementary space.
From Tr (9oE) = 0 we can then conclude that gg is a mixture of states that lie in the
complementary space exclusively and so gg is orthogonal to g;. For orthogonal states,
an optimal POVM can be chosen to be a PVM and its elements are the projectors acting
on the orthogonal subspaces defined by the ranges of the states.

2.2.1 Unambiguous State Discrimination

If the ensemble contains non-orthogonal states, an unambiguous distinction is in gen-
eral not possible. In (optimal) unambiguous state discrimination one therefore seeks a
measurement that allows unambiguous state discrimination for some outcomes while the
probability for ambiguous outcomes is as low as possible [18].

18
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Optimal unambiguous state discrimination was an early example for a task that
can be better performed with generalised measurements rather than projective mea-
surements. We therefore discuss the following problem which was first understood by
Ivanovic and Peres [19] [20]. Consider an ensemble consisting of two non-orthogonal
pure states |¢g) and |¢)1) occurring with probabilities pg < p; without loss of gener-
ality. Then the optimal projective measurement has the elements I1y = |¢) (1| and
IT; = 1 — TIy, where outcome 1 implies that the state [i1) was present and outcome 0
is inconclusive. The probability of this outcome is

p = Tr ([¢00) (%ol [polvoo) (o + prleo) (W1]]) = po + prl (tholen)|*. (2.43)

However, if we use a POVM, we can have two conclusive results corresponding to the
elements

Eo = ag(L — [¢h1)(¢1]) (2.44)
By = an(1 — [vo)(tol) (2.45)

that are completed by an element corresponding to an inconclusive result

Ey=1-FEo— Ey = (1 - ao— 1)L+ aolyr)(¥] + ealto) (thol. (2.46)

The factors ag, a; € [0, 1] are necessary to ensure Fo = 0. Now the probability for an
inconclusive outcome is

p = Tr (E2(polvo) (Yol + p1[¥1)(¢1]) (2.47)
=1— (1= [(¢ol¥1)|*)(aopo + aipr). (2.48)
This is better than what one could achieve with PVMs. To see this, consider the simple

case pg = p1 = |{Yo|11)|*> = /2. For symmetry reasons assume that ag = ;. We now
want to choose ay, a1 optimal. Therefore, we first calculate the eigenvalues of Fy + E

(g + a1)?

Ao = %(ao +a1) £ \/4 — apar (1 — [(tole1)]?) (2.49)

and note that for an optimal measurement o and «q will be chosen such that Es becomes
rank-one and therefore the larger eigenvalue will be 1. Then, Ey + F7 < 1 holds, so Es
is positive semidefinite and oy = 1/(1+v2/2). We can now compute the probabilities of
receiving an inconclusive outcome for the projective measurement and the generalised
measurement to see that using a POVM is indeed advantageous

3

PPVM = - > PPOVM =

: (2.50)

sl-
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2.2.2 Minimum Error Discrimination

The problem of minimum error discrimination is to determine the state of a system that
occurs in one state g, of a set of states {o;} with an associated a priori probability p,, by
performing a measurement while minimising the probability of making a wrong guess.
The strategy is to perform a measurement represented by a POVM P with elements F;
and guessing that the system was in state g; whenever the measurement outcome was 1.
The task is then to find the POVM that minimises the expectation value of the error

Per?rin = m}inZijTr (0; Ey) (2.51)
i g
when considering all possible measurement outcomes. This is equivalent to maximising

the probability of getting a correct result [17]

err

Proye = 1 — PIIn = mgXZpiTT (0iE;) . (2.52)
5

We now follow [17] and present the minimum error condition. If a POVM with elements
E; is optimal, then the respective success probability is higher than for any other POVM
with elements F;

ZpiTl" (QzEz) 2 ijTI‘ (Qij) (253)

One can now insert ) F; = 1 to obtain

> piTr (0, EiFy) — pjTr (0jF}) >0 (2.54)

]
& > Tr <<ZPZQ1E7, — ijj) F]> >0 (2.55)
j i
which implies that the optimal POVM has been found if

> pioiEi —pjo; >0, Vj (2.56)

because the operators F} are positive semidefinite. On a computer, one can find the
optimal POVM with software for convex optimisation since equation (2.52) defines a
semidefinite programme. For semidefinite programms, solutions can be found efficiently
and certified [21]. We discuss this in more detail in the appendix.

2.3 Classicality and Discord

Classical theories are fundamentally deterministic and realistic which allows to identify
the state of a system with its properties, i.e. the outcomes that would certainly be
obtained by performing perfect measurements on the system. In classical physics, a
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measurement is perfect if it reveals the measured property without an error and without
changing the state. If two systems are in different states, they differ in at least one
property. The possibility of sharply measuring these properties then makes any two
different classical states perfectly distinguishable.

The quantum mechanical equivalent of this situation is as follows. Given a state |i) of
the system, the perfect measurement has to have one outcome ¢ that unambiguously and
with certainty indicates that the system is in state |i). Hence, the POVM FE representing
the measurement has an element F; such that E; |j) = d;;|j). Consequently, the states of
the system have to be orthogonal and the perfect measurement for this system is a rank-
one projective measurement. If the state (in the classical meaning) is not known, we can
account for this by describing the system with the density matrix o = >, p;|¢)(¢|, which
here means that the system is in one of the states |i) and one assigns probabilities p;
to the different cases. While the assumptions of determinism and realism automatically
evoke the ignorance interpretation of mixed states, this interpretation is not generally
viable in a more general quantum mechanical setting, since the mixed state could be a
local description of a larger, entangled system in a pure state.

As all states in this classical model have to be orthogonal, there is no superposition
and thus also no entanglement in multipartite systems. In bipartite systems, one makes
the following distinction: A classical-classical state is a state of the form

0= ciliajp)iajnl, (2.57)
i

where the states |i4) and |jp) form an orthonormal basis of their respective Hilbert
spaces, which are the measurement bases. Such a state describes a bipartite classical
system in the above sense and its density matrix is diagonal in the measurement basis.
The lack of off-diagonal terms in a classical model has provoked interest and they have
henceforth been studied under the name coherences [22] [23].

A state of the form

0= aijlaijp)(aijpl (2.58)
ij
=> pjol ®lis)inl, (2.59)

J

where |jp) is the preferred basis of system B again and |a;) are non-orthogonal states
is called quantum-classical. If we now go on to also drop any restriction on the states of
system B, we obtain the general form of a separable bipartite state.

A measure for the quantumness of the correlations in a bipartite state is quantum
discord [24] [25]. The idea of discord is to quantify the total correlations in the state and
subtract the classical correlations from it [24]. As a measure for the total correlations
mutual information is used. The mutual information of a state is the information of the
state as a whole minus the information that can be inferred from the state about its
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subsystems. In quantum mechanics, the mutual information is

Inui(0aB) = 1(0aB) — 1(0a) — I(0B) (2.60)

where the information I(p) = —S(0) = Tr (¢ log o) is the negative von Neumann entropy.
Mutual information can easily be shown to be non-negative and the difference between
the information in the joint state and the information in the reduced states is just the
information about the correlations which is missing in the latter.

In order to discriminate between classical and non-classical correlations, one can
utilise that the perfect measurement does not disturb the classical state and consequently
also does not affect its inherent correlations. Thus, for a bipartite system with parties
A and B that behaves classically on subsystem B such as

0=>_pioi@i)il (2.61)

the mutual information equals the additional accessible information about system A
when measuring system B

Ja.g(0oaB) = ZpiI(Qi) —I(0a), (2.62)

where o4 = Trp (0) = X, pioi and p; are the conditional states of system A if the outcome
of the measurement on B was i. This can be easily seen by calculating I(p) for a state as
given in equation (2.61) and diagonalising the conditional states o; = 3, ¢;j|J @) (@)

I(o) =Tr (ZPiQi ® i) (il log(d_mar ® |l><l|)> (2.63)
i I

=Tr (chz‘j!j(”ﬂj(“ ® [i) (i log (> picym|m®) (m] & yz><zy)) (2.64)

lm
= picijlog(picij) (2.65)
ij
=Y pilogp; + > _ picijlogci; (2.66)
i i
= I(oB) +Y_pil(0i). (2.67)

Plugging this into equation (2.60) then leads to the same expression as in equation (2.62).

It has been shown [25] that for general states the mutual information I, (0ap) is
always larger or equal to the accessible mutual information J4.p for any measurement,
defined as

Ja:(ean, P) =3 pil(ea;) — I(ea) (2.68)
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with 04); = Tre(eas(18F))/Tr(0ap(10P,)) and p; = Tr (oap(1 ® F;)). For the optimal
measurement, the difference between the two is the quantum discord

04:8(04B) = Imut(0s4) — max Ja.s(oaB,P). (2.69)

While Olliver and Zurek [25] restrict the possible measurements to rank-one projec-
tive measurements, Henderson and Vedral [24] allow for any generalised measurements.
However, it has been shown that at least for two qubits, projective measurements are
optimal for rank-two states and they give the same discord for rank-three and rank-four
states up to small corrections [26]. We have already seen in the above discussion that a
quantum-classical state has zero discord §(A : B). Indeed, Olliver Zurek additionally to
this showed the converse statement: Vanishing discord §(A : B) implies that the state
is quantum-classical [25].

Another way to introduce discord is to state a set of rules any measure for classi-
cal correlations should adhere to and claiming that the accessible mutual information
qualifies as such a measure [24]'.

If the discord vanishes for a state, this implies that the density matrix has a block-
diagonal shape in the measurement basis [25]. Hence, demanding vanishing discord
for both parties implies that the state is classical-classical. On the other hand, for
two qubits discord takes its maximum for the Bell state and decreases monotonically
if the Bell state is mixed with white noise. However, the maximal discord for a given
purity can also increase for lower purity, as has been shown in [27] for two qubits. We
reproduce this result in figure (2.1), which shows a plot of discord versus linear entropy
Sy, = 4/3(1 — Tr (0?)) including the upper bound. Maximal discord for a given purity
can be achieved with Werner states o = p|¢T)(¢"|+ (1 —p)1 in a low purity regime and
with a subset of so-called two-parameter states

a 0 0 a
110 1—a—20 0 0

o@b) =510 0 1-a+b 0 (2.70)
a 0 0 a

for higher purities. Two-parameter states with b = 0 are referred to as « states. In the
transition point for Sy, &~ 0.9 states can entail higher discord than more impure but also
slightly purer states.

The accessible mutual information does in fact not meet the suggested criteria for a measure of
classical correlations as it is not symmetric under exchange of the subsystems.
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d(A:B) vs. S; for 2 qubits
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Figure 2.1: Discord versus linear entropy Sr, = 4/3(1 — Tr (%)) for two qubits. The plot
is similar to the one provided in [27].
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Chapter 3

Ergotropy, Daemonic Ergotropy
and Daemonic Gain

In this chapter, we discuss energy extraction from states while focusing on three quanti-
ties: ergotropy, daemonic ergotropy and daemonic gain. Ergotropy hereby is the maximal
amount of energy that can be extracted via a unitary channel [2]. Daemonic Ergotropy
is a recent extension to the concept in a bipartite setting, quantifying the extractable
energy on one party after performing a measurement on the other [3]. The maximal gain
from performing a measurement is the daemonic gain [3]. In the following, we will dis-
cuss each quantity in more detail, stating the definition first and collecting some useful
and previously established properties.

3.1 Ergotropy

Consider a system S in a given state pg and a Hamiltonian H acting on this system.
This defines the energy of the state. Now assume, the system is exposed to an additional,
time dependent external potential V' (¢) for some time, which may in principle induce any
unitary time evolution U [2]. By how much can the energy of the system have decreased
at most through that process? Comparing the energy of the system before the action
of the potential V' (¢) to the minimal possible energy afterwards directly leads to the
definition of ergotropy.

Definition 3.1 (Ergotropy [2]). The ergotropy for a given density matrix ¢ and Hamil-
tonian H is given by

W (e, H) = Tr (¢H) — min Tr (UQUTH) , (3.1)
where the minimisation runs over all unitary matrices.

Restricting oneself to unitary channels makes sense, as allowing for any type of
channel would reduce the problem to absurdity. Considering the Stinespring dilation

Alg) = Trg (Ule® [0)(0)U) (32)
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clarifies this. One way to minimise the energy of the state would be equivalent to
exchanging it for a pure state by performing a swap

swap = Z ’ ’ ® ’] (33)

and mapping the pure state to the ground state of the Hamiltonian afterwards, which
both are unitary operations.

3.1.1 Ergotropy Is Sublinear And Convex

For the sake of a later argument, we treat ergotropy as a function of unnormalised
states and note that ergotropy is sublinear in both the state and the Hamiltonian. Since
ergotropy is symmetric in its arguments, it suffices to show the sublinearity in the state.

W01+ 02, H) =Tr ((01 + 02)H) — mUin Tr (U(gl + QQ)UTH> (3.4)
< Tr (01H) + Tr (02H) (3.5)
~ minTr (UglUTH) ~min Ty (UQQUTH>
=W(o1, H) +W(o2, H) (3.6)
W(\o, H) = AW (o, H). (3.7)

This implies, that ergotropy is also convex in both arguments.

3.1.2 Calculating Ergotropy

Although the definition of ergotropy includes a minimisation, it is actually easy to com-
pute as the minimisation effectively comes down to diagonalising the state and the
Hamiltonian, as was argued in [2]. In the following however, we give a detailed proof.

Theorem 3.1. The ergotropy for a state o = ZZ 0 L rlrs) (] with eigenvalues 71 < 7y
and a Hamiltonian H = ZZ: eilei) (e;| with eigenvalues e;11 > ¢; is

W =Tr (0H) — Z i€ (3.8)
and the optimal unitary is

d—1
V=Y leril. (3.9)
=0

Proof. The theorem directly follows from the trace inequality of John von Neumann
[28]. Alternatively, one can exploit Birkhoff and von Neumann’s theorem about doubly
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stochastic matrices to prove the theorem [29], which we will show here.

min Tr (veUtH) = min Tr (vveviu'h) (3.10)

()

:[I]né{l]Tr (U;T‘]€j><6]|UTZSZ|€Z><€l’) (311)

= min Tr > urler) (el Yo riles) (el D umnlend(eml D eiles) (el
€ Kl J mn i
(3.12)
= |uij|eir;, (3:13)
i7j

with U = 3 u;;]i)(j|. Now, consider the matrix S with elements S;; = |u;;|%. Such a
matrix with elements 0 < S;; < 1Vi,j and }>; S;; = >2;S;; = 1Vi,j is called doubly
stochastic matrix and according to Birkhoff and von Neumann’s theorem is a convex
combination of permutation matrices. Therefore, we can write |u;;|> = 3, Pnojj, with
> nPn =1 and 0" being permutation matrices. With this, we can write

mUin Tr (UVQVTUTH> :mUin sz:|uij|26irj (3.14)
:miannZa?jeirj (3.15)
v
:mainZUijeirj (316)
1,J

= Z €;Ty (3.17)

We now show the validity of the last equality. Let ¢; = >, 0;je; and o be a permutation
matrix. If there would exist n, m such that €, — €, =: ¢ > 0 and r, — r,;, =: 7 > 0 then

D €ri= Y €ri+enn+ emrm (3.18)
) i#£nm
= Z €T + 2€mTm + T€m + €rpyy + 1€ (3.19)
i#n,m
> > i+ 2emTim + T + € > T (3.20)
i#£n,m
= Z €1 + Tn€m + Tmén (321)
i#n,m

Consequently, ¢ cannot be optimal in this case and for the optimal permutation matrix
the following must be true for all n, m: If r, > r,, then also ¢, < €,,. Since we defined
the r; to be decreasing with their index, the above statement is equivalent to: For all
n,m with n > m it must hold true that ¢, < ¢,. With this, we can conclude that

€; = ¢;Vi and therefore O'%pt = 0;7, which proves the theorem. O
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3.2 Daemonic Ergotropy

Recently, the concept of ergotropy has been extended for systems with an ancilla that
can be measured before extracting the work from the system [3]. The idea is that a
measurement on the ancilla, which in general will be correlated with the system, will
increase the knowledge of the system and thus enhance work extraction. This scenario
is reminiscent of Maxwell’s demon and the ergotropy of the conditional states of the
system — averaged over the measurement outcomes — is called daemonic ergotropy.

Definition 3.2 (Daemonic Ergotropy [3]). Let pga be a bipartite density matrix con-
sisting of system S and ancilla A, H be a Hamiltonian acting on S and IT a PVM ! with
elements II; acting on A. Then, the daemonic ergotropy is defined as

Wp(osa, H,I) = Tr (osH) — Y min Ty (UiQS”UgH) , (3.22)

where 0g); = Tra (0s54(1 ®II;)) is the unnormalised conditional state of the system for

outcome i, p; = Try (QSH) is the probability for this outcome and pog = Tr4 (0s4) is the
reduced state of the system. The optimisation runs over all unitary matrices.

As Francica et al. show [3], the daemonic ergotropy of a state gg4 is always larger
or equal to the ergotropy of the corresponding reduced state o = Trg (0s4). We now
show this in a different way by exploiting the subadditivity of ergotropy and writing

Wp(osa, H.T1) = Tr (osH) — 3 min Tr (UiesUH) (3.23)
=2 W(Tra ((;1 ®1;)esa)  H) (3.24)
> WZ/(TrA(Z(]l ®11;)0s4), H) (3.25)
= W(os, H; (3.26)

It is natural to ask how much one can gain by measuring the ancilla before work extrac-
tion compared to just ignoring the ancilla all together. This quantity is the daemonic
gain. It is the difference between maximal daemonic ergotropy and the ergotropy for a
given state and Hamiltonian.

Definition 3.3 (Maximal Daemonic Ergotropy [3]). The maximal daemonic ergotropy
is the daemonic ergotropy for the optimal PVM .

Wup(osa, H) = max Wp(osa, H,1I) (3.27)

! The restriction to performing only PVMs on the ancilla and a possible extension of the definition
to POVMs is going to be discussed later.
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Definition 3.4 (Daemonic Gain [3]). The daemonic gain of a density matrix pg4 and
a Hamiltonian H is defined as the difference between the maximal daemonic ergotropy
and the ergotropy of the reduced state ps = Tra (054)

oW (0sa, H) = Wanp(0sa, H) — W(es, H). (3.28)

We now summarise some previously established results on daemonic ergotropy [3].
For pure states, the daemonic ergotropy takes its maximum for any rank-one projective
measurement, because the conditional states are always pure in this case. Thus, the
daemonic ergotropy for a pure state [v) is

Wo([¥){(¥]) = Tr (esH) — o (3.29)

with pg = Tra (J¢)(¢|) and a Hamiltonian with non-degenerate lowest energy eigenvalue
€o- Then, the daemonic gain

oW (|4} (0]) = min (Tx (UTesUH) ) — e (3.30)

can only be zero, if the reduced state pg is pure, which implies that [¢) is a product
state. Obviously, the daemonic gain vanishes for product states, so the daemonic gain
vanishes for pure states if and only if they are product states [3].

Investigating connections between daemonic gain and correlations in the state fur-
ther, Francica et al. prove that vanishing daemonic gain implies vanishing discord § 4.5,
where the demon measures system A to enhance work extraction on system S but when
calculating discord, system S is the one that is measured. This can be proved by con-
tradiction. Suppose, the discord d 4.5 of a state

054 =Y _ crianlk) (1| ® |a) (D] (3.31)

is unequal zero. Then, as we discussed earlier, pg4 cannot be a classical-quantum state
and thus there must exist indices «, # such that

CklaB 7 CklafOki (3.32)

for any basis on the ancilla system. We now want to show that this implies non-vanishing
daemonic gain and therefore consider the conditional states corresponding to the pro-
jective measurement IT4 with elements |a)(a| acting on the second system, A. The
daemonic ergotropy will only equal the ergotropy, if all conditional states are diagonal
in the same basis for all projective measurements. Therefore, if this is not the case for
14, then daemonic ergotropy and ergotropy are not the same and hence the daemonic
gain does not vanish. If a = 3, this follows directly from equation (3.32), when choos-
ing the computational basis of the system to be the one in which all conditional states
when performing ITI# shall be diagonal. Then, equation (3.32) implies that in this case
05ja o Tra (0sa(1 @ |a){al)) is not diagonal. The remaining case to discuss is the one
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if o« # B and all conditional states for II4 are simultaneously diagonal. In this case, one
can construct another projective measurement I14 with elements

la){al, a# «aanda#
I =< i(la) + |8)(hec), a=a (3.33)
s(la) = [B)(he), a=p

and show with help of equation (3.32) that the conditional states with respect to this
measurement are not simultaneously diagonal [3].

In the two-qubit case, zero daemonic gain implies both zero entanglement and zero
discord and maximal discord and maximal entanglement both are sufficient conditions
for maximal daemonic gain [3]. An example for states that minimise daemonic gain at
a given concurrence C' are the ones locally equivalent to

00 0 0
0 = ¢2 0

=10 ¢z 1-2 0 (3.34)
00 0 0

with x = (1£v1-C?)/3. Maximal daemonic gain can be achieved for any concurrence for
the states locally equivalent to

/2 0 0 Cf
0 00 O

1o 00 o] (3.35)
C/2 0 0 1)2

which all have 6W = 1 if the Hamiltonian is chosen H = —o .
In the next chapter, we will start with a similar investigation of the three-qubit case.
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Chapter 4

A Case Study in Three Qubits

In the previous chapter, we discussed the work of Francica et al.[3], who invented dae-
monic gain and established connections to entanglement and discord. They also did a
more detailed analysis of the two qubit case. Very much in the same spirit, we will now
investigate how daemonic gain is related to genuine multipartite entanglement for pure,
three qubit states, while keeping the bipartite setting of one system and one ancilla.
This gives rise to two scenarios in which the ancilla either consists of one or two qubits.
We will now first consider the case in which the ancilla consists of a single qubit. We set
the Hamiltonian to be H = diag{—3,—1,1,3}. As a measure for genuine multipartite
entanglement we use the geometric average of the bipartite negativities with respect to
every bipartition and refer to this quantity simply as negativity [30]. Figure (4.1) shows
a plot of daemonic gain versus negativity.

We will now first compute the daemonic gain for pure, three qubit states and a
one-qubit ancilla, because this will be helpful for our further analysis.

4.1 Daemonic Gain for Pure, Three Qubit States
Since the states are pure, the daemonic ergotropy takes the simple form (see eq.(3.30))
Wp =Tr (osH) — €, (4.1)
where ¢g is the lowest eigenvalue of the Hamiltonian and the daemonic gain becomes
SW = min Tr (UtesUH) — eo. (4.2)
According to Acin et al. [16], any three qubit state is up to local unitaries equivalent to
k) = koe® [000) 4 k1 [001) + ko |010) + k3 [100) 4 k4 [111),  k; € R. (4.3)

We will from now on omit the complex phase of the first coefficient, as we will later
argue that it is irrelevant for our purpose. With this, we calculate the reduced state of
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the first two qubits

k% + k:% koko koks kiky
koks k2 keks O
0s = 2
koks Kok k2 0
k1ky 0 0 k3

and its eigenvalues
) 1 1 1 1
€1g (QS) = (5 + 5\/57 5 - 5\/57070)
with

o= ki +2k§(k? + k3 + k3 — ki)

+ 2k (—k3 — k2 + k3) + 2k3 (K2 — k3) — 2k3K2.

The daemonic gain is thus

5W—<;+;ﬁ>60+(;—;\/5>61—60
~(3-5v7) @ -)

with a maximum of §W = (e — €o).

4.2 Daemonic Gain and Entanglement

(4.4)

(4.6)

(4.7)

In order to relate daemonic gain and entanglement, we will in the following discuss the
plot shown in figure (4.1) of daemonic gain versus negativity in the one-qubit ancilla case.
We thereby set our focus to understanding the bounds that confine the region in the plot
in which states may lie. Especially, we show how to derive an analytic approximation to

the lower right boundary, which is the green line in the plot.
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1.0 A
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Figure 4.1: Daemonic gain and negativity for pure states. GHZ-like states |GHZ) =
v/P1000) + /T — p|111) lie on the red line. W-like states |IW) = a [100) +b]010) 4 ¢ |001)
lie in the region that is confined by the purple line to the right. The blue dots refer
to random pure states and lie in a region that is bounded by the orange line which is
approximated by the green line.

In the following, we discuss the states that lie on the boundaries in the plot in figure
4.1, which we refer to as top boundary, left boundary and right and lower boundary.
Top boundary

As can be seen easily in equation (4.9) states with maximum daemonic gain are the ones
with ¢ = 0. States that lie on the top boundary are for example

1 .
|0 = E( |0al) + |100)), with (4.10)
la) = cosr|0) +sina|1). (4.11)

For a = § the state |¥) is maximally entangled, since it is locally equivalent to the GHZ-
state, for a = 0 the negativity vanishes because the second qubit can be factorised, so
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there is no entanglement between the second qubit and the other two. At the same time
the reduced density matrix has a doubly degenerate eigenvalue 1/2, which ensures o = 0
and maximal daemonic gain.

Left boundary

States that lie on the line defined by the negativity being zero are for example

W) = /p|001) + /1 — p|100). (4.12)

The second qubit can be factorised which ensures the negativity to be zero. At the same
time, the reduced density matrix has two eigenvalues p and 1 — p, so for p < % the
daemonic gain is 6W = p(e; — ), reaching its maximum for p = %

Right and lower boundary

Finding an analytic solution for the right, lower boundary in the plot in figure (4.1)
by calculating the negativity for general pure states (equation 4.3) and optimising over
the parameters shows to be impractical. Therefore, instead of using negativity as en-
tanglement measure, we use the average entanglement of formation with respect to all
bipartitions. For this, we compute the Schmidt coefficients for every bipartition of a
state. For a tripartite state we gain three sets of Schmidt coefficients {A\}, {A\B}, {\{'}.
Then the average entanglement of formation is

b= —%(Z Alog(A) + Z AJB log(/\f) + Z)\kc log(A$)). (4.13)

This entanglement measure is easier to compute for pure states and satisfies the re-
quirement that states which maximise negativity at a given daemonic gain will at least
approximately maximise this entanglement measure, too. This is demonstrated in fig-
ure (4.2) and non-trivial as the used version of negativity is a entanglement measure
that captures genuine multipartite entanglement only while the average entanglement of
formation is also sensitive to bipartite entanglement.
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Figure 4.2: Difference between the maximal negativity at a given daemonic gain and
the negativity that is exhibited by the states, which maximise the average entanglement
of formation at given daemonic gain. By construction, this difference must be non-
negative. The deviations from zero in the plot are due to imperfect numerics. The
plot suggests, that up to corrections beyond numerical precision the same states that
maximise negativity also maximise average entanglement of formation.

The Schmidt coefficients for the three qubit states in the symmetric canonical form
(equation 4.3) are

1 1

Ma= 2 [2 K08+ K4 8) B+ ) (4.14)
1 1

My = 22 k2034 4 k) - B+ ) (4.15)
1 1

Ay = 32— K203 4 ) - K23 4 B3, (4.16)

From the formulas of the average entanglement of formation and the daemonic gain one
can see that both are symmetric in the parameters k2 and k3. We now want to maximise
the entanglement while satisfying two constraints: The state must be normalised and
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the daemonic gain must remain constant. Instead of dealing with the complete formula
for daemonic gain, it is sufficient to demand o to be constant. Numerics show, that the
boundary can still be reached even if kg is set to zero. This vindicates our choice of
omitting the complex phase in equation (4.3). If we solve this problem with Lagrange
multipliers, this yields the following set of equations

k? 4 2k3 + k3 = 1 [(I) (Normalisation)] (4.17)
(k? + 2k2 — k2)? — 4k3(2k3 — k2) = o [(II) (6W constant)] (4.18)
O E — M\10;(1) — X204(1I1) = 0, (4.19)

where we have set
ko = ks (4.20)

and
0

;= . 4.21
M 2y

We can set ko = k3 because both the normalisation constraint and the éW = const.
constraint are symmetric in both parameters and also the local maximum condition
from equation (4.19) is the same for both parameters. In principle, ko = k3 could also
be a local extremum, but it turns out not to be one. Since the average entanglement
of formation still seems to be too difficult to find a parametrisation for the states that
maximise negativity, we replace the logarithm by its Taylor expansion up to first order
at 1/2. This, together with the condition kg = 0 and ks = k3 yields the much simplified
and approximated formula for the average entropy of formation

E = ky + 2k3kT + 2k3Kk5 + k3k3. (4.22)

Solving the equations then gives

kg =0 (4.23)
k? =1 —2k3 — k3 (4.24)
k3 :%(1 + /o) (4.25)
k3 =k3 (4.26)
ki:1+5k§—5k§ (4.27)

2 — 7k3

If one plots the two solutions that arise from the fact that there is an ambiguity in the
solution for k3, one easily sees that only states with

oW

- 4.2
2Ae (4.28)

B=10-v)
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4.2. Daemonic Gain and Entanglement

lie on the boundary. Plotting the daemonic gain against the negativity of these states
results in the green line in figure (4.1).
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Figure 4.3: Difference between the negativities of numerical solution for the boundary
and the approximated analytic solution

Figure (4.3) shows the deviation of the negativity exhibited by the states with pa-
rameters given in equations (4.23— 4.27) from the numerically found maximal negativity
at given daemonic gain. This is just the distance of the green line from the orange one in
figure (4.1). Again, due to numerical imperfections, the analytically found states show
greater negativity for small daemonic gain. In contrast, for bigger daemonic gain the

error being made by approximating the logarithm linearly causes the analytically found
states to exhibit up to roughly 0.0023 less negativity than the numerically found optimal
ones.

The Two Qubit Ancilla Case

Now that we discussed the three qubit case with a one-qubit ancilla, we discuss the case
in which S only consists of one qubit and the ancilla A consists of two qubits. Again,
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we demand k3 = 0. Calculating the daemonic gain in the most general case then shows
that this time we do not have a symmetry between k% and k‘% as in the one-qubit ancilla
case but instead one between k7 and k3. Using this symmetry, both daemonic gain and
entanglement of formation have the same formulas as they did in the one qubit case
except the parameters k1 and ks are swapped. We can therefore easily reuse the solution
of the lower right boundary in the plot in the one-qubit ancilla case for the two-qubit
case:

k2 =0 (4.29)
k2 =k2 (4.30)
k2 :%(1 + /o) (4.31)
k3 =1 —2k3 — k3 (4.32)
k2 _1+5k —5kj (4.33)

2 — 7k2

Note however, that this transition between one-ancilla and two-ancilla case by swapping
k1 and k3 is only possible if ky = 0.

Daemonic gain and the violation of Mermin’s and Svetlichny’s
inequality

In the previous section we saw in figure (4.2) that exchanging negativity as measure
of entanglement for average entanglement of formation does not affect, which states
maximise entanglement at a given daemonic gain. We now check, whether the same
states also maximally violate Bell inequalities.

Similarly as with negativity, there will not be any violation of Svetlichny’s inequality
as soon as there is one qubit that is classically correlated to the others. In contrast,
Mermin’s inequality can already be violated if there is just one pair of qubits that
share non-classical correlations. In this aspect, the behaviour of Mermin’s inequality is
similar to using average entanglement of formation as in equation (4.13) as entanglement
criterion.

The plot in figure (4.4) shows the daemonic gain and violation of Mermin’s and
Svetlichny’s inequality for random pure states as well as for the states we found to
maximise negativity at given daemonic gain. One can easily see, that these states also
maximise the violation of both Bell inequalities at given daemonic gain.
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Figure 4.4: Normalised violation of Mermin’s and Svetlichny’s inequalities for random
pure states and the states that maximise negativity at given daemonic gain. Due to
faulty numerics, the true maximal violation of the Bell-inequalities is sometimes not
found.
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Chapter 5

Extending and Computing
Daemonic Gain

In this chapter, we first extend the definition of daemonic ergotropy allowing for gener-
alised measurements and then inquire into the problem of finding the optimal measure-
ment that maximises daemonic ergotropy. Such a generalisation is sensible, as this can
increase the amount of extractable energy, as we will see later. From now on, we will
therefore always consider all kinds of POVMs instead of only projective measurements.

In the second chapter, we then suggest a genuine multipartite generalisation of dae-
monic gain and transfer some of our findings from the bipartite to the multipartite case.

5.1 Finding the Optimal Measurement

The optimisation over all possible measurements makes the computation of the daemonic
ergotropy and daemonic gain difficult by hand and computationally costly on a computer.
This is even more true, if we do not only consider projective measurements but also
generalised measurements. We therefore try to reach a better understanding of this
problem.

5.1.1 Two Helpful Observations

In a previous chapter, we showed that ergotropy is sublinear in both arguments (equa-
tions 3.6 and 3.7). Since one can write the daemonic ergotropy of a state ¢ and a
measurement represented by a POVM P as

Wp(osa, P) = Z W (Tra (0sa(1 ® F))) (5.1)

this has two immediate implications. First of all, this ensures that one can find an
optimal POVM that has rank-one elements exclusively. If an element F; of an optimal
POVM F is not rank-one, then this element can split up into several non-negative rank-
one effects El” = pi1IY with E; = >, p1I?'. Because of the sublinearity of ergotropy,
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the daemonic ergotropy using the POVM E with elements Ef as defined above

Wp(osa, E) = Z W (TrA (QSA(]1 ® Ein))) (5.2)

i\n

> Z W (tra(osa(1® Y EM)) (5.3)

= Wp(esa, E) (5-4)

will still be optimal.

The second implication is, that daemonic ergotropy is convex in the performed mea-
surement. This means, that given two POVMs P and @ with the same number of
elements denoted by E; and @);, the daemonic ergotropy for any convex combination
R = AP+ (1 - \)Q with elements R; = AP; + (1 — X\)Q; will never exceed the daemonic
ergotropy for the POVMs P or ). We directly show this by writing

Wp(osa, \P + (1 = A\)Q) :Z W(Tra (L@ (AP + (1 — AN)Qi)]osa) (5.5)

S)\Z W(Tra ([1 @ Posa) + (1 —X) Z W(Tra (1 ® Qilesa)
Z Z (5.6)
=AWp(osa, P) + (1 = A\)Wp(osa, Q). 5.7

This allows us to restrict our search of optimal measurements to extremal POV Ms.

On a system of dimension d, any extremal POVM can at most have d? outcomes
[8], so we can refine our search to extremal POVMs with d% outcomes, if d is the
dimension of the ancilla. The second observation will now become useful, when we
present an efficient way of finding an optimal POVM.

5.1.2 A See-Saw Algorithm to Compute Daemonic Gain

When calculating the daemonic gain

o Y o : gyt .
W (osa) m‘}nTr (QSVHV) ?glr]} i ?llflir]}Tr ((UZHUZ ®EZ)QSA>, (5.8)

we already discussed that evaluating the first term comes down to diagonalising the state
and the Hamiltonian. In the second term however, we are faced with two optimisations
at a time. We can deal with this problem by defining

M=) T ((UHU] @ Ei)osa) (5.9)

and then alternately optimising the measurement and the unitaries in a see-saw algorithm
[31]. Therefore, we first fix the number of outcomes. If we want to find an optimal
POVM, we set the number of outcomes to di. Now, we initialise the unitaries U;, for
example by generating random unitaries. Then we calculate

0; = Trs (UiHU] ® 1)0s4) , (5.10)
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which allows us to write

M => "Tr(0:E;), (5.11)
i
and then find the optimal POVM. This is a semidefinite programme and can thus be
efficiently solved !.
For the found POVM, one can then easily compute the conditional states

osii = Tra (1 ® Ei)osa) /Tr (1 ® E;)osa) (5.12)

and afterwards the optimal unitaries by diagonalising them in the diagonal basis of the
Hamiltonian.

These two steps are then alternately carried out a sufficiently high number of times
or until some desired precision is reached.

M can only decrease or remain constant in every iteration, since it decreases or
remains constant in every step — in the minimisation over POVMs in step one and also
in the minimisation over the unitaries in step two. In this way, the see-saw algorithm
defines a monotonically decreasing series in M for any number of outcomes. Since the
possible values for M are bounded, the algorithm must converge for any number of
outcomes. However, it may converge to a non-optimal solution. For example, every time
two elements E;, E; of the POVM are identical or linearly dependent, the algorithm will
find two identical unitaries U; = U; which will in turn cause two linearly dependent
effects B} E; In this scenario, the number of outcomes is effectively reduced by one.
We already argued that the algorithm must still converge in this case. However, the
optimal solution can in general not be found anymore. In practise it happens quite

often that the algorithm finds the optimal solution for projective measurements, even if
a better POVM exists.

5.1.3 Optimal Measurement for Quantum-Classical States

For a quantum-classical state

0sa = _0;®|5){il (5.13)
J

one measurement that maximises daemonic gain is the projective measurement P with
elements P; = |i)(i|. We show that the daemonic gain is lower or equal for any POVM
FE with elements FE; and an arbitrary number of outcomes. As we already discussed
above, we may without loss of generality assume that all effects F; are rank one. This
allows us to write E; = |¢;)(¢;| and we can expand the unnormalised vectors |¢;) in the
computational basis as

i) =) upi |K). (5.14)
k

n fact, M is similar to the success probability in minimum error discrimination (equation 2.52). In
minimum error discrimination however, this quantity would be maximised instead of minimised, which
makes this step in the algorithm equivalent to maximum error discrimination.
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Since the elements of the POVM sum up to identity, we have
> ukiuf; = 0. (5.15)
i

Due to the basis extension theorem, one can add rows to the matrix U with elements u;
to make it a unitary matrix. This means that the matrix D with elements D;; = uﬂujl
can be interpreted as part of an extended doubly stochastic matrix. The theorem of
Birkhoff and von Neumann [29] states that any doubly stochastic matrix is a convex
combination of permutation matrices. With this, we can write

Dji = ujiuj; an (5.16)

with 3, 7 =1, 32, 7} € {0,1} and 77; € {0,1}.
In order to calculate the daemonlc gain, we first compute the unnormalised condi-
tional states

0s)i = Tra (Z oj @ [7) (L& Ez‘)) (5.17)

= Try (Z 0; @ ukiumk><u|j><j) (5.18)
== ZUjUjiu;i (5.19)

= Zaj anﬁﬁ. (5.20)
i n

With this, we can calculate the daemonic gain

ow = min Tr VHVT min S min Tr (U og;,Us H 5.21
(0s4) = mi (QS ) min > min ( 1 05 Ui ) (5.21)
Again, we focus only on the second term, since the first term does not depend on the
performed measurement. We now assume that our POVM FE is the optimal one, so we
can omit the optimisation over the measurement and plug in the formula for gg); that
we derived above (equation 5.20).

zi: I{IIIJIZI}} Tr (U;QSﬁUiH) Z mln Tr (UJf Z of anﬂ' ZU2H> (5.22)

> pur, Jin, T (Uf00iUsjn ) (5.23)
4,4,
= an Z ; Z min Tr (Ufo0;1) (5.24)
: i
= %u;ﬁ (U o U H ). (5.25)
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5. Extending and Computing Daemonic Gain 5.1. Finding the Optimal Measurement

This is exactly what one obtains if one chooses the projective measurement P with
elements P; = |i)(i|, so this measurement is indeed optimal. In the first step, we obtain
the inequality by allowing for a different unitary for every combination of indices. One
then notices in the second step, that the optimal unitary is independent of the indices i
and n which yields the desired result.

If a state os4 = >_;; 0ij @ |i)(j] is quantum-classical in some basis, we can thus find
an analytic solution to the daemonic gain. To this end, one diagonalises the reduced
state og = Trg (0s4), which yields the unitary to make the state block-diagonal. The
individual blocks are then the optimal conditional states that one needs to compute the
daemonic gain.

5.1.4 Daemonic Ergotropy and Quantum Correlations

The above result links the question for the optimal measurement to the question whether
quantum correlations can be a resource for daemonic ergotropy. If for a state oga the
optimal measurement is projective, with projectors |i)(i| and we write the state as

osa =Y oy ®1i){j| (5.26)
ij
where the ancilla part is written in the basis defined by the optimal projectors, we notice
that all off-block-diagonal terms o;;,7 # j do not contribute to the daemonic ergotropy,
which is thus the same as for the quantum-classical state

d0sA = Za ® |i)(i. (5.27)

This state can be produced by performing the optimal measurement and preparing a
pure state on the ancilla accordingly. This procedure destroys all the entanglement
and discord dg.4 while the daemonic ergotropy remains unchanged. Entanglement and
discord dg.4 are thus not useful, if the optimal measurement is projective.

The following example also questions the usefulness of entanglement in this context.
Consider the classical-classical state with a qutrit system and a qubit ancilla

1
e = 3(10)(0] ® |0){0] + [1){1] @ [1){1] + [2)(2] ® [1)(1])- (5.28)
For a Hamiltonian with eigenvalues €y < €; < €3 one easily calculates the daemonic gain
1
W (0) = 3(e2 — €0)- (5.29)

On the other hand, entanglement is maximised for pure states and for any pure state we
have

SW([P)) < (€1 —eo) (5.30)

N | =

which is smaller than the daemonic gain of p for a suitably chosen Hamiltonian.
In the next section, we will see that projective measurements are not always optimal,
when we calculate the daemonic gain of a classical quantum state.
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5.1.5 Enhancing Daemonic Gain with Generalised Measurements

In the original definition of daemonic gain [3] the possible measurements to be performed
on the ancilla are restricted to projective measurements. However, we are going to pro-
vide an example where the daemonic gain that can be achieved when using an exemplary
POVM is higher than it would be with any projective measurement. The state used in
this example is the 3 x 2 classical-quantum state

2
osa =3 D Il © P (5.31)
i=0

with
P— (237”0> (5.32)

and

1 1 — cos(a) sin(a) - exp (i3)

M, B) = 2 (sin(a) -exp (—if3) 1+ cos(a) > ' (5.33)

The Hamiltonian is H = ), €;]¢;)(e;| with increasing energy eigenvalues. We shall now
first compute the daemonic gain, restricting ourselves to projective measurements. Since
daemonic gain is convex, the effects of any POVM are either all rank one or can be
split up into rank one effects without changing the daemonic gain. Therefore, we can
compute the maximal daemonic gain for projective measurements by computing it for
the measurement IT = (II(«, 3), (a4 7, 8)) and optimize over the angles o and
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afterwards.
05 =5 (10)(0] + 1) (1] + [2) (2]
Pa0sja =Tr (0sa(1 @ (e, B)))

=é(|0><0|Tr (PoIl(ev, B)) + [1){(1|Tr (All(a, 5)) + |2)(2|Tr (P2ll(e, 5))

(5.36)
—5 1000151+ costa)
| (; ~Leos(a) + Lsina )cos(ﬂ))
+12)(2) (; _ icos(a) _ \f sin(0) cos(ﬂ)) ] (5.37)
Patrm0S|atn =Tr (QSA(]l ® H(a +m, ﬁ))) (538)
(!0> (O|Tr (PoIl(a + 7, )
+ |1 (1|Tr (P II(« + 7, B))
+ 120 Tr (BTl + 7, 8)) (5.39)
—5 1000151 costa)
+ (1) (1] (; + icos(a) - \ff sin(a) cos(ﬁ))
+12)(2] (; + icos(a) + \ff sin(a) cos(ﬁ)) ] (5.40)

From the definition of ergotropy it is already obvious that the ergotropy of the conditional
states 0g|o and ggjq4r Will be maximal for cos(3) = 1. Consider the state

0 = al0){0[ + (b+ c)[1)(1] + (b — ¢)[2)(2] (5.41)
where a,b,c € R and ¢ > 0. Let the Hamiltonian be
H = 60|60><€0| + €1|€1><61| + 62|62><€2| (542)

without demanding any particular ordering of the energy eigenvalues. Then, the er-
gotropy without loss of generality can be written as

W =Tr (oH) — mUinTr (UQUTH) =Tr (0H) — (epa +e1(b+c)+ea(b—c)) (5.43)
= Tr (oH) — (aep + b(e1 + e2) + c(e1 — e2)). (5.44)
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Note, that e; < ey since (b+c¢) > (b— ¢). Consequently, W increases with ¢ and we can
set 6 = 0 in the above calculation. Exploiting addition theorems, we can now write

Paosia =g [|o><o<1 +eosa) + [1)(1] (1 + cos (a - 2;)) 12 (1 eos <“ " ))]
ot 0S|t :é {|o><o(1 —cosa) + [1)(1] (1 — cos <a - 2;)) +12)(2] (1 — cos (a + ))]

As one can easily see, an optimal value of « is not unique, as shifting its value by 2% 5 can
be compensated by relabeling the states, which does not affect the daemonic gain. We

now aim to find the optimal « in the interval [~%, ). When calculating the ergotropy
of the conditional states we need to know the ordering of their eigenvalues.
2 2
o€ [—g,O) = COS (x > COS (oz—i—;) > cos (a—;) (5.47)
s 27 27
a€ 0,§ = COS (x > COS Y > cos a+? (5.48)

In the following calculation, the upper sign will refer to the negative and the lower sign
will refer to the positive interval.

oW (s, H, 1) = Wp(esa, H,IT) — W (es, H) (5.49)

_ o I _ —mi T

=Tr (osH) Hﬁnzk: Tr (QSA(UkHUk ® Hk)) {Tr (osH) mUlnTr (QSU HU)]
(5.50)

= InUin Tr (QsUTHU) — Inl_}nzk: Tr (QSA(U]IHUk ® Hk)> (5.51)

1
§(€0+€1 +e2) — =(eo(1 + cos )

+ € <1+Cos<a:|:

:moz}x{
+ €9 <1+COS a$

+ €9 (1—cos (a:F
+ €1 <l—cos (aj:
+e2(l —cosa) } (5.52)

1 2 _
= 6(62 —€) max <cosa — cos (a F ;)) = 622\/50 (5.53)
Now, that we computed the maximal daemonic gain for projective measurements, we
compare this with the daemonic gain that can be achieved by using the POVM P,
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consisting of the effects %Pi, as defined in 5.32.

12 1 1
poosin, = 5 10001+ 01|+ 11221 (554
12 /1 1
presie, = 53 (310001 + 1)1 + 1) (21 (55)
12 /1 1
P20sip, = 55 | 710001+ Z[1) (1] + [2)(2| (5.56)
33 \4 4
Given the conditional states, we can now compute the daemonic gain.
1 2 1 1 1
oW =ep(z — = - == - —16 5.57
cls —3) a3 - =) +els —16) (557)
1 1
= — §60 + 6(61 + 62) (5'58)

Choosing a Hamiltonian H = |e;)(e1| + |€2) (€2] provides an example where the maximal
daemonic gain can not be achieved by using projective measurements because

1 1

Woproj = —= < dWp = —. 5.59

proj = o V3 P=3 ( )

The following plot shows the daemonic gain for the state considered here as defined in
equation 5.31 and the Hamiltonian H = |1)(1| + €2]2)(2].

0.55
0.50}
0.45| Pt
E 0.40 7~
2 -
0.35} i
0.30} — PVM
— POVM
-~ fixed POVM

02 ! L I ! | ! | I
10 11 12 13 14 15 16 17 18 19
€

Figure 5.1: Daemonic gain for the state defined in equation 5.31 and the Hamiltonian
H = |1)(1] + €2]2)(2| for the Mercedes-star POVM (green dashed line), the optimal
POVM (solid green line) and the optimal projective measurement (red line).
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5.2 Multipartite Daemonic Ergotropy

In chapter four, we already studied daemonic ergotropy for three qubits. Anyway, dae-
monic ergotropy still remained a bipartite quantity, since we grouped two qubits to form
either the ancilla or the system. Now, we extend daemonic ergotropy to the multipartite
case.

In bipartite daemonic ergotropy one considers a system S and an ancilla A which
both play fundamentally different roles. From S one extracts energy while the ancilla can
only be measured. This asymmetry should prevail in a multipartite context. Maintain-
ing the division into systems and ancillas, there are two extremal cases of multipartite
generalisations to study. In one case, there are several systems from which energy is
extracted via local unitaries and a single ancilla. In the other case, there is only one
system but several ancillas on which measurements may be performed locally. In the
most general case, one would then be confronted with several systems and ancillas. This
is illustrated in figure (5.2).

Wy 1+ Wy ... +Wy

i3 §

000 ®® 6

U, U U, |
Nl oA [ [

Figure 5.2: Energy extraction scheme for multipartite daemonic ergotropy

If we are concerned with several systems, we first need to specify a multipartite
generalisation of ergotropy. We demand the total energy of all systems to equal the
sum of the energies in the individual systems. Therefore, with the local Hamiltonians
H; acting on system i, the total Hamiltonian should be H =}, H;, where we write H;
short for 171 ®...®01; 1 @ H; ® 1;31 ® ... ® 1, if there are n systems. With this, we
can write the multipartite ergotropy as

W"(gs, H) = Tr (s H) — min Tt (esUHUT), (5.60)

where the minimisation takes only product unitaries U = U; ® ... ® U, into account
and gg is the joint state of all systems. With the definition of the Hamiltonian and the
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product unitaries, we can rewrite the multipartite ergotropy as

"(0s, H ZTr (0iH;) meTr (QZU HU) (5.61)

= ZW 0, i), (5.62)

where p; is the reduced state of the ith system. Since the minimisation is restricted
to product unitaries, multipartite ergotropy is bounded from above by the single party
ergotropy W(os, H).

In the bipartite setting one can express the daemonic ergotropy as

WD(QSA)H7 E) = ZW(QM,H). (563)

where 0" = Tra(osa(l ® E,)) is the unnormalised conditional state of the system for
outcome ft.
In the same fashion, we can write the daemonic ergotropy in the n-system setting as

Wp(osa, H, E) = Z W"(ds, H) (5.64)

= Z W', H (5.65)

where !’ is the unnormalised reduced conditional state of system i if the measurement
outcome was .

Note, that if we are dealing with several systems, it is sufficient to consider pure
states in our analysis since considering a mixed state is equivalent to appending another
system with a completely degenerate local Hamiltonian and considering the purification
of the state, such that tracing over the appended system will yield back the original
state.

In the case of several ancillas and one system, the multipartite generalisation does not
change the situation for pure states because every projective measurement with rank-one
projectors is optimal, including projectors on a product basis, which the multipartite
version of daemonic ergotropy allows. Thus, it is only interesting to consider mixed
states, which is then equivalent to a pure state scenario with many ancillas and many
systems.

Therefore, we first aim to gain a better understanding of the problem with many
systems, only one ancilla and pure states.

5.2.1 Optimal Measurement for Pure States

We first note that in contrast to the bipartite case, in the multipartite case projective
measurements do in general not even suffice for pure states. One directly sees this from
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the example considered in section (5.1.5). First, we diagonalise the classical-quantum
state from the example and write

0sA = Zpi\i><i|s,4- (5.66)

Now, we append another system Ss and consider the purification
(W) =D Vpili)sa @ |i)s,. (5.67)
i

For system Sy we choose a completely degenerate Hamiltonian Hy = h1. Using equation
(5.65) we can write

WE(|9), H,E) =Y W(ds, Hs) + > _ W(ds,, Ha). (5.68)
u u

Since Hj is completely degenerate, the second term is a constant. The first term is exactly
the bipartite daemonic ergotropy as considered in section (5.1.5) which was maximised
for a generalised measurement. Thus, also the multipartite daemonic ergotropy for the
pure state |¥) is maximised for the same generalised measurement, which proves the
claim.

For GHZ states

1

V2

however, the local projective measurements on |0) and |1) are optimal, since the condi-
tional state of all systems is a pure product state independently of the outcome and its
energy can thus be minimised using local unitaries.

We now investigate the multipartite daemonic ergotropy for W-like states

|GHZ>: (|Osl"'OSnOA1"'0Am>+ |151"'1Sn1A1"'1Am>) (5.69)

|W) = cos ¢sinf|1g,05,04) + sin ¢sin @ |0g,15,04) + cosd|0g,05,14) (5.70)

where the local Hamiltonians for the systems S7 and Sy are both H = |1)(1|. The results
for multipartite ergotropy, multipartite daemonic ergotropy and multipartite daemonic
gain are shown in the plots below. Since all quantities have a periodicity of 7/2 in ¢, the
range of ¢ has been reduced accordingly.
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Figure 5.3: Multipartite ergotropy for |W) as defined in equation (5.70)
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Figure 5.4: Multipartite daemonic ergotropy for |W) as defined in equation (5.70)
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Figure 5.5: Multipartite daemonic gain for |W) as defined in equation (5.70)

Numerics show that a possible advantage when using generalised measurements is
smaller than numerical precision in this case.

5.2.2 Optimal Measurement for Quantum-Classical States

If the global state of all systems S1,...,.S, and the ancilla A is in a quantum-classical
state

0S,..5,4 =Y 0% g ®[i)(ila (5.71)
7

we can repeat the proof presented in section (5.1.3) to show that the projective mea-
surement with projectors |i)(i| is still optimal. This of course is still true for the special
case in which the ancilla is divided into multiple subsystems and the state is

081...Sn A Am = D08, 5, @ |i)(ila, ® .. |0)(ila,,, (5.72)
i

for which the optimal measurement consists of the local projective measurements with
elements |7)(i] 4, -
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Conclusion

In this work, we generalised daemonic ergotropy in two ways, by extending the class of
considered measurements and suggesting a genuine multipartite generalisation.

As groundwork, we examined the relation between multipartite entanglement and
bipartite daemonic ergotropy for three qubit systems. We analytically found states
that maximise daemonic gain at a given value of multipartite negativity and found a
good analytic approximation of states that minimise daemonic gain at a given value of
multipartite negativity. We showed numerically that the found states are not specific to
the used entanglement measure but also turn out to be optimal for a variety of other
entanglement measures. Exploiting symmetries of daemonic gain and entanglement of
formation in the state parameters, we transfer our results of the two-qubit system case
to the two-qubit ancilla case.

Then, we extend the definition of daemonic ergotropy to allow for generalised mea-
surements and present a see-saw algorithm to find the optimal measurement and cal-
culate the daemonic ergotropy. We argue that for pure states, any rank-one projective
measurement is optimal in the bipartite setting. Thereafter, we prove that an optimal
measurement for the quantum-classical state

osa = o7 ® |i)(il* (5.73)
(2
is the projective measurement with effects |i)(i|4. This result then shows that entangle-
ment and discord dg.4 (but not d4.5) are not useful for energy extraction if a projective
measurement is optimal.

Subsequently, we consider a classical-quantum state and show that using generalised
measurements to measure the ancilla can give an advantage that depends on the Hamil-
tonian.

Afterwards, we suggest a multipartite generalisation of daemonic ergotropy. By con-
sidering the purification of the previous example, we show that for pure states, projective
measurements are in general no longer optimal. For |GHZ) states however, we argue
that projective measurements are always optimal and go on to compute the daemonic
gain of W-like states

[W)g, 5,4 o a|100) + b [010) + ¢ |001) (5.74)

for identical Hamiltonians on the first and the second system and note that in this case
projective measurements are also optimal. This rises the question, how the Hamilto-
nian determines the optimal measurement and whether generalised measurements still
perform better in multipartite systems with identical local Hamiltonians.

In the end, we remark that also in the multipartite setting, one optimal measurement
for the quantum-classical state

osA =Y 0% s, ®i)(ila, @...®i)(i]a, (5.75)
7

is given by the projectors on |ig,ja, ... ka,,)-
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Appendix A

Semidefinite Programming

Semidefinite programmes (SDPs) form a subclass of convex optimisation problems. A
convex optimisation problem is a problem of the form

min  f(z)
subject to gi(z) <0 i€ {l,...,m} (A.1)

where both the objective function f and the constraint functions g; are convex functions
[32]. A semidefinite programm is a convex optimisation problem on the cone of positive
semidefinite matrices with a linear objective function and affine constraints.

One way to state a semidefinite programme is thus

i X)sn
Inin (€, X)s
subject to (A, X)sn =ag, k=1,....,m
X =0, (A.2)

which is called the conic form of the SDP [21]. By S", we denote the class of (real)
symmetric n X n matrices, = is the Loewner order and ar € R and Ay are n X n-
matrices. Note, that SDPs also cover inequality constraints such as

(B, X)sn <by, 1=1,....s. (A.3)

Those can, however, be transformed into equality constraints by introducing unknown
but positive slack variables ¢; in the following way

(B, X)sn =by —c;, ¢ >0. (A.4)

Conversely, equality constraints are just a special case of inequality constraints in which
the slack variables are fixed. This is why one can slim down the definition of semidefinite
programmes by only choosing one way of representing constraints.
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The Dual Problem
To every SDP there is a dual SDP which for problem A.2 is defined as

max (a, y)rm

m
subject to ZyiAi = C. (A.5)
i=1
The dual SDP is another SDP, that is related to the original, also called primal SDP
through the optimal values of their objective functions. Specifically, the achieved min-
imum in the primal SDP is always greater or equal than the maximum that can be
achieved in the dual problem. This is called weak duality and the difference between the
two optima is called duality gap. Oftentimes, the duality gap closes, in which case the
duality between the primal and the dual SDP is called strong duality. We will now first
show that the dual SDP as written above is indeed a proper SDP by showing that it can
be converted into the conic form and discuss duality afterwards.
In order to do this, we first introduce a slack variable S
Jnin {~a, y)mm
m
subject to ZyiAi +S=C
i=1

S = 0. (A.6)

Now that the third line matches the one in equation A.2, we rewrite the first line by
defining a matrix Gy that satisfies

(Go, Aj) =a;, i=1,...,m. (A.7)

This allows us to write
*Zymi = *Zyi(GovAﬁ (A.8)
= —(Go, Z%Ai> (A.9)

= —(Go,C = ) (A.10)
= (Go, S) — (Go, C). (A.11)

Since G and C are fixed, minimising (—a, y)rm is equivalent to minimising (Gy, S) over
all possible S. For any given SDP, the set of possible values of S is determined by the
m parameters y,, as S = C — >, y;A;. This allows us to characterise the set of possible
values of S as the set of symmetric matrices that obey n(n+1)/2 — m linear constraints.
This is, because symmetric matrices have n(n + 1)/2 free parameters, which leaves m
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free parameters after imposing 7(n+1)/2 — m constraints. We can write these constraints
in matrix form by introducing matrices G; that fulfil

<Gi,s>_di,¢_1,...,"(”2+1)_m (A.12)

for some real numbers d; [21]. We can now write the original problem A.6 in the conic
form as

min (Go, S)gn

Sesn
1
subject to (G, S)sn =d;, i=1,..., n(n;) —m
S > 0. (A.13)

The optimal value of the primal SDP is always greater or equal than the optimal
value of its dual. This is called weak duality and it can be easily shown by simply
computing the duality gap [32]

(€, X) — () = (O X) = 3 yias (A.14)
=1

= (G, X) = > wil4i, X) (A.15)

=(C=> 44, X)>0. (A.16)

The final inequality holds, because both S = C'—}", y;A; and X are positive semidefinite
matrices.

If the primal objective is bounded below and the problem is strictly feasible, which
in our formulation of the primal problem means that there is a positive definite operator
X that satisfies (Ag, X) = ay, then there is an optimal solution to the dual problem and
the duality gap closes. In complete analogy, if the dual problem is bounded above and
strictly feasible, this is there exists a vector y that satisfies >, v;A4; > C, then there is
an optimal solution to the primal problem and the duality gap closes. These conditions
are called Slater conditions[32].

One can also directly a semidefinite programme in complex variables. In this case,
the primal problem is

max (A, X) (A.17)
subject to ®(X) =B (A.18)
X =0 (A.19)
and its dual problem is
min (B,Y) (A.20)
subject to P*(Y) = A (A.21)
Y hermitian (A.22)
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where @ is a hermiticity preserving map [33]. Many software packages do however not
accept to pose the problem in this form. In this case one needs to convert the complex
problem into a real one. This can for example be done [34] by converting a hermitian
matrix g into a real, symmetric matrix

_ [ Re(o) Im(o)
_<—Im(@) Re(@))' (4.29)

Karush-Kuhn-Tucker Conditions

The Karush-Kuhn-Tucker Conditions (KKT conditions) are a set of sufficient conditions
for an optimal solution  of a convex optimisation problem. For a convex optimisation
problem as stated in the very beginning in equation (A.1), the KKT conditions state
that if Z is optimal, then there must exist multpliers \;, such that [32]

ViE)+ Y AiVgi(z) =0 (A.24)
i=1
gi(7) <0 (A.25)
Ngi(®) = 0 (A.26)
A >0 (A.27)
hold for all ¢ € {1,...,m}. One can easily proove that if = satisfies the above conditions,
it must be optimal. Since f and g; are convex functions, we have
fla) = f(z) > (z —2)TV f(2) (A.28)
gi(x) — gi(®) > (x — 2) Vi (2), (A.29)

where the second equation implies
> Xigi(z Z Xigi(T) > (z — 7) Z A Vgi(Z). (A.30)

Due to the third KKT condition, the second term on the left hand side vanishes and the
fourth KKT condition together with the feasibility condition implies that the first term
is smaller or equal zero. Now, we can sum up this inequality and the inequality (A.28)
to yield

+szgz >z —-2)T|Vfz —I—Z)\ng z)]. (A.31)

From the first KKT condition, we know that the term in square brackets must be zero
and since the sum on the left hand side must be non-positive, £ must indeed be a global
minimum [32].
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