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Landauer’s universal limit on heat dissipation during information erasure becomes increasingly crucial as
computing devices shrink: minimising heat-induced errors demands optimal pure-state preparation. For this,
however, Nernst’s third law posits an infinite-resource requirement: either energy, time, or control complex-
ity must diverge. Here, we address the practical challenge of efficiently cooling quantum systems using finite
resources. We investigate the ensuing resource trade-offs and present efficient protocols for finite distinct en-
ergy gaps in settings pertaining to coherent or incoherent control, corresponding to quantum batteries and heat
engines, respectively. Expressing energy bounds through thermodynamic length, our findings illuminate the op-
timal distribution of energy gaps, detailing the resource limitations of preparing pure states in practical settings.

I. INTRODUCTION

Arguably, one of the most essential tasks in quantum sci-
ence is the preparation of pure quantum states — equivalent
to cooling quantum systems or erasing information. This is a
critical prerequisite for quantum computation, where the out-
put state from a calculation must be erased before it can be
reused as an input for the next [1]. Failure to achieve suffi-
ciently pure input states directly contributes to computational
errors. Furthermore, the necessity for pure states extends to
precise timekeeping [2, 3] and accurate measurements [4].
Without adequate purity, possibly due to limited resources
or control, the frequency of gate and measurement errors in-
creases, potentially relegating any anticipated ‘quantum ad-
vantage’ to mere theoretical conjecture, as illustrated in Fig. 1.

In this sense, thermodynamics links the degree of control
over a system with one’s capacity to perform useful tasks.
In particular, Landauer formalised a profound connection be-
tween physics and information by establishing that a mini-
mum amount of heat must be dissipated when erasing infor-
mation encoded in any physical system [5]. This universal
limit applies to classical and quantum theory and gains promi-
nence as computing devices are miniaturised, rendering them
more susceptible to heat-induced errors. Thus, manipulating
information with minimal energetic cost is paramount for de-
veloping robust and efficient next-generation devices.

Efforts to saturate the Landauer bound involve engineering
quasistatic interactions between information-carrying systems
and controllable machines. However, uncovering the neces-
sary conditions for Landauer-cost erasure has been impeded
by inequivalent assumptions and definitions across experi-
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FIG. 1. Impact of Imperfect Cooling. A quantum computation be-
gins with a register of n pure states |0⟩⊗n (not shown), to which
gates (e.g., G ∈ {H,X, Y }) and measurements are applied, yielding
outcomes {xi}ni=1. Inaccessibility of pure states induces preparation
errors leading to noisy initial states ϱi ̸= |0⟩, timekeeping errors af-
fecting the gates G 7→ G̃, and measurement errors xi 7→ x̃i.

mental platforms. A breakthrough by Reeb and Wolf refor-
mulated the Landauer limit universally in the context of quan-
tum information, providing platform-agnostic insights [6].
Their work demonstrated the need for an infinitely large en-
ergy gap in an infinite-dimensional machine to achieve per-
fect Landauer-cost erasure. Such progress notwithstanding,
such infinite resources are not practically accessible, leading
to the pragmatic problem of optimising cooling with finite re-
sources [7]. When resources are limited, various factors influ-
ence the eventual purity of the system and the costs involved,
including the energy-level structure of the cooling machines
and the complexity of their interactions with the target [8].

Here, we unveil a three-way trade-off among crucial re-
sources — energy, time, and control complexity. We ex-
plore this relationship in the regime where finite resources
dictate the attainable temperature and cooling rate. Our in-
vestigation leverages the geometric technique of thermody-
namic length [9–12] to yield insights into the optimal energy
structure of cooling machines for schemes using fixed control
complexity and large yet finite time, thus contributing to the
understanding of resource limitations in preparing pure states.
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II. THERMODYNAMIC FRAMEWORK

Setting.—We consider the task of cooling a target quantum
system S via unitary interactions with another system M ,
composed of N subsystems {M1, . . . ,MN} called machines.
We describe the overall cooling procedure using a Markovian
collision model [13–18]. Here, the target unitarily interacts
with a fresh machine at each time, reflecting the property of
memorylessness and the rapid rethermalisation of machines
between control operations (see Fig. 2).

All systems X ∈ {S,M1, . . . ,MN} have an associated
Hilbert space HX , on which states ϱX are represented as
positive semidefinite, unit-trace operators. Each system
has a Hamiltonian whose spectral decomposition fixes its
energy structure, HX :=

∑dX−1
i=0 E (i)

X |i⟩⟨i|. We consider
finite-dimensional systems dX := dim(HX) < ∞, and
assume that energy eigenvalues are ordered non-decreasingly
E (i+1)

X ≥ E (i)

X , with E (0)

X := 0. With respect to any Hamil-
tonian H , the thermal (Gibbs) state at inverse temperature
β := (kBT )

−1 is τ(β,H) := Z−1(β) exp (−βH), where
Z(β) := tr [exp (−βH)] is the partition function; when
unambiguous, we will simply write τ(β). The thermal state
uniquely maximises entropy S(ϱ) := −tr [ϱ log ϱ] for fixed
average energy E(ϱ) := tr [Hϱ]. Consequently, it provides a
state description with minimal information (beyond average
energy), and is thus a suitable initial machine state for cooling
schemes (formalised below).
Boundary Conditions.—We consider procedures that take the
target system from an initial state ϱS to a final one ϱ′S , whilst
mapping the collection of machines from an initial thermal
state τM(β) to a final state ϱ′M , via the global evolution

ϱ′SM = U(ϱS ⊗ τM(β))U†. (1)

Note that cooling a system can have several inequivalent
meanings. For equilibrium processes, it could mean reducing
the temperature of a thermal state; in non-equilibrium set-
tings, it could mean increasing the ground-state population
or purity of the target, or decreasing its entropy or average
energy. The strongest notion of cooling derives from the
preorder on states induced by majorisation: We say that a
state ϱ is colder than σ iff ϱ ≻ σ. Since all meaningful
notions of temperature are Schur-convex/concave functions
of the vector of non-decreasing energy eigenvalues, any other
such quantifier would agree that ϱ is colder than σ [19].
Although all qualitative results presented here hold true in
this strong sense, for the sake of simplicity, we focus on
processes that take the target system from a Gibbs state with
some initial β to one with final value βf := λβ with λ > 1.
Structural and Control Resources.—Various factors deter-
mine a protocol’s performance, including the dimensions
dX and Hamiltonians HX of all systems, the interaction
range k (denoting the number of systems involved in each
interaction), the number of machines N , and the dissipated
heat ∆EM := tr [HM(ϱ′M − ϱM)], which sets a lower bound
for the energetic cost of any implementation. We distinguish
between structural resources, such as dX and HX , that are
fixed independently of the procedure, and control resources
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<latexit sha1_base64="T6BIGE8AXxsjY+zA0+KPUJmHH6E=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPBS48V7Ae0oWw2k3bpZhN3N5US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8w8P+FMacf5tgobm1vbO8Xd0t7+weFR+fikreJUUmzRmMey6xOFnAlsaaY5dhOJJPI5dvzx3dzvTFAqFosHPU3Qi8hQsJBRoo3k9Z9YgJrxALPGbFCuOFVnAXuduDmpQI7moPzVD2KaRig05USpnusk2suI1IxynJX6qcKE0DEZYs9QQSJUXrY4emZfGCWww1iaEtpeqL8nMhIpNY180xkRPVKr3lz8z+ulOrz1MiaSVKOgy0Vhym0d2/ME7IBJpJpPDSFUMnOrTUdEEqpNTiUTgrv68jppX1Xd62rtvlap1/M4inAG53AJLtxAHRrQhBZQeIRneIU3a2K9WO/Wx7K1YOUzp/AH1ucPJkGSWg==</latexit> eH

<latexit sha1_base64="7lFRkKQXFjXDD0MW2UApblO5AHw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gPaUDababt0s4m7m0oJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgeZ8zaqzkd594iIaLELP2tFeuuFV3DrJKvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5sfPSVnVglJP1a2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3U9G/8jMskNSjZYlE/FcTEZJYACblCZsTEEsoUt7cSNqSKMmNzKtkQvOWXV0nzoupdVS/vLyu1Wh5HEU7gFM7Bg2uowR3UoQEMHuEZXuHNGTsvzrvzsWgtOPnMMfyB8/kDPpGSag==</latexit> eX

<latexit sha1_base64="LkrIzllTHAcwcu2Ieg2lrsLWN3w=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSRS1GPBi8cK9kPaUDabSbt0s4m7k0oJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWaenwiu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ThVDJosFrHq+FSD4BKayFFAJ1FAI19A2x/dzPz2GJTmsbzHSQJeRAeSh5xRNJLXe+IBIBcBZA/TfrniVJ057FXi5qRCcjT65a9eELM0AolMUK27rpOgl1GFnAmYlnqphoSyER1A11BJI9BeNj96ap8ZJbDDWJmSaM/V3xMZjbSeRL7pjCgO9bI3E//zuimG117GZZIiSLZYFKbCxtieJWAHXAFDMTGEMsXNrTYbUkUZmpxKJgR3+eVV0rqoupfV2l2tUq/ncRTJCTkl58QlV6RObkmDNAkjj+SZvJI3a2y9WO/Wx6K1YOUzx+QPrM8fQBaSaw==</latexit>eY

<latexit sha1_base64="7lFRkKQXFjXDD0MW2UApblO5AHw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cK9gPaUDababt0s4m7m0oJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3xqg0j+WDmSToR3QgeZ8zaqzkd594iIaLELP2tFeuuFV3DrJKvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5sfPSVnVglJP1a2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3U9G/8jMskNSjZYlE/FcTEZJYACblCZsTEEsoUt7cSNqSKMmNzKtkQvOWXV0nzoupdVS/vLyu1Wh5HEU7gFM7Bg2uowR3UoQEMHuEZXuHNGTsvzrvzsWgtOPnMMfyB8/kDPpGSag==</latexit> eX

<latexit sha1_base64="KHTrQin2D7CsHQiQbEtuS41HEU8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4jmIckS5idzCZD5rHMzAbCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj09aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8N/fbE6oNU/LRThMaCjyULGYEWyc99SZY65HqB/1yxa/6C6B1EuSkAjka/fJXb6BIKqi0hGNjuoGf2DDD2jLC6azUSw1NMBnjIe06KrGgJswWB8/QhVMGKFbalbRoof6eyLAwZioi1ymwHZlVby7+53VTG9+GGZNJaqkky0VxypFVaP49GjBNieVTRzDRzN2KyAhrTKzLqORCCFZfXietq2pwXa091Cr1Wh5HEc7gHC4hgBuowz00oAkEBDzDK7x52nvx3r2PZWvBy2dO4Q+8zx+wkpBN</latexit>%1

<latexit sha1_base64="X4FAljOgr7jc71HkDTbRbc5rxf8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMImSLGF2MpsMmccyMxsIS77CiwdFvPo53vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5VqQltEcaUfI2woZ5K2LLOcPiaaYhFx2onGt3O/M6HaMCUf7DShocBDyWJGsHXSU2+CtR6pfq1frvhVfwG0ToKcVCBHs1/+6g0USQWVlnBsTDfwExtmWFtGOJ2VeqmhCSZjPKRdRyUW1ITZ4uAZunDKAMVKu5IWLdTfExkWxkxF5DoFtiOz6s3F/7xuauObMGMySS2VZLkoTjmyCs2/RwOmKbF86ggmmrlbERlhjYl1GZVcCMHqy+ukXasGV9X6fb3SqOdxFOEMzuESAriGBtxBE1pAQMAzvMKbp70X7937WLYWvHzmFP7A+/wBshaQTg==</latexit>%2

<latexit sha1_base64="Wv/d0Ag6bhS9RYKzrTl5YcbM5qQ=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BLx4jmBhJljA7mU2GzGOZmQ2EJV/hxYMiXv0cb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNLtCBvKmaRNyyyn7URTLCJOH6PR7cx/HFNtmJIPdpLQUOCBZDEj2DrpqTvGWg9V77JXrvhVfw60SoKcVCBHo1f+6vYVSQWVlnBsTCfwExtmWFtGOJ2WuqmhCSYjPKAdRyUW1ITZ/OApOnNKH8VKu5IWzdXfExkWxkxE5DoFtkOz7M3E/7xOauObMGMySS2VZLEoTjmyCs2+R32mKbF84ggmmrlbERlijYl1GZVcCMHyy6ukdVENrqq1+1qlXsvjKMIJnMI5BHANdbiDBjSBgIBneIU3T3sv3rv3sWgtePnMMfyB9/kDs5qQTw==</latexit>%3

<latexit sha1_base64="XfioVIZVNBGTvhLVx0Pth0gOU98="></latexit> C
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<latexit sha1_base64="KkvjU0L23Eep2ZbD8l9Yx+x6wBE="></latexit>

In
co

h
er
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t

<latexit sha1_base64="W28BU8RIJU0q3fi1z3T+kV5QA28="></latexit>⌧M1

<latexit sha1_base64="LTIihFTDfpMWfGxHAvu4jgYuw8M="></latexit>⌧M2

<latexit sha1_base64="6fEZj/6v4RbNgmGfkuCi2vAEfdQ="></latexit>

S

<latexit sha1_base64="tSVWbQEMX7W6Rwwvo3wSBVcwIQI="></latexit>

�EM

<latexit sha1_base64="a1up38TturA7VzA3RzPNV5Q3gz8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4rGiaQttKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlGPOEl5ENOhEpFgFK304Pe9fqXq1tw5yCrxClKFAs1+5as3SFgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNTp+TcKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YY3QS5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOmUbQje8surpHVZ865q9ft6tVEv4ijBKZzBBXhwDQ24gyb4wGAIz/AKb450Xpx352PRuuYUMyfwB87nD9UHjXg=</latexit>

U1
<latexit sha1_base64="eRMkHK9gBITy6YWX/iuXNrnDaEc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4rmrbQhrLZTtqlm03Y3Qil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4du63n1BpnshHM0kxiOlQ8ogzaqz04Pdr/XLFrboLkHXi5aQCOZr98ldvkLAsRmmYoFp3PTc1wZQqw5nAWamXaUwpG9Mhdi2VNEYdTBenzsiFVQYkSpQtachC/T0xpbHWkzi0nTE1I73qzcX/vG5moptgymWaGZRsuSjKBDEJmf9NBlwhM2JiCWWK21sJG1FFmbHplGwI3urL66RVq3pX1fp9vdKo53EU4QzO4RI8uIYG3EETfGAwhGd4hTdHOC/Ou/OxbC04+cwp/IHz+QPWi415</latexit>

U2
<latexit sha1_base64="A7aL46AtFYldBjDtQSU+S6gtvzo="></latexit>

UN

<latexit sha1_base64="SmLHikky5+86KyNKw0e4g1KwzSI="></latexit>⌧MN

<latexit sha1_base64="6fEZj/6v4RbNgmGfkuCi2vAEfdQ="></latexit>

S

<latexit sha1_base64="o5qlwYUEdPSCfy+YcusZM4ReI5Y="></latexit>

�EC

<latexit sha1_base64="M0bfJesHCVyi7B56mUXGdHdmVSc="></latexit>

�EH

<latexit sha1_base64="gs4p/BtJc0Wbykwt0zK6x+J42W0="></latexit>eUN

<latexit sha1_base64="zBIsExEaJixaFg+yoJBC/vbs2Tk="></latexit>⌧CN

<latexit sha1_base64="GfqfdgjiQC33zmi9TlQINMaVnDI="></latexit>⌧HN

<latexit sha1_base64="SQrWb3iAaQG/LCkdp4SoVjXG9jE="></latexit>⌧C2

<latexit sha1_base64="JhzhjFtv9v29844jJzYUCqXU368="></latexit>⌧H2

<latexit sha1_base64="ICA0rzxMhe2srHnzfrqNRCnVOTo=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSinosePFYwbSFNoTNZtou3WzC7kapob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0sbm1vVPereztHxxW7aPjjkoyScGjCU9kLyQKOBPgaaY59FIJJA45dMPJzdzvPoBULBH3epqCH5ORYENGiTZSYFcHjywCzXgEuTcLGoFdc+rOAniduAWpoQLtwP4aRAnNYhCacqJU33VS7edEakY5zCqDTEFK6ISMoG+oIDEoP18cPsPnRonwMJGmhMYL9fdETmKlpnFoOmOix2rVm4v/ef1MD6/9nIk00yDoctEw41gneJ4CjpgEqvnUEEIlM7diOiaSUG2yqpgQ3NWX10mnUXcv6827Zq3VLOIoo1N0hi6Qi65QC92iNvIQRRl6Rq/ozXqyXqx362PZWrKKmRP0B9bnD98PkzE=</latexit>eU2

<latexit sha1_base64="jEvZQFsIu0/mznCCjHs7DTe0ua8="></latexit>⌧C1

<latexit sha1_base64="NgU2sODnG6HswaUz0sk/HMAu4BU="></latexit>⌧H1

<latexit sha1_base64="MN9siLdl4TYpGLzKZ8aCzplBBDk=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0mkqMeCF48VTFtoQ9hsJu3SzSbsbpQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MONMacf5ttbWNza3tis71d29/YOafXjUUWkuKXg05anshUQBZwI8zTSHXiaBJCGHbji+mfndB5CKpeJeTzLwEzIULGaUaCMFdm3wyCLQjEdQeNPADey603DmwKvELUkdlWgH9tcgSmmegNCUE6X6rpNpvyBSM8phWh3kCjJCx2QIfUMFSUD5xfzwKT4zSoTjVJoSGs/V3xMFSZSaJKHpTIgeqWVvJv7n9XMdX/sFE1muQdDFojjnWKd4lgKOmASq+cQQQiUzt2I6IpJQbbKqmhDc5ZdXSeei4V42mnfNeqtZxlFBJ+gUnSMXXaEWukVt5CGKcvSMXtGb9WS9WO/Wx6J1zSpnjtEfWJ8/3YuTMA==</latexit>eU1

<latexit sha1_base64="jEvZQFsIu0/mznCCjHs7DTe0ua8="></latexit>⌧C1

<latexit sha1_base64="NgU2sODnG6HswaUz0sk/HMAu4BU="></latexit>⌧H1

<latexit sha1_base64="MN9siLdl4TYpGLzKZ8aCzplBBDk=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0mkqMeCF48VTFtoQ9hsJu3SzSbsbpQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MONMacf5ttbWNza3tis71d29/YOafXjUUWkuKXg05anshUQBZwI8zTSHXiaBJCGHbji+mfndB5CKpeJeTzLwEzIULGaUaCMFdm3wyCLQjEdQeNPADey603DmwKvELUkdlWgH9tcgSmmegNCUE6X6rpNpvyBSM8phWh3kCjJCx2QIfUMFSUD5xfzwKT4zSoTjVJoSGs/V3xMFSZSaJKHpTIgeqWVvJv7n9XMdX/sFE1muQdDFojjnWKd4lgKOmASq+cQQQiUzt2I6IpJQbbKqmhDc5ZdXSeei4V42mnfNeqtZxlFBJ+gUnSMXXaEWukVt5CGKcvSMXtGb9WS9WO/Wx6J1zSpnjtEfWJ8/3YuTMA==</latexit>eU1

<latexit sha1_base64="SQrWb3iAaQG/LCkdp4SoVjXG9jE="></latexit>⌧C2

<latexit sha1_base64="JhzhjFtv9v29844jJzYUCqXU368="></latexit>⌧H2

<latexit sha1_base64="ICA0rzxMhe2srHnzfrqNRCnVOTo=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSinosePFYwbSFNoTNZtou3WzC7kapob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0sbm1vVPereztHxxW7aPjjkoyScGjCU9kLyQKOBPgaaY59FIJJA45dMPJzdzvPoBULBH3epqCH5ORYENGiTZSYFcHjywCzXgEuTcLGoFdc+rOAniduAWpoQLtwP4aRAnNYhCacqJU33VS7edEakY5zCqDTEFK6ISMoG+oIDEoP18cPsPnRonwMJGmhMYL9fdETmKlpnFoOmOix2rVm4v/ef1MD6/9nIk00yDoctEw41gneJ4CjpgEqvnUEEIlM7diOiaSUG2yqpgQ3NWX10mnUXcv6827Zq3VLOIoo1N0hi6Qi65QC92iNvIQRRl6Rq/ozXqyXqx362PZWrKKmRP0B9bnD98PkzE=</latexit>eU2

<latexit sha1_base64="wzMPD4uW2YGkXnNPnSF3Ho4+MkI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCFy9CC7YW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgQ/B+GbmPzyh0jyW92aSoB/RoeQhZ9RYqXnXL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpH1R9S6rtWatUq/lcRThBE7hHDy4gjrcQgNawADhGV7hzXl0Xpx352PRWnDymWP4A+fzB6PFjMw=</latexit>

M

<latexit sha1_base64="fc5gF34ZPZgx5nmicSLX0Alfpr0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9VjoxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8GkPvc7T6g0j+WDmSboR3QkecgZNVZq1gelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDOz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20ryveTaXarJZr1TyOApzDBVyBB7dQg3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBlJ2Mwg==</latexit>

C

<latexit sha1_base64="M6+OuIPNZ2Uy0gm1RhxCnHgSHHc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUrA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8m0q1WS3XqnkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBnDGMxw==</latexit>

H

<latexit sha1_base64="z/hAxnPlF6DEUUJT9ItH4zu9XFo=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NB8BR2Jah4CnjxIkQwD8iGMDvpJENmH8z0imGJF3/FiwdFvPoX3vwbJ8keNLGgoajqnukuP5ZCo+N8W7ml5ZXVtfx6YWNza3vH3t2r6yhRHGo8kpFq+kyDFCHUUKCEZqyABb6Ehj+8mviNe1BaROEdjmJoB6wfip7gDI3UsQ88hAdM4vSG8YF5Q1/SsecDso5ddErOFHSRuBkpkgzVjv3ldSOeBBAil0zrluvE2E6ZQsEljAteoiFmfMj60DI0ZAHodjq9YEyPjdKlvUiZCpFO1d8TKQu0HgW+6QwYDvS8NxH/81oJ9i7aqQjjBCHks496iaQY0UkctCsUcJQjQxhXwuxK+YApxtGEVjAhuPMnL5L6ack9K5Vvy8VKOYsjTw7JETkhLjknFXJNqqRGOHkkz+SVvFlP1ov1bn3MWnNWNrNP/sD6/AHFY5cO</latexit>

Machines: �

<latexit sha1_base64="+gXqK3SVYqqfCOuBiG9DEJwwUO8=">AAACBnicbVDLSgMxFM34rPVVdSlCsAiuyowUFVcFNy4r2Ad0Ssmkd9rQZGZI7ohl6MqNv+LGhSJu/QZ3/o3pY6GtBwKHc85Nck+QSGHQdb+dpeWV1bX13EZ+c2t7Z7ewt183cao51HgsY90MmAEpIqihQAnNRANTgYRGMLge+4170EbE0R0OE2gr1otEKDhDK3UKRz7CA6ZJZqNdqhjv24vMFR35ASDrFIpuyZ2ALhJvRopkhmqn8OV3Y54qiJBLZkzLcxNsZ0yj4BJGeT81kDA+YD1oWRoxBaadTdYY0ROrdGkYa3sipBP190TGlDFDFdikYtg3895Y/M9rpRhetjMRJSlCxKcPhamkGNNxJ7QrNHCUQ0sY18L+lfI+04yjbS5vS/DmV14k9bOSd14q35aLlfKsjhw5JMfklHjkglTIDamSGuHkkTyTV/LmPDkvzrvzMY0uObOZA/IHzucPWsqZAg==</latexit>

Cold machines: �

<latexit sha1_base64="fc1OQb3F6Myiebitgcvzdbrkmpc="></latexit>

Hot machines: �H

FIG. 2. Framework. A system S is cooled via sequential interac-
tions with a system M comprising N machines. The interaction
is described by a collision model that is ensured to be Markovian
by discarding used machines between steps. In the coherent-control
setting (top panel), arbitrary unitaries Ui can be implemented be-
tween S and the machines, which are each initially in thermal states
τMi

(β,HMi
). In the incoherent-control setting (bottom panel), the

cooling system M is split into a hot (H) and cold (C) system, at
inverse temperatures βH and β, respectively. Again, each machine
is endowed with its own Hamiltonian HXi

for X ∈ {C,H}; in the
incoherent-control setting, the unitaries are restricted to be energy
conserving, i.e., [Ũi, HS + HCi

+ HHi
] = 0. Moreover, we allow

repeated interactions between the target and copies of each hot and
cold machine, which we refer to as a stage (grey dashed outline). In
both settings, the energy cost is associated to the change in energy of
the appropriate cooling system, i.e., ∆EX for X ∈ {M,C,H}.

linked to the protocol’s execution, such as the interaction
range k, total duration (represented by N for fixed k), and the
dissipated heat ∆EM .

Type of Control.—We consider two extremal control
paradigms: coherent and incoherent. Coherent control per-
mits drawing upon a work source to implement any system-
machine unitary. In contrast, incoherent control relies upon
energy-conserving unitaries between the target system and
machines at different temperatures [8, 20, 21]. The former
corresponds to the highest level of control in a thermodynamic
setting, whereas the latter assumes less control, only requiring
interaction Hamiltonians to be switched on and off to induce
transitions. The settings of heat-bath algorithmic cooling [22–
28] and of autonomous cooling [29–35] are contained within
the coherent and incoherent control paradigms, respectively.
Cooling Schemes.—We now define the concept of a cooling
scheme, encompassing all aforementioned dependencies.

Definition 1. A cooling scheme is defined by the tuple:
(B,S ,C ,T ). Here, B denotes the boundary conditions of
the problem, namely, the initial and final temperature of the
target system. The structural resources S comprise β, HX ,
and dX , i.e., the initial temperature, Hamiltonians, and dimen-
sions of all systems. The control resources C encompass the
total number N of machines, the interaction range k, and the
energy cost ∆EM . Finally, the type T indicates whether the
procedure operates within the coherent or incoherent setting.
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Two remarks are in order. First, not all tuples correspond to
physically implementable cooling schemes, given that for ei-
ther type T certain combinations of structural S and/or con-
trol resources C may render certain boundary conditions B
unattainable. Notably, Nernst’s third law of thermodynam-
ics and Landauer’s bound exemplify instances where particu-
lar resource configurations preclude specific boundary condi-
tions. Concretely, Nernst’s law states that infinite resources
are required to prepare a pure state [36–38]; in our con-
text, an infinitely large energy gap in the machine is neces-
sary [6, 8, 20]. Similarly, Landauer’s bound establishes that
the entropy of the target system cannot be reduced by ∆̃S :=
S(ϱS)− S(ϱ′S) via interactions with a thermal machine with-
out incurring an energetic cost of at least1 β∆EM [1, 5, 6, 39].
Delineating the boundary of achievable cooling procedures
for different resource configurations represents a significant
open problem [7, 8].2 Here, we focus on achievable schemes,
optimising over specific resources to attain effective cooling
procedures. Second, a cooling scheme does not correspond
to a unique sequence of applied operations: Different control
sequences may yield identical thermodynamic behaviour. We
focus on protocols that impact the thermodynamics, neglect-
ing coherences and correlations potentially introduced by cer-
tain operations to ensure maximal resource efficiency [40–42].

III. THERMODYNAMIC GEOMETRY

We now analyse the impact of structural resources for fixed
control complexity in the finite-resource regime. Here struc-
tural complexity is determined by the energy-level structure of
machines and control complexity quantifies the number of in-
volved systems in each collision. As demonstrated in Ref. [8],
infinite resources permit perfect cooling of the target system
to its ground state with Landauer’s energy cost; in particular,
a machine of infinite structural complexity, i.e., with a diverg-
ing number of distinct energy gaps, is necessary. Given our
restriction to finite resources, we aim to bound the cooling ef-
fectiveness and energy costs for Markovian collision models.

We seek the optimal energy-level structure of machines and
interactions to minimise the energy cost of a cooling scheme
characterised by fixed control complexity and finite duration.
Specifically, we assume the ability to implement N unitary
interactions, each of fixed complexity, between the target sys-
tem and fresh machines. Recall that the objective is to take the
target from an initial state τS(β,H) to a state τS(βf := λβ,H)
with lower temperature, i.e., λ > 1. By fixed complexity, we
refer to the use of (finitely many) k-partite unitaries involving
the target and k − 1 fresh machines in each step (for finite k).
We quantify the duration of the protocol via the number of op-
eration steps N . Our first goal is to identify the optimal set of
machine Hamiltonians {HMi

}i that minimises the dissipated

1 Throughout, we denote the decrease of a quantity by ∆̃.
2 Although Ref. [18] explored the relationship between control complexity

and time in the finite-resource regime, it did not consider energy cost.

heat throughout the protocol. To achieve this objective, we
leverage the concept of thermodynamic length [9, 11, 43, 44].

To this end, consider a path in Hamiltonian space H(t) pa-
rameterised by t ∈ [0, 1]. The thermodynamic length associ-
ated to such a path is given by3

L :=

∫ 1

0

√
covt

(
Ḣ(t), Ḣ(t)

)
dt. (2)

where Ḣ(t) := ∂tH(t) and

covt(A,B) := tr [Jt(A)B]− tr [ϱA] tr [ϱB] , (3)

with Jt(A) :=
∫ 1

0
τ(β,H(t))1−xAτ(β,H(t))x dx. The

length squared L2 is related to the dissipated heat or excess
work when slowly driving H(t) whilst in contact with a bath
at inverse temperature β [10–12]. The minimal length con-
necting two endpoints then corresponds to the minimal dissi-
pation along a path in the Hamiltonian space and is found by
the solving the geodesic equations; for the form (2), an ana-
lytic solution is known [45].

We aim to exploit the framework of thermodynamic geom-
etry, typically employed in slowly driven systems [46–50], to
bring new insights to our question of interest: Given the abil-
ity to apply N unitary interactions (of fixed complexity k) be-
tween system and machines, what is the optimal energy-level
distribution of the machines for cooling the target system?

IV. COHERENT CONTROL

In the coherent-control setting, given infinite resources, the
Landauer bound sets the ultimate limit on cooling. Our first
focus is to examine the role of finite structural complexity in
said scenarios. Specifically, we strive to identify the structural
complexity that minimises the energy cost when the system is
cooled via a sequence of N<∞ bipartite (k=2) interactions.

Theorem 1. In the coherent-control setting, given a qudit sys-
tem with Hamiltonian H , the minimum energy cost of cool-
ing from a thermal state τS(β, H) to τS(λβ,H) using swaps
between the system and a fresh qudit machine with arbitrary
Hamiltonian at each of the N steps, is given by

β∆EM = ∆̃SS +
β2

2N
(L∗)2 +O(N−2), (4)

where L∗ is the minimal thermodynamic length [44, 45]:

L∗ = 2arccos
(
tr
[√

τS(β, H)
√
τS(λβ,H)

])

= 2arccos

(
Z(β(1 + λ)/2)√

Z(β)Z(λβ)

)
. (5)

3 This length corresponds to discrete processes, which can be directly con-
nected to the discrete-time Markovian collision models considered here;
see the review article [44] for a characterisation of thermodynamic length
for generic dynamical processes.
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Sketch of proof. The proof, fully detailed in Appendix A, is
based on the equality form of Landauer’s bound [6]:

β∆EM = ∆̃SS + I(S :M)ϱ′
SM

+D(ϱ′M ∥τM(β)), (6)

which holds for any transformation described by
Eq. (1) such that the entropy of the target changes
from S(ϱS) to S(ϱ′S) = S(ϱS) − ∆̃SS . Here,
I(X :Y )ϱXY

:= S(ϱX)+S(ϱY )−S(ϱXY ) is the quantum mu-
tual information and D(ϱX∥ϱY) := tr [ϱX(log ϱX − log ϱY)]
is the quantum relative entropy. The proof then proceeds
in two steps: First, the bipartite interactions are chosen
to be swaps between the qudit system and each of a se-
quence of qudit machines with increasing energy gaps,
such that no correlations are built up between S and M as
the system is cooled, i.e., I(S : M)ϱ′

SM
= 0. Then, the

relative-entropy term is minimised; for the sequence of swap
operations considered, the relative entropy has the tight lower
bound β2

2N (L∗)2+O(N−2), and we thus assert the claim.

To summarise, having fixed the parameters dX < ∞,
N < ∞, and k = 2, but not the structural complexity, i.e., the
machine Hamiltonians {HMi

}i, of a coherent-control cooling
scheme, we have optimised the remaining control-resource
parameter, namely the energy cost ∆EM . In the case of qubit
target and machines, we show that such swaps indeed consti-
tute the optimal interaction (see Appendix A 1) and derive the
Hamiltonian that saturates Eq. (4) (see Appendix A 2), thereby
providing the optimal cooling scheme with respect to heat dis-
sipation in the case of qubits. In Fig. 3, we compare this op-
timal protocol with other known coherent cooling schemes to
demonstrate its effectiveness. Although the optimal energy
structure in the case of swaps for higher dimensions is given
by Eq. (5), determining the optimal operation in general re-
mains an open problem.

Moreover, two comments regarding optimality are in order.
First, we are assuming that the cooling procedure is Marko-
vian, i.e., that the machines are completely refreshed between
steps of controlled evolution. In this setting, creating cor-
relations costs energy [40–42], which implies that the opti-
mal scheme should minimise the correlations built up between
system and machines [51, 52]. However, in a non-Markovian
setting, correlations could potentially be used in later steps to
lower the energy cost or improve performance [18, 53, 54].
Second, there is a non-zero energy cost for creating coher-
ences [55]. Since we assume an initial state that is diagonal
in the energy eigenbasis, this implies that the optimal cooling
scheme must only permute populations of energy eigenstates,
but for general initial states this need not be the case.

V. INCOHERENT CONTROL

We now consider the same question within the incoherent-
control setting. In contrast to the coherent-control setting,
all heat and entropy flows now occur solely by coupling the
target system to a hot (H) and cold (C) machine, leading to
an energy-conserving transformation overall. Beginning with

FIG. 3. Cooling with Coherent Control. Here we plot the dissipa-
tion when coherently cooling a qubit target with energy gap ES = 1
from β = 10−8 to βf = 10 (i.e., λ = 109) via a sequence of bi-
partite interactions with N machine qubits. We compare three dif-
ferent cooling procedures that depend on the energy-level structure
{HMi}i: TL corresponds to the optimal protocol deduced from the
thermodynamic length (see Theorem 1); RW corresponds to the pro-
tocol from Ref. [6] where machine energy gaps change linearly; SSP
corresponds to the protocol from Ref. [56] where the machine qubits’
excited state populations change linearly.

ϱSCH = τS(β) ⊗ τC(β) ⊗ τH(βH), where βH < β, the con-
sidered evolution leads to the output state ϱ′SCH = ŨϱSCHŨ

†,
where [Ũ ,HS +HC +HH ] = 0 encodes energy conservation.

In this setting, the Landauer bound is unattainable; instead,
the ultimate limit is given by the Carnot-Landauer bound [8]

∆F β
S + η∆EH ≤ 0, (7)

which follows from the equality form

∆F β
S + η∆EH = −β−1[∆SS + ∆SC + ∆SH (8)

+ D(ϱ′C∥τC(β)) + D(ϱ′H∥τH(βH))].

Here, we have introduced the free energy F β
X (ϱ) := tr [HXϱ]−

β−1S(ϱ) and the Carnot efficiency η := 1− βH/β ∈ [0, 1].
In a similar vein to the coherent-control scenario, we wish

to bound the right-hand side of Eq. (8) for any finite-resource
implementation, and ideally identify a protocol that saturates
this bound. However, a number of problems immediately
arise in the incoherent-control scenario, since one is restricted
to the orbit of energy-conserving unitaries, i.e., Ũ such that
[Ũ ,HS + HC + HH ] = 0. This constraint implies that
the relative-entropy terms cannot be bounded simply by the
thermodynamic length, which was possible in the coherent-
control setting because the full swap led to a straightforward
expression in terms of a sequence of relative-entropy terms
applied to the chain of machines. Here, such a swap is pro-
hibited by energy conservation. We now present an attainable
energy bound for finite-resource cooling with incoherent con-
trol, which is generally optimal for qubits, and optimal for
qudits within the considered class of interactions, in analogy
to Theorem 1 in the coherent-control setting.

Theorem 2. In the incoherent-control setting, given a qu-
dit system with Hamiltonian H , the minimum energy cost for
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cooling from a thermal state τS(β, H) to τS(λβ,H), by using
particular tripartite (energy-conserving) interactions between
the system and two fresh qudit machines at inverse tempera-
ture β (cold) and βH ≤ β (hot), respectively, with arbitrary
Hamiltonians in the limit of infinite steps but with N< ∞ dis-
tinct energy gaps, is given by

∆F β
S + η∆EH = − β

2N
(L∗)2 +O(N−2). (9)

Sketch of proof. The proof, presented in Appendix B, is
fundamentally different to its coherent-control counterpart.
In the constructive direction, we propose a cooling scheme
comprising interactions that exchange populations amongst
levels |i, i+ 1, i⟩SCH ↔ |i+ 1, i, i+ 1⟩SCH . The energy-
conserving nature allows us to calculate the energy cost per
population transfer, which is related to the relative entropy
between the initial and final states of the virtual-qubit sub-
spaces of the hot-and-cold machine that permit cooling. We
finally bound this quantity by the thermodynamic length.

For qudits, it is not clear that the form of energy-conserving
interactions considered here are optimal; nonetheless, within
this family, we present a cooling scheme that attains the en-
ergy cost of Eq. (9) and saturates the Carnot-Landauer bound
in the limit of infinitely many distinct energy gaps, i.e., di-
verging control complexity. In the special case of cooling a
qubit target with (hot and cold) qubit machines, we show that
the 3-cycle |010⟩SCH ↔ |101⟩SCH is indeed optimal. This is
because for any fixed set of energy gaps, the family of energy-
conserving unitaries on three qubits that permit cooling with-
out creating coherences or correlations must be of this form,
and thus we can cover the entire orbit of unitaries in ques-
tion. Such operations can be considered as a virtual swap
between the target and the virtual qubit subspace of the ma-
chine spanned by {|01⟩CH , |10⟩CH}. In general, since such a
subspace has norm strictly less than one, each such virtual
swap will lead to the system qubit being at strictly higher
temperature than the virtual qubit. However, in the limit of
infinitely many repetitions, the temperature of the system’s
qubit subspace of interest converges to the virtual tempera-
ture of the machine-qubit subspace [20, 21]. As we are inter-
ested in finite resources, we assume that one performs a finite
but sufficiently large number of virtual swaps so that the error
is within specified tolerances. The relative entropy term that
governs the finite-cooling behaviour here (and which leads to
the thermodynamic-length term) concerns the initial and fi-
nal thermal states of the machine at the corresponding virtual
temperature defined by the qubit subspace in question. Imple-
menting the protocol that swaps the target successively with
appropriately chosen virtual qubits of the machine in each
stage minimises the thermodynamic length and therefore pro-
vides the optimal incoherent cooling procedure.

VI. THE ROLE OF CORRELATIONS IN THE
INCOHERENT COOLING SETTING

The constraint of energy conservation fundamentally dis-
tinguishes the paradigms of coherent and incoherent control.
In the latter setting, the virtual subspaces spanned by the hot-
and-cold machines significantly influence the performance of
a cooling scheme, rather than the state of the machine per se.
This suggests that correlations play a dominant role in the
incoherent-control setting; we now formalise this intuition.

Theorem 3. For any incoherent-control cooling scheme, the
sum of free energy differences ∆F β

X (with respect to the in-
verse temperature β) is bounded by the sum of generated cor-
relations ∆Iα,

∑

X∈{S,C,H}

∆F β
X ≤ − 2

3β
−1
∑

α

∆Iα, (10)

where α ∈ {SC, SH,CH}, and IXY := I(X :Y )ϱXY
is the

quantum mutual information.

A proof is given in Appendix C. This bound has interesting
implications. For instance, a priori, in the incoherent control
setting, the only claim that one can deduce regarding the free
energy change of the hot machine is that ∆F β

H ≤ 0, which
follows from the fact that both the system and cold machine
begin in thermal states at inverse temperature β. However,
using the relation β∆F β

X = D(ϱ′X∥τX(β)) for X ∈ {S,C},
we can derive the tighter bound

β∆F β
H ≤ − 2

3

∑

α

∆Iα −D(ϱ′S∥τS(β))−D(ϱ′C∥τC(β)) ≤ 0,

(11)

where the second inequality follows from the non-negativity
of both the mutual information and the relative entropy.

VII. CONCLUDING DISCUSSION

Efficiently cooling quantum systems in practice requires
optimising machines and interactions over a complicated set
of resource constraints. Here, we have made a multifaceted
initial foray into the problem. We first formalised the notion
of a cooling scheme in terms of a universal definition that cap-
tures all relevant dependencies and permits a fair comparison
amongst different procedures in arbitrary settings. Second, for
the case of fixed control complexity, we demonstrated simple
protocols that asymptotically saturate the ultimate bounds and
dissipate minimal heat in the regime of many (but nonethe-
less finite) machines, both for coherent and incoherent con-
trol. Furthermore, we demonstrated the optimality of these
protocols in the case of qubits. Our main technical contri-
bution links the geometric concept of thermodynamic length
with Markovian collision models, providing a new link be-
tween methods employed in quantum thermodynamics and in-
formation theory. Finally, we analysed the crucial role of cor-
relations in the incoherent-control setting, deriving a bound
on free-energy differences in terms of correlations.
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Looking forwards, deriving optimal cooling schemes for
higher-dimensional systems, as well as the protocols that sat-
urate the correlation bounds in the incoherent-control set-
ting, remain important open problems. Yet, like other higher-
dimensional problems at the intersection of thermodynamics
and information theory (e.g., that of symmetrically thermal-
ising unitaries [42]), general solutions and optimality proofs
may be difficult to obtain due to the large parameter spaces in-
volved. In light of this observation, more pragmatic platform-
specific approaches may be called for, and we hence envis-
age future attempts to address such questions to be tailored to
more particular (experimental) setups.
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APPENDICES

Appendix A: Optimal and efficient cooling with coherent control (Proof of Theorem 1)

Proof. (Theorem 1). Let S be a qudit of dimension d with a local Hamiltonian HS and let M be a system of dimension dM = dN

with Hamiltonian HM =
∑N

n=1 1
⊗(n−1)
d ⊗HMn

⊗ 1
⊗(N−n)
d where HMn

=
∑d

i=1 E
(in)
Mn

|in⟩⟨in|. The joint system consisting of
S and M begins in the state τS(β)⊗ τM(β) and undergoes a unitary process U , i.e.,

ϱ′SM = U [τS(β)⊗ τM(β)]U†. (A1)

Our goal is to perform the transformation τS(β) → τS(βf), where βf > β (cooling). The energy cost of the transformation
specified by U is given by ∆E = ∆ES + ∆EM with ∆EX := tr [HX(ϱ

′
X − τX(β))]. Since ∆ES is fixed by the boundary

conditions, we focus on quantifying ∆EM .
To prove the constructive direction of Theorem 1, we choose the unitary transformation

U = S1S2 . . . SN , (A2)

where Sn is a unitary operator swapping the machine subsystem Mn with the target S. In Appendix A 1, we will demonstrate
that, for any cooling scheme that is implemented via a Markovian collision model, such a sequence of swap operations is optimal
whenever all systems involved are qubits. The above transformation maps τS(β)⊗ τM(β) to τS(β

′)⊗ ϱ′M where

τM(β) = τM1
(β)⊗ τM2

(β)⊗ . . .⊗ τMN
(β), ϱ′M = τM0

(β)⊗ τM1
(β)⊗ . . .⊗ τMN−1

(β), (A3)

and we have defined τM0
(β) := τS(β). The energy cost of any globally unitary cooling scheme with a thermal machine is [6]

β∆EM = ∆̃SS + I(S :M)ϱ′
SM

+D(ϱ′M ∥τM(β)). (A4)

Due to our specific choice of U we have I(S :M)ϱ′
SM

= 0 and furthermore D(ϱ′M ∥τM(β)) =
∑N

n=1 D(τMn
(β)∥τMn+1

(β)).
The two thermal states τMn+1

(β) and τMn
(β) are related via

τMn+1
(β) = τMn(β)− βJn[∆n(∆HMn)], (A5)

where we have introduced

∆HMn
:= HMn+1

−HMn
, (A6)

∆n(X) := X − tr [τMn
(β)X] , (A7)

and the operator Jn[·] := JτMn (β)[·] with Jϱ[A] :=
∫ 1

0
ϱ1−xAϱx dx. We now observe that for any density matrix ϱ and traceless

operator θ one can perturbatively expand the relative entropy as

D(ϱ+ ϵθ∥ϱ) = ϵ2

2
tr
[
θJ−1

ϱ (θ)
]
+O(ϵ3), (A8)

where J−1
ϱ is an operator formally defined as J−1

ϱ [A] :=
∫∞
0

(ϱ+x 1)−1A(ϱ+x 1)−1 dx, such that it satisfies J−1
ϱ [Jϱ[A]] = A.

By performing the perturbative expansion from Eq. (A8) on D(τMn
(β)∥τMn+1

(β)) and invoking Eq. (A5), we obtain

D(τMn
(β)∥τMn+1

(β)) =
β2

2
tr [Jn[∆n(∆HMn

)]∆HMn
] . (A9)

With this, we can now write

D(σM ∥τM(β)) =

N∑

n=1

D(τMn(β)∥τMn+1
(β))

=
β2

2N

N−1∑

i=0

1

N
tr
[
Jn[∆n(ḢMn

)]ḢMn

]
+O(N−2)

=
β2

2N

∫ 1

0

tr
[
Jt[∆t(Ḣt)]Ḣt

]
dt+O(N−2)

=
β2

2N

∫ 1

0

covt(Ḣt, Ḣt) dt+O(N−2)

≥ β2

2N
L2 +O(N−2), (A10)
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where we have defined ḢMn via ∆HMn = 1
N ḢMn +O(N−2) in the second line. In the third line we used the fact that N ≫ 1

and introduced a parameter t with dt = 1/N which allowed us to replace the summation with an integral up to an error of
O(N−2). In the fourth line we introduced covt(A,B) := tr [Jt(A)B] − tr [ϱA] tr [ϱB]. Finally, in the last line we introduced
the thermodynamic length, i.e.,

L :=

∫ 1

0

√
covt(Ḣt, Ḣt) dt. (A11)

The inequality in Eq. (A10) is saturable, i.e., there exists a protocol that achieves equality. To derive this, we first parameterise

Ht = H0 +

d∑

i=1

ξi(t)Xi, (A12)

where {Xi}di=1 is an operator basis in the d-dimensional Hilbert space. The optimal trajectory {ξi(t)}di=1 minimising the
thermodynamic length L can be found by solving the Euler-Lagrange equations:

∂L
∂ξi

=
d
dt

∂L
ξ̇i

for i = 1, . . . , d. (A13)

Consequently the energy change of the machine M in the optimal protocol is given by

β∆EM = ∆̃SS +
β2

2N
(L∗)2 +O(N−2), (A14)

where L∗ is the thermodynamic length computed for the optimal trajectory (geodesics) {ξ∗i (t)}di=1, i.e., the solution to Eq. (A13).

1. Optimality of the sequence of swap operations for cooling a qubit target via a Markovian collision model with qubit machines

Above we have provided a constructive cooling scheme that results in an energy cost given by Eq. (A14) for arbitrary
systems and thermal machines. In the case where the system-machine interactions consist of a sequence of swap gates, the
thermodynamic-length trajectory defined as the solution to Eq. (A13) is optimal. To prove optimality in general we must now
argue that the sequence of swap operations assumed at the outset in Eq. (A2) is indeed optimal in terms of heat dissipation
amongst all possible unitary transformations that achieve a desired amount of cooling.

Concretely, the question is: For a given initial and final state of the target system, related by a unitary evolution with a
thermal machine state, what is the transformation that achieves the desired transformation whilst dissipating the least heat?
More formally, consider a target system initially in the state ϱS . The task in any single step of the cooling procedure is to
transform it to some final state ϱ′S according to

ϱ′S = tr
M

[
U(ϱS ⊗ τM(β,HM))U†] . (A15)

We aim to do so in such a way as to minimise the dissipated heat

∆EM = tr [HM(ϱ′M − τM(β,HM))] , (A16)

where

ϱ′M = tr
S

[
U(ϱS ⊗ τM(β,HM))U†] . (A17)

We seek the combination of U and HM that achieves a given transformation ϱS 7→ ϱ′S according to Eq. (A15) and that minimises
Eq. (A16). This can be formally cast as the following optimisation problem:

given: ϱS, ϱ
′
S, β

minimise: tr
[
HM{tr

S

[
U(ϱS ⊗ τM(β,HM))U†]− τM(β,HM)}

]

subject to: ϱ′S = tr
M

[
U(ϱS ⊗ τM(β,HM))U†] . (A18)

The free variables here are U and HM , thereby constituting a double optimisation problem. Although the cost function to be
minimised is linear in U , it is manifestly nonlinear in HM , which appears once as a linear factor and once implicitly as an
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FIG. 4. Comparison of the thermodynamic-length protocol with numerical optimisation. We plot the dissipation β∆EM − ∆̃SS as a function
of the number of machine qubits N for (a) qubit, (b) qutrit and (c) ququart target systems. While our numerical SQP approach is not guaranteed
to yield the optimal solution, we readily see that the values obtained are very close to those of the thermodynamic-length protocol.

exponential term via τM(β,HM). Such a highly nonlinear form means that many standard optimisation methods, such as those
used for linear or quadratic problems, are not suitable.

In order to proceed further, note that we can recast the optimisation problem (A18) into a simpler vectorised form as fol-
lows. Let ω⃗M := (ω0, . . . , ωdM−1) be the 1 × dM row vector of energy eigenvalues and ν⃗SM := (ν0, . . . , νdSdM−1) =

(λ0µ0, λ0µ1, . . . , λ0µdM−1, λ1µ0, . . . , λdS−1µdM−1) =: λ⃗S ⊗ µ⃗M be the dSdM × 1 column vector of initial global state spec-
trum, where λ⃗S := (λ0, . . . , λdS−1) and µ⃗M := (µ0, . . . , µdM−1) describe the initial spectra of the system and machine states,
respectively. We also define TS to be the dM×dSdM (fixed) matrix that corresponds to tracing out the system degrees of freedom,
and TM to be the dS ×dSdM (fixed) matrix that corresponds to tracing out the machine degrees of freedom. The matrix A, where
Aij := |Uij|2, is a special form of doubly stochastic dSdM × dSdM matrix that corresponds to the action of a unitary operation
that acts sequentially on the target system and each of the machine subsystems. With this, the optimisation problem (A18) takes
the form:

given λ⃗S, λ⃗
′
S, β

minimise ω⃗M · (TS ·A · ν⃗SM − ν⃗SM)

subject to λ⃗′
S = TM ·A · ν⃗SM . (A19)

This non-linear optimisation problem can be heuristically solved using a sequential quadratic programming (SQP) algorithm.
Although this approach is not guaranteed to yield the global optimum, in many cases it provides a very good solution, as we
highlight in Fig. 4. Notably, our numerical analysis suggests that the thermodynamic-length protocol may indeed be optimal for
general d-dimensional systems: We observe that as N increases and thus first-order corrections in Eq. (4) become dominant, the
dissipation obtained in the protocol found by numerical optimisation converges to that found using the thermodynamic-length
approach.

In the special case of a qubit target interacting with qubit machines, we can nonetheless analytically prove optimality of the
sequence of swap operations, as we now demonstrate.

Qubit-qubit case.—One of the key difficulties in analytically solving this optimisation problem lies in characterising the
conditions for which a given transformation ϱS 7→ ϱ′S is possible. Fortunately, for the case of a qubit target interacting with qubit
machines dS = dM = 2, we can precisely characterise such states via the following lemma.

Lemma 1 (Refs. [20, 21]). For given qubit states ϱS and σM such that ϱS ≺ σM , all achievable marginals from a global unitary
evolution U satisfy

1

2
≺ trS/M [U(ϱS ⊗ σM)U†] ≺ σM . (A20)

Since any pair of qubit states admits a majorisation relation between them, the above condition fully characterises the set of
achievable transformations. Thus, a qubit-to-qubit transformation ϱS = diag(λ, 1−λ) 7→ ϱ′S = diag(λ′, 1−λ′), where λ′ ≥ λ,
is possible via Eq. (A15) if and only if

ϱ′S ≺ τM(β,HM). (A21)
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There is an entire family of thermal states that majorise ϱS , namely any that have ground-state population larger than that of
the final state; from any of these, one can achieve the desired ϱ′S . Given that the target system and machine begin at the same
temperature and both of their ground-state energies are set to zero without loss of generality, said family of thermal states is
characterised by ωM ≥ ωS , where ωX denotes the energy gap of the system with Hamiltonian HX .

The question is now reduced to: What is the optimal global operation (in the sense of minimising the dissipated heat) to
apply to a thermal machine state of this form in order to achieve the desired transformation? Since creating correlations and
coherences both incur energy costs [40–42], we must consider the parameterised family of probabilistic swap operations, i.e.,

U = q S+ (1− q)11, (A22)

where q ∈ [0, 1] and S and 11 denote the swap and identity operators, respectively. This is the most general form of operations
between diagonal states that do not create any correlations or coherences in the marginals. In terms of the vectorised formulation
of the problem [see (A19)], this family of operations corresponds to the matrix

A =




1 0 0 0

0 1− q q 0

0 q 1− q 0

0 0 0 1



. (A23)

Let the initial state of the target system correspond to λ⃗S = (λ, 1 − λ) and that of the machine to µ⃗M = (µ, 1 − µ), where
µ = (1 + e−βωM )−1. The general form of the global vector ν⃗SM after the probabilistic swap operation is

ν⃗ ′
SM =




λµ

(1− q)λ(1− µ) + q(1− λ)µ

qλ(1− µ) + (1− q)(1− λ)µ

(1− λ)(1− µ)



. (A24)

The final ground-state population of the target λ′ = ν⃗ ′
0 + ν⃗ ′

1 is thus

λ′ = qµ+ (1− q)λ. (A25)

The dissipated heat is given by the machine energy gap multiplied by the change in the excited-state population of the machine

∆EM = ωM(µ− µ′) = ωM [µ− λµ− qλ(1− µ)− (1− q)(1− λ)µ] = ωM [q(µ− λ)] =: ωM∆p, (A26)

where ∆p represents the population exchanged via the transformation. Note that this quantity, which is a function of both the
probability of swapping q and the machine energy gap (implicitly via µ), is fixed by the given initial and final states of the target
system. Thus, minimising the energy cost per population exchange for a given transformation ϱS 7→ ϱ′S , amounts to minimising
ωM . In other words, the transformation should be implemented using the smallest energy gap in the machine; based on Eq. (A20),
the smallest gap that permits the desired transformation is precisely τM(β, ωM) = τS(βf , ωS). This gives us the optimal initial
state of the machine. It is straightforward to see that the desired transformation of the target system is then obtained via the
unitary that performs a complete swap, i.e., q = 1.

2. Coherent-control scenario (explicit geodesic solution for the case of a qubit target system)

We now present the explicit geodesic solution for the case where the system is a qubit (i.e., dS = 2). In this case we can
parameterise the Hamiltonian from Eq. (A12) as Ht = H0 + ξtX , where ξt ∈ [0, 1] is a continuous function of t and X is a
Hermitian operator. Without loss of generality we can assume H0 and X to be of the form

H0 = 0 and X =

[
0 0

0 1

]
, (A27)

which greatly simplifies the analysis. Our goal is to find a family of functions ξt that minimises the thermodynamic-length
functional L from Eq. (A11). More specifically, using the parameterisation from Eq. (A27), the thermodynamic length L can be
written as

L =

∫ 1

0

√
ξ̇tm(ξt)ξ̇t dt, (A28)
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where m(ξt) is a metric given by m(ξt) = tr
[
X2τt(ξt)

]
− tr [Xτt(ξt)]

2
= eβξt(1 + eβξt)−2, where τt(ξt) :=

e−β(H0+ξtX)/tr[e−β(H0+ξtX)]. The optimal path can now be found by solving the Euler-Lagrange equation

∂L
∂ξt

=
d
dt

∂L
ξ̇t

. (A29)

This leads to an equation of the form ξ̈t + Γtξ̇
2
t = 0, where Γt is a Christoffel symbol. In our case, we can explicitly write

Γt =
1

2m(ξt)

∂m(ξt)

∂ξt
. (A30)

Using our expression for the metric we can solve the above equation for Γt, which leads to Γt = − 1
2 tanh(

ξt
2 ). With this, we

can now solve Eq. (A29) for ξt, which yields

ξt = 2arcsinh

[
tan

(
c1(t+ c2)

2

)]
, (A31)

where c1, c2 ∈ R are constants that depend on the boundary conditions of the cooling scheme, i.e., the initial and final temper-
ature of the target system. For concreteness, suppose we choose β and βf such that the initial state of the system is given by
ϱS = diag(1−p, p) and the final one by ϱ′S = diag(1− q, q), where p, q ∈ [0, 1]. Due to our discretisation, the time parameter is
given by t = i/N , where i labels the machine qubit Mi and N is the total number of machine qubits. In this case, the boundary
conditions for the trajectory ξt are ξ0 = − 1

β log
[

p
1−p

]
and ξ1 = − 1

β log
[

q
1−q

]
.

Appendix B: Incoherent-control scenario (Proof of Theorem 2)

We now move to analyse the previously discussed question with respect to the incoherent-control setting. In contrast to that of
coherent control, here all heat and entropy flows occur due to the coupling of the target system to a hot (H) and cold (C) machine,
leading to an energy-conserving transformation overall. Beginning with the joint state ϱSCH = τS(β)⊗ τC(β)⊗ τH(βH), where
βH ≤ β, the induced evolution leads to the output state ϱ′SCH = ŨϱSCHŨ

†, where [Ũ ,HS +HC +HH ] encodes the conservation
of energy.

The efficient incoherent cooling scheme that we present is formalised in Theorem 2 of the main text, which provides a bound
for the heat drawn from the hot bath. Additionally, we can make a similar statement for the heat dissipated into the cold bath.
The restated theorem below encompasses both results.

Theorem 4. In the incoherent-control setting, the minimum energy cost for cooling a qudit system with Hamiltonian H from
a thermal state τS(β, H) to τS(λβ,H), by using particular tripartite (energy-conserving) interactions between the system and
two fresh qudit machines at inverse temperature β (cold) and βH ≤ β (hot), respectively, and with arbitrary Hamiltonians with
N< ∞ distinct energy gaps but in the limit of infinite steps, is given by

β∆EC = −(γ + 1)∆SS +
(γ + 1)β2

2N
(L∗)2 + γβ∆ES +O(N−2), (B1)

where γ := βH

β−βH
, and L∗ is the thermodynamic length computed for the optimal trajectory (geodesics) {ξ∗i (t)}Ni=1 which is the

solution to Eq. (A13). Since the protocol considered is energy conserving, one can write ∆EC in Eq. (B1) in terms of the energy
changes of S and H , i.e., ∆EC = −∆ES − ∆EH , from which it follows that

∆F β
S + η∆EH = − β

2N
(L∗)2 +O(N−2), (B2)

where ∆F β
X := ∆EX −β−1∆SX and η := 1−βH/β = (γ+1)−1. For qubit target systems interacting with qubit hot and cold

machines, the interactions considered are optimal in general.

As a side remark, note that when γ → 0, i.e., in the limit of an infinite-temperature hot bath, the result above [namely Eq. (B1)]
reduces to that of the coherent-control setting [i.e., Eq. (4)]. This reflects the intuition that an infinitely hot bath can be considered
to be a source of infinite work. However, even in this limit, there is a crucial distinction between the two settings: it is also
important to consider the rate at which the target state is cooled; as γ → 0, the cooling speed in the incoherent protocol also
goes to zero.
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Proof. We begin with a family of machine Hamiltonians and energy-conserving unitaries that can cool the target system. For
the described protocol, we explicitly calculate the energy drawn from the hot bath (and that dissipated into the cold bath), which
we then bound in terms of the thermodynamic length. We subsequently demonstrate optimality when all systems are qubits.

In the incoherent-control scenario, no energy-conserving unitary with another single thermal machine can lead to cooling
the target [21]. Hence, interactions between at least three systems need to be considered. In general, any incoherent-control
unitary Ũ must satisfy the condition of energy conservation [Ũ ,HS + HC + HH ] = 0. In order to satisfy this condition,
the interaction Hamiltonian that generates this unitary must commute with the local Hamiltonians. In other words, Ũ can be
decomposed into unitaries Ũ =

⊗
k U

(k)

deg ⊕ 1rest that only act non-trivially in the degenerate subspaces of the total Hamiltonian
H := HS + HC + HH . Additionally, for the task of cooling the target, it is worth noting that the local Hamiltonians cannot
be chosen arbitrarily. For instance, in the qubit case, choosing the energy gaps ES and EC constrains the energy gap of the
hot machine to fulfill EH = |EC − ES|. Otherwise, there is no non-trivial unitary that commutes with the sum of the local
Hamiltonians, since there would be no degenerate subspace.

We then consider the following energy structures, where the Hamiltonians of the cold and hot baths are scaled versions of that
of the target system,

HCn
= ((γ + 1)λn − γ)HS and HHn

= (γ + 1) (λn − 1)HS. (B3)

For such a structure of machine Hamiltonians, we will consider the specific class of energy-conserving unitaries that can be
generated via interaction Hamiltonians of the form

H̃int =

d−2∑

i=0

(|i, i+ 1, i⟩⟨i+ 1, i, i+ 1|+ |i+ 1, i, i+ 1⟩⟨i, i+ 1, i|). (B4)

The unitaries generated from such interactions act non-trivially on d− 1 distinct two-dimensional orthogonal subspaces, where
the ith such subspace is spanned by the vectors {|i, i+ 1, i⟩SCH , |i+ 1, i, i+ 1⟩SCH}. This operation represents an exchange
between the subspace of the target system spanned by {|i⟩S, |i+ 1⟩S} and the virtual subspace of the machine spanned by
{|i+ 1, i⟩CH , |i, i+ 1⟩CH}. Since such subspaces contain total populations strictly less than one, these exchanges with the
virtual machine qubits must be repeated infinitely many times in principle, in order for the excited population p

(i+1,i)
CH to be

swapped with that of the lower-energy eigenstate of the system p
(i)
S [20, 21]. Nonetheless, for a large number of repetitions, the

approximation holds true. We refer to a number of repeated swaps between the system and a sequence of identical virtual qubits
of the machine as a stage. In this case, the exchange leads to a population increase of ∆p

(i)
n := p

(i+1,i)
CH − p

(i)
S in the energy level

E
(i)
S . This, in turn, allows us to proceed without tracking the full state evolution of the machines when calculating the energy

costs associated with both hot and cold machines at each stage n, which only depends upon the initial and final states of the
target system rather than the more complicated machine states.

As a result, the energy change of each system and within each subspace at stage n of the cooling procedure is thus

∆E(i)

Sn
= −ω(i)

S ∆p(i)

n , ∆ECn
= ω(i)

Cn
∆p(i)

n , ∆E(i)

Hn
= −ω(i)

Hn
∆p(i)

n , (B5)

where ω(i)

X := E (i+1)

X − E (i)

X with {E (i)

X }d−1
i=0 are the energy eigenvalues of system X sorted in non-decreasing order, and ∆p(i)

n

is the population exchange between energy levels i and i+ 1 of the system at stage n. Combining Eqs. (B3) and (B5) yields

∆E(i)

Cn
= ((γ + 1)λn − γ)∆E(i)

Sn
and ∆E(i)

Hn
= (γ + 1) (λn − 1)∆E(i)

Sn
. (B6)

Now, using the fact that the total energy cost associated with each system can be calculated by summing the energy changes in
each subspace, i.e., ∆EXn

=
∑d−1

i=0 ∆E(i)

Xn
, at each step, it follows (from energy conservation) that one can calculate both the

energy drawn from the hot bath and the heat dissipated into the cold bath for any such cooling procedure in terms of the energy
change of the target system itself, i.e., ∆ECn

= ((γ + 1)λn − γ)∆ESn
and ∆EHn

= (γ + 1) (λn − 1)∆ESn
.

Thus, we need to determine the final state of the target system after each stage n. Based on the type of interaction specified
in Eq. (B4), we can show that this final state depends on the virtual Gibbs ratios of the virtual machine qubits that non-trivially

interact with the target system. The virtual Gibbs ratio associated with subspace i at stage n is given by g(i)
n :=

p
(i+1,i)
CnHn

p
(i,i+1)
CnHn

=

e−βλnω
(i)
S , where for instance p

(i+1,i)
CnHn

denotes the population in the subspace associated with |i+ 1, i⟩CnHn
. As the number of

repeated interactions between the ith subspace of the target and that of the machine increases, the virtual Gibbs ratio associated

with the target subspace i at stage n will converge accordingly, i.e.,
p
(i+1)
Sn

p
(i)
Sn

→ e−βλnω
(i)
S . It is finally straightforward to see that

the thermal state τ(β, λnHS) satisfies this condition, namely that the Gibbs ratio between each pair of neighbouring energy
levels in each stage is given by e−βλnω

(i)
S . It is worth mentioning here that in this protocol, rather than the individual states of
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both hot and cold machines per se, it is the virtual qubits of the total machine that play the most significant role in the reachable
states of the target system and the corresponding energy cost.

For the sake of notational simplicity, we will denote thermal states as τn(β) := τ(β, λnHS), with the boundary points
τN(β) := τ(β, λfHS) and τ0(β) := τ(β,HS). With this, the energy dissipated into the cold machine can be calculated as

∆EC = −
N∑

n=1

∆ECn
= −

N∑

n=1

((γ + 1)λn − γ)∆ESn

= −
N∑

n=1

((γ + 1)λn − γ) tr [HS {τn(β)− τn−1(β)}]

= − (γ + 1)

N∑

n=1

tr [λn HS {τn(β)− τn−1(β)}] + γ tr [HS {τf(β)− τ0(β)}]

=
(γ + 1)

β

N∑

n=1

{
D (τn−1(β)∥τn(β))− S (τn(β)) + S (τn−1(β))

}
+ γ tr [HS {τf(β)− τ0(β)}]

=
(γ + 1)

β

N∑

n=1

D (τn−1(β)∥τn(β))−
(γ + 1)

β
∆SS + γ∆ES, (B7)

where we have made use of D (ϱ∥τ(β)) = −β [E(τ(β))− E(ϱ)] + S(τ(β))− S(ϱ) in the third line.
Similarly, the energy drawn from the hot bath can be calculated as

∆EH =
N∑

n=1

tr [HHn
(τn(β)− τn−1(β))]

= (γ + 1)

N∑

n=1

tr [(λn − 1)HS {τn(β)− τn−1(β)}]

= (γ + 1)

N∑

n=1

{
tr [λn HS {τn(β)− τn−1(β)}]

}
− (γ + 1) tr [HS {τf(β)− τ0(β)}]

= −γ + 1

β

N∑

n=1

{
D (τn−1(β)∥τn(β)) + S (τn−1(β))− S (τn(β))

}
− (γ + 1) tr [HS {τf(β)− τ0(β)}]

= −γ + 1

β

N∑

n=1

{
D (τn−1(β)∥τn(β)) + S (τn(β))− S (τn−1(β))

}
− (γ + 1) tr [HS {τf(β)− τ0(β)}]

= −γ + 1

β

N∑

n=1

{
D(τn−1(β)∥τn(β))

}
− (γ + 1)

[
tr [HS {τf(β)− τ0(β)}]−

1

β
{S(τf(β))− S(τ0(β))}

]
. (B8)

Using the definition of free energy, F β
X (ϱ) := EX(ϱ)− β−1S(ϱ), Eq. (B8) can be written as

∆F β
S + η∆EH = −β−1

N∑

n=1

D (τn−1(β)∥τn(β)) , (B9)

where η = (γ + 1)−1 is the Carnot efficiency.
Using the same methods as in Appendix A, the relative entropy terms in both Eqs. (B7) and (B8) can be bounded in terms of

the thermodynamic length, leading to the expressions stated in Eqs. (B1) and (B2), respectively, as required.
This provides a protocol for cooling a qudit target with qudit hot and cold machines, for which the energy cost can be calcu-

lated exactly. For the specific machine Hamiltonians and interactions considered [see Eqs. (B3) and (B4)], the thermodynamic
length expression is optimal in terms of heat dissipation; this therefore completes the first part of the proof. However, global
optimality here is not guaranteed since the family of unitaries from which the protocol is derived only corresponds to a subset
of energy-conserving ones. Nonetheless, in the qubit case, the analysis simplifies and the class of unitaries considered indeed
covers the full orbit of energy-conserving ones (that do not create coherences, which could only be detrimental). Thus, to
complete the proof, we can now finally argue for the general optimality of said cooling procedure when all systems are qubits.
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Three qubit case.—Recall that in the coherent-control setting, the state of lowest achievable temperature is obtained by
swapping each qubit system with successively colder machine qubits. However, such swaps are prohibited in the incoherent
setting as they are not energy conserving. Nonetheless, as mentioned above, here one can swap the system with virtual qubits of
the hot-and-cold machines. Since any such subspace has norm strictly less than one, each such swap will lead to the system qubit
being at strictly higher temperature than that of the virtual machine qubit. However, in the limit of infinitely many repetitions, the
temperature of the system-qubit subspace of interest converges to the virtual temperature of the machine-qubit subspace [20, 21].
As we are interested in finite resources, we assume a finite but sufficiently large number of swaps such that the error is acceptable.

With this in mind, following a similar logic to that presented regarding the coherent-control setting, we assume that the local
energy gaps of all qubit systems during interaction stage n are given by

ES = E, ECn = λn E and EHn = (λn − 1)E, (B10)

where E ∈ R+. In order to make it possible for the target system to be cooled, the condition ECn
> ES must be satisfied [21].

In this case, at each stage n, the degenerate subspace is spanned by the vectors {|010⟩, |101⟩}, where we write |ijk⟩ :=
|i⟩S ⊗ |j⟩C ⊗ |k⟩H .

We now seek the types of energy-conserving unitaries that can cool the target system given this structure. We assume that
the cooling scheme is Markovian in the sense that it can be represented as a collision model with the hot and cold baths being
completely reset after each step of controlled evolution. As such, any possible correlations generated between the target and
machines cannot be used in the next step and are therefore irrelevant. Moreover, creating correlations and coherences from
initially uncorrelated thermal states incurs an energy cost [40–42, 55]. Since we are seeking the minimum such cost, it follows
that we need only consider energy-conserving unitaries that permute the populations of the eigenstates. All possible such
unitaries can be generated by Hamiltonians of the following form

H̃int = |010⟩⟨101|+ |101⟩⟨010|, (B11)

since acting with Ũ(t) = exp[−iH̃int t] does not generate any coherence in the marginals of the output state. It is worth
mentioning that cooling in the incoherent-control setting has been investigated completely for different energy-level structures
and all energy-conserving unitaries in Ref. [21]. There it was shown that the above energy-level structure and interaction
Hamiltonian are the only ones that can cool the target system. In other words, as far as cooling with incoherent control for qubits
is concerned it is in general sufficient to consider the combination of machine structure given by Eq. (B10) and interactions in
Eq. (B11). With this in mind we now prove optimality.

Due to the energy-conserving nature of the unitary interaction, if the population of the ground state of the target system is
increased by ∆pn, all local energy changes at stage n can be calculated as

∆ESn = −ES∆pn, ∆ECn = ECn∆pn, ∆EHn = −EHn∆pn, (B12)

where the energy change of subsystem X is defined by ∆EX = tr [HX (ϱ′X − ϱX)]. Thus, the energy cost per unit of population
exchange only depends upon the energy-level structure; this is a special feature that holds for qubits only and does not extend to
higher-dimensional systems and hence represents a roadblock for generalisation. In order to minimise the energy cost of cooling,
one should therefore use the smallest available energy gap to cool the target system as much as possible at each stage.

Note that, since such an energy-conserving unitary only acts non-trivially in a (strict) subspace, whose population cannot be
unity, its effective operation on S and CH considered as a whole is a partial swap (cf. the full swap with the machine in the
coherent-control case). Nonetheless, if such a partial swap is repeated a sufficiently many times, refreshing the hot and cold
machines each time, the state of the system converges to that which would be obtained by completely swapping the target with a
virtual qubit of the machine, i.e., spanned by the vectors {|01⟩CH , |10⟩CH} [20, 21]. In order to cool the target system to inverse
temperature βn := En

ES
β at stage n in the incoherent-control setting, the energy gaps of the cold and hot machines must satisfy

ECn
≥ (γ + 1)En − γES and EHn

≥ (γ + 1)(En − ES) , where γ := βH

β−βH
(= η−1 − 1) (see Appendix F 2 in Ref. [8]).

Since the energy cost per population exchange depends linearly upon the energy gaps themselves, it is clear that one must use
the smallest gaps possible to cool the system at each step in order to minimise the energy cost. Thus, the optimal machine energy
structure at each stage n is given by ECn

= (γ + 1)En − γES and EHn
= (γ + 1)(En − ES).

We now move to focus on optimality of the transformation itself [generated by Hamiltonians of the form given in Eq. (B11)].
The diagonal energy-conserving transformations considered here for the qubit case can generally be divided into those that
increase the ground-state population of the target and those that decrease it, which respectively correspond to cooling and
heating the target system. We will now show that heating up the system at any time cannot help to reduce the energy cost of the
cooling process. And since the overall protocol proceeds in a Markovian fashion, this therefore completes the proof.

We proceed by way of contradiction. Consider a qubit target system interacting with fresh qubit hot and cold thermal machines
at each time. We assume that each machine can be a qubit system whose energy gap is finite, but we have access to infinitely
many copies of them. We claim here that the optimal cooling procedure is to cool the target system at each step. Suppose, for the
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sake of contradiction, that this is not true and that heating the target at some point can help to reduce the energy cost in reaching
a desired state at the end of the protocol.

We begin by assuming that the virtual qubits of the machines are ordered in non-decreasing fashion and that we use the

smallest possible gap that permits cooling the target from p
(n − 1)
1

p
(n − 1)
0

= e−βEn−1 to p
(n)
1

p
(n)
0

= e−βEn in stage n. As mentioned above,

the system must interact here with a machine whose cold subsystem has an energy gap of at least ECn = (γ + 1)En − γES .
The energy dissipated into the cold bath of this stage is simply the product of the cold-machine energy gap and the population
transfer, which leads to ∆ECn/∆pn ≥ ECn and ∆ECn ≥ 0. In the next stage n + 1, we will investigate all possible ways of
heating up the target via energy-conserving unitaries. Since heating the target is equivalent to cooling the cold machine, it is, a
priori possible that such a strategy could lead to a reduced energy cost in the long run.

However, this is not the case, as we now show. In order to cool down the cold machine, the target system must interact with a
virtual qubit whose population ratio exceeds e−βEn . For any such heating of the target to reduce the energy cost, one must show
that there exists a choice of energy gaps ECn+1

(and corresponding EHn+1
) where ECn+1

≥ ECn and ∆ECn+1
/∆pn+1 = ECn+1

such that ∆ECn+1
≤ 0. Intuitively, these constraints imply that the energy cost per population exchange in the cooling stage is

lower than that of the heating one. If this were true, then one could extract energy from the cold system via a cyclic process, which
contradicts the second law. In the following, we will formally show that it is impossible to find such a process by considering all
possible energy-level structures and energy-conserving unitaries on three qubits. We finally conclude that heating the system at
any point can only serve to increase the energy cost of the overall protocol, and thus the optimal overall procedure can only be a
concatenation of cooling steps.

We proceed on a case-by-case basis.

a) EX = EY where X,Y ∈ {S, C, H}: In this case, the degenerate subspace is spanned by {|001⟩, |010⟩, |100⟩}. Since
βH ≤ β, one can reduce the energy dissipated by the cold machine via a bipartite interaction with the target system
at inverse temperature βn = En

ES
β ≥ β. Here, the energy transferred to the cold machine per population exchange is

determined by ES < ECn
. Thus, the energy cost cannot be reduced.

b) EC = ES + EH : In this case, the degenerate subspace is spanned by {|101⟩, |010⟩}. From Ref. [8], in order to heat up
the target system, the energy gap of the cold machine must be ECn+1

≤ (γ + 1)En − γ ES = ECn
. Thus, the energy

cost cannot be reduced.

c) EC = 2ES = 2EH : In this case, there are three different degenerate subspaces. One of them discussed in case b); the
other two degenerate subspaces are spanned by {|001⟩, |100⟩} and {|011⟩, |110⟩}, respectively. In either case, the system
can be heated without interacting with the cold machine (i.e., with only a bipartite interaction with the hot machine), which
does not affect the energy dissipated by the cold machine.

d) EH = ES + EC : In this case, the degenerate subspace is spanned by {|110⟩, |001⟩}. Here, if the target is heated, so too
is the cold machine. Thus, this setting also cannot help to reduce the energy cost.

We can now conclude that in 3-qubit incoherent-control cooling scenarios, heating up the target system at any point cannot
reduce the total energy cost of cooling, and so the optimal process must be a concatenation of cooling steps.

Appendix C: Role of correlations in the incoherent-control paradigm

Proof. (Theorem 3). We start from the strong subadditivity of the von Neumann entropy [57],

SSCH + SS ≤ SSC + SSH , (C1)

where we use the notation SX := S(ϱX). Since we begin with an initially uncorrelated global state, the inequality evaluated on
ϱSCH = τS(β)⊗ τC(β)⊗ τH(βH) reduces to equality, i.e., S0

SCH + S0
S = S0

SC + S0
SH . In addition, since the global evolution is

unitary, we have that ∆SSCH = 0, where ∆SX := S′
X − S0

X . Hence

∆SS ≤ ∆SSC +∆SSH , (C2)

Writing IXY := I(X :Y )ϱXY
= S(ϱX) + S(ϱY )− S(ϱXY ) then yields

−∆SS ≤ −∆ISC −∆ISH +∆SC +∆SH . (C3)

By symmetry, the same arguments as above can be used to derive

−∆SC ≤ −∆ISC −∆ICH +∆SS +∆SH , (C4)
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−∆SH ≤ −∆ISH −∆ICH +∆SS +∆SC . (C5)

Combining Eqs. (C3), (C4), and (C5) then leads to

∑

X∈{S,C,H}

∆SX ≥ 2

3

∑

α

∆Iα, (C6)

where α ∈ {SC, SH,CH}. Finally, recall the free-energy difference ∆F β
X := ∆EX−β−1∆SX . If we consider the total energy

change of the entire system as work done on the total system by an external agent, i.e., W := −∑
X
∆EX , then Eq. (C6) can be

written in the form
∑

X∈{S,C,H}

∆F β
X ≤ −W − 2

3
β−1

∑

α

∆Iα. (C7)

In the incoherent-control scenario, since the total energy is conserved, we have W = 0. Substituting this into Eq. (C7) asserts
the claim.
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