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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 to 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 obtain a quantum
generalization of Crooks theorem that not only includes the energy changes in the reservoir but also the
full description of its evolution, including coherences. Moreover, this approach opens up the possibility for
generalizations of the concept of fluctuation relations. Here, we introduce ‘“conditional” fluctuation
relations that are applicable to nonequilibrium systems, as well as approximate fluctuation relations
that allow for the analysis of autonomous evolution generated by global time-independent Hamiltonians.
We furthermore extend these notions to Markovian master equations, implicitly modeling the influence of

the heat bath.
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I. INTRODUCTION

Imagine a physical system with a Hamiltonian Hg(x)
that depends on some external parameter x, e.g., electric or
magnetic fields that we can vary at will. By changing x, we
can push the system out of thermal equilibrium. This would
typically require work that may be dissipated because of
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 [1-6]. (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 distribution P, (w). Crooks
theorem [7] shows that there is a surprisingly simple
relation between P, and the corresponding distribution
P_ obtained for the process run in reverse (i.e., where the
time schedule for the change of x is mirrored), namely,

Z(HE)P, (w) = Z(H{)e™ P_(-w), (1)

where H ’S and H'§ 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 ",
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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 Refs. [1-6]), but there have accumulated a consid-
erable amount of quantum fluctuation relations (for
reviews, see Refs. [8-10]). However, the latter often
include measurements—in particular, energy measure-
ments (see, e.g., Refs. [11-25]) that typically destroy
coherences and quantum correlations. Here, we avoid
such auxiliary components and obtain fluctuation relations
that retain all quantum aspects of the evolution.

The key is to explicitly model all degrees of freedom
(d.o.f.) involved in the process. This includes the control
mechanism that implements the change of the external
parameter, i.e., x in Hg(x), as well as the “energy reservoir,”
e.g., a battery or an excited atom, which donates the energy
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 fluctuation 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. Here, the roles of the probability distributions
P, and P_ are taken over by the channels 7 and F_, which
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:
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Z(HY)F . = Z(HS) T pu, FE T 3y, 2)

where H ;; denotes the Hamiltonian of the energy reservoir E.
The combined application of 7y, and J /;1115 where
T s, (Q) = e PHEI2Qe~PHE/2 | can be viewed as a counter-
part to the term ¢ in Eq. (1). The mapping from F_ to F€
(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) on the right-hand side
of Eq. (1). Note that the right-hand side of Eq. (2) should be
interpreted in the sense of compositions of functions; i.e.,
Eq. (2) can be written more explicitly as Z(H5)F () =
Z(H) T g, (FE(Tp1,(0))), with o being an arbitrary
operator on the energy reservoir.

To get an alternative perspective on fully quantum
fluctuation theorems and their relation to the second law,
the reader is encouraged to consult Ref. [26]. While here we
primarily consider generalizations of Crooks theorem,
Ref. [26] mainly focuses on equalities, including general-
izations of the Jarzynski equality. However, our paths do
occasionally cross, for example, in Sec. Il H, where we
share the focus on energy-translation invariance, and
Sec. VII, where thermal operations play an important role.

In the following section, we derive Eq. (2) 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 bounds on the work cost. In Sec. IT H,
we regain the classical Crooks relation (1) from Eq. (2) via
the additional assumption of energy-translation invariance.
We next turn to generalizations of Eq. (2), where Sec. III
introduces conditional fluctuation relations, and Sec. VI
gives approximate versions. In Sec. VII, we formulate
fluctuation theorems for master equations.

II. QUANTUM FLUCTUATION THEOREM
A. Model

To derive the quantum Crooks relation in Eq. (2), we
employ a general class of models that previously have been
used in the context of quantum thermodynamics to analyze,
e.g., work extraction, information erasure, and coherence
[27-44]. The main idea is that we include all the relevant
d.o.f. (which, in our case, consist of four subsystems; see
Fig. 1) 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 Hamiltonian [H, V] =0. (See
Ref. [45] 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 theorem. For
this purpose, we introduce a control system C such that the

FIG. 1. The systems. The model explicitly includes the “sys-
tem” S on which we operate, the heat bath B, the control 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 relations are expressed in
terms of the dynamics induced on the energy reservoir E. For the
main part of this investigation (Secs. II and III), we assume that
the total system is described by a time-independent Hamiltonian
that is noninteracting between SBC and E, i.e., is of the form
H = Hgpe ® 15+ 1g5c ® Hg. We moreover model the evolu-
tion by energy-conserving unitary operators V, i.e., [H,V] =0.
(We go beyond these assumptions when we consider approximate
fluctuation relations in Sec. VI.) For most of the derivations, it is
not necessary to make any distinction between S and B, and for
this reason, we 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 Sec. III.

Hamiltonian of S’ = SB depends on the state of C. As an
illustration, suppose that we wish to describe a transition
from an initial Hamiltonian H g, to a final Hamiltonian Hg,.
One possibility would be to define a joint Hamiltonian of
the form Hge = Hl, ® |cs)(c/| + Hi, & |e;){c;|, where
lcy) and [c;) are two normalized and orthogonal states of
the control system C. If the evolution would change the
control from |c;) to |c/), then this would effectively change

the Hamiltonian of §’ from H' g, to H];,. However, this
change cannot, in general, be achieved by an energy-

conserving unitary operation on S'C alone since the

transition from H g, to HJ;, 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 Hamiltonian
Hp of the energy reservoir, the global Hamiltonian H =
Hyc® Ip+1 sc ® Hr allows for nontrivial energy-
conserving unitary operators V.

In this investigation, the energy reservoir not only serves
as a source or sink for energy, but it also acts as a probe of
the dynamics of the system. Instead of using auxiliary
measurements, which would inevitably introduce addi-
tional interactions that potentially may disturb the dynam-
ics, here we let the energy reservoir take over this role. We
do, so to speak, make additional use of a component that
has to be included anyway. A further 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 because of the
levels of decoherence that they are exposed to. However,
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our notion of energy reservoirs includes nanosystems like,
e.g., single atoms or spins.

B. 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.

The goal is to determine the channel induced on the
energy reservoir by a nonequilibrium process a la Crooks,
where the system is initially in equilibrium and is forced out
of it. To model this, we let the control system initially be in
state |c;), and we let the combined system and heat bath S’
be in the Gibbs state G(HY,), where G(H) = ¢™"" /Z(H).
Moreover, we let the reservoir E be in an arbitrary state o.
Hence, the joint system is initially in the state G(H{,) ®
lci)(ci/| ® 6. After a global energy-conserving unitary
operation V, the state of the energy reservoir is conse-
quently given by the channel

F(o) = Trgc(VIG(HY) & [c;)(ci| ® a]VT).  (3)

To obtain a Crooks-like relation, we should somehow relate
this forward process to 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*g,) ® |cs)(cs| ® 0. 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 substituting
V with VT (see Fig. 2). The resulting channel on the
reservoir would, in this case, be

R(0) = Trgc(VIG(HY) ® [ef)(es| @ o]V).  (4)

Let us now assume that we have a perfectly functioning
control system, in the sense that the state |c;) is transformed
into |c ) with certainty. More precisely, we demand that the
unitary operator V should satisfy the condition

iy ® ler){csl ® 1V=V[iy ®lc){c;| ® 5. (5)

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

Z(HY)F = Z(H) T pu, R* T 51y, (6)

Here, R* denotes the conjugate [46] of the channel R. If
the channel has Kraus representation R(p) = > jVijT,
then the conjugate can be written R*(p) = »_; ijij [46].

As the reader may have noticed, we have written Z(HY)
and Z(HJ;) in Eq. (6) rather than the more generally valid
Z(HY) and Z (H’;,). To obtain the former, we can assume

FIG. 2. An intermediate quantum Crooks relation. Our quan-
tum Crooks theorem is based on the idealized concept of a perfect
control mechanism. This assumes that the energy-conserving
unitary evolution V on the joint system S’CE turns the control
state |c;) into |c,) with certainty, thus implementing the change of
the Hamiltonian Hg, to HJ;, perfectly. To model the forward
process of the Crooks relation, we assume that S'C starts in the
“conditional” equilibrium state G(HY) ® |¢;)(c;[. The sub-
sequent evolution under V induces a channel F on the energy
reservoir E. As an intermediate step towards the quantum Crooks
relation (2), we assume that the reverse process is given by the
globally reversed evolution V'. With §'C in the initial state
G(H’;,) ® |cs){cy|, this results in a channel R on E. The
preliminary Crooks relation in Eq. (6) relates the channels F
and R. This result does not rely on any additional assumptions on
how V comes about or on the nature of the dynamics at
intermediate times. However, if one so wishes, it is possible to
explicitly model the path H(x) in the space of Hamiltonians. This
path can be discretized as H, for [ =0, ..., L with H, = Hg, and
H; = H'é,. We associate states |c¢;) in the control C to these
Hamiltonians and construct the joint Hamiltonian Hgc =
SoE o H; ® |c;){c;|. Hence, if the evolution traverses the family
of control states, then we progress along the path of Hamilto-
nians. An alternative method to model evolving Hamiltonians is
discussed in Sec. VI.

that Hi, = H; ® 15+ 15 ® Hy and Hjy = H; ® 15+
ls®Hp, and thus Z(H.)=Z(Hy)Z(Hp) and
Z(HY) = Z(H{)Z(Hp).

One may observe that the right-hand side of Eq. (6) is
similar to Crooks quantum-operation time reversal [47]
(not to be confused with the time reversals 7 or the
mapping © discussed in the next section) and closely
related to the Petz recovery channel [48-51], where a
relation to work extraction was identified recently [41]. See
also the discussion on time reversals for quantum channels
in Ref. [52]. For further comments on this topic, see
Appendix A 9.

The approach of this investigation can be compared with
another construction that also focuses on quantum channels
[53,54], where the starting point is to assume a property of a
channel (unitality) and derive fluctuation relations for the
resulting probability distribution for suitable classes of
initial and final measurements that sandwich the channel
(see also the generalization in Ref. [55]). Sequences of
channels are considered in Ref. [56].
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Although Eq. (6) can indeed be regarded as a kind of
quantum Crooks relation, it does suffer from an inherent
flaw. The swap between V and V' means that we invert the
entire evolution of all involved systems, including the heat
bath. Apart from assuming an immense level of control, 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 resolve this issue by
invoking time-reversal symmetry.

C. Time reversals and time-reversal symmetry

In standard textbooks on quantum mechanics (see, e.g.,
Ref. [57]) time reversals are often introduced on the level of
Hilbert spaces via complex conjugation of wave functions
(also applied in the context of quantum fluctuation relations;
see, e.g., Refs. [9,14,22,24,58]). Here, we instead regard
time reversals as acting on operators (cf., Refs. [59,60]).
Moreover, our time reversals have the flavor of transpose
operations rather than complex conjugations. Since density
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 antilinearity of complex conjugation. A couple
of key properties of our time reversals 7 are 7 (AB) =
T(B)T(A) and 7 (A)" = T (A"). (For the complete char-
acterization, see Appendix B.)

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; V', then the properties of 7
mentioned above yield 7 (p;) = V7 (p;)V'. In other
words, the reversed final state 7 (p;) evolves to the
reversed initial state 7 (p;). Note that this “backwards”
transformation is implemented by the forward evolution
VpV7, rather than the inverted evolution VipV.

The © transformation that appears in Eq. (2) can be
defined via the chosen time reversal as

FO =TFT. (7)

As mentioned earlier, if F(o) =), jVjan., then the
conjugate is given by F*(c) = > jVjo-Vj. By the proper-
ties of 7 mentioned above, it thus follows that
FO(o) =>;T(V;)oT(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 ortho-
normal basis, followed by a special class of unitary
operations. (Hence, our time reversals, strictly speaking,
do include a bit larger set of operations than proper
transposes; see Appendix B.) Since the transpose is a
positive but not completely positive map (as is illustrated
by the effect of the partial transpose on entangled states

[61,62]), 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 Sec. II B, here we
assume a noninteracting global Hamiltonian H = Hg- ®
Ip+1 sc ® Hy and a global energy-conserving unitary
evolution [V, H] = 0. As a substitute for the global inver-
sion of the evolution, we assume time-reversal symmetry in
terms of a suitably chosen time reversal of the form
T =Tgc ® Ty i.e., the global time reversal is composed
of local reversals on S'C and on E. We impose the
time-reversal symmetry by assuming that 7 (V) =1V,
Tgc(Hgc) = Hge, and Tp(Hg) = Hp.

Another novel component compared to the intermediate
version is that we associate pairs of control states to the
Hamiltonians on §’. We assign the pair |c;, ), |c;_) for the
initial Hamiltonian H', and the pair ¢ ), |c;_) for the final

Hamiltonian H’;,. 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:

Tyc(ly ® ley)(cin]) = Ty ® [ein) (il
Tyc(ly @ lcpi)cpi]) =Ty ® e )esl. (8)

Hence, the time reversal swaps the two control states into
each other. Note that if V transforms [c;y) to |cpy)
perfectly, then V also transforms |c,_) to |c;_) perfectly.
In the latter case, one should keep in mind the reverse
ordering of i and f the state |c,_) is the initial control state
of the reverse process (see Fig. 3).

Let us assume that the unitary operator V and the initial
and final control states |c;, ), |c/ ) satisfy the conditions of
the intermediate fluctuation relation. According to Eq. (6),
the channels F, and R ,, obtained by substituting |c;) with
lcit), and |cs) with [c/. ) in Egs. (3) and (4), respectively,
are related by

Z(HS)F . = Z(HY) Ty, R T 5 9)

For the reverse process, we obtain the channels 7 _ and R _,
where [c;) this time is substituted by |c,_), and |c) with
|c;_). By using the properties of the time reversal, one can
show (for details, see Appendix C) that R, 7 =T pF_.
By applying this equality to Eq. (9), our desired quantum
Crooks relation (2) follows immediately. Note that both F
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FIG. 3. A quantum Crooks relation. Derivations of fluctuation
relations often rely on time reversals and time-reversal symmetry
in some form [3-6,8—10]. In our case, time-reversal symmetry
enables us to, in effect, let the evolution run “backwards” by
swapping the control states from a “forward track” to a “reverse
track.” By this method, we amend for the overambitious global
reversal of the evolution that we employed for the intermediate
fluctuation relation and obtain a quantum counterpart 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 HY, is trans-
formed to the final Hamiltonian H'g, when the control state [c . )
is reached. This process induces a channel 7, on the energy
reservoir E. For each of these control states, there exists a time-
reversed partner starting with |c,_) and ending with |c;_), thus
bringing the Hamiltonian H'g, back to H g,. This process induces a
channel F_ on the reservoir. By assuming time-reversal sym-
metry, the channels 7, and F_ can be related via the quantum
Crooks relation in Eq. (2).

and JF _ correspond to the “forward” evolution; i.e., we no
longer need to impose a global inversion of the dynamics.

After having established Eq. (2), an immediate question
is how to interpret it physically. The classical Crooks
relation (1) 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 Eq. (1). Our
quantum fluctuation relation in Eq. (2) can be interpreted in
a similar manner. Here, the channels F, and F_ induced
by the forward and reverse processes can, in principle, be
determined by process tomography (see, e.g., Refs. [63-60]
and Sec. 8.4.2 in Ref. [67] for an overview). Analogous to
the classical Crooks relation, our quantum fluctuation
theorem tells us that these two channels should be related
as in Eq. (2). One may note that the mapping F_ +—
T p11,FE T gy, in this setup is something that we calculate
given an experimental estimate of the channel F_, analo-

gous to how we would calculate the function e’ P_(—w)
from the estimated distribution P_(w). In Sec. IV, we

consider a reformulation of Eq. (2), which is associated
with a scenario that does not require such postprocessing.

As the reader may have noticed, our quantum Crooks
relation (2), in contrast to the classical Crooks relation (1),
does not contain any explicit reference to “work.” Hence, in
essence, we circumvent the issue of how to translate the
classical notion of work into the quantum setting—a
question that has been discussed rather extensively in
relation to fluctuation theorems [11,12,15,68-81].
Nevertheless, we can, in some sense, associate work with
the loss of energy in the reservoir, which we employ in
Sec. II H where we regain the classical Crooks relation (1).

E. Diagonal and off-diagonal Crooks relations

Quantum systems not only carry energy but also coher-
ence, i.e., superpositions between energy eigenstates. (An
atom, apart from being in the ground state or an exited state,
can also be in a superposition between the two.) Such
coherences manifest themselves as nonzero off-diagonal
elements in the matrix representation of the density
operator in the energy eigenbasis. In the quantum regime,
coherence emerges as a relevant resource alongside energy
[27,30,32,34,35,37-39,45,82-89]. While the classical
Crooks theorem relates the distribution of work (and thus
change of energy in the implicit energy reservoir) of the
forward and reverse processes, the quantum version (2)
additionally incorporates the evolution of coherence, as we
shall see here.

The energy conservation and the diagonal initial state
with respect to the Hamiltonian of SBC conspire to
decouple the dynamics on E with respect to the “modes
of coherence” [35] (which, in turn, are part of the wider
context of symmetry-preserving operations [90]). To make
this more concrete, assume that Hy has a complete set of
energy eigenstates |n) with corresponding nondegenerate
energies E,. Let us also assume that 7 acts as the
transposition with respect to this energy eigenbasis. In this
case, the decoupling does mean that the channels F can
map an element |n)(n'| to |m)(m'| only if E, —E, =
E, — E,; (see Appendix D 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 prob-
ability distribution

px(mln) = (m|F .(|n)(nl)|m)
= (n|FL(|m) (m])|n). (10)

The application of Eq. (2) yields

Z(HE)p, (m|n) = P EE Z(H) p_(nm), (1)
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FIG. 4. Diagonal and off-diagonal Crooks relations. Because
of 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 [35]. One can think of
these as the collection of diagonals (main and off diagonals) of
the density operator represented in an energy eigenbasis. Because
of the decoupling, it follows that the quantum fluctuation relation
(2) can be separated into individual Crooks relations for each
mode of coherence. As an example, suppose that the spectrum of
the reservoir includes the energy levels £y = 0, E, = s, E3 = 3s,
E, = 4s for some s > 0. The dynamics on the main diagonal,
6 = 0, satisfies the relation in Eq. (11). Each of the diagonals with
offsets 6 = +s, +2s, 35, +4s satisfies a Crooks relation as in
Eq. (12). For a more concrete example of the decoupling, see
Fig. 9.

which thus can be regarded as a diagonal Crooks relation.
In Sec. ITH, we show how this, in turn, can be used to
rederive Eq. (1) via the additional assumption of energy-
translation invariance.

For each permissible value of 6 (which depends on the
spectrum of Hf), we can characterize the dynamics of the
corresponding off-diagonal mode by

g% (m|n) = (m|F o (In) (n'|)|m") = (0| FL(Im") (m]) n).

where the assumption of nondegeneracy implies that n’ is
uniquely determined by n, 8, and similarly m’ by m, 5. We
obtain an off-diagonal analogue of Eq. (11) in the form of

Z(HY)q’ (mln) = P EEDZ(HE) G (n]m).  (12)

In other words, the functional forms of the relations for the
main diagonal and all the off diagonals are identical.
However, one should keep in mind that the numbers
¢°.(m|n), in general, are complex and thus cannot be
interpreted as conditional probability distributions.

The conditional distributions p_.(m|n) and all g%, (m|n)
can be regarded as representing different aspects of the
channels F_.. 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 it in any way

that we wish. The conditional distribution p. (m|n) can be
interpreted as the probability to measure the energy E,, in the
reservoir after the experiment has been completed, given that
we prepared the reservoir in energy E, before we connected
it to the system. Equivalently, we could replace the initial
preparation with an energy measurement, thus approaching
the “two-time” or “two-point” measurements that play a
central role in several investigations on quantum fluctuation
relations (see, e.g., Refs. [11-25], and for overviews, see
Refs. [8,9]), although here we apply these measurements on
the energy reservoir, rather than on the system. An obvious
issue with sequential quantum measurements is that the first
measurement 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 would not be
affected if we insert an additional energy measurement
before the process, irrespective of how off diagonal the
initial state may be. The decoupling thus justifies the use of
two-point measurements on the energy reservoir, if our
purpose is to determine p... However, the very same argu-
ment also implies that, if we wish to determine g%, then we
have to use nondiagonal initial states, as well as nondiagonal
measurements. For an example of such a setup, see
Appendix D 3.

F. Jarzynski equalities

From the classical Crooks relation, one can directly
derive the Jarzynski equality (e?V) = Z(H/)/Z(H")
[6,91]. As mentioned above, it is not clear how to translate
the random variable W into the quantum setting, and
consequently, it is also not evident how to translate the
expectation value (¢ W) (which yields a variety of appro-
aches to the quantum Jarzynski equality; see overviews in
Refs. [8-10]). 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 Eq. (2) to an initial state ¢ of the reservoir
and taking the expectation value of the operator e, it
follows that

TMF, (o)) Z(H))
Tr[efHePR, (1)ePHe26]  Z(HY)

(13)

Although this equality has the flavor of a Jarzynski
equality, we can bring it one step further by additionally

assuming that R (1) = 1, or equivalently F_(1) = 1, i.e.,
that these channels are unital. This assumption yields

Tr[e/eF (0)] ,
Tr(effee) Z(H’S,) ' (14)

This relation has a clear physical interpretation in terms of
an experiment where we measure the expectation value of
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ePHe 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 F, (o).

In a similar fashion, one can derive a whole family of
Jarzynski-like equalities [with and without the assumption
R +(T) = 1: see Appendix E], and another member of this
family is

Tr[e/}HEFJr(e_ﬁHE/zae_/}HE/z)] _

(15)

This equality does not have a physical interpretation
quite as direct as Eq. (14), but one can resort to two-point
energy measurements, resulting in fluctuation relations
akin to, e.g., Refs. [11-13,79,80]. To see this, assume
that H has a point spectrum. Then, Eq. (15) takes the form
S EnE p. () (nloln) = Z(HE)/Z(HY),  where
we have made use of the decoupling of the diagonal mode
of coherence. This can alternatively be obtained directly
from the diagonal Crooks relation (11), where the unitality
of F_ implies that p_ is not only stochastic but doubly
stochastic.

There are other types of modified fluctuation relations
that, in the spirit of Maxwell’s demon, incorporate feedback
control, resulting in efficacy factors (see, e.g., Refs. [92—
941). The fluctuation relations considered in this section do
not include explicit feedback processes (as opposed to the
conditional fluctuation relations in Sec. III, which can be
said to represent a crude form of feedback, where we throw
away results if we get the “wrong” outcome in a control
measurement). Nevertheless, one may wonder whether the
global unitary evolution, under some circumstances, can be
regarded as implicitly representing a feedback process on
the system. If so, this could potentially pave the way for a
merging of these approaches. However, we leave this as an
open question.

G. Bounds on the work cost

As mentioned above, the classical Jarzynski equality
follows directly from Crooks relation. It is therefore
perhaps a bit surprising that the condition of unitality of
the channel R , emerges in the derivations of our Jarzynski
equalities. Classical fluctuation relations imply various
inequalities, often regarded as manifestations, or refine-
ments, of the second law (see, e.g., Refs. [3,6]). Here, we
explore the condition of unitality of R by establishing
quantum counterparts of some of these classical bounds.
(For other discussions on the relation between the second
law and fully quantum fluctuation theorems, see Ref. [26].)

In macroscopic thermodynamics, the second law implies
that the amount of work required to change a system from
one equilibrium state to another, when in contact with a
single heat bath, is at least equal to the free-energy

difference. In a statistical setting, we would thus expect
(e.g., as a special case of more general bounds [95-98]) that
the average work cost should satisfy

(W) > F(H') = F(H'):; (16)

i.e., the work cost is at least equal to the difference in
(equilibrium) free energy between the final and initial
Hamiltonians (where equality typically is reached in the
limit of quasistatic processes).

The classical Jarzynski equality implies Eq. (16) via
convexity of the exponential function [91]. It turns out that
one similarly can obtain a quantum counterpart to Eq. (16).
More precisely, one can use the diagonal Crooks relation
(11) to show that

Tr(Hgo) — Tr(HpF . (0)) > F(HL) — F(HL,)
—kTInTr(oR, (1£)). (17)

(As a technical remark, for this derivation, we additionally
assume that H; has a nondegenerate point spectrum. For
details, see Appendix F.) If we identify the decrease in
average energy of the reservoir, Tr(Hgo) — Tr(HpF (o))
with the average work cost (W), we thus regain the
standard bound if R is unital. Hence, the unitality of
R, appears again, this time to guarantee the standard
work bound.

The inequality (17) does not necessarily mean that the
standard bound is violated if R, fails to be unital.
However, one can construct an explicit example where
the work cost is smaller than the standard bound for a
process with a nonunital R, (see Appendix F 2). At first,
this may seem a bit alarming since it would appear to
suggest violations of basic thermodynamics. However, one
has to keep in mind that here we 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
Ref. [45]), 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 rederive the classical
Crooks relation (1) but also guarantees that the channel R ,
is unital (see Appendix G).

For another counterpart to a classical bound, one can
combine the forward process with the reverse processes to
obtain a cycle (cf. Sec. V in Ref. [3]). In the spirit of the
Kelvin-Planck formulation of the second law (see, e.g.,
Ref. [99]), one would not expect that such a cyclic process
would result in a mnet gain of work, and thus
(W,)+ (W_) >0, with W, and W_ being the (random)
work cost of the forward and the reverse processes,
respectively. In the quantum case, one can obtain a
counterpart of this relation (see Appendix F 3). We find,
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perhaps unsurprisingly, that this analogue is valid when R |
and R_ are unital.

The inequality in Eq. (16) includes an expectation value
and thus opens up for the possibility that the (macroscopic)
bound is violated for single instances of repeated experi-
ments. In the classical case, fluctuation relations do imply
more refined estimates of the work regarded as random
variables. The probability that the work W violates the
macroscopic bound W > F(H’) — F(H') with more than ¢
can be bounded as P[W < F(H/) - F(H") —¢] < e
(see Ref. [100] or Ref. [3]). In other words, the probability
of a “second law violation” is exponentially suppressed in
the size of that violation. In the quantum case, one can
formulate a counterpart to this bound (see Appendix F4).

As suggested by the discussions above, the appearance
of R, is due to the explicit energy reservoir. One may thus
suspect that this phenomenon would also occur in the
purely classical case if explicit energy carriers are included.
If so, one may wonder what property would take over the
role of the unitality of the channels R... However, we will
not consider these questions further in this investigation.

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

For a moment, let us reconsider the classical Crooks
relation in Eq. (1). As formulated, it makes no explicit
reference to any energy reservoir. Moreover, the distribu-
tions P 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 any-
thing, in principle, would prevent P, from depending on
additional parameters, like the actual energy level of the
reservoir). One could even argue that, for a well-designed
experiment, P, should not depend on how much energy
there is in the reservoir (as long as there is enough) since
this is, in some sense, 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, in this
section, we assume energy-translation invariance. This
enables us to derive the classical Crooks relation (1) from
the quantum relation (2). In this context, one should note
the approach in Ref. [26], where energy-translation invari-
ance plays an important role.

The technique for implementing energy-translation
invariance has previously been used to study work extrac-
tion and coherence [32,45]. Here, we use a model where the
spectrum of Hy forms an equispaced, doubly infinite,
energy ladder [32] (see also the continuum version in
Ref. [45]); i.e., the energy eigenstates |n) correspond
to energies E, = sn for some fixed number s > 0 and

n € Z. We impose the energy-translation invariance by
assuming that the unitary operators V should commute with
energy translations along the energy ladder, [V,A] =0,
where A = )" |n+ 1)(n|. (Technically, we also assume

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

A F, (0)ATF = F (A6ATF), (18)

forall j, k € Z (see Appendix G). A further consequence is
that the diagonal transition probabilities p., defined in
Eq. (10), inherit the translation invariance

px(mln) = p(m—nl0) = p.(0n —m).  (19)

Moreover, the translation invariance (18) conspires with the
decoupling of the diagonals described in Sec. I E such that
we can rewrite F as

Folp)= Y p=(k0)(nlp|n')|n +k)(n' +k|. (20)

nn' keZ

Hence, the channels . are completely determined by the
transition probabilities p_(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
not imply that the different diagonals of the density matrix
are identical).

Our primary goal in this section is to regain Eq. (1) from
Eq. (2). However, we face an immediate obstacle in that
Eq. (1) very explicitly refers to “work,” while, in our
constructions, we have deliberately avoided specifying what
the quantum version of work is supposed to be exactly. 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 energy has
been spent. This macroscopic type of two-point measure-
ments makes sense since we can expect a macroscopic source
to be in states that would not be significantly disturbed by
energy measurements (e.g., in the sense of pointer states and
quantum Darwinism [101-103]). Recalling the discussion in
Sec. ITE, 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 out-
come E, and the final outcome E,,. For these two-point
measurements, the probability P (w) is obtained by sum-
ming over all possible transitions that result in the work w for
the given initial state o, and thus
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Pi(w) = Z

mn:E,—E,=w

p=(m|n){nloln). — (21)

To be able to treat the energy reservoir as an implicit
object, as it is in the standard classical case, the distributions
P, should not be functions of the initial state o.
Here, the energy-translation invariance comes into play.
By combining Eq. (21) with Eq. (19), we find that
P.(w) = pi(—w/s|0) = p_-(0lw/s), which thus removes
the dependence on the reservoir. In the final step, we combine
the last equality with the diagonal Crooks relation (11) and
obtain the classical Crooks relation (1).

III. CONDITIONAL FLUCTUATION THEOREMS

There are several reasons why it is useful to generalize
the type of quantum fluctuation theorems that we have
considered so far. First of all, the fluctuation relation (2)
and its accompanying setup are, in many ways, an
idealization. For example, the requirement of perfect
control, together with energy conservation, is a strong
assumption that easily leads to an energy reservoir that has
to have an energy spectrum that is unbounded from both
above and below (see Appendix C4), and a bottomless
spectrum is certainly not very reasonable from a physical
point of view. A further consequence of the idealization,
which may not be apparent unless one dives into the
technicalities in the appendixes, is that Eq. (2) is based on
rather elaborate assumptions. Apart from resolving these
issues, the conditional fluctuation theorems naturally
incorporate nonequilibrium initial states.

There exist previous generalizations to noncanonical
initial states. See, e.g., Ref. [104] for a classical case
and Refs. [18,25,81,105] for the quantum case. In the
classical context of stochastic thermodynamics, there are
also fluctuation relations valid for arbitrary initial distri-
butions [106,107]. Another example is the classical notion
of extended fluctuation relations (EFRs) [108—113], typi-
cally based on metastable states, or partial equilibrium
conditions (akin to the conditional equilibrium states
discussed in Appendix A 3). In contrast, the conditional
fluctuation relation that we consider here allows for
arbitrary nonequilibrium initial quantum states. In
Sec. VII H, we consider a quantum generalization of the
classical EFRs.

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 state with certainty. Imagine now
that we abandon this assumption and instead include a
measurement device that checks whether the control system
succeeds in reaching the final control state or not. The idea
is that we only accept the particular run of the experiment if
the control measurement is successful. Analogous to our
previous fluctuation relations, the conditional fluctuation
theorem relates the induced dynamics of the forward and

reverse processes, which now are conditioned on successful
control measurements (see Fig. 5).

It is useful to keep in mind that one should be cautious
when interpreting postselected dynamics, as it can easily
result in seemingly spectacular effects. The conditional
dynamics can, for example, create states with off-diagonal
elements from globally diagonal states (see Appendix H7 b
for an explicit example). However, this should not be
viewed as a mysterious creation of coherence but simply as
the result of a postselection with respect to a nondiagonal
measurement operator.

In the Introduction, we pointed out that an advantage
with fluctuation theorem (2) is that it does not rely on any
auxiliary measurements. It may thus appear a bit contra-
dictory that here we reintroduce 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.

FIG. 5. Conditional fluctuation theorems. Similar to our
previous fluctuation theorems, here we relate the dynamics
induced on the energy reservoir E by the forward and reverse
processes but conditioned on successful control measurements on

S = SBC. The forward process is characterized by a pair of
positive semidefinite operators Qg*, Q£+ on S, such that the
initial state is given via the Gibbs map Gy (Q’;) and the control

measurement is represented by Q'§+. More precisely, Q";
corresponds to the “successful” outcome in the POVM
{Qgﬂ i - Ql;*} and results in the induced CPM F, on the
reservoir. One should keep in mind that the mapping Qé* >
gﬁHS(Q?) only serves as a convenient description of the initial
state and should not be interpreted as representing a particular
physical process or measurement. The reverse process, resulting
in the CPM F_, is correspondingly characterized by the pair
f- S+ i- i Sy s
QS‘ = TS(QS )» Q% = TS(Q?)’ where g/iHS(Qg ) is the
initial state, and le‘ gives the control measurement. The CPMs
F .. are related via the conditional fluctuation theorem in Eq. (26).
We are free to choose the operators Qg*, Qg 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

nonequilibrium initial states are translated to nontrivial control
measurements in the reverse process.
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This is in contrast to approaches where the purpose of the
measurements is to generate classical outcomes (as for two-
point energy measurements [8,11-25]) and where the
quantum fluctuation relations are based on the resulting
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 measurements
to the control system; we can let them act on the joint
system §=8C=SBC in any manner that we wish,
resulting in a conditional evolution on E.

A. Gibbs map and partition map

Each control measurement has the two possible
outcomes “yes” or “no,” and can be described via meas-
urement operators 0 < Q < 1, where Tr(Qp) is the prob-
ability of a “yes” when measured on a state p. Similarly,
Tr[(1 — Q)p] is the probability of the outcome “no.” In
other words, {Q,1— Q} is a binary positive-operator-
valued measure (POVM) [46,114,115]. These operators
serve a dual purpose in our formalism—not only describing
control measurements but also parametrizing initial states.
The latter is performed via what we refer to here as the
“Gibbs map” Gy and the “partition map” Z defined by

g/)’H(Q) = ;jﬁH(Q),

Zsu(0) Zyn(Q) = TrT pu(Q).

(22)

For finite-dimensional Hilbert spaces, all density operators
can be reached via Ggy for suitable choices of Q. These
mappings are generalizations of the Gibbs state and the
partition function in the sense that g/,H(i) = G(H) and

Zyu(1) = z(H).

B. Conditional fluctuation relation

As before, we assume a global noninteracting
Hamiltonian of the form
H=H;®1;+1;® Hp. (23)

We furthermore assume time reversals 7  and 7 g such that
T3(Hy) = Hg, and T (Hg) = Hp. We also assume that
the global evolution V preserves energy [V, H| = 0 and that
it is time-reversal symmetric, 7 (V) =V, with respect
07 =T:;:7g.

The forward process is characterized by a pair of positive
semidefinite operators Q?L, Q’; on system S. The operator

Q]; characterizes a measurement at the end of the process

(and it does not have to be related to energy measurements).
The operator Q?r has a rather different role of character-

izing the initial state p? via the Gibbs map, such that

5" = Gpu (Q5"). One should note that the initial state p%*
can be prepared in any manner that we wish. The Gibbs
map is only used as a convenient method to describe the
initial state and is not intended to imply any particular
choice of preparation procedure. For example, one should
not be tempted to interpret Q,,HS(Q?) as necessarily

involving a measurement of Qg*. Even though Q?, Q§+
do not always represent measurements, for the sake of
convenience, we refer to them as “measurement operators”
(simply meaning that they satisfy 0 < Q0 < D).

The global initial state p?f ® o evolves via an energy-
preserving unitary operation V, and we condition the result
on a successful measurement of Q’;’. The resulting
completely positive map (CPM) on E is given by

Fo(o) =Trg((0L" @ 16)VIpi @ 6]VT).  (24)

We generically get a CPM rather than a channel, which
corresponds to the fact that the control measurement may

fail. The quantity TrF (o) is the probability that the
control measurement succeeds.
To obtain the reversed process, we define the operators

- : Z " _
L =T5(0;) and Qj; = TS(QJ; ) and use Q’; to
generate the initial state and Q’S‘ 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) = Try([0% ® 16)V[pl @ o]VT),
Pg_ = gﬂHg(Qg_)' (25)

Hence, for the reverse process, we again have a single
control measurement at the end of the process but now
characterized by QL.

With the above assumptions, one can show (see

Appendix H) that the CPMs F 4 are related by the
following “conditional” fluctuation theorem:

ZﬂHg(Qé)j:+ = ZﬁH;(Qg)jﬁHEﬁ?jgll]y (26)

where we use the notation Z/iHS(Qg):ZﬁHE(Q?:)

and Zyp (0F) = Zpu (0L).

The conditional fluctuation relation (26) 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 operator Qg+
that generates the desired initial state via the Gibbs map.

The quantum fluctuation relation in Eq. (2) can be
regained from Eq. (26), and as a first step, we choose

the measurement operators to be Q1" = Iy ® |cin) e
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and Q’;i =1y ®]|c r4){cps|. For the appropriate
Hamiltonian Hg, the Gibbs map gives the conditional
equilibrium states Gy (OL") = G(HY) ® |cix)(cix| and
QﬁHg(Qgi) = G(HJ;,) ® |cix)(ci+|. Because of 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 rederivation indicates that we can abolish
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 reser-
voir 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 H7 a.)

For the conditional maps F 4, there is, in general, no
decomposition of the dynamics into different diagonals.
However, in the special case that Qg+ and Q§+ are diagonal
with respect to an eigenbasis of Hg, one can regain the
decomposition of the dynamics (see Appendix H6). In
particular, one can additionally impose the energy-
translation invariance and obtain a conditional version of
the classical Crooks relation (Appendix H 6).

IV. 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 Q/, and a Hamiltonian H, we define the
transition probability from Q' to @/ by

PILIQ" = Q'] = Tr(Q/ F(Gpu(Q))).  (27)

Hence, P},[Q" — Q'] is the probability that we would
detect Q' after we have evolved the initial state Gy (Q')
under the map F. Thus, the Gibbs map again appears as a
method to parametrize the set of initial states.

The quantum Crooks relation (2) can be rephrased in
terms of these transition probabilities as

Z(Hg)ZﬁHE(Q%)P;TﬁE[ i = 0F'
= Z(HY) 25, (QF) Py [0F = QF). (28)

where Qig, Qg’ are measurement operators on the energy
reservoir (not on S) and where, as one may expect, Qi =
Tp(QF) and Qf = Tx(Qf").

In Sec. IID, we noted the possibility to interpret the
quantum Crooks theorem (2) in terms of process tomography
of the two induced channels F .. In that interpretation, the

mapping F_ = Ty FET /},5F is something that we imple-
ment “by hand” on the experimentally determined descrip-
tion of the channel F _. The reformulation (28) suggests a
different interpretation, where the fluctuation relation can be
tested more directly via the estimated transition probabilities.
The mapping J sy, (as well as the time reversal 7 and the
conjugate * contained in 8) is, in some sense, put in by hand
also in this scenario, but it enters in the parametrization of the
initial states via the Gibbs map rather than via a postprocess-
ing of the measurement data.

The interpretation of the quantum Crooks theorem (2), or
conditional fluctuation theorem (26), in terms of process
tomography may suggest rather extensive experimental
procedures since the number of measurement settings
required to perform such a tomography increases rapidly
with the size of the involved systems. (We need sufficiently
many initial states and final observables in order to span the
input and output spaces of F . or ]i"i. See, e.g., Sec. 8.4.2in
Ref. [67].) However, the reformulation (28) suggests milder
tests, where we only make one single choice of initial state
and final measurement for the forward and reverse proc-
esses. The estimation of free-energy differences, discussed
in Sec. VII H, is an example.

It is no coincidence that the measurement operators

=, Qéi undergo the same transformations as the oper-
ators Qgi, Q{;jE 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'+, O/* on the whole of SBCE. It
is straightforward to confirm (consult Appendix I) that

energy conservation [H,V] =0, combined with time-
reversal symmetry 7 (H) = H, T (V) =V, yields

Zpn(Q")PpyQ™ — 0] = Zpu(Q) Py 107 — 07,
(29)

where 0/~ = T7(Q/*) and Q- = T(Q™).

The global relation (29) can alternatively be phrased as
the invariance of the quantity Tr(Q/V .75, (Q")V") under
the transformation (Q', Q) (Q",0/)=(T (Q1), T (Q)).
All our fluctuation relations, in some sense, express this
basic invariance in different guises.

One can indeed rederive Eqgs. (2) and (26) from Eq. (29).
However, when doing so, one quickly realizes that
this hinges on another property (that we have used
repeatedly without comment). Namely, if the global
Hamiltonian H is noninteracting over two subsystems,
ie, H=H, ® 12 + il ® H,, then the mapping J sat-
isfies the factorization property

Tpn(Q1 ® Q1) = Tp, (Q1) ® Tpu,(Q2).  (30)
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Although elementary, in some sense, this property (in
conjunction with product time reversals 7 =7, ® 7,)
makes it possible to formulate fluctuation relations solely in
terms of the dynamics of the energy reservoir, and also to
eliminate unaccessible d.o.f. (see Appendix I for further
details). The central role of this property may become more
apparent when we abandon it in Sec. VL

As a side remark, note that if one attempts to formulate
quantum fluctuation relations for nonexponential forms of
generalized equilibrium distributions, then the lack of a
factorization property for nonexponential functions makes
the generalization problematic (see Appendix [4).

V. CORRELATED INITIAL STATES

The conditional relations extend the notion of fluctuation

theorems to nonequilibrium initial states on S. An obvious
question is if entanglement and general precorrelations can
also be included. (One could even argue that in order to
deserve the label “fully quantum,” our fluctuation relations
must include quantum correlations.) The global fluctuation
relation (29) already provides an affirmative answer to this
question, in the sense that we can generate arbitrary global
initial states via suitable choices of measurement operators
(including quantum correlations to external reference
systems). However, Eq. (29) 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 £ and an external reference

Imagine that the energy reservoir not only carries
energy and coherences but also entanglement and correla-
tions with an external reference R (not included in SBCE).
One option for obtaining a fluctuation relation that incor-
porates this scenario would be to regard ER as a new
extended energy reservoir, with a Hamiltonian Hrp and a
new time reversal 7 pg, with 7 g (Hgr) = Hgg. Both the
quantum fluctuation relation (2) and the conditional fluc-
tuation relation (26) are applicable to this scenario. In the
latter case, the induced CPMs F . on the new energy
reservoir ER satisfies the corresponding quantum Crooks

relation Z/;HE(QE)]-Ur = Zﬁﬁg(Qg)jﬂHER}—?jﬁfllER'

B. Correlations between S and an external reference

An obvious alternative to the energy reservoir

carrying correlations with an external reference is that S
carries these correlations. We can analogously incorporate
R into S, with the joint Hamiltonian H3, and an extended
time reversal 7 g, such that 7z, (Hsy,) = Hsg. The require-
ments for the conditional fluctuation theorem (26) are
satisfied for this extended system, thus resulting in the

relation Zyy. (QL )F, = Zpy (0L )Ty, FE T3,

C. Precorrelated S and E

The two previous examples can both be regarded as
variations of the conditional fluctuation relation, and in this
sense, they do not add anything essentially new to the
general picture. Perhaps a more interesting case would be if

we allow for precorrelations between S and E. (It is not
difficult to imagine cases where the energy reservoir E

interacts repeatedly with S and thus may build up corre-
lations.) Apart from the global fluctuation relation (29), this
case does not fit very well with our previous scenarios.
However, it is straightforward to adapt our general formal-
ism 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 Sec. II D, 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 H and a final Hamiltonian Hg £ and assume
perfect control, which transfers one into the other, resulting
in the induced channels

F () = Trep(Vllew ) eir| ® G(Hp) @ 2]V7).
F_(r) = Trep(Vlley-)(cs-| ® G(Hp) @ 2]V7)

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

F.= j/}HgEﬁ? - (31)

! i
SE
The partition maps on the left- and right-hand sides cancel
because of the identical initial and final Hamiltonians for
the heat bath, which starts in the Gibbs state. Note also that
the two applications of the J map may potentially involve
an initial Hamiltonian H&,, that is different from the final

. . f
Hamiltonian Hg.

VI. APPROXIMATE FLUCTUATION RELATIONS

The global Hamiltonian H has, so far in this inves-
tigation, only characterized the notion of energy conserva-
tion, while the dynamics has been modeled by a unitary
operator V, with the only restriction that H and V should
commute. In view of standard textbook quantum mechanics
it would be very reasonable to demand a much tighter
connection, where the global Hamiltonian H induces the
evolution according to Schrédinger’s equation, thus yield-
ing V = e~"/"_ An additional benefit of the latter arrange-
ment would be that it does not require any further
interventions beyond the preparation of the initial state,
the measurement of the final state, and the time keeping for
when to do the measurement. 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 Refs. [116,117].) This
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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 impose the condition V =
e~/ for noninteracting Hamiltonians as in Eq. (23), the
resulting dynamics on the energy reservoir would become
trivial. On the other hand, if we abandon the noninteracting
Hamiltonians, then we also have to abandon the factori-
zation property (30), which, as pointed out in Sec. IV, 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 is also enough to obtain a nontrivial evolution. In the
following section, we illustrate the general ideas with two
special cases. (For a more general version that includes
both of them, see Appendix K.)

A. Approximate conditional fluctuation relations

There is an additional reason for why it is useful to go
beyond our previous settings, namely, that there are rather
evident ways to quantize the classical control mechanism in
Crooks relation and that these ways 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 fluctuation
relations.

Imagine a particle whose position x determines the
parameter in the family of Hamiltonians Hgg(x). More
precisely, assume a joint Hamiltonian of the form

1 . o N
H = Mpzc ® lgg + Hyp(Xe), (32)

where M is the mass, and X, P are the canonical
position and momentum operators of the control particle.
If the control particle is reasonably well localized in both
space and momentum, then one can imagine that its
propagation approximately implements the evolving con-
trol parameter x in the family of Hamiltonians H g (x). For
the sake of simplicity, let us assume that the control particle
only affects the other systems in an “interaction region”
(see Fig. 6) corresponding to an interval [x;,x,], while
outside of this region, we have

Hy @1y +1y ® Hy x<x,

$® e 33)
HS’®1E+1S/®HE )CZ)Cf.

Hwl) = {

Although the systems are thus noninteracting outside the
interaction region [x;, x|, one should keep in mind that the
kinetic energy term K = PZ/(2M() in Eq. (32) does not
commute with X, and it therefore prohibits a factorization
as in Eq. (30). In some sense, it is 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 nontrivial

A 4

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 £ and §’ only interact when the control
particle is in an “interaction region” [x;, x/] (cf. the construction
in Ref. [116]). Since the global Hamiltonian contains interactions
between E and §', it does not fit with our previous classes of
models, and in particular, it does not satisfy the factorization
property (30). However, for suitable choices of measurement
operators Q" and ch+ that are localized outside the interaction
region, the systems becomes approximately noninteracting, and
the factorization property (30) is approximately satisfied. This
makes it possible to derive an approximate conditional fluc-
tuation relation on the energy reservoir.

evolution of the control mechanism. It is this tension that
we strive to handle via the approximate fluctuation rela-
tions. The basic idea is that, if the measurement operators

Q4 and ch+ are well localized outside the interaction
region, then the systems are approximately noninteracting,
and consequently, the factorization (30) should hold
approximately. It is worth keeping in mind that, even if
the measurement operators are well localized in noninter-
acting 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. 14 in Appendix K 3 c.)
Although the special case of the control particle provides
intuition, the more general setting of the conditional fluc-
tuation theorems yields a more concise description. For the

chosen measurement operators Qgi and Qgi, let us assume
that there exist local approximate Hamiltonians H ls Hg, H,

H’;, such that the factorization holds approximately,

Tm(Q ® Q) ~ J/}Hé(Q?) ® Jpui,(Q).
‘7ﬁH(Q§Jr ® Q) ~ jﬂHé(Q§+) ® j[)’Hé(Q)‘ (34)

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

2t (Q5)F + T g, ® Zpt Q)T gy 2. (35)
This can be turned into a quantitative statement where the

size of the error in Eq. (35) is bounded by the errors in
Eq. (34); see Appendix K 2.
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A 4

FIG. 7. A control particle that also serves as an energy
reservoir. An alternative to the setup in Fig. 6 is a particle that
simultaneously serves as both a control system and an energy
reservoir. Hence, it is the kinetic energy of the control particle that
drives the nonequilibrium process (if the other systems start in
equilibrium). This is another example of a system that generally
would not satisfy the factorization property (30), but for meas-
urement operators QiC+E and Qéz that are localized outside the
interaction region, the systems become approximately noninter-
acting. For this setup, one can obtain an approximate fluctuation
relation in terms of the transition probabilities introduced in
Sec. IV.

B. Joint control system and energy reservoir

Compared to the control particle in Fig. 6, there exists an
even simpler setup where the control particle simultane-
ously serves as the energy reservoir (see Fig. 7). This
corresponds to the global Hamiltonian

H Pty @ 1y + Hy(Xcp), (36)

T XM

again with an interaction region

Hy x<x,
Hg(x) = { p (37)
HS, XXy,

with a nontrivial dependence on x inside [x;,x/]. As
opposed to the previous setting, here we would have to
perform the control measurement on the energy reservoir
itself. This situation is conveniently described in terms of
the transition probabilities discussed in Sec. IV, resulting in
the approximate fluctuation relation

Zpn, (Q5) Zp, (Qc)
x Py [0F ® OF; = 05" ® (]
~ Zpul, (Q{Q’)ZﬂH’éE(QéE)

x Py 0% ® 0f; — 05 ® 0. (38)

where, for the particular choice of Hamiltonian (36), we
have Hi., = H'éE = P2./(2M ). This approximate rela-
tion can also be made quantitative; see Appendix K 3. For a

numerical evaluation of the errors in a concrete model, see
Appendix K 3c.

VII. FULLY QUANTUM FLUCTUATION
RELATIONS FOR MARKOVIAN
MASTER EQUATIONS

We have, step by step, extended the range of applicabil-
ity of the fully quantum fluctuation relations, away from the
idealized setting of Eq. (2), towards the purely Hamiltonian
evolution in Sec. VI. The general approach may never-
theless appear abstract and rather remote from the standard
machinery of open quantum systems. Here, we aim to
include a fundamental component in the toolbox of the
latter, namely, master equations [118], which opens up the
possibility for the application of a range of modeling
techniques. As such, this extension aligns with recent
efforts to bridge resource theoretic approaches to quantum
thermodynamics with the master equation formalism [87].

So far, we have explicitly included all d.o.f. that have
some role to play, including the heat bath, which allows us
to keep track of the evolution of all resources and, in
particular, coherences. Here, we turn to the question of
effective models, where the heat bath is only included
implicitly via master equations. Under suitable conditions,
the notion of fully quantum fluctuation relations can be
extended to this setting. Apart from providing a bridge to
standard notions of open systems theory, an additional
advantage of this generalization is that it avoids the rather
extensive models that the “all-inclusive” approach yields
for realistic heat baths. Although the latter is no issue for
the type of purely theoretical questions that we have
focused on so far, it can be problematic, e.g., for numerical
assessments of how good the approximations in the
approximate fluctuation relations are.

Note that there are previous approaches to fluctuation
relations for master equations [119-123], including unrav-
elings and quantum jump methods [124,125], and
Brownian motion models [126]. Like in the previous
sections, a prominent difference is that here we explicitly
focus on the system that delivers the energy and the
changes that the thermal process induces on this energy
TEServoir.

A. Fluctuation relations for time-reversal-symmetric
thermal operations

Since we aim at removing the heat bath B from the
explicit description, we first consider the fluctuation
relation obtained on the remaining systems SCE. One
should note that this setting, and the corresponding
fluctuation relation (40), is closely related to a fluctuation
relation obtained in Ref. [26], with the difference that here
we include time reversals.

We assume that the heat bath is noninteracting with

respect to the rest of the systems, H = Hgcp ® 15+

Igcr ® Hy. We furthermore assume a time reversal of
the form 7 = TSCE (024 TB’ with TSCE(HSCE) = HSCE and
T g(Hg) = Hp. The global unitary evolution V is energy
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conserving [H,V] =0 and time-reversal symmetric
7 (V) = V. With the heat bath initially in the equilibrium
state, and with no measurements performed on it, the
resulting induced channel on SCE is

Flp)=Trz(Vlp ® Gﬂ(HB)]VT)‘ (39)
Much in line with our previous derivations, one finds that
FjﬁHSCE = jﬂHSCEfe' (40)

In other words, Eq. (40) is the fluctuation relation that
would be satisfied on the joint system SCE, assuming an
energy-conserving time-reversal-symmetric ~ dynamics.
Because of the energy-conserving dynamics with an
equilibrium heat bath, the channels (39) belong to the
class of thermal operations [27-30,35,127-133], although
here we additionally require the time-reversal-symmetric
implementation described above. In the following, we refer
to this as “time-reversal-symmetric thermal operations.” As
one might expect, time-reversal-symmetric thermal oper-
ations form a proper subset to the set of thermal operations
(see Appendix L 1).

B. Yet another extension: Assuming
a global fluctuation relation

In the previous section, we found that a time-reversal-
symmetric energy-conserving dynamics with a thermal
heat bath leads to the fluctuation relation (40). In the
following, we consider a generalization where we turn
things around and instead assume that the dynamics on
SCE is such that it satisfies the relation (40). Hence, we
enlarge the set of channels that we allow for, beyond the set
of time-reversal-symmetric thermal operations. (It is indeed
an extension; see Appendix L 1.) It turns out that many (but
not all) of the results of the previous sections can be
regained for any channel F on SCE that satisfies Eq. (40),
for some Hermitian operator H g and time reversal 7 g-p
such that Tscp(Hgcg) = Hycp-

In particular, with this extended assumption as a starting
point, and assuming a noninteracting Hamiltonian Hgcp =
HSC®1E+,1\SC®HE’ and TSCE:TSC®TE with
Tsc(Hsc) = HSC and TE(HE) = HE, we can rederive
the conditional fluctuation relations in Sec. III (see
Appendix L 2). In other words,

ZﬂHsc<Q.iS‘C)j:+‘-7ﬁHE = ZﬂHsc(Qéc)jﬂHEj:? (41)
holds for the CPMs
F (o) = Trsc((1r ® 051 F (0 ® Gy, (O5¢))).
F_(0) = Trsc([ip ® Q51 F (0 ® Gy, (040)).  (42)

Alternatively, one can use the formulation in terms of the
transition probabilities in Sec. IV,

Zp1o (Q5c) Zpn, (Qk)
x Pl |05 ® O = 05 ® 017
= ZﬁHSC(QJ;c)ZﬁHE(Q];)
X Pl (0% ®0F - Qi ®QF].  (43)

In the spirit of Sec. VI, one can also obtain approximate
versions of these fluctuation relations, with error bounds
(see Appendix L 3).

C. Condition on generators
The primary reason why we consider the extension
provided by Eq. (40) is that it can be translated to a
convenient condition on the generators of Markovian
master equations. Here, we consider master equations
(d/dt)F, = LF,, with Fy =TI, where the generator L
is time independent and can be written in the Lindblad form

i

h
1 1 .
+ ;LkQLZ —EELZL,{Q —EQ;LkLk, (44)

L(Q)=-+[H,0]

where H is a Hermitian operator and L; are general
operators that guarantee trace preservation and complete
positivity of the solution F, [134,135].

If we assume that the generator £ satisfies

L jﬂH scE j/iH SCEﬁ © (45)

for some Hermitian Hgc-r and some time reversal 7 gop,
then it follows that the solution F, = ¢~ satisfies Eq. (40)
for each time 7 > 0. [See Appendix M 1 for some examples
of generators that satisfy the type of condition in Eq. (45).]
Consequently, Eq. (45) guarantees that we can apply the
observations in the previous section. Hence, in the non-
interacting case, the conditional evolution on system E
satisfies the conditional fluctuation relation (41), or equiv-
alently, the global evolution satisfies Eq. (43). In other
words, under the condition that the generator of the
Markovian evolution satisfies Eq. (45), we regain the
results from Secs. III and IV, and moreover, one can also
regain the notion of approximate fluctuation relations
of Sec. VL.

The relation (45) is, up to the application of time
reversals, similar to quantum detailed balance for master
equations (see, e.g., Definition 2 in Ref. [136]). In
Appendix M 1 a, we consider a simple model of thermal-
ization, where the generator satisfies Eq. (45) if the
transition rates of the diagonal elements of the density
matrix satisfy classical detailed balance.

011019-15



JOHAN ABERG

PHYS. REV. X 8, 011019 (2018)

D. Constructing generators

When constructing models, we may need to combine
different components, e.g., a generator that models thermal
relaxation of the system and another that affects the energy
reservoir, as well as some interaction between the two. In
order to apply our machinery, we need to know that the
total generator satisfies Eq. (45). It turns out that one indeed
can construct such generators in a systematic manner.

Suppose that we have two different subsystems with
generators £; and £,. Moreover, suppose that £,J 3, =
Tpn LS and LT sy, = T pu, L5 with respect to some
Hermitian operator H| and H,. The generator £; ® Z, +
7, ® L, corresponds to an independent evolution of
the two systems. However, let us assume that there is
additionally an interaction Hamiltonian H;,, with cor-
responding  generator  Li(p) = —(i/A)[Hiy, pl.  If
[Hin. Hy @ 1, + 1, ® H,] = 0, then it turns out that £ =
L1QL,+1|® L, + Ly, satisfies Eq. (45) with respect
to Hyep = H1 @ 12 + il ® H, (see Appendix M2 for
details). In other words, we can use suitable interaction
Hamiltonians in order to “glue” local generators in such a
way that the result satisfies Eq. (45). We make use of this
technique for the examples in Secs. VIIG-VII L.

E. Decoupling again

A property that is no longer guaranteed to be true when
allowing for all generators that satisfy Eq. (45) is the
decomposition of the fluctuation relation into modes of
coherence, which was discussed in Sec. IIE and in
Appendix H 6. However, if, in addition, the generator £
is time-translation symmetric [87], then the decomposition
is regained (see Appendix M 3). Moreover, analogous to
the gluing of generators that satisfy Eq. (45), one can
combine generators that satisfy time-translation symmetry.
We apply these observations in Sec. VIII.

F. Generators of thermal and time-reversal-symmetric
thermal operations

The condition (40) for channels on SCE and (45) for
generators have the advantage that they increase the range
of applicability of the fully quantum fluctuation theorems.
However, a drawback is that it is unclear what these
conditions implicitly assume concerning the global initial
state, as well as the evolution, on the complete system
SCEB. Consequently, it is also unclear what these con-
ditions imply concerning the requirements for initial
resources and their evolution. Although clarifying such
implications could be a subject of future studies, an
alternative approach for gaining better control would be
to instead impose stricter conditions than Eq. (45). In view
of Sec. VII A, a reasonable requirement would be that the
generators induce time-reversal-symmetric thermal opera-
tions, i.e., that ¢’ is a time-reversal-symmetric thermal
operation for each ¢ > 0. Although one indeed can find

such generators (see Appendix M4), it appears more
tractable to drop the requirement of time-reversal symmetry
and only require generators of thermal operations (see
Appendix M 4). Analogous to the gluing of generators that
satisfy Eq. (45), described in Sec. VII D, it turns out that
one can also glue generators of thermal operations (see
Appendix M 4). One can apply these concepts to the model
in the next section.

G. Two coupled thermalizing spins

As an illustration of the concepts introduced in the
previous sections, here we consider a model consisting of
two two-level systems, e.g., two resonantly coupled spins,
where one spin acts as the energy reservoir of the other.
More precisely, the spins have the Hamiltonians H; =
YEc, and Hy =%$Ec,. We let 7 and T, be the trans-
poses in the eigenbasis of o,; and o, respectively. The
spins are furthermore affected by a heat bath, and on each
separate spin, we assume that the resulting open system
evolution is obtained via the generators

£(p) = = 52 o1.9) + R Gy(H)Te(p) = rip.
£(p) = =3 0. 9] + raGp(H)Trlp) = p. (46)

The master equation corresponding to each of these
generators drives the systems toward the Gibbs states
Gy(H,) and G4(H,), respectively. (For further details on
this example, see Appendix M 5.) Moreover, it can be
shown (see Appendix M 1 a) that each of these generators
separately satisfies Eq. (45) with respect to H; and H,. Let
us now further assume that the spins interact via the
Hamiltonian H;,, = 4|01)(10[ 4 4|10)(01| (where |0) and
|1) are the eigenstates of o¢,). By construction, Hjy
commutes with H; ® 12 + il ® H,, and by the technique
outlined in Sec. VIID, it follows that L =L, ® Z, +
7, ® Ly, + L;,, satisfies Eq. (45) with respect to
Heep=H @ iz + il ® H,. Consequently, the reduced
conditional dynamics (42) on one of the spins satisfy the
conditional fluctuation relation (41).

It turns out that the two generators in Eq. (46) are
generators of thermal operations. Moreover, the interaction
is such that the gluing mentioned in the previous section is
applicable (see Appendix M5 for details). Hence, the
generator £ not only satisfies Eq. (45) but is, in addition,
a generator of thermal operations.

As an additional example, in Appendix M 6, we consider
a system of two weakly coupled spins affected by a
global thermalization. This system satisfies the approxi-
mate fluctuation relation developed in Appendix L 3. In
Appendix M7, we also discuss the prospects of finding
more widely applicable approximate fluctuation relations.
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H. Free-energy differences

As an application, here we discuss the estimation of free-
energy differences via a quantum generalization of the
notion of EFRs [108-113].

Free-energy differences are traditionally measured via
quasistatic changes of external parameters, in which case,
we can identify the resulting work cost with the change of
free energy. A prominent feature of classical fluctuation
relations is that they offer alternative means to determine
free-energy differences for arbitrary driving forces [1-6].
Our quantum fluctuation relations can also be used for
this purpose, although this may have been slightly
obscured by the fact that we phrase our relations in terms
of partition functions rather than free energies. However,
since the (equilibrium) free energy F(H) is related to the
partition function via F(H) = —kT In Z(H), it follows that
the change of free energy directly corresponds to the
quotient of partition functions via F(H') - F(H') =
—kTn[Z(H')/Z(H")).

By inspection, one can realize that the quantum Crooks
relation (2), as well as the quantum Jarzynski equality (14),
in principle, could be used to determine Z(H/)/Z(H"), and
thus the free-energy difference, although as discussed in
previous sections, the assumptions behind these relations
are rather idealized. (For a discussion on how one can
determine approximate free-energy differences via the
approximate fluctuation relations, see Appendix K 3d.)
However, the approach via master equations also allows us
to determine these quantities, and as an application, we
consider a variation on this theme, where, in addition, we
take the opportunity to generalize the classical notion of
extended fluctuation relations [108—113] to the quantum
regime.

Extended fluctuation relations describe the transitions
between metastable regions of configuration space, where
we can associate a free energy to each such region
[108—113]. By application of external forces, the system
can be pushed between these metastable regions, and by
recording the work cost, the EFRs can be used to determine
the free-energy difference. An example is the unfolding and
refolding of DNA strings by optical tweezers [110].

To mimic the classical setup of metastable configura-
tions, we partition the eigenstates of the Hamiltonian H g
into groups of states. One such collection, D, contains the
ground state, and D; is the desired collection of target
states, with the corresponding projectors Py and P,. The set
D, consists of all the remaining states. We wish to
determine the quotient between the partition functions
Zy = Zyy, (Py) and Z; = Zpy (P;), and thus the free-
energy difference.

We model the evolution via a Markovian master equation
where the generator £ contains components that cause a
fast thermalization within the groups of states, as well as a
slow global thermalization, thus representing the metasta-
bility. We include an energy reservoir in the form of a single

two-level system, and a resonant interaction that induces
transitions between the ground state and the “local ground
state” in the desired target basin. See Fig. 8 for a schematic
illustration. The details of the model can be found in
Appendix M 8, where the main observation is that the
global generator satisfies Eq. (45), and thus all the induced
channels F, satisfy Eq. (43).
The fluctuation relation (43) can be rewritten as

Zi _ Z/;HE(QE) P (1)

oA (47)
Zo Zyy,(QF)P (1)
where the transition probabilities are
Fi i ;
PH(t) = PﬂHSCE[Pl ® Q0 - P, ® Q?]’
- F, - i
P (t):PﬁHSCE[P2®le; - P ® 0| (48)
025
D,
02
0.15
0.1
0.05
0 ; ‘ ‘ ‘ ,
0 10 20 30 40 50
t/(Bh)
FIG. 8. Free-energy difference. The goal is to determine the

free-energy difference between two basins D and D, of states,
embedded in a larger collection of configurations D,. Within
each such collection, there is a fast thermalization process, while
there is a slow global thermalization. An external energy reservoir
E, in the form of a single two-level system, is in resonance with
the transition between the global ground state |0) in basin D, and
the local ground state |n*) in basin D;. The energy reservoir acts
as the counterpart to the external control in the classical EFRs.
The transition probability P* (red solid curve) of the forward
process and the transition probability P~ (blue solid curve) of the
reverse process, as defined by Eq. (48), are plotted as functions of
time, here expressed in a unit-free manner via t/(fh). The
forward process is defined by Qi = |1)(1| and Q4" = 1. The
transition probabilities P and P~ can be estimated by repeated
experiments, and they determine, via Eq. (47), the quotient Z, / Z,,
of the partition functions Z, and Z; of D, and D, respectively,
and thus also the desired free-energy difference. The dotted lines
correspond to the transition probabilities in the limit of infinite
evolution times, where the system has reached the fixpoint of the
master equation.
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and F, = e'* are the induced channels. Hence, in order to
determine the desired quotient Z, /Z,,, we have to repeat the
forward experiment to estimate the transition probability
P+, as well as the reverse experiment to estimate P~. As
long as we know the values of Z (Q}) and Z/;HE(Q],;_),
we can thus obtain Z,/Z, via Eq. (47). Another way to
phrase Eq. (47) is to say that P and P~ are proportional
for all times (cf. the red and blue curves in Fig. 8) and that
this proportionality can be used to determine the desired
quotient.

In principle, we are free to choose at which time we
evaluate the transition probabilities, as well as the initial
state and control measurements on the energy reservoir.
However, some choices may result in low transition
probabilities, e.g., if the initial state does not contain
sufficient energy to reach the desired excited basin Dj.
Keeping this observation in mind, for the calculation of
Fig. 8, we choose Qi = |1)(1] and Q" = 1;. In other
words, for the forward process, when the system starts in
the conditional equilibrium of the ground-state basin D,
we let the energy reservoir start in the excited state |1).
Using this arrangement, we compensate for the low initial
energy in the system, with a high initial energy in the
energy reservoir. For the reverse process, this translates to
the energy reservoir initially being in its equilibrium state
and at the end being found in the excited state. However, in
this case, the system is initially in the excited basin D, and
we only wish to reach the ground-state basin D. Thus, one
may expect that this arrangement could result in reasonable
transition probabilities, which is also confirmed in Fig. 8§,
where both the forward and reverse processes yield
transient transition probabilities that reach beyond their
long-term limits.

One may observe the correspondence with the classical
scenario. In this case, we also need some method to detect
the transitions between the two relevant basins, as well as
some means to keep track of the work implicitly provided
by the external controls. Moreover, without the work input
from the external control, we would have to wait passively
to observe fortuitous thermal fluctuations that result in
transitions between the two desired basins.

I. Jaynes-Cummings model with dissipation:
Fluctuation relations for coherences

Here, we illustrate the conditional fluctuation theorem
(41), with focus on the decoupling into modes of coherence
and the fluctuation relations for coherences.

The Jaynes-Cummings (JC) model [137,138] of two-
level systems interacting with harmonic oscillators is a
common approach to study atom-field interactions. This
can be further generalized to master equations, including
various open-system effects, such as dissipation and
decoherence. Such types of models have been considered,
e.g., for superconducting qubits interacting with field

modes [139-141], electron spins coupled to nanomechan-
ical vibrations [142,143], and a nanomechanical oscillator
interacting with a Cooper-pair box [144]. Here, we
consider a particular case of this general class of models,
where we let a single field mode serve as the energy
reservoir and where this interacts with a single two-level
system, which in turn is affected by thermalization and
decoherence.

We let the Hamiltonian of the two-level system
be Hge = $Eo, = —1E|0)(0| + L E[1)(1] and the
Hamiltonian of the energy reservoir be Hy = Ea'a, with
E > 0. We also include an interaction Hamiltonian of the
form Hj, = 2[0)(1| ® a" + 1/1)(0| ® a. The two latter
Hamiltonians correspond to the generators Lg(p) =
—E(i/h)[a"a, p] and Ly (p) = —(i/h)[Hin, p]. We choose
the time reversal 7 ¢ as the transpose with respect to the
eigenbasis {|0), |1)} of Hgc, and 7  is the transpose with
respect to the number basis of the harmonic oscillator.

The two-level system is furthermore affected by an
environment, which we model via the generator

i
Lsc(p) = _Eﬁ["vﬂ]
+ rePE2[1)(0]p|0) (1] + refF/2]0)(1]p[1)(0]

1 1
— 5 re PR |0)(0lp — 5 rePE12p|0) (0]

1 1
=5 re’ R (1p =S repl1) (1]
+ Kopo; = Kp, (49)

where o, = [1)(0| and o_ = |0)(1]. The first line in
Eq. (49) corresponds to the Hamiltonian evolution on
the spin, while the next three lines model thermalization
with rate r > 0 (see Appendixes M 1 a and M 4 b). The last
line corresponds to an additional decoherence of rate x > 0
with respect to the energy eigenbasis (Appendix M 1 b).
The total generator is L = Lsc @ L+ Zgc ® L + Liy-
For the particular case illustrated in Figs. 9 and 10, we
choose the parameters such that pE =1, rph =1,
kph =0.1, Ap = 1.

One can show (see Appendix M9) that L satisfies
Eq. (45) with respect to Hgc ® 1z + isc ® Hp, and thus
the reduced conditional dynamics on the energy reservoir
satisfies the conditional fluctuation relation (41). Moreover,
the generator £ satisfies the time-translation symmetry
mentioned in Sec. VIIE, and thus F . are decoupled into

modes of coherence, if Q% and Q’S% commute with Hgc
(see Appendix M 9). This is illustrated in Fig. 9, where we
choose Q% = 10)(0] and Q% = 0.05(0)(0| + |1)(1]. (The
term 0.05]0) (0| is only there in order to avoid overlapping
of the red and blue curves in Fig. 10.)

Analogous to what we found in Sec. IIE (and
Appendix D), each mode of coherence obeys a fluctuation
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FIG. 9. Decoupling of the modes of coherence in a dissipative
Jaynes-Cummings model. A harmonic oscillator, with energy
eigenbasis |n), serves as the energy reservoir in interaction with
an open two-level system. As the initial state of the energy
reservoir, we choose the (rather arbitrary) superposition of
number states |y) = (|9) +|15) +(42) +]47)+[50)+167)+|79))/
\/7. The red dots represent the nonzero matrix elements of the
density operator |y)(y| with respect to the number basis. The
conditional evolution F . on the energy reservoir, defined in
Eq. (42), is calculated for the evolution time ¢/(fh) = 1.5, and
the dark colors correspond to the values |(n|F ., (|y) (w|)|n')|. The
upper left corner, n = n’ = 0, corresponds to the probability of
finding the oscillator in the ground state, and the main diagonal
n = n’ is the probability for the excited states. The off-diagonal
elements, n # n', represent the coherences between the energy
eigenstates. One can recognize the leakage of energy out of the
oscillator, as well as the decay of coherence. It is also clearly
visible how each initial off-diagonal element only evolves and
spreads along the particular diagonal that it belongs to, thus
illustrating the decoupling of the modes of coherence.

relation of its own, implied by the general conditional
fluctuation relation. Let us now zoom in, so to speak, to
a very detailed view of how Eq. (41) constrains the
dynamics of the coherences. We select two elements along
a displaced diagonal, corresponding to |ey){ey + d| and
leg + 8){eq + 6 + d|. In other words, we select two ele-
ments along the diagonal with offset d, which are separated
by the energy difference 6. The relation (41) yields

Z[iHSC(Q.iSC)q+ = e_ﬂEazﬁHsc(QJ;c)Q—,
q. = (eo+ 0| F ;(leo){eo + d)|eg + 5+ d),
q- = (eo| F_(leg + 8){eo + & + d|)|eg + d). (50)
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FIG. 10. Off-diagonal fluctuation relation. The fluctuation
theorem (50) relates the evolution of the coherences carried by
two off-diagonal elements along a displaced diagonal. The plot
on the right displays |¢_ | (red curve) and |g_| (blue curve) plotted
as functions of time. The plot on the left depicts the trajectories
that g, (red curve) and ¢_ (blue curve) sweep in the complex
plane during the same time interval. As predicted by Eq. (50),
|¢.| and |g_| are proportional to each other, and the phase factors
of ¢, and g_ are identical. Analogous to how the classical Crooks
relation relates the probability distribution of the work, and thus
the change of energy in the reservoir, of the forward and reverse
processes, the off-diagonal Crooks relation relates the changes of
coherence.

In other words, ¢, are the “amplitudes” for the transitions
between the elements along the displaced diagonal.
Equation (50) predicts that these generally complex
amplitudes are strictly related for all times, as is illustrated
in Fig. 10, where we have chosen ¢y, =20, d = 3, and
§=—1. Hence, g, = (19|F,(|20)(23])|22) and ¢_ =
(20| F_(|19)(22])|23). It should be emphasized that
|20) (23| does not correspond to a proper state nor does
|22) (19| correspond to a POVM element. Nevertheless, ¢,
can be determined via a sufficient number of expectation
values measured on the output, for a sufficiently large
collection of different input states (see a similar discussion
in Appendix D 3).

It may be worth noting that the relation (50) remains
valid even in the case when there is no decoupling between
the diagonals. Rather, the effect of the decoupling is to
make “cross-mode relations” trivial. We discuss this further
in Appendix M 9.

VIII. CONCLUSIONS AND OUTLOOK

We have generalized Crooks fluctuation theorem to a
genuine quantum regime that incorporates the full quantum
dynamics. This leads to a decomposition into diagonal and
off-diagonal Crooks relations, one for each mode of
coherence. We have also derived Jarzynski equalities and
rederived standard bounds on the average work cost under
an additional assumption of unitality of a certain induced
channel. We have furthermore shown that the classical
Crooks relation can be regained under the additional
assumption of energy-translation-invariant dynamics on
the energy reservoir. Moreover, the general approach leads
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to the concept of conditional fluctuation relations, where a
pair of measurement operators characterizes the initial state
and the final measurement, and where the transformation
from the forward to the reverse process corresponds
to a transformation of the pair of measurement operators.
This generalization allows for nonequilibrium initial
states and can also be extended to include correlations.
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. Finally, we have
shown that the notion of fully quantum fluctuation theo-
rems can be extended to master equations that implicitly
model the influence of the heat bath.

Although in this investigation we have regained both the
standard Crooks and Jarzynski relations, it would never-
theless be useful to obtain connections between the
formalism of this investigation and the multitude of
established quantum fluctuation relations (see, e.g., the
overviews in Refs. [8-10]).

For the fluctuation relations for master equations, we
have focused here entirely on the time-independent
Markovian case. It seems likely that the approach could
be generalized to time-dependent generators, and it would
be interesting to consider the extension to non-Markovian
master equations. One may also speculate if it would be
possible to use the global Hamiltonian of the approximate
fluctuation relations as a starting point to obtain a version
for master equations, via a reduction of the heat bath, along
the lines of standard derivations of master equations (see,
e.g., Ref. [118]).

On a more general level, it could prove fruitful to explore
the intersection between the resource theoretic perspective
and the standard machinery of open quantum systems (see
Ref. [87] for recent contributions in this direction). A
concrete question is how to construct generators that yield
thermal or time-reversal-symmetric thermal operations (see
discussions in Appendix M 4). Another question is what
the condition (45) implies concerning the underlying global
evolution and the evolution of resources.

Classical fluctuation relations have been subject to
several experimental tests [93,145-149]. Various setups
have been suggested for the quantum case [150-156], with
recent experimental implementations using nuclear mag-
netic resonance techniques [157], as well as in trapped ion
systems [158]. See also Ref. [159] for tests in a single-
electron box, and Ref. [160] for an experiment on a relation
for nonthermal noise. The conditional fluctuation theorems,
and, in particular, the approximate version, as well as those
based on master equations, allow for considerable flexi-
bility, which suggests that experimental tests may be
feasible. Since the quantum fluctuation relation (2) and
the conditional version (26) are phrased in terms of
channels and CPMs, one may be tempted to conclude that
every test of these relations necessarily would require a full

process tomography, which is generally very demanding.
However, the global fluctuation relation (29) suggests
“milder” tests based on small sets of suitable chosen
measurement operators (corresponding to a partial process
tomography). An example is the determination of free-
energy differences discussed in Sec. VII H.

One could also consider the possibility of experimentally
verifying cases of Jarzynski equalities with and without the
condition of unitality of the channel R,, such as in
Egs. (13) and (14). 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 nonviolation
of standard bounds and how this relates to the energy-
translation invariance (cf. discussions in Ref. [45]).

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 [161,162] (see further discussions in
Appendix N).

On a more technical note, one may observe that when-
ever we actively refer to the properties of the spectrum of
the Hamiltonian of the reservoir, we always assume that it
is a point spectrum. An analysis that explicitly investigates
the effects of reservoir spectra that contain a continuum
could potentially be useful.

One can imagine several generalizations of the results in
this investigation. For example, it seems plausible that one
could obtain a grand canonical version of these fluctuation
theorems, thus not only including energy flows, but also the
flow of particles. (For a previous grand canonical fluctuation
relation, see Ref. [163].) More generally, one could consider
settings with multiple conserved quantities [164—167].

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 H 6 a). However, these are
classical in the sense of being diagonal with respect to a
fixed energy eigenbasis, which should not be confused with
a classical phase-space setting. It seems reasonable that the
structure of pairs of measurement operators, 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 quan-
tum states.

The intermediate fluctuation relation (6) can be
rephrased in terms of the Petz recovery channel [48-51],
which is reminiscent of the recent finding in Ref. [41] that
relates the Petz recovery channel with work extraction. One
may wonder if these results hint at a deeper relation. See
further comments in Appendix A 9.
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Several recent contributions to quantum thermo-
dynamics have focused on resource theories, single-shot
statistical mechanics, quantum correlations, and coherence
[27-44,128,129,168-181]. (For general overviews on
recent developments in quantum thermodynamics, see
Refs. [182,183].) The fluctuation relations in this inves-
tigation are, at their core, statements about dynamics rather
than about resources. Nevertheless, one could consider
formulating quantitative characterizations 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 quantities and fluctuation theo-
rems [184—187]. The fact that the present investigation is
based on energy-conserving dynamics, and thus brings the
notion of fluctuation theorems under the same umbrella as
previous investigations on quantum thermodynamics and
coherence [27-44], may further facilitate the merging of
these subjects.
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APPENDIX A: 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. We usually suppose
that the system additionally interacts with a heat bath of a
given temperature. The time schedule of the parameter x is
implemented as a function x, of time ¢, which runs from
t=0totr=T.Att=0, we assume that the initial system
is in equilibrium with the heat bath. For the reverse process,
the external parameter evolves as x; := x;_, 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(, = x7. 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.
Assumption 1 below does not mention the system S or the
heat 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 sys-
tem S := SB.

For a Hamiltonian H and = 1/(kT), for Boltzmann’s
constant k and the absolute temperature 7, we denote the
partition function by Z;(H) = Tre ", and [assuming that
Z4(H) is finite] we denote the Gibbs state by G4(H) =
ePH/Z4(H). Since here we only consider heat baths with
one single temperature, we often suppress the subscript and
write G(H) and Z(H).

Assumptions 1. Let Hg, Hc, and Hy be complex
Hilbert spaces. Let |c;),|cs) € He be normalized and
orthogonal to each other, and define the projector P¢ :=

Lo —[ei)cil - lep) el
(i) Let Hy and Hg be Hermitian operators on Hg,
such that Z,(H',) and Zy(HJ) are finite. [This
guarantees that Gz(Hy) and Gﬂ(Hé,) exist.] Let
Hy be a Hermitian operator on H. Let H- be a
Hermitian operator on Hg @ H such that

[y ® PEJH 1y ® Pf] = H*, and define

Hgc:=Hy ® |c;)(c] +H'§/ ® lep)(cs| + H*

and H := Hsfc ® iE + iS’C ® HE'
(i) V is a unitary operator on Hgy @ H¢ @ Hp such
that [V, H| = 0, and

Vil ® lei){ci| ® 1] = [y ® lcr) (el ® gV
(A1)

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. 11). Since [c;) is orthogonal to |c), and these in
turn are orthogonal to the support of H, it follows that if C
is in state |c;), then the Hamiltonian of §" is HY,. Similarly,

if C is in state [c;), then S’ has Hamiltonian H];,. The

Hamiltonian H* allows for the possibility of having
intermediate Hamiltonians between the initial and final
ones (see Fig. 11). The global Hamiltonian is the sum of
Hgc and the Hamiltonian Hy of the energy reservoir,
which, by construction, are noninteracting.

The global evolution is given by unitary operations that
conserve energy, here modeled via unitary operators V on
S'CE such that [H, V] = 0. (For an alternative notion of
energy conservation, see Ref. [45].) In addition to being
energy conserving, we also require V to satisfy Eq. (Al). In
other words, V should rotate the subspace Hgr ® Sp{|c;)}
to the subspace Hgp ® Sp{|c;)}. This models the ideali-
zation of a perfect control mechanism, meaning that the
evolution, with certainty, will bring the initial control state
|c;) to the final control state |cy), and thus will transform
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FIG. 11.  Structure of the Hamiltonian. The Hamiltonian of the
extended system S’ =SB and the control has the form
Hge = Hi, ® |¢;)(ci| + Hf, ® |cs)(cs| + HY. Here, Hi, and
HJ;, are the initial and final Hamiltonians, respectively, and
lc;).|cs) the corresponding orthonormal control states. If the

control is in state |c;), the Hamiltonian of S’ is H g,, while it is H’;,
if the control is in state |c;). The Hamiltonian H-, which has
orthogonal support to Hy, @ |¢;){c;| and H, ® lcp)(cyl, corre-
sponds to possible intermediate stages. In the proofs of our
fluctuation theorems, H plays no particular role. However, it can
be used to simulate a path of Hamiltonians Hg(x), e.g., via a
discretization [see Appendix G 3 b].

the initial Hamiltonian H g, to the final Hamiltonian Hé,. In
Appendixes G3a and G3b, we demonstrate that there
exist setups that satisfy all conditions in Assumptions 1.

As mentioned above, we do not need to make a
distinction 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 system
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 Hi and H{; on Hg and a
Hermitian operator Hy on Hp such that

Hi,=H;® 13+ 15 ® Hp,

Hf H§®TB+}1\S®HB’

s = (AZ)

and such that Z,(HY), Zy(HY%), and Zy(Hy) are finite.

2. Global Hamiltonian H and global evolution V

In typical textbook quantum mechanics, the Hamiltonian
defines the notion of energy and energy conservation, 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 trying to analyze the resulting evolution
via Schrodinger’s equation) and has successfully been
employed in several previous studies [27-44].

It is maybe worth emphasizing that when, in this
investigation, we refer to two systems as being ‘“non-
interacting,” this only means that the energy observable is
of the form H=H, ® Tz + Tl ® H,. It does not imply
that the evolution is of a trivial product form V; ® V, since
(depending on the combination of the spectra of H; and
H,) there may exist nontrivial 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 generated by
a Hamiltonian H.,,;, i.e., that V = e~ "Hew/" where we let
Heo=H+H', [H H]=0. A possible 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 relations 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 the more “standard” assumption that V = ¢~ "H/",
This topic is discussed in Appendix K.

For a final observation concerning the structure of the
energy-conserving unitary operators, assume that the global
noninteracting Hamiltonian H (in the finite-dimensional
case) is nondegenerate. Then, its eigenvectors are all of the
product form |1,,)|2,,), for the two local eigenbases {|1,,) },,
and {|2,,)},, of H, and H,, respectively. Hence, all unitary
operators that commute with H can be written V =
S €l 1,)(1,] ® [2,,)(2,,|, for arbitrary real numbers
0,.,- Although typically not product operators, these do not
have the power to change the occupancies of the product
energy eigenstates. In particular, these unitaries cannot
transfer energy between the subsystems, which is not
particularly satisfying as a model of thermodynamic
processes. However, if the global Hamiltonian has degen-
eracies due to matchings of transition energies in the local
spectra, then there exist energy-conserving unitary oper-
ators that transfer energy. (For a simple example, see
Appendix H 7 b.) This matching is clearly a rather brittle
assumption, and one could relax this idealization by
allowing for transitions within a narrow energy shell.
However, we do not consider such generalizations in this
investigation but rather stick to perfect energy conservation.
One may also note that the approximate approach, pre-
sented in Appendix K, provides an alternative route to
handling this issue. There, we assume V = e~/" and
allow for interacting Hamiltonians, thus enforcing perfect
energy conservation, as well as removing the need for
matching of local spectra.

”

3. Initial states

In the typical derivation of Crooks theorem, one assumes
that the system is initially at equilibrium with respect to the
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initial value of the control parameter. In other words, for
x = x;, the system should start in state G4(Hg (x;)). When
one considers a more explicit model that includes the d.o.f.
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 equilib-
rium state on S'C would be

Z(H,)
Z(Hgc)
Z(H})
* Z(Hgc)
Z(H*)
Z(Hgc)

G(Hgc) = G(Hy) ® |e;)(ci]

G(HL) ® |cs)(c/]

G(H™), (A3)
where Z(Hgc) = Z(H%) + Z(HY) + 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 G4(HY) ® |c;)(c;|.
The conditional equilibrium corresponds to a projection
(and subsequent normalization) of the global equilibrium
onto an eigenspace of Hg .

The initial state of the forward process is the conditional
equilibrium state of S'C and an arbitrary state ¢ of the
reservoir, i.e., G4(H%) ® |¢;){c;| ® 6. 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 Gﬂ(Hg,) ® |cp){cr| ® 0.

Since we assume here that £ and S'C initially are
uncorrelated, it is possible to formulate our quantum
fluctuation theorems in terms of quantum channels on
the energy reservoir alone. In Appendix J, we discuss a
particular case of precorrelations.

Although the validity of the fluctuation theorems per se
does not rely on how these conditional equilibrium states
come about, or whether it would be difficult or easy to
prepare them, we are nevertheless justified to ask how they
are supposed to be obtained. In the typical narrative sur-
rounding the classical Crooks theorem, it appears to be taken
for granted that the system eventually settles at the equilib-
rium distribution G4(Hg (x;)) if x; is kept fixed. When the
control mechanism becomes explicit (both in the classical
and quantum cases), it is clear that this is not an entirely
innocent statement, as it suggests that there is a separation of
time scales, where the equilibration of the system is much
faster than the equilibration of the controlling d.o.f. It is not
difficult to imagine classical models where this assumption
would make sense. Suppose, for example, that we have a
polymer with the ends attached to two (comparably) massive
bodies immersed in a liquid (e.g., in the spirit of the
experimental setup in Ref. [145]). The equilibrium state of
the polymer depends on the distance between the anchor
points, and it seems intuitively reasonable that the polymer

would typically equilibrate on very short time scales
compared to the Brownian motion of the massive bodies.
These notions could also be adapted to the quantum case,
akin to what we do in Appendixes K2 b, K3 b, and K3c.
One may even argue that this separation of time scales
should be a requirement for well-designed control mech-
anisms. It is also clear that we cannot expect this to hold in
general but that it implies conditions on the nature of the
interactions between system, control, and heat bath, as well
as on the initial states.

In relation to these questions, it may be useful to note the
similarities between the type of conditional equilibrium that
we consider here and some of the settings in the literature
on classical fluctuation relations for partial equilibrium
conditions or extended fluctuation relations [108-113].
One may ask similar questions as above, concerning the
consequences of including explicit control systems, also in
the classical scenario. Although it indeed would be relevant
to elucidate the general conditions for well-functioning
control systems in both the classical and quantum cases,
these questions will not be covered in this investigation.

4. Induced channels on the energy reservoir

For the standard formulations of Crooks theorem, the
change of the external control parameters would typically
push the system out of equilibrium at the expense of work.
In our quantum treatment, we aim at describing all aspects
of how the state of the energy reservoir changes, which
conveniently can be captured by the channels (trace-
preserving completely positive maps [46]) induced on
the reservoir.

More precisely, the goal is 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 [Eq. (A1)]. We furthermore assume that S’
starts in the conditional equilibrium with respect to the initial
control state |c;) as described in the previous section. The
state of the reservoir after the evolution can thus be written

F(o) = Trs'c(V[G/i(Hg/) ® le;)(cil ® U]VT)~ (A4)

Hence, F describes the change of state induced on the
energy reservoir £ due to the global dynamics V for this
particular class of initial states.

For this intermediate version, we reverse the entire
evolution on the global system. More precisely, we replace
V-VT with VI-V. For a V generated by Hamiltonian
evolution V = e~Hewl/" this corresponds to a replacement
of t with —z. The reverse process starts in the local

equilibrium with respect to the final Hamiltonian H‘g,,
which results in the channel
R(0) = Trsc(VIGy(HY) ® |cp)(cr| ® 6]V).  (AS)

Although this indeed guarantees that the evolution is reversed
in a very concrete sense, one can argue that it does not quite
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correspond to the spirit of Crooks relation, which only
requires a reversal of the control parameters. In
Appendix C, we 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.

As a further remark, one can compare the type of
channels defined in Eqgs. (A4) and (AS5) with thermal
operations [27-30,35,127-133]. Thermal operations are,
as in Eq. (A4), obtained when initially uncorrelated
ancillary systems interact with the system of interest via
energy-conserving unitary operations (for noninteracting
Hamiltonians). However, as opposed to Eq. (A4), thermal
operations require all the ancillary systems to initially be in
their Gibbs states. In other words, the above channels
would be thermal operations were it not for the control
system, which initially is in a nonequilibrium state (as
discussed in Appendix A 3). Nevertheless, Eq. (A4) is
“almost” a thermal operation in the sense that S'C is in a
conditional equilibrium state. An extension of the theory of
thermal operations to these types of initial states could
provide an alternative route to study fully quantum fluc-
tuation relations and could potentially yield insights on the
violations of the standard bounds discussed in Sec. II G.
However, we do not consider such generalizations in this
investigation.

5. Conjugate CPMs

The conjugate map ¢* of a completely positive map
(CPM) ¢ can be defined via Tr(Y¢(o)) = Tr(¢*(Y)o),
where Y are arbitrary (bounded) Hermitian operators
and ¢ arbitrary density operators. A convenient alternative
characterization is via Kraus representations [46] ¢ (o) =
Zk\/ka\/,t, where the conjugate map is given by
¢ (Y) =24 Vi¥ 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) = Tr,([Q, ® 1]V[n, ® o]V1),

where Q, (bounded) and 7, (trace class) are positive
operators on an ancillary Hilbert space H,,. It follows that
the conjugate CPM ¢* can be written

(A6)

¢ (Y) = Try(Ina ® NVI[Q, @ Y]V). (A7)

One should note that the definition of the conjugate * via
Tr(Y¢(o)) = Tr(¢*(Y)o) is not restricted to ¢ being a
CPM. For example, if ¢)(c) := AcB, for some operators A,
B (not necessarily Hermitian), then ¢*(Y) = BYA.

6. Mapping J

For an operator A, we define the mapping

jA(Q) = e—A/ZQe—AW‘/Z. (A8)

The reason why we choose the exponent to be —A /2, rather
than, say, A, is only to make it more directly related to
Gibbs states in the special case that A := fH and Q := 1,
and thus jﬁH(i) = Z3(H)G4(H). The mapping J, is a
CPM but is, in general, not trace preserving.

The mapping gy does often occur together with its
inverse 77, in such a way that Jg0¢oJ 5 for some
CPM ¢ (see, e.g., Proposition 1). This combination can, in
some sense, be viewed as a quantum version of the term e
in the classical Crooks relation in Eq. (1). To see this, let us
consider the special case that H ¢ 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| T s (B (T 5y (In)(n]))) ) = ePE=En) (| h(|m) (n] ) | m).
The term E, —E,, is the decrease of energy in the
reservoir, and by identifying this loss with the work
performed, the analogy becomes evident. For the general
transition between arbitrary matrix elements, the correspo-
nding expression reads (m|J gy (T i (In)(n'])))|m’) =
PE=En)2 P Ey=E)I2 (m|gp(|n) (n'|)|m’). The fact that the
off-diagonal case is governed by two energy differences,
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, it is the case that
aH ~ p f ~
V[e®s @ ;) (ci| @ 1g] = [y ® lcr)(cpl®@e eV Iy ®
~ f ~ ~
le ® eme] and [y @ |eg)(cpl ® Te]V = [1g ®
le ® e e]V[e™s @ |c;)(ci| ® eMe], for all @ € C.
Proof.—We only prove the first equality since the proof
aH',
R)
lei)(ei] @ 1 = ey ®ledel®le i @ ey (e;] @ Tg]. Next,
we can use the fact that H, ® |¢;){(c;| ® 1, = H - H];, ®
lcp)(cr| ® 1, —H'®1,—-1¢c ® Hz. Note that these
summands commute with each other. Moreover, HJ;, ®

of the second is analogous. First, note that e

lep)(crl ® 1z and H' ® 1 have orthogonal support
compared to 1g ® |c;)(c;| ® 15. By these observations,
it follows that we can write

Ve @ Je;)(ci| ® 1]
= Vellemlec®e[ly @ |ci){e)| @ 1]
= eV[iy @ |e;)(c;] @ 1pleelse®He,
where, in the second equality, we have used [H, V] = 0 and
the fact that Iy ® |¢;)(c;| ® 1z commutes with e~1sc®H,

as well as orthogonality of various terms.
Next, we use the assumed property of perfect control in

Eq. (AD), ie., Vg ® [e;)(c;] ® T1g] = [Is ® [ef) (/| ®
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1£]V. When e* on the left-hand side of V “meets” [y ®

A f S B
lc/)(e;| ® 1g], only the terms e™y® c®lrpalyc®is

survive. This leads to the first equality. The proof of the
second equality is analogous. O

Proposition 1. (an intermediate quantum Crooks rela-
tion). With the definitions as in 1, the channels F and R
defined in Egs. (A4) and (AS5) are related as

Z(HY)F = Z(HY) T ju, R T - (A9)

With the separation of S’ into system S and the heat bath B
as in Eq. (A2), we thus get

Z(HY)F = Z(HY) Ty, R* T3k . (AL0)

Proof.—By comparing the definition (A5) of channel R
with Egs. (A6) and (A7) in Appendix A5, we can
conclude that

R(Y) = Trec((G(HY) ® |ep)(cr| @ Te)V[Is ® Tc @ YVT)

1

— S A A ~ — f A~
= Trec([e 57 ® e, e/ ® TpV[Iy ® Tc ® YVI[e 52 @ |e/) (/| @ 14])

Z(Hy)
[by Lemma 1]

~ z(ah)
Z(Hy) __
~ ) T i, 2 F o T i, ().

N
i
N

This can be rewritten as Eq. (A9).

With the additional assumption in Eq. (A2), we
get Z(H',) = Z(HY)Z(Hp) and Z(HY}) = Z(HS)Z(Hp).
From this observation, we obtain Eq. (A10) from
Eq. (A9). O

Equation (A10) in Proposition 1 already has the flavor of
a Crooks relation. However, as already mentioned, it relies
on an overambitious reversal where we invert the entire
evolution. In Appendix C, we remove this idealization and
let both the forward and reverse evolution be governed by
the same “direction of time”; i.e., in both cases, the global
evolution is given by the map Q > VQV7.

8. Control in fluctuation theorems vs control
in thermal protocols

In relation to the remarks concerning the swap of V to V'
as being an overambitious reversal, one may note that, in
other contexts, such as work extraction and information
erasure, one often imagines being able to choose freely
among all energy-conserving global unitary operations
over all the involved d.o.f., including additional equilib-
rium systems. One may thus wonder why such a detailed
control is acceptable in those scenarios but not for
fluctuation theorems. One should keep in mind that work
extraction and information erasure, in some sense, are
engineering tasks, where the purpose is to construct an
optimal protocol or machinery. Moreover, the free equi-
librium resources can be viewed as engineered ancillary

e/"HE/zTrS,C(V[e_ﬂH;’ ® |Ci> <Ci| ® e—/jHE/zYe—/"HE/z]VTL)eﬂHE/2

I

systems that are thermalized by being put in contact with
the heat bath, rather than constituting the heat bath
themselves. This should be put in contrast with fluctuation
theorems, where our task is not to design optimal proce-
dures in engineered systems but to make general statements
about the nature of the given dynamics in arbitrary thermal
systems. This may include systems provided by nature,
about which we may have very limited knowledge, and
where our means of control are restricted to designated
control systems (e.g., external fields).

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

The notion of “operation time reversals” was intro-
duced in Ref. [47] as a quantum generalization of time
reversals of classical Markov chains. Given a channel ®
with fix-point density operator p, i.e., ®(p) =p, the
operation time reversal of @ is defined by the mapping
o /p® (/p'loy/p')/p. Let us now compare this
with the right-hand side of Eq. (A9). By construction, R
is a channel. However, one can confirm that

(Al1)

Hence, e #H£ is not a fixpoint of R, and thus the conditions
for Crooks time reversal are not quite satisfied [unless
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Z(H',) = Z(H,), 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, the Petz recovery channel
[48-51]. Given a channel ® and a reference state p (which
does not have to be a fixpoint of the channel @), the Petz

recovery channel is defined as

(o) = \pO' (®(p) " 26(p) ) .

Hence, Crooks time reversal emerges as a special case
when p is a fixpoint of ®. In this context, one may also note
the discussions on time reversals for quantum channels
in Ref. [52].

If we take e #H£ as the reference operator, it is straight-
forward to confirm that the intermediate fluctuation relation
(A9) can be rephrased as F = 7A2, i.e., that the forward
channel is equal to the Petz transformation (A12) of the
reverse channel.

In Ref. [41], it was shown that the work gain in work
extraction can be bounded by how well the initial state can
be reconstructed via the Petz recovery channel. One may
note, in particular, the similarity between our channel R
and the recovery channel R,_, defined in Ref. [41],
although the definition of R contains the control system
that is subject to perfect control. In view of these structural
similarities, it is tempting to speculate on deeper relations
between these results. Fluctuation relations can be viewed
as statistical manifestations of the second law [6], an
observation that makes the connection to work extraction
more plausible. Moreover, there are investigations that hint
at or elaborate on connections. One example is the
generalized Jarzynski relations for feedback control
[92-94,188]. Moreover, in Ref. [32], a classical Crooks
relation was used as a component in a proof about single-
shot work extraction, and recent investigations [184—187]
have focused on exploring links between single-shot
concepts and fluctuation theorems. On a similar note,
one may wonder whether there exists a more operational
characterization of fluctuation relations. Although in-
triguing questions, we will not consider them further in
this investigation.

(A12)

APPENDIX B: TIME REVERSAL AND
TIME-REVERSAL SYMMETRY

Here, we discuss the notion of time reversals, which we
use for obtaining the quantum Crooks relation. We begin
with a quick reminder of the essence of the standard notion
of time reversals, which is closely related to complex
conjugation. As mentioned in the main text, our time
reversals are primarily related to transposes rather than to
complex conjugation (cf. the discussions on time reversals
in Refs. [59,60]), and in Appendix B2, we compare
complex conjugation to transposes regarded as time-

reversal operations. Next, in Appendix B 3, we turn to
the actual definition of time reversal that we employ in this
investigation.

1. Brief reminder of the standard notion
of time reversals

Here, we briefly recollect the notion of time reversals in
classical and quantum mechanics. More thorough discus-
sions can be found, e.g., in Chap. 26 of Ref. [189] and
Sec. 4.4 of Ref. [57]. These references also include the case
of electric and magnetic fields, as well as angular momenta,
which we do not cover. For an overview of time reversals in
classical systems, see, e.g., Refs. [190,191]. See also
Ref. [192] for various notions of time reversals in the
context of classical fluctuation relations.

In classical mechanics, time reversals are defined via the
reversal of momenta; e.g., for a system of particles, their
positions are left intact, but all the velocities are reversed. If
the underlying Hamilton function is time-reversal sym-
metric, i.e., is invariant under p +— —p, then this implies
that the reversed particles follow their reversed trajectories
and thus effectively behave as if time was running back-
wards. As an example, one can consider a particle of mass
M in a potential V, with Hamilton function H (X, p) =
p?/(2M) + V(x). If (%(1), p(1)) is a solution to the
corresponding equations of motion, then (X(-1),
—p(=1)) is also a solution, thus representing the particle
moving backwards with reversed momentum.

Quantum mechanics does not possess a very crisp notion
of phase space, or phase-space trajectories, because of the
canonical commutation relation for the position and
momentum operators. One can nevertheless introduce a
notion of time reversals. Suppose that the system has the
Hamilton operator H = P?/(2M) + V(X) and that y(, )
is a solution to the corresponding Schrodinger equation
iy = —h*V*y/(2M) + V(). The function y (X, —1) is
generally not a solution, while y (X, —¢)* is. In other words,
a complex-conjugated wave function evolves backwards,
which suggests that time reversals in quantum mechanics
are related to complex conjugation. As further indications,
one may note that a plane wave y/(x) = ¢'P* gets mapped to
w(x)* = e~'P*, thus changing the sign of the momentum of
the momentum eigenstates. Another example is the family
of coherent states {|a)},cc, With wave functions (x|a) =
exp[-Im(a)? — (x/o — 2a)?/4]/[(2x)"/*\/5].  Coherent
states can, in some sense, be regarded as representing
fuzzy phase-space points (with a simultaneous position and
momentum as sharp as quantum mechanics allows for),
where the real and imaginary parts of a can be associated
with the average position and momentum, respectively (see
Appendix K3 c). Since (x|a)* = (x|a*), the effect of the
conjugation is to swap the sign of the imaginary part of a
while leaving the real part intact, thus emulating the
classical procedure of swapping momenta at fixed
positions.
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There is also a more abstract line of reasoning, arguing
that transformations that leave the magnitude of inner
products on the Hilbert space invariant should be either
unitary or antiunitary (see the Appendix to Chap. 20 in
Ref. [189], or Chap. 27 in Ref. [193]) and that time reversals
fall in the category of antiunitary operators (see Chap. 26 of
Ref. [189], or Sec. 4.4 in Ref. [57]). Moreover, antiunitary
operators can be written as a complex conjugation composed
of aunitary operation (Chap. 27 in Ref. [193]). Hence, on the
level of Hilbert spaces, time reversals are closely related to
the complex conjugate of the wave function.

The above remarks have been focused on cases where
there are no external parameters that break time-reversal
symmetry. A typical example of such symmetry breaking
are external magnetic fields. In such cases, the time-reversal
operation would not only include a change of the state of
the system but also a change of the Hamiltonian (e.g.,
swapping the directions of the external magnetic fields),
which thus means that we have to intervene and change the
nature of the dynamics of the system. This goes somewhat
against the general spirit of the present investigation, where
we employ time-reversal symmetry precisely in order to
avoid having to make such interventions. (It would be more
in spirit to explicitly include the systems and currents that
generate the magnetic fields.) It nevertheless seems rea-
sonable that one could generalize the type of fluctuation
relations that we consider here in order to incorporate
external time-reversal breaking parameters. However, we
leave this as an open question.

2. Complex conjugation vs transpose

As discussed in the previous section, the standard notion
of time reversals in quantum mechanics is typically for-
mulated on the level of Hilbert spaces via antiunitary
operators and can be expressed via complex conjugation
of wave functions. Here, we make a slight shift of
perspective and consider the action of the complex con-
jugation on the level of density operators; we then compare
this to transposes. We see that both these operations can, in
some sense, be regarded as time-reversal operations.

The standard time reversal can be expressed in terms
of the complex conjugation y*(x) of wave functions y(x)
or via an orthonormal basis as |p*) =", |n)(n|y)*.
On the 1evel of operators, this translates to Q* =
J Q) x) (¥ |dxdx" or Q" =37,/ (n|Q]n')*|n){n]
In comparlson the transpose 7 acts as QF =
S J %) (¥ Q1x) (¢ dxds’ or QF = 3,[m) (n'|QIn) |

Both the complex conjugate and the transpose imple-
ment time reversals but in a slightly different manner.
Suppose that a Hermitian generator H,,, for the time
evolution satisfies H, ; = H.,,, or equivalently HZ , =
H.,,. (One should not confuse H.,,, discussed in
Appendix A 2, with the Hamiltonians H, Hg, Hp, etc.)
The time-evolution operator consequently transforms as

(e_[tHevcl/h)* = eitHevul/h’

(e_itHevol/h)T — e—itHeo /R (Bl)

Hence, complex conjugation inverts the evolution operator,
while the transpose leaves it intact. At first sight, it may
seem a bit odd that the transpose can implement 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 operator
ordering intact, while the transpose reverses the ordering.
In some sense, Eqs. (B1) and (B2) 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 p; = e~ "Hea/lp,eiMoa/h For the complex conjugate,
we get

,0* _ (e_itHcvol/h)*p;(eitHcvol/h)*

e ”Hcml/h ltHcvol/h
b

pie

e—ithl/h x itH

and hence p; = piefeall Similarly,

p‘} — (ei’Hevol/h)Tp‘if(e_itHevnl/h>T

ichvnl/hp::'e_i[Hcvol/h s

=e

—"’Hevol/hpfe”Hewl/h. Hence, we

and, consequently, pf = e
again obtain the effective reversal of the evolution. We can
conclude that, for conjugation, the time reversal is due to
the inversion of the time evolution operator, while for the

transpose, it is due to the inversion of the operator ordering.

3. What we require from time reversals

Instead of directly defining time reversals in terms of
transposes, here we define it via a “wish list” of properties.
By inspection, one can see that transposes satisfy these
conditions, although the latter allow for a slightly larger
class of operations (see Proposition 2). 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 could possibly be but
rather as a 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 ques-
tion, it will not be pursued further in this investigation.
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Definition 1. A linear map 7 is called a time reversal if

T(AB) = T(B)T(A), (B3a)
T(AT) = T(A), (B3b)
TH{T ()] = Tr(o). (B3c)
=1 (B3d)

It is certainly justified to ask in what sense a map 7" with
the above properties deserves to be called a “time reversal.”
Analogous to the discussions of complex conjugates and
transposes in the previous section, let us now assume that
py = Vp,; VT, for some unitary operator V and initial state
pi- We get

T(ps) =T(VpV')=T(V)'T(p)T(V), (B4)
where, in the second equality, we make use of the
reordering property (B3a) and of property (B3b). Our first
observation is that 7 (V) is a unitary operator (see Lemma 3
in Appendix B 5). Moreover, 7 (p;) and 7 (p,) are density
operators due to preservation of trace (B3c) and preserva-
tion of positivity (by Lemma 4), although 7 is generally
not completely positive. By the unitarity of 7 (V), we can
rewrite Eq. (B4) as T (p;) =T (V)T (p;)T(V)', which
thus describes the unitary evolution of a well-defined
quantum state. If, additionally, the time reversal leaves
the evolution operator V invariant, 7 (V) = V, then we get
T (p;) = VT (p;)V'. Hence, the time-reversed final state
T (py) evolves to the time-reversed initial state 7 (p;) under
the forward evolution, if the time reversal leaves the
evolution operator invariant. By comparison with the
discussion in the previous section, we can conclude that
T, much in analogy with the transpose, obtains its capacity
to “time reverse” from the reordering property (B3a), as
opposed to complex conjugation, which obtains this power
from its capability to invert the time-evolution operator. As
we see in Appendix B 5, the time reversals 7 are indeed
very closely related to transposes.

As a bit of a technical remark, in the infinite-dimensional
case, one may additionally require that 7 maps bounded
operators to bounded operators and trace class operators to
trace class operators. If one restricts to bounded A, B in
Eq. (B3a), it follows that 7 (A), 7(B), and 7 (AB) are
bounded. By demanding that A in Eq. (B3b) is bounded, we
make sure that the Hilbert adjoint A is well defined and
bounded (see Theorem 3.9-2 in Ref. [194]). By the
requirement that 7 maps bounded operators to bounded
operators, we know that 7 (A) is bounded, and thus 7 (A)"
is also well defined. If one restricts ¢ to be a trace class in
Eq. (B3c), it follows that Tr(o) is well defined, and if 7
maps trace class operators to trace class operators, Tr[7 (c)]

is also well defined. Although this is a reasonable collection
of assumptions, one should keep in mind that here we tend
to apply these maps to unbounded operators also.

4. The © transformation
For a CPM ¢, we define ¢© as

0 =TT, (BS)
where 7 is a given time reversal and where ¢* is the
conjugation discussed in Appendix A 5. It is a straightfor-
ward application of the properties of the time reversal 7 to
show the following alternative definition:
¢° = (T¢T)". (B6)

It is also straightforward to confirm the following lemma.
Lemma 2. If ¢ is a CPM with Kraus decomposition

$(6) = 3, VioV}, and T is a time reversal, then

¢°(0) =Y _T(Vi)oT (Vi)'. (B7)
k

In other words, if {V; }, is a Kraus representation of ¢, then
{T (V;)}, 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 (¢(1) = 1), then $© is a channel and,
moreover, a unital channel.

5. Characterization of 7 in finite dimensions

The purpose of this section is to make more precise what
kind of mappings the list of properties in Definition 1
specifies and how they relate to transposes, as well as derive
some further properties that will be useful for the sub-
sequent 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, in the follow-
ing, we let £(H) denote the set of linear operators on H.
Our first general observation is that, if 7, and 7, are time
reversals on two different finite-dimensional Hilbert spaces,
then 7, ® 7, is also a time reversal. It turns out that each
single property in Definition 1 is separately preserved
under the tensor product. The proof can be obtained via

decompositions Q = Zan(lm) ® Q<2”>, where ng) and
Qg’” are operators on H; and H,, respectively.

Lemma 3. If 7 is a linear map that satisfies conditions
(B3a) and (B3d), then 7(1) = 1.

Moreover, if 7 is a linear map that satisfies conditions
(B3a), (B3b), and (B3d), then 7 maps unitary operators to
unitary operators.
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ALA

7(1)1 and using property (B3d), it follows that
T(T()=T(T(H)=T()T(T(1)=T()i=7(1).
where the third equality follows by Eq. (B3a).

Furthermore, if we now assume that 7 satisfies
Eq. (B3b) and that V is a unitary operator, then
TV T(V) =TT (V) =T(ViV)=T(1) =1, and
analogously 7 (V)¥7 (V) = 1. Hence, 7 (V) is unitary. (J

Lemma 4. Let 7 be linear. If 7 satisfies Egs. (B3a) and
(B3b), then 7 is positive, i.e., 0 > 0= 7(Q) > 0.

Proof—If Q > 0, then there exists A such that Q = AA".
Hence, 7(Q)=T(AA")=T(A")T(A)=T(A)'T(A),
where the second equality follows by Eq. (B3a) and the
third by Eq. (B3b). Hence, 7(Q) > 0. O

Lemma 5. Let 7 be a linear map.

(1) If 7 satisfies Eqgs. (B3a) and (B3b), then 7 maps
projectors to projectors. Furthermore, pairwise
orthogonal projectors are mapped to pairwise
orthogonal projectors.

(ii) If 7 satisfies Eqs. (B3a), (B3b), and (B3c), then 7
preserves the dimension of the projected subspaces.
In particular, 7 preserves purity; i.e., if |y) € H is
normalized, then there exists a normalized |y,,) € H
such that T (jy){w]) = lz,,) (z, |

(iii) If 7 satisfies Egs. (B3a), (B3b), and (B3c¢), and if the

underlying Hilbert space is finite dimensional,
then 7(1) = 1.

For the third item, it is necessary to restrict to finite
dimensions. As an example, let {|n)},cy be a complete
orthonormal basis, and define 7 (|n)(n'|) := |2n")(2n|. This
satisfies Egs. (B3a), (B3b), and (B3c), but T(i) #1.

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
follows, by properties Eqs. (B3a) and (B3b), that 7 (P)
is also a projector. [If 7 preserves boundedness, then the
boundedness of 7 (P) is guaranteed.] Two projectors are
orthogonal if and only if P;P, = 0. Thus, by property
(B3a), it follows that 7 (P,)7 (P;) =7 (P;P,) =0. The
dimension of the subspace onto which a projector P
projects is given by Tr(P). By assumption (B3c), it follows
that Tr(7 (P)) = Tr(P). Hence, the dimension is pre-
served. If the Hilbert space is finite dimensional, then
Tr7 (1) = Tri is the dimension of the Hilbert space.
Hence, 7 (1) is a projector with the dimension of the
Hilbert space, and thus 7°(1) = 1. O

In the following, we denote the standard operator norm
by [IQll = sup,,. =1 1Qlw)ll and the trace norm by

10l; = Tr\/QQO" = Tr\/QTQ (where the last equality
in the finite-dimensional case follows by the singular value

decomposition of Q).
Lemma 6. Let 7 be a time reversal as in Definition 1;

then, I7(Q)Il = IQIl, 1T (Q)Ils = IQll:-

Proof—By applying 7 to the trivial identity 7 (1) =
1

Proof—First, we note that || 7(Q)|y)||*> = Tr(|w)x
Ww|T(QQ") = Tr(Q0"[r, ) (r, ) = 1Q7[x,)II>,  where
lx,,) is such that |y,)(x,| =7 (ly)(y|) as in Lemma 5.
Consequently, |7(Q)Il < [IQ7ll. By Q7] = lIQll (see,
e.g., Theorem 3.9-2 in Ref. [194]), it thus follows that
17 (O)|l < 11Qll- By substituting Q with 7 (Q) in the above
reasoning, and using 72 = I, one obtains || Q|| < || 7 (Q)].
Hence, [I7(Q)Il = 112II.

Next, we make the observation that ||7(Q)|, =
Try/T(Q)T(Q)" = Tr\/7 (Q7Q). By Lemma 4, we know
that 7 maps positive operators to positive operators. Hence,
T (Q"Q) is a positive operator, and thus /7 (Q7Q) is well
defined and positive (see, e.g., Sec. IX.4 in Ref. [194]). By

Lemma 4, we know that 7 (v/QQ) > 0. Moreover,

T(VO'O)T(V/0O'Q)=T(Q'Q). By the reasoning
above, we thus know that both +/7(Q'Q) and

T(\/Q'Q) are positive square roots of T(Q7Q).

However, the positive square root of a positive operator
is unique (Theorem 9.4-2 in Ref. [194]), and thus

JT(070) = T(@) Consequently, ||7(Q)|l;, =
Tr\/T(Q°0) = TrT (/0T 0) = ||l O

Lemma 7. On a finite-dimensional complex Hilbert
space, let H be Hermitian with an orthogonal family of
eigenprojectors {P,, },, and corresponding eigenvalues 4,,,
such that h,, # h,, whenever m # m’,and H =, h,,P,),.
If 7 is a time reversal such that 7 (H)= H, then
T(P,,) = P,. Hence, T preserves the eigenspaces.

Proof—By Lemma 5, we know that each 7(P,,) is a
projector and that it projects onto a subspace of the
same dimension as P,. Next, one can confirm that
HT(P,) =T(H)T(P,)="T(P,H) = h,T(P,).
Hence, 7 (P,,) must be an eigenprojector corresponding to
eigenvalue h,,. Since 7 (P,,) and P,, project on spaces of
the same dimension, we must have 7 (P,,) = P,,. O

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

Q=Y [K)(k|QIK) (k|- (B8)

kk'

Since the transpose depends on 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, specifies how one can express the new transpose in
terms of the old one.

Lemma 8. On a finite-dimensional complex Hilbert
space H, let the transpose 7,4 be defined with respect to
an orthonormal basis {|old;)},. Let the transpose 7, be
defined with respect to the orthonormal basis {|new;)},,
where |new;) := W|old,) for some unitary operator W on
H. Then, Woew = WW% W', and the new transpose Tpe,
can be expressed in terms of the old basis as

011019-29



JOHAN ABERG

PHYS. REV. X 8, 011019 (2018)

Qfrew = WWou QTold(WWTo]d)T‘ (B9)
Similarly, the old transpose 7,4 can be expressed in terms
of the new basis as

Qo = (Wohew W)T Qnew Wenew W, (B10)

The following lemma is a special case of Autonne-
Takagi’s decomposition; see, e.g., Corollary 4.4.4 in
Ref. [195].

Lemma 9. (special case of Autonne-Takagi’s decom-
position). Let H be a finite-dimensional complex Hilbert
space. Let U be a unitary operator on H. Then, U* = 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=WwWwr-

By combining Lemma 9 with Lemma 8, we can
conclude that transformations of transposes are character-
ized by complex symmetric unitary operators.

Proposition 2. Let H be a finite-dimensional complex
Hilbert space, and let B:= {|k)}X_ | be an orthonormal
basis of H. Let 7 denote the transpose with respect to the
basis B. Let 7 be a linear map on L(H).

(1) 7 satisfies Egs. (B3a), (B3b), and (B3c) if and only

if there exists a unitary operator U on ‘H such that

T(lk)(K'|) = UIKY(K|UT, ¥ kK, (B11)
or equivalently,
T(Q)=UQ'U", ¥V Qe€eL(H). (B12)

Moreover, U is uniquely determined by 7 and B up

to a global phase factor.

(2) If 7 satisfies Egs. (B3a), (B3b), and (B3c), then the
following are equivalent:

(a) 7T satisfies (B3d).

(b) The unitary operator U in Eq. (B11) satisfies
U*=+U, ie., U is complex symmetric or
complex skew symmetric. (The choice of global
phase factor in U does not affect the property of
being symmetric or skew symmetric.)

(3) If 7 satisfies Egs. (B3a), (B3b), and (B3c), then the
following are equivalent:

(a) There exists an orthonormal basis {|&;)}, of H
such that

T(1&)(Ex]) = [E)(&els ¥ kK.

(B13)

(b) The unitary operator U in Eq. (B11) satisfies

U* = U; i.e., U is complex symmetric.
As a further remark, one may note that Eq. (B12) 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
[61,62].

Proof of Proposition 2.—We start by proving that
properties (B3a), (B3b), and (B3c) imply Eq. (B1l).
From Lemma 5, we know that {7 (|k)(k|)}, is a set of
pairwise orthogonal projectors onto one-dimensional sub-
spaces that span the whole space. This means that there
exists a unitary operator U such that 7 (|k)(k|) =
U|k)(k|U". Moreover, by Eq. (B3a), it follows
that T (|k)(K'[) = (|k) (k| |} (K'||K') (K |) =z U |K) (K| U,
where zy = (K'|UTT(|k)(K'|)U|k). By Eq. (B3b), it
follows that z%, = zp. By using 7 (|k)(k|) = U|k)(k|U"
and Eq. (B3a), it follows that zyz =
KNTTT (k)R DT (K k)T () (k) TIK) = 2. One
can realize that these last two conditions together imply
that zy = zjpz1. Moreover, |z1k)*> = zix = 1. Hence,

there exist real numbers 6, such that z = e/ =%,

By putting U := U S, e|1)(l|, we find that 7 (|k)(k'|) =
2w UK (k|UT = U|K)(k|U?, and thus Eq. (B11) holds.
For the opposite implication, assume that there exists a
unitary U such that Eq. (B12) holds. It is straightforward to
confirm that each of the properties (B3a), (B3b), and (B3c)
is satisfied.

For uniqueness, suppose that there exist two unitary
operators Uy, U, that both satisfy Eq. (B12). Consequently,
U,Q°U} = U,Q°U} for all Q € £L(H), from which it
follows that U, = e U, for some y € R.

Next, we turn to the second item of the proposition.
Assume that Egs. (B3a), (B3b), and (B3c) are satisfied. We
know that there exists a unitary operator U such that
Eq. (B12) holds. If we use this observation twice, we find

T(T(Q)) = T(UQU') = U(UQ U U

= (UTU")"QU U". (B14)
This implies that 72 = [ if and only if U" = U for some
real number 6. By the definition of the transpose, it follows
that (K'|U|k) = (k|UT|K') = e (k|U|K) for all k, k. If this
equality is iterated, we obtain (K'|UJk) = ¢ (k|U|K') =
e*®(K'|U|k), and thus (1 — &*?)(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 ¢*? = 1, and thus ¢ = +1. This result,
combined with U = €U, yields U* = +U.

Finally, we turn to the third item of the proposition. Let 7/
denote the transpose with respect to {|&)};. Then,
Eq. (B13) is the same as saying that 7(Q) = Q”. By
Lemma 8, we know that we can express the transpose 7’ in
terms of the transpose 7 (with respect to the basis {|k)},) as
Q7 = WW*Q"(WW?)", for a unitary operator W such that
|Ex) = W|k). In terms of the original basis {|k)},, we know
that 7(Q) = UQ"U". Hence, UQ*U" = WW* Q" (WW?)T,
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and thus U = WW?e” for some y € R. Hence, we can
conclude that the unitary operator U satisfies U* = U and
thus is complex symmetric.

To derive the opposite implication, assume that there
exists a unitary operator U such that U" = U and Eq. (B11)
holds. By Lemma 9, we know that there exists a unitary
operator W on H such that U = WW?. Define |§;) := W|I)
for all . Since W is unitary, it follows that {|&;)}, is an
orthonormal basis of H. One can verify that Eq. (B13)
holds. O

As a corollary of Proposition 2, it follows that, if 7
leaves the elements of an orthonormal basis intact, then 7
can be written as a transpose in this basis followed by phase
shifts.

Corollary 1. Let {|n)}, be an orthonormal basis and
assume that the time reversal 7 is such that 7 (|n)(n|) =
|n)(n|. Then, there exists real numbers 6, such that
T(In){n']) = '@ =0)|w')(n|, and thus with |&,) =
61911/2|n>’ we get T(|5n><€n") - |§n’><§n|'

APPENDIX C: QUANTUM FLUCTUATION
THEOREM

1. Resetting the stage

Here, we construct a new set of assumptions that
includes time-reversal symmetry (see Fig. 12).

Assumptions 2. Let Hg, He, and Hyg be complex
Hilbert spaces. Let |c;.), |c;_).|c/1), |cs—) € Hc be nor-
malized such that the linear span Hi. == Sp{|c;, ), |c;_)} is
orthogonal to H. := Sp{lcsy).|cs—)}. Let P and Pl

Cr.

- o o my

- e owm o owm

Cz’ +

FIG. 12. Structure of the Hamiltonian. The Hamiltonian §'C is
of the form Hgc=H{ ® P+ H'g, ® PfC + H'. Hence,
whether the state of the control is in subspace H. onto which
PL. projects or in 'H‘é onto which P'é projects, this determines the
Hamiltonian of §’. The Hamiltonian H' corresponds to any
possible intermediate stages. The initial control space HL is
spanned by two states |¢; ) and |c¢;_), which are the time reversals
of each other. Analogously, the final control space H’é is spanned
by |cy.) and [c;_). The global evolution V is such that it brings
control state |c;. ) into |c,. ), while it brings |c,_) into |c,_), thus
implementing both the forward and the reverse process.

denote the projectors onto these two subspaces, and define
PLi=1c-Pi.-PL
(i) Hi, and Hg, are Hermitian operators on Hg such that
Z(Hg) and Z (Hg,) are finite. Let Hy be a Hermitian
operator on H. Let H* be a Hermitian operator on
Hg ® He such that [Ig @ PEH [y ® PS] =
H*', and define

Hgc=Hi, ® P+ Hl, ® P+ H*

and H:=Hgr Q@ g+ lgc ® H.

(ii)) Tgc and 7Ty are time reversals, and
T :=Tg¢c Q7T We assume
TS’C<HS’C> =Hyc, TE<HE> =Hg (Cl)
and
Tyc(ly ® lei)(cin]) = 1y ® [cio) (i,
Tyc(ly ® lep ) ep ) =15 ® e )(cs-|.  (C2)

(iii) V is a unitary operator on Hy ® He ® Hpg such
that [V,H] =0, 7(V) =V, and

Vg ® |ciy){cip| ® 1]

= [is ® [er)er| ® V. (C3)

In Appendixes G3 ¢ and G3d, we demonstrate that
there exist setups that satisfy all conditions in
Assumptions 2.

At first sight, it may seem a bit counterintuitive that the
time reversal should leave the unitary evolution V invariant,
i.e., that 7 (V) =V, rather than inverting the evolution,
V + V7, which in essence is how the standard complex-
conjugation-based time reversal works. However, as dis-
cussed in Appendix B 3, the capacity of 7 to time reverse
stems from the reordering property 7 (AB) = 7 (B)7 (A),
rather than from the inversion of the evolution operator.

The pair of control states |c;, ) and |c;_) (as well as [c )
and |c;_)) can be thought of as abstractions of the idea of
wave packets with fairly well-defined momenta, where the
time reversal changes the direction of motion. However, we
are not tied to any such specific scenario and can apply the
formalism whenever Assumptions 2 are valid for some
choice of time reversal 7.

Assumptions 2 are constructed in such a way that the
unitary V, the initial state |c¢;) := |c;, ), and the final state
lcg) = |cy) satisfy Assumptions 1. This translation only
amounts to redefining the projector P¢ and the Hami-
ltonian H+. More precisely, starting with Assumptions 2,
we can define the projectors P, := PL —|c;,){c;,| and
P.sy =P —|cy ){cpi|. With P& being the projector in
Assumptions 2, we can define the new projector in
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Assumptions 1 as Pg := P&+ P + P.py. Similarly,
given the Hamiltonian H' in Assumptions 2, we can
define the new H':=H| ® P, +H} ® P.;, +H"*
in Assumptions 1. Hence, the restriction to Assumptions 1
only requires us to reshuffle the Hamiltonians. In an
analogous manner, V, |c;) := |c;_), and |c/) = [c;_) also
form a valid triple in Assumptions 1. Note that, in this case,
|c¢_) is the initial state of the effectively reversed evolution.

Note that one can consider several variations on Assum-
ptions 2. For example, one could imagine an alternative
to Eq. (C2), where we instead assume a product time
reversal 7g- =7 ¢ ® 7 and demand 7 ¢(|c;y){ciy|) =
lci)eicls Tellep)(epyl) = ley){cs-|. However, the
assumption in Eq. (C2) is more general and provides a
rather useful flexibility.

One should keep in mind that although Sp{|c;.), |c;_)}
is orthogonal to Sp{|c/.).[c;_)}, we do not necessarily
assume that |c;,) is orthogonal to |c;_). (In principle,
Assumptions 2 even allow for the possibility that |c;, ) is
parallel to |c;_).) The reason for this is that a generic state is
not orthogonal to its time reversal. (The same remark
applies to the standard notion of time reversal via complex
conjugation.) To see this, suppose that 7 can be imple-
mented as the transpose with respect to some orthonormal
basis {|&,)},. For [¢;.) =", c,|€,), we would thus have
le;_) = e, cilé,), for some arbitrary real number 6.
Hence, {(c;_|c;,) = e7>" 2, which would be zero only
for a particular submanifold of states. Even though the time
reversal per se does not force |c;;) and |c;,_) to be
orthogonal, one may still wonder if the conditions in
Assumptions 2 would ‘“conspire” to enforce this.
However, this is not the case, as is shown by an explicit
example in Appendix G 3e. Nevertheless, if we wish to
incorporate certain additional features, like sequential paths
of orthogonal control spaces, as we do in Appendix G 3 d,
then we need orthogonality between the control states
and their time reversals (see further discussions in
Appendix G 3 e).

Because of the time-reversal symmetry, a perfect tran-
sition from |c;;) to |c,.) implies a perfect transition of

|

Tyc(G(HL) ® |ei)(cis])  [ByEq.(C6)]
1 n
=z Tsetesells ® lei)ewnl)
S/
1 n
= iy Tsells ® leu ) ep Nese
S/
1 n
- Z(HL) Iy ® [c;-){ci_|]ePHse
SI

= G(qur) ® |ei)(cil.

|cs—) to |c;_). More precisely, by combining Eq. (C3) with
the properties 7 (AB) = T (B)T (A), Tg(iz) = 1, as well
as the assumptions 7 (V) = V and Eq. (C2), one obtains

V[iy ® [ey_)cr| @ 1g]

= [l ® [ei-)(ci-| @ 1£]V. (C4)

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 Appendix H, we abandon this idealization, and as a
bonus, we also obtain a leaner set of assumptions (cf.
Assumptions 4).

Lemma 10. With Assumptions 2, it is the case that

TS’C(G(HQ/) ® |Ci:t><cii|) = G(Hg/) ® |Ci¢><ci¢|’
TS’C(G(H{;) ® [epe)(erz]) = G(Hf;/) ® | )(crxl-
(Cs)

One may wonder why we do not directly assume
Eq. (C5) in Assumptions 2 rather than Eq. (C2). The
reason is partially that the latter choice defines the action of
the time reversal on the control states in a cleaner manner,
but also because it aligns with the more general set of
assumptions that we use in Appendix H 3.

Proof—We first note that 7 g-(Hgc) = Hge and
Tsc(lgc) = Tgc imply Tgc(e™se) = eHse (e.g., via
a Taylor expansion) for all @ € C. Moreover, because of the
orthogonal supports of Hi, ® P.., H’;, ® P., and H', we
can conclude that

ey @ |eiu)(cin| = ePyelly @ [es){einl]

= [y ® |cix){cis|]ePHse. (Co)

We exemplify the rest of the derivation with the trans-
formation of G4(HL,) ® |ciy ) (ciy|:

[By property (B3a) and 7 g (e PHsc) = e7PHsc]

[By Eq. (C6)]
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The other identities can be derived in an analogous
manner. U

2. Induced channels

Given the initial state |c;.) and final state |c/,), we
define the channels

F (o) =Trgc(V[Gs(Hy) ® |cii){cir| ® o]VT),

R (0) = Trsc(VIGy(HE) ® e ) ers| ® aV). (CT)

For the initial state |c;_) and the final state |c;_), we
similarly define the channels

F_(0) = Trsc(VIGy(H]) ® ler-) (cs-| ® o]V,
R_(0) = Trgc(VI[Gy(Hy) ® lei)(cio| ® alV).  (CB)

TR (0) = Trsc(T(VIG(HY) ® les2) (e | ® 0]V)
= Trge(VT(G(HY) ® [es2) (e | @ o)V

3. Deriving a quantum Crooks relation

Lemma 11. Given Assumptions 2, the channels R,
JF_, as defined in Egs. (C7) and (C8), are related as

TR, =F_Tx (C9)

and thus

R = FC. (C10)
Hence, under the assumption of time-reversal symmetry,
we can, in effect, simulate the reversed time evolution (i.e.,
the replacement of V with V) via the “forward” evolution
V. By applying the property 7% = I to Eq. (C9), one can
also show R, Ty =TpF_and R, =T F _T.

Proof of Lemma 11.—We use the definition of R, in
Eq. (C7) and the general relation Tr,([7; ® 7,|(p)) =
7T 1(Try(p)) to obtain

[By (B3a), (B3b), and 7 (V) = V]
[By Lemma 10)

= Trgc(VIG(H{) ® [es-) (e | ® Tr(o)]VF)

=F_oT (o).

By multiplying Eq. (C9) from the left with 7 and using the
relation 72 = I and the alternative definition of © in
Eq. (B6), we obtain Eq. (C10). O

Proposition 3. (quantum Crooks relation). With
Assumptions 2, the channels F as defined in Eqgs. (C7)
and (C8) satisfy

Z(Hy)F = Z(H) T, FC T3, (C12)

With the separation of S’ into system S and the heat bath B
as in Eq. (A2), we thus get

Z(HY)F, = Z(HJS‘)J,;HEf?j,;,},E. (C13)

Proof.—The triple V, |c;) := |c;y), |cy) = |cpy) from
Assumptions 2 satisfies Assumptions 1. It follows that we
can apply Proposition 1 on the pair of channels 7, and R,
and thus obtain Z(HY)F . = Z(H}) T pu, R’ T gt - Next,
we use Eq. (C10) to obtain Eq. (C12).

With the additional assumption in Eq. (A2), we
get Z(HY) = Z(Hy)Z(Hp) and Z(HY}) = Z(H{)Z(Hp).
From this result, it follows that Eq. (C12) yields
Eq. (C13). ]

(C11)

4. Unbounded Hp

The requirement of perfect control, i.e., that V satisfies
Eq. (C3), puts rather stringent conditions on the properties
of Hy. To see this, let us assume that H has a pure point
spectrum corresponding to the orthonormal eigenvectors
{|n)}, with respect to the energy eigenvalues E,. Let us
furthermore assume that Hg is finite dimensional. In the
following, we show that, for generic choices of initial and
final Hamiltonians HY, and H‘L’;, the perfect control implies
that the spectrum of Hy must be unbounded from both
above and below.

Because of the assumption of energy conservation, the
energy 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 and similarly hj, the

eigenvalues of H,. Suppose that hi, # 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 E. Imagine now that §' initially is in an
eigenstate |h). Suppose that, at the end of the process,
there is a nonzero probability for finding ' in the state |/,)
with 1, > hi,. For this to happen, the reservoir has to
donate the energy g := hi, — hl. Suppose that the spectrum
of Hp would be bounded from below, i.e., Ejjye =
inf, E,, > —co. This means that there exists some state
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|k) of the reservoir such that all transitions downwards in
energy (if any are available) would be smaller than ¢. In
other words, if the energy reservoir starts 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 go downwards in energy. Generic choices of HY, to

H{g, would involve both increases and decreases in energy,
and thus the spectrum of Hz 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 for a
control system to fail in some cases, e.g., if the energy in
the reservoir is too low (i.e., too close to the ground state).
In Appendix H, we introduce conditional fluctuation
relations that allow for failing control systems. (For an
explicit example, see Appendix H7 a.)

APPENDIX D: DIAGONAL AND OFF-DIAGONAL
CROOKS RELATIONS

1. Decoupling of diagonals

Here, we demonstrate the useful fact that the dynamics
under the induced channels F. and R, decouples along
different diagonals or modes of coherence [35]. We first
show that the channels . and R, commute with the
commutator with respect to Hp.

Lemma 12. With Assumptions 2, the channels F . and
R, as defined in Egs. (C7) and (C8), satisfy

[Hg, Fi(0)] = F+([Hg, 0]),
[Hg. Ri(0)] = Ry([Hg. o]). (D1)

Proof.—Here, we only show the relation [Hg, F, (0)] =
F . ([Hg,o]). By the definition of the Hamiltonian H in

Assumptions 2, it follows that 1g ®|c/\)(cs\ |@Hp=
(H—HL® ) (er:| @ 15)[Is ®leps e | ®1. By
combining this observation with the perfect control (C3),
one can show that

[He, F (o)
= Trc([H. VIGy(H) ® |ciy ) {eiy| ® o]V7))
= Trge([Hy ® le){eps| @ 1

VIGy(Hy) ® |ci){cin| ® o]VT)). (D2)

where the last term becomes zero because of the cyclic
property of the partial trace Trg- with respect to
H’;, ® |ci){csy| ® g By the definition of the global
Hamiltonian H in Assumptions 2,

[H.Gy(H}) ® e )eiv | @ o

= [Hy.Gy(Hy)] ® |cis){cir| @ @
+Gy(Hy) ® |ej)(ci| @ [H. o]

= Gy(Hy) ® |eiy){civ| ® [H. o]
By combining this with [H, V] = 0 in Eq. (D2), the lemma
follows. u
Corollary 2. Suppose that Hg has a complete ortho-
normal eigenbasis {|n)}, with corresponding eigenvalues

E,. Then,

(m|F i (|n)(n'])Im’) = 0

if E,—E, #E, — E,.

The analogous statement holds for R..
Proof.—By Lemma 12,

(Em = Epe) (m|F . (|n) (n']) )
= (m|[H, F(ln){n]|m’)
= (m|F.([H, [n)(n[])]m’)
= (Ey = Ey)(m|F . (|n)(n'])|m').

Thus, (E,,—Ey—E, +Ey) (m|F o (In) (') m)=0. O
If Hp is nondegenerate (i.e., E,=FE, if and

only if n=rn'), then it follows by Corollary 2 that

(mIFL(Q)m) = 3=, (m|F . |n)(n|Q[n) (n])|m).

Hence, 7 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 this 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 Hyr has a pure nondegenerate
point spectrum with eigenenergies E, corresponding to
the complete orthonormal eigenbasis {|n)},. We further-
more assume that 7 g(|n)(n|) = |n)(n|. (Because of
Corollary 1, this is only a very minor generalization
compared to assuming that 7  is the transpose with respect
to {[n)},.)

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

px(mln) = (m|F (|n)(n[)|m)

can be interpreted as conditional probability distributions.

Proposition 4. With Assumptions 2, assume that Hp
has a complete orthonormal eigenbasis {|n)}, with corre-
sponding eigenvalues E,, and let 7, be such that

(D4)
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T e(|n){(n]) = |n)(n|. Then, the conditional distributions
p.(m|n) and p_(n|m) defined in Eq. (D4) satisfy

Z(HY)p. (m|n) = Z(H§)e"EEp_(nm).  (D5)

One may note that Eq. (D5) holds for any pair of
eigenvectors |n), |m) that are invariant under the time
reversal, irrespective of whether Hy possesses a complete
eigenbasis or not. (Similar remarks also apply to Corollary
2 and Proposition 5.)

Proof of Proposition 4.—If we apply both sides of
Eq. (C13) on the operator |n)(n| and operate on both sides

of the resulting equality with (m/| - |m), we obtain

Z(H5) (| (1) ()
= Z(H{)eMEE) (| 2 () ) ).

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

In Appendix G I, we use the additional assumption of
energy-translation invariance on the energy reservoir to
show how Eq. (D5) leads to the standard classical Crooks
relation.

3. Off-diagonal Crooks relations

Like in Appendix D2, here we assume a discrete
nondegenerate spectrum of Hp, with corresponding ortho-
normal eigenbasis {|n)}, and energy eigenvalues E,. We
also assume that 7  is the transpose with respect to this
basis, and thus 7 ;(|n)(n'|) = |n’)(n|.

As discussed in Appendix D 1, the channel F, can only
induce transitions between |n)(n'| and |m)(m'| if
E,—-E,=E,—E,. For each 6, we can thus define a
corresponding set of operators {|n){n'|}, ., g ,—s- (This
set would be empty for many values of 6.) For each such 6,
we 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
define

¢ (mn) s= (m|Fo () ()}, (D6)
where q(i = p4. The reason why it is enough to write
q°.(m|n) rather than ¢4 (mm'|nn’) is that m’ and n’ are
uniquely determined by 6, m, and n, because of the
assumption that Hp is nondegenerate.

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

)=2.2 2. 4

m,n o'm' :E,-E =0
Em-E, ,70

5 (m[n)[m) (nlp|n’)(m'|. (D7)

Proposition 5. With Assumptions 2, assume that Hp
has a complete orthonormal eigenbasis {|n)}, with corre-
sponding nondegenerate eigenvalues E,. Let 75 be the
transpose with respect to {|n)},.. Then, ¢°.(m|n) defined in
Eq. (D6) satisfy

Z(HY)q (mln) = Z(Hg)e"EEn gP (n]m).

Proof—Let n, n' and m, m' Dbe such that
E,—-E,=E,—E, =0 1If we apply both sides of
Eq. (C13) on the operator |n)(n’| and operate on both
sides of the resulting equality with (m| - |m’), we obtain

(D8)

Z(Hg){m|F . (In)(n'[)|m')
= Z(Hg)eMEEn) (m|FE (|n) (') |m').

where we have made use of E,=EFE,—6 and
E, = E,, — 6. With the assumption that 7  is the trans-
pose with respect to {|n)},, together with the identifica-
tions in Eq. (D6), we obtain the proposition. U
As mentioned in the main text, we need to use off-
diagonal initial states as well as off-diagonal measurement
operators in order to determine the numbers ¢’.(m|n) in a
“prepare and measure” experiment. There are many pos-
sible arrangements, but here we construct a setup that
determines these numbers via interference. Let n, n’ and m,
m' with n#n’ and m# m’ be such that § = E,—
E,=E, —E,, with nondegenerate FE,. Define the
POVM element A := (|m) + [m'))((m| 4 (m'[)/2 and the
family of initial states |yy) = (|n) + €|n'))/v/2. Then,
the probability of measuring A on the evolved state is

Tr(AF L (lyo) (wol))

= % (px(m|n) + po(m/|n) + po(m|n’) + p.(m'|n))

+ 1 & (m|n)) - ).

1 m)] cos(arg(

where we have made use of the decoupling and the fact that
(m'|FL(In")(n])|m) = (m|F L(|n){n'[)|m")* by virtue of
the complete positivity of F.. Hence, the magnitude
and phase of ¢°.(m|n) can be determined via the amplitude
and phase shift of the interference pattern with respect to
the phase 6.

APPENDIX E: JARZYNSKI EQUALITIES

Jarzynski’s equality [91] can be formulated as
(e PW) = Z(H')/Z(H"). This is often written in the more
elegant form (e#W=2F)) =1, where AF = F(H/)-
F(H"), with F(H) = —kTInZ(H), is the (equilibrium)
free-energy difference between the initial and final states.
Here, we obtain the following family of quantum Jarzynski
equalities.
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Proposition 6. With Assumptions 2, the channels F
and R, as defined in Eq. (C7) satisfy

Te[ePHe F (P +0HE/2 po(-+r2)H/2)]

Z(HY) .
=S Tr[ee2R (1)e™E/2p), (E1)
Z(HY,) "

for re R and z € C.
Hence, if R (1z) = 1, then

Tr[eﬁHEf+ (e(—/3+r+z)HE/2pe(—/3+r—z)HE/2)]

Z(HY) .
= Z(Hi/) Tr(e™xp). (E2)

The condition R, (15) = 1 is equivalentto F_(1z) = 1,
with F_ as defined in Eq. (C8).

The relations (14) and (15) in the main text are obtained
as special cases of Eq. (E2).

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

Proof.—By Assumptions 2, it follows that Proposition 3
is applicable, and thus the channels F, as defined in
Egs. (C7) and (C8) satisty Eq. (C12). By applying
Eq. (C12) to the operator e(P+r+IHe/2pp(=Ptr=2)Hz/2
multiplying both sides of the resulting equality with
/e taking the trace, and dividing by Z(HY,), one obtains

Tr[eﬂHEF+ (e(_ﬂ+r+z)HE/zpe<_ﬁ+r_z)HE/2)]

_ Z(Hy)

[By Eq. (C10) and the definition of ]
Z(Hy)

= S TelR. (1) e(rHaHE/2 po(r—2)He/2]
Z(Hfs") I'[ +( )6 pe ]

Tr[]:@(e(r+z)HE/2pe(r—Z)Hs/2)]

With the definition of the commutator Cy, (0) = [Hg, 6],
we can write e /2(R (1)) = e 2R, (1)eHe/2,
Combined with the fact from Lemma 12 that Cy, and
R.. commute, we thus get e=#e2R  (1)etHe/? = R (1).
This proves Eq. (E1).

The fact that F_(1) =1 if and only if R, (1) =1
follows from Lemma 11, together with the properties
Tp(1) =1 (Lemma 3) and 7% = I. O

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 rather be regarded as the same equality in different

guises. To see this, start by assuming that Eq. (E1) is true
for all operators p on a finite-dimensional Hilbert space. We
wish to show that this implies that Eq. (E1) is also true for r
and z substituted with arbitrary # and 7’. Let r = ¥/ + Ar
and z=7 +Az in Eq. (El), and define p':=
eAHEl2peAHE/2 This yields the equality

Tr[efHe F (el P+ +E+ADHE/2 y p(~ftr = =A2)HE/2)]

Z(H) . .
—_ ST rHE/ZR 1 FHg/2 al
Z(Hfg/) r[e +( )e p}

We can now use the fact (Lemma 12) that the com-
mutator Cy () = [Hg, 6] commutes with 7, to show that
_7:'+(e(—ﬂ+r’+z’+Az)HE/2p/e(—ﬂ+r’—z’—Az)HE/2) — gAZHE/2f+
(el PHr O HE[2 f o(=p+7'=2)HE[2) o=A2HE/2 From this, it fol-
lows that Eq. (E1) remains valid with r, z, p substituted by
¥, 7, p'. In the finite-dimensional case, it is also clear that
the mapping p +> p' = e2e/2peArHe/2 for Hermitian H
and real Ar is a bijection on the space of linear operators.
Hence, Eq. (E1) with #/, 7/ holds for all operators p.

APPENDIX F: BOUNDS ON THE WORK COST

Here, we investigate quantum analogues to some
classical bounds on the work cost of processes. We find
that one indeed can obtain such bounds.

1. Bound on the average energy loss in the reservoir

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

Proposition 7. With Assumptions 2, assume that Hp
has a complete orthonormal eigenbasis with corresponding
nondegenerate eigenvalues. Assume that the initial state is
G(H g,) ® o, with ¢ being a density operator on Hj. Then,

Tr(Hgo) — Tr(HpF (o))
> F(H),) — F(H,) - %m Tr(oR. (1g)). (F1)
Hence, if R (1) = 1, then

Tr(Hgo) — Te(HpF (o)) > F(HY,) — F(HL).  (F2)

011019-36



FULLY QUANTUM FLUCTUATION THEOREMS

PHYS. REV. X 8, 011019 (2018)

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

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

=575 (nlolnyeP ExED (m| F , (|n)(n])|m)

> exp [ﬁz S (En = Ey){nloln)m|F (1n)(n)lm)

m n

= exp[fTr(HgF (o)) — pTr(F ((Hgo))]
= exp|fTr(HgF . (6)) — pTr(Hgo)),

where the inequality follows by the convexity of the
exponential function. By combining this inequality with
the quantum Jarzynski equality (E1) in Proposition 6 for
r =0 and z = 0, one obtains

Z(Hy)

S) TrloR.. (1)] > efTr(HEF . (0)=pTr(Hpo)
Z(Hg,) toR (1) > e +

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

2. An example

One should keep in mind that the inequality (F1) 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.

We begin with a general remark to put this example,
which may not be entirely transparent, into perspective.
The general goal is to find a case where the joint unitary
evolution on S'E is such that the loss of energy in the
energy reservoir is too small compared to the standard
bound. More precisely, we wish to find a global unitary V
such that D(V, o), defined below, violates the standard
bound. In Appendix G, we will show that a specific class of
energy-translation-invariant models yields unital R and
thus recovers the standard bound. That model is based on a
special Hamiltonian on E, as well as a specific class of
Hamiltonians on §’, such that every possible transition in S’
can always be compensated by a corresponding transition
in E. This results in a particularly simple structure of
isomorphic eigenspaces, each enumerated by an integer j.
Since the global unitary V, by assumption, is energy

P = (nloln) (m|F . (|n) (n[)|m). (F3)

Since F is a channel, it follows that {p,,,},, is a

probability distribution. Corollary 2 and the nondegeneracy
of Hy yield

[By Corollary 2 and nondegenerate H ]

[F, is trace preserving]

|
conserving, this means that it block diagonalizes into a
collection of smaller unitaries {V/;}; on these eigenspaces.
For the energy-translation-invariant model in Appendix G,
all of these unitary operators are (in a certain sense) equal.
Here, we use the very same structure of Hamiltonians and
eigenspaces, but we let all V; vary independently, thus
increasing the number of free parameters in the minimi-
zation of D(V,c) from finite to infinite. From this
perspective, it may not be entirely surprising that this
opens up the possibility for a violation of the standard
bound.

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

D(V’ 6) 1= Tr(HEU)
~Tr([ly ® 1c ® HgVp, V),
pi = G(Hg/) ® |cir)(cit| ® 0. (F4)

By energy conservation, the assumption of prefect control,
and the general relation H = F(H) — kT In G(H), one can
show that

D(V,o) = F(H),) — F(HY,) - ;S(G(Hg,))
- %Tr([ln GH}) ® 1c ® 1gVpiVT).  (F5)

The strategy is to construct a model with a Hamiltonian and
a particular class of energy-conserving unitary operators V
that is simple enough to determine the corresponding
minimum of D(V, o).

Letus assume that Hy = 5) ;7 j|j) (j|, where s > 0, for
an orthonormal basis {|j)}cz. (We use the very same
Hamiltonian in Appendix G.) Moreover, we assume that

011019-37



JOHAN ABERG

PHYS. REV. X 8, 011019 (2018)

Hg is finite dimensional and that the eigenvalues of Hi,
and Hf , are integer multiples of s; i.e., they have the
eigenvalues {sz}, }V_,, {szn N_,, for some z!, zl € 7, with

corresponding eigenvectors |y%), [y4) (again the same as in
Appendix G). To make the derivations simpler, we also
assume that these eigenvalues are nondegenerate.

One can realize that, for each single j, all of the vectors,

i) = Dendleis)li = z0).
|i7a) = D) lein)j = z).
Fh) = Lem) ey )1 = zm).
) 5= Lemdle )i = zh),

for m,n =1, ..., N, correspond to the same global energy
sj. Hence, any unitary transformation that only transforms
within these collections is energy conserving. However, we
also have to satisfy perfect control. Hence, the unitary
should transfer |c;,) to [c,;) (as well as [c;_) to [c;_)).
With the above remarks in mind, we define the following
class of unitary operators on Hgcp:

N
Vim0 U

JEZ nm=1
S U
JEZ nym=1
o~ Ui
i+.f+
+Z Z U’ljl |ljn><fjm
JEZ nm=1
S (j):f—i
i e .
N UL ()
JEZ n.m=1
where the matrices [U,g{),if+'i+]m_n, [U,ﬂn s

[Uff:i,;”‘”]n,m, and [U( D~ |,n.n are unitary for each fixed
j. (If we additionally assume that these matrices are
independent of j, then we obtain the class of energy-
translation-invariant unitaries that is considered in
Appendix G.) By construction, Eq. (F6) is energy con-
serving, and the first line corresponds to transitions from
the control state |c;y) to |cy.), thus implementing the
desired perfect control. The second line in Eq. (F6)
analogously describes evolution from [c;_) to |c;_). The
last two lines in Eq. (F6) serve no active role in our
protocol, but they are there in order to guarantee unitarity,
energy conservation, and time-reversal symmetry of the
global evolution V.

Next, we define time reversals on S'C and E. First, define
Yoo lerder |+ le) (el + lepades| + les )
which, so to speak, swaps the control states between the
positive and negative ‘“tracks.” We use this, in turn, to

define 7 g¢(Q) = [l¢ ® Y]Q*[1y ® Y], where 7 denotes
the transpose with respect to the orthonormal basis 5:=
(b e )t Ul e ya U{bemleri) b U Ll les) b
If this was a finite-dimensional case, we could use
Proposition 2 to conclude that 7 g is a time reversal.
However, it is straightforward to directly check the proper-
ties in Definition 1.

Let 7y be the transpose with respect to the basis
{17} }jez of Hg, and define 7 :=Tgc ® Tp. With this
definition, one can confirm that 7 (V) = V if and only if
Ui ™" = UG and U = U Next,
note that

Tr(InG(H,,) ® 1c ® 1]Vp,V7)

N
=N S Ui PG, (1Y)

JEZ n,m=1
X G,(Hy)(j = zhlolj — zh). (F7)

In order to minimize Eq. (F5) over the time-reversal-
symmetric operators V in our designated family (F6), it
is sufficient to minimize over the collection of unitary

matrices Uit .= [UU);H’H}M [Since T(V) = V if
and Only if U( DSt = Ui(l 2111 oS- and US,];Z,;i+’f+ =

Uf,ﬁ)nf v_’i_, there are no further restrictions.] Next, insert
Eq. (F7) into Eq. (F5) and minimize, which yields

minD(V.) = F(H}) - F(H}) = S(GH})
ZZM HY))) In 2 (G(HY)),
(¥8)
where
19 (o) = S = zhlelj = A ekl Ukl ()

n

and where A}(Q) denotes the nth eigenvalue of O,
ordered nonincreasingly. The minimum in Eq. (F8)

can be obtained by noting that || Ut 2 ] u.n is @ doubly

stochastic matrix for each j. Hence, according to Birkhoff’s
theorem [196], it can be regarded as a convex combination
of permutation matrices. Since every permutation matrix
results from a unitary matrix, we know that the maxi-
mum of Eq. (F7) is given by a permutation [Alter-

Zm n m n R |Zf <)(n

and observe that >~ 1|Um,nf+"+|21 G, (H,)G, (Hi,)x
(j=zhlolj—2)=Tr[UV InG(H,, ) UV r,(G(HL,))]. By the

natively, one can define UU)
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general relation maxyTr(UTQUR) =37, An(Q)Ah(R)—
see, e.g., Theorem 4.3.53 in Ref. [195]—it follows that
Eq. (F8) holds.]

Assume that the energy reservoir starts in the specific
energy eigenstate o :=|0)(0|. The definition of r; in
Eq. (F9), together with the assumed nondegeneracy of
H, and thus of zj, leads to

Z Z pie (r;(G
DD WACHY
— ZG
By combining this observation with Eq. (F8), we get

0)(0))

1)) In 2 (G(HY))
D) () In A (G (L))

§) 2y (G(HYL)) = In A (G(HY,)).

rmn D(V,
vy,

= Flt}) = F(HY) - 5 S(G(HY)) - ;4 (G(#H).
(F10)

In other words, we get a violation of the standard bound

whenever S(G(HY)) +In A (G(HJ,)) > 0. For an explicit
example where this is the case, let H ’S, = Hj;, =

s> K o klxi)(xx|- In this particular case, we find

S(G(HL)) +Inaf (G(H]))
0 ke—sﬁk

>
=0 e

spe=sF
Tl-ef 1-¢

sP(K + 1)e~PE+D
—sp(K+1)

In the limit of large K, this approaches sfe™# /(1 — e~*#),
which is strictly larger than zero since sf > 0. Thus,
for sufficiently large K, it follows that min D(V,s) <

F (Hg,) — F(HY,). Hence, with the identification between
D(V,o) and (W), we get a violation of the standard bound.

3. Bound for a closed cycle

Here, we consider the counterpart to the classical bound
(W_) 4+ (W_) >0, where W_ and W_ are the work costs
of the forward and reverse processes, respectively. As in
Appendix F 1, we take Tr(Hgo) — Tr(HgF (o)) as the
counterpart of (W ). Assuming that we use the very same
energy reservoir also for the reversed process, we let (W_)
correspond to Tr(HpF , (o)) — Tr(HgF _(F,(0))), thus
assuming that the energy reservoir is initially in state
F (o) in the second application. The inequality (F1) in
Proposition 7 is applied for the forward process, and the
analogous inequality is applied for the reverse process,
which yields

W)+ (W) > —%m Tr(oR., (1))

_;mTr(ﬂ(a)R—(i))-

Hence, in this case, we regain the standard result if both
channels R, and R_ are unital.

4. Bound on “‘second law violations”

In the classical case, Crooks theorem and Jarzynski’s
equality put constraints on the distribution of the work cost.
In particular, one can obtain a bound on the probability that
the work value in a single run would violate the classical
macroscopic bound W > AF, where AF := F(H’;,) -
F(Hi,) (for an initial equilibrium distribution). More
precisely, regarding the work W as a random variable,
we can ask for the probability that the work W is smaller
than AF — . In Ref. [100] (alternatively, see Sec. 7 of
Ref. [3]), it is shown that P[W < AF —¢] < e In other
words, the probability of a such an event is exponentially
suppressed in the size of the violation ¢.

Here, we obtain an analogous bound in the quantum
setting, but we again find that regaining the standard
expression requires unitality of R, . For this discussion,
we assume that Hp has a complete orthonormal basis
{|n)}, of eigenvectors.

We let P.g, denote the projector onto the energy
eigenstates of Hy that has ar most energy E,. In other
words, P.g oPp, = o implies that the probability to find
an energy larger than E; in ¢ is zero. We similarly let
Ps:_ar+E, denote the projector onto the energy eigenstates
of Hg that have at least the energy { — AF + E,,.

Assuming that P.g 6P<g, = o, we can thus interpret
Tr(Psc_arig,F+(c)) as the probability that we would
observe an energy gain in the reservoir that is at least
¢ — AF. Equivalently, this would be the probability that we
would observe that the work done on the system is at most
AF — (. In this sense, we regard Tr(Ps;_api g, F +(0)) as
an analogue of P[W < AF — (], for the class of initial states
o such that P.p 6P 5 = o.

We first observe the following operator inequality,
T s, (Psc-arig,) < e PEAFHE)T Since R, is a com-
pletely positive map, this means that it preserves operator
inequalities, and thus

R (T pu,(Psc-arie,)) < e PE-AFHE)R (1), (F11)

By applying the fluctuation relation (C12) in Proposition 3
onto ¢ and taking the expectation value of the projector
Py ariE,, We get
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Tr(Pza:—AF+E0]:+ (0))

Z(H%) .
— Z(H;;/) Tr(Ry (T g, (Psz-arie,)) T pu,(0)), (F12)

where we use Lemma 11 and the definition of the channel
conjugate R%. We next note that J [;},E(a) is a positive
semidefinite operator, and hence, the operator inequality in
Eq. (F11) implies that

Tr(R—F(jﬂHE(PZC—AF-&-EO))jEI}lE(G))

< e PEAFHE) Ty (oPHe ) Tr(R, (1)5), (F13)
where &= Jp); (0)/Tr(ee6) is a density operator.
If we assume P_poP.p =o, then it follows that
Tr(effe6) < ePFo. By combining this observation with
Egs. (F12) and (F13) and e/F = Z(HY,)/Z(H}), it
follows that Tr(Ps; ap g, F+(0)) < Tr(R, (1)5)e.
Hence, even without further conditions on the channel
R ., there is an exponential suppression of the energy gain
in the reservoir. If R is unital, R, (1) = 1, we obtain the
counterpart  Tr(Pss_ap g, F1(0)) < e to the clas-
sical bound.

APPENDIX G: ENERGY-TRANSLATION
INVARIANCE

In this investigation, we have allowed for the possibility
that the processes depend nontrivially on the amount of
energy in the energy reservoir. Here, we consider a further
restriction that implements the idea that the experiment
does not depend on the energy level. This model has
previously been used in Ref. [32] to analyze coherence and
work extraction. Here, we only describe the most essential
aspects of this model. For a more detailed description, see
Ref. [32]. First of all, imagine the Hamiltonian H of the
energy reservoir as a doubly infinite ladder of energy levels,

Hy =Y jlil,

jez

(G1)

with energy spacing s > 0. (See also the continuum version
in Ref. [45].) As one can see, this Hamiltonian has a
bottomless spectrum (which echoes the discussions in
Appendix C4). Although this is not the most physically
satisfying assumption, one can view it as an idealization of
a “battery” that has a much higher energy content than the
characteristic scale of energy costs in the experiment. We
furthermore assume that the Hamiltonian H3 of system S
(which includes all systems that are not E, i.e., in our case,
system S, the heat bath B, and the control C) is such that all
its eigenvalues (we assume a finite-dimensional Hilbert
space Hj with dimension N) are integer multiples of the
energy spacing s. (Because of this assumption, it becomes

easy to construct nontrivial, energy-conserving, unitary
operations.) In other words, we assume that H; has an
eigenbasis {|y,) }\"_, with corresponding eigenvalues sz,
where z, € Z for each n. Note that we allow Hj to be
degenerate, in which case {|w,)}, 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 Hy ® Hp is energy-translation
invariant if [Tg ® A%, V] =0forall a € Z. It turns out [32]
that all energy-conserving and energy-translation-invariant
unitary operators in this model can be written in the
following way:

VIU) = > ) walUlp) (we| @ A%, (G2)

nn'=1

where U is an arbitrary unitary operator on Hy. If there are
degeneracies in the Hamiltonian Hg, then V(U) is inde-
pendent of the choice of energy eigenbasis {|y,)},. In
particular, if {P,,},, is a collection of eigenprojectors of
H, then one can alternatively write
V(U)=> P,UP, ® AW, (G3)

m,m'’

A useful property of V(U) is that it preserves the products
V(U,U,) = V(U,)V(U,). (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 Ref. [32]).

Lemma 13. Let 7 be defined as the transpose with
respect to the orthonormal basis {|j) } jcz. Let H3 be finite
dimensional, and let 7 5 be such that 7 3(Hg) = Hj. Then,
T :=T; ® T satisfies

T(V(U)) = V(T(V)), (G4)
for all operators U on Hj.

The proof is a direct application of the properties of time
reversals combined with Lemma 7 and Eq. (G3).

The following lemma shows that the induced channels
R4 and F . are unital in this model. Hence, they auto-
matically satisfy the condition that emerged in the consid-
erations on Jarzynski relations and work bounds in
Appendixes E and F, respectively. (The unitality of this
type of induced channels was previously observed in
Sec. I C in the Supplemental Material of Ref. [32].)

Lemma 14. For the channels F, and R, defined in
Egs. (C7) and (C8), with V := V(U) as in Eq. (G2), it is the
case that F (1z) = 1y and R (1) = 1.
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The proof is obtained by inserting the definition (G2) of
V(U) into the definitions of F . and R in Egs. (C7) and
(C8), and applying these to the identity operator.

Lemma 15. With 7 and R, as defined in Egs. (C7)
and (C8), with V := V(U) as in Eq. (G2), it is the case that

NF (o)A = F o (MoA™),

AR, (0)ATF = R (AGATF). (G5)

Proof.—Here, we only show the equality for 7. The
others are obtained analogously. The proof is based on the

fact that V(U) commutes with 1z ® A/. With the notation
nsc=G(Hg) ® |ciy)(cit|, we can write

AF  (6)AT™ = Trge([1; ® AV(U)
x [ngc ® o]V (U)[15 ® A™H])
= Tryc(V(U)lngc ® AlcA™VI(U))
= F . (AioATr),

O
We can regard (m|F . (|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 15, in
conjunction with the decoupling between the coherence
modes described in Appendix D 1, reduces the number
of independent parameters in this representation. More
precisely,
pi(m=nl0) n—-m=n—m',
0 n—m#n —n,

(Go)

(| F () o) ') = {

where p.(m|n) = (m|F.(|n)(n|)|m) are the diagonal
transition probabilities as defined in Eq. (D4). The mapping
F . is thus determined by the probabilities by which |0) (0|
is mapped to the other eigenstates of Hpg. This can
equivalently be expressed as

Filp)= D pe(kl0)(nlpln’)|n + k) {n' + K. (G7)

n.n' kez

The expression in Eq. (G7) can be compared with the more
general case in Eq. (D7). In Appendix D 3, we demon-
strated that the off-diagonal modes of coherence satisfy
Crooks relations, which are structurally identical to the
ones along the diagonal. Equation (G6), or equivalently
(G7), implies a stronger statement for the special case of the
energy-translation-invariant model, namely, that the
dynamical map along each of the off-diagonal modes is
identical to the one along the main diagonal. (This does not
imply that the elements of the density matrix along the
different diagonals are the same.)

1. Regaining the standard Crooks
and Jarzynski relations

The standard Crooks relation can be written

Z(H{P . (w) = M Z(HP_(-w),  (G8)
where P, (w) := P(W,. = w), and where W, and W_ are
the work costs of the forward and reverse processes
regarded as random variables. In the following, we see
how one can regain Eq. (G8) from the diagonal Crooks
relation (D5) in Appendix D2 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 transition from energy level n to
m in the reservoir corresponds to the work w = E, — E,,
(cf. Ref. [9]). The probability P.(w) is obtained by
summing up the probabilities of all the transitions that
generate the work cost w. More precisely,

Pi(w):= Z

nm:E,—E,=w

px(m|n)(nloln),  (GI)

where p,(m|n) are the conditional probability distribu-
tions, defined in Eq. (D4), that describe the transitions
among the diagonal elements.

The energy-ladder model yields E, = sn. Hence,
n—m = w/s. By Eq. (G6), it follows that
pi(m|n) = pi(m—n|0) = p.(0[n—m).  (G10)

A direct consequence is that the probability distribution
P (w), defined in Eq. (G9), becomes independent of the
initial o,

P.(w) = ps(-w/s|0) = p+(0lw/s). ~ (G11)
These observations can be used to regain the classical
Crooks relation (GS),

Z(HE)P, (w) = Z(HE)p, (Ow/s)
— Z(H})eP* p_(w/s5[0)

= Z(H}) e P_(—w), (G12)
where the second inequality is due to the diagonal Crooks
relation in Eq. (D5). Here, >, means that we sum over the
set of possible energy changes, which, for this particular
model, is sZ.

Since we have rederived the classical Crooks relation,
we also, more or less, automatically obtain the clas-
sical Jarzynski equality (e™?W) = Z(H')/Z(H") [91].
This can be done via the ‘“standard” derivation
S MZ(HNP, (W) = YZ(HNP_(—w) = Z(HT),
where the first equality is due to the Crooks relation (G12).
One can alternatively use the fact that R (1) = 15 (by
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Lemma 14) and use the quantum Jarzynski equality (E2) to
derive the classical Jarzynski relation by again making
use of the decoupling of the diagonals and the energy-
translation invariance.

2. F _ > F€ as a generalization of P_(w) > P_(-w)

In the main text, we claim that the mapping F_
F© can be regarded as a generalization of the map
P_(w) — P_(—w). This generalization becomes evident
for the energy-translation-invariant model. Let 7 ; be the
transpose with respect to {|n) },. By the definition of &, it
follows that

(m|FE(|n)(n'|)|m') = (n|F (jm){m'])|n")
= (=m|F (| = n){=n'|)| = m'),
(G13)

where the last equality follows from the translation invari-
ance in Lemma 15. Hence, the action of © can, in some
sense, be identified with the change of signs.

Let us now identify the work w = s(n —m) and the
offset 6§ =s(n—n'). By Corollary 2, it follows that
(m|F o (n) (0 ') = (O (Iw/ s} w/s = 5/3])| = /)
for the nonzero elements. By Eq. (G13), these nonzero
coefficients satisfy

(O[FZ(Iw/s)(w/s = 8/s])| = 6/s)
= (01F (| = w/s)(=w/s +6/s])| + &/s).

Hence, the work parameter w and the offset 6 both change
sign because of the © operation. For the diagonal, § = 0,
we can thus conclude that P_[FT](w) = (0|FS(|jw/s)x
(w/s])10) = (O|F (] — w/s)(-w/s])|0) = PL[F](-w).
Hence, for the diagonal elements, the mapping & imple-
ments 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 operators
that satisfy Assumptions 1 and 2. We also take the
opportunity to construct discretizations of paths of
Hamiltonians within these models. The reason why these
demonstrations have been postponed until this section is
that the energy-translation-invariant systems have proper-
ties that make them convenient for constructing explicit
examples. These examples are only sketched, and the
details of the straightforward but, in some cases, somewhat
long-winding confirmations are left to the reader.

a. Minimal example without time reversal

Here, we demonstrate a “minimal” setup that satisfies the
conditions in Assumptions 1. Let Hg, and Hg, be
Hamiltonians on Hgy for which the eigenvalues are

multiples of s, i.e., sz}, and sz, for zh, Zh € 7, andlet H £
s _;ilj){j| be the energy ladder. Let |c;), |cs) € Hc be two
orthonormal states, and let

Hgc=Hy ® |c;)(cil +H§, ® lep){csls
H=Hge® g+ 15 ® Hp.

and H+ := 0. Let Uy be an arbitrary unitary operator on
Hg, and define U:=Ug @ [cp)(c;| + Ug @ |c;){(cyl-
(The unitary operator Ug plays no direct role in the
protocol but is there to make U unitary.) As one can
see, Ully @ |ei){ei] = Us ®1cy) (e =[5 ® ) (e, JU
This U, in general, would not be energy conserving.
However, the unitary operator V(U) is, by construction,
energy conserving on S'CE, i.e., [H,V(U)| = 0.

The operators 1y ® |c;)(c;| and 1y ® |cs)(c/]| are block
diagonal with respect to the energy eigenspaces of Hg .
Therefore, one can confirm that

V(s ®le{el) = Ty @ lei) (el ® 1p,
1y

V(s ®lep)er) = s ® lef) e/ @ i

By combining this observation with the general pro-
perty V(A)V(B) = V(AB) and the perfect control of
U, it follows that V(U)[is/ ® |Ci><ci| ® iE] = [isl ®
lci)(c;| ® 1£]V(U). Hence, the fact that U satisfies perfect
control implies that V := V(U) also satisfies the condition
for perfect control, and we can conclude that this setup
satisfies all conditions of Assumptions 1.

b. Discretized paths of Hamiltonians
without time reversal

The intermediate Crooks relation only requires us to
consider the end points of the dynamics. It may never-
theless be useful to see how one can construct a discretized
model of a parametric family of Hamiltonians that satisfies
Assumptions 1.

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

that have the eigenvalues szﬁf) for z,(f) € 7Z with corre-

sponding orthonormal eigenvectors {I;(E,l)>}n (For more
details on the transition from H; to H ;» see Sec. VIIC 1 in
the Supplemental Material of Ref. [32].) We let {|¢;) }£_, be
a set of orthonormal elements spanning the Hilbert space
‘Hc of the control system C and define
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’

L
Hgc = ZHI ® e e

=0

for the energy ladder H. To compare with Assumptions 1,
we have

i) = |co), |Cf> = cy),
Hg/ = FIO, HL];/ = ﬁLv

L—-1
HY =Y "H @ [e))(c)l. (G15)
=1

In the following, we define a unitary operator U on S'C that
generates one single step along the discretization. The
propagation along the path is obtained by iterating U such
that the entire evolution along the L-step discretization is
generated by UL Let U 1 ..., Up be arbitrary unitary
operators on Hg, and define U == Y -1 U; ® |c; 1) (c/|+
Ur ® |co){cr|. One can confirm that U is unitary. The
unitary operator V(U) is energy conserving, and analogous
to Appendix G 3 a, one can confirm that V(1 ®|c,)(c,[)=
g ®le))(c| @15 as well as V(U)-[ly @ |e;)(ci| ®
1] = Iy ® |ef){cs| ® 1.]V(U)*. Hence, V:=V(U)*
satisfies the conditions in Assumptions 1.

¢. Minimal example with time reversal

Here, we consider a setup that satisfies the conditions in
Assumptions 2. With H, Hé, asin Appendix G 3 a, and Hy
the energy ladder, let {[c;y). |c;).|c/4).|cy—)} be ortho-
normal elements spanning the Hilbert space H, of the
control system C. Let

Hgc=Hy ® P +Hy ® P
P = e ) (cin| + [ein) (el
PL= |epp)epp] + lep_Mes

H:=Hge ® ip+ 15c ® Hp,

’

(G16)

and H* := 0. We next turn to the time reversals. On H, we
define

Y= o) (ein] + |eim) (it
Flepder | +lepepl (©17)

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

B = {lrm)leie)bn U {li)leio) b

U {lemlera) b U lzn)les) b (G18)

where {|y})}, is an orthonormal eigenbasis of HY and
{l¥})}, is an orthonormal eigenbasis of Hg,. Define
Tgc(Q):=[1y ® Y]Q*[lg ® Y'], where 7 denotes the
transpose with respect to the basis B. Note that 1 g ®Y
is complex symmetric with respect to the basis 53 (and the
space Hgc on which it operates is finite dimensional).
Hence, according to Proposition 2, it follows that 7 ¢ is a
time reversal (and is moreover the transpose with respect to
some basis). One can verify that 7 ¢-(Hg¢) = Hg¢, and
furthermore,

® [ei-)cr .
® [es-)es--

Tsc(ly @ [eiy){cin )

= is/
Toclly ® lep)epi]) = 1s

(G19)
Moreover, we define the time reversal 7 ; on the energy
reservoir as the transpose with respect to the basis {|) } ;<7
and thus, it is the case that 7 p(Hg) = Hg. We define the

global time reversal as 7 := 7 g ® 7 . Let Ut and U™ be
arbitrary unitary operators on Hg, and define

U := U+ ® |Cf+><cl'+| + U+ ® |Ci+><cf+|

+ U ® e )ep | + U™ @ fep){ei].  (G20)
where U= 3,/ L) 0yl U i) Gl and - O ==
S ) (| T k) (x| One can confirm that U~, U™,
and U are unitary, and thus, V(U) is an energy-conserving
unitary operator. Moreover, one can confirm that
TS/C(U) = U. Since TSIC(HS/C) = HS'C (and since HS/C
is finite dimensional), we know by Lemma 13 that
T(V(U)) =V(Tgc(U)) =V(U). Hence, the dynamics
is time-reversal symmetric. With a reasoning analogous to
Appendix G3a, one can also show that V(U)[iy ®
lciv){cir| ® 1] = [ly ® [cpy){cpi| @ 1£]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 Appendix G 3 b such that it
incorporates time reversal and satisfies the conditions in
Assumptions 2.

We let {|ci)}E, be a set of orthonormal elements
spanning the Hilbert space H, of the control system C.

For the family of Hermitian operators (H,)L, let

L
HS’C = ZHZ@PIC’
=0

Pe = e ) e T+ [er)er .

H=Hgc® 1y + 15 ® Hy.

(G21)

To compare with Assumptions 2, we have
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lcic) =1eg).  lepe) =1ei),
Hg, = HO, HS, = HL,
Ph=PL  PLPE
L-1 B
=Y H ®PL.
=1

We next turn to the time reversals. On H., we define
Y :=>E (e ey + |er)(c/|). One can confirm that ¥
is a unitary operator. Note that B:= {|)(£11>>‘C7—>} 1n U
{|;(S,l>)|cl‘>},,n is an orthonormal basis of Hg . We define
the time reversal 7 g (Q) = [Ig ® Y]Q[ly ® Y], where
7 denotes the transpose with respect to the basis 5. One can
show that TS/C(HS/C) = HS/C and

Tye(ly ® lef)(ci]) = Ts ® [e5)(c5 .

which thus, in particular, includes the end-point control
states |c;;) and |cyy). The time reversal 7 is defined as
the transpose with respect to the basis {|j)},cz of the

energy ladder. Let U], ..., U; be arbitrary unitary oper-
ators on Hg, and define

Uy = le
Us = ZI

s=0,...

Y1 UE L o),

(s+1) (s+1
ARG a
) L— 15
as well as the unitary operator

U:=U] ® |eg){cL]
L-1

+D U ® el ) et |+ Uz ® |en){c5]

s=0

+) UT ® ley) e l-
s=0

One can confirm that U is invariant with respect to 7 g¢. By
a similar reasoning as in Appendix G 3 ¢, one can show that
the energy-conserving unitary operator V(U) satisfies
T(V(U)) =V(U). By the general properties of time
reversals, it thus follows that the operator V := V(U)~
an energy-conserving, time-reversal-symmetric, and uni-
tary operator. The proof that V also satisfies perfect control,
VIig®lei)(cir|®@Tel=[1s®lci)(cr | ®1£]V, can be
done analogously to Appendix G3b, and thus, we can
conclude that V := V(U)F satisfies all the conditions of
Assumptions 2.

e. Minimal example with time reversal and
nonorthogonal control states

In Appendix C 1, it was pointed out that a state and its
time reversal do not necessarily have to be orthogonal to
each other. It was also claimed that it is possible to find a
setup that satisfies Assumptions 2 and, in addition, is such
that the pair of control states |c;.) and |c,_) are not
orthogonal to each other (and analogously for |c,,)
and |cy_)). Here, we demonstrate this claim, and we
also discuss how additional assumptions may enforce
orthogonality.

Let Hg, and HJ;, be as in Appendix G 3 a with eigen-

values sz, and eigenvectors I;(’n> as well as eigenvalues szﬁ

and eigenvectors |y}), respectively. We let Hy be the
energy ladder, with eigenvalues sj and eigenstates |j).
We let the control space H ¢ be four dimensional, with an
orthonormal basis {[i)|0), [i)|1),]/)|0), [/)|1)}.

Define 7 ¢ as the transpose with respect to the basis
LU D10}, L)1) U {Lel ) A0 ) L)) Yo
let 75 be the transpose with respect to the orthonormal
basis {|/)} ez For a, . 7, 8 € C, such that |a|* + || = 1
and |y|> + (6> = 1, let

[civ) = 1i)(al0) + BI1)),
1) (x10) +6]1)),

|ciz) = [i)(a”|0) + 57[1)),

|cpa) = lcr-) =) (r"|0) + 57[1)).

The vectors |c;, ) and |c;_) are typically not orthogonal for
generic choices of a, /3, and analogously for the pair [c . ),
|c¢_). It is convenient to also define

es) =

|Cf+>

[5)(57|0) = a[1)),
1£)(8°(0) = 77[1)),

|¢;-) = 10)(BI0) = al1)),
[e-) = 1£)(60) —7[1)).

One can note that {|c;),|c;)} and {|c;_),|c;_)} both
form orthonormal bases of the subspace Sp{|i)|0), |i)|1)}.
Similarly, each of {|c;.).|¢s)} and {|c;_),|cs_)} forms
an orthonormal basis of Sp{|f)[0), |f)[1)}. With

Hgc=Hy ® P +H, ® PL,
P = [i)(i] @ (10)(0] + [1){1]),
= (A1 ® (10)(0] + [1)(1]),

one can confirm that 7 ¢-(Hgc) = Hg¢, and also that

Tyc(ly @ [cip){cin]) =
Ts’c(is’ ® |Cf+><cf+|) =

ly ® lei)(ci_l,
iS’ ® |Cf_><Cf_|.

Thus, these control states are time reversals of each other.
Let U and U™ be unitary operators on Hg, and define
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U= =Y ) Gl U ) (.
U = L) e | O ) el

Since UT and U™ are unitary, it follows that U~ and U~ are
also unitary. By the unitarity of U, U*, U™, U~ together
with the fact that {|c;;).[¢;y,[c/-).|¢r—)} as well as
{legs).|ep4) . |ci).|€,2)} are orthonormal bases of Hc,
it follows that the following operator is unitary:

U=U*® |cp ) ei| + U ® 18, )T
F U ® e )ep |+ U @ e ) (e,

One can also confirm that 7¢-(U)=U and Ully ®
lei ) eir|] = [y ® |cp i) (css|JU. Although U is thus
time-reversal symmetric and satisfies perfect control with
respect to the designated control states, it is typically not
energy conserving. However, since 7 go(Hgc) = Hgc
(and since Hgc is finite dimensional), we know by
Lemma 13 that 7 (V(U)) = V(T g¢(U)) = V(U). More-
over, by construction, [V(U), Hyc ® 17+ lgc @ Hg] =0,
and thus V(U) is both time-reversal symmetric and energy
conserving.

Since ¢ ® |c;;)(ciy| and 1y & |cf ) (cs,| are block
diagonal with respect to the eigenspaces of H g, it follows
that V(1g ®|ci)(cir|) =1y ®lei){ci @1 and V(Ig ®
lep)(cril) =1 ®lcry)(cri|®1g. With a reasoning
analogous to Appendix G3a, one can also show that
V(U)[1y ®leiy){cir|[@1g]=[ly ®[cpi ) (e |@1£]V(U).
Hence, all the conditions of Assumptions 2 are satisfied.
Moreover, this is achieved with control states where |c¢;. ) is
not necessarily orthogonal to |c;_) and where |cy.) is not
necessarily orthogonal to |c,_). This includes the special
case that |c;, ) and |c,_) are parallel, which happens if the
phase factors of o and f are identical. One may wonder how
this parallelity fits with the idea that the control states
represent the forward and reverse propagation of control
parameters. First of all, if |c;_) is parallel to |c;, ), and |c;_)
parallel to | ), then perfect control implies that repeated
applications of V(U) swap the control back and forth
between |c;)(c;+| and |c;.)(cs4|. Moreover, one should
observe that the above example, and indeed Assumptions 2,
only concerns the mapping between the initial and final
control states and does not include any requirements
concerning what happens at any potential intermediate
states of the process. Let us now additionally assume (much
as in Appendix G 3 d) a sequence of control states {|ci") },.
Moreover, we demand perfect control for all states in the
forward path, as well as perfect control for all states in the
reverse path, i.e.,

sE ® |l ) ey IVID).

i
iSE b2 |C1_—1><Cl_—1|]V(U)-

VU)[ge ® 7)) {c7]] = [

By using the unitarity of the global evolution V(U), it
follows that

Hye @ ler) (e [lTge @ [ ) e/ ]
= Vi) [Ise ® leiy ) ey llise ® Icfyy) e/, IV (V).

Consequently, if we demand that Sp{|c;",), |cj, )} should
be orthogonal to Sp{|c;" ). |ci_,) }. then it follows that |c;")
must be orthogonal to |c; ). Hence, perfect control of the
reverse and forward paths conspires with the assumed
orthogonality of the control spaces to enforce orthogonality
between the forward and reverse control states.

APPENDIX H: CONDITIONAL
FLUCTUATION RELATIONS

Here, we consider a generalized type of fluctuation
relation that naturally includes nonequilibrium states.
This extension may, at first sight, seem rather radical.
However, our quantum fluctuation relation in Proposition
3, strictly speaking, already requires initial nonequilibrium
states because of the control system, as discussed in
Appendix A 3.

As we have seen in Appendix C4, the assumption of
perfect control is a rather strong condition and may require
an energy reservoir spectrum that is unbounded from below
(as well as above). The conditional fluctuation relations
allow us to abolish the perfect control (see Appendix H 7 a).
Not only can we avoid unbounded spectra, but we can also
base the conditional fluctuation relations on finite-dimen-
sional Hilbert spaces (see Appendix H7b for an explicit
example).

1. The Gibbs map and partition map

For a given operator A, we define the Gibbs map G, and
the partition map Z, by

GA(0) = %JAQ),

By construction, G4 (Q) is a density operator whenever Q is
a positive operator [modulo the existence of Z,(Q)]. In the
special case that A = §H for # > 0, then ZﬁH(i) = Zy(H)
and Gy (1) = G,4(H).

An immediate question is what class of density
operators can be reached by the Gibbs map. If H is a
bounded Hermitian operator, then e/ is also bounded,
and thus [|.7_s(p)I| < +oo, where [|Q]| := supy,y[1Q])|
denotes the standard operator norm. For an arbitrary
density operator p (which, by virtue of being a trace
class operator, is also bounded—see, e.g., Ref. [114]),

ZA(0) =TrJ4(Q).
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let Q:=7 _41(p) /1T _pu(p)|l. By construction, 0 < Q < 1,
and one can confirm that Q,;H(Q) = p. Hence, for bounded
Hermitian operators H, one can reach all density operators
via the Gibbs map (and thus, in particular, if the Hilbert
space is finite dimensional). The issue becomes more
complicated if H is unbounded since we have to take into
account the domain of definition of H and of e**#. More
generally, it may be the case that the Gibbs map does not
generate the entire set of density operators. Although we
use the Gibbs map for unbounded H, we do not consider
this question further in this investigation.

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

2. Without time reversal

As mentioned earlier, the fact that we drop the
assumption of perfect control implies a simpler structure.
The first simplification is that here we 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 in order to relate to the
results in previous sections, we would let S=SC = SBC.

Assumptions 3. Let Hy and Hg be complex Hilbert
spaces.

(i) Let Hy and Hy be Hermitian operators on H;z and

‘Hpg, respectively, and let

H=H;®1;+1; ® Hy.

(i) Let V be a unitary operator on Hy ® Hp such
that [H, V] = 0.

(iii) Lgt Qg and Qj-; be operfltors on Hg such that 0 <
0L <1zand 0<0f <1j.

RY(Y) = Tr&([gﬂHg(Q‘g) ® iEW[Qé ® Y|VF)

1 A A . A
= ———Tr([0} ® Tg][e™52 @ 1]V[QL ® Y]V[e 52 ® 1))

ZﬂHS(Qg)
1
- 7

The operators Qg and Qg play dual roles in this analysis.
First, they correspond to control measurements. For exam-
ple, we can form the two POVMs {Q; i §— Q’S} and
{Q-g 1 i Q’;} (Nothing in this formalism forces us to
necessarily use binary POVMs. See the discussion at the
end of Appendix H 3.) In these POVMs, Qg and Q’; are the
“successful” outcomes, and the CPMs F and 7~€, defined in
Eq. (H1) below, generate the corresponding (non-normal-

ized) post-measurement states of the reservoir conditioned
on these successful outcomes.

The second role of Qé and Qg is that they parametrize
initial states via the Gibbs map g,,HS. These roles are
swapped within the pair, such that, for the reverse process,
Qg gives the initial state and Qg the measurement.

We define the completely positive maps

L
S
Il

Tr((0) ® 16]V[Gpu, (0) ® o]V),
Trs((Q% ® 1]V Gpn (QL) ® 6]V).

L
S
Il

(H1)

The following is the counterpart of Lemma 1, and it is left
without proof.

Lemma 16. With V, Hz, and H as in Assumptions 3 it
is the case that, for every a € C,

V[eaH§ ® iE] _ [e“HS ® eaHE}V[iS‘ ® e—aHEL
[e?s @ 1]V = [I5 ® e~ r]V[e™s @ e*e]. (H2)

Proposition 8. With Assumptions 3 the CPMs Fand R
as defined in Eq. (H1) satisfy
Zyn (QF = Zpy (QD) Ty, R Tty (H3)

Proof.—By comparing the definition of the CPM R with
Egs. (A6) and (A7) in Appendix A 5, we can conclude that

[Lemma 16]

2 Trg ([0 ® 14)V]e P52 QL2 @ Fyyy, (Y)]VF)elHel2

(H4)

Hence, Z/,HA_Y(QZ.)fQ* = Zpu (05 T jm, oFoJ s, By multiplying from the left with 7, and from the right with T i1, »

5
we obtain Eq. (H3).

O
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3. With time reversal

Assumptions 4. Let Hy and Hy be complex Hilbert
spaces. Let 7z and 7 be time reversals on S and E,
respectively, and let 7 :=7 3 ® 7 .

(i) Let Hy and Hg be Hermitian operators on Hjz and

‘Hp, respectively, and let

H=H;®l;+1; ® Hp. (HS)

(i) Let V be a unitary operator on Hy ® Hp such
that [H V] =0.
(iii) Let Q and Qf " be operators on Hg such that 0 <
Ql+<1 ando<Qf+<1-
(iv) Let Tr(Hg) = Hg, T~(H )=Hzand T (V) =V.
Define Q% = T5(QL") and QL = T(0QL").
These assumptions are constructed such that the triple V,
QL =0k, 0f =
neously, the triple V, Q% := Qg_, Qg =
Assumptions 3.
By Lemmas 3 and 4, it follows that 0 < QL < I

Q’;+ satisfies Assumptions 3. Simulta-

ig‘ also satisfies

implies 0 < Qé‘ <1 5 and analogously for Q’;_.
Lemma 17. Let 7 be a time reversal and A an operator
such that 7(A) = A and A" = A. Then,

jAT - TjA,
ZA(T(Q)) = 24(0Q).
G.(T(Q)) = T(G4(Q)).

Tr(QJ 4(R)) = Tr(T 4(Q)R). (H6)
Define the CPMs
Fi(o) = Trs([0L" & 16]VIGsm, (QL) ® o]V),
Ry (0) = Trg([0L & 1£)V'[Gpm, (QL7) ® ]V),
F_(0) = Tr; s([0% ® 1V [g/3H~(QJj ) ® a]V7),
R_(0) = Tr([0L” ® 16V [Gpm, (Q5) ® 6]V).  (HT)

The CPMs F .. and R.. describe the unnormalized mapping
from the input to the output, conditioned on the successful
control measurement. The corresponding success proba-
bilities are given by the traces. (In Appendix H6b, we
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 R+ and

F_ as defined in Eq. (H7) are related as

TR, =F_Tg (H8)

and thus

R, = FC. (H9)

The proof is obtained by combining the definition of R "
in Eq. (H7) with the general fact that 7,(Try(p)) =
Tr,([7) ® 7,](p)), the time-reversal symmetry, and
Lemma 17.

Proposition 9. (conditional quantum fluctuation rela-
tion) With Assumptions 4, the CPMs jﬁ and f:_, as
defined in Eq. (H7), are related as

Z/}Hg(Qé)j:+ = Z/}HS(Q'g)jﬁHEﬁ?j/;I}IE- (H10)
Here, we use the notation Zgy. (Q) 2y, (Q‘+)
Z/}H (Q ) and ZﬁH (Qf) Z/}H (Qﬁ) Z/}H (Qé_)-

Proof. —The triple V, Q’+ and Qf from Assumptions 4
Q'+ Q Qf+ Hence,
Proposition 8 is applicable and yields Z/}HE(QS)F L=
Zpm, (Qg)jﬁHﬁRij;I;E-
to the above equation results in Eq. (H10).

From Lemma 17, we know that Z, (QF)=
ZﬂHg(TS’(Q?_)) = Zﬁ’HS(Q?_)' O

Note that Proposition 9 only makes a statement
concerning pairs of measurement operators. It does not
make any assumptions on the POVMs that these measure-

ment operators may be members of. For example, instead
of basing the induced CPMs in Eq. (H7) on the pair

(Q?“, Q§+), we could equally well obtain fluctuation
relations for each of the (Q?r, i- Q’;Jr),
(i—Qg*,Qng), and (1 - QhL 1- Qng). There is also
no need to assume that the POVMs are binary. For two
POVMs {Q;rk}k and {Q’;j},, one can, for each possible

combination of POVM elements (Q?’k, Q’;), construct the

corresponding CPMs F gf’l) as in Eq. (H7), where each of

these pairs satisfies the conditional fluctuation rela-
tion (H10).

satisfies Assumptions 3 w1th Q’ =

The application of Lemma 18

pairs

4. Generally no decoupling of diagonals

In Appendix D1, we showed that the channels F,
induced on the reservoir are such that the dynamics
decouples along the modes of coherence. One may thus
wonder whether something similar is true for the condi-
tional CPMs F . In Appendix D 1, the starting point was
Lemma 12, which shows that 7, and R, commute with
the commutator with respect to Hg. The following Lemma
shows that this is generally not true for the conditional

CPMs F 4 and Ri, and thus we cannot expect to have a
separation of the dynamics of the different diagonals of the
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density matrix. (For an explicit example of such
“mixing” of diagonal and off-diagonal elements, see
Appendix H7b.) ~

Lemma 19.With Assumptions 4, the CPM F, defined
in Eq. (H7) satisfies the following relation:

[HE»ﬁ+(0)]
= F.([Hg.0])
+Trs (04" ® 10) V(G ([Hs. 04') ® 0)V)
+Trg(([Hg. 051 ® 1p)V (G, (QF) ® 0)V).
(H11)

Analogous statements hold for F_ and 7~2i.
The proof is obtained via H = H; ® iE + ig ® Hy and
the energy conservation [H, V] = 0.

5. Nevertheless diagonal and off-diagonal
conditional fluctuation relations

Although there is no decoupling, strictly speaking,
counterparts to Egs. (D5) and (DS) still exist. To see this,
suppose that Hp is nondegenerate, with a complete
orthonormal eigenbasis {|n)},. Define the general transi-
tion matrix G (mm'|nn’) = (m|F 4 (|n)(n'|)|m') for arbi-
trary m, n, m’, n’. Assuming that 7  is the transpose with
respect to {|n) },, we can rewrite the conditional fluctuation
relation (H10) in its “matrix form”

23 (0L, (mm|nn')

_ e/i(E,,+En,—Em—Em')/2ZﬂHS(Qg)fl_(nn’|mm/). (H12)

Nothing prevents us from defining p.(m|n) =
g (mm|nn) = (m|F.(In)(n])|m), ~ and G4 (m|n) =
q+(mm'|nn’) for E,—E,=E, —E, =35, as special
cases of Eq. (H12), we write

Zpn (0D (mln) = P EEn) 25y (O1)p_(n|m), (H13)

Zp(05) (m|n) = M EEn) 25y (01)G2 (n|m). (H14)

We can view Eqs. (H13) and (H14) as the conditional
counterparts to Egs. (D5) and (D8). However, while
Egs. (D5) and (D8) describe the dynamics within the
decoupled diagonals, we cannot interpret Eqs. (H13) and
(H14) in the same manner because of the lack of decou-
pling. More generally, the objects p..(m|n) and g5 (m|n)
must be interpreted with more caution than their counter-
parts p.(m|n) and ¢°.(m|n). For example, the p_.(m|n) is
the probability to detect the energy reservoir in eigenstate
m, given that the reservoir was prepared in state |n)(n| and
that the control measurement is successful. We can interpret

p+(m|n) in a similar manner (without the control meas-
urement). However, because of the decoupling, we can also
interpret p. (m|n) as describing the evolution of the
diagonal elements of the density matrix irrespective of
the initial state. More precisely, we know that the proba-
bility (m|F.(c)|m) to detect a specific final energy
eigenstate m only depends on the diagonal elements
(n|o|n). However, (m|F.(c)|m) not only depends on
the diagonal elements of the input but on the entire state
o. In other words, we can no longer claim that an initial
energy measurement would not perturb a final energy
measurement.

6. Special case [H3,0%"|=0 and [HS,Q’;E] =0
In the case that the measurement operators gi and Qgi
commute with Hg, we can regain several of the pro-
perties of the unconditional fluctuation relations. By a
direct application of Lemma 19, we get [Hy, F.(5)] =
F.([Hg, 6]). Analogously to how we obtained Corollary 2

from Lemma 12, and with analogous assumptions, we also
regain the decoupling of the different modes of coherence,
ie., (m'|Fo(|n')(n|)|m) =0, if E,y — Ey # E,, — E,. In
this case, Eqgs. (H13) and (H14) thus gain a status analogous
to Egs. (D5) and (DS8), in the sense that they describe the
dynamics within each decoupled diagonal.

a. Classical conditional Crooks relation

By additionally assuming the energy-translation-invariant

model as in Appendix G, one regains the energy-
translation invariance of the induced CPMs A/F . (¢) AT =

F 1 (A6ATF). Analogous to Appendix G 1, we can also
define

p:l:(w) = Z

B =i=wls

p=(/'1)lels).  (HI15)

where P (w) can be interpreted as the probability that the
energy reservoir loses the energy w and that the control
measurement is successful. The decoupling again guarantees
the stability of the detection probabilities under repeated
energy measurements. We obtain the classical conditional
Crooks relation

ZﬂHS(Qg)IB+<W> = eﬂwzﬂHg(Qg)i)—(_W) (H16)

in a manner very similar to what we did in Appendix G 1.

b. Classical conditional Jarzynski relation

The control measurements generally do not succeed with
unit probability. However, for the energy-translation-
symmetric case, with diagonal measurement operators,
the success probabilities TrF . (o) and TrR, (o) become
independent of the state ¢ of the energy reservoir. To see
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this, we first define the following transition probabilities,
which do not involve the energy reservoir:

i =Te(QL UGy (0 UY),
ry = Te(Q4 Ut Gy (047)U).
f = Tr(QF UGsy, (01U,
= TH(QL U Gy ().

In other words, f, is the probability that we would obtain
the successful outcome when we measure the POVM

{Q{;Jr, i3 - Q?’} if the initial state gﬂHs(Q?“) is evolved
under U.
One should keep in mind that since Q‘gi and Qgi commute

(H17)

with Hyg, it follows that the above expressions do not involve
coherences with respect to the energy eigenbases. For
example, if Hy is nondegenerate with eigenstates |y, ), then

f+:Znn’ <l//n|Q§+‘l//n>|<l//n|U|l//n’>‘2<l//n’|g/3H§(Q§+)|l//n’>'

One can confirm that the CPMs F . and R, in Eq. (H7)
with V:=V(U) as in Eq. (G2), and [Qgi, H;| =0,
[Qgi, H;] = 0, satisfy the following relations:

TrF,(6) = f.Tr(6),  TrR.(o) = riTr(c),

Fo(lp) = folp, Re(lp) = rilp

Hence, the success probabilities of the control measure-
ments are independent of the state of the energy reservoir.
It is instructive to write the expression for F, in Eq. (H18)
in full,

(H18)
(H19)

Tr([Qf" ® 16V (U)[Gpu (Q5) ® o]V (V)
= Tr(QL UGy (05U,

for Tro = 1.

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 Qg+ and Q?’

commute with Hg and thus block diagonalize with respect
to the energy eigenspaces of Hy).

By the classical conditional Crooks relation (H16),
it follows that ZﬂHS(Qg)ZWe_ﬂWIBJF(W):ZﬂHg(Qg) X
S P_(—w). As opposed to the unconditional case,
S°,P_(—w) is generally not equal to 1 but equates to the

WP
success probability of the reverse process, i.e.,

S P (W) =32, p-(w/s]0)=TrF_(|0)(0])=/_. Thus,

Zpn,(0)

Zn (@) (H20)

Ze_/}wler(W) =f

Given that the control measurement succeeds, we can
define the conditional probability for the work cost w as

P+<W|Q§+):=P+<W)/Zw’i)+(w/):P+(W)/f+- By using
this, we can rewrite Eq. (H20) in the more symmetric form

_ f- ZﬂHg(Qg)

<€_ﬂW|Q[+> = A (H21)
5 f + z PH (Qs)
where  we use the notation  (e7FV| Qg Ty =
Sowe P (wl Qng)-
The conditional Jarzynski relation in Eq. (H21)

is reminiscent of the Jarzynski equality under feedback
control [92-94], and it may be worthwhile to investigate
this potential link further. However, we will not do so in this
investigation.

7. Examples
a. Abolishing perfect control

As discussed in Appendix C 4, the perfect control [see
Eq. (A1) or Egs. (C3) 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 spectrum that is
unbounded from below is somewhat uncomfortable. With
the conditional fluctuation relations, we no longer need to
assume perfectly functioning control systems. We could,
for example, let the transition from initial to final control
state fail if the energy reservoir runs out of energy, so to
speak. Here, we demonstrate this in the case where a
harmonic oscillator is used as the energy reservoir.

We make use of a model that was introduced in detail in
Sec. IV in the Supplemental Material of Ref. [32]. Because
of this, only the briefest description will be provided here.
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 the “injection” of energy that was used in Ref. [32]
but instead allow the procedure to fail.)

Apart from the Hamiltonian for the energy reservoir,
Hy =575 jlj)(jl. and the class of unitary operators
V. (U), the rest of the model is as in Appendix G 3 c. We
let Hyc = Hi, ® PL.+ H), ® P, and let szi, |y}) be

the eigenvalues and eigenvectors of Hg,, and szﬁ, I)(£>

the eigenvalues and eigenvectors of Hg,. To simplify the
notation, we let {|y,)}*Y, denote the orthonormal set
(b lei sl e bendleps) lehdles) Vi - Similarly, let
z, denote the combined set of numbers {zi}, U {z}},.
Furthermore, define z,,,, = max,z, and z,;, = min,z,.

The projectors {P(ﬁ} 1z, onto the eigenspaces of Hye ®
iE + is/c ® HE are
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PU =S )l ® -z -z,

n:l>z,

’ A\ > Zmin-

For all [ > z,,, this simplifies to P(l) => 1 Nlwa) X

(W, ® |l = z,){l — z,,|. Let us define the following map:

max 1

Vi(U) =Y V() +ZZ pY,

Izzmax

Vi(U) = Z

n,n'

I=Zpin

l//n><l//n|U|l//n’><l//n’| ® |l - Zn><l - Zn’|‘

For each unitary operator U on Hg, it follows that V_ (U)
is unitary on Hgcp. Welet 7 g be the transpose with respect
to {|j)};s0. and let T be such that Tgc(Hgc) = Hg-
(Note Lemma 7.) From this, it follows that 7 := 7 g ®
T g is such that 7(V, (U)) =V, (T gc(U)).

One can also confirm that V (U)|w)|j) = V(U)|w)|j)
for all |w) € Hye and all j > 7,00 — Zmin, Where V(U) is
defined in Eq. (G2).

More generally, in terms of the eigenprojectors Pg) of
the total Hamiltonian H, it is the case that V(U )Pil) =
V(U)PY for 1> zpe. while V, (U)PV =P for
Zmax — 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 V, (U) avoids performing the
parts of the operation that are too expensive.

Define the projector P=ims=min == 5" |j){j|. The
condition PZ%ma"Zmin PZimximn = ¢ guarantees that the
actions of V, (U) and V(U) are identical.

As an example, let us modify the setup in Appendix G 3
c such that we replace V(U) with V_(U). For the sake of
illustration, we consider an extreme case where Hg, =
sU}) (] + 25025) bl and HE = 3sl2]) ]| + sl ).
For these choices, all transitions from the initial to the final
Hamiltonian require energy. Moreover, z,.,, =4 and
Zmin = 1. One furthermore finds that

U =) (i ® Pl ® 10)(0).
PP = Iy (] @ Pl @ [1)(1] + 1) (xh| ® P ® |0)(0
P = [y (| @ P ® [2)(2] + ) (rh] ® P @ [1)(1]
+ D)l ® P ®10)(0
PY = iV | @ PL@ |1 - 1)(I— 1]
+ A (| ® Pe @ |1 - 2)(1 -2
+D | ® Pe @ [1-3)(1-3|
+ ) ® PL® |1 —4)(1 -4,

Hence, if the control is in state |c;, ) and the reservoir is in
the vacuum state |0), we find that V, (U)[p ® |c; ){c;i | ®
0)(O]V4-(U)" = p ® |ei){cir| ® [0)(0] no matter what

El

’

[>4.

U we feed into it; thus, the control measurement will
always signal “fail.” On the other hand, if there are four or
more quanta of energy in the reservoir, then V_(U)[p ®
lcie){ein | @]V (U)T =V(U)[p®|cir){civ| ®a]V(U)'.
In particular, if we would could choose U as in Eq. (G20),
then the control measurement would always 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 magnetic
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 is identical. More precisely,

1 1
Hy = Hy = —5/0)(0] + 5511} (1],

for some s > 0. The identical energy gap implies that there
exist nontrivial energy-conserving unitary operations with
respectto H == Hy ® Ip+1 3 ® Hp. More specifically, H
has eigenenergies —s, 0, s and corresponding 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 energy eigenspaces,

V= e-[0)(0] @ [0){0] + e+ [1){1] @ [1)(1]
+ U11]0){(0] @ [1) (1] + U12[0) (1] @ [1)(0]
+ Una[1){0] @ |0)(1] + U22[1){1] & [0)(0

’

where v, y_ € R, and where U = [U; 4] ;— , is a unitary
2 X 2 matrix.

Let us choose 73 and 7 f; as the transpose with respect to
the eigenbasis {|0),|1)} of each space, respectively. Thus,
TS(HS) = Hjy and Tp(Hg) = Hg. Let T = T: 7.
One can confirm that 7 (V) = V if and only if

—e"®cos®  sinf

U= e

. ; ’
sin @ e cosf

where y, 8, @ € R. (There are no restrictions on y., y_.)

The expansion of the CPMs F . for arbitrary Qgi and
Q’gi in terms of the {|0),
bulky and unilluminating expressions. Therefore, here we
only consider the simpler special case where Q? = 13,

01" = wl. )= (1/VD)0) +i(1/V2)1). Conse:
quently, g_ = T:g(Q?) = is, Qg_ = TS’(Q§+) =
Yl I = (1/3/2)[0) = i(1/v/3)[1). The partition
maps take the values Zgy (Q) = &/F/? 4 ePE

and ZﬁHi(Qg) = (e/}E/Z + e—ﬂE/Z)/z‘

1)} basis results in remarkably
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The Gibbs map applied to Qg+ =1 5 gives the initial state
of the forward process

_ PP0)(0] + P 1)
- eﬂ5/2 + e_ﬂs/z ’

i+

gﬂHg(Q% )

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

_ 1
Gy, (@) = (e#7210) (0] + e/2|1)(1]

4]0} (1] - i{1){0]).

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

7 1 + +
Filo) = W(Vwavm +VigoVi).
obs/4
Vi += - (001 —cosel1) (1] — isinel0) (1],
e P4 .
Vi = 7(|1>(1| + c0s0|0) (0] + i sin]1)(0]).
and
F_ (o) = 1 VooVi_+Vi_oV]
~(o) —W( 0-0Vo_ +Vi_aVy_),

Vo = e*/*(|0)(0] - cos ]1)(1])
— isinfeP741)(0),

Viz = e PA(1)(1] + cos 6]0) (0])
+ isin 0eP/4|0)(1].

By a slightly tedious but straightforward calculation, one

can confirm that F 1 satisfy the conditional fluctuation
relation (H10), as we already know that they should from
Proposition 9.

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

N 1 1
_ ' : 20 ,—Ps/2
F+(|0><O|) - 26‘65/2 + e_ﬂs/z [Sln e |1><1|
+ (cos?e /2 + P$12)|0)(0|
+ i sin @ cos Oe5/2(|1)(0] — [0)(1])],
8 0
F0)(1]) = 57y s [(eP72 — eP/2) 0) (1

eﬂs/z + e_ﬂs/z
+isin@(|1) (1| —10)(0])].

Hence, diagonal and off-diagonal elements get mixed. In
particular, a diagonal state such as |0)(0| can be turned into

a state F, (|0)(0]) with off-diagonal elements, which is a

consequence of the nondiagonal measurement operator.
Note that not only is E initially in a diagonal state, but the
global state G(Hg) ® |0)(0| is also diagonal with respect
to the global energy eigenspaces.

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 take a
step back and briefly reexamine the structure of these
fluctuation theorems from a global point of view.

1. Global invariance

For a moment, let us forget the division into systems,
heat baths, and energy reservoirs, and consider one single
system with a global Hamiltonian A and a unitary evolution
V that is energy conserving, [H,V] =0, and where this
system satisfies a time-reversal symmetry 7 (H) = H,
7 (V) = V. For any pair of global measurement operators
Q' and Q', it is the case that

Tr(Q/ VT s (Q)VT)
— Tr[T(Qf+Ve—ﬂH/ZQiJre—/}H/va)]
= Tr[Qi"e P2y QI Ve P12
=Tr(Q" VT su(0)VT), (I1)

where, as usual, Q" =7 (Q'") and @/~ =T (Q/*). In
other words, Eq. (I1) expresses an invariance of the
quantity Tr(Q/ V.74, (Q")V") with respect to the trans-
formation (', 0/) > (07, Q) = (T(Q/), (). All
of our fluctuation relations can, in some sense, be regarded
as special cases of this global invariance, which emerges
here 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.
However, if V = e™"H/"then it follows that [H, V] =0,
and the assumption 7 (H) = H would automatically yield
T(V)=V. Hence, in this case, time-reversal symmetry
would be enough.

The relation (I1) can be rewritten as the global fluc-
tuation relation (29) in the main text.

2. Factorization of noninteracting d.o.f.

The global symmetry in Eq. (I1) does not explain how
we can express fluctuation theorems in terms of channels or
CPMs on the relevant systems. Throughout this investiga-
tion, we have repeatedly used the fact that the exponential
function factorizes over noninteracting d.o.f. To be more
precise, suppose that the global system is decomposed into
two subsystems 1 and 2 (i.e., H = H; ® H,) and assume a

noninteracting Hamiltonian H =H; ® iz + il ® H,,
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with the consequence that J pH = J s, @ J BH,- For
product measurement operators Q = Q1 ® (,, this results
in the factorization of the partition map Zz, (0, ® Q,) =
Zyy,(01)Z41,(Q,) and thus also for the Gibbs map
Gpr(Q1 ® 02) = Gy, (Q1) ® Gp,(Q2). In other words,
the two states Ggy (Q1) and Gy, (Q,) can be prepared
separately on respective systems.

One way in which the factorization could fail is if the
global Hamiltonian is interacting, and this is the topic of
Appendix K. In Appendix 14, we briefly discuss the more
exotic alternative in which thermal states would not be
characterized by Gibbs states.

3. Inaccessible d.o.f.

In the context of statistical mechanics, we would
typically deal with large numbers of d.o.f. that we have
no access to, e.g., a heat bath. This means that we do not
have direct access to prepare arbitrary states on these d.o.f.
or to make arbitrary measurements on them. (One can, of
course, imagine some form of partial accessibility, but to
keep things simple, here we assume “all or nothing.”) Thus,
imagine that the total system is divided into two subsystems
1 and 2, where 2 is inaccessible to us and 1 is completely
accessible. We also assume that the global Hamiltonian is
noninteracting, H = H; ® iz + il ® H,.

Since system 2 is inaccessible to us, all available
measurement operators are of the form Q =0, ® iz;
i.e., we can only perform the trivial measurement on
system 2. Correspondingly, a trivial preparation would
be an equilibrium state G4(H,) on the unaccessible d.o.f.,
with the philosophy that nature provides equilibrium states
“for free.” Hence, all possible initial states that we could
prepare would be of the form p = p; ® G4(H,).

To further highlight how the factorization property enters
in the treatment of the unaccessible d.o.f., let us take a closer
look at the global fluctuation relation in Eq. (29). Suppose
that the forward process is characterized by a measurement

operator of the allowed form Q/* = Q{ "® iz. Then, we
know that the initial state of the reverse process would be
given by Q,;H(Q{ ® iz), where we have assumed
T =T, ® 7,. Because of the factorization property, we
know that g/}H(Q{_ ®1,) = g/)’Hl(le(_) ® g/}HZ(TZ) =
Gpm, (Q{_) ® G4(H,). In other words, trivial measurements
on the unaccessible d.o.f. get mapped to trivial preparations
on these systems and vice versa. However, this would no
longer be true if Gz, (0 ® 1,) does not factorize.

This line of reasoning may also fail if Gy, (1,) does not
correspond to the equilibrium state on system 2. This
would be the case if we choose f in our fluctuation
relations to be different from the actual ' of the heat bath.
From a purely mathematical point of view, the fluctuation
relations are of course valid for all values of f irrespective
of whether they correspond to the actual temperature or not.

However, in this case, Gy (H,) rather than G4(H,) would
be the true equilibrium state. Hence, this would require an
active intervention on system 2 to prepare the state

G, (Q17) ® Gy(H,).

4. Issue with nonexponential generalizations
of the Gibbs maps

As an illustration of the particular role of the exponential
function and the Gibbs distribution, let us imagine that we
attempt to use some other form of function to describe a
generalized type of equilibrium state. (This should not be
confused with other types of generalizations, such as
Jaynes [197,198] and recent approaches to multiple con-
served quantities [164-167].) More precisely, let g be any
reasonable (possibly complex-valued) function, and define
the generalized map 77, (Q) = g(fH)Qg(fH)", as well as

the generalized Gibbs and partition maps

_ Thl©)
Z3,(0)"

51 (Q) Z5,(0) =TrT},(0).

Here, G,(1) = g(BH)g(pH)"/Tr(g(pH)g(pH)") would
presumably take the role of a generalized form of equi-
librium state.

One could imagine constructing fluctuation relations for
this generalized setup, and it is indeed straightforward to
repeat the derivation of Eq. (I1) to obtain

Tr(Q/ VT (Q)VT) = Tr(Q VT3 (Q77)VH).

At first sight, this may seem like an endless source of
nonstandard fluctuation theorems for hypothetical non-
Gibbsian distributions. However, since the factorization
property fails for general nonexponential choices of g, we
cannot, for example, reproduce the reasoning in
Appendix 3.

APPENDIX J: PRECORRELATIONS

Here, we provide some further details on the example of
Sec. V C in the main text, where we describe a setup similar
to the one for the quantum Crooks relation (2) but where we
allow for the possibility that S and E are precorrelated. The
quantum Crooks relation (2) is formulated in terms of
channels on the energy reservoir E. However, this implicitly
assumes that E is initially uncorrelated with the d.o.f. it is
about to interact with. Hence, in the present case, we cannot
express fluctuation relations in terms of channels or CPMs
on E alone, but one alternative is to formulate a fluctuation
relation in terms of channels on the joint system SE.
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We let the global Hamiltonian be

H:=Hi ® iy ® Pl.+ H{; ® 1, ® PL.
+ 1z @ Hy ® 1,

where Hi and Hg - are the initial and final Hamiltonians of
the combined system and energy reservoir (where we can
let these be noninteracting if we so wish). Moreover, like in
Assumptions 2, P and P'é are the projectors onto the two
orthogonal spaces Sp{|c;;).[c;_)} and Sp{|c,i).[c,_)},
respectively.

The total time reversal is of the form 7 :=7 ¢ ®
Tp ® T (This is different from the decomposition
Tspe ® Ty that we use in Appendix C.) We assume
T(Hg) = Hp. [We do not need to assume 7 sz (Hf,) =
Hi, or Tsp(HY,) = H,.] We furthermore let 7 ¢ be such

that
|

Te(leir){cisl) = lei) (e
Telep){epel) = lep)(er].

s

We assume a global unitary evolution operator V that is
energy conserving ([V, H] = 0) and time-reversal symmet-
ric [7 (V) = V] and satisfies perfect control,

V{ispe ® lei)(cinl] = [1spe ® les) (crel]V.
We define the forward and reverse channels

Fo(x) = Trep(Veir)cis] ® G(Hp) @ x]V7),
F_(x) = Trcg(V[|cs-)(er-| ® G(Hp) @ 2]V7).
By using the relation 7 3zTre3Q = Treg7 (Q), perfect

control, and energy conservation, it follows, much as in
previous derivations, that

TseF2(x) = Treg(T([Jep) (cr—| ® G(Hp) ® Lse]Viic ® 15 ® 2]V))

1 ~ n n
= ———Treg([Jcps ) (cre| @ e5 @ Igp]V[Ie @ 15 @ Tse(x)]VY)

Z(Hp)
1

= ——Trep([lep){cre| ® I;® eﬂHéE/z]e_ﬂH/ZV[ic ® 15 ® Tsu(x)|V?

Z(Hp)

x e PH2|c, Nep | @ 1 ® ePsel?)

1

; A A A A _
= s 2Trep (Ve ) e | @ 15 @ Tsple2[1e @ 15 @ Tsp(y)]e /2

Z(Hg)

x [lei )i | ® 15 ® 1g5|VT)ePtse/?

= jgégE(j:Jr(jﬁH"E(TSE(Z))))’

S.

_ . = 76 7-1
which can be rewritten as F, = jﬁHéEf_ jﬁ”’sg'

APPENDIX K: APPROXIMATE FLUCTUATION
RELATIONS

As discussed in Appendix A2, up to now, we have
separated the role of the global Hamiltonian H as character-
izing energy from its role as generator of the time evolution.
So far, we have assigned the latter role to the unitary
operator V, with the restriction that it should be energy
conserving [H, V] = 0. Here, we consider the modifica-
tions needed to rejoin 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/" 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 =Hgc ®
1+ 1gc ® He, where Hge = Hiy ® PL+ H), ® 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/h_this implies that the control system
will never leave the initial subspace and thus fails to satisfy
the assumption of perfect control. In other words, we
cannot obtain the relevant dynamics with these combina-
tions of assumptions.

This particular issue does not apply to the setting of the
conditional fluctuation relations in Assumptions 4 since
there we assume neither a special structure of H ¢ nor of
the initial state. However, in the conditional setup, we still
assume that the global Hamiltonian is of the form
H=H;® 1p+ ig ® Hp. In other words, we assume that

there is no interaction between S = S'C and the energy
reservoir E. Needless to say, if the global evolution is given
by V = e~"H/" then the state of the energy reservoir would
be left unaffected by whatever happens in S'C, and the
whole idea of the energy reservoir thus becomes mean-
ingless. Hence, we again find that an evolution of the form
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V = e~™H/" clashes with our general assumptions in the
sense that it generates a trivial dynamics.

1. General notion of approximate
fluctuation relations

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

a. Approximation

In Appendix 12, we pointed out that for noninteracting
Hamiltonians H = H; ® 12 + il ® H,, the function J 3y
satisfies the factorization property J;4(01 ® Q,) =
T s, (Q1) ® T pu,(Q>). Since, in this section, we abandon
these convenient noninteracting Hamiltonians, the question
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 approximated by
H! ® L+1,® H), for some local Hamiltonians H
and H’. Similarly, for another suitable class of operators,
the action of the global Hamiltonian can be approximated
by H{ ® Tz + Tl ® H’;, for Hamiltonians H{ and H;
(For the sake of generality and flexibility, here we allow
different initial and final Hamiltonians on both
subsystems.)

The more exact formulation is based on the J pH
map. We assume a product time reversal 7 =7, ® 7,
and local approximate Hamiltonians H', H/, Hj, H} such
that

T(H)=H,
T\(H) = H{.  T,(H])=H].
To(HY) = Hj.  To(H)=H).  (KI)
Suppose that for the measurement operators ’ﬁ, 3*,
ol", 0l the approximate factorization holds:
Tpn(Q7" ® 057) ~ T gy (077) ® T pi (051),
To(Qf ® 05) % Ty (017) ® Ty (017). (K2)

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

Zp1 (01) Zpi (05 P, [0 ® 0 — 01 ® 047

~ 20 (01) 2, (05)P},, [0 ® 057 - 07 ® 077,

(K3)

where H':=H ®@1,+1, ® H,, H =H @ 1,+
1, ® H’;, and where V = ¢ /" for some r € R, and
0 =T,(0}), 0F =T,(0)). 0O =T\(Q]"),
0)” =T,(05").

It is straightforward to make an informal “derivation” of
Eq. (K3), which combines the approximations in Eq. (K2)

with the assumed properties (K1) of the time reversal
together with [V,H] =0 and 7 (V) =V,

Tr([QJﬁ ® Q]2(l+]v[u7/3H§( ) ® jﬁH;(
~Tr([0]" ® O) VT pu(
= Tr((0 ® 01T (VIQ]™ ® 057IVT))
= Tr([0F ® 05 VT (Q]” ® 0)7)V)
~ Te([0F ® QY IVIT yur (Q17) ® Ty (Q1)IVY).

SOV
" ® 05V

In the final step to obtain Eq. (K3), we use assumptions (K1)
and Lemma 17 to get Z; (o) = Zpi (T (o) =
Zypi (Q!), and analogously for the other partition maps.

b. Quantitative formulation of the approximation

Here, we consider one way to make the approximations
in Egs. (K2) and (K3) quantitative. We assume that the
underlying Hilbert spaces are finite dimensional. We define

dij 1,(01,0,)

=T g, (Q1) ® T pr, (Q2) = T pra (Q1 @ Qo) I1 (K4)

where we use the trace norm ||Q]|; :== Tr\/Q"Q. In the
following, we also use the standard operator norm
101l = supyy =111 2ly)]l- A
By Lemma 6, we can conclude that ||Qi|| = [|Q}F|l
and analogously for Q‘ in, Qf * Moreover, one can

confirm that dZ, H,( L0F) = dyi H,( i7.05) and

H /= nf- f+ o/t
dH/l-H£<Q ) Q2 ) - H{,Hé(Q ’ Q2 )
As a bit of a technical side remark, one may note that
none of the proofs explicitly uses the assumption that

V =e /" We still only rely on [V,H]=0 and
T(V)=V. However, because of the more forgiving
structure, we can now assume that V = e~/" and yet

have a nontrivial evolution on the energy reserv01r

Proposition 10. Let H, Hi, H}, H{ , H2 be Hermitian
operators, let 7, 7, 7, be time reversals that satisfy the
conditions in Eq. (K1), and let V be a unitary operator such
that [H, V] = 0and 7 (V) = V (which, in particular, allows
us to choose V = e~/ for some t € R). Then,
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1201 (1) Z g (Q3) Py 07" ® 05

Qer ® Qf ] - Zpmi (Q1)ZﬁH' (Qf) Py [Q{_ ® Q’zf_ -

0 ® 05|

< IO NQE gy, 4, (01, 057) + QT Qs Iy, (0], ),

where H' := H’ ® 12+ 11 ®H’
T,(0]"), 0 =To(0)").

Proof.—As the first step, one can confirm the identity

Tr([0]" ® OJ VT (01 ® 05V = Tr([0 ® 05 VT 4u(0]” ® 047)VY).

H1 ®1L,+1, ®H2, and where Qi

T1(07), =T,(05"), Q] =

(K5)

For a more compact notation, let 6; == J sy (0" ® jﬁHé(Q?) and o := jﬂH{(Q{_) ® jﬂHg(Q’;_). Then,

ITr([Q]"
<|Tr(ViQ}*

® 04 1Va V) = Tr((0f” ® 05 |Va, V)|
® 0L IV(o: = Tyu(Q}" ® 0)))| + [Tr(VI[QI ® Q5 IV(Tu(Q]” ® 047) — o)

By Eq. (K5) and the triangle inequality]

[By the general relation |Tr(AQ)| < ||A|l||QOll1]

<nerres” Iy, (O

2. Approximate conditional fluctuation relations

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

a. General case

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

T(H) =
Ty(HY) =HL,  Tg(HL) = H,
Te(Hy) = Hy,  Tp(HY) = HY. (K6)

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

F.(o) = Trs([QJ; ® iE]V[gﬂH%(Qij_) ® alV),

F_(0) =Tr([0f ® 1]V [gﬂﬂf(Q ) ®dVvh).  (K7)

One can verify that

)+ oIS IId

Qer7 Q§+)

Fi 10
Pﬂ[-;"[ +—>Q ]

Pﬂfl_;f[Q];_ - 0] =

P10 ® 0F — 01" ® 0],

ﬁHf[Qf ® Qf Qg_ ® QEL

which, together with Proposition 10, yield

D) Z 1 (05) P *[ o= 0]
it (Q8) Zp, <Qf>P,§;f lo; -
<o et 5 1y (0L, 0F)

105 NNOE Ny, (05" o).

| Zpni (Q

oy ]|

(K8)

With Eq. (K8) as the starting point, one can also obtain an
approximate fluctuation relation in terms of channels, i.e.,
more in the spirit of Eq. (26). Let us define the following
measure of difference between maps:

[ Tr(Q/2(Q")) = Tr(Q/ 1 ("))
oo’ '

Diff (1. ¢,) =

0'>0,0/>0
(K9)

The primary reason for this particular choice of measure is
that it makes the derivations simple. Also, we define
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Dl(Q?r) = H’ H’ (QlJr Q)7

o oIIQII

Dy(QL") = Sup g1

050 1Ol H: Hf(QJ:;i 0). (K10)

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

Diff (Zpn; (Q5)F 10T prry Z s ()T pag o F )

< 1QEID:(0L) + 10K 1D (L), (K11)
Hence, this is a quantitative version of the approximate
conditional relation (35) in the main text.

In Eq. (K8), we only consider the error for a specific pair

’E+, Qf +, while in Eq. (K11), we ask for the worst-case
error over the entire set of positive semidefinite operators. It
may very well be the case that pointwise errors can be small
for some specific choice of operators, while uniform errors
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 is largely a matter of
convenience.

b. Special case of a control particle

Imagine a joint Hamiltonian of the form

1 A A A
H = MPQC ® lyr + Hyp(Xc).

(K12)
Here, M is the mass, and )A(C, I3C are the canonical
position and momentum operators of the control particle.
Assume, furthermore, that Hgg(x) is of the form

Hg/®iE+iSf®HlE )CSXI',

H, @ 1p+1y @ HY x2x,

el = { (K13)

while in the interval [x;, x|, there is some nontrivial
dependence on x (where we assume x; < x;). The

Hamiltonians Hg and Hg would, in this case, be

. 1
HE. PC®1SI+1C®HS”
S 2M C

1 . A A
o 2 /
HS' ._ﬁpc® 1S’+1C®HS"

(K14)
Hence, outside the “interaction region” [x;, x/], all three
systems ', E, and C are noninteracting.

For the sake of illustration, we consider the special case
of measurement operators of the form

QL = 0F ® 0, in =0/ ® 0L, (KIS

where Qif > Q e
where Q= * are measurement operators on C which are

concentrated” in the regions (—oo,x;] and [x;, +oo0),
respectively. It seems intuitively reasonable that the further

down from x; that Qig is supported, the better the
approximation,

are measurement operators on S’ and

Tl(05 ® 0)
R jﬁH%(Qg+) Q® Ty (Q)

= jﬂK(ng) ® jﬂ]—["g,(Q?fr) ® jﬂH[E(Q)v (K16)
where we have introduced the notation K = P%/(2M)
and used the fact that Eq. (K14) defines noninteracting
Hamiltonians between S” and C.

The approximate fluctuation relation (K11) takes the
form

Diff (2 (0 ) Z 1, (Q5)F 20T pu.

ﬂK(Qf+) Hf (Q )jﬁHfoFe)

< lefmekiip; o
+ 107 ||||ng||Df(Qf+®Q ).

Note that if Qf * is a spatial translation of o,

such that QL™ = e"PcQiteiPe for some r e R, then
Zﬁi((ng) = Z/ji((ngL)-

One may wonder how to choose the time reversals 7 g
and 7 ;. One possibility is if there exist orthonormal
complete bases of Hg and Hy such that the family of
Hamiltonians Hgg(x), Hi, H, Hi, and H} are real-
valued matrices in these bases. In this case, we can choose
T and T g as transpositions with respect to these bases,
and 7 . as the transposition with respect to the position
representation, and let 73 =7 ® 7¢. This guarantees
that Eq. (K6) 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 the control
particle can also 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 divide it into CE and §'.
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a. General case

Here, we let system 1 (in Appendix K 1a) be S’ and
system 2 be CE. We assume

T(H) = H,
Ty(Hfgl) - Hé/,
TCE(HiCE) = HiCE’

as well as [V,H] =0 and 7 (V) = V. By Proposition 10,

Ty (HY) = HY,

TCE(HJéE) = H’éE, (K17)

| Zp, (Q%)Zpmi, (Qce)P*
- Zﬂ[—]-;, (Qg’)ZﬂH-éE<Q'2E)P_‘
<105 Q] 4, (05 OF;

i i + Aft
QS ML, (O35 0C0). (K1)
where we introduce the following short-hand notation for
the transition probabilities:

Pt o= PY,04 ® 0 — 0 ® 0L,

P~ =Py, 06 ® Oy — 05 ® Q) (K19)
Hence, Eq. (K18) is the quantitative version of Eq. (38) in
the main text.

b. Single particle as both control and energy reservoir

In Appendix K 2 b, we considered the case of a particle
whose motion implements the time-dependent Hamiltonian
in the Crooks relation. There, we regarded the d.o.f. of the
particle as separate from the designated energy reservoir.
This made it possible to express CPMs on the energy
reservoir conditioned on the control 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 drives the whole nonequilibrium process. The global
Hamiltonian can, in this case, be chosen as

H P2, ® 1y 4+ Hy(Xcp). (K20)

T 2Mep

where M is the mass, and X, Py are the canonical
position and momentum operators of the particle.
We assume

Hg, x < x;,
Hg(x) = p ‘ (K21)
HS, X 2 Xp;

i.e., the Hamiltonian for S’ is constant outside the
interaction region. Since the particle is free outside the

interaction region, we can take the initial and final
approximate Hamiltonians for CE to be HiL, = H’éE =
(1/2M ) P% =: K. For operators Qi and Q-%, which are
well localized outside the interaction region, it seems rea-
sonable that jﬁH(Q’ST®QlCJ}5)mjﬁH;/ (Qf;f)@jﬁf(( i) and
jﬂH(Q§f®Q£JIE)NjﬁH§,(Q_j;f)®jﬁf<(Qéz>' Under these
conditions, we thus get the approximate fluctuation relation
Zprr, (Q5) Zpic(QC) P ™2y (Q4) Z(Qer) P with
the quantitative version in Eq. (K18).

c. Numerical evaluation

To make the approximate fluctuation relations a bit more
concrete, here we make a numerical evaluation of a special
case of the combined control and 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 d.o.f. is taken as the combined control and energy
reservoir CE. The particle also carries a magnetic moment
corresponding to a spin-half d.o.f., which we interpret as
system S’. (A single spin is of course somewhat ridiculous
when 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 Hamiltonian can be expressed in terms of the differ-
ential operator

nwda o1
—md—yz‘f'iEoUs' -a(y),

(K22)

where 7i(y) determines the strength and direction
of the external magnetic field as a function of y, and where

Gy = (aé’f) ,ag),aéf) ) are the Pauli spin operators, with

o) = [0) (1] + [1)(0, 0% = ilo)(1] - if1)(0], o© =
[1)(1] —0)(0], with {|0),|1)} being the eigenbasis of
o9, For ||i|| =1, it follows that E, is the excitation
energy of the spin.

To get a particularly simple model, here we assume that
i(y) = (0,0,1) for y <=yo, a(y)=[3/4—y/(4y0)]x
(sin[z(y + o)/ (4¥0)]. 0. cos[x(y + yo)/(4y0)]) for =y, <
y <y, and a(y) = (1/2,0,0) for y, < y. Hence, for all
positions below —y,, the magnetic field is directed along
the z axis. Within the interaction region [—yy, yo|, the field
rotates in the xz plane until it aligns with the x axis at y,
simultaneously as it decreases in strength to half.

We choose Hiy = Hlp = P2/(2M) =K, Hi, = E¢0./2,
and HJ;, = Eyo, /4.

Define 7 - to be the transpose with respect to the
coordinate representation, and thus, 7 -z(K) = K. For the

chosen 7(y), the Hamiltonian 7(y) - & is represented as a
real-valued matrix in the eigenbasis of o,. Hence, 7 ¢ can
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be chosen as the transpose with respect to the eigenbasis of
0., and thus, Tg(i(y)-6) =n(y) -6, Tg(Hy)=HY,
and TS/(H’;,) = H’;,. We also get 7(H) = H.

As measurement operators on CE, we choose projectors
onto coherent states Qi :=|a;)(a;|, QL = o) (ayl,
where the corresponding wave functions are

1 2
™M@’ exp [— - (X - 2a> } )
4 \o

Here, o is the standard deviation, and 2o6Re(a) the expect-
ation value, of the corresponding Gaussian distribution
[y (y)|?. (With the coherent state defined as the displaced
ground state of a harmonic oscillator, ¢ is determined by the
parameters of the chosen oscillator.) Similarly, Alm(a) /o is
the average momentum of the coherent state. One can
confirm that 7 ox(|a)(a|) = |a*){a*|, and thus, the time
reversal changes the sign of the momentum but leaves the
position intact. For the spin d.o.f., we let the measurement
operators be Q?f = Q'g,+ =1 - We choose (somewhat
arbitrarily) the parameters such that #%/(MEgy3) = 0.1,
PE, = 1, and such that the standard deviation is 6 = y,/2.
This means that the typical thermal energy kT is equal to
the excitation energy of the spin (for y < —y,), and the
width of the wave packet is of the same order as the size of
the interaction region. Figure 13 displays the numerical

evaluation of the factorization error dZ]’HZ(T g |a){al) as

1 1
wa(y) = ng

05+t

0.4}

0.3+

0.2+

0.1+

0
210 -8 -6 -4

FIG. 13. Approximate factorization. To assess the quality

of the approximate factorization, we evaluate d;EOa. /Z(T g ®

|@)(a]) (red curve), dg,EomM(iS' ® |a@){a|) (green curve),
and d¥! (g ® |a)(a|) (blue curve) for a := r + 2i, with

K.Eyii(ryy)6/2
r € [—10, 10]. The dotted black lines correspond to the borders of
the interaction region. The red circles are the positions of
the coherent states that give the measurement operators Qi =

| =4 4 2i)(—4 + 2i| and QL = |4 + 2i)(4 + 2i.

defined in Eq. (K4). Here, we choose H := K, and as H 25
we choose Eyo,/2 (red curve) and Eyo,/4 (green curve),
for a:=r+2i, with r € [-10,10]. Since the standard
deviation is ¢ = y,/2, it follows that the spatial wave
packet y,, is centered at ry,. For the sake of comparison, we
also include the “local” approximation H, := Eyii(ryy) -
6/2 (blue curve), where, for a state centered at the location
ryy, we approximate the total Hamiltonian H with the
noninteracting Hamiltonian K + Ey7i(ry,) - 5/2. By con-
struction, the blue curve coincides with the green for
r < —1 and with the red for 1 < r. Maybe unsurprisingly,
the local approximation is better than the others inside the
interaction region.

We now turn to the test of the approximate fluctuation
relation, and for this purpose, we choose an evolution time ¢
such that tE,/h = 21.5. (This particular choice happens to
make the transition probability for the forward process
fairly large.) In Fig. 14, the final states of the particle in the
forward and reverse processes are depicted, where we use
the measurement operators QW := | — 4 + 2i)(—4 + 2i,

Ofr=1|4+2i)4+2i], and Qf =L =1y. The
transition probabilities [in Eq. (K19)] of the forward and
reverse processes are P ~0.36 and P~ ~0.39, respec-

tively. The error in the approximate fluctuation relation, as

-10 -10

-5 -5

FIG. 14. The forward and reverse processes. The density
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 panel) and reverse (right
panel) processes. The pairs of horizontal and vertical lines show
the borders of the interaction region. The red circles indicate the
positions of the initial states gﬂk(Qng) and gﬂf((Q’;) for the
initial and final measurement operators Qi = | — 4 + 2i)(—4+
21, chz = |4 + 2i)(4 + 2i|. The error in the approximate fluc-
tuation relation is small (approximately 1.6 x 107%), which
corresponds to the fact that the measurement operators are well
separated from the interaction region. One should compare this
with the final wave packets, where one can clearly see that these
have significant weights within the interaction region. This
illustrates the fact that the properties of the measurement
operators, rather than the final states, are important for the
quality of the approximation. One can also note that the final
states are not mirror images of each other. Hence, the symmetry
discussed in Appendix I 1 does not imply that the wave packets of
the forward and reverse processes have to be symmetric images of
each other.
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defined by the left-hand side of Eq. (K18), becomes
|ZPt —ZP7|~ 1.6 x 1078, where Z; = Zy(Ey0,/2)x
Z,1(0y) and Z; = Zs(Eg0,/4) 2,7 (QL7). An estimate
of the relative error is |ZPt—Z/P|/(|1Z;PT|+
|Z;P~|) #2.2x 1078 One can also calculate the upper
bound in the right -hand side of Eq (KIS), which becomes

diy i, (Q5 Qk) + djy v (Q5" Qi) 3.1 x 107
(where we use the fact that IIQS, |I=1, ||Q | =1,
105N = 1. 1QLEI = D).

d. Approximate free-energy differences

One can use the setting of the joint control and energy
reservoir to approximately evaluate the free-energy differ-

ence between the final and initial Hamiltonians Hg, and
Hi,, respectively, or equivalently, the quotient of the

paitition functions Z(H-é,)/Z(Hé,) Since QF = Qg/i =
i, we obtain Zp (Q) = Zy(HY) and Zy, (0h) =
Zy(H ) Moreover, if the heat bath B is noninteracting
with  § (or if S=5), then Z(H S,)/Z( L) =
Z(H%)/Z(HL), and Eq. (38) can be rewritten as

Z/ik(QiC‘E) BH f® O~ i® Q@Z]
Zﬁi((QJ;E) ﬁH/[l ® Q -1® QiC_E]

(K23)

Hence, this enables us to approximately determine the
free-energy difference between the final and initial
Hamiltonians.

For the very same setting as in the previous section, the
true quotient is [Z(H')/(Z(H"))] = (e™/* + e!/%)/
(e'/% + !'/?) ~ 0.91. For the evaluation of the right -hand
side of Eq. (K23), we can say that Q7 and QCE are
space translations of each other, and thus, Z( )=

Zﬂk(Qéi), which cancel in Eq. (K23). Numerical

evaluation yields a difference between the left- and right-
hand sides of Eq. (K23) that is approximately 4 x 1078,

APPENDIX L: ASSUMING A GLOBAL
FLUCTUATION RELATION

1. Comparisons

Here, we investigate the class of channels F that satisfy
the relation

FT g = jﬁyfe, (L1)

i.e., the class of channels that satisfy the fluctuation relation
(40) obtained in Sec. VII A. More generally, we investigate
the relations between this class, the thermal operations
[27-30,35,127-133], time-reversal-symmetric thermal
operations, as well as the Gibbs preserving maps [130]

GP

FIG. 15. Classes of channels. Schematic description of the
relation between the time-reversal-symmetric thermal operations
(TRSTO), the thermal operations (TO), the Gibbs preserving
maps (GP), and the set of channels (F) that satisfy the fluctuation
relation (L1), for a given 8, H, and 7 such that 7 (H) = H. We
know from Sec. VII A that F 2 TRSTO, and it is clear from the
definitions that TO D TRSTO. Moreover, GP D TO [130]. In
Lemma 20, it is shown that GP D F. For specific choices of 3, H,
and 7', we moreover find explicit examples of channels in the sets
TO\F, F\TO, and GP\(TO U F); i.e., there are cases where these
sets are nonempty. The drawing suggests that (TO n F)\TRSTO
would be nonempty. However, it is not clear whether this is the
case or not. In Appendix L 1 d, it is shown that TRSTO is convex.
The set TO is also convex [35], and one can realize that GP and F
are convex.

(see Fig. 15). For the sake of clarity, here we state the
definitions that we employ.

(1) A channel F on a Hilbert space H is a thermal
operation with respect to > 0, and a Hermitian
operator H on 'H, if there exists an ancillary
Hilbert space Hp, a Hermitian operator Hyz on
‘Hp, and a unitary operator U on H ® Hp, such
that [UH® Iz+1®Hz =0, and F(p) =
Trg(Ulp ® G4(Hp)|U") for all p on H.

(i) A channel F on H is a time-reversal-symmetric
thermal operation with respect to # > 0, a Hermitian
operator H on H, and a time reversal 7 on H, if
7 (H) = H, and if there exists an ancillary Hilbert
space Hp, a Hermitian operator Hg on Hp, a time
reversal 7 on Hp, and a unitary operator U on
H ® Hp, such that [UH® ig+1® Hz =0,
Tg(Hg) = Hp, and 7 (U) = U, where T, =
TQ®Tp and F(p)=Trp(Ulp ® Gs(Hp)]U")
for all p on H.

(iii) A channel F on H is Gibbs preserving with respect
to >0, and a Hermitian operator H on H,
if F(9p(H)) = Gy(H).

By these definitions, it is clear that we get a family of
thermal operations, as well as a family of Gibbs preserving
maps, for each choice of f and H on a given Hilbert space.
Similarly, we get a class of time-reversal-symmetric ther-
mal operations for each choice of , H, and 7 such that
7 (H) = H. Analogously, we get a class of channels that
satisfy Eq. (L1), for each 8, H, and 7 (where © is defined
via 7). However, in this case, we have the choice of
whether to additionally demand that 7(H) = H or not.
In the setup of Sec. VII A, the condition 7 (H) = H is
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satisfied by assumption (since the starting point is time-
reversal-symmetric thermal operations). Moreover, for the
applications of Eq. (L1) in Appendixes L2 and L3, we
assume that 7 (H)= H holds. (It is, in any case, a
convenient assumption since it implies that 774y =
J ﬁHT.) Most of the results in this section are based on
Eq. (L1) for 7(H) = H (i.e., class F in Fig. 15), with the
exception of Lemma 20, which holds true for every 7,
regardless of its relation to H.

a. Time-reversal-symmetric thermal operations form a
proper subset of thermal operations

From the definitions in the previous section, it is clear
that all time-reversal-symmetric thermal operations are
thermal operations. Here, we show that there exist thermal
operations that are not time-reversal-symmetric thermal
operations. We do this by proving a more general state-
ment, namely, that there exist thermal operations that do not
satisfy Eq. (L1) for any choice of time reversal 7 such that
7 (H) = H. [This is more general since we know from
Sec. VII A that all time-reversal-symmetric thermal oper-
ations satisfy Eq. (L.1).]

We consider two noninteracting two-level systems in
resonance, H = Hp = E;|0)(0| + E||1)(1|, where we
assume FE; > E;, and thus, each of these systems is
nondegenerate. The joint Hamiltonian H,, = H ® i B+
1 ® Hy has the three eigenspaces Sp{|00)}, Sp{|01),
|10)}, and Sp{|11)}, and the most general energy-
conserving unitary operators on these two systems can
be written

V = i%[00)(00] + e [11)(11] + [|01) <10|]UD(1)(1):],

where 6, and 6, are arbitrary real numbers, and U :=

[g‘l’g U?i] is an arbitrary unitary 2 x 2 matrix. We write

the Gibbs state on the heat bath as Ggy(Hg) =
A|0)(0] + (1 = A)[1)(1
convenience, we have introduced A := e 0 /(e7PFo4
ePE1). We can thus construct the following thermal
operations on S:

F(p)=Trg(Vlp®Gy(Hp)V')
= (L=2)|U1/*(0lp|0) [1) (1] +A[Uq1 [*{1]p[1)]0){O]
+(1=2) (e 1)(1]+ Ug|0)(0)p (e~ [1)(1]
+U/0)(0])
+4(e"®10){0] + Uy, [1)(1])p(e=[0)(O]
Uty [1)(1]).

Let us now consider any time reversal 7 such that
T(H) = H. Since H is assumed to be nondegenerate, it

follows by Lemma 7 that we must have 7 (]0)(0|) = |0)(0]
and 7 (|1)(1]) = |[1)(1]. We can use this to show that

]:jﬁH(/’) jﬁH]:e( )
=21 =) Z(Hp)(|Uyo|* = [Uot )
x ({0lp|0)[ 1) (1| = (1]p[1)]0)(O]).

Hence, if |Ug| # |Uo|, then the thermal operation F does
not satisfy Eq. (L.1) for any choice of 7 such that 7 (H) =
H (thus providing an element in the set TO\F described in
Fig. 15). From the discussion in Sec. VII A, it follows that
every time-reversal-symmetric thermal operation with
respect to f, H, 7, with 7(H)= H, has to satisfy
Eq. (L1). We can thus conclude that there exist thermal
operations that are not time-reversal-symmetric thermal
operations.

b. There exist channels that satisfy Eq. (L1)
but are not thermal operations

As pointed out in Sec. VII A, all time-reversal-symmetric
thermal operations satisfy Eq. (L1), where, by definition of
the time-reversal-symmetric thermal operations, we must
have 7 (H) = H. An immediate question is if all channels
that satisfy Eq. (L1) for 7 (H) = H are also time-reversal-
symmetric thermal operations. Here, we show that there
exist channels that satisfy Eq. (L1) for g, H, and 7, with
T (H) = H, but that are not thermal operations (and thus
not time-reversal-symmetric thermal operations). The
counterexample is based on the fact that thermal operations
cannot map states that are diagonal in the energy eigenbasis
of H to states that have off-diagonal elements [35].

This example moreover shows that Eq. (L1) admits
channels that are not enhanced (or generalized) thermal
operations [37]. The latter are Gibbs preserving channels F
that also satisfy F([H, p]) = [H, F(p)] for all operators p;
i.e., they are time-translation symmetric [35]. By the same
reasoning as in Appendix D I, the channels F decouple
along the modes of coherence and thus cannot create off-
diagonal elements from diagonal inputs for nondegener-
ate H.

Select some > 0, Hermitian operator H, and time
reversal 7 on a Hilbert space H, such that 7 (H) = H.
Let {A;}; be a POVM and define the channel

F(p) =Y _Gon(T (A0)Tr(Ap). (L2)

This type of channel can be implemented by a measure-
ment of the POVM {A,}, on the input state p, followed
by a preparation of state Ggy(7 (A;)) conditioned on
outcome k. (These are “entanglement-breaking” channels
[199-201]). By using the condition 7 (H) = H, one can
confirm that all channels (L.2) satisfy Eq. (L1). Let us
consider the qubit case with H = E|0) (0| 4+ E;|1) (1], with
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E, > E,, and the channel (L2) for the two-element POVM
{A|, A} with A, = 1 — A, where
1
Ay =5 (L4 n)]0){0] + 5 (1 = |1 1

V1= r2(e?]0)(1] + e~[1)(0]).

N =

+
| =

for -1 <r <1 and —1 <75 < 1. One can confirm that the
resulting channel F satisfies
(01 (lo)(op[1)

2 /1 — 2e—PE1 o=BEq+E)/2 g=i0
Ke_ﬂEO _|_ e_ﬂEl)z — rz(e_ﬁEO — e_ﬁEl )2]

and thus maps a diagonal state to a nondiagonal state for
suitable choices of r and . Hence, F generally cannot be a
thermal operation or enhanced thermal operation. We have
thus constructed examples of channels that satisfy Eq. (L1)
for 7 (H) = H but that are not thermal operations (and thus
are elements of the set FATO described in Fig. 15).
Consequently, these channels are not time-reversal-sym-
metric thermal operations either.

c. Equation (LL1) vs Gibbs preservation

The following lemma shows that every channel that
satisfies Eq. (L1) is a Gibbs preserving map. For general
discussions on Gibbs preserving maps, see Ref. [130].

Lemma 20. Let F be a channel that satisfies Eq. (L1)
with respect to > 0 and Hermitian operator H (and an
arbitrary time reversal 7). Then, F (e ) = ¢, Hence,
if Zy(H) is finite, then F(G4(H)) = G4(H).

Proof.-—Since F is a channel and thus, by definition, is
trace preserving, it follows that F*(1) =1, and thus
FO(1) = 1. If we apply both sides of Eq. (L1) to 1, then
we obtain F(eH) = ¢=PH. O

Since all channels that satisfy Eq. (L1) are Gibbs
preserving, one may wonder whether all Gibbs preserving
channels satisfy Eq. (L1). However, this is not the case, at
least not if one restricts to the class for which 7 (H) = H.
In order to demonstrate this, we make use of the class of
single-qubit channels used in Ref. [130] to show that not all
Gibbs preserving maps are thermal operations. We consider
a single qubit with Hamiltonian H = E,|0)(0| + E;|1)(1],
with E; > E;, resulting in the Gibbs state G(H) =
20)(0] + (1 = )|1)(1|, with 1:=ePEo/(ePEo + e7PEY),
and A>1-4. For any qubit density operator 7, it
was shown in Ref. [130] that the map F(p):=
(0lp|0)(1/2)(G(H) = (1 = A)n) + (1]p|1)n is a Gibbs
preserving channel. Since we assume 7 (H) = H, for a
nondegenerate H, it follows by Lemma 7 that 7 (|0)(0]) =
|0Y(0| and 7 (|1)(1|) = |1){1]. One can use this to show
that ~ (O[F T (p) = TF(p)][1) = (1 = HZ(H)((1]p[1)-
(0|p|0))(0Jn|1), and thus, F does not satisfy Eq. (L1)

whenever (Oln|1) # 0 and A # 1. Moreover, under these
conditions, F also fails to be a thermal operation [130].
Hence, we have an example of a Gibbs preserving map that
is not a thermal operation nor does it belong to the class of
operations that satisfy Eq. (L1) for 7 (H) = H. [Thus, this
example is an element of the set GP\(TO U F) described
in Fig. 15.]

d. Time-reversal-symmetric thermal operations
form a convex set

Here, we show that the time-reversal-symmetric thermal
operations, with respect to given f, H, and 7, form a
convex set. Note that a proof of the convexity of the set of
general thermal operations can be found in Appendix C of
Ref. [35]. One can also realize that the set of Gibbs
preserving maps with respect to a given H and f is a
convex set, as well as the set of channels that satisfy F 7 =
JF© with respect to given f, H, and 7 [irrespective of
whether 7 (H) = H or not].

Lemma 21. Suppose that F, and F; are time-
reversal-symmetric thermal operations with respect to
the Hamiltonian H, time reversal 7, and f > 0 [which,
by definition, requires that 7 (H) = H]. Then, AF,+
(I =2)F,, for0 < A < 1, is also a time-reversal-symmetric
thermal operation with respect to H, 7, and f.

The proof below is based on a two-dimensional ancillary
system with a Hamiltonian that is adapted to the weights of
the convex combination. An alternative, along the lines of
the above-mentioned proof in Appendix C of Ref. [35],
would be to instead consider a completely degenerate
Hamiltonian on a sufficiently large ancillary Hilbert space
and to let the unitary evolution yield the (arbitrarily well-
approximated) weights. Such an alternative may potentially
be useful in the context of the issues discussed in
Appendix M4 e.

Proof.—Since F and F; are time-reversal-symmetric
thermal operations, there exist Hilbert spaces Hpy and Hp,
Hamiltonians Hp, and Hpg;, and time reversals 7 gy and
TBl such that TBO<HBO) = HBO and TBI(HBI) =
Hpg;. Moreover, there exist unitaries V, and V;
with [Vo,H ® iBO + i ® HBO] =0 and [Vl,H ® iBl+
1® Hpg ) =0.  Furthermore, [T ® T po)](Vo) = Vo,
[T @ T |(Vy) =V, as well as Fy(p) = Trgo(Volp ®

Gﬂ(HBO)]VS) and Fi(p) = Trg (Vi[p ® Gﬁ(HBl)]VD
Let Hj be a two-dimensional space with orthonormal
basis {|0),|1)}, equipped with the Hamiltonian

s

H, = E|0)(0] + (E—&—%lnl fﬁ>|1><1

with E being some arbitrary reference energy. The Hamil-
tonian Hj is constructed in such a way that Gy(Hy) =
A10)(0] + (1 — 2)[1)(1|. We furthermore define 7 j as the
transpose with respect to {]0),|1)}. On Hp = Hpy ®
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Hp) @ Hp, we define

Hp ==Hpy ® iBl ® TE+TBO®HBI ® TB
+ 15 ® 15 ® Hjp

and Tp=Tpo®@7Tp ®7T3 We let the global
Hamiltonian be H :=H ® iso ® iBl ® iia +1 ® Hy,
and the global unitary be V::V0®131®|0>§<0\+V1®
150®[1)5(1]. One can confirm that 7T (Hy) = Hp,
T ® Tyl(Hy) = Hoo [T ® Tp|(V) = V. and
[Ho, V] =0, as well as Trg(Vp ® G(Hp)|V') =
AFo(p) + (1 = A)F(p). Hence, the convex combination
is a time-reversal-symmetric thermal operation. O

2. Conditional fluctuation relations again

Here, we consider the counterpart of the conditional
fluctuation relations in Appendix H 3, but instead of a time-
reversal-symmetric, energy-conserving, global unitary evo-
lution with a heat bath, we assume that the evolution on
SCE is determined by channels that satisfy Eq. (40).
Analogous to Appendix K, here we use the “anonymous”
division of SCE into two subsystems 1 and 2.

Assumptions 5. Let H; and H, be complex Hilbert
spaces. Let 7, and 7, be time-reversals on 1 and 2,
respectively, and let T =7, @ 7.

(1) Let H, and H, be Hermitian operators on H; and

'H,, respectively, and let

Hyep=H, ® 1, +1, ® H,. (L3)
(i) Let F be a channel such that

fjﬂHSCE = "7/”95012‘/,:.e ’ (L4)

where © is defined with respect to 7 g¢p.
(iii) Let Q’;’ anAd Q§+ be operatoArs on H, such that
0<Qi<i,and0< Q" <1,
(IV) Let TI(Hl) = Hl’ Tz(Hz) = H2. Define le_ =
T5(05") and Q) += T,(05").
One may note that the above assumptions imply that
T sce(Hsce) = Hsce-
With a channel F on the joint system 12, we define the
following CPMs on system 1:

L

+(0) = Try((1) ® Q571 F (0 ® Gy, (051))),
(o) = Try([1) ® Q5 1F (0 ® Gy, (057))). (L5)

The following is the counterpart of Proposition 9.
Proposition 11. With Assumptions 5, the CPMs F

and F_ as defined in Eq. (LS) are related as

N

Zy (ONF Ty, = Zp, (05) Ty, FE. - (L6)

Here, we again have made use of Lemma 17 to define
Zpn, (03) = Zpu,(Q5) = Zpr,(Q5) and Zpy, (Q)) =
Z,;HZ(Q/;Jr) = Z,;HZ(Q’;_). The proof of Proposition 11
is obtained if one first observes the relation

Z, (0D F2(Q) =Tro ([11 ® T, (04 1) F2(Q® 05F))

and uses this together with Eq. (L4), the definition (L5),
and j/}HSCE = jﬂHl ® "7/”'12'

3. An approximate version

Analogous to what we did in Appendix K, we can use the
assumption of the global fluctuation relation (40) in order
to derive approximate fluctuation relations.

Proposition 12. Let Hi, H‘{ be Hermitian operators on
the complex Hilbert space H, with a time reversal 7 |, and
let HY, Hé be Hermitian operators on the complex Hilbert
space H, with time reversal 7,. H is a Hermitian operator
on Hi® H,. Let 7:=T,7,, T,, T, satisty the
conditions (K1). Let F be a channel on H; ® H, such
that fjﬁ].[ = jﬂer' Then,

|25t (Q1) Zg (1) P (04 ® 0 — 0] @ 0]
~ 20 (0]) 2,1 (00)
x PJ,[0] ® 05 — 0 ® 0]
<lof Qs Ildy, ,,, (3. 0)

+ Qi Inestat, (ot o5, (L7)

! ml
H) 1

where H:==H @ 1, +1, @ H), H/ =H/ @ 1, + 1, ®
HY, Qi =T,(Q}"). 0F =T,(0). 0] =T (0]").
Q) :=T,(Q}"), and where dij g, is as defined in
Eq. (K4).

The proof proceeds analogously to that of Proposition 10
in Appendix K but with the unitary channel V- V7
substituted with the channel JF. The analogue of
Eq. (K5) is proved via Eq. (L4). For further derivations,
one can use the general relation ||F(X)||; <[ X]|; for
channels F, which can be found in Ref. [202].

APPENDIX M: IMPLICIT HEAT BATHS:
FLUCTUATION RELATIONS FOR MARKOVIAN
MASTER EQUATIONS

In Appendix L, we introduced the generalization where
we model the effect of the heat bath by assuming that the
induced quantum channel satisfies a global fluctuation
relation. In this section, we reexpress this generalization
in terms of master equations.

Suppose that we have a (sufficiently smooth) family of
completely positive maps {F,},5, that satisfy the master
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equation [d/(dt)|F, = LF,, F, =T, for some generator
L. If each F, = e’ satisfies F,J sy = JpuFy , then, by
differentiation at ¢+ = 0, it follows that

LT sy = T puL®. (M1)

Vice versa, if £ satisfies Eq. (M1), then the family of
channels F, = e'* satisfies FT s = JﬂH}',e, which can
be shown by repeatedly applying Eq. (M1) to the compo-
nents in the Taylor expansion of the exponential. Hence, if a
generator satisfies Eq. (M1), then we can apply the
fluctuation relations developed in Appendix L to the

resulting channels F, = e'“.

1. Examples

Here, we consider a few examples of generators that
satisfy the condition (M1).

a. Model of thermalization

Assume that 7 is the transpose with respect to an energy
eigenbasis {|k) }, of H, with corresponding eigenvalues E.
Assume that the Lindbladians in Eq. (44) are given by

Ly = \/r(K'[k)|K') (k]

where r(k'|k) > 0, thus resulting in the generator

(M2)

L(p) =~ [Hop]

+ Y r(KIK)IK) (klpli) (K|

Kk

-3 Sk k) Kl

2 S K pIR) (M3)
Kk

This is a special case of the Davies generators
[136,203,204], where one may note that the evolution of
the diagonal elements p; := (I|p|l) are decoupled from the
off-diagonal elements and satisfy the classical master

equation [d/(d)|p1 = Y- (11K)pi — S (kID) .
One can furthermore show that

LT pn(Q) = TpuL®(Q)
=D [r(K[k)e B — r(k|K)eE|K') (k| Q1K) (K.

Kk

Hence, if the rates r(k’|k) of the classical master equation
satisfy detailed balance,
r(k'|k)e PEe = r(k|k')e PEv, (M4)

then L satisfies Eq. (M1).

A special case of Eq. (M2), with r(k'|k) = rGz(H), for
all &/, k, yields

Lip) = —% [H.p] + rGy(H)Tx(p) — rp.  (M5)

b. Model of decoherence

Suppose that we have a Hamilton operator H such that
7 (H) = H and a collection of observables D, that com-
mute with A and are time-reversal symmetric, i.e.,
D} = Dy, [H,D] =0, and 7 (D;) = Dy. If we take D
as the Lindblad operators in Eq. (44), then for a non-
degenerate H, the resulting master equation is such that the
off-diagonal elements of the density operator in the energy
eigenbasis decay exponentially, while the diagonal ele-
ments remain invariant. Moreover, it is the case that £° =
L and [Ty, L] =0, which implies that Eq. (M) is
satisfied. A special case is a single spin-half particle with
Hamiltonian H := %chZ and a single Lindblad operator
D = \/ro, for some r > 0. In this case, the generator takes
the form L(p) = —i[H,p|/h + ro_po, — rp.

¢. Thermalizing harmonic oscillator
Consider a bosonic mode with annihilation and creation
operators a and a', and Hamiltonian H = hw(a’a +11)
for @ > 0. One can model the thermalization of this mode
by the following generator (see, e.g., Ref. [205]) with
I >0,

i

L(p) = =5 [hwa'a, p]

1 . 1
+T(1 4 ng) <apa+ - Eakap - Epa*a)

+T'ng (a*pa - %aan - %paa*) , (M6)
where ng = [1/(e#" — 1)] is the average number of quanta
in the thermal state of the mode. Hence, in this case, we
have the two Lindblad operators L; := +/T'(1 + ng)a
and L, == \/Tnga’.

If we assume that 7 is the transpose with respect to the

number basis of the mode, then 7 (a) = a', and one can
confirm that Eq. (M6) satisfies Eq. (M1), where the
relations aefwa'a/2 — p=Pw/2p=poa'a/2y  p—pwa’a2,t —

e—[)’a)/ZaTe—/}maT(/l/z’ and e_/}h(” = nB/(l =+ }’lB) are useful.

2. Composing generators that satisfy Eq. (45)

In Appendix L 1 c, we found that if a channel F satisfies
Eq. (40), then F is Gibbs preserving (see Lemma 20). The
following lemma provides the corresponding statement for
generators.
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Lemma 22. Let H be a Hermitian operator on the
complex Hilbert space H. If L satisties Eq. (M1), and
moreover is such that £*(1) =0, then L(e#")=0.
Hence, if Z4(H) is finite, then L(G4(H)) = 0.

One may note that the condition £*(1) = 0 is another
way of saying that TrL(p) = 0, which means that the
generator yields a trace-preserving evolution, which, by
construction, is satisfied by generators on the Lindblad
form (44).

Although a direct consequence of linearity, the following
lemma is convenient since it can be applied even if the two
generators £, and £; do not commute, and it thus may be
difficult to evaluate e'(C«t£+) | even if we can evaluate e¢'‘e
and e'“* separately. (An example of such noncommuting
generators can be found in Appendix M 5.)

Lemma 23. Let H be a Hermitian operator on the
complex Hilbert space H. Let £, and £, be linear maps
such that EaJﬁH = j/jHE(? and Ebjﬁﬂ = jﬂyﬁf Then,
L= L, + L), satisfies LT gy = Ty L°.

Lemma 24. Let H be a Hermitian operator, and let 7 be
a time reversal such that 7 (H) = H. Let H be a Hermitian
operator such that [H, H] = 0. Then L;J 4 = JﬂHﬁg,

where Lj(p) = —i [H. p]/h, for all operators p.

The following proposition can be used to “glue” gen-
erators on different subsystems via an interaction
Hamiltonian in such a way that the global generator
satisfies Eq. (M1).

Proposition 13. Let H; and H, be Hermitian operators
on the complex Hilbert spaces H; and H,, respectively.
Define H==H, @ I,+1, @ H,. Let T:=T,® 7>,
where 7| and 7, are time reversals on H; and H,,
respectively. Let > 0. Let £; and £, be generators on
‘H, and H,, respectively, such that

LyTpn, = Tpn LY. LoTpm, = Tpu, L5 (MT)

Let H;,; be a Hermitian operator on H; ® H, such that
[H’ Hint] =0, and T<Hint) - Hint’ and define Eim(p) =
—i[H,y, p]/h, for all operators p. Then, L:=L, ® I, +
T ® Ly + Ly is such that LT gy = T s L°.
Proof—We first note that Eq. (M7) implies
[£1®L5)T =T pulL1 ®I,]°, with the analogous state-
ment for Z; ® L,. By Lemma 23, we can conclude that
L=L,QT,+I, ®L, satisfies Zij/;y = jﬂyze.
Since [H,H;,] =0 and 7 (H;y) = Hjy, it follows, by
Lemma 24, that L, Jpy = J ﬁHE-e We can thus again

mnt*

use Lemma 23 to conclude that £ = L + Lin satisfies
EjﬁH - jﬁyﬁe. |:|
Corollary 3. With the assumptions as in Proposition 13,
and if moreover 7 | (H,) = H, and 7,(H,) = H», then all
the conditions in Assumptions 5 are satisfied for each
channel F, := e'“, t > 0; thus, Proposition 11 is applicable.

One may observe that, by Lemma 22, it follows that the
generator £ in Proposition 13 has G4(H,) ® G4(H,) as a
fixpoint, even though there is an interaction term. In the
general case, G4(H; ® 1,+1, ® H, + H,,) would not
be a fixpoint, an example being the generator in
Appendix M 5.

3. Decoupling of diagonals again

In Appendixes D 1 and H 6, we discussed the decoupling
of diagonals, or modes of coherence. In the following
section, we show that the condition (45) on the generators is
not strong enough to guarantee such decompositions. In
Appendix M 3b, we discuss a sufficient condition for
regaining the decoupling.

a. An example

Consider a Hamiltonian H on a finite-dimensional
Hilbert space with eigenvalues E, and eigenbasis |n).
For the sake of convenience, we introduce the notation
Cu(p) = [H,p]. In the following, we say that a map F
satisfies the mode decomposition with respect to H, if
(n|F(|m){m'|)|n') =0 for every n, n’, m, m" such that
E,—-E, #E,—E,. (If H,in addition, is nondegenerate,
then the decomposition implies that diagonal elements can
only be mapped to diagonal elements.)

Let £ be a generator, and let 7, == e'“. If F, satisfies the
mode decomposition with respect to H for all r > 0, then it
follows that Cy L = LCy. (To see this, one can first note
that the mode decomposition implies that CyF, = F,Cy
for each t > 0. By differentiation at ¢ = 0, one obtains
CyL = LCy.) By negation, if follows that if Cy L # LCpy,
then there must exist some ¢ > 0 for which F, fails to
satisfy the mode decomposition.

For every channel @, it is the case that L:=® —T is a
Lindblad generator. (To see this, take the operators in a
Kraus representation of @ as the Lindblad operators of L.)
Recall the class of channels (I.2) defined in Appendix L 1 b.
Since every such channel @ satisfies Eq. (40), we can
conclude that L:=®& —7 satisfies Eq. (45). For
Ay = |yi) (wi|, where {|y )}, is some orthonormal basis,
one can confirm that [Cy® —®Cyl(1) = -T4T(R),
where R = [H, > |wi) (wil/ (wile " |yy)]. Since both
J pH and 7 are invertible, it follows that a nonzero R
implies Cy® # ®Cy. One can convince oneself that if H is
nondegenerate, then it is indeed possible to find an
orthonormal basis {|y)}, such that R#0. Con-
sequently, both the resulting channel @ and the generator
L:=® -7 fail to commute with Cy. By the reasoning
above, we know that there must exist some time ¢ > 0 such
that F, := e'“ fails to satisfy the mode decomposition,
although L satisfies Eq. (45).

The above construction provides an example of a
channel that fails the decoupling. However, in Sec. VIII,
we primarily focus on the decoupling of the conditional
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CPMs F, defined in Eq. (42). To construct an example also
for this case, take the above L as the generator for E, make
the trivial extension Lgcp:=L ® Zgc, and let Hgep =
HQ® lgc+ 1 ® Hgc, for some arbitrary Hamiltonian H ¢
with T gc(Hge) = Hge. We can conclude that Ly sat-
isfies Eq. (45) with respect to H ¢, while the conditional
CPMs F, generally fail to decouple.

b. Regaining the decoupling

If £ is such that CyL = LCy, where Cy(p) = [H, p],
then the evolution F, := e is time-translation symmetric
[87]; ie., e F, = F,eCt for all >0 and all s, or
equivalently, e 7 F (p)e’f = F,(e7Hpeist) for all p,
t >0 and s.

Let us now assume that H := H; 12 + il ® H,, and
define the conditional CPM F_ (p) == Try([1 ® Q)"
Filp ® Gun,( i), for some measurement operators
ol", 5F. With the assumptions CyL = LCpy,
(0], H,) = 0,and [Q5", H,] = 0, it follows that Cpy F, =
FCy,. [One can prove this by using e H.F,(p)e’sH =
F(e75H peisH) in the definition of F , and differentiate at
s = 0.] By the same reasoning as in Appendix D 1, one can
conclude that the CPM F . decouples along the modes of
coherence.

It is straightforward to establish the counterpart to the
gluing of generators discussed in Appendix M 2. Suppose
that Cy Ly = L1Cy,, Cy, Ly = L5Cy,, and [H;p, H, 1+
1,®H,]=0. One can confirm that Cuoi,+i,0m,L =
LCy @i, +i,0m, Where L:=Ly QLy+T; Q Ly+ Liy,
for Lin(p) = —i[Hin. p]/ 1.

4. Generators of thermal operations and
time-reversal-symmetric thermal operations

As mentioned in Sec. VIL F, a drawback to relying on the
condition (45) is that it is unclear what it implies concern-
ing the evolution of resources. Here, we develop some tools
that enable us to show that a generator yields thermal
operations. We also find a class of generators that results in
time-reversal-symmetric thermal operations.

a. Generators of thermal operations

Recall that we defined
Appendix L 1 a.

Lemma 25. Let 7| and F, be two thermal operations
with respect to the same Hamiltonian A and the same f.
Then, the composition F,0F is also a thermal operation
corresponding to H and }.

Proof.—Since F; is a thermal operation on the under-
lying Hilbert space H, then there exists an ancillary Hilbert

space Hp;, a corresponding Hamiltonian H g, and a unitary
U] on H®HB] such that [UJ,H® iB]+i ®HBJ] =0

thermal operations in

and F;(p) = Trp;(Uj[p ® G4(Hg;)]U?). On the Hilbert
space H ® Hp ® Hpy, we construct the unitary U :=
[U2 ® 131][U1 ® 132] and the Hamiltonian HB = HBI ®
132 + 131 ® Hy,. One can confirm that [U,H ® 15 ®
I+ 1®@HE =0 and Fy(Fi(p)) = Trpip(Up ®
Gy(Hg)|U"). Thus, F,0F, is a thermal operation with
respect to H and f. U

For a given > 0 and Hermitian operator H, we say that
a linear map L is a generator of thermal operations with
respect to # and H, if e’ is a thermal operation with respect
to f and H, for each ¢t > 0.

A more or less direct consequence of Lemma 25 is the
following.

Lemma 26. If £, and £, are generators of thermal
operations with respect to H and # > 0, and if [£,, £,] = 0,
then £, + L, is also a generator of thermal operations with
respect to H and f.

b. An example

Here, we consider the class of generators (M3) in
Appendix M 1a but restricted to the special case of a
two-level system with H := lEo With the condition (M4),
there are three remaining free parameters ry, rq, r >0,
where

r(0/0) :
r(1/0) :

ro,  r([1)=r,

re PE2, r(0|1) = refE/2,

(M8)

One can realize that the resulting generator £ in Eq. (M3)
can be decomposed as L=Ly+L,+L, ,, where

Li(p) = —ilH.p]/h,
£,(p) = rePE2[1) (01p|0) (1] + reP=/2]0){1]o]1) (0]

1 1
— 5 e PE2(0)(0lp — 5 rePE12p|0) (0]

1 1
=5 e R (1]p = S reElp[1)(1],

ro—f—rl

Lyr (p) = (10)Olp| 1) (1] + [1){1]p[0){O]).

The generator £, yields the family of channels

e'Er(p) = Gy(H)Tr(p)
1

— ¢ o (ePE(0p|0) — "2 (1p[1))

&2 |1 (1]p]0) 0] + e=272[0) 0]p] 1)1

where Z := e/£/? 4 ¢7PE/2_ This family of channels can be
obtained via an ancillary two-level system with
Hamiltonian Hp = %EGZ. One can confirm that the unitary
operators
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V= 10)(0] @ [0)(0] + [1)(1] @ [1)(1]
+ e 7(10){0] ® [1){1] + [1)(1] ® [0)(0])
+ V1 =e(|0)(1] @ [1){0] = [1){0] ® |0)(1])
satisfy [V,H® i+ 1® Hg] =0 and that e’“r(p) =
Trg(V,[p ® Gy(Hp)|V}). We can thus conclude that £,

is a generator of thermal operations.
Similarly, it is the case that

eLror = (1 — e—(t/2)(r0+r1))D + e—<f/2)<ro+f1)I7
D(p) = |0)(0]p|0)(Of + [1) {1[p[1){1].

L

(M9)

In other words, e*on1 is a convex combination of the
identity mapping and the pinching D. For an ancillary two-
level system with a degenerate Hamiltonian Hp 15, the
unitary operator U = |0)(0| ® o, + [1)(1]| ® o, is globally
energy conserving, and D(p) = Try(Ulp ® 115]U).
Hence, D is a thermal operation. Since D and Z are
thermal operations, it follows that their convex combination
e is also a thermal operation for each > 0 (see
Appendix C in Ref. [35]). Hence, £, ,, is a generator of
thermal operations.

One can furthermore confirm that Ly, £,, and L, ,
commute with each other. Hence, we can apply Lemma 26,
which implies that £ is also a generator of thermal
operations.

It is plausible that the general class of generators in
Eq. (M3) that satisfy Eq. (M4) are generators of thermal
operations. However, we will not consider this ques-
tion here.

c. Noncommuting generators of thermal operations

In the following, we generalize the addition of generators
to the case when these do not necessarily commute. The
idea is that we use the Trotter decomposition, i.e., the
relation e™“1+%2 = lim,,_, . (e'“1/"e2/M)" By repeated
applications of Lemma 25, it follows that (e'*1/7e!%2/m)n
is a thermal operation for each n. However, it is not clear (at
least not to the author) whether the set of thermal operations
is closed, i.e., that the limit map e’“17%%2 actually is a
thermal operation, as we have defined it. One may wonder
whether it would be possible to define a “limit bath” for
n — oo. However, one can realize that the use of Lemma 25
in the proof of Proposition 14 entails an indefinitely
increasing number of thermal ancillary systems as n
increases. Hence, the “limit object” that would realize
the limit channel for this particular construction would
correspond to an infinite tensor product. Here, we do not
consider the rather technical issue of whether one can make
sense of that limit object or not, but we leave this as an open
question. To be on the safe side, here we allow for the
possibility that the set of thermal operations is not closed

and settle for maps that generate channels in the closure.
The closure is defined with respect to the choice of norm in
the following bound, which is obtained from Theorem 3 in
Ref. [206]:

||er:1Af — (M. eyl

2 P 2 n+2 P Al
< - A " =1 MI10
<= (;l: || ,,||) R (M10)
where Ay, ..., A p are bounded operators with respect to the

norm || - || of some Banach algebra.

Proposition 14. Let £,L,,...,L, be generators of
thermal operations with respect to a Hermitian operator
H and p > 0. If these generators are bounded with respect
toanorm || - ||, then £ := ijlﬁj is a generator of maps in
the closure (with respect to || -||) of the set of thermal
operations with respect to H and f.

Proof.—We let A; := tL; in Eq. (M10). Since we assume
that |[£i]l, I1£2l, ..., I£, || are finite, if follows that the
right-hand side of Eq. (M10) goes to zero as n — oo for
each fixed r. Hence, for each fixed ¢, it is the case that

lim ”etﬁ _ (etﬁl/n ..
n—oo

e/ =0,  (M11)

Since L4, ..., El, are assumed to be generators for thermal
operations with respect to H and g, it follows that
efr/n . et/ are all thermal operations. By Lemma 25,
we can conclude that (e’“1/" ... e™»/")" is also a thermal
operation with respect to H and . By Eq. (M11), we know
that for every neighborhood of e’* (for a fixed ¢) with
respect to || - ||, there exists an n such that the thermal
operation (e"“1/" ... e!£r/m)" is in that neighborhood. We
can conclude that for every ¢t > 0, the channel e'C is in the
closure of the set of thermal operations. Hence, £ is a
generator of maps in the closure of the thermal operations
with respect to H and f. O

Here, we provide a general method to glue generators of
thermal operations, analogous to what Proposition 13 does
for generators that satisfy Eq. (45), but with the caveat that
we can only prove that the resulting generator produces
channels in the closure of the set of thermal operations. In
the following, we define L, (p) := —i[Hn.p], for all
operators p.

Proposition 15. Let H; and H, be Hermitian operators
on the complex Hilbert spaces H; and H,, respectively. Let
p>0. Let £, be a generator of thermal operations with
respect to H; and f, and let £, be a generator of thermal
operations with respect to H, and . Moreover, let H;,; be a
Hermitian operator such that [Hy,, H; ® 12 + il ®
H,| =0. Then, £; ® Z, +Z; ® L, + L;y is a generator
of maps in the closure of the thermal operations with
respect to H; ® iz + il ® H, and f.
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Proof.—One can first observe that if £, is a generator with
respect to Hy, then £; ® Z, is a generator with respect to
H, ® 1,.Since £; ® 7, and 7| ® L, commute, it follows
by Lemma 26 that £; ® Z, +Z; ® L, is a generator of
thermal operations with respect to H; ® iz + i, ® H,.

Next, we observe that if [H,, H; ® 1, + 1, ® H,] = 0,
then it follows that £;, is a generator of thermal operations
with respectto H; ® iz + il ® H,. By Proposition 14, we
can conclude that by adding £, ® Z, + Z; ® L, and L,
we obtain a generator of maps in the closure of the thermal
operations.

d. Generators of time-reversal-symmetric
thermal operations

Recall the definition of time-reversal-symmetric thermal
operations in Appendix L 1 a.

For a given f >0, Hermitian operator H, and time
reversal 7, such that 7 (H) = H, we say that a linear map
L is a generator of time-reversal-symmetric thermal oper-
ations if e'“ is a time-reversal-symmetric thermal operation
with respect to g, H, and 7, for all r > 0.

Unfortunately, it seems difficult to directly generalize
Lemma 25 and thus also Proposition 14. The issue is that
even if the unitary operators U; and U, in the proof of
Lemma 25 are time-reversal symmetric with respect to the
time reversals 7 ® 7 5, and 7 ® 7 p,, respectively, it is
not clear that U:=[U, ® 15][U, ® 1] would be
time-reversal symmetric under 7 @ 75 ® 7T p,. It is
conceivable that the set of time-reversal-symmetric thermal
operations is not closed under composition of channels.
Although an interesting issue, we leave it as an open
question and explicitly construct a family of generators that
yield time-reversal-symmetric thermal operations.

For the purpose of establishing our example, let H be a
nondegenerate Hamiltonian on a finite-dimensional Hilbert
space, and let 7 be a time reversal such that 7 (H) = H.
We focus on the generator (M5), i.e., L(p)=—(i/h)[H,p]+
rGz(H)Tr(p)—rp. The solution to the master equation cor-
responding to this generator is given by the family of chan-
nels F,(p)=e~"e /M peit/h 1 (1 — =G 4(H)Tr(p).

In the following, we show that the channel F for each ¢
is a time-reversal-symmetric thermal operation. [It is
conceivable that the same is true for the channels obtained
from the more general generators in Eq. (M3), but we will
not consider this question here.] Our first observation is
that the channel F, for each 7 is a convex combination of
the Hamiltonian evolution p > e~ /"peitH/m and the
replacement map R(p) := G4(H)Tr(p). The Hamiltonian
evolution is a time-reversal-symmetric thermal operation.
In the following, we show that R is also a time-reversal-
symmetric thermal operation.

We let Hjp be isomorphic to H. With respect to some
selected isomorphism, let the Hamiltonian on Hp be a
“copy” of the Hamiltonian H. Similarly, we let the time

reversal on Hp be the isomorphic copy of the one on H. Let
|k) simultaneously denote the energy eigenbasis of both H
and Hpg, in such a way that |k) corresponds to the same
energy eigenvalue in both cases. By assumption, H is
nondegenerate. Lemma 7 thus yields 7 (|k)(k|) = |k)(k|.
Corollary 1 implies that there exist real numbers 6, such
that 7 (|k)(l|) = e"?%=%)|1)(k|. Define the unitary operator
W=3 " lk)(I] & |I)(k| (a swap operator). It follows that
[T @ T|(W) = W, and thus W is time-reversal symmetric.
One can also see that [7 ® 7](H ® 1+1® H)=H®
1+1®H and [H®i+i®H,W] = 0. Moreover,
Trg(Wlp ® G4(H)]W') = G4(H)Tr(p) = R(p). Hence,
R is a time-reversal-symmetric thermal operation. Since
F, is a convex combination of time-reversal-symmetric
thermal operations, it follows, by Lemma 21, that F, is also
a time-reversal-symmetric thermal operation. We can con-
clude that £ is a generator of time-reversal-symmetric
thermal operations.

e. A word of caution

The definition of generators of thermal operations (or
time-reversal-symmetric thermal operations, or their clo-
sures), as we have stated it, only requires that the induced
channel F, is a (time-reversal-symmetric) thermal oper-
ation for each single time 7. In other words, the definition is
“pointwise” in the sense that it, in principle, allows for a
different physical setup for each time 7. We made use of this
for the construction in the previous section, where
the convex combination of the Hamiltonian evolution
and the replacement map is obtained via Lemma 21,
where the weight 1:=e™"" is obtained via the ancillary
Hamiltonian, which has to be adapted for each t.
(Although, as mentioned in Appendix L 1 d, one can obtain
a proof via an alternative technique.)

This adaptive construction should be compared with
another scenario (cf. the discussion in Appendix A 2)
where we have a fixed interaction Hamiltonian H;, such
that [Hip. Hyo] = 0, where Hy := H ® 15 + lgcr ® Hp,
and where the evolution is determined by H,,, =
Hiy + Hy. For all >0, the channels F,(o)=
Trp(e™Hea/Mg @ Gy(Hp)]e /M) are, by construction,
thermal operations with respect to f and H. In this case, we
thus have a single physical setup, in the sense of a fixed
global Hamiltonian H.,,, that generates the evolution for all
times. However, one does not generally expect that the
resulting family of maps {F,}., would satisfy a time-
independent Lindblad master equation. (In derivations of
Markovian master equations, one tends to consider limits of
infinite heat baths; see, e.g., Refs. [114,118].)

The question is if a generator of thermal operations (in
the pointwise sense) can always be implemented by a time-
independent physical setup of the type described above
(allowing for an infinite heat bath). We will not explore this
question here. However, a potential starting point for such
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investigations could be the notion of Davies generators
[136,203,204].

5. Further details on the two thermalizing
spins in Sec. VIIG

We consider two two-level systems, or the internal d.o.f.
of two spin-half particles, with Hamiltonians H, = ] Eo
and H, := %Eozz. We also assume an interaction Hami-
Itonian of the form H;, := 4|01)(10| + 4|10)(01|. We let
7T, and 7, be the transposes in the eigenbasis of ¢,; and
0, respectively. On the separate spins, we assume thermal-
izing generators £, and £, as defined in Eq. (46). We know
from Appendix M 1 a that £; and £, separately satisfy
Eq. (M1). By adding an interaction Hamiltonian, via the
generator Li,(p) := —iA[H;y, p]/h, we obtain the global
generator L:=L, Q®ZL,+7Z, Q L, + Ly, where 7
denotes the identity map. By construction, [i, ® Hy+
H ®1,+1, ®Hy,] =0, and the conditions of
Proposition 13 are satisfied; thus, Proposition 11 is appli-
cable to all the induced channels F, = e’“. On one of the
reduced systems, e.g., system 1, we can generate the
conditional dynamics F 4 as defined in Eq. (L5) for each
F, where F - satisfy Eq. (L6). In other words, with one of
the particles acting as the energy reservoir for the other, we
regain the conditional fluctuation relation.

The generator £ not only satisfies Eq. (M1) but also
yields channels in the closure of the thermal operations
with respect to H; ® 1, + 1, ® H, and f. To see this, we
know from Appendix M 4 d that £, and £, are generators
for time-reversal-symmetric thermal operations, which is a
particular case of thermal operations. Since [1; ® H,+
H ® iz, Hi,] = 0, we can use Proposition 15 to conclude
that £ generates channels in the closure of the thermal
operations with respect to il ®H,+H ® iz and f.

One can moreover confirm that [Hy,L(p)]=
Ly([H,.p]), [Ha, L2(p)] = L2([H2, p]), and we know that
[1,®@H,+H,®1,,H,]=0. If we assume [H,,Q}]=0
and [H,, Qgi} =0, then the reasoning outlined in
Appendix M 3 yields that the CPMs F . decouple with
respect to the modes of coherence. Since system 1, in the
present case, is a single two-level system, it follows that the
mode structure becomes particularly simple. The diagonal
mode corresponds to {|0)(0|, |1)(1]}, and the two off-
diagonal modes correspond to {|0)(1]} and {|1)(0|},
respectively. Because of the decoupling, it follows that,
e.g., (0]F L (|0)(1])|0) = 0. It must be emphasized, though,
that the decoupling can only be expected to hold if Q%* and

szci are diagonal in the energy eigenbasis of H,.

On a different note, one can confirm that £, (£, ®
Iro+Z, QL) # (L, ®Z,+ I, ® L5)L;,. Hence, even
though H;,, commutes with H; ® 12 + il ® H,, this does
not imply that £;,, commutes with £, ® Z, + 7| ® L,.

As a further remark along these lines, one may observe that
Lemma 22 yields that G4(H,) ® G(H,) is a fixpoint of L.
By explicit evaluation, one can show that G4(H; ® 1, +
il ® H, + Hy,) is not a fixpoint. Hence, in spite of the
coupling term H,,, the fixpoint still remains the product of
the local Gibbs states.

6. Example of the approximate fluctuation relation:
Two weakly interacting spins with global
thermalization

The example of the exact fluctuation relation in
Appendix M 5 requires that the spins are resonant and that
the interaction Hamiltonian commutes with the sum of the
local Hamiltonians. Here, we relax those assumptions and
instead apply the global approximate fluctuation relation of
Proposition 12.

In Appendix K3b, we discussed the approximate
fluctuation relations in terms of interaction regions, where
the quality of the approximation depends on how far out in
the noninteracting region the operators Q* and Q/* are
localized. Here, we take the opportunity to consider an
alternative setting, more in the spirit of perturbation theory,
where the quality of the approximation rather depends on
the interaction strength.

Similar to Appendix M5, we consider two spin-half
particles, but we allow for different excitation energies; i.e.,
we have the Hamiltonians H; := 1 Ejo,; and H, = 3 E;0,.
We also have an interaction Hamiltonian Hj,, resulting in
the global Hamiltonian

Ho = Hy + AHjy, Hy=H ®1,+1, ® H,.

Instead of the two local generators that we used in
Appendix M 5, here we apply a global relaxation

L(p) = —% [Hiow pl + rGy(Hio) Tr(p) = 1p. - (M12)
We let 7| and 7, be the transposes in the eigenbasis of ¢,
and o, respectively. We assume that the interaction
Hamiltonian is such that [7| ® 7,](H;y) = Hiy. Acco-
rding to the results in Appendix M4 d, it follows that £
satisfies Eq. (M1).

If we let HY := H{ := H, and H}, = HJ; := H,, then all
the conditions of Proposition 12 are satisfied for the
channels F, = e’*, thus yielding the approximate fluc-
tuation relation (L7). Since the local approximate
Hamiltonians Hi, H}, H/, H} are obtained by disregarding
the interaction term, it intuitively seems reasonable that the
error should be small when A is small.

As a concrete example, we let H;, = 0,; ® 0,,, where
this interaction Hamiltonian is chosen such that it does not
commute with H, butis such that [T} ® 7,](c,; ® 0,,) =
6,1 ® 6,,. For each channel F, = ¢'*, Proposition 12
bounds the difference between
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(M13)
where
Pt =Py [0 ® 05 — 0] ® 0},
P =Py 107 ® 047 = 0 ® 0.
For the calculations yielding Fig. 16, we assume
Ep=1, E,p =15, A =02, rph = 0.1,

which are dimensionless groups of parameters. In Fig. 16(a),
the pair f(7), (¢) is plotted for times 7/ (f#) € [0, 50], where
the operators Q%", Q4F, o', Q’;+ have been chosen as
projectors onto pure states that are selected independently
according to the Haar distribution. In the limit of large
evolution times, the state of the system evolves to G4(H,q),
and thus f(¢) and r(t) each approaches a limit value, which
corresponds to the dotted lines. In Fig. 16(b), the maximum
error over the given time interval is plotted as a function
of the interaction strength A. This is compared with the
bound from Proposition 12. Analogous to what we found in
Appendix K 3 ¢ concerning the error bound in Proposition
10 [and, more specifically, concerning the bound in

(a) 051

0.4 i/\\l I//K\\\ IL\\\
03
0.2
0.1 . L L L .
0 10 20 30 40 50
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o) 1
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FIG. 16. Approximate fluctuation relation with error bound.
(a) f(t) is plotted as the red solid line, and r(¢) the blue solid
line, for the interval 7/(fh) € [0, 50]. In the ideal case, f and r
would be identical. In the interval, the maximal error is
max,gn)efo.so |/ (1) — r(¢)| & 0.0795. This should be compared
with the upper bound in Proposition 12, which is approximately
0.806. The dotted lines correspond to the limits lim,_,_ ., f(#) and
lim,_, ., 7(t), where the system approaches the fixpoint of the
master equation. (b) For otherwise fixed settings, the maximum
error max,(sn)efo.50) |f (1) — r()| is plotted (filled circles) against
the value of A5. The empty circles correspond to the error bound
in Proposition 12.

Eq. (K18)], the error bound in Proposition 12 [empty circles
in Fig. 16(b)] seems to be somewhat pessimistic compared to
the actual error (filled circles). As expected, the error
decreases for decreasing A.

7. More widely applicable approximate
fluctuation relations?

The approximate relation in Proposition 12 allows us to
apply the fluctuation relations in a wider setting than the
exact relations. Moreover, Proposition 12 provides an
analytical bound (although potentially crude) that is time
independent, which thus allows us to estimate the quality of
the approximate fluctuation relation irrespective of how
long we allow the system to evolve. However, this comes at
the price that the conditions of Proposition 12 have to be
satisfied. In particular, for a given generator £, we have to
find a Hermitian operator H such that L7 s = J, /jHﬁe,
and this can be challenging. It would thus be desirable to
find generalizations that would be more easily applied. As
an indication that such generalizations may be possible,
here we numerically test the approximate fluctuation
relation in a scenario where Proposition 12 is not obviously
applicable.

Here, we combine the two local generators of
Appendix M 5 with the Hamiltonian part that was used
in Appendix M 6. In other words, we assume a generator of
the form

iE,
" 2n

iE,
" 2n

L(p) = (6.1 ® 1a,p] + 171G, ® Try(p) — rip
(1, ® 6.0, p] + 1, Tr2(p) ® Gy — rap
~ il ® o). (M14)

For the parameters, we choose

Elﬂ - 1,
rph=0.1,

E)p =15,
rph = 0.2,

=02,

Like in Appendix M 6, we choose Q', 04, 01F, 0} as
projectors onto random pure states. Analogous to Fig. 16,
in Fig. 17(a) we compare the functions f(7) and r(r)
defined in Eq. (M13), but we now evaluate these functions
for the generator (M14). A comparison of Figs. 17 and 16
suggests that the behaviors on a qualitative level are rather
similar, which gives some indication that a generalization
of Proposition 12 could be possible. For example, one
could imagine introducing some systematic approximation
at the level of the global fluctuation relation, i.e., replacing
the condition L7y = J4suL° with some approximate
version. However, we will not consider this question further
in this investigation.
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FIG. 17. Approximate fluctuation relation without bound.
(a) Analogous to Fig. 16, the functions f(¢) (red solid line)
and r(¢) (blue solid line) are as defined in Eq. (M13) but for the
new generator (M14). These are plotted for the interval
t/(pn) € [0,50]. (b) The maximum error max,;)efo.50)|./ (1) —
r(1)| is plotted (filled circles) against the value of AS.

8. Further details on the example in Sec. VII H

We let {|n)}, be an orthonormal eigenbasis of the
Hamiltonian Hgc, with Hgc|n) = h,|n). The correspond-
ing generator is Ly (p) = —(i/h)[Hsc,p]. The set of
eigenstates of Hgc is partitioned into the three subsets
Dy, Dy, and D,, where D, represents the ground-state
basin, D, the desired metastable configurations, and D, all
the other states. We construct the corresponding projectors
P;:= ZneDj|n> (n|. For each such set of eigenstates, we

also define a corresponding partial partition function
Zj = ZneDje_ﬂh" = ZﬂH,sc(Pj)'

For each of j =0, 1, 2, we assume a generator of the
form

Li(p)s= Y (KKK ) (k|plk) (K|

k.KeD;

3 3 IR Ep

k.k'eD;

) ”j(k'|k)/’|k><k|,
k.k'€D;

(M15)

where we assume that each set {r;(k'[k) }, vep, satisfies the
detailed balance (M4) described in Appendix M 1 a. By
construction, £; only causes transitions within D;, leading
to a local thermalization within this basin. We moreover
assume a global thermalization L4, On the same form as
Eq. (M15), but the sums span over all eigenstates. We
model the slow equilibration between the basins by

choosing the transition rates r(k’|k) of the global dissipator
much smaller than those for the local dissipators.

We assume a two-level energy reservoir with Hami-
ltonian Hy := E|0)(0| + E|1)(1| and corresponding gen-
erator Ly (p) == —(i/h)[HE, p]. The interaction between
the energy reservoir and the system is generated via a
resonant coupling that causes a transition from the ground
state |0) to a selected state |n*) in the desired basin,
n* € Dy, suchthat E| — Ey = h,~ — hy. More precisely, the
interaction Hamiltonian is of the form

Hip = 2[n")(0] @ [0)(1] + 2|0)(n"| @ [1)(0]. ~ (M16)
This interaction Hamiltonian is, so to speak, the handle by
which we push the system towards the desired basin. The
total generator is

L= Lyge + Ly + Ly + Lo+ Lo+ Lo+ Lygoba-
(M17)

We choose the time reversals on both the system and energy
reservoir as the transpose with respect to the corresponding
energy eigenbasis. One can confirm that the generators £;
and Ly all satisfy Eq. (M1) with respect to Hge, by
virtue of being special cases of the generator in
Appendix M 1a. By Lemma 23, it follows that their
sum also satisfies Eq. (M1) with respect to Hgc. Lemma
24 yields that Ly, satisfies Eq. (M1) with respect to Hpg.
Since [Hge ® 15 + lgc ® Hg, Hiy] = 0, it follows, by
Proposition 13, that £ satisfies Eq. (M1) with respect to
Hge ® 1 + 15c ® Hp. Hence, each F, = '~ satisfies the
global fluctuation relation (43).

We use the fluctuation relation (43) in order to determine
the partition function quotient Z,/Z, between the desired
metastable basin D and the ground-state basin D. For this
purpose, we assign Q%f. := Py and Q) = P, in Eq. (43).
By Zpn (07) = ZoZpy, (QF) and Zyy ,(07F) =
ZIZ/;HE(in), we obtain Eqs. (47) and (48) in the
main text.

In the following, we describe the specific choices for the
numerical evaluation presented in Fig. 8. In order to mimic
a somewhat “messy”’ system with no particular structure, up
to the general picture painted in the main text, we select
energy levels and transition rates randomly. We let D,
contain five states, D consist of five states, and D, consist
of 20 states. The eigenvalues in D, are constructed by
drawing all 4,/ independently from the uniform distribu-
tion in the interval [0, 2], after which the whole spectrum is
shifted such that the lowest eigenvalue is at zero, yielding
the global ground state. The elements of D, are such that all
h,p are drawn independently and uniformly in the interval
[3, 5], and those of D, are from the interval [0, 4]. We
choose n* as the lowest energy level in Dy, i.e., the “local”
ground state. These constructions implement the idea that
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the desired basin D, is higher up in energy compared to the
ground-state basin D, and that there are several alternative
states in D, that are energetically favorable. For the
transition rates r;(k'|k) and r(k'|k), we first construct a
symmetric matrix A with real non-negative elements, and
let r(K'|k) = Ap e?"=)/2/(pR). (The division by ph
makes A unit-free.) One can confirm that this guarantees
that r(k'|k) satisfies the detailed balance (M4) with respect
to e ?". For our implementation, we let each independent
element of A be assigned as the absolute value of a random
number drawn from the Gaussian distribution with zero
mean and unit variance. The same procedure is repeated for
the local transition rates, but we additionally take into
account that all transitions to the other basins should be
zero. In order to model the slower global transitions, we
furthermore multiply the global r(k’|k) by 0.005, thus
making these global transitions about 200 times slower than
the local transitions within each basin. Finally, we choose
the interaction strength A such that A = 1. For the
particular instance in Fig. 8, we have Z;=x2.27,
Z, ~0.0728, and thus Z,/Z, ~ 0.0320.

9. Further details on the JC model in Sec. VII 1
a. L satisfies Eq. (45)

Here, we show that the generator £ defined in Eq. (49)
satisfies Eq. (45) [which is the same as Eq. (M 1)]. We know
from Appendix M 1 that the various components in Eq. (49)
satisfy Eq. (M1) with respect to Hgc. Hence, by Lemma 23,
we can conclude that L satisfies Eq. (M 1) with respect to
Hgc. The generator L trivially satisfies Eq. (M1) with
respect to Hg. Since [Hgcp, Hyy = 0, Proposition 13
yields LT gy, = jﬁHmEe' Since the conditions of
Corollary 3 are satisfied, it follows that all channels F, :=
e'* for t > 0 satisfy Eq. (L4) in Assumptions 5, and thus
Proposition 11 is applicable. Therefore, we can conclude
that the conditional fluctuation relation (41) is satisfied on

the energy reservoir for the conditional maps F , , based on
the underlying evolution F,.

b. Decomposition of the dynamics
into modes of coherence

As mentioned in the main text, the generator £ yields
dynamics that decomposes with respect to the modes
of coherence. To see this, one can first confirm

that [Hgc, Lsc(p)] :['SC([{'ISOE]) and [Hg, Lg(p)] =
Lp([Hg,p]). Since [Hy ® 1, + 1, ® H,,Hy,] =0, and
[Hsc, Q] = 0 and [Hge, QL] =0, it follows by the
argument outlined in Appendix M 3 that the CPMs F.
decouple along the modes of coherence.

c. Case of no decoupling

As mentioned in the main text, the off-diagonal fluc-
tuation relations are valid even if there is no decoupling.

The decoupling merely makes certain fluctuation relations
trivial. To illustrate this, let us consider the pair of off-
diagonal elements |19)(23| and |20) (22|, which, one can
realize, belong to two different modes of coherence. The
relation (41) in this case yields

ZﬂHsc(QgC)d-f- = ZﬂHSC<Qgc)d—,
d. = (20|F,(]19)(23))[22),

d_ = (19| F_(|20)(22|)[23). (M18)

For diagonal measurement operators, both d, and d_
vanish and thus trivially satisfy Eq. (M18). However, let
us consider a new couple of measurement operators that are
not diagonal in the energy eigenbasis, namely,

: ly,) = (|0) + |1))/V2,
lwrs) = (|0) +2[1))/V/5.

é+ = |y;) (w;

05" =y )yl (M19)

Figure 18 illustrates the fluctuation relation (M18) for this
choice of Q" and QJ.

d. Is £ a generator of maps in the closure
of thermal operations?

One can argue that the total generator £ should reason-
ably yield maps in the closure of the set of thermal
operations with respect to Hgr ® 1+ 1z ® Hg. First
of all, one can note that L. is a special case of the class
of generators considered in Appendix M4 b (with ry, rq

0.15 0.2
0.1
0.05
0 O
-0.05
~02 0 0.2 0 1 2
t/(Bh)
FIG. 18. Off-diagonal fluctuation relation in the case of no

decoupling. The fluctuation theorem (M18) relates the evolution
of the coherences carried by two off-diagonal elements along two
different displaced diagonals. Hence, as opposed to the case in
Fig. 10, the two off-diagonal elements belong to two different
modes of coherence. For the setting in Fig. 10, the quantities d.
defined in Eq. (M18) would be identically zero, while for the new
measurement operators (M19), they become nontrivial and satisfy
the fluctuation relation in Eq. (M18). The plot on the right
displays |d, | (red curve) and |d_| (blue curve), while the left plot
depicts the trajectories d, (red curve) and d_ (blue curve) in the
complex plane. Like in Fig. 10, the proportionality of the absolute
values and identical phase factors predicted by Eq. (M18)
are visible.
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such that ry + r; = 4k) and thus is a generator of thermal
operations with respect to Hgc. Moreover, Ly is only the
Hamiltonian evolution of E and is thus trivially a thermal
operation with respect to Hp. By construction, Hiy
commutes with Hgr ® iE + TE ® Hgp, and thus one
may be tempted to apply Proposition 14. However, this
proposition, strictly speaking, is not applicable since the
Hamiltonians H and H,,;, and thus the generators Ly and
L;.» are unbounded. However, it appears reasonable that if
the initial state has bounded energy, then £ could be
truncated to a finite number of energy eigenstates to an
arbitrarily good accuracy. For that truncated system, it
seems reasonable that it would be possible to apply
Proposition 14. This argument suggests that £, in some
sense, could be a generator of channels in the closure of
thermal operations. However, strictly speaking, this
remains to be proved. Alternatively, one could consider
some generalization of Trotter’s decomposition for
unbounded operators (see, e.g., Refs. [207-209]).
However, we leave such a generalization as an open
question.

APPENDIX N: ADDITIONAL REMARKS
1. Detailed balance

One way of obtaining fluctuation relations in the
classical case is via stochastic dynamics that satisfies
detailed balance [3,7,210]. Apart from Sec. VIIC and
Appendix M 1 a, we have not referred to detailed balance
much in our discussions or used it in the derivations. The
reason for this is that energy conservation and time-reversal
symmetry, in some sense, supersede detailed balance,
which we demonstrate briefly here.

Let H; and H, be nondegenerate Hermitian operators on
a finite-dimensional Hilbert space. We let the global
Hamiltonian be noninteracting, H = H; ® 12 + il ® H,,
and assume an energy-conserving unitary evolution
[H,V] = 0and a product time-reversal 7 = 7| ® 7, with
T,(H)=H, and T,(Hy)=H,, and T(V)=V.
Assuming that system 2 is in equilibrium, we can define
the transition probability of changing the state of system 1
from eigenstate n to n’ (for a nondegenerate H,) as

p(n'|n) =Tr([|n')(n'| @ L]V [n) {n| @ G(H,)]VT).  (N1)

By using the energy conservation [and the observation
G(H)[|n){(n| ® 1,] = G,(H,)|n){n| ® G(H,)], it follows
that

p(n'|n)G,(Hy)
= G, (H\)Tr([|n)(n] @ LIVI[|n)(n'| ® G(H,)]V).

This is almost the result we want, apart from the fact
that the evolution is reversed. Here, we can make use of the
time-reversal symmetry (and Lemma 7) to obtain

p(n'|n)G,(H,) = p(n|n")G,(H,);i.e., the transition prob-
ability p(n’|n) satisfies detailed balance.

2. Heat baths in the Gibbs state

In this investigation, we often assume that the heat bath is
initially in the Gibbs state corresponding to a given
temperature. Although not an unusual assumption, e.g.,
in derivations of master equations (for examples, see [211]
and in particular Secs. 3.6.2.1 and 4.2.2 in [118]), 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 into the Gibbs state (see, e.g., the discussions
in Ref. [10]). 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 thermal-
ization in closed systems [212-214], and along these lines,
one may speculate that typicality [161,162] could be
employed to obtain a more-refined analysis of fluctuation
relations.
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