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Abstract. We investigate manipulations of pure quantum states underinecoherent or strictly
incoherent operations assisted by a coherence battery, that ispa storage deyice’ whose degree
of coherence is allowed to fluctuate in the process. This leads to the derivation of fluctuation
relations for quantum coherence, analogous to Jarzynski’s and Crooks’srelations for work in
thermodynamics. Coherence is thus revealed as another instance,of a physical resource, in
addition to athermality and entanglement, for whichha connection is established between the
majorisation framework (regulating pure state transformations under suitable free operations)
and the emergence of fluctuation theorems. Our'study is hoped to provide further insight into
the general structure of battery assisted quantum resource theosies, and more specifically into
the interplay between quantum coherence and quantum thermodynamics.

1. Introduction

Quantum coherence is an essential non-classical feature,rooted in the foundations of quantum
theory. By fixing a particular reference basis{[i)};=;...s of the d-dimensional Hilbert space H
in which the quantum states of‘our system of interest live, coherence is simply visualised as
the degree to which these states deviate from being diagonal in the chosen basis. Although
elementary in its conception, quantum coherence incarnates the essence of superposition and
is thus seen as the first step away. from a fully classical description of a system, acting as a
building block for more advancedsphenomena such as entanglement in composite systems.

It is of no surprise therefore that quantum coherence plays a central role in a wide
range of quantum technologies, such as metrology, sensing, communication, and imaging.
The development of'these quantum.technologies has motivated the formalisation of quantum
coherence as a physical resource within the mathematical framework of resource theories [1]].
This has led, interalia; to theoretical and experimental investigations of optimal protocols to
distill or dilute quantum coherence, and more generally to manipulate and transform quantum
states by means'of suitably defined free operations unable to create coherence [2-12].

The development of a resource theory of quantum coherence mirrors the early motivation
behind the theoretical investigations of classical thermodynamics, where optimal procedures
were derived for distilling work from a thermal machine [13]]. These have been superseded by
the fields of stochastic and quantum thermodynamics [|14,|15]], most notably by the seminal
fluctuation theorems due to Jarzynski [[16] and Crooks [17], which consider the amount of
extractable work as a quantity that can fluctuate during a thermodynamic process, and hence
characterise fundamental limitations on the associated work distribution.

Recent work has formalised a connection between the algebraic theory of majorisation
and the lemergence of fluctuation theorems [[18}|19]. This has been highlighted not only in
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thermodynamics [[18]], where so-called thermo-majorisation provides necessary and sufficient
conditions for state transformations under thermal operations within the resource theory of
athermality [15}/20}21], but also in the context of entanglement theory [19]], where pure state
transformations under local operations and classical communication (LOCC) are once again
determined by majorisation relations [22]. These observations raise the prospect that other
resources, in primis coherence, may also be allowed to fluctuate and give rise to a distribution
regulated by fluctuation theorems while implementing the conversion of quantum states under
the corresponding set of free operations.

In this work we establish fluctuation relations for the manipulation of quantum coherence
under incoherent or strictly incoherent operations [3}/4}23], that is, another instans where
majorisation theory provides necessary and sufficient conditions for pure state transformations
[¥)a — |p)a in a quantum system A [4,[7,/10]. In order to do this, an,ancillary deyice that
stores and supplements coherence is necessary, introduced here as a cohierencebattery B.
This battery, initialised in a state |1)p, is used as an approximate catalyst to mediate the pure
state transformation |¥)4p — |D)4p as

[PYap = )4 ® |V)p — [P)ap = |P)a ®| )5, (1)

where the approximation becomes exact and the transformation reversible in the limit of
an ideal battery, as discussed later in Section E} This sstablishes a resource-theoretic
framework for coherence manipulation under battery ‘assisted incoherent operations (BIO)
or battery assisted strictly incoherent operations (BSIO), collectively referred to as B(S)IO.
Necessary and sufficient conditions are derived for the battery to gain or lose a quantity of
coherence w probabilistically. This gives rise to a eoherence distribution P(w) following the
transformation. From this distribution,four theorems characterising fundamental limitations
on the manipulation of fluctuating coherence are then derived.

Result 1— A second law of coherence is derived, which governs the amount of
coherence extractable from the(battery during the,transformation. If coherence is allowed
to fluctuate, we find that the average,extractable coherence is bounded by the difference in
relative entropy between initial and final states of the system. This complements the fact that
the relative entropy of coherence [3] yields the exact distillable coherence under incoherent
operations within the standard-resource theory of coherence [4].

Result 2— A third law of i‘(ﬁwrence is derived, which demonstrates that the limiting
factor for extracting fluctuating coherence is the diagonal rank of the density matrix. This
again mirrors the standard result, namely the rank of the diagonal part of pure state density
matrices cannot increase.under incoherent operations [4].

Result 3— Ampanalogue tonJarzynski’s relation [16] is derived, which applies when the
final state of the system is maximally coherent. This shows the nature of fluctuating coherence
and, in conjunétion with the second and third laws of coherence, demonstrates strong bounds
on extractablescoherence during the transformation.

Result 4— By comparing forward and reverse transformations, an analogue of Crooks’
relation [17] 4s found, which applies when the final states of both transformations are
maximally coherent. It implies that extracting w units of coherence from the battery in the
forward protocol'is exponentially suppressed with respect to extracting —w units in the reverse
protocol, showing an inherent irreversibility in coherence manipulation.

This_paper is organised as follows. Section [2| presents basics of coherence theory
and the,conditions for state transformations under (strictly) incoherent operations defined
by the majorisation criteria. Section [3] characterises the coherence battery employed to
mediate pure state transformations. Section[d]describes necessary and sufficient conditions for
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battery assisted state transformations, detailing the protocol that gives rise to the fluctuating
coherence distribution. Section [3] presents the aforementioned four results governing the
fluctuation relations for coherence. Section [f] contains a summary and discussion of our
results. Within the Appendix are proofs of the conditions for battery assisted transformations
and the derivation of the reverse protocol necessary for the coherence analogue of Crooks’
theorem.

Throughout this work, the density matrix of a pure state [)4 will be denoted by ¥y,
the subscript indicating the subsystem to which the state belongs (usually A for'the principal
system, and B for the battery). The Hilbert spaces of system A and battery B will be.denoted by
H, and Hjp, and the corresponding set of density matrices by D(H,) and D(Hp), res&ctively.
Occasionally subsystem labels will be omitted when clear from the context.

2. State transformations in the resource theory of coherence

Let us begin by briefly reminding the basics of quantum coherence from a resource theoretic
perspective, referring the reader to [1]] for more details.

Given a reference basis {|i)};=1, 4 of a d-dimensional Hilbert space:/H, such as e.g. the
computational basis, density matrices of the form

o= Z cilixl, & 2)

form the set 7 of incoherent states. For a composite system with Hilbert space Hyp =
Hy ® Hp, the reference basis is taken as the tensor preduct of the reference bases of each
individual subsystem, and the set J of incoherent states is'defined accordingly.

Incoherent operations (I10) are completely:positive trace preserving maps A which admit
an operator sum representation such that all.Kraus operators {K;} map incoherent states into
incoherent states, that is, A(p) =Y, KlpKlT, withyy, K;'Kl =1 and

KoK,

£ L. c7, VYoelI. (3)
Tr(K,0K,)

This definition entails that/JO carinotreréate coherence from an incoherent state, not even
probabilistically.
Strictly incoherent operations /(SIO) are a subclass of IO whose Kraus operators
additionally satisfy [4]
K oK

——¢cJ, Voel. “@
Tr(K] oK)

This equivalently means that the results of measuring (in the reference basis) an output state
after SIO do not dependon the coherence of the input state p 23],

(iIKipKliy = K APK] i), ®)

where we have introduced the dephasing operation A, whose action is defined as

d
Alp) = Y lixilplixil. ©)

i=1
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There are several monotones apt to quantify the degree of coherence of a quantum state
p [1]]. We will adopt the relative entropy of coherence Ci [2,3,24H26]], which takes the simple
closed form

Cra(p) = S(A(p)) = S(p), (7

where S (0) := —Tr(p Inp) is the conventional von Neumann entropy, that is used prominently
in quantum information theory as well as in extensive thermodynamics. The relative entropy
of coherence admits a valuable operational interpretation as it amounts to the distillable
coherence under IO in an asymptotic setting [4]] [f]

A maximally coherent state in a Hilbert space of dimension d can be written as:a uniform
superposition of the reference basis states, ~

1 d
===l 8
l6g) Vi & |£) (®)

and its coherence is given by Cre]((b;) = In(d).
In this paper we consider a pure to pure state transformation

) — @), )

It is known that such a transformation is possible by means of gentﬁal deterministic SIO or
10, that is, A A € (S)IO such that ® = A(Y), if .and only if [4}[7-10,27,128]

A(YP) < 'AD), (10)

that is, A(Y) is majorised by A(®). Explicitly, the necessary and sufficient condition for this
majorisation relation to hold is [29}30]

ACY) = ) raBp(©)Z], (11)

m

where r,, > 0, X, rn = 1, and E,, are permutation matrices. Defining this in terms of a
completely positive trace preserving unital map & acting on any operator X,

N .
EX) = Z FmEnXE | (12)

m

we then have that, as depicted inFigure [T[a), the pure state transformation in Eq. (9) can be
implemented by (S)IO if'and only if there exists a unital map & of the form (I2)) such that

A(YP) = E(AD)). (13)

This is equivalent to thesexistence of a bistochastic matrix mapping the (nonzero) diagonal
coefficients of ® to those of V¥ [29]].

% The distillable coherence Cq(p) of a state p is defined as the maximum ratio R such that the conversion
oo 5 63 (¢;|®mR can be implemented by IO in the limit of many copies m — oo. Strictly speaking, the equality
between distillable.coherence and relative entropy of coherence holds when log, is used instead of In in the definition
of entropy, as it iS customary in information theory. In this paper, we adopt instead natural logarithms to better
emphasise the connection with thermodynamics, which means that in our notation we have Cq(p) = Crei(0)/ In(2).
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Figure 1. (a) In the standard resource theory of quantum coherenee [T]}, the pure to pure state
transformation /), — [¢)4 on the system A (left) can.be implementedby SIO or IO if and
only if there exists a unital map &, of the form @) that maps the.diagonal component of the
final state A(¢4) into that of the initial state A(4) (right). (b) In the battery assisted framework
considered here, the pure to pure state transformation ) 4, ® [1)g —= |DP)ap = )4 ® |1)p (left)
can be implemented by BSIO or BIO — that is, by SIO or 1O on the system A and the battery B,
accompanied by a change in coherence of the battery by an'amount w with probability P(w) —
if and only if there exists a conditional probability distribution P(i, w|j) that satisfies the three
conditions given in Eqgs. @)—@) Such a distribution can be constructed from the statistics
of the protocol illustrated in the dashedbox (right), described in SectionEI This framework
allows us to investigate fluctuation relations, for quantum coherence, analogous to those for
work in thermodynamics, as presented in Section

3. Coherence battery

We consider a system A on which we aim to perform the pure to pure state transformation
)4 — |¢)4, supplemented by a battery B, so that the composite state transformation can be
written overall as in Eq. (I). The battery isunitialised in a state |1)p that can be defined in
general as a superposition of cohfﬁnce eigenstates |cy),

= ) Varleds., (14)
x=0

with @, > 0, ), @, = 1. Here by,coherence eigenstates we mean states |c,) with a well defined
amount of cohergnce, as quantified by the relative entropy Cy. In particular, in analogy to the
case of the entanglement battery studied in , we can write each |c,) as the tensor product
of two types of states, namely x copies of a state |'}') with higher coherence (i.e., a charged
state) and #— x copies of a state |, ) with lower coherence (i.e., a discharged state). Precisely,

ey =N ®..® ) ®[V,)®....®|T}), (15)

X n—x




oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysA-109620.R1

Quantum coherence fluctuation relations 6

for chosen integers n and u and for all integers x € {0, ...., n}, with

u

oo LN
Ty = W;m, @16)
l 2u—1
T = ). 17
My= = 2, 1) (17)

From Eq. (7), we see that the relative entropy of coherence of the charged and discharged

states is given respectively by

~
Crai(T) = In(w), (18)

Cra(T,) = In(u - 1). 19)

Note that the states |Y}) and |}, ) are equivalent to maximally coherent states of dimension u
and u — 1, respectively. The coherence of the state (I5)) is then given by

Cricy) =In(u*(u—-1)"7) . (20)

A measurement of the ‘position’ of the battery, or morepropetly, of its level of coherence
as specified by the index x, can be obtained by defining‘a set of orth(gonal projectors I1* as

I = (= 1"y, 1)

where y, is the incoherent state corresponding to,the'diagonal part of the state (15]),

u 2u—1
xei= Aeied = (%06) @ > )™ 22)
i=1 i=u+l

By construction, ), IT* =: Bpg, which is the projector on the diagonal support of the battery; in
other words, the projectors {II*} give.a resolution of the identity on the subspace B ¢ D(Hp)
of the state space of the battery, spannediby supp(A(1p)) = @220 supp(yy)-

Similarly to a conventional energy storage device, the battery B will act as a coherence
supplier that can receive/transfer coherence from/to the system A, by changing the ratio of the
states (T6) and (T7). In fact; the cmcharging process [Y}) — |T;) corresponds to decreasing
x by one and hence diminishes the coherence in the battery by a quid dw,

Sw = ln( - ) . (23)
u—1
This can be seen/as extracting one unit of coherence from the battery.

In general, the role of the battery is to mediate the state transformation (T)) by exchanging
an amount w_of coherence with the system. We may choose the parameter u large enough,
corresponding to a level spacing 6w ~ 1/u in the battery fine enough, so that any change w
in the coherence of the battery can be taken approximately to be a multiple of éw. Ideally,
we would like the battery to be reusable in order to assist subsequent state transformations.
Furthermore, we would like the battery to serve the purpose of overcoming the limitations
in conventional (unassisted) state transformations under (S)IO on the system, going beyond
the conditions of Section Therefore, there are three constraints that an ideal battery should
adhere to:

1. In order for the final state |$)4 to be pure, the system should be virtually uncorrelated
with the battery, |D)sp = |p)4 ® |1)5.

Page 6 of 22
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2. The only allowed action on the battery should be the raising and lowering of w units of
coherence, by the unitary operator I' defined as

FW|CX>B = [Crsw)B » 24)
with x + w assumed modulo n + 1, and x and »n assumed large enough to avoid hitting the
bottom or top levels of the battery.

3. The state of the battery |1)g should allow for approximately implementing all reversible
pure to pure state transformations [)4 — |y by (S)IO.

The first constraint is fulfilled provided the chosen battery state |1)g iS-assuperposition
over sufficiently many eigenstates |c,), that is, provided the size of the battéry, determined by
the parameter n, is chosen large enough. The last two constraints are stronger‘and force the
state of the battery |1)p to be close to a uniform superposition of coherence eigenstates |c.).
To see this, note that the second constraint imposes that the final state of system and battery
has to be of the form

Qhap= > Ioa®T Vs, (25)

WiIW|<Wmax

for some wy,,x > 0, while the third constraint imposes that, for all reversible transformations
(1) implemented by (S)IO, the final state is e-close to the target.one;
- 4

[Dap — ¢4 ® Al <€, (26)
and with identical diagonal marginal on the system,
A(Trp®ap) = A(da): (27

As the conditions above have to/hold. for all reversible state transformations, we can
analyse the specific one where the initial‘and final states of the system are, respectively,

1

Woa = %(l())A BT )a) s (28)
1

l$)a = 7§(|O>A +[T,)a). (29)

Considering now system andsbattery initialised in the state [V),5 = |y), ®|1) 5, and noting that
the transformation [¥),5 - |®)4p can be implemented reversibly under SIO [4] or IO [7,/10]
if and only if the nonzero diagonal coefficients of the initial and final states are identical, one
can show that the only final state.of system and battery that fulfils this requirement while

complying with Eqs¢(25),and (27) is
1 — w
D)5 = —=(10)a ® [)p + [T;)a ®T"|A)p). (30)
V2

The proof follows closely/the one reported in [[19]] for LOCC transformations in entanglement
theory, with diagonal coefficients here playing the same role as Schmidt coefficients there.
Finally invoking Eq./(26) and applying further algebra [19], one finds

Dloe = ol < IHIVBe, VIV < Winae /6w (31)

This means that, in order for the battery to serve as an approximate catalyst to implement
all reversible (S)IO pure to pure state transformations, including the specific instance just
discussed, the set of coefficients «, in its initial superposition state |1)p of the form @I) must
beclose to a uniform distribution, as formalised by Eq. (31).
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4. Battery assisted state transformations and coherence distribution protocol

We are now ready to investigate necessary and sufficient conditions for the transformation
between initial and final states |), and |¢), of the system A, with diagonal components
AWa) = 2 pili)Cila and A(ga) = X ;q;1j) {jla, mediated by a change in coherence of an
amount w with probability distribution P(w) in the battery B, initially prepared in the state
|[4)p of Eq. . Here the distribution P(w) is associated to a two-stage measurement of
the battery with the projectors before and after the transformation, that is, P(w) is the
probability of finding the battery in the final state |c,.,)p, given that it was found initially in
the state |c,)p.

The main result of this Section, which mirrors the analogous one recently. feported for
entanglement theory [[19], is illustrated in Figure[I(b) and can be enunciated:as follows.

Theorem (Necessary and sufficient conditions for B(S)IO transformations). Zhe'transforma-
tion of Eq. (I) can be implemented by means of SIO or 10 on the system and,the battery
while extracting a coherence distribution P(w) — that is, by batteryrassisted (S)IO or, in
short, B(S)IO — if and only if there exists a conditional probability distribution P(i, w|j), with
marginals P(i) = p;, P(j) = q;, and P(w), which fulfils the following three conditions:

Condition 1: ZP(:’, wlj) =45 Wi, (32)
w 4

Condition 2: Z PG, wlje” =1, Vi, (33)
Jw

Condition 3: > PG wlaj=pi, Vi, (34)
w

Physically, Condition 1 expresses the normalisation of the conditional probability
distribution P(i, w|j), Condition 2 regulates the, fluctuations of w units of coherence in the
battery with probability P(w), while Condition 3 formalises the requirement that the marginals
P(i) and P(j) of the joint probability, distribution P(i, j,w) = P(i,w|j)P(j) reproduce the
diagonal components p; and ¢q; of the initial and final states of the system, respectively.

Proof. The proof of the Theorem consists of two directions. For the “if”” part, we need to show
that, given a conditional probability distribution P(i, w|j) obeying Conditions 1-3, sequences
of B(S)IO protocols A%) and states [$V) 5 and |®™M) , 5 exist, such that d)%) = Ag\g (‘PX\Q ),
with limy_e PNz = Wy ® |)p and limy_e [@M) 45 = |¢)4 ® [A)p. As recalled in
Section |2] this is equivalent to showing the existence of a sequence of bistochastic matrices
G™) mapping the (nonzero).diagonal coefficients of Q%) to those of ‘I’X\g. Such a derivation
is rather technical and hence deferred to

For the “only if” part, let us assume that a B(S)IO transformation @) is possible, that is,
there exists aunitabmap Eyp of the form (12)) such that the (nonzero) diagonal components of

the initial and final states satisfy
A(¥ap) = Eap(A(Dap)) . (35)

Welthen needito prove that a conditional probability distribution P(i, w|j) fulfilling the above
three conditions exists. It turns out one can explicitly construct such a probability distribution
from the following five step protocol, also schematically represented in Figure [T(b):

1. Prepare the incoherent state |j){jla ® A(dp);

2. Measure the battery with the projector IT3 from 21I);

Page 8 of 22
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3. Transform the resulting state of system and battery with the unital map E,5 of Eq. (33));
4. Measure the system with the projector |i){i|4 and the battery with ITj = Hg_ﬁ;
5. Record the variable w = (x” — x)dw, discarding x and x’.

The protocol above, in which = describes the amount w of extracted coheren¢e as a
multiple of the unit 6w defined in @]) gives rise to the probability distribution

PG, wlj) =y Trl(iila @ T, ™ )Ea(1 )/l @ T AT )], (36)

which, using Eq. (2I)), can also be rewritten as o
PG, wlj) = Z @ THl(i)ila ® Ty~ ™)Eap(1 )l ® xwp)) (37)
The proof that P(i, w|j) satisfies Conditions 1-3 is reported in[Appendix A.2] O

5. Fluctuation theorems from coherence distribution

We have shown that the amount w of fluctuating coherence,exchanged between battery
and system when mediating a pure to pure state transformation |¢), — |§)4 gives
rise to a conditional probability distribution (37). [In analogy:{6 the derivation of the
fluctuation theorems from a conditional work probability distribution in thermodynamics
[[17], several coherence fluctuation theorem$§ can now be ebtained. In this Section, we
present the mathematical derivation of the four maintesults anticipated in the Introduction,
accompanying each of them with relevant physical remarks and comparisons with the
corresponding thermodynamic laws.

5.1. Second law of coherence
The following is for an initial state |y;), with diagonal coefficients p; and a target state |¢p)

with diagonal coefficients q;.

Starting with Condition_2, 'multiplying Eq. (33) by p;, rewriting the conditional

e

probability distribution as P(i, w|j)=P(, j, w)/q,, and summing over i gives

ZP(: j. w)—e (38)
ijw
Pi
where we have used Condition 3. Now using (’;— = eln(l’f ) to move the probabilities into the
J
exponent,
D PG, jowyer e = (39)
i,jw

and writing in bracket form, we get
<ew—lnq,-+1np,-> =1 . (40)

This describes the distribution of fluctuating coherence w that can be extracted during our
pure state transformation. By expanding to first order, and using Eq. (7), we find

W) < Cret(@a) — Crer(@a) . 41
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This shows that the average coherence extractable from the battery to mediate B(S)IO state
transformations is bounded by the difference in relative entropy of coherence between the
initial and final states of the system. This is in contrast to the standard operational setting in
the resource theory of quantum coherence, in which the relative entropy of coherence (scaled
by a factor In(2) in our notation) quantifies the exact distillable coherence under 10 [4]].

We can also see that Eq. is formally analogous to the traditional second law of
thermodynamics, (W) < F(p) — F(0), which states that during the state transformation
p — o the average work W required is less than or equal to the difference in free energies
F(p) = (H) — TS(p). As Eq. @I) is the first order expansion, this is just the average
result. Higher order Taylor expansions of Eq. (40) lead to all the momentsfof the coherence
distribution P(w) that can be obtained during the transformation. -

5.2. Third law of coherence

The following is for the transformation [Yy)a — |d)a, where ppii -and Gui, are the smallest
nonzero diagonal coefficients of the initial and final state, respectively.

Starting with Condition 3 on the probability distribution:(34),

D Plio, wli)a; = pui R (42)

Jw

where i is the index corresponding to the smallest diagonal coeflicient of the state, p;, = Pmin,
we can write the inequality P(ip, wlj)q; < pmin  Y.Ja that can be'substituted into Eq. (33), to get

1< Z Pmin jw N Doty (43)
W, 4j AL Gmin

where we further used the fact that 1/g; <"1 //gmin Y jby construction. Summing the rightmost
term over j, the diagonal rank d’ of the final state.is obtained, so that we can write

Z e’ > —di];in' . (44)

w

This can be interpreted as the 'third law for fluctuating coherence. It is well known that
the majorisation criterion (I0) forstate transformations in the resource theory of coherence
implies the following statement, namely that the rank of the diagonal part of pure states cannot
increase under (S)IO [4]. Heres we find that the amount of fluctuating coherence w required to
increase the diagonalrank (i-e.,to.send pni, — 0) under B(S)IO must diverge. Therefore such
an operation is forbidden,as it would require a battery of infinite size. The analogous result
in thermodynamies'is that decreasing the rank of a density matrix requires infinite resources,
which can be regarded as a general statement of the third law [31].

5.3. Jarzynski’s relationfor coherence

The followings for the transformation [y)4 — |p)a, where the final state is a maximally co-
herentstate of dimension d’.

Starting again from Condition 2, and using the fact that g; = 1/d’ Vj for a maximally
coherent. final state, we can multiply both sides of Eq. by 1/d’ and obtain

1
D Pl jwe = —. (45)
Jw

Page 10 of 22
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Now summing over the index i gives

DUPGjwye" = ) % = g, (46)

ijow i
which can again be written in bracket form,

d
W\

€)==, &7)

where d and d’ denote the diagonal rank of the initial and final states, respe€tively.

In statistical mechanics, Jarzynski’s relation [16] (V) = 27 describes an_initial thermal
state which is driven out of equilibrium to a final state with a different Hamiltonian H’, where
Z and Z' are the initial and final partition functions, respectively. Jarzynski’s,relation implies
that, when trying to extract work from a thermal bath, the probability of success decreases
exponentially with the amount of work W being extracted. Equation equivalently says
that attempting to extract more coherence than the average for an initial state of dimension
d results in the dimension of the maximally coherent final state, d’, decreasing. As known
by the analogous third law of coherence in Eq. (@4), decreasing the dimension of the final
state is limited by the maximum fluctuating coherence w and thus by the size of the battery.
Explicitly, from Eq. it follows that P(w > In(£) Hr) <& ¥

The comparison between Eq. and Jarzynski’s equation also highlights an analogy
between d/d’ and Z’/Z. Using the relation from statistical mechanics F' = —1/81n(Z), where
F is the free energy of the state, the ratio Z’/Z =.¢#%=" is describing the exponential of the
extractable work from the state under thermal operations. Similarly for d/d’, using the relation
Crel = Ind for a pure (maximally coherent) state, the ratio d/d’ = e“~Ce is expressing
the exponential of the extractable coherence fromythe state under B(S)IO. Note also that
the fluctuation relation in Eq. (#7) holds for a whole family of (not necessarily maximally
coherent) initial states with the same d; this is mirrored by the redefinition of free energy from
a single average value to a family of free energies with the same fluctuating behaviour [18]],
giving rise to the ‘many second laws’ of quantum thermodynamics [32].

5.4. Crooks’ relation for coherence,

The following is for the transformation YY)y — |p)a and its reverse ['Y4 — |¢')a, where
the final states of the forward and reverse transformations are maximally coherent states of
dimension d’ and d respectively.

Crooks’ theorem of statistical mechanics [17|] relates the forward and reverse
probabilities of extracting a quantity of work W during a non-equilibrium transformation
between two _thermal states,

PW VA
P wZ
Prev(—W) Z
Crooks’-equation shows that the forward protocol is exponentially suppressed in comparison
to its reverse.  This is a quantitative description of the emergent irreversibility of
thermodynamics.
Inorderto find the coherence analogue of this relation, a reverse transformation protocol

is derived in [Appendix B| where an integer quantity of coherence —z- is extracted. This

(48)
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results in forward and reverse coherence distributions of the form

ool
P(w) = le]P(z, W (49)
1
P (-w) = Z]: PG —wli) (50)
It is shown in[Appendix Bjthat these distributions obey the relation
Pw)  _,d
e =T -

In analogy to Crooks’ theorem it can be seen that extracting w units, of coherence in the
forward protocol is exponentially less likely than extracting —w in the reverse protocol. One
could attempt to increase the preference of the forward protocol P(w) by decreasing the
diagonal rank d’ of its final state, however according to the equivalentithird law of coherence
in Eq. (@4)) this is exponentially difficult in its own right. It has therefore been$hown that there
is an inherent irreversibility in the manipulation of coherence within the:B(S)IO framework.

6. Discussion
- 4

In this work we have established fluctuation relations for the manipulation of quantum
coherence, in the context of pure to pure $tate, transformations via (strictly) incoherent
operations, assisted by a coherence battery which can exchange coherence with the system
probabilistically. We hope that this work motivates a further reconsideration of coherence
in quantum mechanics, from a useful albeit static tesource that may be invested to convert
quantum states and realise useful technological applications, to a quantity that more generally
can fluctuate during transformations and may enable otherwise impossible applications. This
has been accomplished here, similarly to the way in which work has been redefined in
quantum thermodynamics [[18|] and more recently entanglement has been investigated as a
fluctuating quantity in quantumginformation theory [19]]. It is surprising that by forming
parallels between coherence, entanglement,>and work distribution protocols, these three
seemingly disparate quantiticssobey:formally analogous fluctuation theorems.

The obvious underlying link between the state transformations in these distinct contexts
is the central role played by thé majorisation criteria in the corresponding resource theories.
This leads to the primaty open question of whether majorisation is necessary or just sufficient
for the emergence of fluctuation theorems. The present investigation also suggests that there
may be more operational contexts in quantum mechanics and beyond for which specific
resources can be¢ considered to fluctuate. In this respect, a fascinating problem is whether
one might establish a hierarchy of fluctuating resources, whereby some fundamental quantity
which obeyssfluctuation theorems can be shown to induce a similar behaviour onto other
resources/ Quantum coherence is in fact an essential ingredient not only for entanglement,
but also for more general non-classical correlations [[1,/33]]. It could be worthwhile to address
whether-fluctuationelations for the latter can be suitably derived by adapting and extending
the present work.” We further remark that all these phenomena can be naturally quantified
by ‘means of \extensive quantities, based on the von Neumann and Rényi entropies, but
generalisations of our results to non-extensive settings [[34]], e.g. adopting quantifiers based
on Tsallis entropies, could also potentially be considered.

It is intriguing that an ancillary system to transfer and store coherence is necessary in
the protocol we introduced, just like a conventional battery (a system that is able to store and

Page 12 of 22
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transfer work, such as a weight or a piston) is used in thermodynamics. However, unlike
work in classical thermodynamics, which can be determined by just measuring the difference
in energy between the initial and final state, here to extract the distribution of fluctuating
coherence e.g. according to the measurement protocol in Figure. [I(b), one irremediably
destroys the initial superposition. It is this very uncertainty associated to fluctuations of
coherence in the battery that ultimately allows the implementation of state transformations
which would otherwise be forbidden to occur.

Further comparisons can be made between the fields. Because of the definition of the
majorisation criteria for the state transformation (TJ), which map the diagonal elements of the
initial state to those of the final state (rather than vice versa), the probability distribution in
Eq. is formed backwards, which means that the direction of the protocol givi@ rise to
such a distribution is in contrast to the thermodynamic scenario. While the mathematical
origin of this discrepancy is clear, its deeper physical meaning remains elusive. As‘remarked
earlier in the text, from the analogue fluctuation theorems in Egs. and @, it can also be
seen that the partition function of statistical mechanics is akin to the diagonal rank of states in
coherence theory, as both quantifiers affect the availability of the given resource, i.e., work in
thermodynamics and coherence in this paper.

The results in our study also have important implications for the resource theory of
quantum coherence in its own right [[1}[3]. In this respect, it.is worth comparing explicitly
the power of different assisted and unassisted scenarios for/coherence distillation and state
manipulations under incoherent operations.

In the standard unassisted scenario, as dépieted in Figure [Ifa), the majorisation criteria
recalled in Section [2| can be equivalently formulated in terms of relative entropy: the
state transformation |y), — |[¢), is possible by deterministic IO (or SIO) if and only if
[4L[7410}127, 28]

Crel(wA) 2 Crel(¢A) . (52)

If we consider instead the framework where the d-dimensional system A is assisted by an
exact catalyst B, whose state Tz needs to be returned unchanged, then the state transformation
)4 ® ) = )4 ® |T)p is possible by.deterministic 1O if and only if [35]

So(AWn) - Ind S So(Algs)) —Ind
| N |

where the quantities S ,(p) i= sgn(a) In (Tr(p*))/(1 — @) denote a family of Rényi entropies.

In the paradigm investigated in'this paper, illustrated in Figure [T{b), the system A and
the battery B are still prepared inan initial product state [/), ® |1)p, but the coherence in the
battery B is allowedsto.change by,an amount w with probability P(w), so that the battery plays
the role of an approximate catalyst. In this case, we have shown that any transformation of
the form can be implemented by IO or SIO on the system and the battery, provided the
extracted coherence,obeys the second law ,

, Yae (-0, 00), (53)

Crel(Wa) — Crel(@a) = (W) . 54)

This(is somehow'comparable to the quantum thermodynamic setting recently investigated
in [36], in which by allowing the buildup of arbitrarily small correlations between a system
and a catalyst during a thermal operation, one finds that state transformations (for states
diagonal in the energy eigenbasis) are specified by the second law expressed just in terms
of the ¢onventional Helmholtz free energy [36], rather than in terms of a whole family of
Rényi entropies [32].
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In the standard resource theory of coherence, it is currently understood that pure state
transformations are reversible only in the asymptotic setting of many copies [1]. However;
if a coherence battery is employed, then according to the coherence fluctuation theorem in
Eq. (@0) a single copy transformation becomes reversible, when accompanied by a nontrivial
fluctuation in coherence with probability P(w). This means that, if there exists a coherence
fluctuation w = Ing; — In p;, then there exists a reverse process with equal and ‘opposite
coherence wyy = Inp; — Ing;, where the forward protocol is nevertheless exponentially
preferred according to the analogue Crooks relation in Eq. (5.

Within the standard (unassisted) coherence resource theory, it is also known. that in the
asymptotic setting the distillable coherence under IO for any state is given by theirelative
entropy of coherence [37]. However, comparing Eqs. and (54), we may concliide that the
second law of coherence demonstrates that, although on average the.distillable coherence
of a state is given by the relative entropy, in the battery assisted frameworksthere is an
exponentially suppressed regime in which more coherence can be extracted.

As a next step, it would be desirable to generalise our analysisito the non-asymptotic
regime and explore the role of coherence fluctuation relations ifi the,context:0f one-shot state
transformations under different classes of incoherent operations, following recent work on
one-shot coherence dilution and distillation [38}[39], and inspired by thermodynamic studies
of one-shot dissipated work [40,41].

We have not considered the alternative assisted framework where the initial state pap
contains correlations between system A and ancilla B, as/that case would require the state
of the system to be mixed. It is known that, 4n such a collaborative context, the asymptotic
distillable coherence on A under local incoherent-quantum operations amounts to S (A(p4)),
which yields a net gain over the unassisted case Cye|(Pa)by a quantity equal to the reduced
von Neumann entropy S (p4) [42]]. It may be worthy in the future to investigate coherence
fluctuations in the battery, enhanced by initial correlations with the system. This would be
especially interesting in view of the fact that the laws of thermodynamics in the presence of
correlations (which might allowfor seemingly paradoxical feats such as anomalous heat flow)
have only recently begun to be understood in terms of physical processes [43]].

It is hoped that, in the same way thatthe fluctuation theorems of statistical mechanics and
thermodynamics have opened up a wide range of theoretic and experimental investigations,
the fluctuation theorems of quantum coherence may inspire the discovery of new phenomena
within coherence theory and ap[])hations, and beyond. It has already been shown in this
work that fluctuating coherence allows one to break current limitations on reversibility and
distillation in statetransformations./The study of hybrid frameworks whereas a coherence
battery may be employed to assist state transformations in different resource theories, such as
athermality, entanglement, and more general manifestations of non-classicality, also deserves
further investigation. This could complement recent studies of catalytic coherence for work
extraction [44,45] and reveal new crossing points between the characterisation of coherence
and quantum.correlations [51|10,46] in quantum information theory.
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Appendix A. Proof of necessary and sufficient conditions for B(S)IO state
transformations

Here we complete the proof of the Theorem in Section 4}

Appendix A.l. Sufficient conditions

Starting with the conditional probability distribution P(i, w|j) satisfying Conditions 1-3 as
discussed in Section |4} let us define a sequence of initial and final states,of the d-dimensional
system A and the battery B, indexed by an even N, as follows,

d n
s = D D D ST () sV (A1)
i=1 x=0 w
d n
0= D [ T 2AS) [PAs s (A2)
i=1 x’=0 w

Here p;,, = Z?:l P(i,w|j)q; and the integer factor

£ o= [ s J (A3)

Sw
measures the fluctuating coherence w in units of éw, while the symbol Zx(S) with S =
{”‘ZN s e %} denotes an indicator function, i.e., itequals 1 if the index k € S and 0 otherwise.
Furthermore, we set N := n — 2 finaxsWith fiax = max{|f,|}.
w

We then need to construct’d sequence of bistochastic matrices GY) mapping the
(nonzero) diagonal entries of q)%) to those of ‘I’X\g [29]. The following adapts the proof
reported in [[19] for entanglementt\heory, te which the reader is referred for further details.

Let us begin by defininig a new probability distribution

PG, x|jix') = > PGwIDOv—r s (A4)

with x, x’ € (—o0, 00)sThe threeconditions (32)—(34) can then be rewritten as

d 0
>0 PG ) =1, (A5)
i=] x=—o00
W '—x
>, 2 Pliadin(—=5) " =1, (A.6)
i=1 x=—o00
d sl . .
DD Pl ) TS = ) DL (), (A7)
j=1 x'=—00 w

where for the second equation we have used the fact that f,, is the largest integer such that
fuln(#4) < w. which follows from the definitions (23) and (A.3).



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysA-109620.R1

Quantum coherence fluctuation relations 16

With this newly defined conditional probability P(i, x|j,x"), a sequence of sub-
bistochastic matrices can now be constructed, whose rows and columns are labelled by the
reference product basis of system and battery, say [i, z)43 and |, z') 45, respectively. Here and
in the following we employ the shorthand notation z € y, to mean |z) € supp(x,). Then, for
all z € y», 7 € yv, Where now the values of x, x” are truncated as x, x’ € {0, ..., n}, let

RM@,2j,7) = PG, x|j, x ™ (u — 1) ™. (A8)

Using Egs. (A3)-(A7), we see that the matrices RV (i, 7] j, ') are not bistochastic, but they
already possess the desired property of mapping the entries of A(®™) to those'of AN,

~
d B foa
Z Z D RG22 g = 1))
JEL o=t f T
d o0
= Z:: :Z_: P(i, x|j, x ) 1 u-x)""20(S)
= D T = 0 D, (S) (A.9)

- 4
Finally, we can define a sequence of bistochastic /matrices GM(i, 7| J,Z’) based on
R™)(i,z]j, ), such that the action of the latter onthe support of A(®™) is left intact. This can
be done as follows:

n+Ny .
2

Drexy RM(i, 7, Z')) , otherwise,

(N) . . . _N
R (z,zlj, '), - V "€ xr with X’ € {"5~, ..,
T

A.10
d]_ﬂ(l _ Z 2 ( )

6™, 2),7) = {

N
2

N , , , .
where p == 3 2 ut (u—1)"" & ZZ'—’”N u* (u —1)"", so that du is the number of columns
=t

of G™ not belonging to the support 6f A(®y). It follows by construction that the matrices
G™(i, 2|}, 7’) are bistochastic,

d

n d n
33 EME R = Y > Y 6% = 1. (A1)

i=1 x=0 z€x, Jj=1 x'=0 7' ey’

Moreover, by virtue of Eq. (A9)sthese matrices map the diagonal coefficients of [®™)),,
to those of I‘P( 4. Thissmeans that, according to [29], there exists a sequence of (S)IO
protocols A that implement the state transformations CD(N ) = A(N ) (‘P(N))

We are only left to verify that limy_,. [¥™),p5 = Itﬁ)A ® I/l)B and limy_,e, |D™) 45 =
|$)4 ® [4)g. For the final/states |®™), 5, which are uncorrelated across the system versus
battery split for any fifiite N, this is manifestly true. For the initial states, [¥™),5, which
are instead entangled across.such a split, we need to analyse the large N limit explicitly. It is
straightforwatrd to show [19] that the overlaps between the states [¥™), 5 of Eq. and the
product states

] D)4 ® lcx)s, (A.12)

_ d n
=2, 2,
i=1 x=0
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which reproduce the correct initial state in the limit N — oo, satisfy

d n
— i Piw
(‘{—’(N)|‘P(N)) = g g nl-:- 1 mzﬁfu,(s)

i=1 x=0
d ";N*ﬁnax pg
> [
_Z ; n+DHIN+1)
i=1 x:’lz + fmax
L vy (A.13)
1 + 2o
N+1 ~_

This concludes the proof of the sufficient conditions for the B(S)IO state transformation (I)).

Appendix A.2. Necessary conditions

Here we show that the conditional probability distribution P(i, w|j) defined in Eq. satisfies
the three conditions detailed in Eqs. (32)), (33), and (34).

Before proceeding, let us note that all the (diagonal) battery states considered in the
protocol of Section[d]live entirely in the subspace 8 introduced in Section[3] Accordingly, the
supports of A(W4p) and A(D4p) are contained in the relevant subspace V := D(H,)Q B of the
state space of system and battery, and the whole protocol deScribed #h Section [d] to construct
P(i, w|j) maps this subspace into itself. It follows that; as/A(Wap) < A(®4p) by hypothesis,
then one can find permutations =,, and probabilities r,, such.that the unital map E4p of the
form (I2) satisfies (33) and furthermore leaves invariant the projector 1, ® By onto V.

To prove Condition 1 (normalisation), we sum over the initial reference basis i and the
extracted coherence w,

D PGwl) = T @BHEMINjla & T AUp)IT)]

= Tellp{jla ® Ap)] = 1, (A.14)
where we have used the fact that ZWI'I;;_ﬁ = Bp and that both the map & and the
map resulting from the application of the projection operators X — Y., IT¥ XIT* are trace
preserving. This proves Eq.B2). .

We continue with the/proofof Condition 2. Exploiting Eq. (23), we can expand

X X - n—(x'— )
ow = ow — ow 3
IT u -1 Xx—

= (i (= 1" fum = D)y

= ¥ -1y }(“T‘l)m_i

ow
= {u (= 1" ey (A.15)
Using the above relation we can write

D PG wlje” = > arTH(iXila 8 xo-x (s ®TT})]
w.j

dw
w,x’

2 ) e Tr[(iXila ® xo— 2 JEap(La @ TT})]

= Tr[(li)ila ® A(1p))Eap(14 ® Bp)]
-1, (A.16)
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where in the final line we have used the property of the unital map & to preserve the projector
on the diagonal support, while in the second line we have approximated ay ~ ay_»=. To
verify the validity of the approximation, we invoke Eq. (3I), which yields

| " PGwlper = 1] < 3 o = v

w,j w,x’
Il
< V8e —
w'wIZ<v:v : ‘ ow
= VBE frnax(fonax + 1) (A7)
~
with finax defined after Eq. (A.3). This shows that Eq. (33) is fulfilled in the limit € — 0.
We conclude by proving Condition 3, that expresses the correspondence between the

marginal probabilities and the diagonal components of the states of the system:Using the
definition of the conditional probability, we can write

> PGl = Y g TH ()il ® Ba)Eas(i)in © K]
w,j Jx'
= Tr[(li)ila ® Bp)Eap(Alpa ®AB))]
~ Tr[(li)(ila ® Bp)Eas(A@p))]
= Tr[(li)ila ® B)A(YaB)]
= pi (A.18)

where we have used Eq. and the approximation
A@ap) ~ A@a @ a4l & ( 3 evxes). (A.19)
7 ¥
To verify the validity of the approximation, we'invoke Eq. (26), which yields

DD Pawipa; - pif = DLITrl(iXila @ Bp)Ean(Ada ® A5) = A@ap))]|

i w,Jj i

ICAB(A(Ps ® Ap — Dap))lli

IA /I/\

M| — | —

o4 ® A — Dyl

IA

(A.20)

where we have furtherused the contractivity of the trace distance under quantum channels
and the fact that l||p —olly = max |Tr[X(p — o)]| for two density matrices p and o. This
2 0<x<1

shows that Eq. (34).is fulfilled as well in the limit € — 0.

Appendix B. Forward and reverse protocols for Crooks’ coherence relation

Here we construct and investigate both forward and reverse protocols for battery assisted
(S)IO state transformations. The existence of a (S)IO protocol for the state transformation
[\¥)aB = |®) 45, hereby referred to as forward protocol, is ensured by the majorisation relation
A(W4p) < A(D,4p), which we recall from Eq. (TT)) corresponds to

AMWap) = Z FnEnMPap)ES, = Eap(A(D@ap)). (B.1)

m
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Let us now define a state V'), with the same diagonal support as |®),z and a state |®’),p
with the same diagonal support as [¥),p, such that the existence of a (S)IO protocol for the
state transformation [¥")4p — |®")4p, hereby referred to as reverse protocol, is ensured by the
dual map,
A(P)p) = D rnZh A )E = E}p(AWD) ), (B.2)
m
from which it is explicit that A(Y/, ;) < A(D, ).

According to the B(S)IO framework, as we have seen in Section[d} the forward protocol
gives rise to a conditional probability distribution P(i,w|j), which takes into account the
fact that the coherence in the battery can fluctuate by an amount w with/probabilityP(w).
Analogously, we will consider that in the reverse protocol the coherence in_.the battery is
allowed to change by an amount —w with probability P™'(—w).

Our aim is to compare the coherence distributions in the forward and reverse protocols.
To do so, let us adopt the setting of and consider a sequence,of forward
(S)IO protocols implementing the transformations [¥™)), 5 — |®™Y,p, with initial and final

states defined in Eqs. (A.I) and (A.2). In we have introduced a sequence of

bistochastic matrices G*Y) mapping the (nonzero) diagonal coefficient$yof (D%) to those of
‘I’g\g. We will use the fact that, by construction, these matrices satisfy

GM(i,20j, ') = Tr[(li)Xila ® |2){zl8)EAB(1j){lx @M 1)1 . (B.3)
Let us now define the transition matrix
O, xj, x') = Tr[(li)ila ® Tp)Eam(17)jla ® ¥ 5)]- (B.4)

w

From now on, we will assume for simplicity that 5 is an integer, i.e., f,, = 3. Furthermore,
we will impose x” € S, that is, we will'limit theiindex %' to span within the range in which the
diagonal component of the battery has support. In this range, we have specifically

QG.aljx) = > w = YT © X2lp)Eas(i)la ® 1) 1))

ZEX T EX N

= > 6™

ZEX 1.2 EX \

= D w PG A )

ZEX x- T Xy

&P(i; x| j, x')

= B W )0 (B.5)
w

where in the last line we have used Eq. (A.4). This means that, in the relevant range of
X', O, x|j, ¥9)»is directly/related with the bistochastic matrix mapping the diagonal state
coefficients in the forward protocol.

Inspired by Eq. (B:2);we can analogously define a transition matrix for the reverse
protocol;,given by

Q" (j, x'li, x) = Trl(|))(jla ® TT)E} (1) ila @ xxp)].- (B.6)
Noting that

ux’ (u— l)n—x’

eV » e _
0™ (J, X'li, x) = = 1)

(i, x|j, x'), (B.7)
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this can be rewritten as

rev, ./ x (I/l - l)n ¥ . .
0 (j, X'|i, x) _W Z P(l,Wl])(Sx/_x#
_ux’(u _ 1)11—x’

Z Semxe > Trl(1ila © Ty " ™)E45(11) 1 © Rarp)]

w1y
= Z& v Z ) e T © T, )EAs1) s B )

=Z<sm Zaﬂr (1)la ® TEE] Xl ® xe -2 Jl —m(BY)

This is now approximated to an ideal battery, which gives

0™ (j ¥'li, %) ~ Z Gomv O e T ® T, ™ )Eig(1Xila @ )]

X

~ Z Sesz Y Trl(a @ TTy 08, (ila © Y. )]

X

=ZP‘“<J; Wiz . (B.9)
w 4

where we have defined the conditional probability distribution for the reverse protocol as
P Go—wli) = Y e TH()la ®ITy )8, 50011 © )] (B.10)

The distribution (B.10) is the counterpartitosthe distribution P(i, w|j) given in (37) for the
forward protocol, and it satisfies analogous'eonditions to those proved in ie.,

ZPfeV(j, W) =1, (B.11)
Jsw
Z P(p=wli)e™ =1, (B.12)
OSLEE G-l =p. (B.13)

where p! and g; respectively denotethe diagonal elements of the initial and final states of the
system A in the revetse protocol.

Therefore, givenasequence of forward (S)IO protocols with transition matrix Q(i, x|, x”)
mapping the didgonal coefficients of final states |®™)) 45 to those of initial states [¥™))4p,
there exists a sequence of reverse (S)IO protocols with transition matrix Q™(j, x’|i, x)
mapping the'diagonal.coefficients of final states |’ ™), 5 to those of initial states [¥'™)4p.
The initial and final states for the reverse protocol can then be chosen, in analogy to the

analysis Of ABpendi A1) a

)4 = Z Z Do (S Da®ler)s. (B.14)
j=1 x'=
)05 = Z] Z) V e 3S) 1Ds ® e (B.15)
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that x’ € S. It is easy then to verify that Eq. (B.2) is satisfied for the reverse protocol in the

limit N — oo, adapting the derivation of

The coherence analogue of Crooks’ theorem can now be obtained. In Crooks’ theorem
both the initial and final states are thermal, here to derive its equivalent the final states of both
the forward and reverse protocols will be taken to be maximally coherent (with diagonal.rank
d’ and d respectively), which sets g; = dl and g; = 5

The forward and reverse coherence distributions are therefore

where p'i,—w = Zle P (j,—wli)g;, S’ = {"‘N/ LM}, and N’ := N — 2 fiax, thus ensuring

1
P(w) = ) PGwl) L (BA6)
ij

1
PreV(_W) = Z PI‘CV(]" —Wll)g (B17)

ij
Now recalling the definition with x = x" — 3, and expanding as in'(A.T5), we can rewrite
Eq. simply as

Q™" (j, X'li, x) = €" Q(i, x| j, XV (B.18)

from which it is immediate to see that the above two distributions f(w) and P™'(-w) obey
Crooks’ analogue relation given in Eq. (5T).
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