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Systems that are driven out of thermal equilibrium typically dissipate random quantities of energy
on microscopic scales. Crooks fluctuation theorem relates the distribution of these random work
costs with the corresponding distribution for the reverse process. By an analysis that explicitly
incorporates the energy reservoir that donates the energy, and the control system that implements
the dynamic, we here obtain a quantum generalization of Crooks theorem that not only includes the
energy changes on the reservoir, but the full description of its evolution, including coherences. This
approach moreover opens up for generalizations of the concept of fluctuation relations. Here we
introduce ‘conditional’ fluctuation relations that are applicable to non-equilibrium systems, as well
as approximate fluctuation relations that allow for the analysis of autonomous evolution generated

by global time-independent Hamiltonians.

I. INTRODUCTION

Imagine a physical system with a Hamiltonian Hg(z)
that depends on some external parameter x, e.g., electric
or magnetic fields that we can vary at will. By chang-
ing z we can push the system out of thermal equilibrium.
This would typically require work that may be dissipated
due to interactions with the surrounding heat bath. The
latter may also make the dissipation random, in the sense
that the work cost w is different each time we implement
the same change of the Hamiltonian [IHG]. (Think of a
spoon pushed through syrup. On microscopic scales the
friction resolves into random molecular collisions.) These
fluctuations can be described via a probability distribu-
tion P;(w). Crooks theorem [7] shows that there is a
surprisingly simple relation between P, and the corre-
sponding distribution P_ obtained for the process run in
reverse (i.e., where the time-schedule for the change of z
is mirrored) namely

Z(HE) Py (w) = Z(HL)e P_(~w), (1)

where HY and H g are the initial and final Hamiltonians,
respectively, and Z(H) is the partition function, which
in the quantum case takes the form Z(H) = Tre #H.
Moreover, § = 1/(kT), with k Boltzmann’s constant, and
where T is the absolute temperature of the heat bath. In
this investigation we only consider a single heat bath with
a fixed temperature 7.

Crooks theorem was originally derived in a classical
setting [7] (for reviews on classical fluctuation theorems,
see [IHG]) but there has accumulated a considerable body
of quantum fluctuation relations (for reviews see [SHI0]).
However, the latter do often include measurements, and
in particular energy measurements (see e.g. [I1H25]) that
typically destroy coherences and quantum correlations.
Here we avoid such auxiliary components, and obtain

*Electronic address: [johan.aberg@uni-koeln.de

fluctuation relations that retain all quantum aspects of
the evolution.

The key is to explicitly model all degrees of freedom
involved in the process. This includes the control mecha-
nism that implements the change of the external param-
eter, i.e. z in Hg(x), as well as the ‘energy reservoir’,
e.g., a battery or an excited atom, which donates the en-
ergy for the work w. Since work corresponds to a change
of energy in this reservoir, it follows that the reservoir
itself is forced to evolve as it fuels the dynamics. The
general theme of this investigation is to formulate fluc-
tuation relations in terms of this induced evolution. To
make this more concrete, let us briefly display the first of
the fluctuation theorems that we will derive. The roles of
the probability distributions P; and P_ are here taken
over by the channels 7 and F_ that are induced on the
energy reservoir by the forward and reverse processes,
respectively. As we shall see, these channels can, under
suitable conditions, be related by the following quantum
Crooks relation

Z(HE)Fs = Z(HE) Toru FE T, (2)

where Hg denotes the Hamiltonian of the energy reser-
voir E. The combined application of J3p, and ‘-7[;1}15’
where T, (Q) = e PHE/2Qe~BHE/2| can be viewed as
a counterpart to the term e in . The mapping from
F_ to FZ (to be described in detail later) is related to
time-reversals, and can in some sense be regarded as a
generalization of the transformation of P_(w) to P_(—w)
at the right hand side of .

In the following section we derive and moreover
show that it can be decomposed into diagonal and off-
diagonal Crooks relations, thus yielding fluctuation rela-
tions for coherences. We also derive quantum Jarzynski
equalities, as well as a bound on the average work cost.
In sectionwe regain the classical Crooks relation
from via the additional assumption of energy trans-
lation invariance. We next turn to generalizations of ,
where section [l introduces conditional fluctuation rela-
tions, and section [VI approximate versions.
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II. A QUANTUM FLUCTUATION THEOREM

A. The model

To derive the quantum Crooks relation in (2) we em-
ploy a general class of models that previously has been
used in the context of quantum thermodynamics to ana-
lyze, e.g., work extraction, information erasure, and co-
herence [26H43]. The main idea is that we include all the
relevant degrees of freedom (which in our case consist of
four subsystems, see Fig. and assign a global time-
independent Hamiltonian H to account for energy. On
this joint system we are allowed to act with any unitary
operation V' that conserves energy, which is formalized
by the condition that V' commutes with the total Hamil-
tonian [H,V] = 0. (See [44] for an alternative notion of
energy conservation.)

At first sight it may be difficult to see how such a
manifestly time-independent Hamiltonian can be used
to describe the evolving Hamiltonians in Crooks theo-
rem. For this purpose we introduce a control system
C such that the Hamiltonian of S’ = SB depends on
the state of C'. As an illustration, suppose that we
wish to describe a transition from an initial Hamilto-
nian HY, to a final Hamiltonian HI,. One possibil-
ity would be to define a joint Hamiltonian of the form
Hgic = Hg, @ |eg)(cs| + HE @ |e;)(ci|, where |cs) and
|e;) are two normalized and orthogonal states of the con-
trol system C. If the evolution would change the con-
trol from |¢;) to |cf), then this would effectively change

the Hamiltonian of S’ from H%, to H s, However, this
change can in general not be achieved by an energy con-
serving unitary operation on S’'C' alone, since the tran-
sition from Hi, to H g, typically will involve a change of
energy. The role of the energy reservoir E is to make
these transitions possible by donating or absorbing the
necessary energy. With a suitable choice of Hamilto-
nian Hg of the energy reservoir, the global Hamiltonian
H=Hgc®1p+1gc® Hg allows for non-trivial energy
conserving unitary operators V.

In this investigation the energy reservoir does not only
serve as a source or sink for energy, but also acts as a
probe of the dynamics of the system. Instead of using
auxiliary measurements, which inevitably would intro-
duce additional interactions that potentially may disturb
the dynamics, we here let the energy reservoir take over
this role. We do, so to speak, make an additional use
of a component that anyway has to be included. A fur-
ther benefit of using an explicit quantum probe is that
we not only capture the flow of energy, but also the
change in coherence and correlations. Needless to say,
standard macroscopic energy reservoirs would be of little
use for the latter purposes, due to the levels of decoher-
ence that they are exposed to. However, our notion of
energy reservoirs includes nano-systems like, e.g., single
atoms or spins.

FIG. 1: The systems. The model explicitly includes the
‘system’ S on which we operate, the heat bath B, the con-
trol C' that implements the change of the Hamiltonian on SB,
and the energy reservoir E that donates or accepts the energy
required to drive the processes. Most of our fluctuation rela-
tions are expressed in terms of the dynamics induced on the
energy reservoir F.

For the main part of this investigation (Secs. and I11]) we as-
sume that the total system is described by a time-independent
Hamiltonian that is non-interacting between SBC and F, i.e.,
is of the form H = Hspc ® iE + iSBC ® Hg. We moreover
model the evolution by energy conserving unitary operators
V, ie., [H,V] = 0. (We go beyond these assumptions when
we consider approximate fluctuation relations in section )
For most of the derivations it is not necessary to make any
distinction between S and B, and for this reason we will often
bundle them together into an extended system S’ = SB. This
‘rationalization’ can be taken one step further to S = S'C =
SBC when we turn to the conditional fluctuation theorems
in section [[TIl

B. An intermediate version

In this section we derive a simplified version of our
fluctuation theorem. This serves as a convenient inter-
mediate step, and illustrates why time-reversal symmetry
is useful.

We wish to determine the channel induced on the en-
ergy reservoir by a non-equilibrium process a la Crooks,
where the system initially is in equilibrium, and is forced
out of it. To model this we let the control system ini-
tially be in state |¢;), and we let the combined system
and heat bath S’ be in the Gibbs state G(HZ%,), where
G(H) = e #H /Z(H). Moreover, we let the reservoir E
be in an arbitrary state . Hence, the joint system is
initially in the state G(H% ) @ |¢;){(c;] @ 0. After a global
energy-conserving unitary operation V, the state of the
energy reservoir is consequently given by the channel

F(o) =Trsc(VIG(HS) @ |e){eil @ alVT).  (3)

To obtain a Crooks-like relation we should somehow re-
late this forward process with a ‘reversed’ process, where
the system instead is initiated in the Gibbs state of the
final Hamiltonian, i.e., the global system should be in the
joint state G(H{;) ® |eg){(cs| ® o. The question is how
to formalize the idea of a reversed process acting on this
initial state. A rather brutal interpretation would be to
simply invert the entire global evolution, thus substitut-
ing V with VT (see Fig. . The resulting channel on the
reservoir would in this case be

R(0) = Trsic(VIGHL) @ [ep)(ep| @ 0]V).  (4)

Let us now assume that we have a perfectly function-
ing control system, in the sense that the state |¢;) is



transformed into |cy) with certainty. More precisely, we
demand that the unitary operator V should satisfy the
condition

[is/®|Cf><0f|®iE]V=V[is/®|C¢><Ci‘®iE]. (5)

One can verify (see Appendix that this assumption
implies the following relation between the channels F
and R

Z(HYF = Z(HL) Ts1, R Tigy, - (6)

Here R* denotes the conjugate [45] of the channel R. If
the channel has Kraus representation R(p) =>_,V; ijT,

then the conjugate can be written R*(p) = >_; VijVj
[45].

As the reader may have noticed, we have written
Z(H}) and Z(HY) in @ rather than the more gener-
ally valid Z(H%,) and Z(HY,). To obtain the former we
can assume that Hy, = Hy ® 1p + 1g ® Hp and HgB =
Hf®ip+1s® Hp, and thus Z(H%,) = Z(HL)Z(Hp)
and Z(HL,) = Z(H)Z(Hp).

One may observe that the right hand side of @ is sim-
ilar to Crooks’ quantum operation time reversal [46] (not
to be confused with the time reversals 7 or the mapping
© discussed in the next section) and closely related to
Petz recovery channel [47H50], where a relation to work
extraction was identified recently [40]. For further com-
ments, see Appendix [A8]

The approach of this investigation can be compared
with another construction that also focuses on quantum
channels [5T), 62], where the starting point is to assume
a property of a channel (unitality) and derive fluctua-
tion relations for the resulting probability distribution
for suitable classes of initial and final measurements that
sandwich the channel (see also the generalization in [53]).

Although @ indeed can be regarded as a kind of quan-
tum Crooks relation, it does suffer from an inherent flaw.
The swap between V and V1 means that we invert the en-
tire evolution of all involved systems, including the heat
bath. Apart from assuming an immense level of con-
trol, this assumption does not quite fit with the spirit of
Crooks relation. The latter only assumes a reversal of the
time-schedule of the control parameters, not a reversal of
the entire evolution. In the following we will resolve this
issue by invoking time-reversal symmetry.

C. Time-reversals and time-reversal symmetry

In standard textbooks on quantum mechanics (see
e.g. [54]) time-reversals are often introduced on the
level of Hilbert spaces via complex conjugation of wave-
functions (also applied in the context of quantum fluctua-
tion relations, see e.g. [9, 14} 22| 24, [55]). Here we instead
regard time-reversals as acting on operators (cf. [50] [57]).
Moreover, our time-reversals have the flavor of transpose

FIG. 2: An intermediate quantum Crooks relation.
Our quantum Crooks theorem is based on the idealized idea
of a perfect control mechanism. This assumes that the en-
ergy conserving unitary evolution V' on the joint system S'CE
turns the control state |¢;) into |c¢) with certainty, thus imple-
menting the change of the Hamiltonian H, to HY, perfectly.
To model the forward process of the Crooks relation we as-
sume that S’C starts in the ‘conditional’ equilibrium state
G(H%) ® |ei)(ci|. The subsequent evolution under V' induces
a channel F on the energy reservoir £. As an intermediate
step towards the quantum Crooks relation we assume that
the reverse process is given by the globally reversed evolution
VT, With S'C in the initial state G(HZ,) ® |es){cy|, this re-
sults in a channel R on E. The preliminary Crooks relation
in Eq. @ relates the channels 7 and R.

This result does not rely on any additional assumptions on
how V' comes about, or on the nature of the dynamics at in-
termediate times. However, if one so wishes, it is possible
to explicitly model the path H(z) in the space of Hamilto-
nians. This path can be discretized as H; for [ = 0,...,L
with Hy = Hg, and Hy, = Hé,. To these Hamiltonians we
associate states |¢;) in the control C', and construct the joint
Hamiltonian Hg/o = ZlL:O H; ® |c1){ci|. Hence, if the evolu-
tion traverses the family of control states, then we progress
along the path of Hamiltonians. An alternative method to
model evolving Hamiltonians is discussed in section m

operations rather than complex conjugations. Since den-
sity operators and observables are Hermitian, the choice
between conjugation or transposition is largely a matter
of taste. Here we opt for the transpose, since this choice
avoids the inconvenient anti-linearity of complex conju-
gation. A couple of key properties of our time-reversals
T are T(AB) = T(B)T(A) and T(A)! = T(A"). (For
the complete characterization, see Appendix )

To see why it is reasonable to refer to 7 as a ‘time-
reversal’, let us assume that the evolution operator V
is time-reversal invariant, i.e., 7(V) = V. If an initial
state p; is evolved into py = Vp;VT, then the properties
of T mentioned above yield T (p;) = VT (ps)VT. In other
words, the reversed final state state 7 (ps) evolves to the
reversed initial state T (p;). Note that this ‘backwards’
transformation is implemented by the forward evolution
VpV'1, rather than the inverted evolution VTpV.

The ©-transformation that appears in can be de-
fined via the chosen time-reversal as

FO =TFT. (7)

As mentioned earlier, if F (o) =3_; VjchjT, then the con-



jugate is given by F*(0) = >_; VjTUVJ-. By the proper-
ties of 7 mentioned above it thus follow that F©(o) =
> T(V))aT(V;), ie., we time-reverse the operators in
the Kraus representation.

In the finite-dimensional case each time-reversal can
be implemented by a transpose with respect to some or-
thonormal basis, followed by a special class of unitary op-
erations. (Hence, our time-reversals do strictly speaking
include a bit larger set of operations than proper trans-
poses, see Appendix ) Since the transpose is a posi-
tive but not completely positive map (as is illustrated
by the effect of the partial transpose on entangled states
68, BI]) we can conclude that time-reversals generally
are not physical operations. Hence, one should not be
tempted to think of time-reversals as something that we
actually apply to a system. However, given a description
of a state p, there is nothing that in principle prevents
us from preparing the time reversed state 7 (p), which is
sufficient for our purposes.

D. Deriving the quantum Crooks relation

Similar to our intermediate version in section [IBI
we here assume a non-interacting global Hamiltonian
H=Hgc®1p+1gc®@Hg, and a global energy conserv-
ing unitary evolution [V, H] = 0. As a substitute for the
global inversion of the evolution we assume time-reversal
symmetry in terms of a suitably chosen time-reversal of
the the form T = Tg¢c ® Tg, i.e., the global time re-
versal is composed of local reversals on S’C and on E.
We impose the time reversal symmetry by assuming that
T(V) = V, 7T9’C’(HS’C) = HS’C, and TE(HE) = HE.

Another novel component compared to the intermedi-
ate version is that we associate pairs of control states to
the Hamiltonians on S’. We assign the pair |c; ), |¢;—)
for the initial Hamiltonian H§,, and the pair |cs4), |cp—)
for the final Hamiltonian H é,. The general idea is that
the members of these pairs correspond to the forward
and reverse evolution of the control system. One way to
formalize this notion is via the following relations

Tsro(ls @ |eip){cir]) =1s ® Jei){ei-],
Tsrc(s @ ey epel) =1 @ ey-){es—|.

Hence, the time-reversal swaps the two control states into
each other. Note that if V' transforms |c;4) to |cy4) per-
fectly, then V' also transforms |cf_) to |c;—) perfectly. In
the latter case one should keep in mind the reverse order-
ing of ¢ and f; the state |cy_) is the initial control state
of the reverse process (see Fig. .

Let us assume that the unitary operator V and the ini-
tial and final control states |c;4), |cs4) satisfy the condi-
tions of the intermediate fluctuation relation. The chan-
nels F; and R, obtained by substituting |¢;) with |¢;4),
and |cy) with |cyy) in equations (3]) and (4]), respectively,
are according to @ related by

Z(Hg)Fy = Z(HL) Tore R T, (9)

(8)

Ci+

FIG. 3: A quantum Crooks relation. Derivations of fluc-
tuation relations often rely on time-reversals and time reversal
symmetry in some form [3H6| [8HI0]. In our case, time-reversal
symmetry enables us to in effect let the evolution run ‘back-
wards’ by swapping the control states from a ‘forward track’
to a ‘reverse track’. By this we amend for the over-ambitious
global reversal of the evolution that we employed for the in-
termediate fluctuation relation, and obtain a quantum coun-
terpart to the reversal of the control parameter in the classical
Crooks relation.

Analogous to the setup in Fig.[2] the initial control state |c;+)
yields an evolution where the initial Hamiltonian HZ, is trans-
formed to the final Hamiltonian H g, when the control state
|cs+) is reached. This process induces a channel Fy on the
energy reservoir . To each of these control states there ex-
ists a time-reversed partner starting with |c;—) and ending
with |c;—) thus bringing the Hamiltonian Hg, back to Hi.
This process induces a channel F_ on the reservoir. By as-
suming time-reversal symmetry, the channels 7, and F_ can
be related via the quantum Crooks relation in .

For the reverse process we obtain the channels F_ and
R_, where |¢;) this time is substituted by |cs—), and
|cg) with |c;—). By using the the properties of the time-
reversal one can show (for details, see Appendix that
R+ Te = TeF_. By applying this equality to @D our de-
sired quantum Crooks relation follows immediately.
Note that both F, and F_ correspond to the ‘forward’
evolution, i.e. we no longer need to impose a global in-
version of the dynamics.

After having established an immediate question is
how to interpret it physically. The classical Crooks re-
lation can be phrased as a comparison between two
experiments, one for the forward path of control param-
eters, and one for the reversed. For each of these two
setups we repeat the experiment in order to obtain good
statistical estimates of the probability distributions P,
and P_. The claim, so to speak, of Crooks theorem is
that these two probability distributions are related as in
. Our quantum fluctuation relation in can be in-
terpreted in a similar manner. Here the channels F
and F_ induced by the forward and reverse process can
in principle be determined by process tomography (see
e.g. [60H63] and Sec. 8.4.2 in [64] for an overview). Anal-
ogous to the classical Crooks relation, our quantum fluc-



tuation theorem tells us that these two channels should
be related as in . One may note that the mapping
F_— jﬁHE‘/—:?jﬂ_HE in this setup is something that we
calculate given an experimental estimate of the channel
F_, analogous to how we would calculate the function
ePY P_(—w) from the estimated distribution P_(w). In
section we consider a reformulation of that is as-
sociated with a scenario that does not require such a
post-processing.

As the reader may have noticed, our quantum Crooks
relation does, in contrast to the classical Crooks re-
lation , not contain any explicit reference to ‘work’.
Hence, we do in essence circumvent the issue of how to
translate the classical notion of work into the quantum
setting; a question that has been discussed rather exten-
sively in relation to fluctuation theorems [IT} 12} 15l [65-
78]. We can nevertheless in some sense associate work
with the loss of energy in the reservoir, which we em-
ploy in section [TH| where we regain the classical Crooks

relation .

E. Diagonal and off-diagonal Crooks relations

Here we take a closer look at the nature of the induced
channels F4 and on the structure of the quantum Crooks
relation .

The energy conservation and the diagonal initial state
with respect to the Hamiltonian of SBC conspire to de-
couple the dynamics on F with respect to the ‘modes
of coherence’ [34] (which in turn is a part of the wider
context of symmetry preserving operations [7(9]). To
make this more concrete, assume that Hg has a com-
plete set of energy eigenstates |n) with corresponding
non-degenerate energies F,. Let us also assume that
TE acts as the transposition with respect to this energy
eigenbasis. The decoupling does in this case mean that
the channels Fy can map an element |n)(n/| to |m){m/|
only if E,, — B,y = Ep, — By (see Appendix@ for further
details). Hence, each mode of coherence is characterized
by an ‘offset’ § = E,, — E,/ from the main diagonal (see
Fig. [4).

In particular, the main diagonal is given by the offset
0 = 0. The dynamics of the diagonal elements under
the forward process can be described via a conditional
probability distribution

p=(mln) = (m|Fx(|n)(n))|m) = (n|FL(jm) <m|)ln>(~10)
The application of yields

Z(HE)ps(mln) = P E=En) Z(HL)p_(njm),  (11)

which thus can be regarded as a diagonal Crooks relation.
In section [[THl we shall see how this in turn can be used
to re-derive via the additional assumption of energy
translation invariance.

For each permissible value of § (which depend on the
spectrum of Hg) we can characterize the dynamics of the

FIG. 4: Diagonal and off-diagonal Crooks relations.
Due to energy conservation in combination with the particular
class of initial states, it turns out that the dynamics of the
energy reservoir decouples along the modes of coherence [34].
One can think of these as as the collection of diagonals (main
and off-diagonals) of the density operator represented in an
energy eigenbasis. Due to the decoupling it follows that the
quantum fluctuation relation Eq. can be separated into
individual Crooks relations for each mode of coherence. As
an example, suppose that the spectrum of the reservoir would
include the energy levels 1 = 0, F2 = s, F3 = 3s, F4 = 4s
for some s > 0. The dynamics on the main diagonal, § = 0,
satisfies the relation in . Each of the diagonals with offsets
§ = +s,+2s,+3s, £4s satisfies a Crooks relation as in .

corresponding off-diagonal mode by
g% (mln) = (m|F(jn)(n'])[m') = ('|FL(jm')(ml])|n),

where the assumption of non-degeneracy implies that n’
is uniquely determined by n,d, and similarly m’ by m, d.
We obtain an off-diagonal analogue of in the form
of

Z(HE)¢! (mln) = /P~ F Z(HE)g (nlm).  (12)

In other words, the functional form of the relations for
the main diagonal and all the off-diagonals are identi-
cal. However, one should keep in mind that the numbers
q%-(m|n) in general are complex, and thus cannot be in-
terpreted as conditional probability distributions.

The conditional distributions p+ (m|n) and all ¢%.(m|n)
can be regarded as representing different aspects of the
channels Fi. However, one can also give more direct
physical interpretations to these quantities. To this end
one should keep in mind that the energy reservoir can
be viewed as being part of our experimental equipment,
and we thus in principle are free to prepare and measure
the reservoir it in any way that we wish. The conditional
distribution p+(m|n) can be interpreted as the probabil-
ity to measure the energy F,, in the reservoir after the
the experiment has been completed, given that we pre-
pared the reservoir in energy F, before we connected it
to the system. Equivalently, we could replace the initial
preparation with an energy measurement, thus approach-
ing the ‘two-time’ or ‘two-point’ measurements that play
a central role in several investigations on quantum fluc-
tuation relations (see e.g. [ITH25], and for overviews see



[8,1]), although we here apply these measurements to the
energy reservoir, rather than on the system. An obvious
issue with sequential measurements is that the first mea-
surement typically perturbs the statistics of the second
measurement. However, in our case the decoupling comes
to our aid. If we measure the energy in the reservoir after
the process, then the statistics of this measurement is not
affected if we would insert an additional energy measure-
ment before the process, irrespective of how off-diagonal
the initial state may be. The decoupling thus justifies the
use of a two-point measurement on the energy reservoir,
if our purpose is to determine pi. However, the very
same argument also implies that if we wish to determine
q%. we have to use non-diagonal initial states, as well as
non-diagonal measurements. For an example of such a
setup, see Appendix

F. Jarzynski equalities

From the classical Crooks relation one can directly
derive the Jarzynski equality (e=?W) = Z(H')/Z(H?)
[6, [80]. As mentioned above, it is not clear how to trans-
late the random variable W into the quantum setting,
and consequently it is also not evident how to trans-
late the expectation value (e™#") (which yields a va-
riety of approaches to the quantum Jarzynski equality,
see overviews in [8HI0]). Like for the Crooks relation, we
do not attempt a direct translation, but rather focus on
the general dynamics in the energy reservoir.

By applying to an initial state o of the reservoir
and take the expectation value of the operator e?H7 it
follows that

Tr[e"" Fy (0)]
Tr[efHe/2R, (1)ePHE/20]

f
_ZUHS) g
Z(Hy)
Although this equality has the flavor of a Jarzynski equal-
ity, we can bring it one step further by additionally as-
suming that R (1) = 1, or equivalently F_(1) = 1, i.e.,
that these channels are unital. This assumption yields

Tr[eH2 7y (0)]
Tr(efHeq)

_Z(HL)
= Ay (14

This relation has a clear physical interpretation in terms
of an experiment where we measure the expectation value
of ¢?HE on the input state of the reservoir (e.g, from
the statistics of energy measurements), and in a separate
experiment measure the same observable on the evolved
state Fy (o).

In a similar fashion one can derive a whole family of
Jarzynski-like equalities (with as well as without the as-
sumption Ry (1) = 1, see Appendix and another mem-
ber of this family is

Tr[eBHE.F+(efﬂHE/zae*BHEm)] =

ZHD) g
5

70"

This equality does not have a quite as direct physi-
cal interpretation as , but one can resort two-point
energy measurements, resulting in fluctuation relations
akin to e.g. [ITHI3] [76] [77]. To see this, assume that
Hpg has a point spectrum, then equation takes the
form 37, e?Fn=F)p. (mln)(nloln) = Z(HY)/Z(H),
where we have made use of the decoupling of the diag-
onal mode of coherence. This can alternatively be ob-
tained directly from the diagonal Crooks relation ,
where the unitality of F_ implies that p_ is not only
stochastic, but doubly stochastic.

G. Bound on the work cost

As mentioned above, the classical Jarzynski equality
follows directly from Crooks relation. It is therefore per-
haps a bit surprising that the condition of unitality of the
channel R emerges in the derivations of our Jarzyn-
ski equalities. To explore this further, let us consider
the expected work cost of these processes. For a pro-
cess that starts in equilibrium we would expect (e.g as a
special case of more general bounds on work costs [81-
84]) that the average work cost should satisfy the bound
(W) > F(H?) — F(H?), i.e., the work cost is at least
equal to the difference in (equilibrium) free energy be-
tween the final and initial Hamiltonian (where equality
typically is reached in the limit of quasi-static processes).
In the classical case, this bound follows from Jarzynski’s
equality by using the convexity of the exponential func-
tion [80].

In our setting one can use the diagonal Crooks relation

to show that

Tr(Hpo) — Tr(HpFy (o)) >F(HL) — F(H)

—kTInTr(oR+(1g)).
(16)

(As a technical remark, we do for this derivation ad-
ditionally assume that Hpg has a pure non-degenerate
point spectrum. For details see Appendix ) If we
identify the decrease in average energy of the reservoir,
Tr(Hgo) — Tr(HgF (o)) with the average work cost
(W), we thus regain the standard bound if R is uni-
tal. Hence, the unitality of R, appear again, this time
to guarantee the standard work bound.

The inequality does not necessarily mean that the
standard bound is violated. However, one can construct
an explicit example where the work cost is smaller than
the standard bound for a process with a non-unital R
(see Appendix . At first this may seem a bit alarm-
ing since it would appear to suggest violations of basic
thermodynamics. However, one has to keep in mind that
we here include the energy reservoir as a physical system,
and that we cannot expect to regain standard bounds if
we allow ourselves to use the energy reservoir per se as
a resource (cf. discussions in [44]), and one may suspect
that the unitality of R is related to this issue. A further



indication in this direction is that the energy translation
invariance, which is the topic of the next section, not
only allows us to re-derive the classical Crooks relation
, but also guarantees that the channel R is unital

(see Appendix[G).

H. Energy translation invariance: A bridge to
standard fluctuation relations

Let us for a moment reconsider the classical Crooks
relation in equation . As formulated, it makes no ex-
plicit reference to any energy reservoir. Moreover, the
distributions P1 are typically phrased as functions only
of the work w, and thus only functions of the change of
energy in the implicit reservoir (although it is difficult to
see that anything in principle would prevent P, from de-
pending on additional parameters, like the actual energy
level of the reservoir). One could even argue that for a
well designed experiment Py should not depend on how
much energy there is in the reservoir (as long as there
is enough), since this in some sense is a property of the
experimental equipment rather than a property of the
system under study. This is in contrast with our more
general formulation in terms of channels on the reservoir,
which very explicitly allows for the possibility that the
exact choice of initial state of the reservoir (and thus the
energy) can make a difference. In order to formalize the
idea that the experiment should be independent of the
amount of energy in the reservoir, we do in this section
assume energy translation invariance. This enables us to
derive the classical Crooks relation from the quantum
relation .

The technique for implementing energy translation in-
variance has previously been used to study work extrac-
tion and coherence [31], [44]. Here we use a model where
the spectrum of Hg forms an equi-spaced doubly infi-
nite energy ladder [31] (see also the continuum version in
[44]), i.e., the energy eigenstates |n) correspond to ener-
gies E, = sn for some fixed number s > 0 and n € Z.
We impose the energy translation invariance by assum-
ing that the unitary operators V should commute with
energy translations along the energy-ladder, [V, A] = 0,
where A = 3" |n 4 1)(n|. (Technically, we also assume

that the eigenvalues of H}, and H g, are multiples of s.)
As a consequence, the channels F also become energy-
translation invariant in the sense that

N Fi (o)At = Fy(adoat’), (17)
for all j, k € Z (see Appendix [G). A consequence is that

the diagonal transition probabilities p+, defined in ,
inherit the translation invariance

p+(m|n) = p+(m — n[0) = p£(0Jn — m). (18)

Moreover, the translation invariance conspires with
the decoupling of the diagonals decribed in section [[TE]

such that we can rewrite Fi as

Felp)= Y pekl0)(nlpln)ln+k)(n' + k. (19)

n,n’ ,kEZ

Hence, the channels F.. are completely determined by the
transition probabilities py (k|0) from |0)(0] to the other
energy eigenstates. Alternatively, one may say that the
dynamics is identical along all of the diagonals (which
does mot imply that the collection of diagonals of the
density matrix are identical).

Our primary goal in this section is to regain from
. However, we face an immediate obstacle in that
very explicitly refers to ‘work’, while we in our construc-
tions deliberately have avoided to specify what the quan-
tum version of work exactly is supposed to be. A way to
test Crooks theorem in a macroscopic setting would be to
measure the energy content in the energy source before
and after the experiment, in order to see how much en-
ergy that has been spent. This macroscopic type of two-
point measurements makes sense since we can expect a
macroscopic source to be in states that would not be sig-
nificantly disturbed by energy measurements (e.g. in the
sense of pointer states and quantum Darwinism [85H87]).
Recalling the discussion in section [[TE] the decoupling
of the diagonal and off-diagonal modes of coherence can
be regarded as yielding a weaker form of stability. In
this case all coherences are blatantly annihilated, but
the evolution of the diagonal distribution is unaffected
by repeated energy measurements. Since our aim is to
regain the classical Crooks relation, this appears as an
acceptable form of stability, and it also seems reasonable
to identify work with the energy loss in the reservoir,
w = E, — E,, = s(n —m), for the initial measurement
outcome F,, and the final outcome FE,,. For these two-
point measurements, the probability Py(w) is obtained
by summing over all possible transitions that result in
the work w for the given initial state o, and thus

Py(w) = Z

mn:E,—E,,=w

p+(m|n){(n|c|n). (20)

To be able to treat the energy reservoir as an implicit
object, as it is in the standard classical case, the distri-
butions Py should not be functions of the initial state
o. Here, the energy translation invariance comes into
play. By combining with we find that Py (w) =
p+(—w/s|0) = p1(0jw/s), which thus removes the de-
pendence on the reservoir. In the final step we combine
the last equality with the diagonal Crooks relation
and obtain the classical Crooks relation .

III. CONDITIONAL FLUCTUATION
THEOREMS

There are several reasons for why it is useful to gener-
alize the type of quantum fluctuation theorems that we



have considered so far. First of all, the fluctuation re-
lation and its accompanying setup is in many ways
an idealization. For example, the requirement of perfect
control together with energy conservation is a strong as-
sumption that easily leads to an energy reservoir that has
to have an energy spectrum that is unbounded from both
above and below (see Appendix and a bottomless
spectrum is certainly not very reasonable from a physi-
cal point of view. A further consequence of the idealiza-
tion, which may not be apparent unless one dives into the
technicalities in the appendices, is that is based on
rather elaborate assumptions. Apart from resolving these
issues, the conditional fluctuation theorems naturally in-
corporate non-equilibrium initial states. (There exist
previous generalizations to non-canonical initial states.
See e.g. [88] for a classical case, and [I8| 25| [78] [89)] for
the quantum case.)

To see how the conditional fluctuation relations can
come about, let us again consider the perfect control
mechanism, i.e., that the evolution transforms the initial
control state into the final with certainty. Imagine now
that we abandon this assumption, and instead include
a measurement that checks whether the control system
succeeds to reach the final control state or not. The idea
is that we only accept the particular run of the exper-
iment if the control measurement is successful. Analo-
gous to our previous fluctuation relations, the conditional
fluctuation theorem relates the induced dynamics of the
forward and reverse processes, but which now are condi-
tioned on successful control measurements (see Fig. |9)).

It is useful to keep in mind that one should be cau-
tious when interpreting post-selected dynamics, as it eas-
ily can end up in seemingly spectacular results. The
conditional dynamics can for example create states with
off-diagonal elements from globally diagonal states (see
Appendix for an explicit example). However, this
should not viewed as a mysterious creation of coherence,
but simply as the result of a post selection with respect
to a non-diagonal measurement operator.

In the introduction it was pointed out that an advan-
tage with fluctuation theorem is that it does not rely
on any auxiliary measurements. It may thus appear a bit
contradictory that we here re-introduce measurements as
a fundamental component in the formalism. However,
these only serve as control measurements upon which we
condition the quantum evolution in the energy reservoir.
This is in contrast to approaches where the purpose of
the measurements is to generate classical outcomes (as
for two-point energy measurements [8, [11H25]) and where
the quantum fluctuation relations are based on the re-
sulting probability distributions, much in the spirit of
classical fluctuation relations.

As a final general remark one should note that it turns
out to be unnecessary to restrict the control measure-
ments to the control system; we can let them act on the
joint system S = S'C' = SBC in any manner that we
wish, resulting in a conditional evolution on F.
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FIG. 5: Conditional fluctuation theorems. Similar to
our previous fluctuation theorems we here relate the dynamics
induced on the energy reservoir E by the forward and reverse
process, but conditioned on successful control measurements
on S = SBC. The forward process is characterized by a
pair of positive semi-definite operators Qig, Qéf on g, such
that the initial state is given via the Gibbs map g,gHg(Q?),

and the control measurement is represented by Qg"'. More
precisely, ng corresponds to the ‘successful’ outcome in the
POVM {Qfsf, ig — ng}, and results in the induced CPM

]:'_‘_ on_the reservoir. The reverse process, resulting in the
CPM F_, is correspondingly characterized by the pair ng =
Tg(ng), Q%_ = 7’§(QZ§+)7 where Ggu (ng) is the initiNal
state, and Q’g_ gives the control measurement. The CPMs F4
are related via the conditional fluctuation theorem in .

We are free to choose the measurement operators in any way
we wish, and in the finite-dimensional case we can obtain
arbitrary initial states. Hence, we are not restricted to initial
equilibrium states. The price that we pay for this additional
freedom is that non-equilibrium initial states are translated
to non-trivial control measurements in the reverse process.

A. The Gibbs map and the partition map

Each control measurement has the two possible out-
comes ‘yes’ or ‘no’, and can be described via measure-
ment operators 0 < Q < 1, where Tr(Qp) is the proba-
bility of a ‘yes’ when measured on a state p. Similarly
Tr[(1 — Q)p] is the probability of the outcome ‘no’. In
other words, {@,1— @} is a binary positive operator val-
ued measure (POVM) [45] 90, O1]. These measurement
operators do in our formalism serve a dual purpose; not
only describing control measurements, but also param-
eterizing initial states. The latter is done via what we
here refer to as the ‘Gibbs map’ Ggy and the ‘partition
map’ Zgy defined by

Go1(Q) = 5= Tn(Q) Z5n(Q) = TrTsn(Q).
Z5m(Q)

(21)

For finite-dimensional Hilbert spaces all density opera-
tors can be reached via Ggpg for suitable choices of Q.
These mappings are generalizations of the Gibbs state

and the partition function in the sense that Ggp (1) =



G(H) and Zsg(1) = Z(H).

B. A conditional fluctuation relation

As before, we assume a global non-interacting Hamil-
tonian of the form

H=H§®1E+i§®HE~ (22)

We furthermore assume time-reversals ’Tg and 7z such
that T5(Hg) = Hg, and Tg(Hg) = Hp. We also assume
that the global evolution preserves energy [V, H] = 0,
and that it is time-reversal symmetric, 7(V) = V, with
respect to T = Tz @ Tg.

The forward process is characterized by a pair of mea-
surement operators on system S, where Q? defines the

initial state via the Gibbs mapping, and Q? the mea-
surement at the end of the process. (These measurement
operators do not have to be related to energy measure-
ments.) The global initial state G (Q?‘)@O’ evolves via
an energy-preserving unitary operation V', and we condi-
tion the result on a successful measurement of Qﬁ'. The
resulting completely positive map (CPM) on E is given
by

Filo) = Trg([QL" @ 16)V[Gan (QF) @ o]VT). (23)

That we generically get a CPM rather than a channel cor-
responds to the fact that the control measurement may
fail. The quantity TrFy (o) is the probability that the
control measurement succeeds.

To obtain the reversed process we define the operators
Qg = 7?5:(@?) and Qg_ = 7’§(Qg~+), and use Qg_ to
generate the initial state, and Q’g_ to characterize the
final measurement. In other words, we not only time-
reverse the measurement operators, but also swap their
roles. The resulting CPM on E for the reversed process
thus becomes

F_(0) = Trg([Q? ® 1p|VI[Gsn, (Qg_) ®alV1). (24)

With the above assumptions one can show (see Ap-
pendix that the CPMs F. are related by the following
‘conditional’ fluctuation theorem

Zon (Q5)Fy = ZﬁHg(Qg)JﬁHEﬁ§jﬁ};Ev (25)

where we use the notation Zgp_(Q%) = Z@Hg(Q?) and

S
+
ZﬁHg(Qg) = Z,BHg(Qg )-
The conditional fluctuation relation allows (up
to infinite-dimensional technicalities) for arbitrary initial

states on S , and thus in particular arbitrary coherences.
We only need to choose the appropriate initial measure-
ment operator Qg that generates the desired initial state

via the Gibbs map.

The quantum fluctuation relation in can be re-
gained from , and as a first step we choose the mea-
surement operators to be QigjE = lg ® |¢i){cix| and
Qgi =1l ® |cg+)(cs+|. For the appropriate Hamil-
tonian Hg, the Gibbs map gives the conditional equi-
librium states gﬂHg(ngi) = G(HY) ® |cix){cix| and
Gpu (QLY) = G(HL) ® |eix)(ciz|. Due to the addi-
tional assumption of perfect control, the evolution V is
such that we can replace the final measurement operators
with identity operators, i.e., we do not have to perform
any measurements at the end of the processes.

This sketchy re-derivation indicates that we can abol-
ish the assumption of perfect control if we instead keep
the measurements at the end of the protocol. Hence,
these control measurements may fail, e.g., if the energy
reservoir does not contain sufficient energy, which thus
allows us to avoid an energy spectrum that is unbounded
from below. (For an explicit example, see Appendix
H7a)

As opposed to there is for in general no de-
composition into different off-diagonal Crooks relations.
However, in the special case that the measurement oper-
ators Q?‘ and Qfg"' are diagonal with respect to an eigen-

basis of Hg one can obtain (see Appendix [H 6| diagonal
conditional versions. In particular, one can impose the
energy translation invariance and obtain (Appendix [H 6))
a conditional version of the classical Crooks relation.

IV. AN ALTERNATIVE FORMULATION

So far we have formulated our fluctuation relations
solely in terms of channels and CPMs induced on the
energy reservoir. Here we consider a reformulation that
highlights two elementary properties on which our fluc-
tuation relations in some sense are based.

Given some channel or CPM F, a pair of measurement
operators Q° and Qf, and a Hamiltonian H, we define
the ‘transition probability’ from Q* to Q7 by

PIalQ' = Q1) =T (Q'F(Gsn (@), (26)

Hence, PEH [Q" — Q] is the probability that we would

detect Q" after we have evolved the initial state Gz (Q?)
under the map F. The Gibbs map thus again appears as
a method to parametrize the set of initial states.

The quantum Crooks relation can be rephrased in
terms of these transition probabilities as

i i . i
Z(H5)Zp1, Q) Py Q4 — Q%] @)
F_(ryie -

= Z(Hg)ZﬁHE(Qé)PgH Q% — Q{; ],
where Qig, QQ are measurement operators on the en-
ergy reservoir (not on S), and where, as one may expect,

v =Te(QY) and QF = Te(QL).



In section [[TD] we noted the possibility to interpret the
quantum Crooks theorem in terms of process tomog-
raphy of the two induced channels .. In that interpre-
tation the mapping F_ > JﬂHE}—?j/;}}E is something
that we implement ‘by hand’ on the experimentally de-
termined description of the channel F_. The reformu-
lation suggests a different interpretation where the
fluctuation relation can be tested more directly via the
estimated transition probabilities. The mappings Jgn,
and © are in some sense put in by hand also in this sce-
nario, but they enter in the parametrization of the initial
states and the measurement operators, rather than via a
post processing of the measurement data.

It is no coincidence that the measurement operators

%i, Qéi undergo the same transformations as the oper-
ators Q%i, Qéi that we know from the conditional fluc-
tuation relations. These similarities stem from the fact
that all of our fluctuation relations can be regarded as
special cases of a ‘global’ fluctuation relation, defined for
global measurement operators Q+t,QfT on the whole
of SBCE. 1t is straightforward to confirm (or to con-
sult Appendix [[) that energy conservation [H,V] = 0
combined with time reversal symmetry 7(H) = H,
T(V) =1V, yields

Zon(@PInlQ'" Q" = Zm Q' PhalQ! Q! |
28

The global relation can alternatively be phrased
as the invariance of the quantity Tr(QfVJBH(Ql)VT)

under the transformation (Q' Qf) ~ (Qi/7Qf/) =
(T(QF), T(Q"). All our fluctuation relations do in some
sense express this basic invariance in different guises.

One can indeed re-derive and from .
However, when doing so one quickly realizes that this
hinges on another property (that we have used repeat-
edly without comments). Namely, if the global Hamil-
tonian H is non-interacting over two subsystems, i.e.
H = H, ®15+1; ® Hy, then the mapping J satisfies the
factorization property

T (Q1 ® Q2) = Tpm, (Q1) @ Tpm, (Q2)- (29)

Although elementary, it is in some sense this property
(in conjunction with product time-reversals T = T; @ T)
that makes it possible to formulate fluctuation relations
solely in terms of the dynamics of the energy reservoir,
and also to eliminate unaccessible degrees of freedom (see
Appendix [[| for further details). The central role of this
property may become more apparent when we abandon
it in section [V1].

As a side-remark one can note that if one attempts
to formulate quantum fluctuation relations for non-
Gibbsian generalizations of equilibrium distributions,
then the lack of a factorization property for non-
exponential functions makes the generalization problem-

atic (see Appendix .

10
V. CORRELATED INITIAL STATES

The conditional relations extend the notion of fluctua-
tion theorems to non-equilibrium initials states on .S. An
obvious question is if also entanglement and general pre-
correlations can be included. (One could even argue that
in order to deserve the label ‘fully quantum’ our fluctu-
ation relations must include quantum correlations.) The
global fluctuation relation already provides an affir-
mative answer to this question, in the sense that we can
generate arbitrary global initial states via suitable choices
of measurement operators (including quantum correla-
tions to external reference systems). However, is
not the only option for how to describe such scenarios,
and here we highlight three special cases that focus on
descriptions via channels or CPMs.

A. Correlations between F and an external
reference

Imagine that the energy reservoir not only carries en-
ergy and coherences, but also carries entanglement and
correlations with an external reference R (not included
in SBCE). One option for obtaining a fluctuation re-
lation that incorporates this scenario would be to re-
gard FR as a new extended energy reservoir, with a
Hamiltonian Hgrr and a new time-reversal Tzp, with
Ter(Hgr) = Hggr. Both the quantum fluctuation rela-
tion and the conditional fluctuation relation are
applicable to this scenario. In the latter case, the induced
CPMs Fi on the new energy reservoir F'R satisfies the
corresponding quantum Crooks relation Zgp (Qig)]—]_ =

Zom QD TstunFE Tt

B. Correlations between S and an external
reference

An obvious alternative to the energy reservoir car-
rying correlations with an external reference is that S
carries these correlations. We can analogously incor-
porate R into S, with the joint Hamiltonian Hg, and
an extended time-reversal Tg, such that Tz,(Hggp) =
Hzp.  The requirements for the conditional fluctua-
tion theorem are satisfied for this extended sys-
tem, thus resulting in the relation Zgp  (Q%,)F+ =

ZﬁHgR(QgR)ngEﬁ_ejﬁ}}E-

C. Pre-correlated S and E

The two previous examples can both be regarded as
variations of the conditional fluctuation relation, and do
in this sense not add anything essentially new to the gen-
eral picture. A maybe more interesting case is if we allow



for pre-correlations between S and E. (It is not difficult
to imagine cases where the energy reservoir £ interacts
repeatedly with S, and thus may build up correlations.)
Apart from the global fluctuation relation this case
does not fit very well with our previous scenarios. How-
ever, it is straightforward to adapt our general formalism
to find a fluctuation relation for the evolution on the joint
system SE.

For the sake of illustration we consider one particular
case related to the setup in section [ID] but where we
allow for initial correlations between S and E. In essence
(for details on the setup, see Appendix [J) we have an
initial Hamiltonian Hf@E and a final Hamiltonian H gE
and assume perfect control that transfers one into the
other, resulting in the induced channels

Fi(x) =Trep (Ve ) (cir| © G(Hp) @ X]VT),
Fo(x) =Trep(Vles-)ep-| @ G(Hp) @ XV

on the combined system SFE. For these channels one can
derive the fluctuation relation

— —O 1
Fo= Tt F- T, - (30)

The partition maps on the left and right hand side can-
cel due to the identical initial and final Hamiltonian for
a heat bath that starts in the Gibbs state. Note also
that the two applications of the J-map may potentially
involve an initial Hamiltonian H fg g that is different from

the final Hamiltonian H g B

VI. APPROXIMATE FLUCTUATION
RELATIONS

The global Hamiltonian H has so far in this investiga-
tion only characterized the notion of energy conservation,
while the dynamics has been modeled by a unitary op-
erator V', with the only restriction that H and V' should
commute. In view of standard textbook quantum me-
chanics it would be very reasonable to demand a much
more tight connection, where the global Hamiltonian H
induces the evolution according to Schrodinger’s equa-
tion, thus yielding V = e /" An additional bene-
fit with the latter arrangement would be that it does
not require any further interventions beyond the prepa-
ration of the initial state, the measurement of the final
state, and the time-keeping for when to do the measure-
ment (which may require non-trivial resources). In other
words, once we have started the global system it evolves
autonomously. (For discussions on autonomous and clock
controlled thermal machines in the quantum regime, see
[92, 93].) This should be compared with the models that
we have employed so far, where one in principle should
analyze the mechanism that implements the evolution V.

The problem is that if we would impose the condi-
tion V = e ®H/" for non-interacting Hamiltonians as
in , the resulting dynamics on the energy reservoir
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FIG. 6: A control particle. One way to ‘quantize’ the
control parameter x of the classical Crooks relation would
be to regard it as the position of a quantum particle. The
propagation of the particle would approximately implement
the time dependent Hamiltonian for suitable wave packets. A
particularly clean example is obtained if E and S’ only in-
teract when the control particle is in an ‘interaction region’
[zs, zf] (cf. the construction in [92]). Since the global Hamil-
tonian contains interactions between E and S’ it does not
fit with our previous classes of models, and in particular, it
does not satisfy the factorization property . However,
for suitable choices of measurement operators ng and Qé+
that are localized outside the interaction region, the systems
becomes approximately non-interacting, and the the factor-
ization property is approximately satisfied. This makes
it possible to derive an approximate conditional fluctuation
relation on the energy reservoir.

would become trivial. If we on the other hand would
abandon the non-interacting Hamiltonians, then we also
have to abandon the factorization property , which,
as pointed out in section [[V] plays an important role in
our derivations. The main observation in this section is
that we can obtain approximate fluctuation relations as
long as the factorization holds approximately, which also
is enough to obtain a non-trivial evolution. In the follow-
ing section we shall illustrate the general ideas with two
special cases. (For a more general version that includes
both of them, see Appendix )

A. Approximate conditional fluctuation relations

There is an additional reason for why it is useful to
go beyond our previous settings. Namely that there ex-
ist rather evident ways to ‘quantize’ the classical control
mechanism in Crooks relation that do not fit particularly
well within the machinery that we have employed so far.
These quantized control mechanisms moreover provide a
good starting point for introducing approximate fluctua-
tion relations.

Imagine a particle whose position x determines the pa-

rameter in the family of Hamiltonians Hg p(z). More
precisely, assume a joint Hamiltonian of the form
1 - - N
H=_—P:iolgp+ Hsep(Xc), (31)
2M¢

where M is the mass, and XC,PC are the canonical
position and momentum operators of the control parti-
cle. If the control particle is reasonably well localized
in both space and momentum, one can imagine that its



propagation approximately implements the evolving con-
trol parameter x in the family of Hamiltonians Hg' g(x).
For the sake of simplicity, let us assume that the control
particle only affects the other systems in an ‘interaction
region’ (sce Fig.[6]) corresponding to an interval [z;, 2],
while outside of this region it is the case that

Hé,@iE—FiS/@HE, xr < xy,

R - 32
H§/®1E+1S’®HE, T > Ty ( )

Hg p(x) = {

Although the systems thus are non-interacting outside
the interaction region [x;, 2] one should keep in mind
that the kinetic energy term K = P2/(2M¢) in does
not commute with X, and thus prohibits a factorization
as in . In some sense it is thus the kinetic operator
K that causes the failure of the factorization property.
On the other hand, it is also the kinetic operator that
yields a non-trivial evolution of the control mechanism.
It is this tension that we strive to handle via the ap-
proximate fluctuation relations. The basic idea is that
if the measurement operators ng and QéJr are well lo-
calized outside the interaction region, then the systems
are approximately non-interacting, and consequently the
factorization should hold approximately. It is worth
keeping in mind that even if the measurement operators
are well localized in non-interacting regions, this does
not exclude the possibility that the system evolves into
states where the interactions are strong, even at the very
moment of the control measurement. (For an explicit
example, see Fig. [10]in Appendix [K3d)

Although the special case of the control particle pro-
vides intuition, the more general setting of the condi-
tional fluctuation theorems yields a more concise descrip-
tion. For the chosen measurement operators ngi and

Qgi, let us assume that there exist local approximate
Hamiltonians Hé, H g, Hiy, HY, such that the factoriza-
tion holds approximately

Ton(Q5 ® Q) = Tsu: (Q5) © Tpny (Q),

33

For time-reversal symmetric systems one can show that
this leads to the approximate fluctuation relation

ZBH;N(QZg)]}JrJBH}E ~ ZgHé(Qéj)jﬁHg]}g (34)

This can be turned into a quantitative statement where
the size of the error in is bounded by the errors in

([33)), see Appendix

B. Joint control system and energy reservoir

Compared to the control particle in Fig. [f] there exists
an even simpler setup where the control particle simulta-
neously serves as the energy reservoir (see Fig. @ This
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FIG. 7: A control particle that also serves as energy
reservoir. An alternative to the setup in Fig. [f] is a par-
ticle that simultaneously serves as both control system and
energy reservoir. Hence, it is the kinetic energy of the control
particle that drives the non-equilibrium process (if the other
systems would start in equilibrium). This is another example
of a system that would generally not satisfy the factorization
property 7 but for measurement operators QQ'E and QfCE
that are localized outside the interaction region, the systems
becomes approximately non-interacting. For this setup one
can obtain an approximate fluctuation relation in terms of
the transition probabilities introduced in section m

corresponds to the global Hamiltonian
1 . N .
H=_——P,®ls + Hs(Xcor), (35)
2McE

again with an interaction region

Hi,, z<uay,
HS’(x):{Hz '

with a non-trivial dependence on z inside [z;, zf]. As op-
posed to the previous setting, we here perform the control
measurement on the energy reservoir itself. This situa-
tion is conveniently described in terms of the transition
probabilities discussed in section [[V] resulting in the ap-
proximate fluctuation relation

Zsui, Q) Zsm;,, (Qer)
x Py Q5 © Qi — Q6" ® Q1R
~ @Hg, (Qg/)ZﬁHéE (QéE)

x PV QL © QL — Q © Qapl:

2>y (36)

(37)

where for the particular choice of Hamiltonian we
have Hi:p = HéE = I%E/(QMCE) This approximate
relation can also be made quantitative, see Appendix[K 3]
For a numerical evaluation of the errors in a concrete

model, see Appendix

VII. CONCLUSIONS AND OUTLOOK

We have generalized Crooks fluctuation theorem to a
genuine quantum regime that incorporates the full quan-
tum dynamics. This leads to a decomposition into diago-
nal and off-diagonal Crook’s relations, one for each mode
of coherence. We have also derived Jarzynski equalities,
and re-derived a standard bound on the average work



cost under an additional assumption of unitality of a cer-
tain induced channel. We have furthermore shown that
the classical Crooks relation can be regained under the
additional assumption of energy translation invariant dy-
namics on the energy reservoir. The general approach
moreover leads to the concept of conditional fluctuation
relations, where a pair of measurement operators charac-
terizes the initial state and the final measurement, and
where the transformation from the forward to the re-
verse process corresponds to a transformation of the pair
of measurement operators. This generalization allows for
non-equilibrium initial states, and can also be extended
to include correlations. Finally we have demonstrated
that by allowing for errors in the fluctuation relation, we
can incorporate the ‘natural’ setting where the global
dynamics is determined by a single time-independent
Hamiltonian.

One can speculate if it would be possible to use the
latter global Hamiltonian as a starting point to obtain
approximate fluctuation relations for master equations
by reduction of the heat bath along the lines of standard
derivations (see e.g. [94]). This may yield models that
would be more amenable to numerical modeling. In this
context one should note previous approaches to fluctua-
tion relations for master equations [95], 06], unravellings
[97], and Brownian motion models [98].

Classical fluctuation relations have been subject to sev-
eral experimental tests [99HI04]. Various setups have
been suggested for the quantum case [I05HITI], with re-
cent experimental implementations in NMR [112], as well
as in a trapped ion systems [I13]. See also [114] for an ex-
periment on a relation for non-thermal noise. The condi-
tional fluctuation theorems, and in particular the approx-
imate version, allows for a considerable flexibility, which
suggest that experimental tests may be feasible. Since
the quantum fluctuation relation and the conditional
version are phrased in therms of channels and CPMs,
and one may be tempted to conclude that every test of
these relations would necessarily require a full process to-
mography, which generally is very demanding. However,
the global fluctuation relation suggests ‘milder’ tests
based on small sets of suitable chosen measurement op-
erators (corresponding to a partial process tomography).

One could also consider the possibility to experimen-
tally verify cases of Jarzynski equalities with and without
the condition of unitality of the channel Ry, such as in
and . It would also be desirable to get a better
theoretical understanding of the role of the unitality of
the channel R, which one may suspect is related to the
energy reservoir regarded as a resource. In this context
one may also ask for the general conditions for the non-
violation of standard bounds, and how this relates to the
energy translation invariance (cf. discussions in [44]).

In this investigation we have tacitly assumed that the
heat bath can be taken as initially being in the Gibbs
state. It would be desirable to let go of this assumption,
e.g. via typicality [115 [116] (see further discussions in
Appendix [L).
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On a more technical note one may observe that when-
ever we actively have referred to the properties of the
spectrum of the Hamiltonian of the reservoir, we have
always assumed that it is a pure point spectrum. An
analysis that explicitly investigates the effects of reser-
voir spectra that contains a continuum could potentially
be useful.

One can imagine several generalizations of the results
in this investigation. It does for example seem plausible
with a grand canonical version, thus not only including
energy flows, but also the flow of particles. (For a previ-
ous grand canonical fluctuation relation see [117].)

Another potential generalization concerns a classical
version of the conditional fluctuation relations. We have
already obtained a particular class of classical conditional
fluctuation theorems (Appendix . However, these
are classical in the sense of being diagonal with respect
to a fixed energy eigenbasis, which should not be con-
fused with a classical phase space setting. It seems rea-
sonable that the structure of pairs of measurement op-
erators, translated to functions over phase space, with
classical counterparts for the Gibbs and partition maps,
could combine with phase space flows to yield classical
conditional fluctuation theorems. It may also be possible
to bridge such a classical phase space approach to the
quantum setting via Wigner functions and other phase
space representations of quantum states.

The intermediate fluctuation relation can be
rephrased in terms of Petz recovery channel [47H50],
which reminds of the recent finding in [40] that relates
Petz recovery channel with work extraction. One may
wonder if these results hint at a deeper relation. See
further comments in Appendix [A§]

Several recent contributions to quantum thermody-
namics has focused on resource theories, single-shot sta-
tistical mechanics, and coherence [26H43] [120H132]. (For
general overviews on later developments in quantum
thermodynamics, see [I37, [138].) The fluctuation rela-
tions in this investigation are at their core statements
about dynamics, rather than about resources. Neverthe-
less, one could consider to formulate quantitative char-
acterizations of the evolution of resources in the spirit of
Crooks theorem, and our fluctuation relations may serve
as a starting point for such an analysis. In this context
one should note recent efforts to link single-shot quan-
tities and fluctuation theorems [I33HI36]. The fact that
the present investigation is based on energy conserving
dynamics and thus brings the notion of fluctuation theo-
rems under the same umbrella as previous investigations
on quantum thermodynamics and coherence [26H43] may
further facilitate the merging of these subjects.
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Appendix A: An intermediate quantum fluctuation
theorem

1. Setting the stage

The standard classical Crooks theorem compares the
probability distributions of the random work costs of a
forward and reverse process where the system is driven
by external fields. Often this external field is taken as a
parameter x in a Hamilton function. The system is usu-
ally imagined to additionally interact with a heat bath
of a given temperature. The time-schedule of the param-
eter x is implemented as a function x; of time ¢, which
runs from t = 0 tot = T. At t = 0 we assume that
the initial system is in equilibrium with the heat bath.
For the reverse process, the external parameter evolves
as xy := xp_; for t = 0 to t = T. In other words, the
time-schedule of the parameter is run in reverse. Again
we assume that the system initially is in equilibrium with
the heat bath, but now for the parameter value x{, = zr.
It is useful to keep in mind that these initial equilibrium
distributions are conditioned on the value of the control
parameter. The aim of the following sections is to make
a quantum version of this classical setup.

The model consists of four components, the ‘system’ S,
the heat bath B, the control C', and the energy reservoir
E. Assumptions[I] below does not mention the system S
or the heath bath B. The reason for this is that the main
part of the derivations does not require any distinction
between these subsystems, so they can be regarded as
one single system S’ := SB.

For a Hamiltonian H and 8 = 1/(kT), for Boltzmann’s
constant k and the absolute temperature T, we denote
the partition function by Zs(H) = Tre ## and (assum-
ing that Zg(H) is finite) we denote the Gibbs state by
Gp(H) = e PH /Z5(H). Since we here only consider heat
baths with one single temperature, we will often suppress
the subscript and write G(H) and Z(H).

Assumptions 1. Let Hs, Hc, and Hg be complex
Hilbert spaces. Let |c;),|cy) € Ho be normalized and
orthogonal to each other, and define the projector Pé =

Lo = e (el = leg)esl.

o Let Hfg, and Hé, be Hermitian operators on Hgr,
such that Zg(Hy,) and Zs(HL,) are finite. (This
guarantees that Gg(Hy,) and Gg(Hé/) exist.) Let
Hpg be a Hermitian operator on Hg. Let HL be a

Hermitian operator on Hg: ® He such that [is' ®
PHH [y ® PA] = H*, and define

HS/C = Hg/ ® |Cl><cl| + Hg’ Y ‘Cf><Cj| + HJ—
and H = Hgyc @ 1+ 1gc ® Hg.

o V is a unitary operator on Hgr @ Ho ® HE such
that [V, H] =0, and

Viig @ |ei){ci| @ 1g] = [lsr @ |ef)es| @ 1p]V. (A1)
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In the following we briefly discuss the rationale behind
these assumptions.

The Hamiltonian Hg/ describes how the state of the
control system C changes the Hamiltonian of S’ (see
Fig.[§). Since |¢;) is orthogonal to |cs), and these in turn
are orthogonal to the support of H, it follows that if C
is in state |¢;), then the Hamiltonian of S is HY,. Simi-
larly, if C' is in state |cs), then S’ has Hamiltonian Hg,.
The Hamiltonian H+ allows for the possibility of having
intermediate Hamiltonians between the initial and final
one (see Fig. . The global Hamiltonian is the sum of
Hg:¢ and the Hamiltonian Hg of the energy reservoir,
which thus by construction are non-interacting.

The global evolution is given by unitary operations
that conserve energy, which here is modeled via unitary
operators V on S'CE such that [H,V] = 0. (For an
alternative notion of energy conservation, see [44].) In
addition to being energy conserving, we also require V'
to satisfy . In other words, V' should rotate the sub-
space Hg g @ Sp{|c;)} to the subspace Hs g @ Sp{|cy)}
This models the idealization of a perfect control mech-
anism, meaning that the evolution with certainty will
bring the initial control state |¢;) to the final control state
ler), and thus with certainty will transform the initial
Hamiltonian Hfg, to the final Hamiltonian HZ,. In sec-
tion [G3a] we demonstrate that there exist setups that
satisfy all conditions in Assumptions

As mentioned above, we do not need to make a dis-
tinction between the system S and the heat bath B in
most of these derivations. However, to obtain fluctuation
relations where the partition functions only refer to sys-
tem .S, we can additionally assume that the initial and
final Hamiltonians of the system and the heat bath are
non-interacting. More precisely, we would assume that
there exist Hermitian operators Hg and H f; on Hg and
a Hermitian operator Hg on Hp such that

Hi =H.®1p +1s® Hp,

L (A2)
Hf, =H] 915 +1s® Hp,

and such that Zg(HY), Zg(Hg), and Zg(Hpg) are finite.

2. Global Hamiltonian H and global evolution V/

In typical textbook quantum mechanics the Hamilto-
nian defines the notion of energy and energy conserva-
tion, as well as being the generator of time-evolution.
Here we do in some sense separate these two roles, since
we let the time evolution be given by V with the only
restriction that it commutes with H, without demanding
that V = e "H/"  This separation is very convenient
since it gives tractable models (compared to introducing
an interaction term in the Hamiltonian and try to ana-
lyze the resulting evolution via Schrodinger’s equation)
and has successfully been employed in several previous
studies [26H43].



FIG. 8: Structure of the Hamiltonian. The Hamilto-
nian of the extended system S’ = SB and the control has the
form Herc = Hy @ |ei)ei| + Hg/ ® |cp)es| + HE. Here HL,
and H g, are the initial and final Hamiltonians, respectively,
and |c;), |cg) the corresponding orthonormal control states.
If the control is in state |¢;) the Hamiltonian of S’ is Hi,,
while it is Hé, if the control is in state |¢;). The Hamilto-
nian H*, which has orthogonal support to H% ® |c;){c;| and
Hg, ® |cg){cy|, corresponds to possible intermediate stages.
In the proofs of our fluctuation theorems H~ plays no par-
ticular role. However, it can be used to simulate a path of
Hamiltonians Hg(x), e.g., via a discretization (see section

(G 3b).

It is maybe worth emphasizing that when we in
this investigation refer to two systems as being ‘non-
interacting’, this only means that the energy observable
is of the form H = Hy ® 15 + 17 ® Hy. Tt does not imply
that the evolution is of a trivial product form V; ® V5,
since (depending on the combination of the spectra of
H; and Hs) there may be non-trivial unitary operators
V that commute with H.

One way to understand the separation of roles between
H and V is to imagine that the global evolution is gen-
erated by a Hamiltonian Heyl, i.€., that V = e‘“Hcvol/h,
where we let Hevoy = H + H', [H,H'] = 0. A possi-
ble justification would be if H' is ‘small’, thus leaving H
as the dominant contribution to the energy. It should
be emphasized that the derivations of our fluctuation re-
lations do not require us to know how V comes about,
or what happens at intermediate times when the system
evolves from the initial to the final state. We only need
to know that V' commutes with H.

Although the above reasoning may serve as a possible
justification, one may nevertheless wonder how to incor-
porate more ‘standard’ assumption that V = e itH/h,
This topic is discussed in section

3. The initial states

In the typical derivation of Crooks theorem one as-
sumes that the system initially is at equilibrium with
respect to the initial value of the control parameter. In
other words, for x = x;, the system should start in state
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Gps (H 5 (mz)) When one considers a more explicit model
that includes the degrees of freedom of the control system
it becomes clear that the initial state of the system and
control combined cannot be in a global equilibrium. For
example, in our case the global equilibrium state would
be
Z(Hg )
+ —==G(Hz ) ® |cs)(c
Z(Hgo) O Hs) @lepes]
Z(HY)
Z(Hgsc)

G(Hso) = G(Hy) ® |ei)(cil

(A3)
G(H™Y),

where Z(Hgic) = Z(HL,) + Z(HL,) + Z(H*). Hence,
the global equilibrium is a weighted average over all the
control states and the corresponding conditional equilib-
rium states in S’. We rather have to think of system S’
as being in a ‘conditional’ equilibrium Gg(H%, ) ®|c;){cil.
The conditional equilibrium corresponds to a projection
(and subsequent normalization) of the global equilibrium
onto an eigenspace of Hgr¢.

The initial state of the forward process is the condi-
tional equilibrium state of S’C' and an arbitrary state o of
the reservoir, i.e., Gg(HL ) ®|c;){c;| ®o. In an analogous
fashion, the reverse process should start in a conditional
equilibrium with respect to the final Hamiltonian, thus
corresponding to the global state Gg(HL,) @ |¢f)(cr| @ 0.

The fact that we here assume that F and S’C initially
are uncorrelated makes it possible to formulate our quan-
tum fluctuation theorems in terms of quantum channels
on the energy reservoir alone.

4. Induced channels on the energy reservoir

For the standard formulations of Crooks theorem, the
change of the external control parameters would typi-
cally push the system out of equilibrium at the expense
of work. In our quantum treatment we wish to de-
scribe all aspects of how the state of the energy reser-
voir changes, which conveniently can be captured by the
channels (trace preserving completely positive maps [45])
induced on the reservoir.

More precisely, we wish to describe how the state of
the energy reservoir evolves under the action of a global
energy conserving unitary operation V that additionally
exhibits perfect control . We furthermore assume
that S’ starts in the conditional equilibrium with respect
to the initial control state |¢;) as described in the previous
section. The state of the reservoir after the evolution can
thus be written

Flo) = Trsic(V[Gs(Hi) ® le)(e] @ oV, (A4)
Hence, F describes the change of state induced on the
energy reservoir F due to the global dynamics V for this
particular class of initial states.



For this intermediate version we reverse the entire evo-
lution on the global system. More precisely, we replace
V-Vt with V. V. For a V generated by Hamiltonian
evolution V = e~ #Hevol/P this corresponds to a replace-
ment of ¢ with —t. The reverse process starts in the local
equilibrium with respect to the final Hamiltonian H é,,
which results in the channel

R(0) = Trsrc(VIGa(Hg) @ lep) (el @ o]V).  (AD)
Although this indeed guarantees that the evolution is re-
versed in a very concrete sense, one can argue that it
does not quite correspond to the spirit of Crooks rela-
tion, which only requires a reversal of the control param-
eters. In Sec. [C] we will remove this idealization. The
purpose of the following sections is to establish a relation
(Proposition [1)) between the ‘forward’ channel F and the
‘reverse’ channel R.

5. Conjugate CPMs

The conjugate map ¢* of a completely positive map
(CPM) ¢ can be defined via Tr(Y ¢(0)) = Tr(¢*(Y)o),
where Y are arbitrary (bounded) Hermitian operators,
and o arbitrary density operators. A convenient alter-
native characterization is via Kraus representations [45]
o(o) = VkU‘VkT, where the conjugate map is given by
0(Y) = 3, VY Vi

For the derivations it will be convenient to keep in
mind the following observation. Suppose that a CPM ¢
is defined via a unitary V : H, @ H — H, ® H as

$(0) = Tro([Qu ® 1]V [1a @ 0]VT), (A6)
where @, (bounded) and 7, (trace class) are positive
operators on an ancillary Hilbert space H,. It follows
that the conjugate CPM ¢* can be written

¢* (V) = Tra([na @ VT[Q, @ YIV). (A7)
6. The mapping J
For an operator A we define the mapping
Ta(Q) = e~ A2Qe= 4112, (A8)

The reason for why we here choose the exponent to be
—A/2, rather than say A, is only to make it more di-
rectly related to Gibbs states in the special case that
A:=BH and Q := 1, and thus T (1) = Zs(H)Gs(H).
The mapping J4 is a CPM, but is in general not trace
preserving.

The mapping Jgm does often occur together with its
inverse jﬁ}}, in such a way that Jgg o¢o jﬁ}} for some
CPM ¢ (see e.g. Proposition . This combination can
in some sense be viewed as a quantum version of the
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term e’ in the classical Crooks relation in . To
see this, let us consider the special case that Hg has
a pure point spectrum, i.e., there exists an orthonormal
basis of eigenvector |n) with corresponding eigenvalues
E,,. For mappings from diagonal elements to diagonal
elements we would get <m|jﬂH(¢(Jﬂ_I}(|n><n\)))|m> =
A E=En) (m|¢(|n)(n|)|m). The term E, — E,, is
the decrease of energy in the reservoir, and by iden-
tifying this loss with the work performed, the anal-
ogy becomes evident. For the general transition
between arbitrary matrix elements, the correspond-
ing expression reads (m|Jsu (¢(Tgy (In)(n'])))|m’) =
eﬁ(E"_Em)/Qeﬁ(E"’_Evn/)/2<m|¢(|n><n’|)\m'). The fact
that the off-diagonal case is governed by two energy dif-
ferences, rather than one, corresponds to the evolution of
the coherences in the energy reservoir.

7. Derivation of an intermediate fluctuation
relation

Lemma 1. With Assumptions |1, denote P; = |c;){c;]
and Py = |cy)(cg|. Then it is the case that V[eaHg’ ®
P@ip) = [*H% @ P @ e )V]ig @ P @ e=HE] and
[e*H5 PreiglV =[ly ® P;@eHe]V[e*Hs @ P, ®
e*HE] for all a € C.

Proof. We only prove the first equality, since the proof of
the second is analogous. First note that e*#5 @ |c¢;)(c;|®
ig = ey ®le(eil®le iy, @ |¢;)(c;| ® 1p]. Next we can
use the fact that H, ®@|c;)(ci|@1p = H—H§,®|cf><cf\®
lp—H+*®1p — 1g¢c ® Hg. Note that these summands
commute with each other. Moreover, Hf, ® |¢s)(cs| @

i pand H-®1 g have orthogonal supports compared to
lgr ®¢;){c;| ® 1g. By these observations it follows that
we can write

Ve @ Jei){ei] ® 1]
= VeaHefaiS’C@@HE[is/ @ lei) (el @ 1]
=eV[ig @ |e) | ® iE]e_O‘iS’C®HE,

where we in the second equality have used [H,V] = 0,

and the fact that 1 ® |¢;)(c;] ® 1p commutes with
e*“iS’C@)HE, as well as orthogonality of various terms.
Next we use the assumed property of perfect control in
Eq. (AL, ic., Ve ® e (| ® 1n] = [ls @ |ef)(es| @
15]V[ls @ |ci)(ci| ® 1g). When eH on the left hand
side of V ‘meets’ [1s: ® |cf)(cs| @ 1g], only the terms
eo‘Hg/@Pé@iEeo‘iS’C@HE survive. This leads to the first
equality. The proof of the second equality is analo-
gous. [

Proposition 1 (An intermediate quantum Crooks rela-
tion). With the definitions as z'n the channels F and

R defined in and are related as

Z(H)F = Z(HL) T, R Tigy, - (A9)



With the separation of S’ into system S and the heat bath
B as in equation @ we thus get

Z(H)F = Z(Hé)J[aHER*JB}}E. (A10)

Proof. By comparing the definition (A5) of channel R,

with Egs. (A6) and (A7) in section we can conclude
that

RY(Y) = Trsio ([G(HE) © |ep)(cs| © 1]
X V[is/ ® ic X Y]VT)

1 At A
= Trgo ([ 2 @ legder @ 1plV

Z(HL)
x [l @ 1lc®Y]
x Ve PHS/2 @ |e) e ® iE])
[By LemmalT]
1

= PHE/2Ty ([i , i
e sio([Lsr @ lep){cr| @ 1g]V
Z(HL,)

X [e_'gHé' ® |ei) e ® e_BHE/QYe_BHE/Z]
X VT)eBHE/2

[By perfect control, Eq. (A1))]
Z(Hy)
= J oFoJ, Y).
This can be rewritten as (A9)).

With the additional assumption in equation (A2)
we get Z(HL) = Z(HL)Z(Hp) and Z(HL) =
Z(Hg,)Z(HB). From this observation we obtain (A10))
from (A9). O

Equation in Proposition [1| already has the flavor
of a Crooks relation. However, as has been mentioned
already, it relies on a too ambitious notion of reversal,
where we invert the entire evolution. In the section [Clwe
shall remove this idealization, and assume that both the
forward and reverse evolution is governed by the same
‘direction of time’, i.e., in both cases the global evolution
is given by applying the map @ — VQVT.

8. Remarks concerning Crooks operation time
reversal and Petz recovery channel

The notion of ‘operation time reversals’ was introduced
in [46] as a quantum generalization of time-reversals
of classical Markov chains. Given a channel & with
fix-point density operator p, ie., ®(p) = p, the op-
eration time reversal of ® is defined by the mapping
o \/ﬁtb*(\/ﬁfla\/ﬁfl)\/ﬁ. Let us now compare this
with the right hand side of . By construction R is
a channel. However, one can confirm that it is the case
that

R(e~PHr) = Z(Hg’)e—ﬂHE.

Z(Hg,) (A11)
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Hence, e #HE is not a fix point of R, and thus the con-
ditions for Crooks time reversal are not quite satisfied
(unless Z(HS,) = Z(Hg,), which would be the case for a
cyclic process, i.e., if Hg, = H.,).

There exists a more general construction introduced
in information theory, namely Petz recovery channel [47-
50]. Given a channel ® and a reference state p (that does
not have to be a fix point of the channel ®) Petz recovery
channel is defined as

B(o) = Vo (0(p) V200(p) V) vp.  (A12)
Hence, Crooks time reversal emerges as a special case
when p is a fix point of ®.

If we take e PHE as the reference operator, it is
straightforward to confirm that the intermediate fluctu-
ation relation can be rephrased as F = 73,, i.e., that
the forward channel is equal to the Petz-transformation
(A12)) of the reverse channel.

In [40] it was shown that the work gain in work ex-
traction can be bounded by how well the initial state
can be reconstructed via Petz recovery channel. One can
in particular note the similarity between our channel R
and the recovery channel R,_,, defined in [40], although
the latter is a proper thermal operation, while the defi-
nition of R in addition contains the control system that
is subject to perfect control. In view of these structural
similarities it is tempting to speculate on deeper rela-
tions between these results. Fluctuation relations can be
viewed as statistical manifestations of the second law [6];
an observation that makes the connection to work extrac-
tion more plausible. Moreover, there are investigations
that hint or elaborate on connections. One example is
the generalized Jarzynski relations for feedback control
[103], 118 119l [139]. Moreover, in [31] a classical Crook’s
relation was used as a component in a proof about single-
shot work extraction, and recent investigations [I33HI36]
have focused on exploring links between single-shot con-
cepts and fluctuation theorems. On a similar note one
may wonder whether there exist a more operational char-
acterization of fluctuation relations. Although intriguing
questions, we will not consider them further in this in-
vestigation.

Appendix B: Time reversal and time reversal
symmetry

Here we introduce the notion of time-reversals that we
use to define our quantum Crooks relation. As mentioned
in the main text, our time-reversals are primarily related
to transposes rather than to complex conjugates (cf. the
discussions on time-reversals in [50, 57]). Before we pro-
ceed with the definition we do in the following subsection
compare complex conjugation and transposes regarded as
time-reversals.



1. Complex conjugation vs transpose

In standard textbooks on quantum mechanics (see
e.g. section 4.4 in [54]) time reversal is often expressed
on the level of Hilbert spaces as complex conjugation
¥*(z) of wave functions ¢(z), or via an orthonormal
basis as |¢*) = > |n)(n[y)*. On the level of opera-
tors, this translates to Q* = [ [(z|Q|2’)*|z)(a'|dzdz’, or
Q* = >, (n|Qn)*|n)(rn'|. In comparison, the trans-
pose acts as Q* = [ [|2)(2/|Q|x)(z'|dxds’, or Q' =
5 e [) (@1 (.

Both the complex conjugate and the transpose im-
plements time-reversals, but in a sightly different man-
ner. Suppose that a Hermitian generator for the time
evolution Heyo satisfies HY | = Hevol, Or equivalently
H etvol = Heyol- (One should not confuse Heyop, discussed
in Sec. with the Hamiltonians H, Hg, Hg etc.) The

time-evolution operator transforms as

(efitHc\,ol/h)* :eitHcvc,l/h’

(B1)

(e—itHevol/h)t —itHevor /I

=e
Hence, complex conjugation inverts the evolution opera-
tor, while the transpose leaves it intact. At first sight it
might thus seem a bit odd that the transpose can imple-
ment any form of time-reversal. To understand this we
should consider the manner in which these mappings act
on products of operators, namely

(AB)* = A*B*, (AB)' = (B)!(A)..  (B2)

In other words, complex conjugation leaves the opera-
tor ordering intact, while the transpose reverses the or-
dering. In some sense, and complement each
other when it comes to the reversal of the evolution. To
see this, assume that an initial state p; is evolved into
the state py = e itHevot/hp,eitHevot/h - For the complex
conjugate we get

/f} :(e—itHevol/ﬁ)*p;f‘ (eitHevol/h)*

_ itHevo1/h % ,—itHevo1 /R
=c!Hev/lpre ",

evol/h . SlmllaIIY7

and hence p} = e_’tHevol/hp}e”H

ptf :(eitHevol/h)tng (e—itHevol/h)t

:eithl/hpEe—ithl/h7
and consequently pt = e~ #Hevol/hpt citHevol/P Hence, we
do again obtain the effective reversal of the evolution.
One can see that for the complex conjugation the rever-
sal this is due to to the fact that the complex conjugation
inverts the time evolution operator, while for the trans-
pose it is due to the inversion of the operator ordering.

2. What we require from time-reversals

Instead of directly defining time-reversals in terms of
transposes we here rather define it via a ‘wish-list’ of

18

properties. By inspection one can see that transposes
satisfy these conditions, although the latter allow for
a slightly larger class of operations (see Proposition .
One can also see that this definition immediately excludes
the complex conjugation (due to the assumed linearity).
Hence, one should not take this list as the ultimate and
most general definition of what a time-reversal possibly
could be, but rather as convenient set of assumptions that
is sufficient for our purposes and makes the book-keeping
in the proofs simple. It may potentially be the case that
a more general notion of time-reversals could extend the
resulting family of quantum Crooks relations. Although
an interesting question, it will not be pursued further in
this investigation.

Definition 1. A linear map T is called a time-reversal

if
T(AB) = T(B)T(A), (B3a)
T(A") = T(A)f, (B3b)
Tr[T (0)] = Tr(0), (B3c)
T =1 (B3d)

As a bit of a technical remark, in the infinite-
dimensional case one may additionally require that 7T
maps bounded operators to bounded operators, and trace
class operators to trace class operators. If one restricts to
bounded A, B in it follows that 7 (A), T(B), and
T(AB) are bounded. By demanding that A in
is bounded we make sure that the Hilbert adjoint AT is
well defined and bounded (see Theorem 3.9-2 in [140)]).
By the requirement that 7 maps bounded operators to
bounded operators we know that 7 (A) is bounded, and
thus 7 (A)T is also well defined. If one restricts o to be
trace class in it follows that Tr(o) is well defined,
and if 7 maps trace class operators to trace class op-
erators, Tr[T (0)] is also well defined. Although this is
a reasonable collection of assumptions, one should keep
in mind that we here tend to apply these maps also to
unbounded operators.

3. The ©-transformation

For a CPM ¢ we define ¢© as

¢° =TT, (B4)
where T is a given time-reversal, and where ¢* is the
conjugation, as discussed in section [A5] It is a straight-
forward application of the properties of the time-reversal
T to show the following alternative definition

¢° = (ToT)". (B5)

It is also straightforward to confirm the following lemma.



Lemma 2. If ¢ is a CPM with Kraus decomposition
o(o) = VkO'VkT, and T is a time-reversal, then

o)=Y T(Vi)oT (Vi)'. (B6)
k

In other words, if {Vi}r is a Kraus representation of ¢,
then {T(Vi)}x is a Kraus representation of . Hence,
if ¢ is a CPM, then ¢° is a CPM. If ¢ is a channel (trace
preserving CPM), then ¢= is not necessarily a channel.
However, if ¢ is a unital channel (p(1) = 1), then ¢° is
a channel, and moreover a unital channel.

4. Characterization of 7 in finite dimensions

The purpose of this section is to make more precise
what kind of mappings that the list of properties in
Definition [1] specifies, how they relate to transposes, as
well as deriving some further properties that will be
useful for the subsequent derivations. Throughout this
section we assume that the underlying Hilbert space is
finite-dimensional, although some of the results would
be straightforward to extend to the infinite-dimensional
case.

For a finite-dimensional Hilbert space H, we do in the
following let £(H) denote the set of linear operators on
‘H. Our first general observation is that if 7; and 7z are
time-reversals on two different finite-dimensional Hilbert
spaces, then 77 ® 75 is also a time-reversal. It turns out
that each single property in Definition[I]is separately pre-
served under the tensor product. The proof can be ob-

tained via decompositions Q@ =3, ng) ® Qén), where

§m) and an) are operators on Hi and Ho, respectively.

Lemma 3. IfT is a linear map that satisfies conditions
h/

and then T (1

Proof. By applying 7 to the trivial identity 7(1) =
T(1)1 and use property it follows that 1 =
T(T(i)i) = T(T(TA)) = T(1)1 = T(1), where the
second equality follows by . O

Lemma 4. Let T be linear. If T satisfies and
(B38), then T is positive, i.e., @ >0 = T(Q) >0

Proof. If Q@ > 0 then there exists A such that Q = AAT.
Hence T(Q) = T(AAT) = T(AT)T(A) T(A)TT(A),
where the second equality follows by (B3a)), and the third
by (B3Db). Hence, 7(Q) > O

Lemma 5. Let T be a linear map.

o If T satisfies and , then T maps pro-
jectors to projectors. Furthermore, pairwise orthog-
onal projectors get mapped to pairwise orthogonal
projectors.
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o IfT satisfies , , and , then T pre-
serves the dimension of the projected subspaces. In
particular T preserves purity, i.e. if |v) € H is nor-
malized, then there exists a normalized |x4) € H

such that T ([P} (W]) = [xu) (Xl
o If T satisfies (B3d), (B3Y), (B3d), and if the un-

derlying Hilbert space is finite-dimensional, then

TA) =1.

For the third item it is necessary to restrict to finite
dimensions. As an example, let { |n }neN be a complete

orthonormal basis, and let T |2n <2n| This
(B3d} D but T

satisfies , (B3b) and

Proof. A linear operator P is a projector if and only if
P? = P and P’ = P (and P is bounded in the infinite-
dimensional case). Assuming that P is a projector it
follow by properties and that T(P) is a
also a projectors. (If T preserves boundedness, then
the boundedness of T (P) is guaranteed.) Two projectors
are orthogonal if and only if PP, = 0. Thus by prop-
erty it follows that T(P,)T (P1) = T(P1P2) = 0.
The dimension of the subspace onto which a projector
P projects is given by Tr(P). By assumption it
follows that Tr(7(P)) = Tr(P). Hence, the dimension
is preserved. In the case that the Hilbert space is finite-
dimensional, then Tr7 (1) = Trl is the dimension of the
Hilbert space. Hence 7 (1) is a projector with the dimen-
sion of the Hilbert space, and thus 7/(1) = 1. O

In the following we denote the standard operator norm
by |Q[l = supy. =1 |QI¥)|; and the trace norm by
1Q]l1 == Try/QQT = Q1Q (where the last equality
follows by the singular value decomposition of @ in the
finite-dimensional case).

Lemma 6. Let T be a time-reversal as in Definition [1}

then | T(Q) = [1QI, IT(@)ll = Q-

Proof. First ~ we note that || 7(Q)[v)]? .

Tr([9) ([ T(QQN)) = Tr(QQ xu)(xul) = [QTxp)I?,
where |xy) _is such that [xy)(xp| = T(|[¢)(]) as
in Lemma Consequently, [|7(Q)| < [|Qf|. By

Q1| = ||Q] (see, e.g., Theorem 3.9-2 in_[140]) it thus
follows that ||7(Q)|| < ||Q|. By substituting @ with
T(Q) in the above reasoning, and use 72 = [ one
obtains [|Q[ < [[T(Q)|. Hence, [T(Q)| = IQ]-

Next we make the observation that ||7(Q |
Try/T(@Q)T(@Q) = Try/T(QTQ). By Lemma {4 we
know that 7 maps positive operators to positive oper-
ators. Hence, T(Q'Q) is a positive operator, and thus

VT(QTQ) is well defined and positive (see e.g. section
9.4 in [140]). By Lemmawe know that 7 (1/QTQ) >0
Moreover, T(VQIQT(VQIQ) = T(Q'Q). By the
reasoning above we thus know that both /7T (QTQ)
and T (1/QTQ) are positive square roots of T(QTQ).

However, the positive square root of a positive oper-
ator is unique (Proposition 9.4-2 in [140]), and thus



TQIQ) = (\/M) Consequently [|[T(Q)||1 =
TryT(Q1Q) = TIT(VQ1Q) = QI 0

Lemma 7. On a finite-dimensional complex Hilbert
space, let H be Hermitian with an orthogonal family
of eigenprojectors {Py,}m and corresponding eigenval-
ues hy,, such that h,, # h,, whenever m # m', and
H =% hnPyn. IfT is a time reversal such that
T(H) = H, then T(P,) = P,. Hence, T preserves
the eigenspaces.

Proof. By Lemma [5| we know that each 7(P,,) is a pro-
jector, and that it projects on a subspace of the same
dimension as P,,. Next one can confirm that H7 (P,,) =
T(H)T(Pm) = T(PmH) = hmT(Pm) Hence, T(Pm)
must be an eigenprojector corresponding to eigenvalue
hum- Since T (P,,) and P, projects on spaces of the same
d1mens1on, we must have T (P,,) = Pp,. O

Given an orthonormal basis {|k)}5_, of a finite-
dimensional Hilbert space H, we define the transpose
with respect to this basis as

=D K} {KIQIK) (K.

kk’

(B7)

Since the transpose is dependent of the choice of basis,
an obvious question is what happens when we make a
change of basis. The following lemma, which we state
without proof (it is straightforward to verify) specifies
how one can express the new transpose in terms of the
old.

Lemma 8. On a finite-dimensional complex Hilbert
space H let the transpose toq be defined with respect to
an orthonormal basis {|oldy)}r. Let the transpose tyew be
defined with respect to the orthonormal basis {|newy) i,
where newy) := Wloldy) for some unitary operator W
on H. Then Wtrew = WWtaWt  and the new transpose
thew can be expressed in terms of the old basis as

Qtnew —

Similarly, the old transpose t,1y can be expressed in terms
of the new basis as

WY tela Qtold (WWtold )T . (BS)

Qtold — (thewW)TQtnethnewW (Bg)
The following Lemma is a special case of Autonne-

Takagi’s decomposition, see e.g. Corollary 4.4.4 in [T41].

Lemma 9 (Special case of Autonne-Takagi’s decomposi-
tion). Let H be finite-dimensional complex Hilbert space.
Let U be a unitary operator on H. Then Ut = U (with
respect to a given orthonormal basis of H) if and only
if there exists a unitary operator W on H such that
U=WWwt

By combining Lemmal9] with Lemma[8 we can conclude
that transformations of transposes are characterized by
complex symmetric unitary operators.
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Proposition 2. Let H be a finite-dimensional complex
Hilbert space, and let B := {|k)}X_, be an orthonormal
basis of H. Let t denote the transpose with respect to the
basis B. Let T be a linear map on L(H).

1. T satisfies (B3d), (B3H), and (B3d) if and only if

there exists a unitary operator U on ‘H such that

T(EVWE|) = UK YEUT, VEE. (B10)
or equivalently
T(Q)=UQ'UT, VYQ e L(H). (B11)

Moreover, U is uniquely determined by T and
{|k)}r up to a global phase factor.

2. If T salisfies , , and , then the
following are equivalent:
o T satisfies (B3d).

e The wunitary operator U in satisfies

Ut = U, ie., U is complex symmetric

or complex skew-symmetric.  (The choice

of global phase factor in U does not af-

fect the property of being symmetric or skew-

symmetric.)

3. If T satisfies , , and , then the

following are equivalent:

e There exists an orthonormal basis {|€k)} i of
H such that

T 1€k Err 1) = 1€r7) (€l

o The unitary operator U in satisfies
Ut =U, i.e., if U is complex symmetric.

vk, k. (B12)

As a further remark one may note that directly
implies that 7 is a positive but not completely positive
map, since it is a composition of a unitary operation and
a transpose, and the transpose is not completely positive
[58, (9].

Proof of Proposztwn E We start by proving that proper-
ties (B3a)), , (B3c|) implies equation From
Lemma [5| we know that {T(|k)(k])}r is a set of pair-
wise orthogonal projectors onto one-dimensional sub-
spaces. This means that there exists a unitary operator
U such that T(|k)(k|) = U|k)(k|U. Moreover, by (B
it follows that T(|k){K'|) = T(|k)<k|\k>(k’||k’>(k’|) =
2w UK (KUY, where zpp = (K|UMT(|E)K|)UE).
By (B3b) it follows that z;,, = =z By using
T(k)WE) = Ulk)(k|UT and it follows that
sk = (R\OTT(RY R )T (kY DT (') (6D TR =
zkr.  One can realize that these two last conditions
together imply that zpp = 2z1p2{,., and next that
|z1x] = 1. Hence, there exist real numbers 6; such that
2 = e Or— ek"). By putting U := U Y, e~ |k) (K|,
we find that ( - ) holds. For the opposite implication,



assume that there exists a unitary U such that (B11))
holds. It is straightforward to confirm that each of the

properties (B3al), (B3D)), (B3d) are satisfied.

For uniqueness, suppose that that there exist two uni-
tary operators Uj,Us that both satisfy . Conse-
quently, U1 QU] = U,Q'U for all Q € £(H), from which
it follows that U; = XU, for some y € R

Next, we turn to the second item of the proposition.
Assume that , , and are satisfied. We
know that there exists a unitary operator U such that
equation holds. If we use this observation twice
we find

T(TQ) =TWQUH =UvwQUhyvT .
=(UtuhiQutu'. (B13)
This implies that 72 = I if and only if U? = €U for
some real number . By the definition of the transpose
it follows that (k'|U|k) = e (k|U|k) for all k, k. If this
equality is iterated we obtain (K'|Ulk) = e (k|U|k') =
e? (k'|U|k), and thus (1 —e2)(k'|U|k) = 0, for all k, k’.
Hence, either 1 — e?% = 0, or (K'|U|k) = 0 for all k, k'
However, the latter is not possible since U is unitary. We
can conclude that e?® = 1, and thus € = +1. This
combined with Ut = €U yields Ut = +U.

Finally we turn to the third item of the proposition.
Let ' denote the transpose with respect to {|&;) }r. Then
is the same as saying that 7(Q) = Q. By
Lemma [8| we know that we can express the transpose
t' in terms of the transpose ¢ (with respect to the basis
{|k)}r) as Q1 = WW!'QHWW?')T, for a unitary oper-
ator W such that |&) = W]k). In terms of the origi-
nal basis {|k)}r we know that 7(Q) = UQ'UT. Hence,
UQIUT = WIWQHWWHT, and thus U = WWte'X for
some xy € R. Hence, we can conclude that the unitary
operator U satisfies U? = U and thus is complex sym-
metric.

To derive the opposite implication, assume that there
exists a unitary operator U such that U! = U and
holds. By Lemma [ we know that there exist a unitary
operator W on H such that U = WW?*. Define |§) :=
W) for all I. Since W is unitary it follows that {|£;)};
is an orthonormal basis of #. One can verify that
holds. O

Appendix C: A quantum fluctuation theorem
1. Re-setting the stage

Here we construct a new set of assumptions that in-
cludes time reversal symmetry (see Fig. E[)

Assumptions 2. Let Hg, Hc, and Hp be com-
plex Hilbert spaces. Let |ciy),[ci-),|efv),[cp—) € He
be normalized and such that the linear span Hy =

Sp{|ci+),|ci—)} is orthogonal to Hé = Sp{lcs4), lep—)}-

21

Let Pé and P(]; denote the projectors onto these two sub-
spaces, and define Pé: =1c— Pt — Pé.

° Hfg/ and Hé, are Hermitian operators on Hg: such
that Z(H%,) and Z(Hg,) are finite. Let Hg be an
Hermitian operator on Hg. Let H- be a Hermitian
operator on Hs: @Hc such that [is/ ®P5-]HJ- [is/ ®
P& = H*, and define

Hgio = Hy @ Po+ HL, @ PL+ H*.
and H .= Hgic ® iE + iS’C ® Hg.

e Ts:c and Tg are time-reversals, and T := Tgic ®
Te. We assume

Tsc(Hsic) = Hsic, Te(Hg)=Hg, (C1)

and

Toro(ls ® |eip)(cir]) =1 @ |ei){ei], (2)
Tsie(ls @ e )(epel) =ls @ [ep—){cs-].

o V is unitary operator on Hgr @ Ho @ HE such that
V,H| =0, T(V)=V, and

Vi ®|cis)(civ| ® 1]

R . (C3)
= [l @ lef ) (cp+| @ 1E]V.
In sections[G 3 dand[G3dlit is demonstrated that there
exist setups that satisfy all conditions in Assumptions [2}
These assumptions are constructed in such a way that
the unitary V, the initial state |¢;) := |¢;4), and the final
state |cy) := |cyy) satisfy Assumptions This trans-
lation only mounts to redefining the projector Pé: and
the Hamiltonian H+. More precisely, starting with As-
sumptions [2| we can define the projectors Py := Pé —
lcit)(ci+| and Peyy = Pé — leg)(eps|. With P# being
the projector in Assumptions [2] we can define the new
projector in Assumptions (1| as ?é = Pé: +Peir + FPeyy.
Similarly, given the Hamiltonian H-+ in Assumptions
we can define the new H := Hi, @ Py + Hg, @ Py +
H* in Assumptions All other Hamiltonians and op-
erators can be left unchanged. Hence, the restriction to
Assumptions [1I] only requires us to reshuffle the Hamil-
tonians. In an analogous manner, V, |¢;) := |c;_), and
lef) == |c;—) also form a valid triple in Assumptions
Note that in this case |cy_) is the initial state of the
effectively reversed evolution.
One should note that one can consider several varia-
tions on Assumptions One could for example imag-
ine an alternative to where we instead assume

a product time-reversal Tg.¢c = Tgsr ® To, and de-
mand To(leip){cir]) = lei)(ei-|, Tollep)(ert]) =
lcg—){cy—|. However, the assumption in (C2|) is more

general, and provides a rather useful flexibility.
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FIG. 9: Structure of the Hamiltonian. The Hamiltonian
S'C'is of the form Hyro = Hiy @ Po+HL, @ PL+H™*. Hence,
whether the state of the control is in subspace H% onto which
P}, projects, or in ’Hé onto which Pé projects, determines the
Hamiltonian of S’. The Hamiltonian H> corresponds to any
possible intermediate stages. The initial control space HL is
spanned by two states |c;+) and |¢;—), which are the time-
reversals of each other. Analogously, the final control space
Hé is spanned by |cf4) and |cy—). The global evolution V'
is such that it brings control state |c;4) into |cpy), while it
brings |cf—) into |¢;—), thus implementing both the forward
and the reverse process.

One should keep in mind that we do not assume
that |c;+) necessarily is orthogonal to |¢;—). (How-
ever, we do assume that Sp{|c;+),|c;—)} is orthogonal
to Sp{ler ), es)}.)

Due to the time-reversal symmetry, a perfect transition
from |¢;4) to |cp4) implies a perfect transition of |cy_)
to |c;—). More precisely, by combining with the
properties T(AB) = T(B)T(A), Te(lg) = 1g, as well
as the assumptions 7(V) =V and (C2)), one obtains

Vs ®es-){er-| @ 1g]

: ; (c4)
=[lg ® |ci—)(ci—| ® 1]V.

As the reader may have noticed, a considerable part
of Assumptions [2| deals with the control system, which is
due to the rather strong idealization that perfect control
entails. In section [H] we will abandon this idealization,
and as a bonus we also obtain a more lean set of assump-
tions (cf. Assumptions [4]).

Lemma 10. With Assumptions[d it is the case that

Tsrc(G(HS) @ |eir){cir|) =G(HYS) ® |cix){cizl,

Tso(GHY) @ legs){ers]) =G(HL) © lepz) (er=.
(C5)

One may wonder why we do not directly assume (C5)
in Assumptions [2| rather than . The reason is par-
tially that the latter choice defines the action of the time
reversal on the control states in a more clean manner,
but also because it aligns with the more general set of
assumptions that we will use in section
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Proof. We first note that Tg:c(Hs:c) = Hgc and
’TS/C(iS/C) = 1g/¢ implies Tsic(eHs'c) = eHs'c for
all « € C. Moreover, due to the orthogonal supports of
Hg, ® Pé, Hg, ® Pg, and H+ we can conclude that

e M5 @ et ) eix] =e oo [ls ® o) (citl]

Mg C6)

=[ls @ |ei) (cixle

We examplify the rest of the derivation with the trans-
formation of Gg(HY/) & |civ){cit|.

Tsro (G(HY) @ leiy)(cit])

[By Eq. (Co))]
1 _BHo i
=z et s eig @ |eiy)(cit )
S/
[By property (B3a)) and Tg:¢(e*"s'c) = e*Hs'e]
1 1 — ’
=zay oo ds @l e e e
1 .
=——[lg @ |e;—){c;—|Jle PHs'e
Z(HL,)
By Eq. (C)]

=G(H§) ® |ei-){ci-|,

The other identities can be derived in an analogous man-
ner. [

2. The induced channels

Given the initial state |c;1) and final state |c;y) we
define the channels

Fi(0) = Trgic(VIGs(Hy) @ |eir)(cie| ® o]VT),

)
Ry (0) i=Trac(VIGa(HL) @ egy) (epy| @ 0]V).
(C7)

For the initial state |c;—) and the final state |¢;—) we
similarly define the channels

F_(0) =Trgc(VIGs(HE) @ ey ) (cs-| @ alVT),

R-(0) = Trgo(VI[Gs(Hs) ® |eim){cin| @ 0]V).
(C8)

3. Deriving a quantum Crooks relation

Lemma 11. Given Assumptions[d, then the channels
R+, F—, as defined in Eqs. and @ are related as

and thus

1 =FC. (C10)



Hence, under the assumption of time-reversal symme-
try we can in effect simulate the reversed time evolution
(i.e., the replacement of V with V1) via the ‘forward’
evolution V. By applying the property 72 = I to
one can also show Ry Tg = TgF—- and Ry = TgF_TE.

Proof of Lemma[I1, We use the definition of R4 in
Eq. |i and the general relation Trg([7—1 ® B](P)) =
71 (Tr2(p)) to obtain
Te o R (0)
—Trgc (T(vT[G<H§,) ® epiYers] ® a]V))
[By (B3a), (B3D), and T(V) = V]
—Trgo (VT(G(Hg,) ® e )ep| ® a)vf)
[By Lemma [10]
=Trgc(VIGHL) @ |es-)ep—| @ Te(0)]VT)
:]'-_ o) TE (U)

By multiplying (C9) from the left with 7" and using the
relation 72 = I and the the alternative definition of &

in (B5]) we obtain (C10)). O

Proposition 3 (Quantum Crooks relation). With As-
sumptions @, the channels Fi as defined in FEgs.

and @ satisfy
Z(HE)Fy = Z(HL) Tsnn FE Tin,,.

(C11)

(C12)

With the separation of S’ into system S and the heat bath
B as in equation we thus get

Z(HY)Fy = Z(H) Ts1,FC T, - (C13)
Proof. The triple V, |¢;) == |eiq), |ey) = |cs4) from
Assumptions [2]satisfies Assumptions[I} It follows that we
can apply Proposition [I| on the pair of channels F; and
R and thus obtain Z(H§, ) Fy = Z(Hg,)JgHERiJﬁ};E.
Next, we use Eq. to obtain Eq. (C12).

With the additional assumption in equation
we get Z(HL) = Z(HL)Z(Hp) and Z(HL) =
Z(H!)Z(Hp). From this follows that (C12) yields
(IC13)). O

4. Unbounded Hg

The requirement of perfect control, i.e., that V satis-
fies puts rather stringent conditions on the prop-
erties of Hg. To see this, let us assume that Hg has a
pure point spectrum corresponding to the complete or-
thonormal basis {|n)}, with corresponding energy eigen-
values F,,. Let us furthermore assume that Hg- is finite-
dimensional. Here we shall see that for generic choices
of initial and final Hamiltonians H%, and H g/, the per-
fect control implies that the spectrum of Hg must be
unbounded from both above and below.
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Due to the assumption of energy conservation, the en-
ergy reservoir has to compensate for any change in energy
in the transition from the initial to the final state. Let
h be the eigenvalues of H g, and similarly A/, the eigen-

values of Hg,. Suppose that hf, # hi for all m,n. This
means that every possible transition either must cost or
yield energy, which has to be drawn from or deposited
in the reservoir F. Imagine now that S’ initially is in an
eigenstate |hi). Suppose that at the end of the process
there is a non-zero probability for finding S’ in the state
|hf) with b/, > hi . For this to happen, the reservoir
has to donate the energy q := hi, — hf. Suppose that
the spectrum of Hg would be bounded from below, i.e.,
Fiower = inf,, E,, > —oo. This means that there exists
some state |k) of the reservoir such that all transitions
downwards in energy (if any available) would be smaller
than ¢. In other words, if the energy reservoir would start
in state |k), then it cannot donate the energy ¢, and the
transition cannot occur. For a reservoir with a spectrum
bounded from below, the only way to avoid this would
be if all transitions in S’ always would go downwards in
energy. Generic choices of HY, to H g, would involve both
increases and decreases in energy, and thus the spectrum
of Hr must be unbounded from both above and below.
The key point behind the unboundedness is the demand
that the control system always should succeed in its task
irrespective of the state of the system and the energy
reservoir. It would be reasonable with a control system
fails in some cases, e.g., if the energy in the reservoir is
too low (i.e. too close to the ground state). In section
we introduce conditional fluctuation relations that allows
for failing control systems. (For an explicit example, see

section [H7al)

Appendix D: Diagonal and off-diagonal Crooks
relations

1. Decoupling of diagonals

We here demonstrate the useful fact that the dynamics
under the induced channels F1 and R4 decouples along
different diagonals or modes of coherence [34]. We first
show that the channels 74 and R4 commute with the
commutator with respect to Hg.

the channels F4+ and
, satisfy

Lemma 12. With Assumptions
R+ as defined in Fgs. and

[Hg, Fi(0)] =F+([Hg, o)),
[Hp, R (0)] =R+([H. o). (D1)

Proof. Here we only show the relation [Hg,F4(0)] =
Fi+([Hg,o]). By the definition of the Hamiltonian H
in Assumptions it follows that 1g/ ® ¢4 )(cs+|@ Hp =
(H — 7Y, ® e eps| @ 1p)[is ® legs) (es | © 1], By
combining this observation with the perfect control (C3])



one can show that
[Hg, Fy(0)]

=Trsc ([H.VIGs (i) leis) s @ 0]V )
. (D2)
~Trsc ([ ®less)(ers © 1p.

VIGs(HS) @ leireir| @ alVT] ),

where the last term becomes zero due to the cyclic prop-
erty of the partial trace Trg:¢ with respect to Hg, ®

lcy1){(cs+| ® 1g. By the definition of the global Hamil-
tonian H in Assumptions

[H,Gg(Hg) @ |eiy){ciy| © 0]

= [H%,Gp(HS)] @ |eir)(cir| @ 0
+Gp(HS) ©|ciy){ciy| © [Hp, 0]

= Gp(Hs) @ |eir)(cir| @ [Hp, 0]

By combining this with [H,V] = 0 in (D2) the lemma
follows. O

Corollary 1. Suppose that Hg has a pure point spec-
trum, 1i.e., there exists a complete orthonormal basis
{|n)}n of eigenvectors of Hp with corresponding eigen-
values E,,. Then

(m|F=(|n)(n/[)|m”) =0

D
if Ep — Ep % Epy — B (D3)

The analogous statement holds for R .

Proof. By Lemma

(Em = Eny)(m|F(|n)(n])m)

= (m|[H, Fx(In)(n"])][m’)

= (m|F£([H, [n)(n"[])|m")

= (En = En)(m|F£(|In)(n'])|m).

Thus (En — Epm: — En + Ep)(m| Fx(In)(n')|m’) = 0. O

If Hg is non-degenerate (i.e. E, = E, if and
only if n = n') then it follows by Corollary [I| that
(m|Fe(Q)lm) = 32, (m|Fx (In)(n|Q[n) (n])|m).

Hence, F4 cannot ‘create’ off-diagonal elements with
respect to the energy eigenbasis. Moreover, if we are
only interested in the diagonal elements of the output,
we only need to consider the diagonal elements of the
input. Another way to put it is that the statistics of an
energy measurement on the output is unaffected by an
additional energy measurement on the input.

2. Diagonal Crooks relations

Let us assume that Hg has a pure non-degenerate
point spectrum with eigenenergies FE,, corresponding to
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the complete orthonormal eigenbasis {|n)},,. We further-
more assume that Tg(|n)(n|) = |n)(n|.

Imagine now that we represent the density operator
of the energy reservoir as a matrix with respect to the
basis {|n)},. Since Fi are channels it follows that the
numbers

px(mln) := (m|F=(|n)(n])[m), (D4)
can be interpreted as conditional probability distribu-
tions.

Proposition 4. With Assumptions[d, a non-degenerate
Hg with pure point spectrum, and a time-reversal Tg act-
ing as the transpose with respect to the eigenbasis {|n)}n,
the conditional distributions py(m|n) and p_(n|m) de-

fined in satisfy
Z(H)p+ (m|n) = Z(H)e®F=Fr)p_(nm).  (D5)

The existence of the diagonal Crooks relation
does strictly speaking not rely on the decoupling of the
diagonals (cf. section where we do obtain a diagonal
Crooks relation in a setting where there is no decoupling
along the diagonals).

Proof. It we apply both sides of equation (C13]) on the
operator |n)(n|, and operate on both sides of the resulting
equality with (m| - |m) we obtain

Z(HE)(m|F(|n)(n])m)
= Z(HE)ePEn=Em) (m| FE(|n) (n])|m).

With the invariance of |n)(n| under the time-reversal, we
find (m|FC(|n)(n|)|m) = (n|F_(jm){m|)|n). With the
identifications in (D4)) the proposition follows. O

In section we shall use the additional assumption
of energy translation invariance on the energy reservoir
to show how (H12) leads to the standard classical Crooks
relation.

3. Off-diagonal Crooks relations

Like in section [D2] we here assume a discrete non-
degenerate spectrum of Hpg, with corresponding or-
thonormal eigenbasis {|n)}, and energy eigenvalues F,,.
We also assume that Tg is the transpose with respect to
this basis, and thus Tg(|n)(n']) = |n/)(n|.

As discussed in section the channel 7, can only
induce transitions between |n)(n'| and |m)(m/| if E, —
E, = E,, — E,,. For each 6 we can thus define a corre-
sponding set of operators {|n){(n/(}nnE, £, —5. (This
set would be empty for many values of §.) For each such
0, we will construct a Crooks relation, analogous to what
we did for the diagonal case.

As the generalization of p; (m|n) and p_(n|m) we de-
fine

g3 (mln) =(m|Fx(jn)(n'|)m’), (D6)



where ¢§ = pi. The reason for why it is enough to
write ‘g%, (m|n)’ rather than ‘¢ (mm’|nn’)’ is that m’ and
n' are uniquely determined by §, m, and n, due to the
assumption that Hpg is non-degenerate.

The set of numbers ¢ (m|n) represent the channels Fy
in the sense that

A=Y %

6 m,n n'm':EnfEn/:(s
E—E,,1=6

g% (mln)|m) {nlpln’) (m'|.

(D7)

Proposition 5. With Assumptions[d, a non-degenerate
Hg with pure point spectrum, and a time-reversal Tg act-
ing as the transpose with respect to the eigenbasis {|n)}n,

the ¢%.(m|n) defined in @) satisfy

Z(Hg)q5 (mln) = Z(HE)ePEn=Em)gl (njm). (D)
Proof. Let n,n’ and m, m’ be such that E, —E,, = E,, —
E,, = 6. If we apply both sides of equation (C13) on
the operator |n)(n’|, and operate on both sides of the
resulting equality with (m| - |m’) we obtain

Z(Hg)(m|F(In)(n'])|m’)
= Z(HL)e P Em) (m| FE (In') (n])|m),

where we have made use of E,, = E, — 6 and E,,, =
E,, — 6. With the assumption that 7z is the transpose
with respect to {|n)},, together with the identifications
in equation , we obtain the proposition. O

As mentioned in the main text we need to use off-
diagonal initial states as well as off-diagonal measure-
ment operators in order to determine the numbers
¢%-(m|n) in a ‘prepare and measure’- experiment. There
are many possible arrangements, but let us here con-
struct a setup that determines these numbers via in-
terference. Let n,n’ and m,m’ be such that § =
E, - E, = E, — E,. Define the POVM element
A= (Im)+|m))((m| + (m'])/2 and the family of initial
states 1) == (|n) + €?|n’))/v/2. Then the probability
of measuring A on the evolved state is

Tr (AF£(|ve)(¥al))

= (p2(mln) & pa () + ps (') + p (')

+ |¢° (m|n)]| cos (arg (qi(m|n)) - 9)7
where we have made use of the decoupling. Hence, both
the magnitude and phase of ¢°(m|n) can be determined

via the amplitude and phase-shift in the interference pat-
tern with respect to the phase shift 6.

Appendix E: Jarzynski equalities

Jarzynski’s equality [80] can be formulated as
(e=PWY = Z(H¥)/Z(H"). This is often written in the
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more elegant form (e PW=AF)) —= 1 where AF =
F(H') - F(H"), with F(H) = —kT'In Z(H), is the free-
energy difference between the initial and final state. Here
we obtain the following family of quantum Jarzynski
equalities

Proposition 6. With Assumptions [, the channels F
and Ry as defined in Eq. satisfy

Tr [eﬂHE F. (e<—ﬂ+r+z>HE/2 pe(—6+r—z)HE/2)}

El)
Z(Hf’ r T (
= LB qertier R (1)o7
Sl
forr € R and z € C.
Hence, if R1(1g) = 1g, then
BHE (=B+4+r+2z)Hg/2 , (—B+r—2z)Hg /2
Tr [e Fi (e pe )]
f E2
_ Z(HS') (erHEp) ( )
Z(HY,) ’

The condition Ry (1g) = 1g is equivalent to F_(1g) =
1g, with F_ as defined in Eq. (@

The relations and (15 in the main text are ob-
13).

tained as special cases of |

Strictly speaking, the traces in the above expressions
are not necessarily well defined and finite for all operators
p. However, we here proceed under the assumption that
p are chosen such that the traces are well defined.

Proof. By Assumptions [2] it follows that Proposition
is applicable, and thus the channels Fi as defined in
Egs. (C7) and satisfy equation (C12). By apply-
ing (C12)) to the operator e(=A+r+2)He/2pel=p+r=2)Hr/2
multiplying both sides of the resulting equality with
ePHEand take the trace, and divide by Z(HE,), one
obtains

Tr |:65HE]_‘+ (e(_B"FT-'rZ)HE/Qpe(_6+7'_Z)HE/2):|

_ iggjﬁ:; Tr [_7_—§ (e(r+z)HE/2pe(r—z)HE/2)}

[By Eq. (C10) and the definition of ‘x’]
_ ()

— ')y |:R j (r+2)HEg /2 (r—z)HE/Z]
Z(Hg/) r +( )6 pe

With the definition of the commutator Cp,(o) =
[Hg,o0], we can e~*Cun/2(Ro (1)) =
e~ *He/2R  (1)e*##/2.  Combined with the fact from
Lemma [12] that Cy, and Ry commute, we thus get
e #e/2R  (1)e*ME/2 = R, (1). This proves (E1).
That F_(1) = 1 if and only in R, (1) = 1, follows
from Lemma (11| together with the properties Tz (1) =
(Lemma [3) and 72 = I.

write

[



One may get the impression that the members in the
family of equalities in Proposition [6] are independent.
However, at least in the finite-dimensional case one can
transform them into each other, and in this sense they
should maybe rather be regarded as the same equality
in different guises. To see this, start with assuming that
is true for all operators p on a finite-dimensional
Hilbert space. We wish to show that this implies that
(E1) is also true for r and z substituted with arbitrary
r"and 2/. Let r ="+ Ar and 2 = 2/ + Az in and
define p’ := eATHE/2peATHE/2  Thig yields the equality

Ty [eﬁHEf+ <e(fﬂ+r'+z’+Az)HE/2ple(fﬁ+r'7z'7Az)HE/2)]

Z(HL) o ow -
— S Tyle” E/2R 1 r'"Hg/2 ./
Z(Hgv/) r[e +( )e p]’

We can now use the fact (Lemma that the commu-
tator Cg, (o) := [Hg,o| commutes with F,, to show
that ]:'+ (e(7ﬁ+'r'+ZI+AZ)HE/2p/e(7ﬂ+r'7z'7Az)HE/2) _

eAZHE/QJ:Jr (e(—,8+r'+z/)HE/2ple(—B+T’—Z’)HE/2)e—AZHE/2.

From this is follows that remains valid with r, z, p
substituted by 7/, 2/, p’. In the finite-dimensional case it is
also clear that the mapping p — p/ = e27HE/2peArHE/2
for Hermitian Hg and real Ar is a bijection on the space
of linear operators. Hence, with 7/, 2’ holds for all
operators p.

Appendix F: Bound on the work cost

For processes that start in equilibrium one would ex-
pect that the work cost should be bounded from below
by the equilibrium free energy difference of the final and
initial Hamiltonian of the system (W) > F(H')—F(H?).
Here we derive a similar expression in our setting, under
the assumption R, is unital, and that Hg has a pure
non-degenerate point spectrum, i.e., that there exists a
complete orthonormal basis {|n)},, of eigenvectors to Hg
corresponding to distinct eigenvalues E,,. (The latter as-
sumptions may not necessarily be essential.)

1. Bound on the average energy loss in the
reservoir

Proposition 7. Let Hg have a pure non-degenerate
point spectrum. Assume that the initial state is G(HY )®
o, with o a density operator on Hg. Then

Tr(Hgo) — Tr(HpFi (o))
f i 1 7 (F1)
> F(HL,) — F(HL) — 3 InTr(oRy(1g)).

Hence, if Ry (1) =1, then

Te(Hpo) — Tr(HpFy(0)) > F(HL) — F(HS). (F2)

26

Hence, if we identify the loss of average energy in the
energy reservoir, Tr(Hgo) — Tr(HgFi(0)), with (W),
equation (F2)) thus gives the standard bound.

Proof. Let E,, and |n) be eigenvalues and corresponding
orthonormal eigenvectors to Hg such that {|n)}, is a
complete orthonormal basis to Hg. Define

Pn.m = (nlo|n)(m|Fy(jn)(n])|m). (F3)

By the fact that F, is trace preserving it follows that
{Pn,m }n.m is a probability distribution. Corollary 1| and
the non-degeneracy of Hg yield

"[‘1«[6131"115]:+ (e—ﬁHE/Qa-e—ﬁHE/Q)]

=D (nloln)ePEn=ED (m| Fo(|n) {n])m)

> exp [5 YD (Ewm — Ex){nlo|n)(m|F.(jn) (n])|m)
[By Corollary [I} and non-degenerate Hp.]

—exp [ATe(HpFy (o)) — BTH(Fy (Hpo))]
[F4+ is trace preserving]

=exp [BTY(HE.F+(U>) — BTT(HEU)} )

where the inequality follows by the convexity of the ex-
ponential function. By combining this inequality with
the quantum Jarzynski equality in Proposition |§|
for r =0 and z = 0, one obtains

Z(1})

: Tr[aR+(i)] > PTr(HpF4(0)=FTr(Hpo)
Z(Hyg)

Since the logarithm is monotonically increasing, and thus
preserves the inequality, we thus obtain (F1), where we
use F(H) = —kTInZ(H). O

2. An example

One should keep in mind that the inequality does
not per se imply that the standard work bound (W) >
F(H?) — F(H") necessarily is violated when R, is not
unital; it only allows for the possibility. However, here
we construct an explicit example where one indeed gets
a violation.

With the setting as in Assumptions [2] we define the
average energy loss D(V, o) in the energy reservoir

D(V,o) :=Tr(Hgo)
~Tr([ls ® lc ® Hg|Vp; V1), (F4)
pi = G(Hg) ®|cir)(cir| ® 0.

By energy conservation, the assumption of prefect con-
trol, and the general relation H = F(H) — kT InG(H),



one can show that

1
B
- %Tr([ln G(Hg/) Ric® iE]V,DiVT)-

D(V,o) = F(H) ~ F(HY) ~ = S(G(H})

(F5)

The strategy will be to construct a model with a Hamil-
tonian and a particular class of energy conserving oper-
ators V that is simple enough that we can determine the
corresponding minimum of D(V, o).

Let us now additionally assume that Hp =
8> ez dli)(dl, for an orthonormal basis {|j)}jez. (We
use the very same Hamiltonian in section ) We more-
over assume that Hg/ is finite-dimensional and that the
eigenvalues of Hfg, and H g, are integer multiples of s, i.e.,
they have the eigenvalues {szf }N_,, {52/}, for some
2 2] € Z, with corresponding eigenvectors |x%), |x/)
(agaln the same as in section |G]). To make the deriva-
tions simpler, we also assume that these eigenvalues are
non-degenerate. We define the following class of unitary
operators on Hg/cg

N
S DRI

JEZ n,m=1
XY U
JEZ n,m=1
" (F6)
+D > Ui
JEZ n,m=1
N
+20 D U
JEZ n,m=1
Where |zjn> = Dleanli — 2L, |Z;n> =
X ) lci- >\j = 2h), i) = daleroli = ),
|fim) Ixt)|cr—)i — zf,), and where the matri-

ces [U(]) S H—}m,nv [U7(zj,7)7:12_’j_]n,m7 [UT(L{27;1+7f+]n,m7
and | é{y)nf " |m.n are unitary for each fixed j. By
construction, V is energy conserving. (The class of
energy translation invariant unitaries that we consider
in section [G] is obtained if we additionally assume that
these matrices are independent of j.)

Next we define time-reversals on S’C and E. First de-
fine Y i= fou ) {ei— | +leiMews | +leg+ ) (ep— |+ e ) eps |
We use this in turn to define Ts:c(Q) := [l ®Y]Q[15®
Y], where ¢ denotes the transpose with respect to the
orthonormal basis B = {|x)|ci+)}n U {|xi)|cim)}n U
i es)tn U {Ixd)cs—)}n.  If this would have been
a finite-dimensional case, we could have used Proposi-
tion[2] to conclude that Tg/¢ is a time-reversal. However,
it is straightforward to directly check the properties in
Definition [I

Let 7z be the transpose with respect to the basis
{l7)}jez of HE, and define T := Tg:c @ Teg. With this
definition one can confirm that 7 (V) = V if and only
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Ur(r{,)ﬁf+’i+ and Uy(rg")rzlff,i _ 7(Lj7)nl+ f+

if U7
Next, note that

Tr(InGHL) ©1c @ 1pVeiVT)

N
=2 D U PG i) (FT)

JEZ n,m=1

x Gu(Hy)(j = zploli — 2,)

In order to minimize (F5|) over the time-reversal sym-
metric operators V in our designated family (F6) it is
sufficient to minimize over the collection of unitary ma-

trices UW) it = [U,(,Lj,)ﬁf+’i+]m7n. (Since T(V) = V
if and only if U = U0 and UG =

T(,f?nf , there are no further restrictions.) Next, in-
sert (F6) into (F5) and minimize, which yields

1

min D(V,0) = F(Hg) - F(Hy) - 3S(G(Hy)
- % Z R (rj (G(Hg,))) I\, (G(HL)),
o (F8)
where

r(p) == (i — zhloli — zL) Ixh) (X lpIxa) (], (F9)

n

and where M (Q) denotes the n:th eigenvalue of @,
ordered non-increasingly. The minimum in can
be obtained by noting that [|Uy(,i7){lf+’l+|2]m,n is a
doubly stochastic matrix for each j.  Hence, ac-
cording to Birkhoff’s theorem [I42] it can be re-
garded as a convex combination of permutation ma-
trices. Since every permutation matrix results from
a unitary matrix, we know that the maximum of
is given by a permutation. (Alternatively, one

can define UV) = dmm U,gT AL Tt ) (| and ob-
serve that an 1|U(j7)ﬁf+ F12n Gm(Hg,)Gn(Hg,)@’—
Ziloli — 28) = Tr[U(j)TlnG(Hg,)U(j)rj(G(Hfg,))],
where UU) .= > mn ﬁ,{anr zJr|)(m)<xn\ By the gen-

eral relation maxy Tr(UTQUR) = Y, AL (Q)A), (R), see
e.g. Theorem 4.3.53 in [I41], it follows that . ) holds.)

Assume that the energy reservoir starts in the spe01ﬁc
energy eigenstate o := |0)(0|. By the definition of r; in
. ) this assumption, together with the assumed non-
degeneracy of Hg, and thus of z;,, leads to

ZZA% (ri(c
=22 (@
_ Z Go(HE) In X (G(HL))

— X (G(HY)).

(H5)) ) X, (G(HE)

n ()G () AL (G(HE))



By combining this observation with (F8|) we get

in D(V,[0)(0) = F(HL) - F(HY) ]
, i . , (F10)
~ S(G(HE)) = A (GHE)).

In other words, we get a violation of the standard bound
whenever S(G(H%)) + In /\%(G(Hg,)) > 0. For an ex-
plicit example where this is the case, let Hg, =H f;, =
s ZkK=0 klxk)(xk|- In this particular case we find

S(G(HL)) + X (G(HL))
s Zf:o ke =Pk
215:0 efsﬁk’

spef  sB(K 4 1)e *PE+D
1— 6_3/6 B 1-— e_sﬁ(K"'l)

In the limit of large K this approaches sBe™%%/(1 —
e %) > 0 if s > 0. Thus, for sufficiently large K it
follows that D(V,0) < F(HY,) — F(HL,). Hence, with
the identification between D(V, o) and (W) we do get a
violation of the standard bound.

Appendix G: Energy translation invariance

We have in this investigation allowed for the possibility
that the processes depends non-trivially on the amount
of energy in the energy reservoir. Here we consider a fur-
ther restriction that implements the idea that the setup
does not depend on this energy level. This model has pre-
viously been used in [31] to analyze coherence and work
extraction. Here we only describe the most essential as-
pects of this model. For a more detailed description, see
[31]. First of all, imagine the Hamiltonian Hg of the en-
ergy reservoir as a doubly infinite ladder of energy levels

Hp=5)Y_ jli){l

JEZ

(G1)

with energy spacing s > 0. (See also the continuum
version in [44].) As one can see, this Hamiltonian has
a bottomless spectrum (which echoes the discussions in
Sec. . Although this is not the most physically sat-
isfying assumption, one can view it as an idealization
of the assumption that the energy content of the ‘bat-
tery’ is much higher than the characteristic scale of en-
ergy costs in the experiment. We ful;thermore assume
that the Hamiltonian Hgz of system S (which includes
all systems that are not FE, i.e., in our case, system S,
the heath bath B, and the control C') is such that all
its eigenvalues (we assume a finite-dimensional Hilbert
space Hg with dimension N) are integer multiples of the
energy spacing s. (Due to this assumption it becomes
easy to construct non-trivial energy conserving unitary
operations.) In other words, we assume that Hg has an
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eigenbasis {|1,)})_, with corresponding eigenvalues sz,
where 2, € Z for each n. Note that we allow Hg to be
degenerate, in which case {|1,,)}, is an eigenbasis of our
choice.

In this section we not only demand that the global
unitary operations are energy conserving, [H,V] = 0,
but also that they are energy translation invariant. To
define what we mean by this, we introduce the energy
translation operator A = > . |j + 1)(j| on the energy
reservoir. We say that a unitary operator V on Hz @ Hg
is energy translation invariant if [1 3 ® A% V] =0 for all
a € Z. It turns out [31] that that all energy conserving
and energy translation invariant unitary operators in this
model can be written in the following way

N

V({U) = Z [P0 ) (n| U hn ) (Pns| @ AZ 75 (G2)

n,n’'=1

where U is an arbitrary unitary operator on Hz. If there
are degeneracies in the Hamiltonian Hg then V(U) is
independent of the choice of energy eigenbasis {|1,)}n.
In particular, if {P,,},, is a collection of eigenprojectors
of Hg, then one can alternatively write

V(U) =Y PpUPp @ A~

m,m’

(G3)

A useful property of V(U) is that it preserves prod-
ucts V(UxUy) = V(Uz)V(Ur). (In contrast to the time-
reversals T, there is no swap of the ordering.)

We also need to incorporate time-reversals (an aspect
not included in [31]).

Lemma 13. Let Ty be defined as the transpose with re-
spect to the orthonormal basis {|j)}jez. Let Hg be finite-
dimensional and let Tg be such that Tg(Hg) = Hg. Then
T := Tz ® Tg satisfies

T(V(U)) =V(Tz(U)), (G4)

for all operators U on Hg.

The proof is a direct application of the properties of
time-reversals combined with Lemma |7 and .

The following lemma shows that all actions on the en-
ergy reservoir in this model automatically satisfy the con-
dition for unitality of the induced channels R4 and Fi
that emerged in the considerations on Jarzynski relations
and work bounds in sections [E| and [F] respectively. (The
unitality of this type of induced channels was previously

observed in section I1.C in the Supplementary Material
of [31].)

Lemma 14. For the channels F+ and R4 defined in
equations and (@, with V.=V (U) as in , it

is the case that F+(1g) = 1g and Ry(1g) = 1p.

The proof is obtained by inserting the definition (G2)
of V(U) into the definitions of Fy and R4 in equations

(C7) and (C8)), and apply these to the identity operator.



Lemma 15. With Fi and R4 as defined in equations

and @, with V :=V(U) as in , 1t 18 the case

that
N Fe(o)At" = Fy(Aioat"),

_ . (G5)
AR (o)A = Ry (Ao ATT),

Proof. Here we only show the equality for F. The others
are obtained analogously. The proof is based on the fact
that V(U) commutes with 13 ® A’. With the notation

nsic = G(Hg ) ® |ciy){ciy| we can write
AF, (o)A = Trgc ([15 ® AV (U)
% Insrc @ o]V ()i @ AT
=Trso(V(U)nsc ® AjUATk]VT(U))
= F.(AoAth).
O

We can regard (m|Fy(|n)(n’|)|m’) as the matrix ele-
ments in a matrix representation of the linear maps F.
It turns out that the translation invariance in Lemma [T
in conjunction with the decoupling between the coher-
ence modes described in section [D1] reduces the number
of independent parameters in this representation. More
precisely,

n—m=n'—m'
n—m#n —m

(G6)
where py (m|n) = (m|Fx(|n)(n|)|m) is the diagonal tran-
sition probabilities as defined in . The mapping F.
is thus determined by the probabilities by which |0)(0]
is mapped to the other eigenstates of Hg. Equivalently,
this can be expressed as

Felp)= Y pe(kl0)(nlpln)n+ k) {n' +kI.
n,n' ,keZ

The expression in (G7) can be compared with the more
general case in (D7)). In section it was demonstrated

that the off-diagonal modes of coherence satisfy Crooks
relations that are structurally identical to the one along
the diagonal. Equations and implies a stronger
statement for the special case of the energy translation
invariant model. Namely, that the dynamical map along
each the off-diagonal modes is identical to the one along
the main diagonal. (This does not imply that the ele-
ments of the density matrix along the different diagonals
are the same.)

(m| Fs (jn) (') m’) = {Pi( . n|0),

(G7)

1. Regaining the standard Crooks and Jarzynski
relations
The standard Crooks relation can be written

Z(HE) Py (w) = e Z(HL) P (—w),  (G8)
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where Py(w) := P(Wy = w), W4 and W_ being the
work costs the the forward and reverse processes regarded
as random variables. In the following we shall see how
one can regain (G8) from the diagonal Crooks relation
(H12) in section by additionally assuming energy
translation invariance in the energy ladder model.

If we identify the loss of energy in the reservoir with the
work done, then a change from energy E; to Ej; in the
reservoir corresponds to the work w = E,, — E,,, (cf. [9]).
The probability Py (w) is obtained by summing up the
probabilities of all the transitions that have the work cost
w. More precisely,

Pi(w) := Z

nm:E, —E,,=w

p=(mn)(nlaln), (G9)

where py(m|n) are the conditional probability distri-
butions, defined in (D4)), that describe the transitions
among the diagonal elements.

The energy-ladder model yields F,, = sn. Hence, n —
m = w/s. By (G6) it follows that

p=(m|n) = p+(m —n|0) = p+(0[n —m).  (G10)

A direct consequence is that the probability distribution
Py (w), defined in (GY)), becomes independent of the ini-
tial o,

Py (w) = ps(—w/s|0)

These observations can be used to regain the classical

Crooks relation (G8]).
Z(H) Py (w)

= p=(0fw/s). (G11)

—Z(H%)p, (0]w/s)
=Z(HE)e " p_(w/s]0)
=Z(Hf)e BWP (~w).

(G12)

where the second inequality is due to the diagonal Crooks
relation in (H12)). Here >, means that we sum over the
set of possible energy changes, which for this particular
model is sZ.

Since we have re-derived the classical Crooks rela-
tion we more or less automatically also obtain the
classical Jarzynski equality (e #W) = Z(HY)/Z(H?)
[80]. This can be obtained via the ‘standard’ derivation
>, e PUZ(H)Pe(w) = X, Z(HT)P_(~w) = Z(H),
where the second equality is due to the Crooks rela-
tion (G12). One can alternatively use the fact that
R.(1g) = 1g (from Lemma and use the quantum
Jarzynski equality to derive the classical Jarzynski
relation, by again making use of the energy translation
invariance.

2. F_ i+ F° as a generalization of P_(w) — P_(—w)

In the main text it is claimed that the mapping
F_ — F© can be regarded as a generalization of the map



P_(w) — P_(—w). This generalization becomes evident
for the the energy translation invariant model. Let Tg be
the transpose with respect to {|n)},. By the translation
invariance in Lemma it follows that

mIFL (my D'} = (—m|Fi(] — ) (= )| — m).
(G13)
Let us now identify the work loss w = s(n —m) and
the offset § = s(n — n’). By Lemma [I| it follows that
the non-zero elements (m|Fg (|n)(n'|)|m’) can be written
(0| F+(lw/s)(w/s + &§/s)|6/s). By (GI3) it follows that
the non-zero coefficients satisfy

(O1FE (lw/s){w/s +d/5])[d/s)
= (OF=(] = w/s)(-w/s = 3/s[)] = 6/s).

Hence, both the work parameter w and the offset §
get reflected by the & operation. For the diagonal,
§ = 0, we can thus conclude that Py[F{](w) =
(OIFE (Jw/s)(w/s)0) = (01Fx(] — w/s)(~w/s])|0) =
Py [Fi](—w). Hence for the diagonal elements, the
mapping © implements the transformation P_(w)
P_(—w).

3. Examples

The main purpose of these examples is to show that
there exist setups of Hamiltonians, states, and unitary
operations that satisfy Assumptions [[] and Assumptions
We also take the opportunity to construct discretiza-
tions of paths of Hamiltonian within these models. The
reason for why these demonstrations have been post-
poned until this section is that the energy-translation
invariant systems have properties that make them conve-
nient for constructing explicit examples. These examples
are only sketched, and the details of the straightforward
but sometimes rather long-winding confirmations are left
to the reader.

a. A minimal example without time-reversal

Here we demonstrate a ‘minimal’ setup that satisfies
the conditions in Assumptions Let H, and H g, be
Hamiltonians on Hg: for which the eigenvalues are mul-
tiples of s, i.e., sz, and sz for 2, 2! € Z, and let Hp :=

s>, 717)(j| be the energy ladder. Let |c;), |cf) € Hc be
two orthonormal states, and let

HS"C Z:Hg‘/ ® |C7,><C7,‘ + H_é’ ® |Cf><Cf|,
H:=Hgc®lp+1sc ® Hg,

and H+ = 0. Let Uss be an arbitrary unitary operator
on Hg and define U := Ug @ |eg){ci| + Ugr @ |e;) (el
(The unitary operator Usg: plays no direct role in the pro-
tocol, but is there to make U unitary.) As one can see,

Ulis ® e (] = Us ®leg) (el = [Lsr @ leg){es[IU. This
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U would in general not be energy conserving. However,
the unitary operator V(U) is by construction energy con-
serving on S'CFE, i.e., [H,V(U)] =0.

The operators 15 ®|c;){ci| and 15 ®|cs)(cs| are block-
diagonal with respect to the energy eigenspaces of Hg/¢.
Due to this one can confirm that

V(e @ le){ci|) =ls @ |ei){ci| © 15,
V(s ®@les)es]) =1 @ |eg){cs| © 1k

By combining this observation with the general property
V(A)V(B) = V(AB) and the perfect control of U, it
follows that V(U)[lg: @ |¢;)(cs] @ 1] = [1gr ® |ei)(ei| @
1]V (U). Hence, the fact that U satisfies perfect con-
trol implies that V := V(U) also satisfies the condition
for perfect control, and we can conclude that this setup
satisfies all conditions of Assumptions [I]

b. Discretized paths of Hamiltonians without time-reversal

The intermediate Crooks relation only require us to
consider the end-points of the dynamics. It may nev-
ertheless be useful to see how one can construct a dis-
cretized model of a parametric family of Hamiltonians
that satisfies Assumptions

Given a family of Hamiltonians H (z) for z € [0,1] with
H(0) = H, and H(1) = Hg, we discretize the path into
L +1 steps, such that we get a sequence of Hamiltonians
H;:=H(l/L) for ] =0,...,L. Given the energy spacing
s in the energy ladder, we find approximate Hamiltoni-

ans ﬁl that have the eigenvalues sz,(f ) for zg ) € Z with

corresponding orthonormal eigenvectors {|X£1l))}n . (For
more details on the transition from H; to ﬁl, see Section
VIII.C.1 in the Supplementary Material of [31].) We let
{la)H-, be a set of orthonormal elements spanning the
Hilbert space H¢e of the control system C, and define

L
Hgc ZZZEB ® |a){al,
2 (G14)

H:=Hgic® 1E + 150 ® Hg,

for the energy ladder Hg. To compare with Assumptions
[ we have

|ci) = [co), leg) = ler),

Hg/ = ﬁo, Hé/ = ﬁL, (G15)

L—1
H =Y H @la)al
=1

In the following we shall define a unitary operator U on
S’'C' that generates one single step along the discretiza-
tion. The propagation along the path is obtained by
iterating U such that the entire evolution along the L-
step discretization is generated by UY. Let Uy,...,Up
be arbitrary unitary operators on Hgs and define U :=



Zf;ol U ® |eip1){el + UL ® |eo){cer|. One can confirm
that U is unitary. The unitary operator V(U) is energy
conserving, and analogous to section one can con-
firm that V(s @ |e)){(c1]) = 1s @ |e1) ()] @ 1, as well as
V(U)E (s @ e {es] @ Le] = (L @ leges| @ La]V (D)L,
Hence, V := V(U)¥ satisfies the conditions in Assump-
tions [

c. A minimal example with time-reversal

Here we consider a setup that satisfies the conditions
in Assumptions |2l With Hg, Hg, as in section , and
Hp the energy-ladder, let {|c;y),|ci—),|cp4),|cr—)} be
orthonormal elements spanning the Hilbert space H¢o of
the control system C. Let

Hgio :=H% @ Ph+ HL, © P/,
PE=leip ) (et ] + leim) (el
PLi=leg)(ep| + les-)(es-|,

H:=Hgc®lip+lisc® Hp.

(G16)

We next turn to the time-reversals. On H¢ we define

Y =l ) (ci| 4 [cim)(cit]

+lepi)(ep—| + lep—){ep+]- (G17)

As one can see, Y is a unitary operator on H¢. Define
the basis

B ={Ixn)lci+ )} U{Ixn)lei-)}a

) A G18
Ot st UL ey b )

where {|x})}, is an orthonormal eigenbasis of Hi, and
{Ix[)}, is an orthonormal eigenbasis of HZ,. Define
Tso(Q) := [l ® Y]Q![ls ® Y], where t denotes the
transpose with respect to the basis B. Note that 15 ®Y is
complex symmetric with respect to the basis B (and the
space Hg¢c on which it operates is finite-dimensional).
Hence, according to Proposition [2]it follows that Tg/¢ is a
time-reversal (and is moreover the transpose with respect
to some basis). One can verify that Ts.c(Hs'¢) = Hgr ¢,
and furthermore

Tsre(ls @ |eiy)(eir]) =1s @ |eim)ei],
velis @ ) <l el gy
=lg

Tsro(ls @ |epy)epsl) ' @ leg-)er-|-

We moreover define the time-reversal Tz on the en-
ergy reservoir as the transpose with respect to the basis
{l7) }jez, and thus it is the case that Tg(Hg) = Hg. We
define the global time-reversal as 7 := Tg:c ® Tg. Let
U+ and U be arbitrary unitary operators on Hgs, and
define

—+
U :=U" @ |epi){cit]| + U @ |eir){er]

_ (G20)
FUT @ i) ep- [+ U @ o) ei|
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where U™ = 3, [X0) O (U 1) (| and T 2=
S XY O |U+|X£><X;/|~ One can confirm that U~

U , and U are unitary, and thus V(U) is an energy
conserving unitary operator. One can moreover confirm
that 7T5'/C(U) = U. Since %’C(HS/C) = HS’C (and
since Hg/¢ is finite-dimensional) we know by Lemma
that T(V(U)) = V(Tec(U)) = V(U). Hence, the
dynamics is time-reversal symmetric. With a reason-
ing analogous to section one can also show that
V(U)[Ls ®|ciy)(cir|@1p] = [Lg: @cpy ) (cp+|@1p]V (U).
Hence, all the conditions of Assumptions [2| are satisfied.

d. Discretized paths of Hamiltonians with time-reversal

Here we modify the setup of section such that it
incorporates time-reversal, and satisfies the conditions in
Assumptions g

We let {|¢;")}/~, be a set of orthonormal elements
spanning the Hilbert space Hc of the control system C.
For the family of Hermitian operators (H;)~ ), let

L
Hg o ::ZHl X Pér,

l l=+0 + —\ /.~ (G21)
Pe =l ) e [+ e )|,

H ::H,slc@iE—Fiscf@HE.

To compare with Assumptions [2| we have

|Ci:t> = |06t>a |Cf:|:> = |C%>a
H% = Hy, HL, =Hp,
PL =P PL=rE

L—1
Ht = Z H; ® P.
=1

We next turn to the time-reversals. On Ho we define
Y = Zf:0(|cl+)<cf| + |e; ¥ ]). One can confirm that
Y is a unitary operator. Note that B := {|X5Ll)>|cl+>}ln u
{\)&P) lc,; ) }i,n is an orthonormal basis of Hg/c. We define
the time-reversal Ts/¢(Q) = [15 @Y]Q![1g: ®Y1], where
t denotes the transpose with respect to the basis B. One
can show that Ts/c(Hg¢) = Hec and

Tsro(ls @ |eip){(civ]) =1s ® |ei){ei—],
Toc(ls @ ey epel) =1 @ [er_){cs—|.

The time-reversal Tr is defined as the transpose with
respect to the basis {|j)};ez of the energy-ladder. Let
U0+7 RN UZr be arbitrary unitary operators on Hg, and
define

_ L L
U =Y ) 00 (21,

nn’

U7 =3 S G, s=0,..., L -1,

nn’

=1g
:is



as well as the unitary operator

L—1
U=U @led)cf|+ Y UF@lefy )l
s=0
L—1
+UL @ lep)eo |+ DU @leg ) {eapl-
s=0

One can confirm that U is invariant with respect to
Ts:c. By an analogous reasoning as in section one
can show that the energy conserving unitary operator
V(U) satisfies T(V(U)) = V(U). By the general prop-
erties of time-reversals it thus follows that the opera-
tor V := V(U)¥ is an energy conserving, time-reversal
symmetric, and unitary operator. The proof that V'
also satisfies perfect control V[ls & |ciy)(cir| ® 1g] =
[1sr @ |eix)(ciy| ® 1g]V can be done analogously as to
section and thus we can conclude that V := V(U)*
satisfies all the conditions of Assumptions [2]

Appendix H: Conditional fluctuation relations

Here we consider a generalized type of fluctuation re-
lations that naturally includes non-equilibrium states.
This extension may at first sight seem rather radical.
However, our quantum fluctuation relation in Propo-
sition |3| strictly speaking already requires initial non-
equilibrium states, due to the control system, as dis-
cussed in section [A33]

As we have seen in section [C4] the assumption of per-
fect control is a rather strong condition, and typically
requires an energy reservoir spectrum that is unbounded
from below (as well as above). The conditional fluctua-
tion relations allow us to abolish the perfect control (see
section. Not only can we avoid unbounded spectra,
but we can also base the conditional fluctuation relations
on finite-dimensional Hilbert spaces (see section for
an explicit example).

1. The Gibbs map and the partition map

For a given operator A we define the Gibbs map G4
and the partition map Z4 by

ZA(Q) = TI'jA(Q).

By construction, G4(Q) is a density operator whenever Q)
is a positive operator (modulo the existence of Z4(Q)).
In the special case that A = BH for 8 > 0, then
Zpn(1) = Zp(H) and Ggp (1) = Gp(H).

An immediate question is what class of density op-
erators that can be reached by the Gibbs map. If H
is a bounded Hermitian operator, then e*# is a also
bounded, and thus ||T_gu(p)|| < +oo, where ||Q| =
supjy |Q[¥)|| denotes the standard operator norm. For
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an arbitrary density operator p (which by virtue of be-
ing trace class also is bounded, see e.g. [90]) let @ :=
T-pu(p)/|T-su(p)||. By construction 0 < Q < 1, and
one can confirm that that Ggp(Q) = p. Hence, for
bounded Hermitian operators H, one can reach all den-
sity operators via the Gibbs map (and thus in particular
if the Hilbert space is finite-dimensional). The issue be-
comes more complicated if H is unbounded, since we have
to take into account the domain of definition of H and of
etH . More generally it may be the case that the Gibbs
map does not generate the entire set of density opera-
tors. Although we do use the Gibbs map for unbounded
H, we will nevertheless not consider this question further
in this investigation.

One can further note that Ggp is a many-to-one map
from the set of POVM elements, although in a relatively
mild sense. If @ is a POVM element, then 7@ for 0 <
r < 1 is also a valid POVM element. The Gibbs map
Gpp maps both @ and r@) to the same density operator.

2. Without time-reversal

As mentioned above, the fact that we drop the assump-
tion of perfect control implies a simpler structure. The
first simplification is that we here only need to consider
two subsystems: the energy reservoir E and the rest S.
For the general theory there is no need for any further
partitioning into subsystems, but to relate to the results
in previous sections we would let S = S'C = SBC.

Assumptions 3. Let Hgz and Hg be complex Hilbert
spaces

o Let Hz and Hg be Hermitian operators on Hg and
Hg, respectively, and let

H:=H;®1lp+1;® Hg.

e Let V be a unitary operator on Hs@HE such that
[H,V]=0.

o Let ng and Qé be operators on Hg such that 0 <
i 2 I <3
Q§§1§ andOSQgglg.

The operators Qig and Qg play dual roles in this analy-
sis. First, they correspond to control measurements. For
example, we can form the two POVMs {Q%, lg — Q%}
and {Qg, 1§— Qg} In these POVMs Q% and Qé are the

‘successful’ outcomes, and the CPMs F and R, defined in
below, maps to the corresponding (non-normalized)
post-measurement states of the reservoir conditioned on
these successful outcomes. (Nothing in this formalism
forces us to use binary POVMs. See the discussion at
the end of section [H3])

The second role of Qig and Qg is that the they
parametrize initial states via the Gibbs map Ggp.. These



roles are switched within the pair, such that for the for-

ward process Q% gives the initial state, and Qfg defines
the control measurement. For the reverse process, Qé

gives the initial state, and Qig the measurement.
We define the completely positive maps

Zng([Qg @ 15]V[Gsu.(Q%) ® o]VT),
=Trg([Qf ® 16]VT[Gsn, (QL) ® o]V).

The following is the counterpart of Lemma [I] and is left
without proof.

(H1)

Lemma 16. With V, Hg, and Hg as in Assumptions

[3 it is the case that for every a € C

V[eaHg ® 1E] = [60‘H§ ® eaHE]V[ig ® e’O‘HE],
Hz o3 2 H H H (H2)
"5 @ 1p]V = [13 @ e” " E]V[e*s @ e*7F].

Proposition 8. With Assumptzons@ the CPMs F and

R as defined in (E) satisfy
ZﬂHg(Qf’g')f:ZﬁHg(Qg)jﬁHEﬁ*j/;I}E' (H3)

Proof. By comparing the definition of the CPM R with
Egs. (A6]) and (A7) in section we can conclude that
R(Y)
= Trg([Gpn, (QL) @ 16]V[Q5 @ YIVT)

1 NN
 Zen QL) s ([QS ® 1g]

e PH5/2 @ 1EV[QL @ YV #Hs/? g iE])
[Lemma [T6] (H4)
_ 1 sHp/2 !

@) s(lage 1alv

e P15 2QePH5/% © Tom, (y)WT>65HE/2

Zpm,(Q%)

= 7.7 o Fi o Tpmy,
ﬁH (Qf) BHE + BH (Y).

Hence Zgp (Qg)fz* = Zgng (ng)j[;f};z ) .7:"+ o JsHy- By
multiplying from the left with Jgp, and from the right
with JB_I}E we obtain Eq. 1' O

3. With time-reversal

Assumptions 4. Let Hg and Hg be complex Hilbert

spaces. Let Tz and Tg be time-reversals on S and E,
respectively, and let T := Tz @ Tg.

o Let Hz and Hg be Hermitian operators on Hg and
Hg, respectively, and let

H:=Hz®lp+15® Hpg. (H5)
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e LetV be a unitary operator on Hg ® Hg such that
[H,V]=0.

o Let Q?’ and Q?‘ be an operator on Hg such that
0<QL <lgand0<QL" <ig.

o Let TE (HE>
Define Q?

= HE, 7-§(H§) = J{fg, and T(f‘i) =V.

- i+ i

= T§(Q§ ) and Qg = Tg(Qg )
These assumptions are constructed such that the triple

V, Qi = + Qf = QH satisfies Assumptions Si-

multaneously, the triple V, QE = Q Qg = Q’g also
satisfies Assumptions [3] .
By Lemma 3| and Lemma [4| it follows that 0 < Q? <

15 implies 0 < Qig_ <1 g and analogous for Qg_.

Lemma 17. Let T be a time-reversal and A an operator

such that T(A) = A. Then
TIaT =TJa,
ZA(T(Q)) = 2a(Q),
0.4(T(Q) = T(9:(@). o
Tr(QJa(R)) = Tr(Jat (Q)R).
Hence if AT = A, then Tr(QJa(R)) = Tr(Ja(Q)R).
Define the CPMs
F (o) =Trg([QL" @ 16]VIGan, (@) @ o]V,
Relo) =Tr5(1Q5 @ 1l G (@D @),
F (o) =Trg([Q% @ 15)V[Gsm (QL) @ a]VT),
R_(0) =Trg([QL” @ 16V [Gsn. (Q5) @ a]V)

The CPMs Fy and Ry describe the unnormalized map-
ping from the input to the output conditioned on the
successful control measurement. The corresponding suc-
cess probabilities are given by the traces. (In section
[ GH| we shall consider these success probabilities in the
special case of energy translation invariance.) Analogous
to Lemma [11| one can prove the following.

Lemma 18. With Assumptions |4, the CPMs Ry and
F_ as defined in FEq. are related as
TeRy =F_Tg (H8)

and thus
7@1 = F°. (H9)

_The proof _is obtained by combining the definition of
R+ in Eq. 1) with the general fact that 77 (Tr2(p)) =
Tr2([71 ® T2](p)), and the time-reversal symmetry.



Proposition 9 (Conditional quantum fluctuation rela-
tion). With Assumptions |4, the CPMs Fi and F_ as
defined in Eq. , are related as

2o, QD Fy = Zpn (QL)Tom, FO T3, (HI0)

Here we use the notation ZgHg(QZg) = Z/_;Hg(Qg') =

Zpn (Q5) and Zpu QL) = Zew QL) =
Zan (QL).

Proof. The triple V, Q?7 and Qfsfr from Assumptions
satisfies Assumptions 3| with Q% = ?, Qg =

Qéf. Hence, Proposition |8 is applicable and yields

ZﬁHg(Qig)]:+ = ZpH; (Qg)ngERijﬁfl}E. The applica-
tion of Lemma [I8] to the above equation results in equa-

tion (H10). O

Note that Proposition [9] only makes a statement con-
cerning pairs of measurement operators. It does not
make any assumptions on to POVMs that these mea-
surement, operators may be members of. For example,

instead of basing the induced CPMs in (H7) on the pair
( ?7 ng) we could equally well obtain fluctuation rela-

tions for each of the pairs (Q?, i—Qéf), (i —Q%ﬂ Q?‘),
and (1 — Qg, 1-— Q?‘). There is also no need to assume
that the POVMs are binary. For two POVMs {ng}k

and {Qfsvt}l one can, for each possible combination of
POVM elements (Q?‘k7 Qg‘g), construct the correspond-

ing CPMs ]:"ik’l) as in 1} where each of these pairs
satisfies the conditional fluctuation relation (H10)).

4. Generally no decoupling of diagonals

In sectionvve showed that the channels 4 induced
on the reservoir are such that the dynamics of the modes
of coherence decouples, thus yielding a separation into
several off-diagonal Crooks relations. The reader may
wonder whether something similar_is true for the con-
ditional CPMs Fi. In section the starting point
was Lemma which shows that F+ and R4 commute
with the commutator with respect to Hg. The following
Lemma shows that this is generally not true for the con-
ditional CPMs F4 and R4, and thus we cannot expect to
have a separation in to diagonal and off-diagonal fluctu-
ation relations in this more general case. (For an explicit
example of such ‘mixing’ of diagonal and off-diagonal el-

ements, see section )

Lemma 19. With Assumptions the CPM .7}+ defined
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in Eq. satisfies the following relation
[Hr, F+(0)] = Fi([Hr, o))
+ Trg((Qng ® 1E)V(Q§H§([H§7 Q?_]) ® O’) VT)

+ Trg((1Hs. QL1 © 16)V (G, (Q5) @ o) V).
(H11)

Analogous statements hold for F_ and R

The proof is a straightforward verification, much anal-
ogous to the reasoning in the proof of Lemma

5. Nevertheless a diagonal conditional fluctuation
relation

Since there is generally no decoupling between the
modes of coherence, it may at first sight seem like there is
no separation into diagonal and off-diagonal Crooks rela-
tions. However, it turns out that the diagonal fluctuation
relation exists generally.

In section we described the evolution of the diago-
nal elements with respect to the basis {|n}}, in terms of
the conditional probabilities p+(m|n). We here define the
analogous objects pt(m|n) := (m|F(|n)(n|)|m). One
can interpret py(m|n) as the probability that we would
measure the energy reservoir in state m in addition to ob-
taining a successful outcome of the control measurement,
given that the reservoir initially is in state n.

With Assumptions[dand otherwise the setup of Propo-
sition [d] we get

Zsn(Qg) P+(mln) = Z/aHg(Qg)eﬂ(E”‘Em)ﬁf(nlm)-
(H12)
The proof is more or less identical to the proof of Propo-
sition [ but with Proposition [J] as the starting point.
One should note that although is very similar to
Proposition {4} the relation should be interpreted
with care since there is no decoupling between the differ-
ent diagonal modes of coherence. Hence, the probability
(m|Fx(o)lm) to detect a specific final energy eigenstate
m not only depends on the diagonal elements (n|o|n) of
the input state, but also on the off-diagonal elements.
We can thus no longer claim that an initial energy mea-
surement would not perturb a final energy measurement.

6. The special case [Hg,Qigi} =0 and [Hg,Qgi} =0

In the case that the measurement operators QigjE and

Qgi commute with Hg we can regain several of the prop-
erties of the unconditional fluctuation relations. By a
direct application of Lemma |19| we get [Hg, Fi(o)] =
F+([Hg,0]). Analogously to how we obtained Corollary
from Lemma and with analogous assumptions, we
also regain the decoupling of the different off-diagonal



modes of coherence, i.e., (m/|Fy(|n')(n|)|m) = 0, if
Ey. — E, # E, — E,. It follows that much of the
arguments in section [G] can be reiterated. Due to the de-
coupling it is again meaningful to define the transitions
among the elements of a diagonal with a specified offset
8, @ (m[n) == (m|Fy(In)(n'|)|m’). As the counterpart
of Proposition [f] we obtain a Crooks relation for each 4,

Zon Q)3 (mln) = =) 25 (QD) (nlm).

a. A classical conditional Crooks relation

By additionally assuming the energy translation invari-
ant model as in section [G] one regains the energy trans-

lation invariance of the induced CPMs Aj]:'i(U)ATk =
Fi (AjUATk). Analogous to section we can also de-

fine
Pr(w):= Y

Jili=j'=w/s

+(7'17){dlels), (H13)

Pi(w) can be interpreted as the probability that the en-
ergy reservoir looses the energy w and that the control
measurement is successful. The decoupling again guar-
antees the stability of the transition probabilities under
repeated energy measurements. We obtain the classical
conditional Crooks relation

Zpi1, (Q5) Py (w) = ¢ Za1r, (QL) P (—w)

in a manner very similar to what we did in section

(H14)

b. A classical conditional Jarzynski relation

The control measurements do not succeed with unit
probability. However, for the energy translation sym-
metric case, with diagonal measurement operators, the
success probabilities TrF4 (o) and TrR4 (o) become in-
dependent of the state o of the energy reservoir. To see
this, we first define the following transition probabilities
that do not involve the energy reservoir.

fr =Tr(QLTUGsn (@)UY,
ry =Tr(Q H‘UTQ/;H Qf+ )U),
f- = TF( - UGpn,( Qf )u'),
r_ = Tr(Qf U'Gan (Q5)U).

(H15)

In words fy is the probability that we would obtain
the ‘successful’ outcome when we measure the POVM
{Q a A5-Q +} if the initial state Ggp (Q;) is evolved
under U

One should keep in mind that since Qgi and
Q%i commute with Hg, it follows that the above
expressions do mnot involve coherences with respect
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to the energy egienbases. For example, if Hg
is non-degenerate with eigenstates [¢,) then f; =

Znn’ <7/’n|Qé+|¢n>|<¢n‘U|wn’>‘2<wn’|gﬁH§ (Q%+)|wn/>

One can confirm that the CPMs F+ and R4 in l}
with V := V(U) as in (G2), and [QF Hg] = 0,
[Qgi, Hg] = 0, satisfy the following relations

TrFyi(o) = f+Tr(o), TrRi(o)=riTr(c), (HI6)

Fi(lp) = felp, Ri(ip) =rilp.
Hence, the success probabilities of the control measure-
ments are independent of the state of the energy reser-

voir. It is instructive to write the expression for F in

in full
Tr([QL" @ 1)V (U)[Gsn, (QF) @ o]VI(V))
= Tr(Q5 UGsn, (QF)UT).

(H17)

Hence, in terms of the success probability, the experi-
ment involving the energy reservoir behaves as if it was
a simpler experiment not including the reservoir, where
the unitary V(U) is replaced by U (but one should keep
in mind that this relies on the assumptions that Q?
and Q? that Qigi and Qfgi commutes with Hg, and thus
block-diagonalizes with respect to the energy eigenspaces
of Hg)

B the classical conditional Crooks relation
1' it follows that Zgm (Q%F)>_, e PP (w) =
Zom. Q)Y P(-
case, y, P(—w) is generally not equal to 1, but equates
to the success probability of the reverse process, i.e.,

S P(—w) = 3, 5-(w/sl0) = TrF_(j0)(0]) = !
Thus

w). As opposed to the unconditional

Z5n,(QL)

%:e_ﬁw}BJr(w) = f,m. (H18)

Given that the control measurement succeeds, we can
define the conditional probability for the work cost w
v - - ~
as Py(wQL) i= Py(w)/ Y, Pr(w) = Pu(w)/fs. By
using this we can rewrite (H18|) into the more symmetric

form

)
BV | Of Ty — /- Zpn5(Q3)
e = R @y MY

where we use the notation

S e P (w]QLT).

The condltlonal Jarzynski relation in ) does re-
mind of the Jarzynski equality under feedback control
[103] 118, [119], and it may be worthwhile to investigate
this potential link further. However, we will not do so in
this investigation.

(V1"



7. Examples
a. Abolishing perfect control

As discussed in section (C4]) the perfect control (see
equations or and (C4])) can lead to an energy
reservoir that has an unbounded spectrum from both
above and below. From a physical point of view a spec-
trum that is unbounded from below is a somewhat un-
comfortable. With the conditional fluctuation relations
we no longer need to assume perfectly functioning control
systems. We could for example let the transition from ini-
tial to final control state fail if the energy reservoir runs
out of energy, so to speak. Here we demonstrate this in
the case of a harmonic oscillator as the energy reservoir.

We make use of a model that was introduced in quite
a detail in section IV in the Supplemental Material of
[3I]. Due to this we will here only give the most brief
description. The main point is that one can construct a
family of unitary operators V. (U) that act identically to
V(U) as long as the energy in the energy reservoir is high
enough. (We do not employ of the ‘injection’ of energy
that was used in [31], but instead allow the procedure to
fail.)

Apart from the Hamiltonian for the energy reservoir,
Hf =5 Zj§8j|j><]| and the class of unitary operators
Vi (U), the rest of the model is as in section We
let Hoio := Hi, @ PL+ HL, © PL, and let sz, |x') be
the eigenvalues and eigenvectors of Hi,, and sz/, |x/)
be the eigenvalues and eigenvectors of H I, To simplify
the notation we let {|1,)}*Y, denote the orthonormal
set {3 eis s eilein), I ess), edler )}y Sime
ilarly, let z, denote the combined set of numbers
{#0,2f},. Furthermore define zp.. = max, z, and

Zmin = min, z,. The projectors {P_E_l)}lzzm;n onto the
eigenspaces of Hg/¢ ® iE + islc ® Hg are

PO = 37 ) Wl @ 1= 20) (U= 2l Y02z

n:il>zy

For all [ > zpax this simplifies as Pf) =
Yonet N Un)(Wn| @ [l = 25)(l — zn|. Let us define the
following map

Zmax —

Vi)=Y o)+ Y PY,

1> Zmax l=Zmin

For each unitary operator U on Hg ¢ it follows that
Vi (U) is unitary on Hg:cp. We let Tg be the trans-
pose with respect to {[j)};>0, and let 7z be such that
Tsc(Hsi¢) = Hgo. (Note Lemma ) From this it
follows that 7 := Ts:c ® Tg is such that T(V+(U)) =
Vi (Tsro(U)).
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One can also confirm that Vi (U)|y)|5) = V(U)|¥)|J)
for all |¢) € Hg'c and all j > zZmax — Zmin, Where V(U)
is defined in

More generally, in terms of the eigenprojectors PJ(FZ) of
the total Hamiltonian H, it is the case that V+(U)P_f_l) =
V(U)PY for I > zmay, while Vi (U) P = P for 20—
1 >1> zpin. One can say that V, ‘censors’ our choice
of U in the sense that if U entails an energy change that
we cannot afford, then Vi (U) avoids to perform the too
expensive parts of the operation.

Define the projector =
Zszmaxfzmin -]> <-7| The
PZ#max—Zmin g P2#max—Zmin = g guarantees that the
action of V. (U) and V(U) are identical.

As an example, let us modify the setup in section
such that we replace V(U) with V. (U). For the
sake of illustration we consider an extreme case where
HE, = s|x1) (x| + 2s]xb) (3| and HE, = 3s|x]) (x]| +
4s|x3)(x3|. For these choices, all transitions from the ini-
tial to the final Hamiltonian requires energy. Moreover,
Zmax = 4 and zpin = 1. One furthermore finds that

Pzzmax_zmin —

condition

P =) (x| ® PE @ 0)(0],
P =) (xi ] ® P @ [1)(1] + [xb) (xa| ® Pé @ [0)(0],
PO =\ (x| @ PL @ 12)(2] + [xa) (4| © PE @ [1)(1]
+ )@ PL @ jo)ol,
PP =X (xil @ Ph @[l — 1)1 - 1]
+Ix3) (el ® Po @ |- 2)(1 - 2|
+Ix]) O | @ Pl = 3)(1 - 3]

)
+ ) (gl © PL® |l —4)( 4],

for [ > 4. Hence, assuming the control in state |c;y)
and the reservoir in the vacuum state |0), we find that
Vi(U)[p @ e ){cir| @ [ONONVA(U) = p @ |eir ) (cis| @
|0)(0| no matter what U we feed into it, and thus the con-
trol measurement will always signal ‘fail’. On the other
hand, if there are four or more quanta of energy in the
energy reservoir, then Vi (U)[p® |ci1 ) (cir |@ o]V (U) =
V(D) [p®|ciy){cir|®@a]V(U)T. In particular, if we would
could choose U as in , then the control measure-
ment would aways succeed.

b. S and E as single qubits

The conditional fluctuation relations allow us to treat
energy reservoirs with finite-dimensional Hilbert spaces.
Here we consider the extreme case where both S and the
energy reservoir E are single spin-half particles.

We assume that the spins are associated with mag-
netic moments, and that they are affected by a constant
external magnetic field, such that they are in resonance,
i.e., the splitting of the eigenenergies are identical. More



precisely,
1 1
H = Hp = —3510) (0] + 5511,

for some s > 0. The identical energy gap implies that
there exist non-trivial energy conserving unitary opera-
tions with respect to H := Hg ® ig + ig ® Hg. More
specifically, H has the eigenenergies —s,0,s and corre-
sponding energy eigenspaces Sp{|0,0)}, Sp{|0,1),]1,0)},
and Sp{|1,1)}. An energy conserving unitary operator
thus has to be block diagonal with respect to these en-
ergy eigenspaces,

V =e™0)(0] @ |0)(0] + e+ [1)(1] @ [1)(1]
+ U1,1[0)(0] @ [1)(1] + U1 ,2[0)(1] @ [1){0|
+ Uz,1|1)(0] @ [0) (1] 4 Uz,2|1)(1] ® [0)(0],
where x4, x— € R, and where U = [Uj 1] k=1,2 is a uni-
tary 2 X 2 matrix.

Let us choose T3 and Tg as the transposes with respect
to the eigenbasis {|0),|1)} on the two spaces, respectively.
Thus T3(Hg) = Hg and Tp(Hg) = Hg. Let T := T5 ®
Tg. One can confirm that 7 (V) = V if and only if

sin 0
e cosf|’

i [—e7% cos b
U=e sin

where x, 6,0 € R. (There are no restrictions on x4, x—.)
The expansion of the CPMs F for arbitrary Q%i and

Qgi in terms of the {|0),|1)} basis results in remark-

ably bulky and unilluminating expressions. Therefore we
shall here only consider the simpler special case where

Q5" =15, Q5" = W)W, [¥) = F510) +i511). Con-
sequently Q% = T5(Q%) = 15, QL = T5(QL") =
[ ) (¥, |*) = %|O>—z%|1> The partition maps take
the values Zgp_ (Q%) = ef%/2 4 ¢7P5/2 and Z8H, (Qg) =
(ePs/2 4 e=Ps/2) )2,

The Gibbs map applied to Q? = ig gives the the
initial state of the forward process

) Bs/2 —pBs/2
g H~(Ql~+) :e |0><0‘ +e ‘1><1|
BHz\ W3 P32 1 o—Bs/2 )

which is the Gibbs state of Hg. The initial state of the
reversed process is

1
=y =
gﬁHg(Qg )_653/2+€—ﬂs/2

e PS/2|1) (1] + d|0)(1] — z‘|1><0\).

(/2100

For the unitary operator V' we assume that y = y+ =
0, 6 = 0 (while we let 0 be arbitrary). This results in

- 1
Fi(o) ZW(VMUVOEF +VigoVil),
668/4 o
Vot ::W(|O><O| —cos0]1)(1| —isin6]0)(1]),
6—55/4
Vig = (|1)(1] 4+ cos 8]0)(0] + isin@|1)(0]),

V2

37

and

~ 1
]:7(0-) :eﬁs/Z + efﬁs/2

Vo :=e*/%(|0)(0] — cos 0]1)(1])
— isin @e=P%/4(1)(0],

Vi i=e P A([1)(1] + cos 6]0) (0])
+ isin 0e®*/4|0)(1].

VooV +Vi_aVil),

By a slightly tedious but straightforward calculation one
can confirm that Fi satisfy the conditional fluctuation
relation (HI0), as we already know that they should, due
to Proposition [0

One can also confirm that F. provide examples for the
fact that the conditional maps in general do not decouple
the evolution of diagonal and off-diagonal elements. For
example

T 1 1 2 —Bs/2
+ (cos? fe=P3/2 4 eP5/2)|0)(0|
+ isin @ cos feP/2(]1)(0] — |O><1|)],
- cos 6
_ —pBs/2 Bs/2
Fo0)0) = e (2 = o

+isinO(|1)(1] — |o><0|)].

Hence, diagonal and off-diagonal elements get mixed. In
particular, a diagonal state such as |0)(0| can be turned
into a state with off-diagonal elements, which is a conse-
quence of the non-diagonal measurement operator.

Appendix I: Alternative formulation

Up to now we have focused on the dynamics of the
energy reservoir, and formulated all our results in terms
of channels or CPMs induced on this system. Here we
shall take a step back and briefly re-examine the structure
of these fluctuation theorems from a global point of view.

1. Global invariance

Let us for a moment forget the division into systems,
heat baths, and energy reservoirs, and consider one sin-
gle system with a global Hamiltonian H, and a unitary
evolution V that is energy conserving [H,V] = 0, and
where this system satisfies a a time-reversal symmetry
T(H)=H, T(V)=1V. For any pair of global measure-



ment operators QT and Qf, it is the case that

Tr(Q TV ITsu(Q)VT)
=Tr[T(QI T Ve PH2Q e~ AH/2YT)]
=Tr[Q"" e PHRY QI Ve PH/2]
=Tr(Q"VTpu(QT)VT),

where as usual Q~ := T(Q'") and Q/~ := T(Q'*). In
other words, expresses an invariance of the quantity
Tr(QfVJﬁH(Ql)VT) with respect to the transformation
(@, Q1) — (Q",Q") == (T(QF), T(Q")). All our fluc-
tuation relations can in some sense be regarded as special
cases of this global invariance, which here emerges from
the combination of time-reversal symmetry and energy
conservation.

Time-reversal symmetry alone is not enough to derive
this invariance; energy conservation also is needed. How-
ever, if it would be the case that V = e #H/" then it
follows that [H,V] = 0, and the assumption 7(H) = H
would automatically yield 7(V) = V. Hence, in this case
time-reversal symmetry would be enough.

The relation (I1]) can be rewritten as the global fluctu-
ation relation (28)) in the main text.

(I1)

2. Factorization of non-interacting degrees of
freedom

The global symmetry in does not explain how
we can express fluctuation theorems in terms of chan-
nels or CPMs on the relevant and accessible systems.
Throughout this investigation we have repeatedly used
the fact that the exponential function factorizes over non-
interacting degrees of freedom. To be more precise, sup-
pose that the global system be decomposed into two sub-
systems 1 and 2 (i.e., H = H; ® Hz) and assume a non-
interacting Hamiltonian H = H; ® 1o + 1, ® H,, with
the consequence that Jgy = Jsm, ® Jgm,. For prod-
uct measurement operators Q) = Q1 ® Q2 this results in
the factorization of the partition map Zgy(Q1 ® Q2) =
Zam, (Q1)28H,(Q2), and thus also for the Gibbs map
G (Q1® Q2) = Gsn, (Q1) ® Ggm, (Q2). In other words,
the two states G, (Q1) and Ggm, (Q2) can be prepared
separately on respective system.

One way in which the factorization could fail would
be if the global Hamiltonian is interacting, and this is
the topic of section [K] In section [[4] we briefly discuss
another more exotic possibility, namely if the thermal
states would not be characterized by the Gibbs states.

3. Inaccessible degrees of freedom

In the context of statistical mechanics we would typi-
cally deal with large numbers of degrees of freedom that
we have no access to, e.g., the heat bath. This means
that we neither have direct access to prepare arbitrary
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states on these degrees of freedom, nor to make arbi-
trary measurements on them. (One can of course imag-
ine some form of partial accessibility, but to keep things
simple we here assume ‘all or nothing’.) Thus imagine
that the total system is divided into two subsystem 1
and 2, where 2 is inaccessible to us, and 1 is completely
accessible. We also assume that the global Hamiltonian
is non-interacting H = H; ® 12 + 11 ® Hs.

Since system 2 is inaccessible to us, all available mea-
surement operators are of the form Q = Q1 ® 1, i.e., we
can only perform the trivial measurement on system 2.
Correspondingly, a trivial preparation would be an equi-
librium state Gz(H>) on the unaccessible degrees of free-
dom, with the philosophy is that nature provides equi-
librium states ‘for free’. Hence, all possible initial states
that we would be able to prepare would be of the form
p = p1 ® Gg(Hz). Note that this presupposes the non-
interacting global Hamiltonian; without a well defined
local Hamiltonian H, it would generally not be meaning-
ful to speak of Gg(Hz) as being the equilibrium state of
2.

To further highlight how the factorization property
enters in the treatment of the unaccessible degrees of
freedom, let us take a closer look at the global fluctu-
ation relation in . Suppose that the forward process
would be characterize by a measurement operator of the
allowed form Q/* = @Q/T ® 1,. Then we know that
the initial state of the reverse process would be given by
QBH(Q{_@)L), where we have assumed 7 = 71 ®73. Due
to the factorization property we know that ggH(Q{_ ®
1o) = Gom, (Q7) ® Gpm, (12) = Gom, (Q]7) ® G(Ha).
In other words, trivial measurements on the unaccessible
degrees of freedom gets mapped to trivial preparations on
these systems, and vice versa. However, if Ggr(Q1 ® 1)
would not factorize, this would no longer be true.

This line of reasoning may also fail if Gsp,(12) would
not correspond to the equilibrium state on system 2. This
would be the case if we would choose  in our fluctuation
relations to be different from the actual 8’ of the heat
bath. From a purely mathematical point of view, the
fluctuation relations are of course valid for all values of
[ irrespective of whether they correspond to the actual
temperature or not. However, in this case G g (Hz) rather
than Gg(Hz) would be the true equilibrium state. Hence,
it would require an active intervention on system 2 to

prepare the state Ggr, (Q1 ) © Gs(Ha).

4. The issue with generalized Gibbs maps

As an illustration of the particular role of the expo-
nential function and the Gibbs distribution, let us imag-
ine that we attempt to use some other form of function,
e.g., in the context of generalized notions of equilibrium
states. More precisely, let g be any reasonable (possi-
bly complex valued) function, and define the generalized
map J§;(Q) := g(BH)Qg(BH)T, as well as the general-



ized Gibbs and partition maps

G4n(@) = 21D

o Z54(Q)

Here G,(1) = 9(BH)g(BH)"/Tr(g(BH)g(BH)") would

presumably take the role of a generalized form of equi-

librium state.

One could imagine to construct fluctuation relations

for this generalized setup, and it is indeed straightforward
to repeat the derivation of to obtain

T (QMH VI (QNV) = Te(Q VI, (QT)VT),

At first sight this may seem like an endless source of
non-standard fluctuation theorems for hypothetical non-
Gibbsian distributions. However, since the factorization
property fails in the general case, we can for example not
reproduce the reasoning in section

Zon(Q) = TrT5,(Q).

Appendix J: Pre-correlations

Here we provide some further details on the example of
section [VC|in the main text, where we describe a setup
similar to the one for the quantum Crooks relation ,
but where we wish to allow for the possibility that S and
E are pre-correlated. The quantum Crooks relation
is formulated in terms of channels on the energy reservoir
FE. However, this implicitly assumes that E initially is
uncorrelated with the degrees of freedom it is about to
interact with. Hence, in the present case we cannot ex-
press fluctuation relations in terms of channels or CPMs
on E alone, but an alternative is to formulate a fluctu-
ation relation in terms of channels on the joint system
SE.

We let the global Hamiltonian be

H:=Hi,®ipoPi+H,®ipo P
+isp@ Hp®1c

where H, and H g g are the initial and final Hamiltoni-
ans of the combined system and energy reservoir (where
we can let these be non-interacting if we so wish). More-
over, like in Assumptions Pé and Pé are the projectors
onto Sp{|ciy),|ci—)} and Sp{|cs4), |cp—)}, respectively.

The total time-reversal is of the form 7 := Tsg @ T ®
Tc. (This is different from the decomposition Tgpe @ Te
that we use in Section ) We assume

Ts(Hg) = Hp, Tsp(Hsg) = Hip, %E(HgE) = HgE'

The two latter conditions can for example be achieved
if Tsg is the transpose with respect to an orthonormal
basis where both Hi. and H g g are represented as real
matrices. We furthermore let 7o be such that

Te(leiv) (eit]) =lei-){ci-1,
Te(lep+)(er+]) =lep—){er-|.
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We assume a global unitary evolution operator V that
is energy conserving [V, H] = 0, time-reversal symmetric
T(V) =1V, and satisfies perfect control

Viispe ® |civ){cit]] = [lspe ® lcr) (er+ IV

Under these conditions one can show, much along the
same lines as our previous derivations, that the channels

Fi(x) =Trep(Vlleir)(cir| ® G(Hp) @ X]VT),
F_(x) =Trep (Ve )cs-| © G(Hp) @ x]VT),

satisfy the relation 7+ = jﬁHf ?? ﬁ_}}i .
SE SE

Appendix K: Approximate fluctuation relations

As discussed in section we have up to now sep-
arated the role of the global Hamiltonian H as charac-
terizing energy, from its role as generator of the time
evolution. The latter role we have so far assigned to the
unitary operator V', with the restriction that it should be
energy conserving [H, V] = 0. Here we consider the mod-
ifications needed to re-join these two roles in the sense
that we let V = e /" (which automatically satisfies
the condition for energy conservation [H, V] = 0).

Some issues appear when we try to fit V = e #H/h
with our previous assumptions on the structure of H.
For example, in Assumptions [2] we explicitly assumed
that the global Hamiltonian is of the form H = Hg/¢c ®
ig+1gc® Hpg, where Hyo = Hi, @ Ph+ HL, @ PL+
H+. We furthermore assumed that the initial state of
the control system in the forward process has support
in the subspace onto which P}, projects. If the global
evolution is given by V = e~ *H/" this implies that the
the control system will never leave the initial subspace,
and thus fail to satisfy the assumption of perfect control.
In other words, we cannot obtain the relevant dynamics
with these combinations of assumptions.

This particular issue does not apply to the setting of
the conditional fluctuation relations in Assumptions [4
since we there neither assume a special structure of Hg/ ¢,
nor of the initial state. However, in the conditional setup
we still assume that the global Hamiltonian is to the form
H = Hz® iE + ig ® Hg. In other words, we assume

that there is no interaction between S = S’C and the
energy reservoir F. Needless to say, if the global evolu-
tion would be given by V = e *H/" then the state of
the energy reservoir would be left unaffected by what-
ever happens in S’C, and the whole notion of the energy
reservoir thus becomes meaningless. Hence, we again find
that an evolution of the form V = e~*H/" clashes with
our general assumptions in the sense that it generates a
trivial dynamics.



1. A general notion of approximate fluctuation
relations

To highlight the general structure we consider a sep-
aration into two anonymous subsystems 1 and 2. The
reason for this is that we will consider different ways to
partition the subsystems S, B, C, and F.

a. The approrimation

In section [[2] we pointed out that for non-interacting
Hamiltonians H = H; ® 12 + 11 ® Hsy, the function
Jsm satisfies the factorization property Jsu(Q1® Q2) =
Jsm, (Q1) ® Jm,(Q2). Since we in this section abandon
these convenient non-interacting Hamiltonians, the ques-
tion is what is supposed to replace them. Intuitively, the
idea is that for positive operators with suitable support,
the action of the global Hamiltonian H can be approxi-
mated by Hi @ 15 + 1; ® Hi, for some local Hamiltoni-
ans Hi and Hi. Similarly, for another suitable class of
operators, the action of the global Hamiltonian can be
approximated by H{ l,+1; ® Hg , for Hamiltonians
H { and Hg . (For the sake of generality and flexibility
we here allow different initial and final Hamiltonians on
both subsystems.)

The more exact formulation is based on the Jgg map.
We assume a product time reversal 7 = 77 ® 72 and local
approximate Hamiltonians H7, H{, Hi, Hg such that

Ti(Hi) = Hi, Ti(H{)=H], (K1)
Ta(Hy) = Hy,  To(HJ) = Hj,
quposg that for the measurement operators
o ;"’,Q{Jr, £+ the approximate factorization
holds
J/;H(szr ® Q") %7511;( He Jsn; (@5,
f+ @ 0ft f+ ey (K2)
T (Q17 @ Qs )mng{(Ql )®jﬂH2f(Q2 )-

The idea is that under these conditions we should obtain
the following approximate fluctuation relation

Zsmi (Q')ZBHg (QE)PXW Q7 @ Q5 — QT QI

i
~Z5u; (Q1) Z5m; Q) PYs QT © Q)™ = Q1 @ Q47
(K3)

where H? := H{®12+11®H§, HI = H{®12+11®H2f,
and where V = e_itH/h for some ¢t € R, and Q7 :=
Q) Q5 = (@5, QF = TiQ"), @ =
T2(Q5").

It is straightforward to make an informal ‘derivation’
of (K3)), which combines the approximations in (K2|) with
the assumed properties (K1) of the time reversal together
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with [V,H]=0and T(V)=V

Tr((QfF @ QM IV Tpmi Q) @ Tps (Q5DIVT)

T ([QIF © Q5T IV Tpu (QiF @ Q5F)VT)
Qi @ QY 1 Tu(VIQI” @ QI7Iv1))
=Tr([Q7 ® Q4] VjﬁH(Qf ®Q2 W )

T |
Tr |
TY([
(l
(I

~Tr 1_®Q2] [jBHf(Ql )®\7[3Hf(Q )}VT)

b. Quantitative formulation of the approrimation

Here we consider one way to make the approxima-
tion as expressed by and quantitative. We
here assume that the underlying Hilbert spaces are finite-
dimensional. Define

dthz (Q17 QQ)

= (| (Q) © T (Q2) — (K4)

Tsu(Q1 @ Q2|

where we use the standard operator norm |Q| :=

supjy(=1 |Q[¥)|| and the trace norm [|Q|[1 = Tr\/QfQ.
By Lemma (6] we can conclude that [|Q}"| = [|Q%T||

and analogous for Qii, Q{ia in. Moreover, one can

confirm that dg Hl( QY = dZ, H7( Q5 and

- + Hf+
dHf Hf(Q{c 7Q2 ):dH Hf(Qf f )

1 2 . .

As a bit of a techmcal 81de remark one may note that
none of the proofs explicitly use the assumption that V' =
e~ *H/M We do still only rely on [V, H] = 0 and T(V) =
V. However, due to the more forgiving structure we can
now assume that V' = e~ "*H/" and yet have a non-trivial
evolution on the energy reservoir.

Proposition 10. Let H, Hi, H3, Hlf, H{ be Hermi-
tian operators, let T,7T1,Ta be time reversals that satisfy
the conditions in , and let V' be a unitary operator
such that [H,V] =0 and T (V) =V (which in particular
allows us to choose V = e /" for some t € R). Then

Zoi(Q) 253 (Q5) P [T @ Q5 — QT @ Q]

— 2 (QD) 251 (Q)) PYs Q] © Q) — QI @ QY]

< QI QLT 2, 4y (@i, Q5

+ QI I1Q5 gty s (@1 @),
whereHi ::H{®12+11®Hé Hf Hf®12+11®H2,
and where Q' = T1( M), Qb = T2(QF), QI =

@), o = el
Proof. As the first step one can confirm the identity
Tr([QF QI VT (QF @ Q51)VY)

_ _ K5
(i) 5 Q5 V@l s @V,



For a more compact notation let o; := jﬁH{(inJr) ®
T (Q51) and o := Ty (Q]7) ® Tppr (Q47). Then
T ([T @Q Vo, V) — Tr([Qi QY Vo, V)|
[By and the triangle inequality]
< ‘T&(VT[Q{+ ® QL (0i — Tsn(Q1 ® Q?))))
+ | (VIR © @IV (Ton(@f ©Q47) — o))
[By the general relation |Tr(AQ)| < ||A||Q||1]
< QIR AL, s (@14, Q55)
+ Q@3 lldg, Hf(Q{+, 5).
O

2. Approximate conditional fluctuation relations

Here we consider an approximate versions of the condi-
tional fluctuation relations in section [H] The general case
is treated in the following subsection, and in the next we
consider a more concrete special case of a particle as a
control system.

a. The general case

__ Here we identify system 1 of the previous section with
S, and system 2 with E. We assume

T(H)=4H,
Titig) =

Similar to the conditional fluctuation relations in section
we define CPMs on the energy reservoir conditioned
on the successful control measurements

Fi(o) =Trz(1Q5" @ 16]VIGan: (QF) ® o]V,
F(0) :=Trg([Q5 @1V [QgHg(Qg )@ o]V,

One can verify that

Tg(H§> = Hg,
Te(HL) = HE.

(K6)

(K7)

F i i i
P [QF — QL1 = PinQF @ QF = Q" ® Q'
F . . . .
PﬁHg[ 5= Q%)= BHf[Qf ®QY - Q% ®Q% ],

which together with Proposition [I0] yield
Z,@H%(Q )ZBHL (QE) 55[ T Q ]
,BHg(Q )ZﬂHL (Qf) ﬁHf [Qf_ — Qz ]

<1105 MQE 4. 1, (QF Q)

+ ||QZ+||||QZ+HdHf Hf (Q£+7QfE+)

(K8)
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With as starting point one can also obtain an ap-
proximate fluctuation relation in terms of channels, i.e.,
more in the spirit of . Let us define the following
measure of difference between maps

Diff(¢1, ¢2) :=  sup |Tr(Qf¢2(Qi))—Tr(Qf¢1(Qi))’.

Qi20,Q>0 Q1]
(K9)
This particular choice of measure has no deeper reason

than that it makes the derivation simple.

QH = sup ——_qH.
DilQs) =sm HQII He

f+Hy .
DH(@E) = b ity (5 Q)

By the approximate conditional fluctuation relation (K8))
it follows that

Diff(Z511: (Q5)F+ © Ty, » 2t (Q5) Torry 0 F2)
< IRLFID:(QE) + Q5 1D (QLY).

(QF,Q),
(K10)

(K11)

Hence, this is a quantitative version of the approximate
conditional relation in the main text.

In we only consider the error for a specific pair

iEJr, Q E+, while in we ask for the worst case error
over the entire set of positive semi definite operators. It
may very well be the case that pointwise error can be
small for some specific choice of operators, while uniform
error would be large. Hence, the formulation via the
transition probabilities can be more ‘forgiving’ than the
formulation via channels. This should be compared with
the non-approximate case, where the choice largely is a
matter of convenience.

b. The special case of a control-particle

Imagine a joint Hamiltonian of the form

H = 7PC X 1S’E + Her(Xc)

T (K12)

Here M is the mass and Xc, ]Sc are the canonical po-
sition and momentum operators of the control particle.
Assume furthermore that Hg g (z) is of the form

Hiy ®@lp+lg @ Hy o<,
H£/®1E+15/®H£, T >y,

HS/E({E) = { (Klg)

while in the interval [x;, 2] there is some non-trivial de-
pendence on z (where we assume z; < z¢). The Hamil-

tonians H% and H £ would in this case be

HL =———
s 2M

gl .—
S

PC®IS’+1C®HS’
(K14)

—— P2oig+1 HIL,.
oMo c®lg +1c®



Hence, outside the ‘interaction region’ [z;,zf| all the
three systems systems S’, E, and C' are non-interacting.
For the sake of illustration we consider the special case
of measurement operators of the form
it i+ i+ + + +
QEF =QFeQs, QF=0ffeqlr, (x5
where Q?,[, Qg# are measurement operators on S’, and
where Qlci, Qéi are measurement operators on C' which
are ‘concentrated’ in the regions (—oo, ;] and [z, +00),
respectively. It seems intuitively reasonable that the fur-

ther down from z; that Qig is supported, the better is
the approximation

Tsn(QF © Q)
~ jﬁH%(Q?L) ® Jpni (@)
= jﬁR(Qg) ® jﬁHg, Q) ® Tsr (Q),

(K16)

where we have introduced the notation K := P2/(2M¢),
and used the fact that defines non-interacting
Hamiltonians between S’ and C'.

The approximate fluctuation relation takes the
form

Diﬁ(ZBR(QQ—)ZHé, (Qf;?)]:ﬁr © jﬁH;';’
251 (QE) 2 ( gf)jBHéoﬁ)
< QL NQE ID:(QE ® Q%)
+HIQE QL 1D(QL ® QL.

Note that if Qé+ is a spatial translation of Qic+, ie.,
such that Qgr = eirfo Qic"’e*"PC for some r € R, then
2, (QUF) = Z,(QF).

One may wonder how to choose the time-reversals T
and Tg. The simplest case is if there exist orthonormal
complete bases of Hg and Hp, such that the family of
Hamiltonians Hg (), Hg,, Hg,, Hi, and H}; are real
valued matrices in these bases. In this case we can choose
Tr and Tg as transpositions with respect to these bases,
and T¢ as the transposition with respect to the position
representation, and let Tz = T¢c ® Ts.. This guarantees
that holds.

As a further comment one may observe that what we
assign as being the energy reservoir is largely a matter
of choice. In this particular example it is clear that also
the control particle can donate energy.

3. Joint control and energy reservoir

Here we turn to a setting where the control and the
energy reservoir are one and the same system. Hence,
instead of dividing the global system between E and S’C,
we here divide it into CE and 5.
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a. The general case

Here we let system 1 (in section be S’ and system
2 be CE. We assume
T(H)=H,
T (Hy) = Hy, Tor(H{) = HE,
TCE(HE*E) = Hé’E’ TCE(H(J;E) = Hcf)Ev

as well as [V, H] = 0 and 7 (V) = V. By Proposition

(K17)

ZﬁHg, (QiS/ )Z,BHgE (QiCE)P+
= 21 Q) 255 (QLp)P™
BHL, NS /ZBHL \WCE
+ + % i
< IR MR, i, (QS QEE)

+IIQ?/\II\Q?EIIdZ§,7HéE(Q§ﬂ L)

(K18)

where we introduce the following short hand notation for
the transition probabilities

PHi=Pin(Qs © Qcly — Q5 ® QCE),
P~ =Py Q4 © Qly — Q5 ® Qi)

Hence, (K18|) is the quantitative version of in the
main text.

(K19)

b. A single particle as both control and energy reservoir

In section we considered the case of a particle
whose motion implements the time-dependent Hamilto-
nian in Crooks relation. There we regarded the degrees
of freedom of the particle as separate from the desig-
nated energy reservoir. This made it possible to express
CPMs on the energy reservoir conditioned on the con-
trol measurements on the control particle. An intuitively
reasonable alternative would be that the motion of the
control particle also fuels the process, i.e., it is the initial
kinetic energy of the particle that that drives the whole
non-equilibrium process. The global Hamiltonian is

1 . . .
H=—P? 1g + He (X
Meop cE @ ls + s( CE)a

(K20)
where Mg g is the mass, and X CE, ]5(; g are the canonical
position and momentum operators of the particle.

We assume

Hi,,
HS'(J;) = {H,Z/

i.e., the Hamiltonian for S’ is constant outside the
interaction region.  Since the particle moreover is
free outside the interaction region, we can take the
initial and final approximate Hamiltonians for CFE

< .
=t (K21)
T =y,
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FIG. 10: Approximate factorization. To assess
the quality of the approximate factorization we evaluate
il Eoos /2(15/ ® |a)(al) (red curve), d. anl/4(15' ® |a) ()
(green curve), dg,Eomryo)»?ﬂ(ls/ ® |a){a|) (blue curve) for
a := 71+ 2i with » € [-10,10]. The dotted black lines cor-
respond to the borders of the interaction region. The red
circles are the positions of the coherent states that gives
the measurement operators Q5 = | — 4 + 2i)(—4 + 2i|,
QCE = |4+ 2:)(4 + 24|

to be Hip = Hlp = g#—P2p = K. For

operators Q?E and Qé r that are well localized
outside the interaction region it seems reasonable
that Jam( g/_ X Qg_E) ~ jﬁHg,( ?/_) ® jﬁf{( pof )
+ + + +
and Ton(Q4F © QL) ~ Tonsr (QF) ® Tyr(QL o)
Under these conditions we thus get the approxi-
mate fluctuation relation Z,@Hé/( f;,r)Zﬁk( Je)Pt ~

Zsur, (QQ_)ZBR(Q&)P‘, with the quantitative version

in .

c.  Numerical evaluation

To make the approximate fluctuation relations a bit
more concrete we here make a numerical evaluation of
a special case of the combined control energy reservoir
particle in the previous section. We consider a single
particle of mass M that is restricted to move along the
y-axis, and this spatial degree of freedom is taken as the
combined control-energy reservoir C'E. The particle also
carries a magnetic moment corresponding to a spin-half
degree of freedom, which we interpret as system S’. (A
single spin is of course somewhat ridiculous regarded as
a combined system and heat bath, but this example only
serves to illustrate the formalism, for which the sizes of
the participating systems do not matter.) We assume
that the spin interacts with an external magnetic field
that is time-independent, but is a function of y. The total
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Hamiltonian can be expressed in terms of the differential
operator

B a2 1
H=- + answ*(y)

20 42 (K22)

where Ti(y) determines the strength and direction of the

external magnetic field as a function of y, and where
O = (O'g:) Ugf) J(SZ,)) are the Pauli spin operators, with

o = {0)(1] + [1)(0], o) = i[0)(1] — i[1){0], o) =

|1)(1] — |0)(0|, with {|0), |1)} being the eigenbasis of ¢(*)
For ||| = 1 it follows that Ej is the excitation energy of
the spin.

To get a particularly simple model we here assume
that n(y) = (0,0,1) for y < —yo, n(y) = [3/4 —
y/ (4y0)] (sin( L) 0, cos(TEE))) for —yy <y < g,
and m(y) = (1/2,0,0) for yo < y. Hence, for all positions
below —yo the magnetic field is directed along the z-axis.
Within the interaction region [—yo,yo] the field rotates
in the zz-plane until it aligns with the x-axis at yq, si-
multaneously as it decreases in strength to the half. We
choose HéE = Hl, = P2/2M) =: K, Hi, := Ey0./2,
and H , = Ego /4.

Deﬁne TcE to be the transpose with respect to the co-
ordinate representation, and thus Tog(K) = K. For the
chosen 7i(y), the Hamiltonian 7i(y) - 7 is represented as a
real valued matrix in the eigenbasis of o,. Hence, Tg/ can
be chosen as the transpose with respect to the eigenbasis
of 0., and thus Tg (ﬁ(y) ~E) =n(y) -7, Ts'(HS ) = HL,,
and T (HL) = HL,. We also get T(H) = H.

As measurement operators on C'E we choose projectors
onto coherent states Qi = |a;){ay], QCE = lag)(ayl,
where the corresponding wave-functions are

11 e 1y
eAvet el (o 2a),
Here, o is the standard deviation, and 20Re(«) the ex-
pectation value, of the corresponding Gaussian distribu-
tion |14 (y)|?. (With the coherent state defined as the dis-
placed ground state of a harmonic oscillator, o is deter-
mined by the parameters of the chosen oscillator.) Sim-
ilarly, Alm(«)/o is the average momentum of the coher-
ent state. One can confirm that Tog(|a){al) = |a*){a*|,
and thus the time-reversal changes the sign of the mo-
mentum, but leaves the position intact. For the spin
degree of freedom we let the measurement operators be
f;/r = éf = 1g. We choose (somewhat arbitrarily)
the parameters such that h?/(MEgy3) = 0.1, BEy = 1
and o = yo/2. This means that the typical thermal en-
ergy kT is equal to the excitation energy of the spin (for
y < —yp), and the width of the wave-packet is of the same
order as the size of the interaction region. Figure [I0] dis-
plays the numerical evaluation of the factorization error
dglsz(iSr7 |a)(a]) as defined in . Here we choose
H, := K, and as H, we choose Eyo./2 (red curve), and
Eyo;/4 (green curve), for o := r+ 2¢ with r € [-10, 10].
Since o = y/2 it follows that the spatial wave-packet ¥,

Ya(y) =



is centered at ryg. For the sake of comparison we also
include the ‘local’ approximation Hs := Egn(ryg) - 7/2
(blue curve), where for a state centered at the location
ryo we approximate the total Hamiltonian H with the
non-interacting Hamiltonian K + Egni(ryg) - /2. By
construction, the blue curve coincides with the green for
r < —1, and with the red for 1 < r. Maybe unsurpris-
ingly, the local approximation is better than the others
inside the interaction region.

We now turn to the test of the approximate fluctu-
ation relation, and for this purpose we choose an evo-
lution time ¢ such that ¢Ey/h = 21.5. (This particu-
lar choice happens to make the transition probability for
the forward process fairly large.) In figure the final
states of the particle in the forward and reverse processes
are depicted, where we use the measurement operators

o= | — A+ 20 (—4 + 26, QLY = |4 + 2i)(4 + 24,
and Ql;,’ = Q J:=1g/. The transition probabilities [in
equation ] of the forward and reverse processes are
PT 2~ 0.36 and P~ ~ 0.39, respectively. The error in the
approximate fluctuation relation, as defined by the left
hand side of equation (K18) becomes |Z;P+ — Z;P~ | ~
1.6%1078 where Z; 1= Zs(Eo0./2) 2, (Qclp) and Zj =
ZB(Eogw/4)ng(QéE)- An estimate of the relative error
is |Z;PT — Z;P~|/(|1Z;PT| +|ZsP]) = 2251078, One
can also calculate the upper bound in the right hand
side of (K18), which becomes dg;/’Hé‘E( 40, +

dgf Hi (QST, é‘;) ~ 1.2%107° (where we use the fact
srtce

that Q|| = 1, [QL I = 1, 1QEx] = 1. IQERI = 1).

Appendix L: Some additional remarks
1. Detailed balance

One way of obtaining fluctuation relations in the clas-
sical case is via stochastic dynamics that satisfies detailed
balance [3| [7, 143]. The reader may have noted that we
in our derivations never refer to detailed balance. The
reason is that energy conservation and time reversal sym-
metry in some sense supersedes it, which we give a brief
demonstration of here.

Let H; and Hy be non-degenerate Hermitian opera-
tors on a finite-dimensional Hilbert space. We let the
global Hamiltonian be non-interacting H = H; @ 1o +
1; ® Ho, and assume an energy conserving unitary evolu-
tion [H, V] = 0, and a product time-reversal T = 71 ® Tz
with 71 (H;y) = Hy and T3(Hy) = Hs. Assuming system 2
is in equilibrium we can define the transition probability
of changing the state of system 1 from eigenstate n to n’
as

p(n'[n) = Tr([|n') (0| @ 1]V [|n) (n] ® G(H2)]VT). (L1)

By using the energy conservation (and the observation
G(H)[|n){n| ® 13] = Gp(H1)|n){n| ® G(Hs)) it follows
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FIG. 11: The forward and reverse process. The den-
sity operators of the combined control and energy reservoir
particle in the position representation (the absolute values
of the matrix elements) at the end of the forward (left) and
reverse (right) process. The pairs of horizontal and vertical
lines shows the borders of the interaction region. The red

circles indicate the positions of the initial states Gz ( )

and QBK(QéE) for the initial and final measurement opera-
tors Qi = | — 4+ 2i)(—4 + 2i|, QL% = |4+ 2i)(4 + 2i.
The error in the approximate fluctuation relation is small (ap-
proximately 1.6 * 1078)7 which corresponds to the fact that
the measurement operators that are well separated from the
interaction region. One should compare this with the final
wave packets, where one clearly can see that these have sig-
nificant weights within the interaction region. This illustrates
the fact that it is the properties of the measurement opera-
tors, rather than the final states, that matter for the quality
of the approximation.

One can also note that the final states are not mirror im-
ages of each other. Hence, the symmetry discussed in section
does not imply that the wave packets of the forward and
reverse process have to be symmetric images of each other.

that
p(1[n) G (H1) =G (H1) Tr([|n) (n] @ 12]
V') (n'| @ G(Ha)]V).

This is almost what we want, apart from the fact that
the evolution is reversed. This is the point where we can
make use of the time reversal symmetry (and Lemma
to obtain p(n'|n)Gy,(H1) = p(n|n')G, (Hy), ie., the
transition probability p(n'|n) satisfies detailed balance.

2. Heat baths in the Gibbs state

We do in this investigation often assume that the heat
bath initially is in the Gibbs state corresponding to a
given temperature. Although not unusual assumption,
e.g., in derivations of master equations [144] and [94] (in
particular sections 3.6.2.1 and 4.2.2), it is nevertheless
worth considering the justification, especially since one
may argue that it is not the heat bath per se that is
Gibbs distributed, but rather systems that are weakly
coupled to it. One possible argument would be that the
environment can be separated into a ‘near environment’
that is relevant on the time scale of the experiment, and



a ‘far environment’ (or ‘super bath’) that puts the near
environment in the Gibbs state (see e.g. the discussions
n [I0]). Another approach would be to assume that an
ideal heat bath in some sense behaves as if it is Gibbs
distributed. These issues approach the question of ther-
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malization in closed systems, and along these lines one
may speculate that typicality [II5 [116] could be em-
ployed to obtain a more refined analysis of fluctuation
relations.
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