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We present a rigorous approach, based on the concept of continuous thermomajorization, to
algorithmically characterize the full set of energy occupations of a quantum system accessible from a
given initial state through weak interactions with a heat bath. The algorithm can be deployed to solve
complex optimization problems in out-of-equilibrium setups and it returns explicit elementary control
sequences realizing optimal transformations. We illustrate this by finding optimal protocols in the context
of cooling, work extraction, and catalysis. The same tools also allow one to quantitatively assess the role
played by memory effects in the performance of thermodynamic protocols. We obtained exhaustive
solutions on a laptop machine for systems with dimension d ≤ 7, but with heuristic methods one could
access much higher d.
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Introduction.—Thermalization is a ubiquitous process
across quantum sciences. A control over interactions
between a quantum system and its thermal environment
is pivotal for applications ranging from quantum computing
to thermodynamics and, quite broadly, for demonstrating
and harnessing quantum effects in a variety of experimental
platforms. Algorithmic cooling protocols initializing pure
ancilla states [1,2], quantum heat engines [3–5], fridges and
heat pumps [6–8], dissipative generation of quantum
entanglement [9]—these are but a few examples of tasks
involving thermalization stages. These all require the
identification of optimal thermalization schedules maxi-
mizing corresponding objective functions (ground state
population, efficiency, cooling power, entanglement, etc.).
Performing such optimizations in full generality is

typically hopeless. In fact, thermalizations are routinely
described by quantum Markovian master equations [10],
and the problem of characterizing all dynamics that can
result from the integration of such a class of differential
equations is extremely challenging even classically, where
it is known as the embeddability problem [11,12]. Despite
having been studied for decades in the mathematics
literature, general solutions are not known beyond the
simplest cases of dimension d ¼ 2 and d ¼ 3 [13–16].
Here, we start from the observation that the following

properties hold in wide generality across standard thermal-
ization models used in atomic, molecular and optical
physics, quantum thermodynamics, and quantum comput-
ing [17–20]: (P1) The evolution of the system’s quantum
state is described by a Markovian master equation. (P2)
The thermal state is a fixed point of the evolution.
(P3) Evolutions of the energy occupations (“populations”)

and that of energetic quantum superpositions (“coher-
ences”) decouple. There are numerous examples of phe-
nomena described by equations satisfying the above
assumptions: thermalization strokes in thermal machines
[21,22], weak thermal contact of a quantum system with a
large environment [10,23], an atomic degree of freedom
interacting weakly with a thermal radiation field [17],
depolarization noise in a quantum computer and strong
coupling scenarios via reaction coordinates [24]. For
brevity, we will refer to any such dynamical thermalization
model as a Markovian thermal process or an MTP.
The questions we address in this work are the following:

(Q1) What are the most general constraints characterizing
the evolution of energy occupations (populations) under an
MTP? (Q2) Given an initial out-of-equilibrium population,
can we construct the set of all populations achievable from
it under arbitrary MTP? (Q3) If a transformation from an
initial to a final population is possible under MTPs, can we
construct an explicit control sequence realizing it? In what
follows we employ the mathematical framework developed
in the accompanying paper [25] to provide answers to all
these questions. It turns out that (Q1) corresponds to a
broad generalization of the well-known entropy production
inequalities [26]. Concerning (Q2), we answer the question
in the affirmative by providing an explicit verification
algorithm and offering its Mathematica implementation
[27]. Here, we shall illustrate how this algorithm can be
used to solve optimization problems involving cooling,
work extraction, and catalysis. We also report on a recent
work which used our results to show that non-Markovianity
boosts the efficiency of thermal bio-molecular switches
[28]. Finally, in answering (Q3), we pave the way to the
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idea of algorithmically generated thermodynamic proto-
cols, as we showcase by using our code to generate the
optimal cooling protocol recently introduced in Ref. [29].
These applications build up encouraging evidence that the
framework is suitable to perform model-independent opti-
mizations, as well as to algorithmically construct new
thermodynamic schemes in regimes where a complete
analysis is unattainable by alternative methods.
Motivating example.—Before we go into the details of

the general framework, we illustrate the idea within an
experimentally relevant setting. Consider heat-bath algo-
rithmic cooling (HBAC) protocols [2,30–33], whose aim is
to achieve the largest possible cooling of a target system by
means of protocols involving two main steps. First, a
unitary interaction can be performed that involves the target
system and some thermal ancilla qubits. Second, there is an
interaction between systemþ ancillas and a thermal envi-
ronment. The two steps are repeated several times.
Experimental realizations have been demonstrated in the

context of (liquid and solid) state NMR, ion traps, and
quantum optical setups, among others [2]. In the well-
known PPA protocol [1], the interaction with the environ-
ment simply resets the ancilla qubits to a thermal state. For
a long time, this was the best known scheme. More
recently, the state-reset-Γ (SRΓ) protocol [29] was intro-
duced. This is based on the nuclear Overhauser effect, and
performs a reset of the submanifold fj00…0i, j11…1ig of
the energy levels of systemþ ancillas, hence involving
collective interactions which lead to better cooling. Note
that in both protocols the interaction with the environment
is described by an MTP.
We ask is the SRΓ optimal, or could even better cooling

be achieved with similar level of control by tweaking the
thermalization dynamics? Our framework algorithmically
returns the SRΓ protocol as the best available algorithmic
cooling protocol on a qubit target system and a qubit
thermal ancilla, where the optimization is carried out over
all MTPs [34]. This is not only a previously unknown
optimality result, but it also showcases how one can move
from guesswork to optimization in devising cooling
protocols.
Setting.—Formalizing the discussion in the introduction,

an MTP is any dynamics generated by a Markovian master
equation [due to (P1)],

dρðtÞ
dt

¼ H½ρðtÞ� þ Lt½ρðtÞ�; ð1Þ

where Hð·Þ ¼ −i½H; ρ� is the generator of a closed,
reversible quantum dynamics, withH being the (potentially
dressed) Hamiltonian of the system, and Lt being a
Lindbladian generating an open, irreversible quantum
dynamics [10,39]. Moreover, due to (P2), the Gibbs
thermal state γ ¼ e−βH=Trðe−βHÞ is the stationary solution,
Ltγ ¼ 0. Because of (P3), Lt commutes with H at all

times t. Crucially, typical microscopic derivations employing
the weak coupling limit [17–19] lead to a master equation
with this general form. For example, Davies maps [23,40]
describing the thermalization with a large bath in the weak
coupling limit are of this form, with Lt independent of t.
Another example is given by each stroke of a two-stroke
engine cycle in the weak coupling limit, since the time
dependence of H disappears in interaction picture [21].
Hence, the class of equations specified by Eq. (1) emerges in
many situations after the relevant approximations.
What is more, in the accompanying paper [25], we show

that every transformation achievable under arbitrary MTP
can be also achieved within a straightforward physi-
cal setup:
Theorem 1.—Any transformation achievable by an MTP

can be realized by a sequence of elementary thermal-
izations, each involving only 2 energy levels of the system.
Elementary thermalizations between two levels ði; jÞ are

simply described by a standard reset master equation:

dpiðtÞ
dt

¼ 1

τ

�
γi

γi þ γj
½piðtÞ þ pjðtÞ� − piðtÞ

�
; ð2Þ

and an analogous one exchanging i and j. Here and in
what follows, pðtÞ is a vector of populations with
piðtÞ ¼ hEijρðtÞjEii, where jEii is the eigenstate of H
corresponding to energy Ei (for simplicity we consider a
nondegenerate H), while γ is a vector of thermal popula-
tions. Elementary thermalizations describe an exponential
relaxation of energy levels ði; jÞ to a thermal state. For
example, one may have to first thermalize levels 1 and 3 for
some time, then 2 and 5, etc.
Such elementary thermalizations arise naturally from the

weak interaction of a two-level system with a large bath
[23,40] and collision models [41]. In practice, they are
often used as building blocks for more complex protocols
[42], in the context of work extraction [43] and slow driving
[44]. Theorem 1 states that elementary thermalizations are a
universal set of controls for MTP (in contrast to the non-
Markovian regime, where it is not the case [45]).
The ability to selectively couple certain energy levels to

the bath (ideally switching instantaneously from one to the
other) is a commonplace assumption in the study of discrete
engines, when one can couple and decouple submanifolds
of the system’s energy spectrum [46] with baths at different
temperatures [21,22]. Note, however, that two-level ther-
malizations on multiqubit systems require highly nonlocal
interactions and hence may be challenging to implement.
Also, we highlight that generally there will be infinitely
many other protocols connecting the same two states. As
we shall see, it is convenient to focus on elementary
thermalizations because the necessary controls can be
algorithmically constructed. In any case, we study therma-
lization independently of whether and how this stage is
embedded in a more complex protocol.
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Generalized entropy production inequalities (GEP).—In
the accompanying paper [25], we derive the most general
set of constrains that need to be satisfied by populations
pðtÞ independently of the details of the MTP generating
the evolution. These conditions subsume (and greatly
strengthen) the standard positive entropy production
inequality

dΣðtÞ
dt

¼ dSðtÞ
dt

− βJðtÞ ≥ 0; ð3Þ

where SðtÞ ≔ −Tr½ρðtÞ log ρðtÞ� is the von Neumann
entropy and J ≔ Tr½HdρðtÞ=dt� is the heat current flowing
to the system. Specifically, for any well-behaved convex
function h∶R → R, the h divergence defined by

ΣhðtÞ ¼ −
Xd
i¼1

γih

�
piðtÞ
γi

�
; ð4Þ

must be monotonically nondecreasing, dΣhðtÞ=dt ≥ 0. For
each choice of h, the above qualifies as a valid GEP
inequality.
Choosing hðxÞ ¼ x logðxÞ, one obtains dΣdðtÞ=dt ¼

dSdðtÞ=dt − βJðtÞ ≥ 0, where SdðtÞ¼−
P

i piðtÞ logpiðtÞ
is often referred to as the diagonal entropy [47]. This
recovers a result recently appearing in Ref. [48], and can be
used to derive the standard entropy production inequality in
Eq. (3) [34]. Hence, the GEP framework implies the
usual entropy production relation. Choosing hðxÞ ¼
sgnðαÞxα=ðα − 1Þ for α ∈ R, one obtains dΣαðtÞ=dt ≥ 0,
where ΣαðtÞ ¼ −SαðpðtÞkγÞ is the relative Rényi entropy.
This recovers the “second laws” of Ref. [49] in a more
stringent form. In contrast to the end-point conditions of
Ref. [49], our constraints prescribe that all the Σα must be
constantly nondecreasing along the dynamical trajectory
pðtÞ. When γ is a uniform distribution (infinite temperature
limit) the above conditions reduce to the nondecreasing of
all Rényi entropies [50]. Another relevant class of GEP
inequalities can be found taking hqðxÞ ¼ sgnðqÞð1 − xqÞ=
ð1 − qÞ, giving dΣT

qðtÞ=dt ≥ 0, with ΣT
qðtÞ ¼ −STqðpðtÞkγÞ

and STqðpkγÞ ≔ sgnðqÞðPi p
q
i γ

1−q
i − 1Þ=ðq − 1Þ being the

Tsallis relative entropy. The Tsallis entropies, well-known
in nonextensive statistical mechanics and information
theory [51–53], are recovered in the infinite temperature
limit. This extends to arbitrary temperatures the results of
Ref. [54]. Taking hðxÞ ¼ − log x we get −dVðtÞ=dt ≥ 0,
with VðtÞ ¼ −SðγkpðtÞÞ the “vacancy,” found in Ref. [55]
to be the central constraint at very low temperatures.
GEP inequalities encompass a wealth of disparate results

as part of a unified framework. At the same time, a natural
question arises: Is there a family of entropic conditions that
implies all others? The answer is affirmative and can be
interpreted as a sort of exhaustive H theorem (for the proof
see the accompanying paper [25]).

Theorem 2.—All GEP are implied by the nondecrea-
sing of

ΣaðtÞ ≔ −
Xd
i¼1

����piðtÞ − a
γi
γd

����; a ∈ ½0; 1�: ð5Þ

What is more, if there exists a trajectory connecting pð0Þ
and pðtfÞ along which all Σa do not decrease, then there
exists an MTP transforming pð0Þ into pðtfÞ.
Not only Σa are a complete set of GEP, but they even

guarantee the existence of a physical realization. In con-
trast, to satisfy the standard entropy production relation
along a trajectory does not ensure the existence of a
physical process.
Algorithmic verification and construction.—If we could

construct the set of states T þ½pð0Þ� achievable under MTPs
from a given pð0Þ, we could use this knowledge for our
optimization purposes. GEP inequalities encode such
information, but of course one cannot check an infinite
number of conditions along an infinite number of potential
trajectories. Furthermore, they carry no information
about the required controls. Remarkably, both problems
can be solved in full generality employing the notion of
continuous thermomajorization, as we explain in detail
in Ref. [25].
Theorem 3.—Given pð0Þ the set of all states T þ½pð0Þ�

achievable from it via arbitrary MTPs can be constructed by
an algorithm in a finite number of steps. Moreover, the
algorithm outputs a sequence of elementary thermalizations
realizing any transformation of interest.
We provide a corresponding Mathematica code in

Ref. [27], and present a toy example for a system of
dimension d ¼ 3 in Fig. 1. On a laptop machine, the
algorithm solves the d ¼ 6 case in minutes and d ¼ 7 case
in hours. Thus, our framework allows one to transform an

FIG. 1. Markovian thermalization in d ¼ 3. Simplex represent-
ing the state space of all three-dimensional probability distribu-
tions. The gray area denotes the set of achievable states from p
under arbitrary Markovian thermal processes when the thermal
state is γ ¼ ½1=2; 1=3; 1=6�. The elementary thermalizations Ti;j,
which fully thermalize the pair of levels i and j and whose action
is indicated by red and blue arrows, play a central role in the
sequence of required controls.
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intractable optimization problem for an objective function g
into an explicit form:

max
fpðtfÞg

g½ pðtfÞ� ¼ max
q∈T þ½pð0Þ�

gðqÞ; ð6Þ

where pðtfÞ are all probability distributions achievable
from pð0Þ via MTPs. Whenever g is convex, the new
optimization problem is finitely verifiable, because the
algorithm returns all extremal points of the set T þ½pð0Þ�.
Note, however, that the set T þ½pð0Þ� is not generally
convex (as can be seen, e.g., in Fig. 1).
Applications.—We now proceed to illustrating some

applications of our framework (see Ref. [34] for further
details). The aim is to provide evidence of its usefulness,
while we believe much more can be done at the interface
with open quantum system dynamics.
We start off with the fundamental protocol of work

extraction. Work in quantum thermodynamics is often
treated as a random variable, but for microscopic systems
its average can be of the same order of magnitude as its
fluctuations [56]. Hence, much attention has been given to
taming such fluctuations [56–59]. Single-shot work extrac-
tion protocols guarantee to extract an amount of workW up
to a failure probability ϵ. More precisely, given an out of
equilibrium system S and access to a thermal environment
E at inverse temperature β ¼ 1=ðkTÞ, the task is to
deterministically excite a battery system B, initially pre-
pared in an energy eigenstate E0, over an energy gap W.
When the probability that B has energy E0 þW is at least
1 − ϵ, one extracts ϵ-deterministic work W [57].
The optimal extraction error under thermal processes

(TP), i.e., all processes satisfying (P2)–(P3) but not
necessarily (P1) (so possibly non-Markovian), can be
computed via the thermomajorization condition of
Ref. [57]. However, when one is limited to MTP, the
optimal error ϵMTPðWÞ can be computed with our algo-
rithm. We observe that memory effects dramatically
decrease the minimal error for given W, see Fig. 2. Note
that ϵMTPðWÞ remains very high even in the W → 0 limit,

showing that converting a nonequilibrium resource into
deterministic work either requires control over the energy
spectrum (as in Refs. [42,56]), or otherwise relies on
environmental memory effects.
In a similar manner, we can provide model-independent

evidence of the role played by system-environment corre-
lations in boosting cooling processes. Consider a system
initially at equilibrium with the environment at inverse
temperature β, and the task of cooling it down by
maximizing its ground state occupation through a round
of algorithmic cooling protocol. The first step of the
protocol is to unitarily invert the occupations (while
thermal occupations are monotonically decreasing with
growing energy, the inverted occupations are monotoni-
cally increasing); and the second step is to optimally
interact it with the bath to maximize the occupation of
the ground state. Now, the interactions may be optimized
over all TPs or all MTPs, and the difference in performance
quantifies the boost to cooling due to memory effects. We
illustrate this in Fig. 3 for a four-level system with an
equidistant spectrum.
Our framework allows one not only to investigate the

difference in performance of thermodynamic protocols
with and without memory, but also to interpolate between
these two extremes. This question relates to the well-known
topic of catalysis in thermodynamics [49,60,61]. Catalysis
is the phenomenon by which a certain transformation
pð0Þ ↦ q is only possible when aided by an auxiliary
system c (the catalyst, playing the role of a memory), which
is given back unchanged and uncorrelated at the end:
pð0Þ ⊗ c ↦ q ⊗ c. To illustrate this, we consider a two-
level system initially at temperature two times higher than
that of the bath. Under MTPs and with no catalyst, the
system can be cooled at most to the temperature of the bath
[62,63]. Our algorithm shows that a qubit thermal catalyst
already allows one to cool the original system below the
bath’s temperature, highlighting how catalysis is useful not
only in the abstract resource theory setting [49,60,61], but
also in the context of Markovian master equations

FIG. 2. ϵ-deterministic work extraction from a two-level
system. Minimal error ϵ as a function of the work W extracted
from a two-level system with energy splitting Δ prepared in a
thermal state at temperature 1=βS smaller than the environmental
temperature 1=βE. System-environment interactions are modeled
by TP or MTP. Parameters: βSΔ ¼ 2 and βEΔ ¼ 1.

FIG. 3. Optimal cooling of a four-level system. Optimal change
of the ground state population δpopt

0 for a four-level quantum
system initially at equilibrium with inverse temperature β in one
round of algorithmic cooling consisting of a unitary inversion
of the populations, followed by the optimal TP or MTP. The
system has equidistant energy spectrum with smallest energy
difference Δ.
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describing standard thermalization models. What is more,
differently from previous approaches, the algorithm returns
an explicit set of controls implementing the protocol. This
tackles one of the main challenges that insofar prevented
the general results on catalysis to impact practical
protocols.
Finally, we want to point out that our framework was

recently used to obtain rigorous, quantitative evidence that
environmental memory effects are beneficial to the effi-
ciency of biomolecular processes [28]. More precisely, the
authors of Ref. [28] demonstrated that the optimal photo-
isomerization yield in the presence of memory effects is
strictly larger than in the Markovian regime.
Outlook.—We constructed a framework to systematically

perform optimization over thermalization processes and
algorithmically construct optimal protocols. The algorithm
yielded encouraging results in a range of relevant applica-
tions. A promising direction to probe higher dimensional
systems (d ≥ 8) is to relax the current exhaustive search
to a heuristic algorithm, or to focus on short elementary
thermalization sequences. Pushing the achievable dimen-
sion up, and combining the current algorithm optimizing
the thermalization stage with alternative methods to opti-
mize unitary stages (as we implicitly did in the HBAC
application), will likely open up a range of applications,
such as the optimization of quantum thermodynamic cycles
of heat engines [64]. At the same time, our framework also
offers a rigorous information-theoretical foundation to the
dynamical viewpoint of quantum thermodynamics com-
plementing the toolbox of master equation approaches, as
we have seen with the systematic construction of GEP
inequalities.

M. L. thanks A. Levy for useful discussions. K. K.
acknowledges financial support by the Foundation for
Polish Science through TEAM-NET project (Contract
No. POIR.04.04.00-00-17C1/18-00). M. L. acknowledges
financial support from the European Union’s Marie
Skłodowska-Curie individual Fellowships (H2020-
MSCA-IF-2017, GA794842), Spanish MINECO (Severo
Ochoa SEV-2015-0522, and project QIBEQI FIS2016-
80773-P), Fundacio Cellex and Generalitat de Catalunya
(CERCA Programme and SGR 875) and Grant EQEC
No. 682726.

*These authors contributed equally to this work.
†korzekwa.kamil@gmail.com
‡lostaglio@protonmail.com

[1] L. J. Schulman, T. Mor, and Y.Weinstein, Physical Limits of
Heat-Bath Algorithmic Cooling, Phys. Rev. Lett. 94,
120501 (2005).

[2] N. A. Rodríguez-Briones, Novel Heat-Bath Algorithmic
Cooling methods, Ph.D. thesis, University of Waterloo,
2020.

[3] F. L. Curzon and B. Ahlborn, Efficiency of a Carnot
engine at maximum power output, Am. J. Phys. 43, 22
(1975).

[4] M. Esposito, K. Lindenberg, and C. Van den Broeck,
Universality of Efficiency at Maximum Power, Phys.
Rev. Lett. 102, 130602 (2009).

[5] R. Uzdin and R. Kosloff, Universal features in the efficiency
at maximal work of hot quantum Otto engines, Europhys.
Lett. 108, 40001 (2014).

[6] D. Segal and A. Nitzan, Molecular heat pump, Phys. Rev. E
73, 026109 (2006).

[7] A. E. Allahverdyan, K. Hovhannisyan, and G. Mahler,
Optimal refrigerator, Phys. Rev. E 81, 051129 (2010).

[8] L. A. Correa, J. P. Palao, G. Adesso, and D. Alonso,
Performance bound for quantum absorption refrigerators,
Phys. Rev. E 87, 042131 (2013).

[9] J. B. Brask, G. Haack, N. Brunner, and M. Huber,
Autonomous quantum thermal machine for generating
steady-state entanglement, New J. Phys. 17, 113029 (2015).

[10] G. Lindblad, On the generators of quantum dynamical
semigroups, Commun. Math. Phys. 48, 119 (1976).

[11] G. Elfving, Zur theorie der Markoffschen ketten, Acta Soc.
Sci. Fennicae, Ser. A2 8, 1 (1937), https://www.worldcat.org/
title/zur-theorie-der-markoffschen-ketten/oclc/719162129.

[12] E. B. Davies, Embeddable Markov matrices, Electron. J. Pro
15, 1474 (2010).

[13] J. F. C. Kingman, The imbedding problem for finite Markov
chains, Probab. Theory Relat. Fields 1, 14 (1962).

[14] J. T. Runnenburg, On Elfving’s problem of imbedding a
time-discrete Markov chain in a time-continuous one for
finitely many states I, P. K. Ned. Akad. A Math. 65, 536
(1962).

[15] G. S. Goodman, An intrinsic time for non-stationary finite
Markov chains, Probab. Theory Relat. Fields 16, 165
(1970).

[16] P. Carette, Characterizations of embeddable 3 × 3 stochastic
matrices with a negative eigenvalue, New York J. Math. 1,
129 (1995), https://nyjm.albany.edu/j/1995/1-8.html.

[17] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Oxford University Press, New York,
2002).

[18] R. Kosloff, Quantum thermodynamics: A dynamical view-
point, Entropy 15, 2100 (2013).

[19] R. Alicki and R. Kosloff, Introduction to quantum thermo-
dynamics: History and prospects, in Thermodynamics in the
Quantum Regime: Fundamental Aspects and New Direc-
tions, edited by F. Binder, L. A. Correa, C. Gogolin, J.
Anders, and G. Adesso (Springer International Publishing,
Cham, 2018), pp. 1–33, 10.1007/978-3-319-99046-0_1.

[20] R. Dann and R. Kosloff, Open system dynamics from
thermodynamic compatibility, Phys. Rev. Research 3,
023006 (2021).

[21] R. Uzdin, A. Levy, and R. Kosloff, Equivalence of Quantum
Heat Machines, and Quantum-Thermodynamic Signatures,
Phys. Rev. X 5, 031044 (2015).

[22] A. Levy and D. Gelbwaser-Klimovsky, Quantum features
and signatures of quantum thermal machines, in Thermo-
dynamics in the Quantum Regime: Fundamental Aspects
and New Directions, edited by F. Binder, L. A. Correa, C.
Gogolin, J. Anders, and G. Adesso (Springer International

PHYSICAL REVIEW LETTERS 129, 040602 (2022)

040602-5

https://doi.org/10.1103/PhysRevLett.94.120501
https://doi.org/10.1103/PhysRevLett.94.120501
https://doi.org/10.1119/1.10023
https://doi.org/10.1119/1.10023
https://doi.org/10.1103/PhysRevLett.102.130602
https://doi.org/10.1103/PhysRevLett.102.130602
https://doi.org/10.1209/0295-5075/108/40001
https://doi.org/10.1209/0295-5075/108/40001
https://doi.org/10.1103/PhysRevE.73.026109
https://doi.org/10.1103/PhysRevE.73.026109
https://doi.org/10.1103/PhysRevE.81.051129
https://doi.org/10.1103/PhysRevE.87.042131
https://doi.org/10.1088/1367-2630/17/11/113029
https://doi.org/10.1007/BF01608499
https://www.worldcat.org/title/zur-theorie-der-markoffschen-ketten/oclc/719162129
https://www.worldcat.org/title/zur-theorie-der-markoffschen-ketten/oclc/719162129
https://www.worldcat.org/title/zur-theorie-der-markoffschen-ketten/oclc/719162129
https://www.worldcat.org/title/zur-theorie-der-markoffschen-ketten/oclc/719162129
https://doi.org/10.1214/EJP.v15-733
https://doi.org/10.1214/EJP.v15-733
https://doi.org/10.1007/BF00531768
https://doi.org/10.1016/S1385-7258(62)50052-8
https://doi.org/10.1016/S1385-7258(62)50052-8
https://doi.org/10.1007/BF00534594
https://doi.org/10.1007/BF00534594
https://nyjm.albany.edu/j/1995/1-8.html
https://nyjm.albany.edu/j/1995/1-8.html
https://nyjm.albany.edu/j/1995/1-8.html
https://nyjm.albany.edu/j/1995/1-8.html
https://doi.org/10.3390/e15062100
https://doi.org/10.1007/978-3-319-99046-0_1
https://doi.org/10.1103/PhysRevResearch.3.023006
https://doi.org/10.1103/PhysRevResearch.3.023006
https://doi.org/10.1103/PhysRevX.5.031044


Publishing, Cham, 2018), p. 87, 10.1007/978-3-319-99046-
0_4.

[23] W. Roga, M. Fannes, and K. Życzkowski, Davies maps for
qubits and qutrits, Rep. Math. Phys. 66, 311 (2010).

[24] A. Nazir and G. Schaller, The reaction coordinate mapping
in quantum thermodynamics, in Thermodynamics in the
Quantum Regime (Springer, New York, 2018), pp. 551–577,
10.1007/978-3-319-99046-0_23.

[25] M. Lostaglio and K. Korzekwa, companion paper, Con-
tinuous thermomajorization and a complete set of laws for
Markovian thermal processes, Phys. Rev. A 106, 012426
(2022).

[26] G. T. Landi and M. Paternostro, Irreversible entropy pro-
duction, from quantum to classical, Rev. Mod. Phys. 93,
035008 (2021).

[27] K. Korzekwa, Continuous thermomajorisation (2021), https://
github.com/KorzekwaKamil/continuous_thermomajorisation.

[28] G. Spaventa, S. F. Huelga, and M. B. Plenio, Capacity of
non-Markovianity to boost the efficiency of molecular
switches, Phys. Rev. A 105, 012420 (2022).

[29] N. A. Rodriguez-Briones, J. Li, X. Peng, T. Mor, Y.
Weinstein, and R. Laflamme, Heat-bath algorithmic cooling
with correlated qubit-environment interactions, New J.
Phys. 19, 113047 (2017).

[30] L. J. Schulman and U. V. Vazirani, Molecular scale heat
engines and scalable quantum computation, in Proceedings
of the Thirty-First Annual ACM Symposium on Theory of
Computing (ACM, New York, 1999), pp. 322–329,
10.1145/301250.301332.

[31] P. O. Boykin, T. Mor, V. Roychowdhury, F. Vatan, and R.
Vrijen, Algorithmic cooling and scalable NMR quantum
computers, Proc. Natl. Acad. Sci. U.S.A. 99, 3388 (2002).

[32] N. A. Rodríguez-Briones and R. Laflamme, Achievable
Polarization for Heat-Bath Algorithmic Cooling, Phys.
Rev. Lett. 116, 170501 (2016).

[33] S. Raeisi and M. Mosca, Asymptotic Bound for Heat-Bath
Algorithmic Cooling, Phys. Rev. Lett. 114, 100404 (2015).

[34] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.129.040602, which in-
cludes Refs. [35–38].

[35] I. Marvian, Symmetry, asymmetry and quantum informa-
tion, Ph.D. thesis, University of Waterloo, 2012.

[36] M. Lostaglio, D. Jennings, and T. Rudolph, Description of
quantum coherence in thermodynamic processes requires
constraints beyond free energy, Nat. Commun. 6, 6383
(2015).

[37] N. Yunger Halpern and D. T. Limmer, Fundamental limi-
tations on photoisomerization from thermodynamic re-
source theories, Phys. Rev. A 101, 042116 (2020).

[38] K. Korzekwa and M. Lostaglio, Quantum Advantage in
Simulating Stochastic Processes, Phys. Rev. X 11, 021019
(2021).

[39] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan,
Completely positive dynamical semigroups of N-level
systems, J. Math. Phys. 17, 821 (1976).

[40] E. B. Davies, Markovian master equations, Commun. Math.
Phys. 39, 91 (1974).

[41] V. Scarani, M. Ziman, P. Štelmachovič, N. Gisin, and V.
Buzek, Thermalizing Quantum Machines: Dissipation and
Entanglement, Phys. Rev. Lett. 88, 097905 (2002).

[42] C. Perry, P. Ćwikliński, J. Anders, M. Horodecki, and J.
Oppenheim, A Sufficient Set of Experimentally Implement-
able Thermal Operations for Small Systems, Phys. Rev. X 8,
041049 (2018).

[43] E. Bäumer, M. Perarnau-Llobet, P. Kammerlander, H.
Wilming, and R. Renner, Imperfect thermalizations allow
for optimal thermodynamic processes, Quantum 3, 153
(2019).

[44] H. J. D.Miller,M. Scandi, J. Anders, andM. Perarnau-Llobet,
Work Fluctuations in Slow Processes: Quantum Signatures
and Optimal Control, Phys. Rev. Lett. 123, 230603 (2019).

[45] M. Lostaglio, Á. M. Alhambra, and C. Perry, Elementary
thermal operations, Quantum 2, 52 (2018).

[46] Typically one works in interaction picture and ignores a
(small) Lamb shift.

[47] A. Polkovnikov, Microscopic diagonal entropy and its
connection to basic thermodynamic relations, Ann. Phys.
(Amsterdam) 326, 486 (2011).
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