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For quantum spin systems in any spatial dimension with a local, translation-invariant
Hamiltonian, we prove that asymptotic state convertibility from a quantum state to another
one by a thermodynamically feasible class of quantum dynamics, called thermal operations,
is completely characterized by the Kullback-Leibler (KL) divergence rate, if the state is
translation-invariant and spatially ergodic. Our proof consists of two parts and is phrased
in terms of a branch of the quantum information theory called the resource theory. First, we
prove that any states, for which the min and max Rényi divergences collapse approximately
to a single value, can be approximately reversibly converted into one another by thermal
operations with the aid of a small source of quantum coherence. Second, we prove that these
divergences collapse asymptotically to the KL divergence rate for any translation-invariant
ergodic state. We show this via a generalization of the quantum Stein’s lemma for quan-
tum hypothesis testing beyond independent and identically distributed (i.i.d.) situations.
Our result implies that the KL divergence rate serves as a thermodynamic potential that
provides a complete characterization of thermodynamic convertibility of ergodic states of
quantum many-body systems in the thermodynamic limit, including out-of-equilibrium and
fully quantum situations.

CONTENTS

I. Introduction

II. Preliminaries
I1.1. Entropy and divergence
I1.2. Asymptotic spectral divergence rates

ITI. Asymptotic state convertibility by thermal operations
II1.1. Thermodynamic operations
II1.2. State convertibility by thermal operations
IT1.3. Proof of Theorems 1 and 2
II1.3.1. Discretizing the Hamiltonian
I11.3.2. Manipulating coherence in the state
I11.3.3. Collapse of the min and max divergences suppresses coherence
I11.3.4. Proof of Theorem 1

14
15
15
18
23
24



II1.3.5. Proof of Theorem 2 26

IV. Collapse of the min and max divergences for ergodic states relative to local Gibbs

states 27
IV.1. A sufficient condition for quantum Stein’s lemma 28
IV.2. Formulation of ergodic states and local Gibbs states 30
IV.3. Generalized Stein’s lemma for ergodic states relative to local Gibbs states 31
IV.4. Remarks on ergodicity, mixtures, and the KL divergence 34
IV.4.1. The mixing property 34

IV.4.2. Mixtures of ergodic states 34

IV.4.3. The role of the KL divergence for the thermodynamic potential 35

V. Discussion 36
Acknowledgments 38

A. General technical lemmas 38

B. Properties of our thermodynamic framework and convertibility proof for

Gibbs-preserving maps 42
C. C*-algebra formulation 48
D. An alternative proof of Theorem 4 52
E. The classical case 54
References 58

I. INTRODUCTION

Reversibility and irreversibility of dynamics in classical and quantum physics, especially
in thermodynamics, is characterized thanks to the concept of entropy. It is a salient fea-
ture of macroscopic equilibrium thermodynamics that entropy does not only have the non-
decreasing property but also provides a complete characterization of convertibility between
thermal equilibrium states [1], which is represented by the second law of thermodynam-
ics. Lieb and Yngvason constructed an axiomatic formulation of this phenomenology, and
within their mathematical framework, rigorously proved that entropy provides a necessary
and sufficient condition for state conversion, and furthermore, that such an entropy function
is essentially unique [2].

The connection between microscopic information entropy and thermodynamic entropy
has been extensively studied both in terms of statistical mechanics [3, 4] and the thermody-
namic resource theory [5, 6]. In the latter formalism which we adopt in this article, so-called
one-shot entropy measures have provided tools to quantify resource costs of physical opera-
tions in quantum information settings including quantum thermodynamics [5-16].

Our understanding of the macroscopic behavior of the entropy has been sharpened by
fundamental theorems proving asymptotic equipartition properties (AEP). Rougly speaking,
an AEP states that in the long sequence limit of a stochastic process, some relevant quantities



concentrate to definite values. For instance, the Shannon-McMillan theorem states that an
ergodic process satisfies an AEP with the Shannon entropy rate [17, 18|. This has been
generalized to a stronger form known as the Shannon-McMillan-Breiman theorem as well
as to a relative version for an ergodic process with respect to a Markov process [19]. A
quantum version of the Shannon-McMillan theorem proves a similar AEP for quantum
ergodic processes with the von Neumann entropy rate [20-22].

Closely related to AEP theorems is Stein’s lemma, which relates the asymptotic error
rate of hypothesis testing for distinguishing two quantum states to the KL divergence rate.
Classically, Stein’s lemma is a straightforward consequence of the relative AEP. However,
its quantum counterpart is more involved [23-27|. Hiai and Petz [23] first addressed the
quantum Stein’s lemma and provided a partial proof for a completely ergodic quantum
state with respect to an i.i.d. state. The proof of the quantum Stein’s lemma was completed
for the case where both states are i.i.d. by Ogawa and Nagaoka [24], by proving the strong
converse of the Hiai-Petz theorem for that case. A more general form of the quantum Stein’s
lemma for an ergodic state with respect to an i.i.d. state was proved in Ref. [25], which is
regarded as a quantum analog of the relative AEP.

In this work, we go beyond the non-interacting or i.i.d. regime, and investigate an entropy
function that provides a thermodynamic characterization of physically relevant, interacting
many-body quantum systems. We consider quantum spin systems on the lattice Z¢ with
an arbitrary number d of spatial dimensions. Under certain general conditions, we rigor-
ously prove that the necessary and sufficient condition for asymptotic state conversion from
one ergodic state to another state by thermodynamically feasible quantum dynamics, called
thermal operations [7], is characterized by the Kullback-Leibler (KL) divergence rate of the
state relative to the Gibbs state. The KL divergence rate is shown to determine the work
cost for state transformations, and thus plays a role of the proper thermodynamic potential.
Our central assumptions are that (i) the quantum state is translation-invariant and spatially
ergodic and (ii) the Hamiltonian is translation-invariant and local. Physically, the assump-
tion (i) implies that a quantum state does not exhibit any macroscopic fluctuations if one
looks at translation-invariant observables [18, 28-31]|, and the assumption (ii) guarantees
the sound thermodynamic limit of the Gibbs state. Importantly, a spatially ergodic state —
in contrast to a temporarily ergodic state — is not necessarily a thermal equilibrium state,
and thus our result is applicable to out-of-equilibrium situations.

To achieve an operationally robust notion of a thermodynamic potential, we resort to
the resource theory of thermal operations. The resource theory of thermal operations is an
established model for thermodynamics in the quantum regime [5, 7, 10, 32]. This approach
allows us to study the thermodynamic behavior of arbitrary quantum states in a way that
inherently accounts for the fluctuations in the work requirement of state transformations.
This model for thermodynamics is tightly related to measures of information introduced in
quantum information theory based on the quantum Rényi divergences [33]. Two quanti-
ties in particular, the Rényi-0 divergence (or min-divergence) and Rényi-oco divergence (or
max-divergence), play a special role in determining the work requirement of state trans-
formations |14, 34]. For instance, the work that can be extracted from any state that is
block-diagonal in the energy eigenspaces is given by the Rényi-0 divergence. For our main
result, we consider the asymptotic version of these quantities for large system sizes, which
corresponds to the thermodynamic limit. The asymptotic min and max Rényi divergences
are also called the upper and lower spectral divergence rates in the theory of information
spectrum, and we will use both terms interchangeably in this paper [35-42].



Main result. Our main result is that ergodic states can be reversibly interconverted
into one another in the resource theory of thermal operations in the thermodynamic limit.
Roughly speaking, if the Hamiltonian is local and translation invariant, then there exists a
thermodynamic potential F'(p) that is defined for all translation invariant and ergodic states
p on a lattice of d spatial dimensions with the following property: For any two translation
invariant and ergodic states p, p, there exists a thermal operation that can carry out the
transformation p — p’ by investing work at a rate of F/(p') — F(p) per subsystem and that
uses a negligible amount of coherence per subsystem. Furthermore, F'(p) is given by the
KL divergence rate between p and the Gibbs state ¢ of the Hamiltonian, divided by the
temperature of the heat bath.

Our main result is proved in the following two steps. They are discussed in Section III
and Section IV, where the main theorems are Theorem 2 and Theorem 3, respectively. Both
of them can be of independent interest.

First, we prove that any state for which the min and max Rényi divergences coincide
approximately [43, 44| can approximately be converted reversibly to and from the Gibbs
state by thermal operations, using a small source of quantum coherence [45]. In this case,
the resource theory becomes reversible, i.e., the work required for a state transformation
is equal to the negative work required for the reverse transformation. In consequence,
if these divergences coincide to a single value in the asymptotic limit, then it defines a
thermodynamic potential that completely characterizes the possible state transformations
in the fully quantum regime. This is a result that applies broadly to the resource theory of
thermal operations in general settings, even for states that are non-classical, i.e., that are
not block-diagonal in the energy basis. This intermediate result, which is independent of
the assumptions (i) and (ii), can be of independent interest.

Second, we prove that the min and max Rényi divergences indeed collapse to the KL
divergence rate under the assumptions (i) and (ii). To this end, we prove a generalization
of the quantum Stein’s lemma to the setting with (i) and (ii). The main idea of our proof,
inspired by Refs. [25, 27], is to construct typical projectors that are adapted to the assump-
tions (i) and (ii). Our formulation uses semidefinite programming to simplify some parts of
the proof.

Structure of the paper. In Section II, we introduce preliminary definitions and notation,
including the relevant divergences and entropy measures. In Section III, we introduce our
thermodynamic framework of thermal operations, giving a rigorous meaning to the work
cost of a transformation from one state to another, and prove our first main theorem on
asymptotic thermal operations (Theorem 2). In Section IV, we rigorously formulate er-
godicity, and prove our second main theorem on the generalized quantum Stein’s lemma
(Theorem 3). We conclude with remarks and an outlook in Section V. In the appendices,
we remark on some technical lemmas, Gibbs-preserving maps, a more rigorous approach to
ergodicity formulated using C*-algebras, an alternative proof of our second main theorem
for the one dimensional case, and purely classical implications of our results.

II. PRELIMINARIES

Consider a Hilbert space .7 of finite dimension D, and let S(¢) be the set of density
operators (quantum states) on ¢, satisfying p > 0 and tr[p] = 1 for p € S(#°). We also



define the set of subnormalized states, which we denote by S<(#), and which is the set of
all operators p > 0 that satisfy tr[p] < 1. For two Hilbert spaces ¢, and J#p representing
systems A and B, we write A ~ B when the Hilbert spaces are isomorphic; by convention,
the identity mapping A — B maps the canonical basis of A onto the canonical basis of B.

The set of quantum states carries a natural metric given by the trace distance [46], defined
as D(p,p') = (1/2)||p — §||, for any p, ' € S(A), where ||-||; is the Schatten 1-norm. This
metric can be extended to subnormalized states p,p’ € S<(J#) as the generalized trace
distance [47, 48], defined as

- Lo . 1. .
DG, 7) = 519 = 7l + 5lt(7) — tx(3). 1)

We also define the fidelity [46] as F(X,Y) = | XY/2Y1/2||| for any X, Y > 0.

II.1. Entropy and divergence

Thermodynamic properties of microscopic quantum systems can be described using en-
tropy measures that generalize the usual Shannon or von Neumann entropy to the so-called
“one-shot” regime [43, 44, 48|. More specifically, in the presence of thermodynamic reser-
voirs, we need to consider a family of relative entropies, or divergences. For p € S<(.#°) and
6 > 0, the KL divergence (Rényi-1 divergence) is defined as:

$1(5116) = tr[pInp— pInd] 2)

Throughout this paper, we assume that the first argument of the divergences considered (here
p) lies within the support of the second argument (here &). This assumption is physically
justified when & is a Gibbs state, which necessarily has full rank. The min divergence
(Rényi-0 divergence), or the min relative entropy, is defined as

So(pl5) = —Intr[By6] (3)

where Pp is the projection onto the support of . We also define an alternative measure of
the min divergence (Rényi-1/2 divergence) as

ﬁl/Qa_l/QHf ’ (4)

S1y2(pl6) = —In

Finally, the max divergence (Rényi-oco divergence), or the max relative entropy, is defined
as

S (p]l6) zlnH&_l/Qﬁ6_1/2Hoo:ln/?;i/\%A, (5)
where |||, is the operator norm.

These quantities are special cases of the Rényi-a divergences. Here, we avoid technical-
ities and issues in the general definitions of the quantum Rényi divergences caused by the
noncommutativity of the arguments [44, 49, 50|, by focusing on the quantities above which
are sufficient for our purposes. These divergences satisfy

—Intr(6) < So(pl|6) <S8y y5(All0) < S1(pll0) < Sx(pll6) - (6)



From these divergences we can define corresponding entropy measures as the divergence
with respect to the identity operator I: For a = 0,1/2,1, 00 we define

Sa(ﬁ) = _Sa(ﬁ H j) : (7)

We note the following explicit forms of the von Neumann entropy (Rényi-1 entropy) S;(p),
the max entropy (Rényi-0 entropy) Sy(p), and the min entropy (Rényi-oo entropy) S..(p),

S1(p) = —tr[plnp] ; So(p) = Inrank(p) ; Seo(p) = —Inf|pl - 8)
The entropies are ordered as
0 < So(p) < S1(p) < So(p) < In(D) . (9)

These divergences satisfy the data processing inequality, i.e., they are monotonous under
the action of a completely-positive (CP) and trace-preserving (TP) map E:

Sa(pl16) = So(E(p) [ E(6)) - (10)

For a = 0,1, see for example Lemma 7 of Ref. [39]. The case of o = 1 is equivalent to the
strong subadditivity of the von Neumann entropy [46, 51|. Consequently, the entropies do
not decrease under the action of a CPTP map E that is unital, i.e., E(I) = I,

Sa(p) < Sa(E(p)) - (11)

A useful property of these divergences is a monotonicity property for the semidefinite
ordering of the second argument: If o < ¢’, then for each a = 0,1/2,1, 00,

Sa(pl6") < Su(pll6) - (12)

The divergences obey a scaling property in the second argument. For a = 0,1/2,1, 00,
we have for any a > 0,

Sa(plad) = Sa(p[|6) —In(a) . (13)

Under tensor product states, the divergences become additive. For a = 0,1/2,1, 0o, we
have for any p € S<(H),p € S<(H'), 6 > 0,6' >0,

Sa(p®@ P |6®6") =S,(pll6) + S,(8" | 7). (14)

To ensure that the operational quantities represented by these entropies and divergences
do not significantly depend on events that only appear with vanishingly small probability, we
“smoothe” these entropies and divergences over a ball of states that are close to the original
state [39, 43|. First, we define the e-ball of states around a subnormalized state p € S<(.7)
as

B(5) i= {7 € S<(#) : D(#,p) <e} . (15)
Definition 1 (Smooth divergences [39]). The smooth divergences are defined as follows,
S5 (pll6) == min S (7]6); (16a)
FEB(p)
So(pllo) := max Sy(76) ; (16D)
7eB=(p)
To(pllo) ;= max S, ,,(7| ) . 16¢
Gl l16) = max S,(7]9) (16c)

The smooth entropies are defined correspondingly as

S5(p) = =S5(pII 1) ; S5(p) == =S (pII1) - (17)



We introduce a further convenient divergence (relative entropy) that is based on hy-
pothesis testing [13, 52, 53|. This divergence allows to interpolate between the min- and
max-divergences in a different fashion than the Rényi entropies, along with a simple formu-
lation and a collection of useful properties. For a subnormalized state p € S<(#) and any
6 = 0, we define for any 0 <7 < 1,

S 115) :=—1n<771 min tr[&@). (18)

0<Q<I, tr[pQ]=n

The hypothesis testing divergence owes its name to the fact that if p, 5 are two quantum
states, n exp(—Sg (4| 6)) represents the probability of mistakenly reporting p in a hypothesis
test between the two states, if we carry out a strategy that mistakenly reports & with
probability at most 1 — 7.

The hypothesis testing divergence satisfies the data processing inequality [54]: for any
CP and trace-nonincreasing map F, the hypothesis testing divergence is monotonic,

Su(pll6) = SE(E(P) | E(6)) - (19)

The hypothesis testing entropy also obeys a scaling property in the second argument: For
any subnormalized state p, for any 6 > 0, and for any 0 < n < 1,

Si(pllas) = Si(p[6) —In(a) , (20)

as can be directly seen from (18). Also, for any &,6" > 0 for which & < &', the hypothesis
testing entropy satisfies

Su(plle’) < Sh(pllo) (21)

for any subnormalized state p and for any 0 < n < 1. Furthermore, if D(p’,p) < ¢, then
p = p— A for some A > 0 with tr(A) < e and hence for any 0 <n < 1 —e¢,

E(all & NATES n+e
SiE(p19) < S o) + (=) (22)

A useful property of the hypothesis testing divergence is that it interpolates between
the min and max divergences, which are approximately recovered in the regimes n ~ 0 and
n ~ 1, respectively [53]:

Proposition 1. For 0 <e < 1/2,

—e2/6, 1 . 1—¢2/6 ST Cesaq A
Sl - (o) <S50 <SGl ~mi-e s @)
2
SE(p116) —(2) < S5 (511 6) < 55016 (231)

Proof. The proof of [13, Lemma 40] carries through even for the slightly different smoothing
of S, and S, except for the upper bound on S__. There, we may apply |53, Proposition 4.1]
directly. O

Finally, we note a pair of inequalities which establishes the approximate equivalence of
the two kinds of min-divergences [44, 53].



Proposition 2. For any e > 0,

S2(019) > SE(219) > S50 19) ~om (2 | (21)

Proof. The first inequality follows because of (6). For the second inequality, let p' € B%(p)
such that S¢ ,(p|| &) = 1/2(,0 ||5). Then from [53, Proposition 4.2|, we have 51/2(p o) <

1/2
511{_8 (p'|6) — In(e”?) for any ¢ > 0; choosing ¢/ = 2/6 and using Proposition 1, we
find Sl/Q(ﬁ’ |16) < S5(p'||6) +In[(1 — &’)/e'] — In(¢’?). The claim follows by noting that
S5(0'[16) < S§°(p 1| 6) along with (1 —¢")/(e”) < (6e7%)7 < (3e71)°. O

I1.2. Asymptotic spectral divergence rates

In statistical mechanics one is often interested in the thermodynamic limit, where the
behavior of the system as it becomes arbitrarily large often no longer depends on micro-
scopic details. The action of taking the thermodynamic limit is formalized by considering a
sequence of states P := {pp, }nen, where p,, is a quantum state on O,

The von Neumann entropy rate is defined as

Su(P) = lim ~8,(5,) . (25)

n—oo N

and the KL divergence rate with respect to the sequence of positive operators 5= {6n}nen
is defined as

S0S N T
S1(P[[%) := lim =S8, (pn || on) - (26)

n—oo n

We note that these limits do not necessarily exist in general.
We now introduce the spectral divergence rates, which are natural extensions of the min
and max divergences to the thermodynamic limit.

Definition 2 (Spectral divergence rates). Let P = {p,} be a sequence of states and let
Y = {on} be a sequence of positive operators. We define the upper spectral divergence rate,

S(P| %) := lim limsup 1S S (Pnll n) (27)

e=>+0 pnooo

and the lower spectral divergence rate,

~ . A 1
S(P||Y) = lim liminf — So(pn | on) - (28)

e—+0 n—oo

These quantities have been introduced in Ref. [37] in an equivalent but different expres-
sion:

S(P||S) = inf {a . limsup tr[Proj {p, — €"“6, = 0} pn] = 0} , (29a)

n—oo

S(P||S) = sup {a : lin_l)inftr[Proj {pn — €6y = 0} pp] = 1} , (29Db)



where Proj{X > 0} represents the projector onto the eigenspaces of X corresponding to
nonnegative eigenvalues. The equivalence of these two definitions has been proved in Theo-
rems 2 and 3 of Ref. [39]. We note that

S(P|S) <SPS . (30)

As a special case, we introduce the lower and the upper spectral entropy rates, which are
respectively given by
5(P) = —5(P||D) ; S(P) = -S(P||D) (31)

where ID := {f ®nY en is the sequence consisting of identity operators on %™,
We can also define the hypothesis testing divergence rate

SHS .1 A A
SR(PIIS) = Tim ~Sh(n |l 6n) (32
noting that the limit does not necessarily exist. From Proposition 1, in general, S§(p| &)
and S%I_E([) || &) respectively give the same lower and upper spectral divergence rates as those
given by 557 16) and S5(5|&):

1 IO
lim limsup —Sx(pn || 6n) = S(P| 2) , (33a)
e>+0 nsoco N

1 S
lim liminf =S ¢(pn || 6) = S(P||2) . (33b)

e—+0 n—oo N

III. ASYMPTOTIC STATE CONVERTIBILITY BY THERMAL
OPERATIONS

In this section, we formulate thermal operations and prove our first main theorem on
asymptotic state convertibility (Theorem 2). Importantly, in the microscopic regime, state
transformations are not reversible in general, not even approximately. For general states
P, p', it might happen that p can be approximately converted to p’ with work extraction w,
but that an approximate transformation from p’' to p requires much more work than w [9].

Then we can ask the question, under which conditions is reversibility restored? This is
an important question, because reversibility implies that the optimal work cost derives from
a potential, which in turn means that macroscopic thermodynamic behavior is restored.
Here, we consider in fact a marginally stronger property. Under which conditions is a state
reversibly convertible to the thermal state? Clearly, any two states that have this property
can reversibly be converted into one another. This slightly stronger statement ensures that
the thermodynamic potential is well defined for the thermal state itself, a desirable feature
that allows the thermal state to take on the role of a “reference state.”

III.1. Thermodynamic operations

We now introduce our thermodynamic framework. The simple model we introduce cap-
tures the relevant features of thermodynamics at the microscopic scale, while providing a
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simple, abstract, and general formalism for analyzing the resource cost of transforming one
quantum state into another [5].

The goal is the following. Given a system S, and two states pg, py, we would like to
quantify the resources required in order to convert pg to pg in some reasonable thermo-
dynamic model. The resource theory of thermal operations is an established model that
is particularly useful in such a context. It specifies the set of transformations that can be
carried out for free, without the involvement of external resources such as thermodynamic
work. In the model of thermal operations, one is allowed to carry out for free any unitary
on the system and a heat bath at fixed background temperature, as long as the unitary
commutes with the overall noninteracting Hamiltonian of the system and the bath.

Definition 3 (Thermal Operation). Consider systems S, S" with corresponding Hamiltoni-

[TO]

ans ﬁg, lflg, Then a CP and trace-nonincreasing map ®¢ ¢/ (+) is a thermal operation at
inverse temperature 8 > 0 if it can be written as

[TO]

(I)SHS’(') =trp

R eiBHB ~
Vsposp | ()® ————— | Vop.sp| > (34)
e

for some ancilla system B ofﬁmte dimension with some correspondmg Hamiltonian HB, and
for some partial isometry Vop_g'p such that Vsp_s'p (HS + HB) (HS, + HB) VeBos'B.
If there exists a thermal operation that maps ps to pg,, we write (pg, Hg) (ps,, HS)

We may omit the Hamiltonians if they are clear from context.
Furthermore, a process that is achieved in the limit of processes of the form (34) with
arbitrarily large but finite bath systems, is also called a thermal operation.

The last condition is required to enable processes that decrease the rank of the input
state, for instance, a process consisting of Landauer erasure of a single bit compensated by
a suitable energy shift [9].

An operator Visa partial isometry if it is an isometry on its support, or equivalently if
ViV and VVT are projectors. We allow V in the definition above to be a partial isometry
instead of a unitary as considered in Refs. [7, 9, 10] because they are more convenient when
considering input and output systems of different dimension. Physically, this corresponds
to specifying only a part of the process happening on an input subspace. Importantly, any
partial isometry that conserves energy can be dilated to a full unitary that conserves energy
on a larger system [55]. We prove a corresponding statement for the present situation as
Proposition 13 in Appendix B.

There are no known general conditions under which state transformations are possible
with thermal operations in the quantum regime. For semiclassical states, i.e. states that are
block-diagonal in energy, such conditions are provided in the form of thermomajorization, a
generalization of matrix majorization [9].

Now we introduce an alternative model known as Gibbs-preserving maps. This model has
a simple technical formulation which makes it more convenient to prove some properties.
Because any thermal operation is in particular a Gibbs-preserving map, all properties obeyed
by Gibbs-preserving maps are inherited by thermal operations. As for thermal operations, it
is technically more convenient to consider trace-nonincreasing maps; furthermore we allow
these maps to be Gibbs-sub-preserving in the sense of the following definition.

Definition 4 (Gibbs-sub-preserving map). Consider systems S,S’ with corresponding

Hamiltonians ﬁs,fig,. Then a CP and trace-nonincreasing map @?jé\g}(-) s said to be
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a Gibbs-sub-preserving map for some fized inverse temperature 3 if

LTS (ePs) < ey (35)

When there exists a Gibbs-sub-preserving map that maps pg to py, we write (ps; ﬁs) w

~

(Pys Hgr). We may omit the Hamiltonians if they are clear from context.

We note that any Gibbs-sub-preserving map can be dilated into a fully trace-preserving
map on a larger system which furthermore has the thermal state as a fixed point [13, Propo-
sition 2.

Lemma 1. Any thermal operation is also a Gibbs-sub-preserving map.

Proof. A thermal operation @ggg, can be written in the form (34). We abbreviate Vepos'B

as V. Then with Zp = tr(e‘ﬁHB), we have
DL (M) = 2" trp [Ve U HHIDIPT] = 251 trp [e?V s IRVT] < PP (36)

where we have invoked Proposition 12 to see that V1V commutes with Hs + Hp (for the
second equality) and that V'Vt commutes with H%, + Hp (for the final inequality). O

While any thermal operation is a Gibbs-sub-preserving map as shown in Lemma 1, the
converse is not true [56]. A notable difference between thermal operations and Gibbs-
preserving maps is the way the two models handle coherent superpositions of energy states.
Thermal operations cannot create any coherent superpositions of energy levels because they
commute with time evolution. However, there exist Gibbs-preserving maps that can generate
coherent superpositions of energy levels [56].

The divergences defined above play an important role in our thermodynamic framework
as they are monotones under thermodynamic transformations. In the following, we exploit
the scaling property (13) of the divergences to write the expression S, (pg || e s /Zg) —
In(Zs) = S,(ps | e PHs) more compactly by absorbing the system free energy into the
divergence term.

Proposition 3 (Monotonicity of dlvergences 9, 10, 13, 44]). Consider systems S, S’ with
corresponding Hamiltonians H s, Hg . If ps, pg are (normalized) quantum states that satisfy
ps — Plsi, where x stands for either TO or GPM, then

Salps € P15) > S, (o |5y 5 and Sf(ps | e~ 711%) > Sp(ples | ey, (37)
where o may be any of 0, 1/2, 1, or oo and where 0 < n < 1.

The proof of Proposition 3 is essentially an application of the data processing inequal-
ity (10). The full proof requires a dilation of the trace-nonincreasing map into a trace-
preserving one, and it is presented in Appendix B.

Now that we have specified the free operations, we need to specify how we can pro-
vide resources for thermodynamic operations that are not free, or how we can extract such
resources from states.

Thermodynamic work can be provided with the help of an external work storage sys-
tem, often called a “battery.” This can be any system which starts in a definite energy
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level and finishes in a different energy level; the difference in energy is then the amount
of work furnished or extracted. In fact, a large collection of different battery models are
equivalent 10, 13].

Thermal operations necessarily commute with the free time evolution, as can be seen
from (34). This means that it is impossible to create any state that has a coherent super-
position of energy levels, even with an arbitrary amount of work, without access to another
resource that provides coherence [45]. Coherence is thus a valuable resource that should
be accounted for [45, 57-60]. Here, we adopt a rudimentary, ad hoc model. We suppose
that we have access to an additional system C' initialized into a pure state of our choosing.
Crucially, we assume that the range of energy values that can be stored into the system
C is bounded by some parameter 7, i.e., ”HCHOO < 1 where H¢ is the Hamiltonian of C.
The system C must be restored to a state that is close to a pure state. The bound on the
norm of the Hamiltonian forbids any embezzlement of work of more than of the order of
7 [10]. The requirement that the final state on C is close to a pure state is necessary because
there is no constraint on the dimensionality of C; with a suitable highly degenerate system,
starting from a pure state and finishing in the maximally mixed state would allow to extract
an arbitrary amount of work that is not controlled by 7.

This crude model for accounting for coherence suffices for our purposes, as the protocols
we construct only require an ancilla system C with a parameter n that is negligibly small
compared to the overall work cost of the transformation. Note that this scheme differs from
catalysis [10, 61, 62] as we do not require the final state to be related in any way to the
initial state.

Definition 5 (Work/coherence-assisted process). Consider systems S,S" with correspond-
ing Hamiltonians Hg, H Ag, and let x stand for TO or GPM. We say that a CP and trace-
nonincreasing map ®g_, g is a (w,n)-work/coherence-assisted operation, if there exist sys-
tems W, C, W', C" with respective Hamiltonians Hy, He, Hyr, Heo satzsfymg HHCH <7,
||HC/||C>O < 1, and if there exist two energy eigenstates |E)y,, |E' )y, of Hyy, Hyyr respectively
whose energies E and E' satisfy E — E' = w, and if there exist two pure states |() ¢, () e

and if there exists a * operation (i)k[;]CW%S/C/W” such that

D5 (ps) = tremw [IENE s @ 10 N or By, srome (s @ BBl @100CIc )]
(38)

Here, we allow infinite-dimensional Hilbert spaces for C and C' for technical reasons related
to how to construct |() states.

A (w,n)-work/coherence-assisted thermal operation is thus simply a free process that is
assisted by ancillas that provide an amount of work w and an “amount of coherence” that
is at most n. If w is negative, then this measures the amount of work that is extracted by
the process.

Definition 6 (Approximate thermodynamic process using work and coherence). Con-
sider systems S, S’ with Hamiltonians HS, Hy, and let x stand for TO or GPM. We say
that the state pg is (w,n,e)-transformable into py, by a x process, which we denote by

(ps; HS) L8> (ﬁg,ﬁfg/), if there exists a (w,n)-work/coherence-assisted * process Pg_, g

such that D((IDS_>5/ (Ps), pg) < e. We may omit the Hamiltonians if they are clear from
context.



13

The hypothesis testing divergence is a relatively good (quasi) monotone under assisted
thermodynamic operations: It can only decrease, except for correction terms that depend
on w,n,e. Because the proof is not particularly insightful, we defer it to Appendix B.

Proposition 4 (Quasi-monotonicity of the hypothesis testing divergence under resource-as-
sisted transformations). Consider systems S, S" with respective Hamiltonians Hg, Hg,. For

a quantum state pg and a subnormalized state py,, suppose pg ML Py, where x stands
*
for TO or GPM. Then for any 0 <& <1 —¢,

SE(ps |l e ﬂHﬂ-+ﬁ@u+2n)+hn(5§ ) > SEF(ply | Py | (30)

Finally, we define asymptotic transformations. These are transformations in the ther-
modynamic limit for which we are interested in the work cost rate, and which use only a
sublinear amount of coherence.

Definition 7 (Asymptotic thermodynamic process). Consider two sequences of states P=
{pn} and P' = {p,} and two sequences of Hamiltonians H={H,), H = {f[’} Let * stand
for TO or GPM. We say that P can be asymptotically tmnsformed into P’ by an asymptotic
% process at a work rate w, which we denote by (P,H) — (P',H'), if there exists sequences

Wn,y Nn,En

Wn, N, En Such that py, — P, for all n and such that

lim ﬂ:w; lim n—n:O; and lim ¢, =0. (40)
n—oo N n—oo M n—00

The spectral rates are monotones under asymptotic transformations:

Proposition 5 (Monoton1c1ty of spectral rates [40]). Consider two sequences of states P=
{pn} and P' = {p.} and two sequences of Hamiltonians H = {H,}, H' = {H}. Define the

sequences of Gibbs weight operators S = {e” ﬂH”} and &' = {e_fBHn} Let w € R be such
that P —> P’ where * may stand for either TO or GPM. Then

S(P|S)+pw=S(P'|T);  and  SP|D)+pw=SPT) . (41)

Proof. This follows by applying Proposition 4 and taking the asymptotic limit using the
expressions (33) of the asymptotic divergences. O]

The monotonicity of the spectral rates implies that if a transformation is reversible at a
given work cost rate, then that rate is necessarily optimal:

Proposition 6. Consider two sequences of states P = {pn} and P’ = {pl,} and two se-

quences of Gibbs weight operators ¥ = {e PHn} and ¥/ = {e=BFHn}. Then if w € R is such
AW g A WA / . wf Al

that p — p" and p' —— p, then for all w’ < w, pr—>p

This is an expression of the second law of thermodynamics, or Kelvin’s principle, which
states that one cannot extract a positive amount of work from a single heat bath by a cyclic
protocol.
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ITII.2. State convertibility by thermal operations

We now describe our main theorem for state convertibility by thermal operations. We
first derive a sufficient condition for state conversion which is applicable to non-asymptotic
cases. We then take the asymptotic limit and obtain a necessary and sufficient condition
for asymptotic state conversion. The proofs of these theorems will be provided in the next
subsection because of their technical nature.

First, we provide a new sufficient criterion for when a general non-semiclassical state
can be approximately reversibly converted to the thermal state using thermal operations.
Because thermal operations cannot create superpositions of energy eigenstates, arbitrary
state transformations generally require a source of coherence. Here, we show that for any
state whose min- and max-divergences are close, only a small source of coherence is needed
to carry out a transformation to Gibbs state.

Theorem 1. Let p be any quantum state on a system with Hamiltonian H, and denote
by A(ﬁ) the spectral range of H, i.e., the difference between the maximum and minimum
etgenvalue of H. Let A" =1 be the triwvial thermal state on a trivial system with Hilbert
space C with Hamiltonian H"=0. Let 0< e < 1/100. Suppose that there ezists S € R and
A > 0 such that

S(plle Py <S+A;  and  Si(ple Py =5-A. (42)

Let § >0, ¢ =2, and m = [A(H) /8. Then we have

. w=B"Y(=S+A)+56+B" 1 In(2m?(36/)3), n=3¢%5, &=11ye+2/q .,
1% O A (43)
and
w' =71 (S+A)+64+87 1 In(2gm3)+16¢(A+85+log(2m))? /(825) ,
n'=32¢(A+B5+log(2m))?/(826) ,
= 2,—(A+B6+In(m))
2)/’ &'=10/2+7/(2q)+m?e ﬁ ' (44)

TO

Theorem 1 allows us to prove the emergence of a thermodynamic potential in the macro-
scopic regime. That is, there is a single quantity that characterizes exactly when a trans-
formation by an asymptotic thermal operation is possible.

Theorem 2. For sequences of states P = {pn}, P' = {p.,} and sequences of Hamiltonians
H={H,}, H ={H]}. Suppose that the spectral rates collapse for these states into a single
monotone, i.e.:

S(PIIS) =S| =SP|%);  S(P|&)=5F ) =sF[),  45)
with the sequences 3 = {e*fgﬁn} and &' = {e*mﬂ}. Then

BTUS(PIIZ)-S (P D) P
TO

P

(46)

Equivalently, P BTy P’ if and only if S(P || £) = S(P'|| ).
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Crucially, these theorems are applicable even if the state is fully quantum. On the
other hand, if the state is semiclassical, i.e., if it is block-diagonal in the energy basis,
then the condition for state convertibility in Theorem 1 reduces to the known conditions
of Refs. [8, 9] in terms of state preparation and work distillation as characterized, e.g., by
thermo-majorization. In such cases, no source of coherence is required..

Indeed, for semiclassical states, the min-divergence quantifies the amount of work that
can be extracted from a state when transforming it to the thermal state and the max-
divergence quantifies the amount of work that is required to prepare the state out of the
thermal state. If these divergences collapse, the state is reversibly convertible to and from
the thermal states. For quantum states that are not semiclassical, the proof cannot proceed
in the same way: Preparing a general state p starting from the thermal state requires an
external source of coherence, and thus the work requirement of state preparation cannot
be given by the max-divergence in same way as for semiclassical states. For the proof of
Theorem 1 we need the fact that the min and the max divergences collapse approximately
in order to conclude that the state can be approximately reversibly transformed to and from
the thermal state.

Theorem 2 generalizes and unifies several known situations. For i.i.d. states and Gibbs-
preserving maps, our theorem reproduces the results of Ref. [63]. In the case of a trivial
Hamiltonian, we recover the results of Ref. [64]. Our theorem also provides a concrete
application of the general results provided in Refs. [14-16], in the context of the axiomatic
thermodynamic framework of Lieb and Yngvason |2, 34].

We note that reversibility only applies to the leading order of the work cost rate and
coherence rate. Consider two sequences of states P, P' that satisfy S (P I 2) (P I E)
S(P'||£) = S(P'||S), which are asymptotically reversibly interconvertible thanks to The-
orem 2. It is still in general necessary to invest a sublinear amount of work and coherence
in the transformation P — P’ which cannot be recovered in general in the reverse trans-
formation P/ — P. In our definition of an asymptotic transformation (Definition 7) we
deliberately allow sublinear work and coherence costs for this reason, noting that these
quantities are negligible with respect to the overall work cost of the transformation.

I11.3. Proof of Theorems 1 and 2

Here we provide the proof of Theorem 1 and its asymptotic counterpart, Theorem 2.
We proceed in sequential steps through several lemmas: Theorem 1 is proved through Sec-
tion I11.3.1 to Section I11.3.4, and Theorem 2 is proved in Section II1.3.5. In order to simplify
the notation and ease readability, we omit the hat symbols on operators in this subsection.

II1.3.1.  Discretizing the Hamiltonian

The first simplification that we do is to change the Hamiltonian from H to a slightly
different Hamiltonian H’ where the eigenvalues are “coarse-grained” into blocks. That is,
given 6 > 0, we subdivide the spectrum of H into m = [A(H)/d] bins of width 0, where
A(H) is the spectral range of H, and we then clamp all eigenvalues in the bin to a single value
which is a multiple of 6. This yields a Hamiltonian H' with [H, H'| = 0 and |H — H'||,, < ¢
Furthermore, H' only has m distinct eigenvalues, which we denote by {Ej}; let also { P}
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denote the projectors onto the corresponding eigenspaces. We may thus write
m—1
H =Y EyP, (47)
k=0

with Fy = (k + ko)d for some fixed kg € Z.

Physically, the transformation H — H’ can be done by turning on a perturbation of
magnitude at most §. Furthermore, the perturbation commutes with the original Hamilto-
nian.

We note that e P < e PHHB0 and e BAH' L e=BHHBS where the operator inequalities
hold because both sides commute with each other. This implies that, for any p and for any
€ > 0, we have

a(p e = 815(p 177 - 3 (48)
Selplle ™) < S(plle) + 80 ; (49)

We also define the dephasing operation for any Hermitian operator X as a pinching in the
energy blocks:

Dy(X) =) PXP . (50)
k

The following proposition asserts that this perturbation Hg — Hg can be carried out
with a (0, (¢4 1)d)-work /coherence-assisted thermal operation, for any value of ¢ > 0 which
impacts the accuracy of the process as 1/q.

Proposition 7. Consider a system S with Hamiltonian Hg and a copy S’ ~ S with
a Hamiltonian Hg,.  Suppose that [Hg,,idg,s(Hs)] = 0 and let § > 0 such that
HidS—>S’(HS) — Hg, }Oo < d. Then for any q > 0 there exists a (0, (¢>+1)d)-work/coherence-
assisted transformation ®g_, g such that for any state psr (with any reference system R),
we have

D(psr, ®s—s(psr)) < (51)

| =

Proof. Let |k)g be a simultaneous eigenbasis of idg/_,5(Hg,) and of Hg, and write |k)g =
ids_,s/(|k)g). Then Hg|k)g = Eilk)g and Hg |k) g = E}|k) g for corresponding eigenvalues
Ej and Ej including multiplicities, i.e., the Ej (resp. Ej) need not be all different. The
condition ||idg_,s/(Hs) — Hg ||, < 0 implies that |Ej — E;| < 4.

Let L := ¢?6. Let C, C' be a particle on the intervals [0, L], [~d, L+ 6] in R, respectively,
which are described by the Hilbert spaces L2([0, L]), L?([~d, L + 6]). There are natural
embeddings L?([0, L]) C L*([-§, L + 4]) C L*(R).

Let x7(z) be the indicator function for a closed interval I C R. We define the Hamil-
tonians of C' and C" by He := xxjo,)(z) and Her := wX|_s 146)(z), which are regarded
as self-adjoint operators acting on L?([0, L]) and L?([—6, L + 4]), respectively. Obviously,
|Heolloo = L, ||Herl|oo = L+ 6.

We also define the initial state of C' by ((z) := x[o,1] (z)/VL € L?([0, L]). We can also

regard (() as an element of L?([—§, L + 6]), for which we use the same notation.
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For a € R with |a| < d, we define the translation operator V' (a) : L*([0, L]) — L*([-d, L+
5]) by V(a)p(z) := ¢(x — a). This is an isometry, where its adjoint V(a)T is defined on
L2(1=6, L +¢]) by V(@)!4(z) = xjo.5)(2)46(z + a) for ¥(z) € LX([=3, L +5]), because

L+46

L
(@)l — a)dz = /0 (@ + a)p(z)dz. (52)

—6

Now we define the isometry

Vscosicr i= Z’k>s'<k|5 @ V(Ey — Ey). (53)
p

We can show that Vsc_gcr(Hs + He) = (Hg/ + He)Vsosior by acting with Vo, gror
on |k)g ® p(z) for any p(z) € L?([0,L]). Then, we define the CP and trace-nonincreasing
map

By () = trer [|OC Vacosier () @ [OCN) Vi grer] - (54)

By construction, ®g_,5 is a (0, (¢> + 1)§)-work/coherence-assisted thermal operation.

Let pgr be any state with any reference system. Without loss of generality, assume that
psr is in fact a pure state (or consider a larger reference system R; the statement will still
hold because trace distance can only decrease under partial trace). We remark that the
fidelity and the trace distance can be defined for infinite-dimensional and Hilbert spaces,
and satisfy the same fundamental properties as in finite dimensions |65, 66]. Then, with

ps'r = idg s/ (psr),

F2(Vsomsser(Ip)sr @10), 1p)sir @ 1C))
> Re{((plg'g @ {]) Vscosior (10)sr @ 10)) }

— ZRe{ (plsir 1K) s (ks 10} sR) (CIV (E) — E}) |C>}

= Z (Klgpslk)s IV (Ex — EL)|O) (55)

where the term on C is real because ((z) is real. We can calculate for |a| < ¢

V@0 = [ deca)gle—a) > 1 1. (56)

: /
Hence, since |Ej, — E}| <9,

59> (1- 7 ) Sklolt) > 1- 7. (57)

k

Recalling that D(p,p') < /1 —F?(p,p’), and that the fidelity can only increase under
partial trace, we have

J

D(®s(psr), psr) < I O
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I111.3.2.  Manipulating coherence in the state

For any state p on any system with any Hamiltonian H, we can decompose p into modes
of coherence [45] as

p=> p, (58)

where p) are general operators satisfying

6—thp(w)6th _ e—iwtp(w)

) (59)
for all ¢. The p) are simply the off-diagonal elements of p that connect two energy levels
that differ by w. For the Hamiltonian H’ constructed in (47), with only energies that are
multiples of §, we have that the w in (58) range over all possible differences of energies in
H', i.e., over all multiples of §.

The following lemma states that if the large coherence modes in the state are suppressed,

then it is possible to carry out the dephasing operation by mixing only a few differently
time-evolved versions of p.

Lemma 2. Let p be any state on any system with a Hamiltonian H' whose energies are
multiples of 0 as in (47). Let p@) denote the coherence modes in the decomposition of p as
above. Let K' > 0. Suppose that there exists & > 0 such that for all k with |k| > K' we have

1", <€ (60)
Define
1 K1 2mwin ry/ 2mwin ry/
ﬁzﬁ Z e ws  perrs (61)
n=0

Then, if m denotes the number of distinct eigenvalues of H', we have that

_ 1
D(p, Drr(p)) < 5m¢ - (62)
Proof. For any t > 0, we write
p(t) = e M pet (63)

such that

1 52 /om

Recall that w in the modes decomposition of p is a multiple of § and ranges over all off-
diagonals of p; i.e., w =kd for k= —m+1,...,m — 1. Furthermore, we may split the sum
over the modes as a sum over modes in k = —K’ +1,..., K’ — 1 and a separate sum over the
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higher order modes. We can thus calculate:
= —jwimn
= Y
1 K’—l K'—1
_ = 2mi T (ko) —2migg ké)
-% 3 (ze DIEES WS o

k=—K'+1 |k|>K’ n=0

- K'—1
Z 50 p ) + Z % Z e 2mi i (ks

k=—K'+1 |k|I>K' n=0
= DH/(p) + G 5 (65)

where we recall that Dy (p) = p=% and where we have defined G as the second sum in
the before-to-last line. We can bound the norm of G as follows:

K'—1

el < 32 % ST, < me (66)

|k|>K’ n=0

where m is a crude upper bound for the total number of terms in the first sum, and where
each term ||p(¥)||, is individually bounded thanks to the assumption (60). We may conclude
that p and Dy (p) are close in trace distance:

D(p. Dur(p) = 3|7~ Par (o), < ym 0

Importantly, the min- and max-divergences are only known to quantify the extractable
work and the work cost of formation for semiclassical states, i.e., those that commute with
the Hamiltonian. For states that are not semiclassical, we need a more general statement.
Here, we show a lemma that shows that the min- and max-divergences also accurately
quantify the extractable work and the work cost of formation for general quantum states,
as long as their large coherence modes are suppressed.

Lemma 3. Let p be any quantum state on a system with a Hamiltonian H' whose energies
are multiples of § as in (47), and let ¢ > B0. Let 4" = |0)(0| be the thermal state of a trivial
system with Hamiltonian H” = 0 as in Theorem 1. Suppose that there exists & > 0 such
that for any k, k" with 8|Ex — Ey| > ¢ we have

<€ (67)
Then, for any €' > m2¢', we have

BH=S, (| e~ ) +In(m(6/')%)], 0, '

1!
p - 7. (68)

Conversely, for any integer ¢ > 0, we have

A" B1S(pll e PH" ) 44qc? /(828)+ 5 In(gm?), 4q(q®+2)c?/(826), 3/(2q)+mée’ /2
TO

p - (69)
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Proof. First, note that (67) asserts that the coherence modes p@) of p are small for large
w. More precisely: Let K = [¢/(8d)], such that (|k — k| > K) = (B|Er — Ex’| = ¢). Then
for all w = ko such that |k| > K, we have

[P, <mé¢, (70)

because the coherence modes are simply the combination of all the blocks in the k-th off-
diagonal of p, whose individual norm is bounded by our assumption (67). We may invoke
Lemma 2 to deduce that

D(ﬁ, DH’(p)) < §m2£/ ) (71)
where p is defined in Lemma 2 with K/ = K and £ = m¢’.

Work extraction from p. Now we construct a strategy to transform p into the trivial ther-
mal state v”. First, we decohere the state in the energy blocks, effecting the transformation
p — Dy (p) at no work nor coherence cost (this can be done by averaging over time, which
is a thermal operation). Then we apply the incoherent work extraction protocol (Propo-
sition 15 in Appendix B) to transform Dg(p) — +” with an error parameter &’ > m?2¢/,
while extracting an amount of work equal to S5 (D (p) || e ##"), and at no coherence cost.
—B7LS5 (D (p) [ e=#1), 0, &

TO

Hence, we have p ~". Using Proposition 2, observe that

S5 (Dar(p) e ) > ST/QQ(DH/ (p) e P") —6In(3('/2)")
> 8y 5(plle™) —6In (6" (72)

since p is a candidate in the optimization that defines the smooth min-divergence. Then
we invoke the property of the fidelity that F'(A + B,C) < F(A,C) + F(B,C) (cf. [67,
Lemma 4.9]), to see that

51/2(15 I e_ﬁHl) = —2InF(p, e_’BH/)

= (1 2y g
2_21117;)F<KP(K6>’6 )
= 21 v —AH
=—2In T;) \/—EF(p,e )
= —In(K) + S, (o 7). (73)

With the crude bound K < m we finally see that
S5 (P (p) [ ™) = 8y jo(p | €)= In(m(6/)°) (74)

which shows (68).

Formation of the state p. We now devise a procedure to construct the state p starting
from the trivial thermal state ”. In the following, we refer to the system as S, and write p
and H' as pg and Hg.

The full protocol consists in three steps. The strategy will be to prepare a completely
incoherent state DHéJrHC (ps ®nc) on the system S along with an ancilla system C' in such
a way that the system C serves as a reference frame that can be used to induce coherence
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in S. Then, in the second and third steps, we “externalize” the reference frame by using C
to “induce” the necessary coherence modes in S [68].

Let ¢ > 0 be an integer. Let C' be an ancilla system of dimension do = ¢K? and with
a Hamiltonian consisting of evenly d-spaced levels, i.e., Ho = Z?ﬁgl 06 [0){¢| . Define the

state nc = [n)(nlo by

dc—1
1 C

|77>C = \/ch EZ; Wc . (75)

By D HY+He We will denote the joint dephasing operation on S and C, i.e., the dephasing in
the common global energy eigenspaces of Hg + Hc.

In the first step of the protocol, starting from the trivial thermal state on S ® C', we
prepare the state DH% +H.(ps ®nc) at a cost given by the max-divergence

Sno(Drry s 1o (ps © o) [| e PHEHHOY (76)

We can bound this as follows. The max-divergence can only decrease under the dephasing
operation; we have e BHg+He) — o~BHg ge~BHe > o=Bdcd o~FHs @ [ hecause Ho < dedlo
with Io being the identity operator of C'; finally, the max-divergence is additive for tensor
product states. This gives us

Soolps @nc || e PHsHHE))

Seolps @nc || &5 @ Ic) + Bdod

= Suo(ps || e™?115) + Bdcd (77)

noting that S, (nc || Ic) = 0 because nc¢ is a pure state. Therefore:

/
n B Su(ps e ?MS)+des, 0, 0
TO

Dyttne (ps@nc) . (Formation protocol, Step I)

The next steps are to “consume” C' in order to induce pg on the system S (we need to
externalize the reference frame). This is done as follows.

In preparation for the further steps, we first note that if we post-select the reference
frame in being in the state |n), then we induce the correct state on S, approximately. This
is shown as follows:

(e Prt e s @ nc) e = 3w {o @ (1)}
= tr(ne ) )

1 k| (ko)
= — — — 78
i (Ps ' de ps | (78)
(@ BW)Y = - — (—kd) (k)Y _
where we used the fact that tr(A“ B“)) = 0 unless w = —u’, and that tr(nc Ner ) =

(de — |k|)/dZ since n(g % is the matrix of all zeros except for the k-th off-diagonal in which
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all entries are equal to 1/dc. Then

1 1 )
5|lps = dctlo Puy e (os @ ne) e, = 5 Z‘ Lt
1
! ‘k| kL) (ko)
<3| 2 @)+ 3 X a7l
i k=K
1 \k! L
<3 —
\k\<K

where in the last line we used (70). Let M) be the matrix in which the k-th off-diagonal
is filled with the entries equal to |k|, up to the (K — 1)-th off-diagonal, and the remaining
matrix elements are zero. Then we note that

37k psY = M5« pg (80)
|k|<K

where A % B denotes the Hadamard (entry-wise) product. We note that |4« B|; <
| Al NI Bll;, and that ||AM )| < K2 (Suppl. Lemmas 3 and 4 of [57], originally from [69]).
Hence, | M) x pg||; < K? and we finally have

2

1 K2 1 , 1 1,
ales —detnlo Dy (s @ ne) o, < 5o+ gme < 5o+ gm*¢ @Y

We also note that |n). passes through orthogonal states for each time steps 2m/(d¢c0).
Actually, for n = 0,...,dc — 1, the set {|n>c}n forms an orthonormal basis of C, where

_j2mn
In)o = e ch5HC\77)C. Indeed,

2T 2 p el , i2mnend) g
(nledco™ e “dc |77>c:% Z (U'le 2 10)
0.0=0
1 do—1 Z.27r(n—n’)£
—L X T = (52)
=0

Step 2 of our protocol consists in flattening the Hamiltonian of C' so that we can perform
nontrivial unitaries without worrying about coherences. From the state DH/ +H(ps @ne)
with Hamiltonian Hg + H¢, we “flatten” the Hamiltonian of the ancilla system C using |55,
Lemma 24| and consuming an additional ancilla C’ of dimension d¢(q? +2), with the Hamil-
tonian Her being bounded as ||Her|| < do(g? +2)8 and with the original state surviving up
to precision 1/q. That is, we achieve the following Hamiltonian transformation

0, dc(q*+2)6, 1/q
TO

(D s1e (s @ o) Hs + (AHe) 2)Ic)
(Formation protocol, Step II)

(DH’ +He(ps ®ne); Hg + HC)

Finally, in Step 3 we carry out the following energy-conserving unitary controlled on the
system C":
do—1

Usc= 3 ™™ @ nnle (83)
n=0
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and we then use Landauer erasure to reset C to a pure state and to trace it out. Note that
e M5! Dy sy (ps @ ne) st = e st dHSHHO Dy Ly (ps @ me) e HsHHIe) ISt =
ettct DH'S+ He (Ps®nc) e~ Hct hecause the dephased state is invariant under time evolution.
Then, the application of the unitary Ugc to DHg—i-Hc (ps ®ne), and tracing out C, yields

do—1
tre [UsoD U] = 3 (¢33 @ (n) D TS
re [Usc Dyt e (ps @ 1c)Uc] (e @ (n)) Dy 4 i (ps @ ne) (e ® |n))
n=0
do—1

2mn -2

_i2mn g 2mn gy
=Y (nlge " Dyy iy (ps @ ne) €408 n)
n=0

= do(le Pryre(ps @ne) n)e - (84)

Recalling (81), we know that this state is close to the required pg. Noting that we need
B~ 1In(dc) work to reset C' to a pure state, we find:

B~1In(dc),0,1/(2¢)+m¢’ /2
< o (ps; Hg) .

(Formation protocol, Step III)

(Dryenelps ©me) 3 Hy+ (A(Ho)/2)Ie)

Note that the final uniform Hamiltonian on the system C can be restored to the original
Hamiltonian at no work or coherence cost, by keeping the state of C at a pure state of
constant energy and changing the other levels to match those of the original Hamiltonian
He.

Combining together these three steps, we see that

y B 1S (ps [ e PHS)+qK 26451 In(gk?), ¢K2(q?+2)5, 3/(2q)+m2¢ /2

- ps - (85)

Recalling K = [¢/(50)] < 2¢/(8d) while assuming ¢ > 3§, we obtain (69). O

I11.3.3.  Collapse of the min and maz divergences suppresses coherence

Here we show that the difference between (alternative) min-divergence and the max-
divergence is a quantity that provides a characterization of how much coherence there is in
the state. Namely, if the divergences do not differ by more than 2A’, then the one-norm
of off-diagonal energy blocks PypPy is exponentially suppressed in |Ej — Ey/| as long as
‘Ek — Ek/‘ 2 A

Lemma 4. Let p be a quantum state. Suppose there are S € R and A’ > 0 such that
SulpllePTy< S+ A and Sy u(plle ) =S A (86)
Then for any k, k', we have
|PepProlly, < e PIEx—Ful/24as, (87)
Proof. Using Holder’s inequality, we have

1PeoPull, < | Peo™ (| [[Pep' | - (88)
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By definition of the Rényi-1/2 divergence, we have for any k,

Si2(pll eIy = —21ntry/pl/2e—BH p1/2
< —2Iln [e*BE’“/Q tr\/ pl/2Pyp'/?]
= BEx —2In||Pup'?||, , (89)
and hence
HPk.pl/zHi < exp{—Sl/Q(p | e Py + BEL} <exp{—S+ A"+ BE.} . (90)
On the other hand, we have

HPk’pl/QHzo = HPk’,OPk/ o < esoo(PHG*BH’)HPk/e_ﬁH'Pk/

o <exp{S+A"—BEy}, (91)

recalling that the square of the largest singular value of a matrix A is the maximum eigen-
value of AAT. Putting these together, and noting that the same argument holds if we
exchange k and k', we obtain

HPk;pPk/ < G_B‘Ek_Ek/VQ-f—A’ 7 (92)

1

as claimed. O

I1.83.4. Proof of Theorem 1

Finally, we can prove Theorem 1. If the smooth min and max Rényi divergences coincide
approximately, we use the above lemmas to conclude that there exist protocols for work
distillation and state formation with approximately matching work costs. The difficult part
of the proof is to show that there is a single state that is a good enough smoothing candidate
simultaneously in both (16a) and (16b).

Proof. First, we need to connect the assumption on the smoothed entropy measures to a
specific state which has a small gap between its non-smoothed min and max-divergences.
Our specific goal below is to construct a state p that satisfies the conditions of Lemma 4
and is sufficiently close to p.

Because H' < H+ 6 and H < H' + §, we have

Salpll e > 85 h(plle ) — B8 > S5(plle ) —B5 > S — A - B ;
Solplle™ ) < S (plle™™) + B < S+ A+ 55 . (93)

Both protocols, work extraction and state formation, start by shifting the Hamiltonian
H — H’, and at the end shifting the Hamiltonian back H' — H. Thanks to Proposition 7,
this can be done at a cost in the total coherence parameter of (¢ + 1)§ and at a precision
cost 1/q in each way.

Let p’ be the optimal subnormalized quantum state for 51 /2 (pllePH") = Sl/g(p’ | e=PH"),
satisfying D(p,p') < e and tr(p’) > 1 —e.

Let v/ = e #H' [ tr(e PH") and write

SE(P 1Y) = min In(a) > min In(a) (94)
s.t. o' <oy s.t. pP<ay +F
D(p",p) < 2. tr(F) <2 and F >0 .
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Let «, F' denote optimal choices in the last optimization. Let

G =+"*(y +a "Dy (F))?, (95)

where Dy (-) denotes the dephasing operation in the eigenspaces of H’. Then, using the
pinching inequality, and because G commutes with time evolution,

Gp'GT < G(ay + F)G' < mDy [G(ay + F)G'] = mGDyifay + F] G
=mG (ay + Dy [F)) GT =ma~", (96)

and thus S__(Gp'Gt || 7") < In(m) + In(a) < In(m) + S2(p'||v'). Shifting back the normal-
ization of the second argument gives

Soo(Gp/GY | e PH') <In(m) + SZ(p | eP") <In(m) + S5 (p ] e ")
<S+A+B5+1In(m), (97)

because the optimal state in the last max-divergence is a candidate in the optimization
for S%(p/ ||ePH'). Also, taking the trace of the constraint p < oy’ + F we obtain
a > 1 — 4e, and then using [53, Lemma A.4], we have P(Gp'GT/tr(p'),p'/tr(p")) <
V2tr(a IDIF))/tr(p)) < 2y/e/[(1—4e)(1—¢)] < 4 (using ¢ < 1/8), where
P(o,0") := \/1—F(0,0")? > D(0,0") is the purified distance for o,0’ € S(). Hence,
D(Gp'Gt/tr(p), o'/ tr(p")) < 44/ and thus D(Gp'GT, p') < 4tr(p')/2 < 44/E.

On the other hand, we have

F(Gp/GT,’yl) — tr \/V/I/QGP/GT'YII/Q _ HPll/ZGT’Yﬂ/zul < lel/Z,)//1/2H1H,}//71/2GT,YI1/2HOo ,
(98)

using Holder’s inequality. Conveniently, [G,~'] = 0 by construction, and thus also
[G.4"?] =0 and [G,7"1/2] =0, and ||y/~1/2GTy1/?|| _ = ||G||., <1, since G is a contrac-
tion (because GTG < I). Hence

Sy (GP G Y) = = F*(Gp'GT, ) 2 =W F*(p,7") = S, 150" 17 (99)
and thus
Sy (GG e Py = Sy (o | e ) = 85y (pl e PH) > S — A= 5. (100)

Finally, we define

- eriel
= . 101
P (GG (10D
We have tr(Gp'GT) > 1 — ¢ — 4/ > 1 — 5/, and thus
D(p,Gp'GY) =1 —tr(Gp'G") <1 - (1—e—4Ve) =e+ 4\, (102)

and by a chain of triangle inequalities

D(p,p) < D(p,Gp'G") + D(GP'G,p') + D(p, p) < 2e + 82 < 10yz . (103)
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We can define A’ = A+ 35 +1In(m) —In(1—54/¢), while noting that — In(1—5/2) < In(2)
as € < 1/100. Then, the state p satisfies

So(lle ™Y < S+ A+ B5+1In(m) — Intr(Gp'GT < S+ A ; (104)
Sipplle) =8~ A= B5+Intr(Gp/GT) > 5 - A (105)

We then have A’ < A+ 3§+ In(2m) and A’ > A+ 86 + In(m).
Then, the conditions of Lemma 4 are fulfilled, and for any k, k', we have that

HPkﬁPk’ 1 < exp(—|k - k’l‘ﬂé + AI) . (106)
Now, for any r > 1 we set ¢ = rA’. For any k, k" with |k — ¥'|3§ > ¢, Equation (106)
tells us that HPkﬁPk/ L S e~ (DA —. ¢/ We set r = 2 in the following for convenience.

The conclusions of Lemma 3 apply to the interconversion of p to and from the thermal
state.

Distilling work from p. Work can be distilled, i.e., the transition p — +” is possible, with
the parameters (we have set ¢’ = /¢ in Lemma 3)

w = B[S+ Al + 5+ 8 In(2m?(36/¢)?)
n = 2+1)0 (107)
e = 11/ +2/q.

Preparing the state p. The state p can be prepared, i.e., the transition 4" — p is possible,
with the parameters

w = B[S+ A]+ 5+ B In(2gm3) + 16q(A + B3 + In(2m))?/(826)
n = 16q(¢* + 2)(A + 86 + In(2m))? /(56) (108)
e = 10y/c + 7/(2q) + m2e~(8+0+In(m)

Finally, letting ¢ > 2, we obtain the slightly simplified parameters in Theorem 1.

I1.8.5.  Proof of Theorem 2

We now present the proof of Theorem 2, the main theorem of the first part of our main
result. The proof proceeds by applying Theorem 1 in the thermodynamic limit.

Proof. We use Theorem 1 to show asymptotic convertibility of P (rglative to f]) to and
from the Gibbs state 4" on a trivial system at zero energy. We write X" = {7} the trivial
sequence of trivial Gibbs states. For € > 0, let
1 _ _
Sne 1= 5 { S5alon | €7H) + S(pa [l =71 } (109)
Ay = max{ S (pn || e #") — S5(pn || e PH), v/} > 0 (110)

and let Ay . := limsup,, ,o, Ap /1. We have

1 _
lim lim sup — Sne = hm hmsupz— {Sa (pn || e PHmY + S5 (pp || € 5H")} =S; (111)

e=0 npaoco N —0 nooco

1
lim limsup —A,, . < max {hm lim sup — [SE (pn || € PH) — S5 (pn || e_ﬁH")],O} =0.

e=0 nosco N e—=0 pnoco

(112)
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For e > 0 and for each n, we apply Theorem 1 with the choices S = Sy, 5, A = A5,
§=p'A, . and ¢ = (As )% Then m = O(poly(n))/Ane. Observe that A, . = O(n)
and that A, . increases at least as fast as y/n by definition; thus m = O(poly(n)). Let
Wne, Mne,En,e be the parameters of the work extraction process given by Theorem 1 for
these choices. Then

lim limsup% =415 ; lim lim sup Mg _ im 3(Aw75)1/2 =0;
e—=0 pnosco n e—=0 nooco n e—0
lim limsup &, = 0 4 lim (Ax )4 =0,
e—=0 nooco e—0
~ 15 ~
and we can apply Lemma 13 in Appendix A to conclude that P ’i—o> )3

For the work extraction process, we define S, ., S, A} _, and Al _ similarly. Then the

n,e’ n,e"
parameters w), ., 1., ., & given by Theorem 1 satisfy
k) 9 k)

/ /

. . w —1 o . . T]TLE . — —
lim 1 —E =p715 il 5 = lim 32872(AL, )AL =0;
fimlimsup == = 7575 lim lim sup =% = limy 3257 (A o)™ Ao = 0

lim limsupé&, . =0
e—0 n_)oop e ’

where we used the fact that sublinear terms are suppressed, that limsup,, _}oo[A;l"E + 686 +
In(amP)]/n = 2A., . for any a,b > 0, and that limsup,,_,,, m?e~(A+0+(m) /p = 0 because

A}, . +0+1In(m) grows at least as fast as \/n and the exponential takes over the polynomial.
~ -15  ~
Thus from Lemma 13 in Appendix A we see that X" % P. Combining these two
BUS(P [ E)-S (P E)]
TO
It is clear that if S(P || X) > S(P' || ¥'), then P P P’ from the above, using Property (e)

P

processes for different states immediately yields P

of Proposition 14 in Appendix A. Also, if P —T—O—> ﬁ’, then monotonicity of the spectral rates

imply that S(P||S) > S(P'|| ). O

IV. COLLAPSE OF THE MIN AND MAX DIVERGENCES FOR
ERGODIC STATES RELATIVE TO LOCAL GIBBS STATES

In this section, we prove the second main theorem of our main result (Theorem 3): For
any P that is translation-invariant ergodic and for any local translation-invariant Gibbs state
5, then we have g(ﬁ I /X\J) = §(ﬁ I f]) =5 (ﬁ I f]) Combined with Theorem 2, this implies
that all such states can be reversibly converted into one another with thermal operations
and a negligible amount of coherence.

We prove this assertion in two steps. First, we formulate a generalized version of Stein’s
lemma [24-27, 37]. We derive a sufficient condition for the min and max divergence converge
to the same value that is heavily inspired by these references. The condition is the existence
of an operator obeying a simple set of properties, that plays the role of a typical projector. In
a second step, we prove that for ergodic states and local Gibbs translation-invariant states,
this condition is fulfilled.
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IV.1. A sufficient condition for quantum Stein’s lemma

The quantum Stein’s lemma relates to a hypothesis test between two states p, and
0p using a single measurement. If we employ the optimal strategy that correctly reports
pn with probability at least 7, then the probability of erroneously reporting p, decreases
exponentially as exp(—nS; (pn || 6)), with the rate being given by the KL divergence. This
statement holds in several known cases, such as for i.i.d. states, or if p, is ergodic and &, is
iid. [25].

Quantum Stein’s lemma can be formulated in terms of the hypothesis testing divergence.
For sequences 13, fl, a quantum Stein’s lemma would state that for all 0 <7 < 1,

SHP|S) = 8,(P|) . (113)

Because the hypothesis testing divergence is monotonic in 7, and because it interpolates
between the min and max divergences [cf. Eq. (33)], we see that the hypothesis testing
divergence converges to the KL divergence as per (113), if and only if the min and max
divergences converge to the KL divergence,

S(P|2)=5(P|%)=S(P|%). (114)

Therefore, to prove (114) for a class of states it suffices to prove (113).
A simplest situation where the quantum Stein’s lemma holds is the i.i.d. setting, ie.,
P :={p®"} and ¥ := {6®"}. In this situation, for any 0 <7 < 1,

SHP|Z) =S.(pl6) , (115)
and consequently,
S(PIE)=8(P|Z)=5(pl6) , (116)

as was proved in [37, Theorem 2|.
We now derive a sufficient condition for the convergence (113), providing a generalization
of the quantum Stein’s lemma beyond i.i.d. states.

Lemma 5. Let P and & be any sequences of states. Suppose that there exists ¢ € R such
that for any € > 0, there exists a sequence of operators W, that satisfy, for sufficiently large
n7

Wetws <1 ; (117a)
tr[Weg, WeT] < emnle2) (117b)
WetpWe < elet2)s, (117¢)
Tim Re(tr[Wipn]) =1 (117d)
Then, for any 0 < n < 1, we have
SHP|E) =c. (118)

Our proof is based on tools from semidefinite programming [13, 53, 70|, which imply that
the hypothesis testing divergence is equivalently expressed using two different optimizations:

. tr[X
Si(pll6) =—In min {7771 tr[Q(ﬂ} =—In sup p— X . (119)
0<Q<I =0, X>0 N

tr[Qp]=n pp<o+X
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The optimizations are called the primal problem and dual problem respectively. We note
that our proof below only requires the so-called weak duality between the minimization and
the maximization, which states that the optimal value of the minimization problem is an
upper bound to the optimal value of the maximization problem.

The reason that we have equality in (119) is that for the hypothesis testing divergence,
the stronger notion of strong duality holds, which states that both optimization problems
have the same optimal value. We note that the reason we write a supremum for the dual
problem is that for n = 1, even as strong duality holds, we are not guaranteed that the
supremum is achieved by a specific choice of y and X. In the primal problem the minimum
is always achieved. This can be seen using Slater’s conditions [70], noting that we can
restrict the optimization to the support of .

Proof of Lemma 5. Our proof proceeds by exhibiting explicit candidates in both optimiza-
tions in (119), yielding upper and lower bounds that both converge to ¢ as n — oc.
Let Q% := WETWE. From condition (117d) and Lemma 9 (a) in Appendix A, we have

lim tr[Q7pn] =1, (120)

which implies that for any 0 < 1 < 1, we have tr[ A%ﬁn] > 7 for sufficiently large n, and

Qn is a valid optimization candidate in (119). Using (117b), the value attained by this
candidate is

e Su(n ll6n) < n! e~ me=2e) (121)
and thus

1 1
ﬁSﬁ(ﬁn | 6n) = c—2e+ - In(n) . (122)

By taking n — oo and then e — +0, we conclude that Sﬁ(ﬁ 15) > e
Now we consider the second optimization in (119). First, we note that using a general-
ization of the Pinching inequality (Lemma 26 of Ref. [55]),

pn < 2[WEtpa Wi + (I = Wib)pu (T = W)] - (123)

and condition (117c¢), we have pup < & + X, and hence pu, X are valid optimization
candidates in the maximization in (119). From Lemma 9 (b) in Appendix A, we have
tr[(f —Wihpa(I - Wﬁ)] — 0 as n — oo, and therefore, for sufficiently large n, we have
tr[(f — Wﬂ)ﬁn(f — Wﬁ)] > n/4. Therefore, for sufficiently large n,

Let p = e ™t29)/2 > 0 and X := 2u(] — WeNp,(I — WE) > 0. From inequality (123)

g 2tr[(1 — Wi po (I — We
U U 2
The value attained by the maximization is then
S(pnl|3n) < —In {u = } <-m{jere) (125)
Dividing by n, taking n — oo and then € — +0, we deduce that Sﬁ(ﬁ I f)) <ec O

In fact, one can see that the product of two typical projectors constructed in Ref. [27]
for the i.i.d. case satisfies the conditions (117a)—(117d) above, with ¢ = S;(p || &).
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IV.2. Formulation of ergodic states and local Gibbs states

In a second step of our main result, we consider ergodic states and local Gibbs states.
Here we show that for these states, it is possible to construct an operator that satisfies the
conditions in Lemma 5, in turn proving the collapse of the min and max divergences to the
KL divergence.

The standard way to rigorously formulate ergodicity invokes infinite-dimensional C*-
algebras [28, 29, 31]. Here, for the sake of broad readability, we introduce the relevant
concepts directly in an equivalent — albeit perhaps less elegant — formulation that does
not require the use of C* algebras. For completeness, we provide the construction based on
C* algebras in Appendix C.

We consider a spatially d-dimensional system on the lattice Z%¢. To each site i € Z%, we
assign a copy 7% of a finite-dimensional Hilbert space, such that the Hilbert spaces for all
sites are isomorphic. We denote the set of operators acting on % by A;. For a bounded
region A C Z¢, we define 74} = Xcn 4 and Ay = @Q,;cp Ai. We note that these are
finite-dimensional spaces because A is bounded.

For a bounded region A C Z%, we consider a density operator p, whose support is A, i.e.,
pn € S(7 ). We assume that we are given a collection {pa} for all bounded subregions of
the lattice, which furthermore obey the consistency condition, namely,

pa = tranalpa] - (126)
This condition is necessary to ensure that all pp are obtained from a common global state
defined on the entire infinite lattice (see Appendix C).

Consider now a sequence of bounded regions of the lattice defined as follows. For any
teN, let [-£,0] :={-C,—L+]1,- — 1,0} C Z and Ay := [£,0]? C Z?. We define the
sequence of quantum states P = {pn} by pn := pa,, where we set n := (20 + 1)4 = |Ay|.
While n = (20 +1)% with £ = 1,2, --- does not run over all of the elements of N, it does not
affect our following argument; indeed, it is straightforward to complete the sequence with
intermediate states for all n € N such that the limits that we derive are unaffected.

Before we can formulate ergodicity, we consider the shift superoperator. The shift su-
peroperator T; is defined such that for any local operator A whose support is j € 7%, it is
mapped by T} to the same operator at site j + 1 € Z%, i.e., T (A ) = AJH, where we regard
i € Z% as a d-dimensional vector with the standard addmon for such vectors.

Definition 8 (Translation invariance). A sequence P of the form above is translation in-
variant, if it satisfies the consistency condition (126) and for alln = (20 +1)¢, all A € Ay
with A being bounded, and all i € Z¢ satisfying T;(A) € Ap,, we have

tr[pnTi(A)] = tr[pnA] . (127)

We note that “translation invariant” is often referred to as “stationary” in the context
of ergodic theory. In our setup, we interpret i € Z% as a coordinate of the spatial potition
instead of time, and therefore we prefer the denomination “translation invariant.”

Translation invariance is a central ingredient for the definition of ergodicity:

Definition 9 (Ergodicity). A sequence P is translation-invariant and ergodic, if it is trans-
lation invariant, and for all self-adjoint A € Ap for a bounded region A we have

2
. ~ . ~  27\2
s (g 3 500) | = el o
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where n. = (20 4+ 1)% on the left-hand side is taken such that Ti(A) € Ay, for alli € A,,.

The limit on the right-hand side of (128) is not actually necessary, because the consis-
tency condition (126) implies that tr[p,A] does not depend on n for large n = (2¢ + 1)%
satisfying A C Ay. The equivalence of this definition and the standard definition is proved
in Appendix C.

This definition implies that the variance of the shift average (i.e., the spatial average) of
any local observable vanishes in the thermodynamic limit. We emphasize that an ergodic
state can be out of equilibrium, because ergodicity is defined with respect to the spatial shift
instead of time evolution.

We now define the Hamiltonian of the system which determines the Gibbs state. Let h;
be a local operator describing interaction, whose support is a bounded region around site
i € Z¢. More precisely, we assume that the support of h; is in {7 : g —ix] < r, VE} C 29,
where 0 < 7 < oo is an integer and 4y, j, describe the k-th components of i,j € Z¢
(k =1,---,d). We note that r represents the interaction length, where r = 0 describes
non-interacting cases.

Then, for a bounded region A C Z%, the truncated Hamiltonian is given by

Hy =) hi. (129)
€A

A Hamiltonian of this form is referred to as a local Hamiltonian. The Hamiltonian is
translation invariant, if it can be written in the form

Hy = Ti(ho) . (130)
€A

for some fixed operator hg.
Let 8 > 0 be the inverse temperature. The truncated Gibbs state on a bounded region
A is given by the density operator

o1 = exp(B(Fy — Hy)), (131)
where Fj := —3711n tr[exp(—ﬂf[ A)] is the truncated free energy. We note that 65 does not

satisfy the consistency condition (126), because of the effects on the edges of the region A
where we have truncated the Hamiltonian.

We consider a sequence of the truncated Gibbs states: We define s0 = {65} with
6= &Em, where n := (2¢ +1)? and m := £ —r. We note that, with this definition, the
supports of 65 and p, are the same. In the following we use the shorthands H,:=H Ao
and F, := Fjy, .

IV.3. Generalized Stein’s lemma for ergodic states relative to local Gibbs states

We now consider a proof of a generalization of the quantum Stein’s lemma for ergodic
states relative to local Gibbs states. We begin by proving that the limiting KL divergence
is well defined:

Lemma 6. Suppose that P is translation invariant and S° is the truncated Gibbs state of
a local and translation-invariant Hamiltonian in any dimensions. Then S1(P||X5) exists.
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Proof. This follows from the following well-known facts. From Eq. (131),

1, . . 1., Fr  tr[Hapa]
8, (pa || 6R) = ——— 8, (pa) — i 4 g LTAPAL 132

The first term on the right-hand side converges to Sl(ﬁ) because P is translation invariant
(Proposition 6.2.38 of Ref. [29]). It is also known that the second term converges to the free
energy density (Theorem 6.2.40 of Ref. [29]). The third term also converges, because Hy is
local and translation invariant, and P is translation invariant. O

One important ingredient in the proof of our generalization of the quantum Stein’s lemma
is the following typical projector for ergodic states (Theorem 2.1 of Ref. [20]; see also The-
orem 5.1 of Ref. [21] and Theorem 1.4 of Ref. [22]).

Proposition 8 (Quantum Shannon-McMillan Theorem). Suppose that Pis ergodic. Then
for any € > 0 there exists a sequence of projectors H% . (called typical projectors) that satisfy,

for sufficiently large n,

—n(s+o)T] 1= 51 —n(s—o)T]
| A ] L (133)
" 5] <t (134)
. Aa ~ o
nh_)rgotr [Hﬁmpn] =1, (135)

where s := Sl(ﬁ).
We now consider our main theorem for ergodic states and for the truncated Gibbs state.

Theorem 3 (Collapse of the spectral rates for the truncated Gibbs state). Consider a
lattice Z% of spatial dimension d and suppose that P is translation invariant and ergodic, as
in Section IV.2. Let 37 be the sequence of truncated Gibbs states of a local and translation
invariant Hamiltonian on the lattice. Then, for any 0 < n < 1,

SHPE7) = 5y(P|I57) (136)
and as a consequence,
S(P|27) =S(P|E7) = 5y(P|£7) . (137)
Proof. From the proof of Lemma 6, the following limit exists,

m = lim 1(—tr[ﬁnln&,?]) : (138)

n—oo n

Let s := Sl(ﬁ). We define relative typical projectors (as inspired by Refs. [25, 27]) as
5 oy = Proj —lm&D €m—e,m+eg] (139)
n T .] n n ) ’

which satisfy by definition

—n(m-+te) 716 <
€ Ups0, <

(140)
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We then define
We =115 1II

3
n: Pn ™ PIEHn "

(141)

The remainder of the proof is devoted to showing that the operator Wﬁ satisfies the four
conditions (117a)—(117d) in Lemma 5 with

ci=—s+m=_5,(P|E") . (142)

These conditions then immediately imply Eq. (136), as discussed in Section IV.1.
The condition (117a) is clear by definition. Condition (117b) is obtained from inequali-
ties (134) and (140) as

. O . B . .
(I H;\zﬂ oy H%‘E%H%n] < em=e) 1 o [T15, o0, 0%, ]

L e Mm=e) ¢y [ﬂ% n}

< 6fn(m73725) _ (143)

The third condition (117¢) is obtained from inequalities (133) and (140) as

e 13 —n(s—e) 11 € TE
Hﬁ\iﬂ,nﬂﬁ,n Pn H Hﬁ@D Se HP|2D nHP nHP|ED
<emaTE o
—n(s—e) ,+n(m+e) 116 e,
<e e HP|ZD HP‘
L efnim=s+2e) 500 (144)

The final condition (117d) follows from Lemma 8 in Appendix A, Eq. (135) in Proposition 8,
and from

lim tr [HMD pn] =1. (145)

n—o0 I

To show Eq. (145), we use the assumption of ergodicity of P. Since the Hamiltonian is local
and translation invariant, we have

where T; is the shift operator. Then, denoting by Proj{---} the projection operator onto a
subspace satisfying the corresponding condition, we have

ﬂ;li% = Proj ZT ho)— 2 elh—f—eh—f+ely , (147)
ZEA@
where h = lim,— %tr [ﬁnﬁn] and f := limy_, o % For sufficiently large n, we have

‘& — f| < 5, and therefore,

A . 1 "
H;‘ED > Proj - %\: Ti(ho) € [h—¢e/2,h+¢/2] p . (148)
(SN,

By definition of ergodicity, observables of the form (146) converge in probability; we have
proven Eq. (145). O
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The above proof reduces to the main theorem of Ref. [25] in the special case where S0 s
i.i.d., i.e., if the system has a strictly local Hamiltonian with no interaction terms (r = 0).

Finally, we can ask whether the same theorem holds also for the sequence S of reduced
states of the full Gibbs state on the infinite lattice. We show that this is indeed the case.
Because this theorem requires a rigorous formulation in terms of C*-algebras, we defer the
precise claim and proof to Theorem 4 in Appendix C .

IV.4. Remarks on ergodicity, mixtures, and the KL divergence
1V.4.1. The mixing property

A local Gibbs state with a mixing (or clustering) property is ergodic. However, we
emphasize that the converse is false; ergodicity does not necessarily imply that the state can
be written as a Gibbs state of a local Hamiltonian.

Definition 10 (Mixing). Let Ty = T, 01,0, ,0) be the shift operator corresponding to
the one-step shift to the k-th direction (k =1,2,---,d). A sequence P has the mizing (or
clustering) property, if it satisfies the consistency condition (126), and if for all A, B e Ay
with A being bounded and if for all k, we have

Tim_tr [ﬁnT(;;) (A) B} = lim tr {ﬁn/i} tr [f)nlﬂ , (149)

where n = (20 + 1) on the left-hand side is taken such that the supports of T(}:)(A) and B
are included in Ag.

The equivalence of this definition and the standard definition is proven in Appendix C.
It is well-known that mixing implies ergodicity (cf. Ref. [31]):

Proposition 9. Any translation-invariant and mizing state is ergodic.

For local operators and the Gibbs state of a local and translation-invariant Hamiltonian,
a stronger property called the exponential clustering property has been proven for any 5 > 0
in one dimension [71] and in higher dimensions for sufficiently high temperature (see, for
example, Ref. [72] and references therein). Therefore, the quantum Stein’s lemma is proved
for two local Gibbs states P and 3 at least for sufficiently high temperature.

1V.4.2.  Mixztures of ergodic states

Consider now the situation in which the state is a mixture of different ergodic states.
In this setting, ergodicity is broken, and the existence of a thermodynamic potential is no
longer guaranteed

Let P*) = {p } be ergodic states (k = 1,2,--- , K < 00), and consider their mixture
P := {p,} with p, := >k rkpgl ), where 7, > 0 and ), 7, = 1. We continue to suppose
that ¥ is given by the Gibbs state of a local and translation-invariant Hamiltonian. In
this setting, we can show that the min and max divergences are given by the minimal and
maximal value of the KL divergence of the states in the mixture, respectively:
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Lemma 7. The spectral divergence rates are split as

S(PIS) =min{S,(PY D) SIS =max{s, (PP S}, (150
while the KL divergence rate is given by

S, (P||S) ZrkSl B . (151)

Proof. Equation (150) immediately follows from Proposition 11 in Appendix A. To prove (151),

we note that —tr [ﬁgf) In &n] is additive with respect to k, and thus we only need to show

S, (P P)=%" o RS (P (k)) This in turn follows from the fact that the von Neumann entropy
satisfies the following inequalities, ), 715, (ﬁq(q,k)) <81 (Pn) < Dok TS (f)gﬂ)) +5,({r}). O

1V.4.3.  The role of the KL divergence for the thermodynamic potential

Usually, we have that if the min and max divergences coincide, then the limiting values
coincide with the limiting value of the KL divergence. This is because in usual cases, the
asymptotic divergences obey

S(P|S)< S (P <S(P|T) . (152)

Indeed, this inequality follows in usual cases from the fact that Sy(p| o) < S;(pld) <
Soo(p|| &) combined with a continuity argument of the KL divergence in p which ensures
the inequality persists after smoothing with e > 0. Indeed, for D(p/,p) < &, we have
1Si(plle) —Si(p' 1| o) <[S,(p) —Si(p)|+2¢|Iné| ., where the first term can be bounded
using the Fannes-Audenaert inequality [73, 74] and where the second term behaves as O(en)
as long as [|Iné| is at most linear in n. In this case, 1S5(pn || 67) < 25, (pn || 60) + O(€)
and 15, (pn || 6n) — O(e) < LS5 (pn || 61), which ensures that (152) holds. Notably, while
this is the case in most usual settings such as the one considered in the present paper, this
continuity argument does not hold in general for arbitrary sequences of states and operators.

As a simple toy example, consider a two-level system with states |0),]1), fix an in-
verse temperature 8 > 0, and let {e,} be a sequence of small positive nonzero reals with
limy_yo0 £n = 0. We consider the sequence of states P with pp = en|1)(1] + (1 — £,)[0)0|
and a sequence of Hamiltonians H with H, = (n/e,)|1)(1|. (The sequence is defined on a
single copy of the Hilbert space; it is straightforward to embed these operators in J#%",
though perhaps not in a local and translation- invariant way.) The corresponding sequence

S of Gibbs weights is &,, = e #Hn = ¢=(8n/2n) 11)(1] + (I — |1)(1]). We can calculate

~ 1 1 B
SPIS) = fim 1816l = tim {2510 + 2 wlplpl] =5 5
For the min divergence and for any € > 0 we have
1 1 1 1 n—00
~S5(0n [16m) = —So(pn || o) = ——In(1+e775) > ~In(2) === 0, (154)

and hence S (P I $) > 0. On the other hand, for any £ > 0 we have that &, < ¢ for n large
enough; then for n large enough, D(|0)(0], pr) < & and

Sl ) < - In 6 f0)0] 62|, =0, (155)
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and hence S(P || £) < 0. Finally, recalling (30), we find
S(P|E)=8(P|%)=0. (156)

Crucially, the operator &, has an eigenvalue that is at least exponentially small in n, and
|ln&||, is superlinear in n. This invalidates the usual continuity argument described above.
Having ||In ||, with such a behavior amounts to having a Hamiltonian (such as H,, in our
example) with an energy level that scales superlinearly in n. Physically, this means that the
system does not have a sound thermodynamic limit; in practice, for instance in the case of
all-to-all coupling, one prefers to normalize the full Hamiltonian to ensure a good behavior
in the thermodynamic limit. Nevertheless, our toy example shows that in full generality,
the min- and max-divergences can collapse to a single value and define a thermodynamic
potential which does not coincide with the KL divergence in the thermodynamic limit.

We emphasize that this issue does not appear in usual settings such as the one considered
in the present paper, where the energy is extensive. Also, this issue cannot appear with the
spectral entropy rates (i.e., if 6 = I ), because of the argument above, or alternatively,
thanks to Lemma 3 of Ref. [41]. In those cases, the Kullback-Leibler divergence (or the
von Neumann entropy rate) is the relevant thermodynamic potential that emerges from the

reversibility of the resource theory.

V. DISCUSSION

Our results provide new insight on the role of ergodicity and typicality in many-body
systems [75, 76]. Our two main theorems on one hand advance our understanding of the
possible interconversion of states with thermal operations and a limited source of coherence,
and on the other hand establish a generalized quantum Stein’s lemma for lattice systems
with local and translation-invariant Hamiltonians. Together, these theorems prove our main
result, namely, that a thermodynamic potential emerges in the resource theory of thermal
operations for all ergodic states in lattices with a translation-invariant local Hamiltonian.
Thermal operations involving nonsemiclassical states. While the possible state
transformations under thermal operations are well understood for semiclassical states thanks
to the notion of thermomajorization [9], the picture becomes significantly more involved if
we consider states that present coherences between energy eigenspaces [11, 45]. The min-
and max-divergence no longer represent the distillable work and the work cost of formation
of a state, because in general one requires a suitable reference frame to accurately carry
out those transformations [11, 58, 68, 77]. Our Theorem 2 shows, however, that if the two
divergences coincide approximately, then the coherences that are present in the state are
necessarily small in a suitable sense, such that these transformations become approximately
possible after all with only a small reference frame. In the thermodynamic limit, the size of
the reference frame becomes negligible.

Our theorem provides a conceptually clear characterization of which states can be re-
versibly converted to the thermal state, and hence, for which class of states the thermody-
namic potential emerges. Namely, approximately reversible conversion to the thermal state
is possible if and only if the min and max divergences coincide approximately (although the
error terms have to be adjusted in each direction of the proof).

We resort to a crude metric for the amount of coherence that was used in a process: We
allow the use of an ancilla whose Hamiltonian is suitably bounded. Recently, more refined
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methods of accounting for coherence have been introduced, such as via coherent work [78|
or with a more traditional resource-theoretic approach [60]. Using an improved measure of
coherence would allow to clarify the amount of coherence used in the processes of Theorem 2.

One could ask for a characterization of which classes of states can be reversibly converted
into one another, without being necessarily reversibly convertible to the thermal state. Con-
sider for instance two states with the same spectrum that is not uniform, both living within
a fixed energy subspace: They can be related by an energy-conserving unitary, but they
cannot be reversibly converted to the thermal state. In this paper, we have adopted the
convention that a thermodynamic potential should be well defined for the thermal state it-
self. Curiously however, it is also possible to define some kind of “alternative thermodynamic
potentials” for such classes of states which cannot include the thermal state. It is not clear
to us what the physical relevance of such classes of states would be.

We also note that ergodic states have off-diagonal elements that vanish exponentially,

similarly to the behavior encountered in states obeying the eigenstate thermalization hy-
pothesis (Lemma 4 combined with Theorem 3). It is then natural to ask whether there
are properties of states that obey the eigenstate thermalization hypothesis (such as error-
correcting properties [79]) that can be carried over to ergodic states.
Asymptotic Equipartition, the Shannon-McMillan theorem, and Stein’s lemma.
The classical Shannon-McMillan theorem along with its quantum counterparts provide a
collection of AEP statements that play an important role in information theory, statistics,
and statistical physics, where ergodic processes are naturally encountered. Because of the
stark formal differences between the quantum and the classical definitions of Markovianity,
the quantum versions of these AEP theorems do not follow directly from their classical
counterparts. Building on earlier proofs of the quantum Shannon-McMillan theorem [20-22]
and a relative AEP theorem with respect to product states [25], we finally provide the full
quantum version of the classical relative AEP theorem mentioned above, which applies to
ergodic states relative to Gibbs states of a local Hamiltonian.

A main component of the proof of our main result is a generalized version of Stein’s lemma
which is tightly related to the proof techniques of Ref. [27]. Namely, it suffices to find an
operator obeying a set of simple conditions to conclude that the min and max divergences
collapse, which can be seen partly thanks to ideas from semidefinite programming [52, 53].
By constructing suitable typical projectors using the ergodicity property of the state, our
Theorem 3 exploits this characterization and provides a new version of Stein’s lemma. The
latter applies to situations beyond i.i.d. states, since we may consider any ergodic state with
respect to any Gibbs state that arises from a local Hamiltonian.

Crucially, the states we consider are spatially ergodic, rather than ergodic with respect to
time evolution. Spatially ergodic states can have a nontrivial time evolution, even producing
significant changes of macroscopic quantities in time [80]. Importantly, this shows that one
can define a thermodynamic potential that has a operational interpretation even for certain
states that are not in thermodynamic equilibrium.

By endowing a new class of states with a rigorous, well-justified thermodynamic potential,
one may ask whether or not it is possible to find even larger classes of states that can be
reversibly converted into one another. Thanks to Lemma 7, the thermodynamic potential
also emerges for all finite mixtures of ergodic states with the same thermodynamic potential.
Whether there are more translation-invariant states that have a well-defined thermodynamic
potential in the sense of the present paper is an open question.

One may ask whether or not our results could be generalized to systems that violate
translation-invariance. It might be possible to treat a weak violation by adapting the



38

present argument with a suitable control of the relevant error terms. For systems that
are fundamentally not translation-invariant, one could instead ask whether ideas from en-
tropy accumulation could be leveraged to prove bounds on the min and max spectral rates
in the thermodynamic limit, using local properties of the state (or of the local process
that generates the state) rather than symmetry considerations [81, 82|. Conversely, insights
gained from the behavior of the spectral rates in statistical mechanical systems might pro-
vide new ways of proving more general entropy accumulation theorems which might involve
the divergence, the mutual information, or a channel capacity.

A further natural extension of our work would be to lift our results from transformations
of quantum states to transformations of quantum channels, in line of the results of Ref. [55].
Can non-i.i.d. quantum channels that have a suitable ergodic property be reversibly con-
verted into one another?

The quantum Shannon-McMillan theorem moreover holds in a more general and abstract
operator algebra context [22]. We might expect that additional AEP results in such settings
can be shown using ideas put forward in the present paper.

Finally, one could attempt to further characterize the min and max divergence rates in
natural situations where they do not coincide. These quantities are known to bound any
extension of the thermodynamic potential outside of the set of reversibly interconvertible
states [34], and as such, the interval [S(P|| ), S(P|| )] provides a “best possible characteri-
zation” of the thermodynamic behavior of such states that takes into account the fluctuations
in thermodynamic quantities that persist in the thermodynamic limit. We expect this to be
the case, for instance, for many-body-localized states, or for states at critical points imme-
diately before spontaneous symmetry breaking. The techniques put forward in the present
paper might help derive bounds in such cases, which, while falling short of a collapse of the
min and max divergences, would still provide a useful characterization for a greater class of
states that are far out of equilibrium.
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Appendix A: General technical lemmas

The following gentle measurement lemma states that a measurement effect that is almost
certain to appear does not disturb the state much [83, 84].
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A~

Proposition 10. For a state p and any operator with 0 < Q < I, zf tr[ﬁ@] >1—¢, then
pQYA|, < 2V2e . (A1)

The following technical lemmas provide a few variations around the gentle measurement
lemma, dealing with operators that capture most of the weight of a state.

Lemma 8. Let Q and Q’ be projectors. Suppose that a state p satisfies tr [Qﬁ] >1—¢and
tr[@’ﬁ] >1—¢ fore>0,¢ >0. Then,

Re(tr[QQ'p]) > 1 —e— Ve . (A2)
Proof. We first note that
Retr[QQ'p] = tr[Qp] — Retr[Q(I — Q)p] =1 —¢ —Retr[Q(I — Q')p] - (A3)

From the Schwarz inequality, we have

A~ ~

Retr[O(F — 0] < \/trlQp) tel(F — Q)] < V& | (A4)
where we used that Q and [ — Q’ are projectors. Therefore, we obtain Eq. (A2). O

Lemma 9. Let W be an operator with |W||, < 1. Suppose that a subnormalized state

p € S<(H) satisfies Re(tr [Wﬁ]) > 1—¢ with e > 0. Then, both following statements are
true:

(a) tr[WTWpA} >1—2¢ and tr [WWT[)] >1—-2¢;
(b) tr[(I - W) —Whp] <2e.
Proof.  (a) From the Cauchy-Schwarz inequality,
te[WIWp] > tr[p] - tr[WIWp] > <Retr[Wﬁ])2 >1—2. (A5)
We can show the second inequality in the same manner.

(b) This follows from

tr[(I = W)(F = Whp] =1 - 2Retr[Wp] + tx[WWTp <1-2(1—e)+1=2¢,

where we used ||I/T/HOO < 1. O

Next we show that for a mixture of states, the min and max spectral rates are given by
the smallest or largest spectral rate in the mixture, respectively.

Proposition 11. Consider a sequence of states P = {pn} where each state is given by a
mizture py, = Zf 1 rkﬁnk for a given probability distribution {ri}1<_ independent of n, and
consider the individual sequences Pk = {,0 } Then the lower and the upper divergence
rates ofP relative to a sequence of posztwe operators S are given by

SIS =min{SPWIS®)};  B(PS) = max (SEWS)} . (A7)
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This proposition immediately follows from the following three lemmas.

Lemma 10. Consider a mizture of states p = > rpp™*) with a probability distribution {ry}.
Let 7 be a quantum state such that F2(p,7) > 1 — 2. Then there exists a probability
distribution {r}.} and a collection of states (8" such that

P Zr;%(k) : D({Tk}7{7';g}) <e: D(ﬁ(k)’f.(k)) < % ) (A8)
k

Tk

Proof. Call our system of interest A, and consider a copy B ~ A. Let {|j)4},{|j)g} be
orthonormal bases of A and B, respectively, and let [®) := >_/[j) 4|) 5 be the reference

unnormalized maximally entangled state. Consider the following purification of p(*),

AB — ((/A’(Af))l/Q ® fB) 1) 45 - (A9)

Let C be a register with an orthonormal basis {|k)} and consider the following purification
of pc,

15™)

P)ap = Z VT ’P(k)>|]‘3>c . (A10)
k
From Uhlmann’s theorem, there exists a purification |7) 45~ of 74 such that

F(1p),17)) = F(p,7) 2 V1 —¢*. (A11)
Invoking the Fuchs-van de Graaf relations between the fidelity and the trace distance [46, 85],
1—F(,) < D(,-) < /1= F?(,-), we find that D(|p),|7)) < e. Now, define

o= (kKL P Flape) s F® = 1,@ trac(R)kle [)Flape) - (AL2)

From the monotonicity of the trace norm under CPTP maps, we have D({ry},{r}}) < e,
where here the trace distance is calculated between the two classical probability distributions,
which is known as the total variational distance. Furthermore, the trace norm cannot
increase under any CP and trace-nonincreasing maps, and hence,

Slire® — O, < 1ol — 1)L = DU 1) << (A13)

This implies
(k) ~ 1 . .
D(p(k)ﬂ-(k)) - EHrkp(’f) _ rkT(k)Hl

1 . . |1"
< - (Glna® =g, +

H) 5, (A14)

which completes the proof. O

Lemma 11. Consider a mizture of states p = Zle rep®) with a probability distribution
{re}. Let € > 0 be such that 2y/e < ry for all k. Then

S%(p116) < max S5, (P [16) ; (A15)

551 5) > max {SQW/’% )1 6) + In(ry, — 2\[)} (A16)



41

Proof. We first show inequality (A15). For each k, there exists 7(*) € B#(5*)) such that
S (pF) ||6) = S (78 || 6). Let 7 := >, 7%, which is a candidate for minimization in
S5, (p||6), because D(7,p) < 3, meD(7*)| 5*)) < ¢, using the joint convexity of the trace
distance. Then,

See(Pl16) < So(71]6) < anmHa Y212
< maxln||5™ 1/2%<k>&—1/2||00:mgxs;(ﬁk) 16) . (A17)

We next show inequality (A16). There exists 7 € B(p) such that S5, (p | 6) = S (7] ).
By the Fuchs-van de Graaf inequalities [46, 85|, we have F(p,7) > 1 — D(p,7) and thus
F2(p,7) = 1 —2e. Let {#(®} be quantum states and {r,} be a probability distribution
that are given by Lemma 10, such that D({r}, {r}}) < v2e and D(p*), +(®)) < 2v/2¢ /7.
Noting that TkT( ) < 7, we have

Seo(#116) = |67 27 ®e=12|| =8 (") ||6) + Inv),
> S2V2/mk (5) || &) + In(ry — 2VE) , (A18)
which implies inequality (A16). O

Lemma 12. Consider a mizture of states p = Zle rkﬁ(k) with a probability distribution
{rx}, and let € > 0. Then

S5(p11) > min {S5(p™ ||6) ~mK | . (A19)

S5(011 ) < min S35 (A20)
Proof. We first show inequality (A19). For each k, there exists 7(*) € B(p(*)) such that
Ss(p*) || 6) = Sy || a) Let 7 := >, 7x7®), which is a candidate for maximization in

S§(p |l o). We note that P: < Yk Paxy, because the kernel of 7 is larger than the intersection
of the kernels of 7). Therefore,

S5(pll6) = So(7]]6) = —Intr[P:6] > antrP(km
(Kmaxtr PA(MU]) :mlgn{Sg(ﬁ(k) H&)—an} . (A21)

We next show inequality (A20). There exists 7 € B°(p) such that S§(p|| ) = So(7 1 &).
By the Fuchs-van de Craaf inequalities, we have F2(p,7) > 1 — 2¢ as above. Let {#(¥)} be
states and {r}.} be a probability distribution given by Lemma 10. For all ,

tr[P:6] > tr[P.a 6] , (A22)
and therefore
~ ~ ~ ~ 2/ 2¢/r N N
So(7116) < Sy | 6) < §2V%/ (68 | &) (A23)

which implies inequality (A20). O
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Appendix B: Properties of our thermodynamic framework and
convertibility proof for Gibbs-preserving maps

In this section we derive a collection of useful properties of thermodynamic transforma-
tions that were introduced in Section III.1, and provide a simplified version of Theorem 1
that is specialized to Gibbs-preserving maps.

The partial isometry in the definition of a thermal operation commutes with the system-
and-bath Hamiltonian in the following sense.

Proposition 12. Let K, L be systems with Hamiltonians HK, HL and let VK_>L be a partial
isometry such that VKHLHK = HLVK%L Then

Vi Vior, Hg] =0 ; ViV, H) =0 . (B1)

In consequence, Vic_y1, is a mapping of a subset of initial energy eigenstates on K to some
final energy eigenstates on L.

Proof. We compute directly [‘A/}T(ELVK_)L, ﬁK] = V;{%L(VK%LﬁK_ﬁLVK—)L)'i‘(V}T(HLﬁL_

IA{KV[T((_L)VKAL = 0 and similarly [VK%LVIT{%L7I§L] —0. .

Now we show that any partial isometry that is compatible with the system Hamiltonian
(i.e., one that maps the input Hamiltonian to the output Hamiltonian on the range of the
partial isometry) can be dilated into a full energy-conserving unitary on a larger system
from which the partial isometry is recovered by preparing an ancilla in a pure state and
post-selecting on a specific measurement outcome of an ancilla on the output of the unitary.
The present proof is partly adapted from [55, Proposition 29].

Proposition 13 (Dilation of a partial energy-conserving isometry). Consider systems
K, L with Hamiltonians I:IK,I—AIL, Let VK%L be a partial isometry such that VKHL.FAIK =
I:ILVK%L. Let |f) ., [i); be two energy eigenstates of K and L of respective energies

— (f|Hy |f) ;o and e; = (i|Hy|i);. Let W be any system with a Hamiltonian Hy and two
energy eigenstates \E)W, |E")y of respective energ@es Gi gt such that e; + g = e + q¢. Then
there exists a unitary Ukrw such that [UKLW, Hyg + Hy + HW] =0 and

Vs 1) i = (B'ly © () Ukw (1 B)y ® 1)) [9) g (B2)
for all |¢) ;o in the support of V.

Note that the role of the system W is simply to absorb any constant shift in energy.
That is, if ef = e; already, then we can take W to be a trivial system with F = E' = 0.

Proof. Let WKLW%KLW Vi1 ® (\f} (i |L) ® |E')(E|y, which is a partial isometry. Then
we have W(HK + Hy + HW) (HK + Hy + ﬁW)W because global energy eigenstates
are mapped onto global energy eigenstates. Using Proposition 12 we further see that
[WTW,I:IK + ﬁL + ﬁw] = 0 and [WWT,];}K + I:IL + ﬁw] = 0. Let {’¢m>KLW} be an
energy eigenbasis of K ® L ® W in which WIW is diagonal. Then we may write

W =" amlxm) krw (bmlerw - (B3)
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for normalized global energy eigenstates |x,,) and for numbers a,, € {0,1} since W is an
energy-conserving partial isometry. Now define

UkLw = Z’Xm>KLW<¢m|KLW ) (B4)

which is a unitary operator that is energy-preserving since Uk LW |Om) g 1S an eigenvector
of Hx + Hy, + Hy with the same energy as |ém) gy - Finally, for any |1)) ;- in the support
of V, we have that 1), @ [i); ® |E)y is in the support of W, and hence U (|¢) 5 ®
)@ E)y) = Wieew (1) g ®10) @ E)y) = (Vi [¢) ) ©1F) i @ [E')yyr, from which (B2)
follows. O

Now we present some general properties of the thermodynamic operations introduced in
Section III.1.

Proposition 14 (Elementary properties of thermodynamlc operations). Consider systems
S, S with corresponding Hamiltonians HS,HS/ Let % denote either TO or GPM. The fol-
lowing hold:

a) If S ~ 8" and H,, = Hg + ¢ for some ¢ € R, the identity process is a (c,0)-
S
work/coherence-assisted process in either model TO or GPM;

(b) For two energy eigenstates |E) g, |E') g, we have |E)g L’f£—> |E") g/ if and only if
> E - E:
(¢) For anyw € R,n > 0,e >0, we have ps @ |E)(E| 4 L) Py @ |E'YE'| 4 for energy

. . . oA E,
eigenstates on ancillas A, A" if and only if ps M Py

(d) We have 4 % 4, where § = BF—H) 4 = BE=H) yith = — =1 Intr(e PH),

F'=—-pg71 lntr(e’BH/);

(e) p %ﬁ/ implies[)%ﬁ’ foranyw' >w,n’ >nande > ¢

~ W,ME A o wn'e .~ wtw' ,n+ne+e’ .
(f) If p —L= § and pf —1" p", then j S P

Proof. Property (a) for H' = H is obvious because the identity process is itself both a
thermal operation and a Gibbs preserving map. For H, = Hg +cl with ¢ # 0 we use a two-
level battery W with energy eigenstates |0)y, )y and Hy = c|c)(c|yy; then Is_g @ ]0)(c|
is an energy-conserving partial isometry, and thus a thermal operation, on the system S
and the battery W with ¢ work expended. The statement in the GPM model follows from
Lemma 1. Property (b) is clear; the only nontrivial aspect is that we may have strict
inequality. That a thermal operation can perform this transformation can be seen using
thermo-majorization [9]. The statement for GPM follows because a thermal operation is
also Gibbs-preserving. Property (c¢) holds by definition of a (w,n)-work/coherence-assisted
process; the systems A, A’ may be combined together with the battery system W in the
transformation. Property (d) holds because the thermo-majorization curve of the thermal
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state is the line connecting (0,0) to (e%F,1) [9]. Property (e) follows from (b). To show
Property (f), let ® (respectively ®') be a work/ Coherence—assisted—process with parameters
(w,n) (respectively (w’,n')). Then ® o ® is a (w + w',n + n’)-work/coherence-assisted
process, and we have D(®(B(5)), 1) < D(®(B(p)), &' (1)) + D(¥'(3'), i) < D(B(5), ') +
D(CD’(“’) P <e+é€. O

Now we present the proofs of Propositions 3 and 4 stated in Section III.1 regarding the
monotonicity of the various divergences under thermodynamic operations.

Proof of Proposition 3. We have pg w Py (invoking Lemma 1 if necessary); let PlGPM]

be the corresponding Gibbs-sub-preserving map. The monotonicity of the hypothesis testing
divergence follows directly from the properties (19) and (21).

The monotonicity of the Rényi divergences is trickier to prove because the corresponding
data processing inequality only holds for trace-preserving mappings. Using [13, Proposi-
tion 2|, there exists a qubit system @ with a basis {[i)q,[f)q } and with a Hamiltonian

Hqg = qi|i)(i| + a[f)(f|g, as well as eigenstates i), |f)g of Hg, g,, and a trace-preserving

GPM
map KE@S’QLSS’Q such that

GPM N
CD.[S'%S’](‘) — <f’f‘SQ K[GPM}((.) ® i, 1><1,1|S/Q) ‘f, f>SQ : (B5a)
’C[S%}?g[LSS'Q( ,B(H5+H’S,+HQ)) — o BUHs+HY,+HQ) . and (B5b)
+ (i Hg 1) = g + (£ Hsf) - (B5c)

Since tr(®“FMl(5g)) = tr(pl) = 1, we can invoke [13, Corollary 3(b)] to see that

[GPM] (5

KM (pg @ [1,1)(1,i]g1g) = Pgser (5s) @ IF, E)E, g - (B6)

Also, using |13, Proposition 17| and (B5c), we have that
Sallis i il |5 1) = 5 (L)t flgq [|e PPty = 0. (BY)
Then using the property (14) of the Rényi a-entropies and the above identities, we have
Salflor | e™57) = S (@M (ps) @ |£,E)E, g || W11 — ¢
Sa(]C[GPM (hs @ |i, 1), i|S’Q) I K[GPM](efﬁ(ﬁs+FI{S,+FlQ))) _C
(p

< S (ps @ 1, 1) il grg | e—ﬁ(ﬁs+ﬁ’s,+HQ)) _C
= S, (ps|le sy | (BS)
where the inequality holds by the data processing inequality (10). 0

Proof of Proposition 4. We prove the statement for the GPM model, _invoking Lemma 1 if

necessary. Let C,C’, W, W’ be systems with Hamiltonians HC, HC/ HW, HW/ from Defini-

GPM GPM
tion 5 and let (I)[SCWLS/C'W/ be the GPM operatlon in (38). Let p psronwr = (I)EGCWLS'C’W' (ps®

|EXEly @ [0){C|q), with D((E',C'\W,C/ psrew |E N wier s ﬁfg/) < e. Using property (22)
we have

A —BHa +e 2 _BH.,
St (s Il e 5H5>—1n(§,g ) <SHUE Clwier o |B, Oy 1e7#557) . (BO)
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Now compute

trC/W/ [|E, C/><E, C/’W/Cl e—ﬁ(HS/-‘rHC/"rHW/)] — e—,BHS/ e—,BE’ <</’€_BHC |</>

> e AE+N) o=BHg , (B10)

because (¢'|e PHC | ¢!) = A\pin (e PHO) > e PllHclo > =P where Amin () denotes the small-
est eigenvalue of its argument. Observe that the operation trerw [|E', CWE', |y ()] s
a completely positive, trace-nonincreasing map. Then thanks to (19) and (B10) along with
the scaling property (20),

(B9) < Sf(psicnw || PP e st FyrtHlen)y
= S (psrcrws || e PHs HwtHeny _ g(R! 4 )
< SH®CPM (55 @ | B, OUE, Clye) | BICTM (e At fw o))y — g(R! 4 )
< S§i(ps ® |E.OE, Cly || e PHsHIw o)) _ g(F! 4 qp) (B11)

[GPM]

where the two last inequalities hold using respectively (21) noting that & SOW SO 18

Gibbs—sgb—preserving, and the data processing inequality (19).
Let Qscw with 0 < Qscow < I be an optimal choice for the last divergence term in (B11),
such that S (ps ® | B, O(E, Cly || e #HsHiw+H0)) = — i tr(Qscw e PHs+Hw+tle)) 1,

QS = (E,¢lwe QSCW|E (), noting that 0 < QS Ig. Then we have tr(QSpg) =
tr(Qscw (ps ® |E, OB, () = €, and thus

Sei(ps || e PHs) > —ln@tr(@s 6_5H5)>
1 R N
—1D<€ tr(Qscw (E_BHS ® |E7€><E7C|W0)))
M <€B(E+n) 2 tr(Qscw eﬁ(ﬁsmcmw)))
= 55(ps @ | B, CE. Clye Il e PWsHiw+le)y _g(p ) (B12)

where in the last inequality we used e—BHe > Amin(e _'8ﬁc)|C><C|C Z e AllHc]. <|O){¢le =
e P1¢)(¢|, and e —BHw > ¢ ~PE|E)(E|,, which imply together that |E,(NE, (e <
eBE+n) o=B(Ho+Hw) Rewriting (B12), we have

Sfi(ps © | B, OUE. Clyye [|e W Hled) < S5 (ps | ™) +- (B +m) . (B13)

and finally,
(B11) < S§(p || e™7715) + B(E + 1) — BE' +n) < S5(p [ e 75) + Bw+20) . (B14)
Following the chain of inequalities proves the claim. O

We present a convenient lemma that can ensure asymptotic convertibility if good enough
asymptotic convertibility can be achieved for any fixed € > 0. We first note that, thanks to
Property (e) of Proposition 14, we may equivalently replace all limits “lim, "

tion 7 by “limsup,,_,..".

in Defini-
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Lemma 13. For sequences of states P = {pn}, P' = {pl,} and sequences of Hamiltonians
H = {H,}, H = {H]}, suppose that for all ¢ > 0 there exists wye,Mne,Ene such that

~ Wn,e;Mn,esEn,e

pn —————" pl. for all n, where x denotes TO or GPM. If r € R is such that

*

w
lim limsup —= =7 ; lim lim sup —= e _ ; lim limsup &, =0, (B15)
e—=0 noco n e=0 pnsco N e—=0 npnooo

then P —:—> P

Proof. Let we := limsup,,_,o Wnc/n, N := limsup,,_, o Nnc/n, and & := limsup,, . €nc.
Define

N(g) := min {N :Vn > N, Pne < we + € and e < Ne + ¢ and &, < & + 5} . (B16)
n n
Now let e(n) := inf{e : N(¢) < n} and observe that lim,_,~ e(n) = 0 because N(¢) is

finite for any small € > 0 thanks to the existence of the limit superior defining we, 7. and
€. Then let wy = Wy c(n)s Mo = Npe(n), and En 1= &, (), such that p, B N
for all n. We have w,/n = wycn)/n < wem) + (n) by definition of (n) and hence
lim sup,,_, o wn/n < limsup,,_, [we(n) +&(n)] = r. Similarly, n,/n = 1, ;(n) /7 < 7 +¢€ and

thus lim,, o 7, /n = 0. Also, &, = Enen) SEete and thus lim,,_., &, = 0. O

An important known result is the fact that the min and max divergences quantify the
amount of work that is necessary to convert a semiclassical state p to and from the thermal
state.

Proposition 15 (Work distillation and state formation for semiclassical states [8, 9]). Let
p be a quantum state on a system with Hamiltonian H, and suppose that [p, HS] = 0. Let

" =1 denote the trivial thermal state on the trivial system C with the trivial Hamiltonian
H"” =0. Then
. —BTIS5(plle P00, y BTSS(plle= )0 .
>y d = . B17
TO v an - p (B17)

We now present a central proposition of this appendix, namely a simplified form of
Theorem 1 that is specific to Gibbs-preserving maps. The error terms as well as the proof
itself are significantly simpler than the full result for thermal operations.

Proposition 16 (Work distillation and state formation [9, 13|). Let p be a quantum state
on a system with a Hamiltonian H. Let v" = 1 denote the trivial thermal state on the trivial
system C with the trivial Hamiltonian H" = 0. Then for any € > 0 we have

—B71S5(plle ), 0,6 o BTISSL(plle )06
Y Y P

O ; and (B18)
GPM GPM
Consequently, for any p,p’, and for any Hamiltonians JEI, I;V,
-1 Se (p —ﬂI:I/ —Se(H —,81:1 ’0’2
. BTSSP e )—S5(p |l e”P1)],0,2¢ P (B19)

GPM
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For asymptotic sequences of states P = {pp}, P' = {pl,} and sequences of Hamiltonians
H={H,}, H ={H]}, we have
—~ —115(P' | SNY=S(PIIS
p A BRSPS
GPM

P, (B20)

where we denote by & (respectively X' ) the sequence {e_fBH"} (respectively {e—ﬁﬁé }).

Proof. The statements (B18) are proven in Ref. [13]. The result for semiclassical states and
thermal operations was shown in the earlier Ref. [9]. The statement (B19) follows directly
by combining the processes in (B18). To prove (B20), observe that for any ¢ > 0, we have
for sufficiently large n that [SZ_ (4., || 67,) — S5(pn || 6n)]/n < S(P'||Z) — S(P||2) + g(e)
where g(g) is some function of ¢ with g(¢) — 0 as ¢ — 0. Then (B20) follows from (B19)
and Lemma 13. g

For completeness, we prove (B19) directly with an explicit transformation.

Alternative direct proof of (B19). We prove the following equivalent statement: Assuming
that S5(p| e PH) > S (p' || e PH"), we explicitly construct a Gibbs-preserving operation
that performs the given transformation using a hypothesis test. The equivalence with (B19)
follows from Proposition 14 (c), the scaling property (13) of the divergences, and their
additivity under tensor products (14). Without loss of generality we may assume that
tr(e PH) = tr(e=PH') = 1; otherwise, shift the Hamiltonians by suitable constants and
apply Proposition 14 (a) whose cost cancels the shift (13). Let 6 = e % and ' = e P’
which are now quantum states.

First, consider the case € = 0. We explicitly construct a CPTP map E that maps (p,0)

o (p',6), by using a “measure-and-prepare” method. Let ¢ := = ¢ %19 and let P be the
projection onto the support of p. We consider the situation that one wants to dlstlngulsh
the two states, p or &, just by performing the projection measurement {P, f P ). We
label the measurement outcome corresponding to P and T — P by 0 and 1 respectively.
Then, the conditional probabilities that one gets the outcomes are given by

PO =1;  POI)=0; PO|&)=c; PO]&)=1-c.  (B2)
Next, let ¢ := e 9=(15) From the definition of S__(p'| 6’), we have 6 — /' > 0.
Therefore, 6" := (6' — dp')/(1 — ) > 0 is a quantum state, and satisfies

F+(1— )" =6 (B22)

The operation FE is constructed according to the following protocol. First, we perform the
projection measurement {F,, I —P,} on the input state. We then map the obtained outcome
0,1 to another bit 0’, 1’ by a (classical) stochastic matrix M satisfying

MZM[H [1i/c']:M[1ic]~ (B23)

Such an M indeed exists, if ¢ > ¢ or equivalently S, (5" || ') < Sy(p]| &) holds. In fact, we
can explicitly write down the matrix as

1 1-(1-¢)/(1—¢)
M‘[o (- )10 }' (524)
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Finally, we prepare p' (or 6”) if we have 0/ (or 1’). By combining the foregoing operations,
we obtain the desired CPTP map E. In fact, we have E(p) = p' from P(0]p) = 1, and also
have E(6) =dp/ + (1= )" =4’

Now we consider the case ¢ > 0. By definition of the smooth entropies, there exist
7,7" such that S5 (p'||67) = S (7']|6’) and S5 (p||6) = S (7] 5), with D(7,p) < e,
D(7, ') < e. From the case ¢ = 0 we have that 7 PV 7/ with respect to the thermal states

&,6". By triangle inequality and because quantum operations can only decrease the trace
distance, we have that D(E(p), p') < D(E(p), E(7))+D(E(7),p) < D(p,7)+D(7,p') < 2e.

. 0,02 .
Hence p ———— p'. O
GPM

As an immediate consequence, any state that satisfies S (p || e*BH) =Sl e*ﬁH) can

be reversibly converted to and from the thermal state e =# / tr(e=##) with Gibbs-preserving
operations. The same holds for thermal operations if the state is semiclassical. Consequently,
the common value of the divergences, which we can denote as S(p), is the thermodynamic
potential: It characterizes exactly which state transformations are possible within this class
of states.

Appendix C: C*-algebra formulation

In this appendix, we provide an overview of the standard formulation of ergodicity with
C*-algebras (28, 29, 31], and prove that it is equivalent to our formulation in Section IV.
Furthermore, we prove Theorem 3 in the alternative setting where we consider a sequence
of reduced states of the infinite Gibbs state, rather than a sequence of finite Gibbs states
corresponding to Hamiltonians truncated to finite regions. In the following, we use the
notation of Section IV.

The set of local operators is given by Ajoe := UpAp for a bounded lattice region A C VA
Then, the C*-algebra A is defined as the C*-inductive limit of Aj,., which is often written
as ./4 == ®iezd .Al

We consider a (normal) state ¥ : A — C, where \II(A) € C is interpreted as the expecta-
tion value of observable A. We consider a reduced state to a bounded region A C Z%. By
definition, the reduced density operator on this region, written as pa, satisfies

U(A) = tr[pad] (C1)

for all A € Ay. We note that the consistency condition (126) is automatically satisfied for
this {pa}.

By using the shift superoparator T; introduced in Section V.2, we first define translation
invariance.

Definition 11 (Translation invariance). A state U is translation invariant, if for all A € A
and for all i € 77,

U(Ti(A)) = U(4) . (C2)

The above definition of translation invariance is equivalent to the definition in Sec-
tion IV.2; this is guaranteed by the following lemma, which states that it is sufficient to
take A above to be local.
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Lemma 14. If Eq. (C2) is satisfied for all A € Ae and all i € 7%, then VU is translation
moariant.

Proof. Suppose that Eq. (C2) is satisfied for all A € Aie. For any € A, there exists
a sequence {Am}meN C Ape such that A,, € Ap,, and hmm_moH Am|| = 0. Let
Am = A— A . Then we have

W(T(A)) = $(A)] < [(TH(An) = U(An)| + [U(T(AR) - WA . (C3)
The first term on the right-hand side vanishes. The second term is bounded as
[U(Ti(Am)) = ¥(An)| < 2[Anll - (C4)

which goes to zero as m — oo. O

We now define ergodicity in a more standard and mathematically elegant way |28, 31]
(see also Refs. [20, 21]).

Definition 12 (Ergodicity). A state ¥ is translation-invariant and ergodic, if it is an ex-
tremal point of the set of translation-invariant states.

Physically, an ergodic state corresponds to a “pure thermodynamic phase” without phase
mixture, which is consistent with this mathematical definition.

The following theorem establishes the equivalence of the definition above with the defini-
tion presented in Section IV.2. This is a reformulation of Theorem 6.3.3, Proposition 6.3.5,
and Lemma 6.5.1 of Ref. [31]; see also Ref. [21].

Lemma 15. Using the notation of Section IV, the following are equivalent for any translation-
wvariant state U:

(a) ¥ is ergodic;
(b) For all self-adjoint A € A,

2
S ((%il 72 L) ) = (V) (C5)

€Ay
(c) For all A Be A,
Ti(A)B) = W(A) ¥(B) ;
i g X B = 0w o
ISV
(d) Equation (Cb) is satisfied for all self-adjoint A€ Ae.
For completeness, we prove the equivalence of (d) with the other points.

Proof. It suffices to check that (d) = (b). The proof is similar to that of Lemma 14, and we
use the same notation: For any A € A, there exists a sequence {A,, };men C Ajoe such that
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A,, € Ay, and limmﬁoonzl — Am”oo = 0; let A,, = A— A,,. Now suppose that Eq. (C5)
is satisfied for all self-adjoint Ae Ajoe. We first note that

(ZE(A)>2= (Zn( ) + 3 (TAn) Ty(An) + Ti(An) Ty (An))

1€EAy 1€A, (ISIV,

We then have

W(((%JlrleT A) ) U(A)

eNy

(i) o

From Eq. (C5) for Ay € Ajoe, we have, for a fixed m,

((m g

Since m can be taken arbitrarily large, the right-hand side above can be arbitrarily small.

Therefore, Eq. (C5) is satisfied for all A € A. O

+ 4l Anll ol Amll o + 21 Amll, - (C8)

~X

lim
{—00

<AlAmll ool Al +201Aml3, - (CO)

We now provide a definition of mixing that is suited to the formalism in this section.

Definition 13 (Mixing). Let T(y) be the shift operator in Definition 10 in Section IV. A
state W has the mizing property, if for all A, Be A and all k,

Jim U(THA)B) = ¥(A)¥(B) . (C10)
—00
Definition 14 (Weak mixing). A state U has the weak mizing property, if for all A, Be A,

1 N R R
%HdezAJ Ty(A)B) — W (A)¥(B)

=0, (C11)

Z—)oo (

Mixing implies weak mixing, and weak mixing implies ergodicity. However, the converses
of them are not true. In particular, the weak mixing in the above sense should not be
confused with Eq. (C6).

The following lemma guarantees that the above definition of mixing is equivalent to
Definition 10 in Section IV.

Lemma 16. In the definitions of mixing and weak mizing above, it is sufficient to take
A, B e »Aloc-

Proof. The proof of (d)=-(b) in Lemma 15 provided above can be straightforwardly adapted
to prove this lemma. O
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We next consider the concept of local Gibbs states for the infinite-dimensional setup [29].
We here assume that the Kubo-Martin-Schwinger (KMS) state is unique at 3, which phys-
ically implies no phase coexistence. This is provable for any 5 > 0 in one dimension [86],
but is true at a sufficiently high temperature in higher dimensions [29].

Let go% : A — C be the Gibbs state corresponding to the truncated Hamiltonian as-
sociated with the region A, and represented by the density operator (}E in Eq. (131) of
Section IV.2. Then, it is known that a state

® := lim ¢ (C12)
{— 00 ¢

exists, where the limit is given by the weak-* (or ultraweak) topology of the dual of A (cf.
Proposition 6.2.15 of Ref. [29]). We can then define the global Gibbs state on the entire
lattice by ®. This global state satisfies the following condition for any A € Ajyc,

®(A) = Jim @, (4) . (C13)

Then, we define the reduced state of ® on a bounded region A, which is written as @x.
Let o be the corresponding reduced density operator. For any observable A € Ay, we have

A~

(A) = pa(A) = trfoaAl. (C14)

In the following, let S = {67} be the sequence of the reduced Gibbs states, where &, := d,,
and n = (2¢ + 1)4. We note that the reduced state 55 and the truncated state &% are
different in general, where only &, satisfies the consistency condition (126).

We now prove another version of Theorem 3 in Section IV, where S is the sequence of
reduced states of the full Gibbs state on the infinite lattice, instead of the sequence S0 of
Gibbs states corresponding to truncated Hamiltonians associated with a sequence of finite
regions.

Our proof strategy is to show that the asymptotic min divergence rate, the max divergence
rate and the KL divergence rate remain unchanged if we substitute S0 by 3. For this, we
invoke the following result, given as Theorem 3.11 in Ref. [87] (see in particular the second
proof provided in that reference, which holds for observables that are not necessarily positive
and proves the uniformity of the convergence).

Proposition 17 (Lenci and Rey-Bellet [87, Theorem 3.11|). Suppose that the KMS state is
unique. For any observable Ay € Ap for a bounded region A C Z%, we have

. 1 P F A0
Alglzld IA“lntr [AAUA] —Intr [AAUA] ’ =0, (C15)

where the convergence is uniform in Ap.

The above result allows us to prove that the KL divergence rate does not change if we
replace the Gibbs state of the truncated Hamiltonian by the reduced state of the infinite
Gibbs state.

Lemma 17. Suppose that the KMS state is unique and that Sl(ﬁHED) exists.  Then
S,(P||X) exists and equals S;(P || X7).
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Proof. Proposition 17 implies that

1
AILHZld A tr[pa InGa] — tr[paIno]| =0, (C16)
which implies S, (P || £) = S, (P || £9). O

Similarly, we may use Proposition 17 to show that the min and max divergence rates
(via the hypothesis testing divergence rate) remain unchanged if we replace $o by S

Lemma 18. Suppose that the KMS state is unique and that Sﬁ(ﬁH SO exists for any
0 <n<1. Then, for any 0 <n <1, the rate S{(P || ) ezists and equals Sfi(P || Z7).

Proof. From Eq. (C15) in Proposition 17, there exists d,, > 0 satisfying lim,, %" = 0 such
that for any A, € Ap,,

“on tr[A,65) < tr[A,6,) < et tr[A,6Y)] . (C17)

Combined with Eq. (18), this implies that
Sti(pn 11 63) — 6 < SH(pn | 50) < Si(n || 67) + 6 - (C18)
The claim follows by dividing this equation by n and taking the limit n — oc. O

It is now straightforward to combine Lemmas 17 and 18 to prove another version of
Theorem 3 for the infinite Gibbs state, rather than the limit of Gibbs states of the truncated
Hamiltonian of increasingly large finite regions.

Theorem 4 (Collapse of the spectral rates for the reduced Gibbs state). Suppose that P s
translation invariant and ergodic, and ¥ is the reduced Gibbs state of a local and translation
invariant Hamiltonian in any dimensions, where the KMS state is unique. Then, for any
0<n<l,

S(PIX) =8, (P[%) (C19)
and as a consequence,

S(P|E)=S(P|IT) =5(P[) . (€C20)

Appendix D: An alternative proof of Theorem 4

Here we provide an alternative proof of Theorem 4 presented above, in the case of a
one-dimensional chain, by combining a known result by Hiai, Mosonyi, and Ogawa [88] with
the ergodic theorem of Bjelakovi¢ [25]. We state these results here:

Proposition 18 (Hiai, Mosonyi, and Ogawa [88, Lemma 4.2|). Let 6, be the reduced local
Gibbs state on n sites in one dimension. There exist ay, g > 0 and mg € N such that for
all m > mgy and k € N we have

k—1~Qk N k—1~Qk
TR G <y TG (D1)
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Proposition 19 (Bjelakovi¢ and Siegmund-Schultze [25, Theorem 2.1]). Suppose that P s
translation-invariant and ergodic, and ¥ = {o®"} is i.i.d. Then, for any 0 <n <1,

SHPIZ) =Si(P]5). (D2)

The proof strategy is thus to use Proposition 18 to reduce the problem for a local Gibbs
state to a problem with a tensor product Gibbs state, by coarse-graining the n-site chain
into k blocks of m sites. The problem then falls in the scope of Proposition 19 which gives
the desired result.

Alternative proof of Theorem 4 in one dimension. We fix m € N, and let n = km + r with
1 <r <m—1. First we argue that we can essentially ignore the r remaining sites and focus
on the km sites. From the monotonicity of the hypothesis testing divergence under CPTP
maps, and therefore under the partial trace, we have for any 0 < n < 1,

Fix 0 <n < 1 and let ka denote an optimal operator in (18) such that ! tr(@km&km) =
exp(—Sg(Prm || 65F)). Then, from Proposition 18,

> — ( Ly kao'@k]) —(k—=1)Inae
= S (prm | 65F) — (k=D Inay . (D4)
Therefore,
St (pn || ) = SH(prm | 65°) — (k — 1) Inaz . (D5)

From Proposition 19, we have for large k£ and at fixed m,

1 . N 1 . .
%Sgl(pkm |65F) = Esl(pkm 165F) + 6 (D6)

where limg .o, 0y = 0. Using the fact that the logarithm is an operator monotone and
with (D1),

Hence, we obtain
1 1 k—1 (05} k
—Sh An An > - 0 m 0 m 1 - . D
~S(n 1 60) = 81 | ) + 0 2 B (8)

Taking lim inf,,_,, while fixing m, we obtain
1 ~ 1 aq
. . - 77 ~ A~ > o L
limint - 5% (5 1 6) > S(P[[$) + -0 2 (DY)

where we used Lemma 17 to get the first term on the right-hand side. Since m can be taken
arbitrarily large, we obtain

1 ~ o~
liminf =S} (5, [|6) > 51 (P £) . (D10)
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We next show the opposite direction. Again from the monotonicity of the hypothesis
testing divergence under partial trace,

St (on | 6n) < S (Ag+1ym || 6 er1)m) - (D11)

Fix 0 < n < 1 and let Q’(k+1)m

(Q (k4+1)m0( k+1)m) = exp(—Sﬁ(ﬁ(kH)m I 6(k+1)m)). Then, using Proposition 18,

denote an optimal operator in (18) such that

S (Dtes+1ym | 6 k1ym) = —In(n~ [Q/(k-f—l)m & (k+1ym))
< = (7 0[Qun o)) — klnay
< Sp(Drnym | 6E2FD) — klnay (D12)
Therefore,
St (P 1) < S (P rym | 655) = klnay . (D13)

From Proposition 19, we have for large k£ and for fixed m,

1 A®(k+1))

g Sy 155 Sy (e | 65040) + (D14)

k:+1

where limj_,, 6, = 0. Since the logarithm is an operator monotone, we have from inequal-
ity (D1),

S1 (Pt 1ym || EETY < S By 1ym | G (s 1ym) + ki nas . (D15)

Therefore, we obtain

1 ~ “ 1 R . k a9 k+1
ESITZI(pn | on) < 551(P(k+1)m I & (kt1ym) + - In o + - 0y, - (D16)
By taking limsup,,_,., while fixing m, we obtain
. =~ 1. oo
timsup 57 (|| 6) < S (P1) + 22 (D17)

n—+00 m ]

where we again used Lemma 17. Since m can be taken arbitrarily large, we obtain
. 1 . N ~ o~
lim sup =S (pn || n) < S (P 2) - (D18)
n—oo N

Equation (C19) then follows from inequalities (D10) and (D18). O

Appendix E: The classical case

If we restrict the C*-algebra A in one dimension to a commutative subalgebra, we obtain
a classical stochastic process. Here, we flesh out explicitly the classical ergodic theorem that
our argument in Section IV and Appendix C reduces to in the classical case.

The classical counterpart of the setup in these sections is a two-sided stochastic process
over Z with finite alphabets. Let {x¢}scz be the stochastic process, where z; € B with B
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being a finite set of alphabets, and let X,, := (x_g,x_p41, - ,x¢) with n := 20 + 1. We
consider sequences of probability distributions P := {pn(Xp)nen and S := {on(Xn) bnen.

First of all, we briefly comment on mathematical details about the correspondence be-
tween the classical case and the quantum case (see also Refs. [20, 25]). Let A be the
C*-algebra of an infinite spin chain. We consider a unital Abelian C*-subalgebra B C A,
which is interpreted as a set of classical observables. Let ® be a quantum state on A, and
®|z be its restriction to B. From the Gelfand-Naimark theorem, B is identified with the
Banach space Cy(K), which is the space of C-valued continuous functions on a compact
Hausdorff space K. In our setup, K = BZ, which is compact from the Tychonoff’s theorem.
From the Riesz-Markov-Kakutani representation theorem, the dual of Cy(K) is the space of
regular Borel measures on K. Thus ®|z is identified with a probability measure on K (i.e.,
a stochastic process over Z).

Classical ergodicity can be defined in the same manner as in the quantum case (Defini-
tion 9), i.e., as a commutative case of quantum ergodicity. On the other hand, the standard
definition of classical ergodicity is that any subset of trajectories in a stochastic process that
is invariant under 7" has measure 0 or 1. These definitions are equivalent for the finite-
alphabet case. In fact, a classical stochastic process is translation-invariant ergodic if and
only if it is an extremal point of the set of translation-invariant processes. Also, as men-
tioned before, Definition 9 is equivalent to the definition by extremality for quantum spin
systems [21, 31|. T moved the above two paragraphs here.

All the quantum divergences introduced in Section II can be computed using as arguments
a probability distribution and a vector of positive entries of same length, by embedding both
classical vectors into the diagonal entries of an operator in a Hilbert space whose dimension
is the same as the number of entries in the vectors.

In the following, we argue that, explicitly for the classical case, if Pand S satisfy a relative
asymptotic equipartition property (relative AEP), then the lower and the upper divergence
rates coincide, and they must equal the KL divergence. We first define the relative AEP in
the form of a convergence in probability, a classical counterpart of our quantum formulation
in Section IV.

Definition 15 (Relative asymptotic equipartition property (relative AEP)). We say that P

and & satisfy the relative AEP if the KL divergence rate Sl(ﬁ I f]) exists and if % In %

converges to S (ﬁ I f]) in probability by sampling X,, according to py,.
This is equivalently formulated as follows (see, for example, Theorem 11.8.2 of Ref. [18]):

Proposition 20. Suppose that 51(13 I f]) exists. The sequences Pand S satisfy the relative
AEP if and only if for any € > 0, there exists a set Qn, C {Xn} (the relative typical set)
such that for sufficiently large n:

(a) For any X, € Qp,

exp(n(S)(P || T) — €)) <

(b) pnl@n] >1—¢; and

(¢) (1—e)exp(—n(S,(P|Z) +¢)) < 0a[Qun] < exp(—n(S,(P|T) - €)).
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Here, p,[Qn] and 0,[Qy] represent the probability of @y, according to distributions p, and
on, respectively.

The relative AEP ensures that the min and max divergence rates converge to the KL
divergence rate:

Proposition 21. Ifﬁ and & satisfy the relative AEP, we have
S(PIE)=S(P|%)=5/(P|%). (E2)

Proof. Although this proposition follows easily from Egs. (29a) and (29b), we here note an
alternative proof based on Definition 2 with a slightly different intuition. We consider a
subnormalized probability distribution 7,,(X,,) defined by 7,(X,) := pn(X,) for X,, € Qn
and 7,(X,,) := 0 for X,, ¢ Q,. From tr[r,] > 1 — ¢ and with Proposition 10, we see that 7,

is a candidate for the maximization in Sg‘/g(pn || o). Therefore,

S2VE (o [ o) = So(7 |l o) = — In 0 [@n] (E3)

where we used that @),, cannot be smaller than the support of 7, to obtain the right inequality.
From the right inequality of (c¢) in Proposition 20, we have

9 ~ o~
S5V (pn ll o) > (S, (P D) —e) . (E4)

By taking the limit n — co, we obtain
S(P|%) > 5(P|%). (E5)

Similarly, we have

n Xn
S50 102) < Siclrill ) = In gumy 2022 (56)
From the right hand side of Proposition 20 (a), we have
S2(pallon) < n(Si(pnllon) +¢) - (E7)
By taking the limit, we obtain
S(PIX) < Si(P]IY) . (E8)
By combining Eqgs. (E5) and (ES8), we obtain (E2). O

In the following, we assume that P := {pn} is translation-invariant (i.e., stationary) and
ergodic. In this case the non-relative AEP (i.e., the classical counterpart of Proposition 8)
is satisfied, as a consequence of the Shannon-McMillan theorem.

As in the quantum case, we define the reduced state 5= {on} of the global Gibbs state o
of a local and translation-invariant Hamiltonian in one dimension, where o, (X,,) := o(X,,)
(i.e., oy is a marginal distribution of o). We can also define the truncated Gibbs state
S0 = {o)}. The global Gibbs state o is obtained as the limit of the truncated Gibbs
states [89]:

o:= lim o5 | (E9)

n—oo
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where convergence is given by the weak-x topology (or the vague topology) of the dual of
the Banach space Cp(K).

We remark that the case of the reduced Gibbs state 3 can also be obtained from a well-
known fact that the relative AEP is satisfied for a translation-invariant ergodic process with
respect to a translation-invariant Markov process. (The relative AEP has also been proved
in a stronger sense (i.e., almost surely convergence). See Ref. [19] and references therein.
For our purpose here, however, convergence in probability is enough.) In fact, we have the
following lemma.

Lemma 19. The global Gibbs state o of a local and translation-invariant Hamiltonian in
one dimension is translation-invariant Markovian.

Proof. From the Hammersley-Clifford theorem [90] (see also Ref. [91]), it is known that
the Gibbs state of a local Hamiltonian on an arbitrary finite graph is Markovian. On the
other hand, here we directly prove this lemma by explicitly calculating the global Gibbs
distribution o, without using the Hammersley-Clifford theorem.

For simplicity, we assume that the local interaction is given in the form of h; = h(z;, x;41)
and satisfies h(x,y) = h(y,z). We introduce the transfer matrix 7', whose (z;, x;11)-element
is given by

(x;|T|2iy1) := exp(—=ph(xi, zit1)) - (E10)

Here, we used the bra-ket notation to represent the classical probability vectors. We denote
the spectral decomposition of T" as

T=> A\l (E11)
A

We also assume that T has a non-degenerate maximum eigenvalue e

For the truncated Hamiltonian H|_g g := Zfzf ¢ h(xi, xi41), the truncated Gibbs distri-
bution is given by

¢
O _ [Tie—o(@il T|zig1)
ol gty w0, we) = Z<1|T25+1]1> 7 (E12)

where [1) := > |z;) is the column vector whose entries are all unity. Its marginal distribu-
tion for an interval [—¢',n| with ¢/ < ¢, n < ¢ is given by

(LT o) Tty (| T i) {n | T 1)

O
Tg (Tt ) Tn) = (1|T2+1 1) (E13)

The conditional probability is then given by
UL o) Tt (il T i) | 777 1)
AT zp) H:L:_Egl (2| T|@iq1) (xn—1 | T 1)

_ {za| T
T (21 | T 1)

U[D—e,e](mn|ff?n—1»"' L) =

(Tn-1|T|2n) , (E14)

which depends only on x,,—1 and x,, — as expected from the Hammersley-Clifford theorem —
with also an explicit dependency on n. From (E11),

Son M ([N (A1)
PRI I PVIONRY

UEg’g] (wn ‘ Tp—1,""" ax—l’) = (xn—l |T‘xn> . (E15)



o8

By taking the limit of ¢ while fixing ¢ and n, we obtain

(@ [As)

m(ﬁn—ﬂTWH ) (E16)

Am oL (@n Tt 2p) =
where the right-hand side depends only on z, and x,; and no longer explicitly depends on
n. Therefore, the global Gibbs distribution ¢ satisfies

o(xn | Tp—1, -+ ,x_p) =0(zp | Tn_1) . (E17)

We note that it is straightforward to remove the assumption that 7' has a non-degenerate
maximum eigenvalue. In fact, we can just replace the right-hand side of (E16) by multiple
eigenvectors with the maximum eigenvalue of T'.

In general, a stochastic process o is defined as Markovian, if for any n

U(xn ’ Tp—1,Tn-2,"" ) = 0'(.%'” | wn—l) (E18)

holds almost surely (see, for example, Chapter 2 of Ref. [92]). Also, from the Levy’s mar-
tingale convergence theorem, limy o 0 (zp | Xp—1, -+ ,_p) = 0(Tp | Tn—1, - ) holds almost
surely. The claim then follows from Eq. (E17). O
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