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Black hole thermodynamics provides a unique setting in which general relativity, quantum field theory,
and statistical mechanics converge. In semiclassical gravity, this interplay culminates in the generalized
second law (GSL), whose modern proofs rely on information-theoretic techniques applied to algebras of
observables defined on null hypersurfaces. These proofs exhibit close structural parallels with the
thermodynamics of open quantum systems governed by Markovian dynamics. In this work, we draw
parallels between the dynamics of quantum fields in regions bounded by nonexpanding causal horizons and
the thermodynamics of quantum systems weakly coupled to equilibrium reservoirs. We introduce a
dictionary relating late-time boundary conditions to the choice of reservoir, vacuum states to fixed points of
the dynamics, and modular Hamiltonians to thermodynamic potentials. Building on results from a
companion paper on dual generalized second laws at future null infinity [A. Rignon-Bret and M. Vilatte,
companion paper, Phys. Rev. D 114, 065012 (2026)], we show that additional terms appearing in the
associated thermodynamic potentials admit a natural interpretation as work contributions. We demonstrate
that certain nonthermal vacuum states at null infinity allow for the operation of autonomous thermal
engines and enable work extraction from the radiation. Extending the analysis to the Unruh vacuum in
Schwarzschild and Kerr backgrounds, we obtain generalized grand-potential-type laws incorporating
graybody effects and angular momentum fluxes. Altogether, our results clarify the thermodynamic
description of black hole dynamics and place it within the broader framework of open quantum

thermodynamics.
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I. INTRODUCTION

Black hole thermodynamics [1-12] (see, for example,
Refs. [13-15] for comprehensive reviews) has occupied a
central role in research on quantum gravity for more than
half a century. The subject raises a number of deep and
interrelated challenges, including the precise formulation
and derivation of the laws of black hole mechanics [16-22],
their connection to Einstein’s equations [23-27] as well as
the breakdown of predictability [28,29], and proposed
resolutions to the information loss problem [30-45].
These issues continue to lie at the forefront of modern
research in high-energy theoretical physics.

“Contact author: arignonbret@gmail.com
"Contact author: matthieu.vilatte @umons.ac.be

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2026/114(6)/065011(31)

065011-1

More recently, many efforts have been deployed to
understand better the black hole entropy, either by extend-
ing the definition to the dynamical regime [46-56] or by
using algebraic techniques to properly define the general-
ized entropy [57-67]. The generalized entropy is tied to the
generalized second law [5,6,8], according to which the total
entropy of the Universe, including the contribution from
black holes, is nondecreasing. It can be written as

A
ASgen = A(—+ Sout> >0, (1.1)

4G

where A denotes the area of a cross section of the event
horizon and S, represents the entropy of the matter fields
outside the black hole. Inspired by the work of Sorkin [68]
and Casini [69], Wall, in a series of seminal papers [70-73],
successfully applied techniques from quantum information
theory to quantum fields on the black hole horizon,
providing a precise and rigorous formulation and derivation
of (1.1). This framework has inspired a substantial body
of subsequent works on the generalized second law
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[63,65,74-79]. Moreover, the strategy developed in Ref. [73]
relies on the monotonicity of the quantum relative entropy
[80—-84] and on the identification of an appropriate stationary
reference state—techniques that are standard in the realm of
thermodynamics of open quantum systems [85-91].

Hence, to better understand the generalized second law
and, more broadly, the notion of gravitational entropy, it is
instructive to compare proofs of the generalized second law
on horizons with more standard proofs in nonrelativistic
settings. In particular, the theory of open quantum systems
places strong emphasis on subsystems undergoing
Markovian (i.e., memoryless) dynamics [85,87,92-97].
The typical framework involves a small system weakly
coupled to an effectively infinite bath at equilibrium (i.e.,
satisfying the Kubo-Martin-Schwinger (KMS) conditions
[98,99]), with which it can exchange energy and particles.
In this regime, the weak interaction induces transitions
between the eigenstates of the small system. Moreover,
when the coupling is sufficiently weak, correlations
between the system and the environment can be neglected
beyond a certain timescale, as they are dissipated into the
infinite bath. This leads to the absence of information
backflow and an effectively Markovian evolution [87,100].
A closely related structure appears in quantum field theory
on null hypersurfaces. Since a horizon acts as a causal
barrier, information that crosses it cannot return to the
region from which it originated, and the dynamics of
quantum fields in a causal region or on a null hypersurface
is therefore Markovian. By contrast, when the boundary is
timelike, radiation can reenter the region, resulting in non-
Markovian behavior. Moreover, whereas in open quantum
systems the Markovian approximation is only valid to
leading order, for quantum fields on a horizon, it holds
exactly, as a direct consequence of causality.

Quantum thermodynamics, even when restricted
to the Markovian regime, is an extremely rich subject
[87,96,101-108]. Many physically relevant situations can
be studied within this framework, such as relaxation
processes toward (not necessarily thermal) stationary states
or the operation of microscopic engines weakly coupled to
reservoirs at different temperatures. A common feature of
Markovian dynamics is that the system typically converges
to a stationary state at late times. In quantum field theory, a
natural analog of such a fixed point is a vacuum state, since
both are characterized by invariance under an appropriate
notion of time translation symmetry. While in open
quantum systems the fixed point of the dynamics is
determined by the environment to which the system is
coupled, quantum field theory instead exhibits a plurality of
vacua associated with different representations of the
algebra of observables. Of particular interest is the repre-
sentation of observables defined on a black hole horizon or
at null infinity using a vacuum state @, which selects a set
of modes with positive frequency with respect to a chosen
notion of time on the null hypersurface.

The main goal of the present paper is to provide a
detailed account of the correspondence between, on the one
hand, the thermodynamics of a quantum system weakly
coupled to an equilibrium reservoir and governed by
Markovian dynamics and, on the other hand, the thermo-
dynamics induced on a nonexpanding null hypersurface by
a representation of the algebra of observables defined by a
vacuum state compatible with prescribed late-time boun-
dary conditions (especially in black hole backgrounds).
Although we have already highlighted the close parallel
between the proofs of the generalized second law and the
thermodynamic laws emerging from Markovian dynamics,
it is instructive to test these ideas in contexts beyond the
standard formulation of the generalized second law. The
present paper constitutes the second part of a two-part
series, with the first part [109] focusing on the precise
setting in which the laws of spontaneous evolution are
equivalent to the monotonicity of certain thermodynamic
potentials constructed from observables at null infinity in a
black hole background: these are the dual Generalized
Second Laws.' These proofs relied on selecting vacua
invariant under specific symmetry transformations and on
the monotonicity of the relative entropy. The thermody-
namic potential appearing in the spontaneous evolution law
was therefore tied to a particular choice of vacuum and,
correspondingly, to a specific choice of Hilbert space.

In the present paper, we extend this analysis by iden-
tifying key quantities and concepts common to both
frameworks (null hypersurfaces or open systems) and by
establishing a precise dictionary between them. In particu-
lar, we clarify how the timescale identified in Ref. [109],
which guarantees the monotonicity of the thermodynamic
potentials, is related to the characteristic timescales that
arise in Markovian evolution induced by an infinite
equilibrium bath. More importantly, we show that the
additional terms appearing in the thermodynamic poten-
tials—when a more realistic description of the black hole
radiation is considered—admit a natural interpretation as
work contributions. Building on this perspective, we
demonstrate how autonomous thermal engines can be
operated using the x;-vacua introduced in Ref. [109], which
provide a class of soft regularizations of the Hartle-
Hawking vacuum. The underlying reason why this is
possible is that these states are not thermal with respect
to asymptotic observers. Consequently, they are not passive
states [90,110] and may instead be viewed as collections of
reservoirs characterized by different effective temperatures,
in close analogy with the description of the Hawking
radiation spectrum in Ref. [111]. This structure allows one
to employ an autonomous engine—such as the Brunner-
Linden-Popescu-Skrzypczyk engine [101]—to lift a load

'The effective description of the thermodynamic potential is
provided in Ref. [78].
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on an energy ladder, thereby extracting work from the
nonthermal radiation.

The second part of the paper is devoted to completing
and extending the results of Ref. [109] to the Unruh
vacuum, in both Schwarzschild and Kerr black hole
backgrounds. In Ref. [109], quantum states are defined
with respect to an asymptotic algebra of observables at null
infinity. To ensure finite energy and entropy fluxes at null
infinity, soft and hard regularizations of the Hartle-
Hawking vacuum were introduced. The resulting class of
vacuum states therefore interpolates between the Hartle-
Hawking state and the more physically relevant Unruh
vacuum, the latter providing an accurate description of
Hawking’s radiation at late times. However, it is empha-
sized in Ref. [109] that the restriction of the Unruh vacuum
itself to the asymptotic algebra of observables at null
infinity does not belong to the class of regularized vacua
considered there. Consequently, a natural and important
objective is to obtain results analogous to those of
Ref. [109] directly for the Unruh vacuum.

Although an algebraic proof analogous to those obtained
in Ref. [109] for other classes of vacua is still lacking, we
present several arguments supporting the expected form of
the modular Hamiltonian of the Unruh vacuum when
restricted to a subalgebra of Z*. These arguments rely
on the symmetry properties of the Unruh vacuum on the
past horizon [112—114] as well as on the contribution of the
radiation transmitted through the potential barrier. Building
on this structure, we are able to apply the same reasoning
developed for the classes of vacua considered in Ref. [109].
This allows us to express the dual generalized second law in
terms of a grand potential whose chemical potentials are
determined by the graybody factors. In this way, we recover
results closely analogous to those obtained in Ref. [78],
which were derived using a more effective approach.

The paper is organized as follows. Section II presents a
concise summary of the main results of Ref. [109], together
with the key arguments underpinning them. We briefly
review the semiclassical flux-balance laws on a perturbed
Killing horizon and at null infinity, the quantization of a
massless free scalar field on nonexpanding null hyper-
surfaces, and the construction of algebras of observables on
the Killing horizon and at null infinity. We also introduce
the basic concepts of modular theory, review the definition
of the relative entropy together with some of its funda-
mental properties, and recall the different classes of vacua
introduced in Ref. [109]. We discuss the symmetry trans-
formations that leave these vacuum states invariant and
explain how the monotonicity of the appropriate thermo-
dynamic potential follows from these considerations.

In Sec. III, we turn to conventional Markovian dynamics
for open quantum systems. We introduce the Lindblad
equation and discuss the approximations involved in its
derivation, emphasizing how the assumptions required in
the Lindblad framework closely parallel those made at null

infinity in deriving the flux-balance laws. We then review
the associated thermodynamics: the fixed points of the
dynamics are determined by the KMS conditions of the
reservoirs, which in general may not only exchange heat,
but also work with the system. As a result, the stationary
state does not need to be a thermal Gibbs state. We make
the connection between quantum thermodynamics and the
quantum-field-theoretic approach to the second law explicit
and summarize the resulting parallels in a compara-
tive table.

Section IV extends this discussion by showing how the
additional terms arising in the more intricate thermody-
namic potentials at future null infinity can, in principle, be
exploited to extract work and operate an engine, in close
analogy with quantum open systems. To illustrate this
mechanism, we employ the Brunner-Linden-Popescu-
Skrzypczyk (BLPS) engine [101], compute the maximum
extractable work in the soft regularization of the Hartle-
Hawking state using the Carnot universal efficiency bound,
and precisely recover the chemical potentials introduced in
Ref. [109].

Finally, in Sec. V, we focus on the Unruh vacuum.
Exploiting its symmetry properties on the past horizon, we
derive a formal expression for the one-sided modular
Hamiltonian associated with an algebra of observables at
null infinity. Applying monotonicity arguments for the
relative entropy yields a dual generalized second law (GSL)
statement closely analogous to that obtained for the
k;-vacua in Ref. [109], albeit with modified expressions
for the chemical potentials. We analyze the resulting
thermodynamic potentials and their properties in parallel
with Secs. III and IV, for both Schwarzschild and Kerr
black holes. In the Kerr case, an additional contribution
appears, naturally interpreted as a work term proportional
to the angular momentum flux.

II. DUAL GENERALIZED SECOND LAW

In this section, we summarize the results obtained in
Ref. [109] regarding the dual Generalized Second Law. We
start by reviewing some background notions such as the
algebra of observables, its Hilbert space representations
from the Gelfand-Naimark-Segal (GNS) construction, and
the definition of the relative entropy. Then, we recall the
definition of maximally extended null infinity and the three
vacuum states we consider in Ref. [109]. Finally, we
remind the reader how one can get the dual GSL from
the monotonicity of the relative entropy between a pair of
nested algebra of observables at null infinity. We refer the
reader to the aforementioned reference for more details.

A. Theoretical background

In this paragraph, we consider a null region of spacetime
N and U €R an evolution parameter along it. We comple-
ment this coordinate by angles (x*). Let ¢ be a massless
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scalar field on V. Its conjugate momentum is denoted r,
and we have 7 = dy¢. As a genuine feature of null
hypersurfaces, the momenta, and the field are not inde-
pendent variables.

1. Algebra of observables and GNS construction

Consider the set of test functions on A/ namely the set of
smooth functions of compact support on A. This set is a
vector space isomorphic to the space of solutions of the
Klein-Gordon equation on a null hypersurface. Indeed, we
assume that this equation reduces on A to d;;dy¢p = 0 s0°
that the general solution restricted to A is of the form
¢ = (U, x"). Let . be this space of solutions. From
f €S, define the operator

z(f) :/andU/\es, (2.1)

where € is the volume form of the spatial cross sections S
of N. The operators (2.1) are generically unbounded, so
one considers instead their exponentiation. Introducing
W(f) = e™/), we construct the Weyl algebra of the theory

W(f)W(g) = e*UOW(f +g) and W(f)* = W(=f),
(2.2)

where Q is the symplectic form

V(fges  Qf.g) = /N (foug — 90u)AU A €.

(2.3)

The set of W(f) is a C*-algebra dubbed the algebra of
observables A of the spacetime region . The appearance
of the symplectic structure in (2.2) renders explicit the
relation between the Weyl algebra and the equation of
motion of the theory at hand. This structure is generically
degenerate due to the zero modes in U the test function may
contain. To avoid this issue, it is preferable to smear the
momenta 7 instead of the field ¢. The price to pay is that
one cannot treat the soft sector of the theory at hand, a
sector however irrelevant for the study we present in this
work. Note that the algebra of observables corresponds
precisely to the spacetime region in which the compact
support of the test functions lies. Changing the latter
changes the algebra of observables. An important example
is the restriction of an algebra to the region above a cut
U = U,. From an algebraic point of view, one gets a C*-
subalgebra A; C A, while from a spacetime perspective,
this means that the elements of the restricted algebra are

*This is the case on the black hole Killing horizon and at null
infinity.

operators W(f) with f of compact support in the
region U > U,.

The algebra of observables being a unital tIZ*—algebra,3 it
admits Hilbert-spaces representations thanks to the GNS
theorem [115,116]. In a nutshell, one starts from an
algebraic state, i.e., a map w: A — C which is positive
(w(AA*) > 0 for all A€ A) and normalized (w(14) = 1),
and gets a w-dependent quadruple (7, z, |Q), Z), where
A, is a Hilbert space, n,,: A — L(5,) is a representa-
tion of the abstract algebra A in terms of linear operators
acting on .77, and 7,, = n,,(A)|Q,) is a dense subset of
¢ generated by the action of the algebra on the vacuum
state |Q,,). In the following, in order to lighten the writing,
the notation for the algebra elements A € A is also used for
their representatives =, (A) € L(H,,). Also, one has that
w(A) = (Q,]A|Q,) for any element A€ A. The GNS
construction crucially depends on the initial choice of
algebraic vacuum state. Two different initial states @ lead
generically to two nonunitarily related GNS Hilbert spaces.
Finally, as the action of the algebra .A on the vacuum |Q,,)
generates the whole Hilbert space, one says that this vector
is cyclic. Given the exponentiation (2.2), once a vacuum
state is chosen, the Weyl algebra is represented by a
subalgebra of the algebra B(5#,) of bounded operators
of the GNS Hilbert space.

2. Modular theory and relative entropy

There exists a special type of subalgebra of B(77 ), the
ones that are equal to their double commutant A”. The
latter are called von Neumann algebras. Consider A; to be
the algebra of observables of the region U > U,. Its
commutant A} corresponds to the algebra of observables
of the region U < U,;. Therefore, the double commutant is
again A;, which is therefore a von Neumann algebra. In
more general situations, given an algebra of observables,
one associates directly to it a von Neumann algebra by
taking the double commutant. Von Neumann algebras can
be of three different types depending on whether or not one
has pure states and density matrices (type I), only density
matrices (type II), or neither of both (type III), as concepts
such as traces are ill defined [117,118]. For example,
consider the vacuum state |Qg) defined on the Weyl
algebra associated to a nonexpanding null hypersurface
N charted by the null coordinate U, that is defined so that
|QY) is a Gaussian state on the subspace of positive
frequency solutions induced by U. Via the GNS construc-
tion with this vacuum state, the algebra of observables A is
a subalgebra of B(#qu). As |QV) is a pure state with
respect to A, A” (= A) is a type I von Neumann algebra.
Instead, A7 is type Il as |QY) becomes a mixed state on
this subalgebra and even looks like a thermal state with

*Meaning that the identity operator 1 4 belongs to it.
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respect to some modular Hamiltonian (see Appendix A of
Ref. [109]).

Up to taking the double commutant, we now consider
that the algebra of observables .4 and any of its restrictions
A; are von Neumann algebras. To define the relative
entropy, we need to consider states |¥) which are cyclic
(see the definition above) but also separating. A separating
state is a state such that for any A € A, A|¥) = 0 implies
A = 0. Physically, a state which is cyclic and separating is
not only a state from which all other states in the Hilbert
space can be generated (up to a limiting procedure) by
applications of observables on it but also a state which
allows one to distinguish among all the observables in the
algebra. Such states are at the heart of Tomita-Takesaki
modular theory [119,120]. Given a cyclic and separating
state |¥), one defines the modular operator Ay := STPS\p,
where Sy is the Tomita operator

VAe A, Sy(A|¥)) = AT|P) (2.4)
and ST{, is its Hermitian conjugate. One can show that the
latter is actually the Tomita operator for the commutant
algebra A’. When traces and density matrices are defined,
assuming that |¥) is cyclic and separating for 4, we
consider ﬁé’ the density matrix associated to the restriction
of |¥) to a subalgebra .4;. In that case, the modular operator
reads Ay :f)é’ ® (f)é”)_l with Aj; :== A7!. Given two
cyclic and separating states |¥) and |Q) (the latter being
often chosen to be the vacuum state of a GNS Hilbert
space J7q), one defines the relative modular operator
Ayjg = STP‘QSW‘Q, where Syiq is the relative Tomita
operator

VAeA,

Swia(A|¥)) = A'|Q). (2.5)

When we can define density matrices ﬁé’ and ﬁé”, we find

that Ay = g’ ® (")

Because of the cyclic and separating character of |¥), the
modular operator is positive definite; therefore, one can
take its logarithm and define the modular Hamiltonian

A\p =eKv o K\p =—In A‘I” (26)
which usually does not belong to B(.7g). When the total
algebra of observables A is restricted to a subalgebra A;
whose commutant A} is just the algebra of the region
U < U,;, we can decompose the modular Hamiltonian into
two pieces,

Ky =K' — K3, (2.7)

called the ome-sided modular Hamiltonians. The right-
sided piece K@' commutes with the algebra 4, while the

left sided Kﬁ' commutes with A;. Given T, the doubly
null component of the stress-energy tensor of the scalar
field theory we quantize on N, the one-sided modular
Hamiltonian of the vacuum state [Q) € 7, with respect
to the restricted algebra A, is* (see Appendix E of
Ref. [109])

+o0
Ké’u = 2”/ /(U_ U):Tyy:qudU A eg, (2.8)
U; S

where the integral runs over the spacetime region asso-
ciated to the algebra .A,».S Note that the normal-ordered
version of the stress tensor, with respect to the vacuum state
|Q). appears in (2.8). When proving the dual GSL (or the
plain GSL), one needs to relate the modular Hamiltonian to
geometric quantities such as the black hole area or the
Bondi mass. Care is therefore to be taken because, as we
shall recall in a subsequent paragraph, these geometric
quantities are related to integrals of the covariant stress-
energy tensor, not its normal-ordered version. Additional
terms will therefore appear.

We recall the fundamental result that the cyclic and
separating vector |W) satisfies the Kubo-Martin-Schwinger
conditions with respect to A, i.e.,

Y (A,B) e A,
(P|AG AAyB|W) = (W|eKvAe~KvB|W) = (W|BA|Y).
(2.9)

Finally, we quote Tomita’s theorem which asserts that the
modular flow preserves the von Neumann algebra A, i.e.,
V reR, AL AAY C A. Hence, we understand why a geo-
metric modular flow must be generated by a boost
Hamiltonian like (2.8), since the flow must vanish when
U = U, in order to preserve the algebra A; attached to the
subregion U > U,;.

3. Araki’s relative entropy

Given two cyclic and separating states |¥) and |€2) (often
taken to be the vacuum state) for a von Neumann algebra A,
we write Araki’s definition [82] of the relative entropy as

S(WIIQ) = (P|(~In Ape)|¥).  (2.10)
This quantity is positive and vanishes if |¥) = A|Q) with
A € A’ aunitary element. The relative entropy evaluates the
difference between two quantum states given that we only

*A vacuum state is always cyclic for its Hilbert space, as a
consequence of the GNS theorem. It may become separating
when restricted to a subalgebra of observables.

Therefore, the total modular Hamiltonian with respect to
the full algebra would have been Kg =27 [12 [((U -
Ui):TUU:QUdU AN €g.
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possess the observables belonging to A to perform meas-
urement in order to distinguish them. Given this interpre-
tation, one understands that if we restrict to a subalgebra of
observables making a difference between two states will
become harder. This is the monotonicity of the relative
entropy between two von Neumann algebras 5 C A,
Sa(Y[Q) = S5(V]|Q). (2.11)
All the proofs of the GSL or its dual version have been
rooted in this inequality since Wall’s seminal work [73].
Finally, it can be shown (see Appendix D of Ref. [109] for

the proof) that the relative entropy is related to the one-
sided modular Hamiltonian of A; via the formula®

AA VN.A A
SPy'15) = =Sy ' + (KQ' e, (2.12)

where we see appearing the renormalized von Neumann
entropy of |¥) with respect to |Q)

SV.N.A/

.A] A[
yvo Tr(pg' Inpy') (2.13)

- Tr(pé’ In pé’).

4. Spacetime approach

The objective of the last three paragraphs was to present
the basic mathematical notions underpinning the proof of
the dual GSL. These were abstract considerations, so we try
to be more concrete now. Going back on the null hyper-
surface \V, we consider the space of solutions of the Klein-
Gordon equation which we complexify into . together
with the symplectic structure which becomes the Klein-
Gordon product

V(f.g)esS.  Q(f.g)=i /N (Foug— g F)dU A cs.

(2.14)

It is generically not an inner product, unless we select a
projector K : .#C — .29 which divides .7 into a direct
sum between the space of positive frequency solutions ./ 3°
and the space of negative frequency solutions. On .#’3°, Q¢
becomes an inner product. One can then take the Cauchy
completion of .z° and get the one-particle Hilbert space
K from which one gets the Fock space via the usual
formula

We present the case where traces exist, the formula is also
valid for type-IIT algebras (such as A7 at null infinity) as long as

one defines the renormalized von Neumann entropy as

V.N.A,A'f
Sgia ' = S(YI)

- . . N AL
is in the domain of the one-sided modular Hamiltonian K" .

7
- (Ké’ ), which is possible as long as |¥)

a5 =)= @ (sm k). @as)

n=0
where the symmetrization is taken as we deal with bosonic

fields. The vacuum state |QY) is defined as the state that is
annihilated by the set of operators

a(Kf) = Q“(Kf.¢) = (f.d) (2.16)

and is unique. The canonical commutation relations read

la(Kf).a"(Kg)] =Q(a(Kf).a'(Kg)) = (f.9)k-

The construction is therefore entirely based on the choice of
projector K, i.e., on the choice of positive frequency modes.
For example, given that U is a natural time parameter on \V,

; ; Vi (xt)e Y
one can project on the normalized modes R/l with

Q > 0. This means that the field is decomposed as such,7
+00 m= 'H/Jroo
l 0 m=-—1

X (Yﬁn(xA)am

(2.17)

(,{)Ux

\VArQ
e—iQU_*_?in(xA)&glmeiQU)’
(2.18)

so that |QU) is the state annihilated by all ag;,, with Q > 0.
Of course, other choices are possible; therefore, other vacua
can be considered (see Sec. I1C).

The link with the more algebraic approach is done as
follows. The Hilbert space X is actually the GNS Hilbert
space built upon the algebraic quasifree state w; repre-
sented by the vector |QV). The vacuum state @y is chosen
so that it matches some boundary conditions at late time. In
all the cases studied in Ref. [109], the choice of algebraic
quasifree state w from which one starts a GNS construction
gets translated into a choice of positive frequency modes,
1.e., a choice of notion of time. However, some naive
choices of vacua may turn out to be irrelevant, as they lead
to an inaccurate description of the physical process at hand,
while more involved ones are more appropriate.

This concludes this subsection whose aim was to gather
at one place all the notions the article needed to become (up
to the proof of all the above statements) self-contained.

B. Massless scalar field on maximally extended
null infinity

1. Defining maximally extended null infinity

Consider the maximal extension of the Schwarzschild
solution in D =4 dimensions, charted by the Kruskal

"We consider a basis of complex spherical harmonics such that
YI — ( 1 )m Yl
m —m:*
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coordinates (U, V,x4) with A =1, 2. The associated
Penrose diagram is centered on the bifurcation surface B
located at U = V = 0. The coordinate U (respectively, V)
is affine and inertial on the left (respectively, right) horizon
H; = H; UHS (resp Hg = Hj U Hj;). Among all the
isometries of this spacetime, the relevant one for our study
is the one which is timelike in the external regions and the
one with respect to which the future event horizon is a
Killing horizon. Its expression in terms of Kruskal coor-
dinates is

é = K(V@V - f]a[/), (219)

with ¥ = ﬁ the black hole surface gravity. This setup is
adapted to the GSL, which focuses on the dynamics on the
future event horizon. The dual GSL instead is related to the
dynamics of Z; . To translate Wall’s proof there, we need to
define a reference state (the vacuum state of the previous
paragraph), which becomes thermal once restricted to the
subalgebra of observables of Z . To simplify the discussion
by considering future directed time variables on Z;, we
propose in Ref. [109] a slight change of perspective by
considering the inverse Kruskal coordinates U and V
defined by

1 Ky on I+

Umee= ¢ ! (2.20)
U —e™™- on Iy
1 —e* on Iy

Vi=—== ) (2.21)
1% exv- on I},

where u.. (respectively, v) are affine coordinates of Z;
and Z7; (respectively, Z; and Z},). The region covered
by U, namely, Zp = Z; UZy, is called right maximally
extended null infinity, while V covers 7, =717 UZy,
called left maximally extended null infinity ;. The set
(U,V,x") covers a conformal extension of the black
hole background, and one can draw a Penrose diagram,
which will now be centered on spacelike infinity
located at U = V = 0, while the bifurcation surface is
moved at U =V = oo; see Fig. 1. The locus of interest
for the remaining of the paper is Zp; that is, in all the
considerations of the Sec. II A, we take N =Ty and
consider on it a massless scalar field that we shall
quantize in Sec. II C. In particular, we denote by A” the
algebra of observables and by A7 the restricted algebra
above a cut U = U,. Note finally that the Killing field
(2.19) now reads

£ = x(Udy — Vo). (2.22)

it it
%,* 7"71
B no B
xr : T
. 1
FIG. 1. Conformal extension of the black hole spacetime

centered on spacelike infinity. The blue region is the region
R of [65]. The figure is taken from the first part of this
work [109].

2. Semiclassical Einstein dynamics

As explained around (2.8), the integral of the stress-
energy tensor is related to the variation of the relevant
geometric quantities: A is the area of the horizon, and M is
the Bondi mass. The relation is obtained via the semi-
classical dynamics on the perturbed horizon and at null
infinity:

(i) On the horizon H;, the relevant equation is the

Raychaudhuri equation [121], which in the semi-
classical regime reads

d2€S .
av?

—87T<T‘7‘7>ly€5 + 0(712), (2.23)
where (-)y denotes the expectation value in a state in
a state |¥) and ey is the volume form of a spatial
cross section of the horizon. Equation (2.23) has
been obtained under the hypothesis of a small
perturbation so that only linear terms remain. In
particular, the expansion square 6> is neglected in
front of (T ). One can show that at the end of the
day we can write [here, Dg‘ = (VO, +00) x §?]

1
Z(A|+oo —Aly_y,)

20 [ (7= T)(TypladV Ay
Dy

= 27(Ky, )y, (2.24)
as long as limy__ VO, =0. We refer to the
quantity Ky —as the boost energy above the cut
V,. From (2.24), we get that between two cuts V =
Vl and ‘7: ‘72 > Vl?

%(AVZ _A‘71> = _Zﬂ(<KV2>T - <K\7]>\p)- (2.25)

(i) At null infinity Z, the relevant dynamics lies into
Bondi’s equation [122,123] for the mass, i.e.,
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aMm
= [Tudees. 226

where we already considered the semiclassical
regime. The equation is naturally defined on Zj
only, hence the use of the affine coordinate u
(corresponding to u . in the last paragraph). Writing
(2.26) with our U coordinate, we get

2d2M -1
kU 2 (_K au<Tuu>‘I’+<Tuu>‘P)€S’ (227)
du s
and we are naturally led to assume that
K_lau<Tuu>‘{’ < <Tuu>‘l” (228)

which is the equivalent on a black hole background
of the condition 6* < (T ). The condition (2.28)
is fundamental for proving the dual GSL, and it
possesses an interesting thermodynamic interpreta-
tion; see Sec. III A. At the end of the day, the link
between the Bondi mass and the boost energy at Zp
is given by

M|~ M(Up) = - /DI W(U— Uo)(Ty)edU A cg

0

= k(K )y (2.29)

where D = (U, +o0) x 2, so between to finite
cuts U = U, and U = U, > U, one has

M(U,) = M(U,) = k({(Ky,)y — (Ky,)w).  (2.30)

Note the analogy between the dynamics of the
Killing horizon H; and the one of Zj}. One can
push it further by considering the boost field
x=xk(U—=Uy)oy = (1 —e*u=w))g,. At the cut
U=U,, it vanishes, while at late times
U — +o0, it reduces to the affine Killing time

0, = kUdy. Note finally that the adapted time i
for quantization above a cut U = U, is®

i=x"In(U-Uy) =u+x"1n (1 — e~ ),
(2.31)

This consideration is crucial when dealing with the
dual GSL in the Unruh state; see Sec. VA.

$An adapted time for quantization in a null hypersurface A is a
variable that runs from —oo to +oco0 as one goes along N.

C. Hartle-Hawking state and its regularizations

On Z, whose evolution parameter is the inverse Kruskal
time U, the natural decomposition of the field ¢ is the one
of (2.18). However, having at hand a bunch of different
angular-momentum modes ([, m) allows for more freedom.
In particular, we motivate in Ref. [109] a more general
decomposition of the scalar field operator of the form

m=+I +o0 4O

[s+]

0

VI (+A\AT QU (U
+Ym(x )anme © ’

+
A4 —iQuim (U
(V1 () g2V )

I

(2.32)

with U™ a notion of time attached to the specific
angular mode (/,m) one considers. In particular, it can
be different between two modes, ie ytm £ gn') if
(Lom) # (I'.m

define the positive frequency solutions (when Q > 0). The

—iQU

’). The modes Y/, ¢ \/— " are normalized and

vacuum state [Q{U""}) is therefore the state annihilated by
all operators agy,,, i.e.,

VQ>0, ¥V (Lm),  ag, QU =0. (2.33)
Finally, the one-particle Hilbert space is obtained through
the repeated action of the creation operators &22 1 0N (2.33)
and the Fock space via (2.15). The vacuum state is invariant

under Mobius reparametrization of the times U (Z*’"), i.e.,
(L.m)
V (1, m): U s ttm) — ap, U™ + blm’
Cim U(]’m) + dlm
almdlm - blmclm 56 0» (234)

which can be shown either using directly the field decom-
position (2.18) or by analyzing the transformation proper-
ties of the two point function (see Ref. [109]).

As the notion of time depends on the angular momentum
mode, it is expected that the total vacuum state |Q(-™))
admits a tensorial decomposition with respect to the modes
(1, m). Indeed, if one considers

&5 = Z&Im )
Im

m m m ’
0 V4rQ m

(2.35)

the q;ﬁ,m become effectively two-dimensional chiral fields.
Given the commutation relations

i -
(b1 (U). 700 (U)] = 58U ~ U818 ¥y Yins - (2.36)
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the two-dimensional chiral conformal field theory (CFT)
attached to two different modes (I, m) # (', m’) are inde-

pendent. Calling |QU"") the vacuum state for the theory
im» We can write the total vacuum |Q{V (I'm>}> as

|Q{U(1-’“>}> _ ®|QU(1-'")>

Im

(2.37)

so that {U"")} can be seen as a sequence of times U,
indexed by / and m. When decomposing the field in (I, m)
modes like in (2.35), it can be useful to introduce also the

notation (25, => (25,,,, so that the [-stress-energy tensor
(renormalized with respect to the vacuum |QU"") reads

.l . _ i q
. Tu(l.m)U(I.m) cquitm = aU(’~/")¢1maU(1-”‘>¢lm

= (Ot POyt i) g (2.38)
In Ref. [109], three classes of vacuum states of the form
(2.33) are considered:

(i) The Hartle-Hawking state at 7 is built on the times

Y (1,m), utm =y (2.39)

and denoted |Qy). Such a state is pure with respect

to the algebra AT, while it becomes cyclic and

separating for the restricted algebra AZ. Therefore,

given the symmetries (2.34), it is also cyclic and

separating for any restriction above any cut, i.e., with

respect to A? 21t can be used to model a black hole

at equilibrium with its radiation. At any point of the

bulk spacetime, the net energy flux is vanishing, as

the outgoing radiation is exactly compensated by

incoming radiation from Z7. This is not true at 7

where an infinite energy flux is observed. These

undesirable divergences betray the impossibility to

describe accurately a radiating Schwarzschild black

hole using that state: an asymptotic observer will not

actually be able to distinguish the black hole from

the surrounding radiation. Moreover, it is unrealistic

to think that all the angular modes (I, m) can make it

to future null infinity. Because of the potential

barrier which depends on /,'” high-angular momen-

tum modes should be backscattered inside the black

hole and therefore be inaccessible to an asymptotic

observer. This is why in Ref. [109] we propose two
regularizations of the Hartle-Hawking state.

(i) The L-vacuum corresponds to a hard regularization

in which a cutoff L < 40 is chosen a priori. We

°To be more precise the state built upon (2.39) coincides with
the Hartle-Hawking state only on the subalgebra A, (and other
restrictions) but not on the total algebra .A.

"Recall that the Schwarzschild potential takes the form

Vi(r) = (1 =BH (50 42,

T

denote it by |QL). The modes I < L corresponds to
thermal excitations at Hawking temperature 7' at
future null infinity, while the modes [ > L have
been completely backscattered; therefore, the
observer sees the Minkowski vacuum for them.
Physically, it could be realized by feeding the black
hole with some incoming thermal radiation made of
modes of angular momentum [/ < L at the Hawking
temperature. If L is large enough, the ingoing
radiation exactly compensates the outgoing radia-
tion (because the modes [ > L emitted from the
black hole cannot cross the potential barrier), and
the field is in the L-vacuum. The associated notion
of time is

ifl<L

U
yltm = , ., (2.40)
Mi:K'_lll‘l:l:U ifl>L

while the space of positive frequency solutions is
given by

l
7= {fef@ FUa =33

(2.41)

+00 ; X
X dwa,,, Y, 5.
0

Thanks to the cutoff L, only a finite number of
modes are excited relative to the Minkowski vac-
uum, rendering therefore the energy density and the
energy flux finite at future null infinity.'’

(iii) The x;-vacuum |Q{’<I}> corresponds to a soft regu-
larization in which we take into account that each
angular mode [ is effectively scattered differently by
the black hole. We translate this observation in
Ref. [109] by proposing to associate to the modes
belonging to the same sector / their own effective
temperature

Kj

T):=— 242
=1L, 242

where ¥ > k; > 0 and x; - 0 when [ - +o0, as the
bigger the angular mode, the more backscattering
there is. The sequence {x;} is not precise, but, given
the shape of the potential (2.42), an interesting
candidate to model an evaporating black hole might

"Recall that L =0 corresponds to the Minkowski vacuum
while the Hartle-Hawking state is recovered in the limit
L - +oco.
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be k; = e U+1) with @ > 0 a constant. The asso-

ciated notion of time is

yim) — { Uh=es on T

, 2.43
Ul:=—e™ " on ZIj (2:43)

soU' = Uifx, = kand |U!| = |U[, while the set of
positive frequency solutions is given by

S0 = {feyc F(U.x4)

+oo

+o00 .
-3 [T aaunrien ] 2an
0

=0 m=-1

To each sequence of {k;} is associated a vacuum
state |Q1*1}), and changing at least one of the k, leads
to a different vacuum whose associated Hilbert space
€ oy 1s generically non unitarily related to the
previous one. However, thanks to the freedom one
has in choosing the effective temperature, we
believe that this state may lead to a more accurate
description of a radiating Schwarzschild black hole,
since the graybody factors depend on the angular
momentum [. Therefore, the class of «k;-vacua
constitutes nice toy models to study some thermo-
dynamic properties of the Unuruh vacuum. In
particular, the bunch of effective temperatures
(2.42) allows to extract work from the x;-vacua;
see Sec. IV.
This concludes our review of the relevant vacuum states
considered in Ref. [109], to which we refer the interested
reader for further details. We now turn to a recap of the
proof of the dual generalized second law.

D. Relative entropy and dual GSL

We consider two spacelike hypersurfaces X; and X%,
starting both at the bifurcation surface B and ending at two
different cuts at Z5, say, U = U; > 0 and U = U, > U,
AL c AL, A representation of this situation is depicted in
Fig. 2. We push these hypersurfaces to infinity so that they
cover a region D of the union H; U Z}. We have that

DF = ((0,+00) x 52,) U ((U;, +00) x 82),

=pH =D7

i

(2.45)

and the dual GSL between D¥ and D¥ is equivalent to the
one between X; and I, by unitarity. We denote A7 as the
algebra of observables of D7, and similarly A" is the one
of DM so that the total algebra of DF is A¥ = A" @ A7

Take a vacuum state |Q), which represents the asymp-
totic state to which our system (the radiating black hole)
will relax at late times, and construct its GNS Hilbert space

FIG. 2. Setup in which the hypersurfaces X; and %, both starts
at the horizon bifurcation surface 3 and end at different cuts
U = U, and U = U,, respectively, at Z};. The regions D’ and
D7 are also depicted. Figure taken from Ref. [109].

H . With respect to any restricted algebra A7, this state is
assumed to be cyclic and separating. Consider |¥) a second
cyclic and separating state for all A? so that the monot-
onicity of the relative entropy (2.11) reads

S0 (¥19) > S, (¥]9), (2.46)
since AL c AT, Using (2.12), we get
ASy ™ = AR )y 2 0, (2.47)
with
Sy = Sy — sy
and  A(Kg by = A(Kp )y — AlKg Dy, (248)

For the total algebra A,B =A"® AI-I , we just consider as a
vacuum state the product state

Q) = Q%) ® Q). (2.49)
which is cyclic and separating for all AP, together with
|P) € ¢ also cyclic and separating, so that at the end we
get the fundamental inequality

v.N.,ALB
P|Q

AP

AS A(K ) >0, (2.50)

between the spacetime domain DF and D5. Then, we use
(2.8) to relate the one-sided modular Hamiltonian to
the normal-ordered stress tensor. It remains, finally, to
recover the Bondi mass using the relation between the
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normal-ordered stress tensor and the covariant stress tensor.
The dual generalized second law can then be formulated as
the statement that a thermodynamic potential G, decreases
between X, and X,, i.e.,

AGq < 0. (2.51)

Now, we specialize these steps to the three vacua we
defined in Sec. II C:
(i) In the Hartle-Hawking state, the one-sided modular
Hamiltonian with respect to the algebra AI-I reads

va
Ko, = 2”/ (U=U,):Tyy:q,dU Aes,  (2.52)
DL

i

and the relation between : Ty 1, and Ty is of the
form

Tyy=Tyy:q, + Schwarzian term, (2.53)

so using Einstein’s equations (2.30), we get [the state
|¥) has to be chosen such that (2.28) holds]

A(Kg Vg =AM —AMq,,  (2.54)

with AMg the variation of Bondi mass in the
Hartle-Hawking state. Given that this state is exactly
thermal, one can apply the Clausius relation
(AS = T—QH) for the infinite bath of radiation at
Hawking temperature 7. As no work can be
extracted from it, one has W =0, and we get
AS = %—f, which gives in the case at hand

ASQH - N (255)

meaning that the zero point energy in the Hartle-
Hawking state actually corresponds to a variation of
entropy. Adding (2.55) to (2.54), we find from the
inequality (2.50)

AM—-TyAS<0=Go =M —TyS:=F  (2.56)

v.N., A8 .
with AS = ASENA + ASgq,,. The relevant potential

¥Ry
is therefore the free energy, betraying the relation
with the thermodynamics of a system which ex-
changes energy with a bath at Hawking temperature.
However, recall that expressions appearing in (2.55)
are divergent, hence the need for a regularization.
One can first use the hard regularized L-vacuum

|QL). Tt is straightforward to check that if L is

(i)

from the L-vacuum |QL)," but now the quantities
appearing in (2.55) are finite, as are the two
members of the left-hand side of the inequality
in (2.56).

In the «x;-vacuum, the one-sided modular Hamilto-
nian can be written as

+

AL 0 Iyl 1
Kﬂii”_zﬂzl:/m /S(U —Ui).TUlU,.Qg,}dU A€,
(2.57)

with T%;,, defined in (2.38). For the proof to work,
we needed to choose the sequence {k;};, so that
> )(21+ 1)k; < 4o0. Under that hypothesis, to-
gether with (2.28), we find in Ref. [109] the
following inequality between the cut u = u; and
the cut u = u, of 7,

AM 400 m=+I1 +oo0
/0 ‘% (Anym)pda — AS <0,
H

(2.58)

with [¥) € [Q15)). In this expression, we recognize
chemical potential terms u,,; whose relation to k; is

= @ (1 - 5) , (2.59)

K

which are negative (at it should for bosonic fields) as
K > k;. Also, An,,,, is the spectral density operator,
which reads

Ancolm = Aﬁ(ulm - (u2 - u1><N{olm>Qg‘l} (260)

with on the one hand (N,,,,) ot the VEV of the

number operator for the modes (wlm) in the k-
vacuum and on the other hand 7,,, the excess
density of modes compared to the vacuum

Nwlm - <Na)lm>9{'<l)
Ry = lim > v . (2.61)

w,w+Aw

Therefore, in the k;-vacuum, the relevant thermo-
dynamic potential is the grand potential, which
reads

"’It means that the lelrger L is, the less restrictive are the
conditions on the state |¥) € #'q; needed to recover (2.56). In
particular, it works immediately for an arbitrary state in the Fock

sufficiently large the exact same steps can be  gpace built from the modes with angular momentum / < L. See
repeated using now the Hilbert space %% built  Ref. [109] for further details.

065011-11



ANTOINE RIGNON-BRET and MATTHIEU VILATTE

PHYS. REV. D 114, 065011 (2026)

400 4/

+00
ot =M =33 [ o= TS

=0 m=-1
(2.62)

The nongeometric terms related to the chemical
potentials are of particular interest as we shall show
in the next section that they are related to work
terms. As a final remark, which will help to make
contact latter with the discussion of the Unruh
vacuum, let us note that the modular Hamiltonian
(2.57) can also be written in terms of the excess
density (2.61) and the chemical potentials (2.59)

AI
K i ol = 2”/ (U=Uy):Tyy: o dU A es

oo ﬂwl — d
nwlm w,

showing even more explicitly the decomposition
into two terms: a geometric contribution related to
the Bondi mass and a nongeometric one associated
to the chemical potentials.
This concludes our recollection of the fundamental defi-
nitions and result of the first part of this work [109]. These
results complete and generalize the earlier results obtained
by one of us in Ref. [78] and place them on a precise and
rigorous footing beyond the effective approach employed
there. Now, we delve into the relation with thermodynamics
of open systems.

(2.63)

lm

III. RELATIONS WITH DYNAMICS OF OPEN
SYSTEMS

A. Characteristic timescales

The assumption (2.28) was essential to relate the Bondi
mass to the boost energy so in fine to the one-sided modular
Hamiltonian (2.52). We aim to justify it by making the
parallel between black hole thermodynamics at null infinity
and the theory of open quantum systems more explicit. We
can write (2.28) as

T
B «1,
Tp

(3.1)

=4M and 7, = dq;“)‘fw

sponds to the typical time evolution of the stress-energy
tensor in a state |¥). In the case where we have a constant
flux of particles at 7}, 7p = oo, and (3.1) is obviously
satisfied. In fact, this assumption is really analogous to
some assumptions on the relaxation time of the bath that we
encounter in open quantum systems. In this latter frame-
work, one considers a system—corresponding, in the
quantum field theory picture, to a quantum field in a given

. The latter corre-

where 75 = k7!

state |¥) on Zr—that relaxes toward an equilibrium state
under the influence of a reservoir. The equilibrium state
corresponds to a vacuum state, such as the Hartle-Hawking
vacuum, the Unruh vacuum, or one of the regularized vacua
introduced in Sec. IIC. In the gravitational setting, the
analog of the reservoir is provided by the spacetime
dynamics itself—for instance, a black hole collapse—
which settles into specific late-time boundary conditions.
In our approach, however, since we quantize directly on Zp,
the choice of late-time boundary conditions becomes a
kinematical choice rather than a dynamical one. Indeed, it
is equivalent to selecting a vacuum state—and hence a
Hilbert space—among the infinitely many unitarily inequi-
valent representations of the algebra of observables on
T R.B Different choices of vacuum states therefore corre-
spond to different late-time boundary conditions. Within
the theory of open quantum systems, a particularly impor-
tant class of systems is provided by Markovian systems,
namely, systems whose evolution is memoryless. A system
S, described by a density matrix pg € B(s) (here, 7 is
the Hilbert space of the system), which follows a
Markovian dynamic (of Hamiltonian H) under the influ-
ence of some bath B, evolves according to the Lindblad
equation [87,90,93,100]

dPS
dt E(Ps)

1
s)= Zyi (LiPSL,T —E{LZL,"PS}) . 720,
i

—ilH,ps]+D(ps),

(3.2)

ensuring a (complete) positive and trace preserving dynam-
ics. In (3.2), L is the Lindblad operator, D(p) is called the
dissipator and encodes the nonunitary part of the under-
lying dynamics. It is expressed via some jump operators

(L;,L}) and dissipation rates y;, whose exact expression is
phenomenologlcal * The Lindblad equation is the gener-
alization of the von Neumann equation'’in the case where a
system is driven by an environment to which it is weakly
coupled, so we can consider that its dynamics is effectively
Markovian. It can be proven [93] that any déynamics that is
complete positive and trace preserving1 (CPTP) and
Markovian can be written in the Lindblad form (3.2).

“This multiplicity arises from the breakdown of the Stone—
von, Neumann theorem in quantum field theory

"“They depend on the system at hand. If we imagine the system
S to be a qubit weakly interacting with a bath at thermal
equilibrium, the jump operators L; can be the Pauli ladder
operators L, = o, associated to the qubit (plus eventually a
dephasmg term induced by the operator L, = o,).

In the Schrodinger picture, it reads zdi; ps = [H, pg].

So that we map density matrices into density matrices. The
notion of complete positivity is needed so that an induced
dynamics on a subsystem preserves the positivity of the larger
system.
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However, in realistic physical situations, strict
Markovianity is an idealization. Indeed, once the system
S and the bath B begin to interact, correlations inevitably
develop between them, regardless of their initial states. The
assumption underlying the macroscopic derivation of the
Lindblad equation is that such correlations are effectively
“erased” by the bath after a characteristic timescale 7p
which can be interpreted as the bath correlation time.
This time scale is typically of order T—f;, Ty denoting the

temperature of the bath [87]."7 On timescales longer than
7p, the reservoir effectively loses memory of its past
interactions by dispersing information into its infinitely
many degrees of freedom, so the reduced dynamics of the
system becomes effectively Markovian. Consequently, the
time variable ¢ appearing in the Lindblad equation (3.2)
should not be identified with the microscopic time entering
the von Neumann equation. Rather, it should be interpreted
as a coarse-grained, mesoscopic time variable 7. As a result,
the Lindblad equation can only be used to describe the
dynamics of the system S on timescales ¢ > 7z, and any
attempt to interpret it at shorter timescales is physically
meaningless.'® The joint evolution of the system S and
the environment B is schematically represented by the
evolution

psg(0) = ps(0) ® pp(0) — psp(7p)
= ps(7p) ® pp(tp) + 5)(;;/’53(1) ~ ps(t)

® px(1), (3.3)

where Jy represents the correlations induced between the
system and the bath."” This information is subsequently
erased as it is dissipated into the infinitely many degrees of
freedom of the bath,” and the reduced dynamics of the

"This estimate applies provided the bath does not possess
additional intrinsic scales, such as infrared or ultraviolet cutoffs.

" This is analogous to expecting the Navier-Stokes equations
to remain valid below the atomic scale, where the notion of a
continuum fluid description breaks down.

At this stage, a nonvanishing mutual information between
the system and the bath is generated by the interaction. As a
consequence, the second law may be locally violated due to
information backflow into the system. This mechanism underlies
Maxwell’s demon—type scenarios, in which available information
is %gnsumed to apparently violate the second law.

More precisely, by pp, we mean the state of the subset of bath
degrees of freedom that effectively interact with and drive the
system S. If instead one were to identify the bath with “the rest of
the Universe,” correlations would never truly disappear, and no
information would be lost. What is required is that the correlation
functions of the bath observables B, associated with these
degrees of freedom decay on timescales f>> 7, namely,
(Bo(t)By(t + At))A—> 0. In practice, these operators B, appear

>1p
in the interaction Hamiltonian between the system and the bath
H; =5 ,S, ® B,, where the S, are operators acting on the
system S.

system becomes effectively Markovian on timescales larger
than zp.

In our setting, the characteristic timescale 7z = Kkl ~ T—hH
corresponds to the inverse Hawking temperature and plays
the role of the reservoir correlation time. It is also of the
order of the typical wavelength of Hawking radiation and
thus naturally characterizes the decay of correlations. Open
quantum system theory then implies that the second law is
expected to hold only on timescales much larger than the
correlation time 7 = Tig Accordingly, we do not expect the

dual generalized second law to be valid on timescales of
order 7, ~ g, but only on longer, coarse-grained time-
scales 7 > 7. This requirement is precisely captured by
assumption (3.1).

At this point, it is useful to explain more precisely why
this parallel can be drawn. The key observation is that, on
null hypersurfaces, Markovianity is not merely an approxi-
mate property—it is exact, enforced by causality: once
information crosses a causal horizon, it cannot return.
Consequently, one would expect the effective correlation
time to vanish, i.e., 7z = 0. Indeed, this is exactly what
occurs on null hypersurfaces at finite distance, such as
black hole horizons or the Rindler horizon. This is perfectly
consistent with our formalism: an observer attempting to
measure an operator on a future causal horizon would require
infinite acceleration, corresponding to an infinite Unruh
temperature. Likewise, the typical wavelength of particles
observed exactly on a black hole horizon vanishes due to
infinite blueshift, so the correlation time is zero. Similar
reasoning applies to any null hypersurface at finite distance.

The situation is different at null infinity. Here, Z is a
null hypersurface in the conformal spacetime, and the
observers following its null geodesics are inertial. This
explains why the natural timescale of the problem, the
surface gravity k, appears explicitly in formulas such as
(2.29) and (2.30), since we have chosen u to be the affine
inertial time. In contrast, it does not appear in the analogous
expressions for finite horizons, such as (2.24). It is well
known that the surface gravity is fundamentally associated
with physics at infinity rather than on the horizon itself: it is
defined by normalizing the asymptotic Killing vector so
that its timelike component has unit norm at infinity.
Consequently, it corresponds to the asymptotic generator
of time translations.”’ On the horizon, by contrast, the
Killing field is null and cannot be normalized.

B. Dual Generalized Second Law from
Lindblad’s equation

In this subsection, we take a step back and analyze the
formulas obtained in Sec. II D from a thermodynamic point of
view. First, we try to understand why we find additional terms

!Tts Noether charge then corresponds to the usual notion of
energy.
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to the energy and entropy variations when we look at the
monotonicity of the relative entropy to infer a second law.

The usual framework in the theory of open quantum
systems is to work with a finite dimensional system
interacting with an infinite bath. Then, as we saw in
Sec. IIT A, as long as the coupling y is sufficiently weak
and that the timescales we are interested in are longer than
the correlation time 13,22 the system’s dynamics can be
approximated by a Markovian evolution which translates to
the Lindblad equation (3.2) at the quantum level. However,
in order to deduce the precise form of the jump operators,
we need to get a minimum of knowledge on the state of the
bath, since the latter induces the system’s dynamics. Since
the bath is infinite, we cannot associate a proper density
matrix to it. However, the state of the bath is implicitly
characterized by the correlation functions of the bath
operators. It is quite standard to assume that the operators
of the bath satisfy the KMS conditions [98,99]
V(A.B)eAg, VteR, (a(A)B)=(Ba,3(A)), (3.4)
where A is the bath’s algebra, a, is the modular flow [see
below (2.9)], and S is the inverse bath temperature.
However, even if (3.4) corresponds to the usual “thermal-
ity”” conditions, they do not mean that the bath is thermal in
the usual thermodynamic sense. Typically, if the bath
cannot only exchange energy but also particles with the
system, the flow «; will not be generated by the system’s
Hamiltonian and will generically depend on the Lagrange
multipliers associated to the conserved quantities (/3 for the
energy and the chemical potential y for the number of
particles). Indeed, if {a,.a}},cr is the set of ladder
operators associated to the bath, in such cases, the KMS
conditions will imply that

(N) = (aba,) = (a,abe ) = ((abha,) + 1)e P
= ((N,)) + et (3.5)

so that if n, = (N,) is the average number of particles
we have®

2In fact, the relevant condition to make it work is to have
757 < 1 since the “transition time” must be of the order y~!.
In fact, one can obtain much more that only the average
number of particles but the whole Boltzmann distribution by
using the KMS conditions from the expectation value
V keN, (NK) = (a,N5tale Py = (N, + 1)ke Plo-n)
(the latter equality requires the identity a,NX = (N, + 1)a,
which can be easily proven by induction), to deduce the set of
equations

+co
VEEN, > (Ny+ D (p(N,+1)—eP@p(N,)=0 (3.6)
N,=0

leading to the Boltzmann distribution.

n, + 1
na)

= oflomn)

(3.7)

which is a Bolse-Einstein distribution. To gain some
intuition, it is insightful to write the formal density matrix
associated to the bath as

e_ﬂ(HB_ZiﬂiNi)

7 = Tre—/f(HB—Zi#iNi)
Z 9

PB = (3.8)

where Hp is the bath’s Hamiltonian and y; are the chemical
potentials associated to the species i (whose number
operator is of course N;). Then, the modular flow «; can
be written as

VAe Ay, VieER,

a(A) = pApy". (3.9)

Similarly, in Tomita-Takesaki modular theory reviewed in
Sec. IT A (see also Appendix D of Ref. [109]), any cyclic
and separating state |¥) satisfies the KMS condition with
respect to its own modular Hamiltonian Ky = —In Ay
(with inverse temperature f = 1), so

V (A, B) € Ay,
(PIAST AN, TBW) = (P|BALAAG|Y)

VtieR,
(3.10)

and in particular the (algebraic) vacuum state @ from which
the GNS Hilbert space g is built satisfies the KMS
conditions with respect to its own modular Hamiltonian
Ko = —In Ag. However, a generic quasifree state w is not
thermal, since its modular Hamiltonian does not coincide
with the Noether charge associated with time translations.
We have seen that, when the Hartle-Hawking state wy is
restricted to the algebra A,, the modular Hamiltonian
reduces precisely to the standard generator of time trans-
lations on I,ﬁ [see (2.52)], as shown in Ref. [109]. By
contrast, for the Minkowski vacuum w,,, the modular
Hamiltonian is given by the boost generator. For the x;-

vacuum a)g’ }, the modular Hamiltonian differs from both

cases and instead resembles that of a thermal bath at
equilibrium with nonvanishing chemical potentials.
From a physical perspective, selecting a vacuum state @
on Zp is therefore equivalent to choosing a specific
reservoir—or infinite bath—in the framework of open
quantum thermodynamics.

We come now to the proof of the second law for open
quantum systems undergoing a Markovian dynamics. The
key ingredient is the fixed point of the dynamics induced by
the Lindblad equation (3.2). However, it is easy to prove
that if the two-point functions of the observables of the
environment>* satisfy the generalized KMS conditions (3.4)

At least the ones that appear in the interaction Hamiltonian
H; between the system and the infinite bath; see footnote 20.
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the fixed point o € B(7 ) will correspond to an equilib-
rium state relative to the environment. For instance, if the
correlation functions of the reservoirs behave in such a way
that the KMS conditions (3.5) are satisfied, it is easy to
show that the fixed point of the dynamics will be”

e—ﬂ(Hs—ZiﬂiNi)

(HS_Z,-”iNi>
Z b

Z="Tre” (3.11)

where H is the system’s Hamiltonian and N; is the number
operator, of quanta of the type i that are exchanged between
the system and the bath. Then, it is possible to prove that
the eigenvalues of the Lindbladian appearing in (3.2) are all
strictly negative except one that is equal to zero, so that
there is a unique fixed point of the dynamics.26 The fact that
the other eigenvalues are negative allows us to conclude
that the state of the system will converge towards its fixed
point PO Calling 1, the smallest nonvanishing eigen-
—>T00

value of the Lindbladian £ (in absolute value), we can
conclude from (3.2) that for any p € B(5)

llp(r) = oll < e747[|p(0) = ol| (3.12)
so that the system will “thermalize” (or relax) to ¢ in a time
TR ~ % To study the thermodynamics of the process, we
consider the relative entropy S(p||s). Then, we use the
monotonicity of the relative entropy for the CPTP map e'*
that is the propagator of the Lindbladian and get

V (s, 1) €RZ,
S(p(s)lle) 2 S(ep(s)|le) = S(p(s + 1)) (3.13)
so that”” we can write
AS(p) - A(K), 2 0, (3.14)
where K = —In o is the modular Hamiltonian of the fixed

point ¢ and S(p) is the von Neumann entropy of the state p.
For instance, in the special case where the KMS conditions
translate to (3.5), such that (3.11) is the fixed point of the
dynamics, Eq. (3.14) becomes

*Contrary to the environment, the system has a finite dimen-
swnal Hilbert space, so its density matrix is well defined.

Any CPTP map that is an automorphism admits at least one
fixed point, but in general, this fixed point is not unique. To
obtain uniqueness, the dynamics should be able to “mix” all the
different sectors of the Hilbert space; otherwise, different sectors
could have their own fixed points.

Notice that the monotonicity of relative entropy is in general
not enough to ensure thermalization. Since the relative entropy
decreases and is positive, it must converge to some L > 0 at late
times. However, thermalization to the fixed point is equivalent to
proving that L = 0.

aS(p) - p(a), - S waW) ) 20 (315

or

AGSOa

Z/t,

where G is the grand potential. Of course, if V i,u; =0,
then the grand potential reduces the free energy
F = (H), — TS(p). Therefore, the difference of relative
entropy is indeed nothing more than the usual entropy
production term that we have in ordinary thermodynamics.
It is of course very similar to the equations of the previous
sections (2.56) or (2.58). In addition, since the variation of
internal energy is given by AE = A(H), and since the
Clausius relation can be written as

AS—g—S >0

Tg

), —TsS(p), (3.16)

P’

(3.17)

(with S, the created entropy), one can identify the heat and
work fluxes

H), =Y uib(N;),. W= AN
i i

where W here is the chemical work. Of course, if we
have more constraints so that more charges could be
exchanged between the system and the reservoir, we
could have additional work sources on the system, like
mechanical work —pdV or electrical work —®dp.*®
This relation between the terms related to the chemical
potential and the notion of thermodynamic work is
essential to show how work can be extracted from the
k;-vacuum; see Sec. IV. Hence, the thermodynamics
induced from the Lindblad equation on a system
interacting weakly with some reservoir in a generalized
KMS state is very similar to the story told in Sec. II.
We summarize the different points in Table I.

The key point is that choosing a quasifree state o—
which, via the GNS construction, fixes a corresponding
Hilbert space—is equivalent to selecting a reservoir that
drives the system toward a specific equilibrium state.
However, the reasons why the system equilibrates in the
two cases are quite different. In a Hilbert space 7, it is
because any state |¥) will look like the vacuum state @ if
one sufficiently restricts the algebra of observables. Indeed,
since a state |¥) €.77,, is (a linear combination of) local
excitations of the field on top of the vacuum state, these
local excitations will not be visible from the subalgebra .4;,
if the cut u; is taken at sufficiently late time. For instance, a

(3.18)

*Electrical work appears in gravity when considering the
Reissner-Nordstrom black hole.
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TABLE L

The physics of a small system weakly coupled to a large reservoir in equilibrium undergoes a Markovian dynamic (driven

by the Lindblad equation), exactly as the evolution of quantum fields defined on the nonexpanding null hypersurface 7, where by
“evolution” we mean restriction of the state to smaller and smaller subalgebras A? of observables on Zy.

Quantum thermodynamics

At future null infinity Z*

System

Reservoir

Timescale

State invariant under the dynamics
Reference state in the relative entropy
Entropy production

Relaxation to equilibrium

Our physical system
Infinite bath at equilibrium
Coarse-grained time ¢ >> 7 ~
The fixed point
The fixed point
Difference of relative entropies
Toward the fixed point

Excitations of the quantum field
Boundary conditions at late time
Coarse-grained time 7> 75 ~ 7~
H

The vacuum state @

The vacuum state @
Difference of relative entropies

Toward the vacuum state

1
T

coherent state

P) = ") |Q) e (3.19)
generated by a test function f with compact support on
I C Zp willlook like the vacuum with respect to the algebra
A; if In (u;,+00) =@. Consequently, since ") is a
unitary operator, the relative entropy between |¥) and |€2)
will vanish when restricted to the algebra A;, as explained
below (2.10). However, there does not exist a timescale
comparable to 7 ~ /11‘1 as in (3.12). We can understand it
because here the Hilbert space is infinite dimensional, so
there is no equivalent to a strictly nonvanishing lower
bound for the eigenvalues of L. Therefore, in general, we
must take 7p = +o00, i.e., the process we just described
happens strictly speaking only at “infinite” late times. We
should not forget that we mean very different things when
we talk about the “evolution” of the quantum system in
both cases (algebraic and thermodynamic). Indeed, we
define the state of the quantum field on Zy so that its
specification is kinematical, and by evolution, we only
mean to restrict some initial data to a a smaller subset of
data, while actually the Lindblad equation talks about a
dynamical evolution of the quantum state. However, the
two concepts coincide on a null hypersurface: they are the
limits of both spacelike and timelike hypersurfaces, so we
can define quantum states and an Hilbert space on them and
still see the (kinematical) restriction of these states to a
smaller subalgebra at late time as a dynamical evolution.
This is why there is such an interesting interplay between
thermodynamics and the physics of quantum field on null
hypersurfaces. The choice of the vacuum state fixes the
infrared behavior of the field on the null hypersurface.
However, contrary to what happens on a Cauchy surface, in
the case at hand, infrared behavior means late time
behavior, so the field relaxed to the vacuum state at late
time on the null hypersurface. The different inequivalent
vacuum states offer different thermodynamic stories to the
quantum field.

To conclude this subsection, we would like to come back
to what we identified as the “system” and what we
identified as the ‘“reservoir” for the quantum fields at

I,t. As we have emphasized, the choice of Hilbert space,
or equivalently the choice of vacuum state w, is analogous
to a choice of reservoir. Therefore, what we call the system
here is just made out of the excitations of the quantum
fields on top of the vacuum state |Q2), the latter being fixed
by the late time boundary conditions. In the vacuum state
|Q), the quantum field behaves exactly as a reservoir would
behave, since this state is stationary. Consequently, there is
no entropy production, and the vacuum state is in thermo-
dynamic equilibrium. However, as we also emphasized in
the previous subsections, in general, even in the vacuum
state, the charges are not conserved, so we expect a constant
flux of particles, energy, and entropy. However, since the
vacuum state is stationary, the variation of thermodynamic
quantities is made without any entropy production (S, = 0)
so that the Clausius relation

AS = (3.20)

Q
T
is always satisfied. In usual thermodynamics, an infinite
bath obeys the Clausius relation (3.20) since it is always at
equilibrium and there are no entropy production terms.
Remember that in the vacuum state the charges, like the
total energy, are strictly speaking infinite, so there can be
constant energy and entropic fluxes without changing the
state. These are exactly the same assumptions that are made
for a bath at equilibrium in thermodynamics, which always
satisfies some kind of generalized KMS conditions even if
it can exchange energy and entropy with the system.
Indeed, if A is the system (we change the latter with
respect to Sec. IIT A to avoid confusion with the entropy)
and B is the bath, the usual thermodynamic relations tell us
that

Oa Op

AS, =—+ S, ASy = —, 3.21
A T+ ¢ B= ( )

where T is the temperature of the bath. In addition,
conservation of energy between the bath and the system
implies that Q4 + Qp =0, so
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ASy+ASp=S.20 (3.22)
for the closed system. For quantum fields on Z;, Qj is the
constant heat flux of the vacuum state (equal to AMg for
instance if all the chemical potentials vanish), while Q, is
the heat flux associated to the excitations on top of the
vacuum, i.e., are related to the one-sided modular
Hamiltonian that vanishes in the vacuum w. However,
here we do not have Q4 + Qp = 0, since the system is open
and therefore energy, particles, and entropy can flow
through I+, so the total charges (the Bondi mass, the
number of particles, etc.) are not conserved, and it is the
reason why one has to deal with other thermodynamic
potentials than the entropy.

IV. WORK EXTRACTION FROM A
NONROTATING BLACK HOLE

In this section, we explain how we could interpret the
additional “chemical potential” terms appearing in the
formula (2.58) as work so that from the Hilbert space
H olst one can design an engine which runs based on the

H

fact that the vacuum |Qg’ }> is not thermal. To establish the
latter, we will discuss the notion of passive states and work
out an explicit example of how we could extract work using
the BLPS engine [101].

A. Passive states

To understand why we can extract work from the
K;-vacuum, it is essential to define first what is a passive
state [90,110].

Definition 1. A passive state is a quantum state p such
that any unitary transformation on it can only increase its
internal energy, i.e., for any unitary U € B(J#q),

tr(HUpU") > tr(Hp). (4.1)

From this definition, it is straightforward to show that an
alternative characterization of a passive state would be that
the population of the state in the energy eigenbasis
decreases if the energy increases, i.e.,

V(E,E),

E>E= p(E)<p(E). (42)

since a unitary transformation mixes the eigenvectors while
keeping the same eigenvalues. The passive states are very
important in quantum thermodynamics, because it is impos-
sible to extract work from them using a unitary operation.
Otherwise, if the state is not passive, it is in principle possible
to extract work. A standard example of a passive state is a
thermal state, which obviously satisfies the two equivalent
conditions (4.1) and (4.2). Indeed, it is well known that it is
impossible to extract work from a single thermal state, as it
was even one of the earlier formulations of the second law of
thermodynamics (due to Kelvin and Planck).

From this new perspective, it is interesting to understand
which are the passive states among the different vacua we
considered in Sec. II. It is quite clear that the Hartle-
Hawking state |Qj) (restricted to any algebra A7) is a
passive state, since it is thermal. The same is true for the L-
vacuum, which is exactly thermal up to the cutoff L and
finally coincides with Minkowski. However, the x;-vacuum
is certainly not passive in general because of the presence
of the chemical potentials y,,; [see (2.59)]. Indeed, one can
always find (many) pairs of triplets (N,;,,®,[) and
(Nw’l’m’7 w/7 ll)’ sO
2Ny,

<e ¥

_ 22N i @

e kil

lema) < Na)’l’m’a)/ (43)

as long as ky # k;, which contradicts (4.2). It is because,
precisely, the k;-vacuum is not thermal with respect to the
generator of asymptotic translations” when restricted to the
algebra .Al-I . Likewise, as we will explain in Sec. V, the
Unruh vacuum wy; is not a passive state when restricted to
the algebra A?. Again, it is because the Unruh vacuum state
wy;, although thermal if restricted to the white hole horizon
Hp, is not thermal on Z 4 since the potential barrier scatters
the particles emitted from Hj.

B. BLPS engine

To illustrate the previous statements, it is useful to
explicitly show how we can extract work from the x;-
vacuum state, since we claim it should be feasible. An
interesting illustration of how it could work is to study the
BLPS engine [101].

This engine works by taking two qubits made of two
energy eigenstates (with different energies) (|0);,]1);),
i =1, 2, coupled to two thermal baths at different temper-
ature 7 and T,, with T, > T;. Let us assume that the
energy gap between the ground states |0), (respectively,
|0),) and the excited states |1), (respectively, |1),) of the
qubit of the cold (respectively, hot) bath is E; (respectively,
E,) and that E, > E;. The four energy eigenstates states
(10)1,10),, [1),]1),) of the two qubits span a four-dimen-
sional Hilbert space (]00),|10),]01),|11)) by taking the
tensor product of the Hilbert spaces of the two separate
qubits. Since the cold (respectively, hot) bath is in thermal
equilibrium at the temperature 7 (respectively, 75), we
have that

p([01)) = 7 p(|00)).

(4.4)

b
p([10)) = €71 p(|00)).
p(11)) = "7 p(j00))
and the stationary state of the joint qubits (4.4) is not

passive if and only if

More precisely, with respect to H = sz(l -
e"(<“‘”"))TWdu A eg that is the correct one-sided modular
Hamiltonian for the algebra A7.
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FIG. 3. A picture depicting the BLPS engine. Because of the
population inversion, we are able to extract some energy (heat)
Q, from the hot temperature bath so that we can perform some
work W < 0 to lift a load on an energy ladder. Figure taken from
Ref. [124], written by one of us.

E, E

= <0 4.5
so that we have a population inversion, i.e.,
p([10)) < p(l01)),  Ey 2 E,. (4.6)

Of course, it is impossible to satisfy (4.6) if T} = T, but
feasible if one can describe the environment as a bunch of
thermal baths at different temperatures. However, if (4.6) is
satisfied, we can use this nonequilibrium configuration to
lift a load on an energy ladder. Indeed, if we assume that the
energy gap on the ladder is given by
E,=E,—E >0, (4.7)
then it is enough to couple the virtual qubit spanned by the

states (|10}, |01)) to the eigenstates of the ladder through
the (pertrubative) interaction Hamiltonian (see Fig. 3)

Hy=g» |0)[n)(10[(n+1|+cc. g<E.E. (48)

where the states |n) are the energy eigenstates of the ladder
with eigenvalue E, = nE, = n(E, — E;). Now, the key
point is that the population inversion (4.6) of the virtual
qubit runs the engine so that the load actually climbs the
energy ladder instead of lowering it. Indeed, the transition
|01) — [10) is more likely than the inverse transition
|10) — |01) since the state |01) is more populated than
the state |10), so the interaction term (4.8) induces the
transitions |n) — |n + 1) more often than their counterpart
|n + 1) — |n); see Fig. 4. In the end, on average, the load is
able to climb the ladder, so we have extracted work form
the population inversion (4.6).

The exact dynamics of the engine is needed in order to
compute the associated work (per unit of time) W.

1111 T3 |
T2
10),11), In+1),
11),10), T¢X-ﬁ-|n>w
T, e |77 — |
10),10), : I =1h

FIG. 4. Here, we represented the eigenbasis of the tensor space
spanned by our two qubits. We depicted the jumps induced by the
reservoirs (in blue and red) on the composite qubit and the
transition to a higher energy eigenstate of the ladder. Figure taken
from Ref. [124], written by one of us.

However, one can give an upper bound for the efficiency
of such an engine from basic thermodynamics

(4.9)
where 7 is the famous Carnot efficiency for an engine.

C. Application to Z 3

Likewise, the fact that the vacuum |Qg’}> is not a
thermal state allows us to lift a load on an energy ladder
exactly as the BLPS engine does. Indeed, when restricted to
the algebra of observables AI-I , we saw that the x;-vacuum
was a highly mixed state which satisfies the KMS con-
ditions with different temperatures depending on the mode
[. From the latter, we get

27

<Nw1>9§;n = <a(t)lawl>ggfl} = <%1“Lz“’_”w>ggz}

<Nwl>g{'<l‘i +1 2,
S e (4.10)
<Nwl>g{"/}
H

so the x;-vacuum is obviously not a passive state, since if
k; < k (obtained when [ = 0) one can always find @' > @
such that

(4.11)

as @ and o’ span a continuum set of values. Therefore, to
operate the BLPS engine, one must identify two qubits with
energy gaps @ and @’ and couple them to two appropriately
chosen, distinct sectors / of the outgoing radiation in the x;-
vacuum. This arrangement ensures that the qubits thermal-
ize at the respective temperatures Ty = 5 and T} = ;—,’r
Then, we couple the two eigenstates |01) and |10) of the

two qubits to an energy ladder using the perturbative
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interaction Hamiltonian (4.8), exactly as we did in the
previous paragraph. Consequently, we are indeed able to
lift the load, and so we can indeed extract work from the
k;-vacuum state as long as the condition (4.11) is satisfied,
as we advertised. It might be quite surprising at first
because we have already highlighted the similarities
between the x; vacuum and the Unruh vacuum [12], the
latter being also not a passive state when restricted to Z.
One can therefore conclude that we can extract some work
from a Schwarzschild black hole in the Unruh vacuum,
while it seems counterintuitive if one only has the Penrose
process [1] in mind. However, we should remember that the
Penrose process is a classical process, while here we are
saying that we can extract work from the nonthermality of
the Hawking radiation at null infinity, which does not exist
classically. Similarly, the first laws of black hole physics
(the equilibrium version as well as the physical process
version) are classical laws and therefore are referred as first
laws of black hole mechanics. They cannot tell us about the
decomposition into work and heat fluxes at null infinity of
quantum processes at Zp4. Instead, we should refer to
operational definitions of work and heat, as we did
in (3.18).

To find the maximal amount of work that can be
extracted, we start by using reversibility, which tells us that

o o
o o

= Z = (4.12)
rn 7, T, Tu
0 that
T, Ty
W = fd 1 —_—— = —_— 1 - - /
| max‘ ”CQ2 ( TH) (Tl ) Hao'l
(4.13)

is equal to the chemical potential associated to the mode
(@', 1). So, indeed, we see that we can interpret the term
—Uepi (M) 0 (2.58) as a resource that we can consume in
order to extract work, for instance, as shown in this section,
to lift a weight.

V. THERMODYNAMICS IN THE UNRUH
VACUUM: SCHWARZSCHILD AND KERR

The vacuum states that we discussed in the previous
sections were states defined on an asymptotic algebra of
observables at null infinity. However, none of the states

0 might seem paradoxical that the reversibility (and so the
most efficient thermalization) happens when (4.11) is saturated,
while we clearly need the population inversion to lift the load on
the energy ladder. It is because it is just a limit for which the
process becomes extremely slow. However, we should not
confuse thermodynamics and kinetics. The thermodynamic trans-
formation that consumes the least amount of resources is always
the reversible one.

introduced so far would correspond to the restriction of the
Unruh vacuum. Nevertheless, the Unruh vacuum is
expected to be the quantum state of the fields at late time
after a real black hole collapse. Hence, we have a very good
physical motivation to look at quantum states in the GNS
representation of the Unruh vacuum and seek the formu-
lation of the dual GSL in this case.

A. Construction of the Unruh vacuum

The Unruh vacuum is constructed as a joint vacuum state
on Hp and Z7. Since it can be shown that some compo-
nents of the stress energy tensor blow up on the right
horizon Hg, the Unruh vacuum is usually only defined on
the black hole region /11 and the exterior region /. On the
horizon Hp, it is annihilated by the set of operators

n={ai [ Fren|r=3r) [ aameanl.
R Im

(5.1)
where 7 = dj;¢p is the momentum operator on the horizon
and U is the affine Kruskal coordinate on the horizon. In
particular, in the Unruh vacuum @y, the two-point function
of the momenta on the horizon Hjy is given by [112]

18— )

¥ ANA . [ A
Ul’xl )0U¢(U2’x2)) 477'_ (U] U2)2 ’

wy (9ph( (5.2)

which is invariant with respect to Mobius transformations
of the coordinate U (see also Ref. [73]). Hence, the
restriction of the Unruh vacuum to the algebra of observ-
ables A" on the right horizon Hy is equal to the restriction
of the Hartle-Hawking vacuum on A", Therefore,
satisfies the KMS conditions with respect to the algebra of
observables on Hy (or equivalently H}, ) and the modular
Hamiltonian is the local boost operator i

UT[']Udf] N €Eg.

K&® = —InAd " =2z / (5.3)

We are interested in the subregion of Hjy (at V =0),
D] := (77,,0) x §? with T; < 0. Note that this region of
the horizon Hj, directly faces the region DY = (U, +o0) X
S? on Z}; (located at V = +o00) with U = —15. Then, from
Mobius invariance of the Unruh vacuum on Hp, we deduce
that wy; also satisfies the KMS conditions with respect to

the algebra A,-HE associated to the region DZ{E
modular Hamiltonian

on Hy with a

31 As U is affine and inertial on the right horizon, the covariant
and normal-ordered stress tensor coincides in the Unruh vacuum.

065011-19



ANTOINE RIGNON-BRET and MATTHIEU VILATTE

PHYS. REV. D 114, 065011 (2026)

A AR
KQL :—h'lAQl :277.'/ (U U, )TUUdU/\€S (54)
U U D Hy
Use U — —%—f— l% = —% — U;. Then, since @y is thermal

with respect to the modular Hamiltonian (5.4), some
outgoing particles are emitted with a thermal spectrum

from the region DZ{R of the past horizon Hy toward the
exterior region /. Defining the Unruh vacuum directly on
the algebra of observables at null infinity is a hard task that
we bypass in this work by considering instead the propa-
gation of the thermal spectrum emitted at H in the exterior
region / and by analyzing which part of it is actually
received at Z . -
If we take U; =0, so D;* =
DZ = Hj, and the outgoing modes are thermal with
respect to the Killing time 9, = KU()U ? Therefore, the

spectrum at Z; can be computed using the transmission
m —iwu ﬁn n h
T defined on the

horizon Hy, where w is the Killing frequency conjugated to
the Killing time. Indeed, since the Killing energy (and so
the Killing frequency) is conserved while the mode
propagates in region I, the problem is analogous to find
the out quantum state if we have a potential barrier with
transmission coefficient ¢,;, while the in state is a thermal

state at temperature Ty = 5. Therefore, we deduce that the

restriction of the Unruh vacuum at Z}; satisfies the KMS
conditions (valid for all m given a fixed /)

then f] = -0

coefficients t,;, for any mode

Neim = (Qu @}y Gt |2

n(l) m + 1
<QU‘awlmawlm|QU> —Pu(0—por) = Yolm T -
Nyim
= (5.5)
where
|t(ul|2

=TylIn 56
R T T

and p,,; is the chemical potential introduced in Ref. [78].
Indeed, formally, the one-sided modular operator of the

Unruh vacuum associated to the algebra Af = Alr s
given by
6-’4% — Z H e_ﬂHNwlm(w_”wl)‘Nwlm><N (5_7)

{Nrulm} @>0,lm

where the state ¢ is not normalized and can be obtained
directly by computing the ratio of particles from each mode

Recall  the expression of the Killing field of the
exterior_region [ displayed in (2.19). On Hp, it reads
&= —kUdy = «Udy.

thermally populated at the Hawking temperature on the past
horizon ‘Hj that have been able to cross the potential barrier
(see Ref. [78] for a detailed computation).

However, in order to apply our previous arguments of
Sec. II (and detailed in Ref. [109]) in the case of the Unruh
vacuum, we want to compute the restriction of the latter to
the subalgebra A7 of Ag , 1.e., the algebra of observables in
the region Df = (U;, +0) x S? on Z}. To do this, we
must be able to find the restriction of @w;; on the future event
horizon HZ (with algebra AML ) and then the restriction of

wy on the algebra of observables A?R. The latter has
already been worked out, and we saw that it was a thermal
state with respect to the modular Hamiltonian (5.4), with
conjugated time

i=k"'In(U-U;)=u+x"In(l—e*tm)  (58)

while the modular Hamiltonian associated to w; on the
algebra AML can be computed similarly to the asymptotic
one (5.7) since we just have to compute the ratio of particles
that have been reflected back toward the future horizon H;
knowing the initial thermal distribution on Hj. For that, we
use the reflection coefficient r,,, related to the transmission
coefficient 7,,; through the conservation equation

[ratl® + ltu> =1 (5.9)

Knowing the restriction of the Unruh vacuum of a massless

Hy . . . ..
field on D; * and H; is sufficient to deduce its restriction on
DI-Z. However, even if in the Unruh vacuum one has an
outgoing flux of thermal particles which are emitted from the
. Ho . .
region D; *, we cannot use a priori the coefficients (7, t,;)

to obtain the spectrum on D?R, because the frequencies
appearing in (r,,, ;) are the Killing frequencies conjugated
to the Killing time u, while the Unruh vacuum is thermal on
D! with respect to the modular Hamiltonian associated to
the time (5.8), that is rigorously equal to the Killing time
DLk = Hy).
we can decompose the modes by, =

only if one takes u; = —oo (i.e., when D] =
Nevertheless

4m Yl e~i®" (vanishing for u < u;) in the basis of modes

boyim = \/_ Yl e~ ysing the Klein-Gordon product

4rw

(bmlmv b&)l/m/) = _21/ ba)l’ 0 bu)lmdu Neg

+o00
e~ i@T piou
_511’ mm’ du
5”, mm /+oo \/:el 0—®)u

(1 e—KM u —iK~ wdu

o 511’5mm’ 1 +o 1
N 2w w—@ OE0)

(5.10)
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so that the spectrum is centered around w = @, but with

some non-negligible standard deviation. However, the
_ 1 —i i :

modes b, = mYﬁne ‘@i are not normalized. To get

normalized modes, a strategy is to complexify the frequency

 and look at the modes

bé

wlm

€
=4 /= ,Y,lne_ e> 0,

i((])—ie)itH =
@ —ie (),

(5.11)
where ¢ is small and H (&) is the Heaviside function. Then,

we compute the Klein-Gordon product between two modes
(5.11) and find

@' — ie 2ie
bt ,b— /ol =90 ’Emm’ — . — — .
(B> brrar) = O @ —ie (&' — @) + 2ie
1) ’5mm’ if |- <e
— { i . | | (5.12)
0 if |@—a|>¢€

so we have indeed normalized modes in the limit € = 0T
while

[ 7= L —il@—ie)u el
(bwlm’bwl/ / 2511’5mm / 4” —l€ diz

— Sy Syt |V L0 5.13
1'Omm’ ﬂw(a) w—i—ze) (62) ( )
so that
w1 €
b¢ ’ w' ! _5/6mm — 7 -\ . 9
|( lm li )| 1l DI (C() _ CO)Z + €2
FO(E) = Sy Spydl — @) (5.14)
e—0"

and we see that the spectral energy distribution of bf,  1is
localized around the Killing frequency @ = @. Therefore,
the normalized outgoing particles emitted from the region

Dz{’? are transmitted to the region D? of 7} or reflected back
toward the black hole horizon H; with amplitude 7,, and
1,1, respectively. Then, we can conclude that the restriction
of the Unruh vacuum to the algebra A7 of T} satisfy the
KMS conditions (5.5) with @ changed into @, conjugated to
the time (5.8) in the region DY, and with pz; = pgy, i€,

O"A:Z = Z H e_ﬂHN(blm((D_,uJ)l)

{N(Z)Im} @>0.lm

N(Z)lm><N(Z)lm|' (515)

Notice that in this case the ladder operators of (5.5) are
changed into the ladder operators associated to the region
DI, which generate the algebra A7.

B. Second law in the Unruh vacuum

The expression (5.15) allows us to define the one-sided
Hamiltonian of the Unruh as

KQ —27[/ (U U) TUU QUdU/\ES

+oo //l
ol -
/ a)lmdw

where we replaced @ by @ to simplify the notation, but we
should keep in mind that from here @ is not strictly
speaking the Killing frequency but the frequency conju-
gated to the time (5.8) (as we assumed implicitly in the
other sections), and where #,,,, is an unbounded operator
defined as

(5.16)

lim Nwlm - <Nwlm>QU

Aw—0 v A® Aw

ﬁwlm = = Nyim — <nmlm>QU’

(5.17)

similarly to the excess density operator (2.61) defined
for the x;-vacuum. In addition, the one-sided modular
Hamiltonian (5.16) satisfies the normalization condition

s
(QulKg, 1Q0) =0 (5.18)
and has the same form as the modular Hamiltonian of the
k;-vacuum [see (2.63)] except that now the chemical
potential y,,; is not linear in the frequency o [see (2.59)]
but is now given by (5.6). In particular, the modular
Hamiltonian (5.16) is made of a combination of two terms,
a geometric one that is giving the variation of internal
energy (through the gravitational constraints on Z3) and
another one that must be interpreted as work term, and is
not equal to the variation of some Noether charge, as was
the case for the soft regularization of the Hartle-
Hawking state.

To apply the monotonicity of the relative entropy
between an arbitrary state |¥) in the GNS construction
of the Unruh vacuum and the Unruh vacuum itself
|Qy), between two subalgebras of AZ, Af, and A}
with A% c AT, we must compare the one-sided modu-
lar Hamiltonian of the Unruh vacuum attached to
these two regions. The arguments of the previous
subsection apply whatever the value of U; on Hg;
therefore, we conclude that the modular Hamiltonian
of the Unruh vacuum associated to the algebra A7 has
always the form (5.16) whatever the cut U; at Zj.
Therefore, for a state |¥) €Hg,, we have the funda-
mental inequality

AS

A
‘P|Q - A(Kg! )y 20, (5.19)
which has the same form as usual.
To get the charges, we should take into account the flux

of energy, entropy, and particles in the Unruh vacuum |Q,)
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at Zj;. The flux of energy and particles are constant and
well known: they are equal to

|tul|2
A(Noim) g, = —(uz —uy) eﬁ“’)— ] ow,

Foo |twl|2

AMQU: eﬁw—l

—(uy —uy) dw, (5.20)

0

where (N,,)q, is the number of particles with quantum
numbers / and m and in the frequency range (@, » + dw),
with 6w < o, crossing the section of Z} between the time
uy and u,, with uy — uy > k', while AM_ is the variation
of the Bondi mass in the Unurh vacuum, given by the total
energy flux associated to the particles on the region (u, u,)
of 7 }f. Of course, both terms in (5.20) are finite for bounded
regions of Z4. To deduce the entropy flux at Z in the
Unruh vacuum, we notice that the flux is stationary so it is
associated to a vanishing entropy production. Then, sim-
ilarly to what we did for the x;-vacuum, in the Unruh
vacuum, we can consider any bunch of modes with the
same angular momentum / and frequency in the range
(0,0 + éw) to be in thermal equilibrium at temperature
T, given by

(5.21)

as we can see from the formal expression (5.15), where the
local temperatures T',,; have been introduced by Page [111]
and the effective chemical potentials y,,; given by (5.6) in
Ref. [78], the relation (5.21) already appearing in that
reference. Notice that, since there is a infinite number of
modes in the range of frequency (@, ® + dw), no matter
how small éw > 0 is, we can treat them as an infinite
reservoir of modes in thermal equilibrium at the temper-
ature T',,;. Therefore, from the Clausius relation, we have
that

5E() = |twl |2
7 SE,; = —(ur — uy) Z we/’“’ 1 ow,

wl m——I

08, =

(5.22)

and we obtain the total entropy flux by summing the
contributions from the local reservoirs at temperature 7',

-y +o0
> [ e
1=0 /0

but from the relation (5.21), we deduce immediately that

ASq, = (5.23)

+oo
AMg, - Z / Hom(Ang)o,do = TyASg,,  (5.24)

|t(ul|2
efr —1

(5.25)

= —(uy — uy)

so that for a state (not too far from the vacuum) we can
combine (5.24) with (5.20) to get

+o00
AM =" / Yot (AR Ypdw — TyASy <0 (5.26)
im 0

with ASy = ASye™

flux. The same expressions hold upon replacing |¥)
by |¥) €Hg, with the total reference state |Q) =
Q") ® Q).

We notice that we obtain a result that is very similar to
the one that we obtained from the k;-vacuum. The only
difference is the dependence of the local temperature 7.
However, this difference is crucial, since in the case T,,; =
T, it was possible to compute the restriction of the ;-
vacuum state on any subalgebra A7 of Z} using the
local Mobius symmetries, for each two-dimensional
chiral conformal field theory (CFT) associated to the
mode (Im). However, we cannot find a time U, that
will make it work for the Unruh vacuum, because the
local temperatures depend also on the frequency .
Instead, we used the symmetries of the Unruh vacuum
on the past horizon Hy and deduced from a trans-
mission problem a formal expression from the modular
Hamiltonian, which is similar to what is done in
Ref. [78]. However, the proof is not fully satisfactory.
To get a satisfactory proof, one has to compute the
modular Hamiltonian of the Unruh vacuum directly on
the subalgebra .A,.I on I,‘,f, instead of using the effective
modular Hamiltonians deduced from the formal expres-
sions (5.15). Consequently, deriving the dual general-
ized second law directly from the asymptotic algebra
A? in the Unruh vacuum remains an open problem.

Nevertheless, the formal expression (5.7) already indi-
cates that the Unruh vacuum is neither a thermal state at 7
nor even a passive state. It is because from the point of view
of an asymptotic observer the modes are emitted from a
bunch of reservoirs with different effective temperatures
T ;- Therefore, similarly to what we showed in the previous
section, we could use the BLPS engine [101] in order to lift
a load on a energy scale using the Hawking asymptotic
outgoing radiation in the Unruh vacuum.

" + ASq, being the total entropy

C. Kerr black hole

So far, we have restricted our attention to the
Schwarzschild black hole. Realistic astrophysical black
holes, however, typically possess nonzero angular
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i+

FIG. 5. One region of the Penrose diagram of the maximal
extension of the Kerr solution. The (anti)trapped regions
(black and white holes) are in shaded blue. In the eternal Kerr
solution, the singularities are timelike (vertical dashed black
lines). Therefore, contrary to the Schwarzschild solution, one
can pile up, on top of each other, an infinite amount of
regions like the one depicted in this figure, so only a fraction
of the maximal extension of the Kerr solution is represented
here. Notice that, as long as one focuses on the exterior
regions, the diagram is very similar to the one of an eternal
Schwarzschild black hole.

momentum. In this case, the spacetime settles into the
Kerr solution, a stationary and axisymmetric geometry.
This solution admits a one-parameter family of Killing
vector fields that become null on the event horizon. At
asymptotic infinity, the norm of these Killing fields
diverges due to their angular component, reflecting the
fact that the black hole rotates with respect to an
asymptotic observer with finite angular velocity Qp.
Nevertheless, their timelike component can be normal-
ized to (minus) unity at infinity. In this case, one has
selected the Killing field
Sker = 0y + QH0¢7 (527)
where u is the usual affine coordinate at Z; (so that
d; = 0,), while 9, is also a Killing field, being the
generator of the rotations in the axisymmetric direction,
and its conjugated charge is the angular momentum L,.
On both horizons, Eq. (5.27) becomes
EKerr = K(V@V - Oaf])7 (528)
where « is the surface gravity. Therefore, once restricted
to the horizon, the Killing field has the same form as
the Killing field in Schwarzschild. The maximal

extension of the Kerr spacetime, whose Penrose dia-
gram is depicted in Fig. 5, also admits another universe,
and it is overall much richer than the Schwarzschild
maximal extension, since the singularities are timelike
for example. However, in this work, we focus only on
one part of the maximal extension of the solution, the
one depicted in Fig. 5. It looks like the maximal
extension of the Schwarzschild solution as long as
one restricts one’s attention to the exterior regions.
Therefore, all the arguments given in Ref. [109] and
summarized in Sec. II can be generalized to a Kerr
background.

1. Vacuum state for Kerr

On both horizons ‘Hy and H;, we can define positive
frequency solutions with respect to the affine times
U and V and a vacuum state w. However, in the
Schwarzschild case, we can extend the state w defined
using the algebra on both horizons to the maximally
extended spacetime by requiring invariance of the two-
point function under the Schwarzschild Killing flow, so
we get the Hartle-Hawking vacuum. However, it is
impossible in the case of the Kerr black hole, and this
is due to the fact that the Killing field (5.27) fails to be
timelike in the exterior region [112].** We could also
proceed as in the Schwarzschild case at null infinity, by
considering the algebra of observables

ATr = ATrv ATL (5.29)
and taking the time
eri on I}
U= { K (5.30)
—e™- on I

but the state would not describe the asymptotic behav-
ior of the field’s quantum state in a Kerr background
for any reasonable boundary conditions. First, we
would like to break the spherical symmetry, since
the Kerr solution is only axisymmetric. In principle,
it can be done by choosing for each quantum number
(I, m) a positive frequency solution associated to the
time coordinate

i) — {e"’mu+ on I}

5.31
on 1y (5:31)

_e_Klmu—

that changes for any of the two-dimensional chiral
conformal field theory (CFT) described by the quantum
numbers (I, m), as we did in (2.43). The only differ-
ence is that it is now better to take the real spherical

3In fact, at infinity, the norm of (5.27) is infinite because the
angular components of the metric diverge in 2.
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harmonic basis ), to decompose the field instead of
the complex one.” It is because the transformation
(5.31) mixes the lower operators {aq;,}qo-¢ associated
with the mode (/,m) with the upper operators
{agl_m}gbo in the spherical harmonic decomposition
basis, since Y!, = (=1)"Y.,. Otherwise, everything
works exactly as for the k;-vacuum, and the quantum
field restricted to the algebra A7 is described by a
thermal state on each sector (/,m) with temperature
T}, =52, defined with respect to the corresponding
local geometric modular Hamiltonian.

Nevertheless, if there is no equivalent to the Hartle-
Hawking vacuum state in a Kerr black hole spacetime, the
Unruh vacuum still exists. It is because the restriction of the
latter on the horizon Hy, is identical to the restriction of the
Hartle-Hawking vacuum. Therefore, in the Unruh vacuum,
outgoing particles are emitted with a thermal spectrum, at
the temperature Ty = 5 as seen from asymptotic observ-
ers, from the past horizon Hj. Since (5.27) is a Killing field
and reduces to (5.28) on the past horizon (with V = 0), then
a mode with frequency @' on the horizon and angular
momentum m has a frequency @ (conjugated to the Killing
time u) as seen by an outgoing observer equal to
w = o' + Qyum. Therefore, if all the modes were trans-
mitted perfectly from the past horizon H}, to future infinity
T}, we would have had a thermal spectrum at the Hawking
temperature so that for any mode (wlm)®

Noim +1 — eﬁ

1 (0—mQyy)

(5.32)

Rpim
and from which we could deduce an effective temperature

Ty
Q
T

T =

wm

(5.33)

that is very similar to (5.21) but now with a chemical
potential yu,, = mQH.36 However, while looking closely,
there are several important differences with the for-
mula (5.21). The most important difference is that the

*The real spherical harmonics are defined by Y| =
Y +Y!,

5 if m>0
Y, ~ if m=0 and they are the spherical counterpart of
Yad ifm <0

the cosine and sine decomposition of the complex exponential.
They also form an orthonormal basis and therefore satisfy the
completeness relation. However, they are not eigenfunctions of
the angular momentum operator L, (except for m = 0 of course),
but we have instead L,)Y!, = —imY.,, if m >0 and L), =
im%l_m otherwise.

Of course, one can also use the KMS conditions to prove that
PNy + 1) = e Pulo=m@u) p(N Y and get the complete prob-
ability distribution, as usual.

The quantity m€y has already been associated to a chemical
potential in the literature; see, for instance, Ref. [125].

temperature (5.33) can be negative, while it was impossible
for (5.21) since the chemical potential was negative. It
happens when @ — mQpy < 0. In thermodynamics, a neg-
ative temperature is a feature of instability and indicates
that work can be extracted from the system. For instance,
the virtual qubit of the BLPS engine [101] studied in
Sec. IV has a negative temperature in the case of a
population inversion. The possibility of extracting work
from the Kerr black hole is well known and translates
classically into the Penrose process [1], in which the mass
of the black hole can decrease if the mass loss is
counterbalanced by an higher loss in angular momentum,
so the variation of the black hole area remains positive in
the process, which, by conservation of the Killing energy
and the angular momentum, means for the escaping particle
that £ — QpJ, < 0 (which is the classical counterpart of
o —Qym < 0). Likewise, superradiance is a quantum
manifestation of the instability of a Kerr black hole and
happens precisely for the modes satisfying @ — Qym < 0.
It can be seen from the fact that in a Kerr spacetime the
formula (5.9) becomes

me
lem = (1 _TH> |twlm|2 =1- |rwlm

SO |Fom| > 1 if @ —Qym < 0 and therefore there is a
spontaneous emission of particles from the past horizon.
Notice that, even if I, can be negative, we
have I',;,, < 1.

Therefore, from the above discussion, one can compute
the restriction of the Unruh vacuum of a Kerr black hole on
T} by using the same strategy as for the Schwarzschild
black hole, i.e., by studying a transmission/reflexion proc-
ess, except that now we have to replace w by @ — Qym and
the transmission coefficient |z,,,,|* appearing in the chemi-
cal potential by I',,;,,, (5.34). Then, we can conclude that the
formal one-sided modular Hamiltonian on Z5 for the Unruh
vacuum in a Kerr black hole is given by

G'Ag _ Z H e—ﬁHlem (0=mQy =) |Na)lm> <Nu)lm|

2

. (534)

{Nyim} @>0,Im

(5.35)

with chemical potentials [78]

r olm
wlm — Tyln “ 5.36
o " 1 - (1 - lem)e_/}(w_mQH) ( )
and effective temperature
T

T ul (5.37)

wlm = 1 — mQHJ"ﬂmlm ’
[0]

One can show that @ — mQyg — p,,, = 0 [78] as one can
write
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@ —mQy — pogm = @ —mQy — Ty In|Tyy| + Ty In|l = (1 =T, )ePrl@—m)| (5.38)
and then decompose the proof into two subcases. When @ — mQy > 0, we have
ICatm| = Lortm (5.39)
1 — (1 =T, e Pulo=mCa)| = 1 — (1 =T, )e Pule-mm) (5.40)
=1— e Pulo-mQy) L T o=Pul@—Qym) (5.41)
> T,y e Prl@=um) (5.42)

and we conclude from the fact that the logarithm is an increasing function. When o — mQy < 0, we have instead

ICostm| = —Twrim (5.43)

1= (1 =T,,,)ePul@=m)| = (1 =T, )ePul@=mu) | (5.44)
= e Pulo=mu) _ 1 |, . |ePul@=@um) (5.45)

2 [Ty e Pl ), (5.46)

and we also conclude from the fact that the logarithm is an
increasing function. Therefore, the effective temperature
(5.37) is always positive. Similarly, it can be proven that
(5.36) is always negative, as in the Schwarzschild case.”’

Now, if we want to restrict the Unruh vacuum to the
algebra A7 associated to the region DZ, we can proceed for
Kerr exactly as we did for Schwarzschild in the previous
section. We use the symmetries of the Unruh vacuum on the
past horizon Hpy to have a KMS state on some subregion
(U;,0) x S2, of the past horizon Hz with respect to the
modular Hamiltonian (5.4) and conclude that the modes
now have a frequency @ associated to the correct time u
defined in (2.31). Similar computations as in the
Schwarzschild case show that the distribution of the
frequencies @ is highly picked around the Killing fre-
quency @ so that the outgoing modes are still transmitted
using the same graybody factor I',,,. Hence, the formal
one-sided modular operator associated to the algebra A7 is
given by

AL

o’ti = e_ﬁHNzDInz(fb_mQH_ﬂ&;lm)

NJ)lm> <N(I)lm | s
{Ngpm} @>0.Im

(5.47)

conjugated to the time &= u-+k"!
xIn (1 — e~ =)} a5 in the Schwarzschild case.

where @ is

The proof goes along the same line as for the positivity of the
temperature.

2. Second law in a Kerr background

To avoid clutter, we set @ = w in this paragraph, but
one should remember that they are, strictly speaking,
different. If we consider that the formula for the one-
sided modular operator associated with the algebra A7 is
given by (5.47), then the one-sided modular Hamiltonian
of the Unruh vacuum in the Kerr background is
given by38

VA
Ko = 27r/ (U=-U,):Tyy:a,dU A cs
D

(5.48)

that we normalized so that

AL
(QulKy! Q) =0 (5.49)

as always. Compared to (5.16), the only new additional
term in (5.48) is the (renormalized) angular momentum
flux

*We use (5.17) for defining for the various objects appearing
in (5.48).
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L = (Li)g,

+oo
- Z/) M (Mg = (Mayim) g, )d@

= /Dz(au(ﬁaqb(p - <0u¢0¢¢>gu)du N €Eg,
(5.50)

where we used the fact that d,Y}, = imY},. Then, in
order to get the charge variation, we have to compute the
flux of energy, angular momentum, and number of
particles in the Unruh vacuum in a Kerr background.
The fluxes between two cross sections u = u; and u =
u, of I are constant and given by

I
A<Na)lm>§2u = _(MZ - ul) (a) Qa::ll _

oo wlm
AMQU (Mz—ul Z/ Bla— QHm)_lda)

+oo a)lm
AJQU = —(l/tz - Ml)[Z/ Blo—Qum) _ lda).

(5.51)

5w,

Then, we deduce the entropy flux in the Unruh vacuum
in a manner exactly similar to the Schwarzschild case,
except that for Kerr we have to take into account the
angular momentum flux. Again, we consider a subset of
modes with quantum numbers (/,m) and with frequency
in the range (@ + dw) and treat them as a reservoir with
local temperature T,,,,. Recall that, since the modes are
labeled in frequency by a continuous parameter o, there
is an infinite number of modes in any of our local
reservoirs, so we can consider them as infinite.
Therefore, the local Clausius relations in the stationary
Unruh vacuum (no entropy production at all) tell us that

5Ewlm o lem
5Sa)lm Twlm s 5Ew1m = —(Mz — U )WWéw,
(5.52)
SO
AS, =3 / s (5.53)
Qy — — Jo wlm .
and from (5.37) we deduce that
+o0
AMq, —QpAJg, — Z/o Hoolm(Bngim) o, do

Then, we obtain the second law from the monotonicity
of relative entropy for a restriction of algebra between a
state |¥) € 7#q, and the Unruh vacuum [Qy),

v.N.,AiI

AS‘PIQU

AT
- A(Kdy)w >0, (5.55)
combined with the relation (5.54) giving the charge
fluxes in the Unruh vacuum. In the end, we find that

+o00
A0 =280 =3 [ o (S oo = TSy <0

Im

(5.56)

where J is the geometric Penrose angular momentum
charge [126] at Z;; and whose variation is equal to the
flux of angular momentum on the corresponding portion
of T} thanks to the semiclassical Einstein equations.
Hence, we found another thermodynamic potential asso-
ciated to the Unruh vacuum in a Kerr background, which
reduces to the one we found in the k;-vacuum in a
Schwarzschild background for Qg = 0. In addition, we
should interpret the angular momentum term and the
particle flux term as work, as can be seen from the
local temperature (5.37). Indeed, we can run the BLPS
engine (or another autonomous engine), and the
maximal amount of extractable work should be
given by Carnot efficiency in the reversible case
O _ o _ o _ O

=2 = 2 e,
T, Tpm Iy T

T
|Wmax| =nc0, = (1 - wlm)w/

Ty
T
= < " o_ 1>w
Twlm

However, notice that there is a difference between the
two work terms appearing in (5.56). Indeed, the angular
momentum flux gives a geometric contribution thanks to
the semiclassical Einstein’s equations at Z, while it is
not the case for the particle flux.

= “Hoim — mQH' (557)

VI. CONCLUSION

In writing this two-part series (together with Ref. [109]),
our aim was to address readers from diverse backgrounds
with an interest in thermodynamics and to clarify the
precise connections between concepts from quantum
thermodynamics and open quantum systems on the one
hand and recent developments in quantum field theory and
gravity on the other hand, with particular emphasis on
thermodynamics on null hypersurfaces. We hope that the
results presented here will be of interest to multiple
communities and contribute to building bridges between
subfields that share a common focus on thermodynamic
principles.

In the present paper, we place particular emphasis on
the close connection between the quantization of a free
field on a nonexpanding null hypersurface, such as Zg,
and the emergence of Markovian dynamics in open
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quantum systems. From this perspective, black hole
thermodynamics appears strikingly similar to quantum
thermodynamics in the weak-coupling regime. This
analogy naturally motivates the use of additional tools
and concepts from quantum thermodynamics and quan-
tum stochastic thermodynamics to gain further insights
into black hole physics. One important outcome of this
viewpoint is the clarification of the relation between the
multiplicity of vacuum states that can be defined in a
black hole background and the one-to-one correspon-
dence we have emphasized between the choice of late-
time boundary conditions compatible with these vacuum
states and the induced thermodynamic potentials. This
correspondence also underlies the effective decomposi-
tion between work and heat fluxes provided by the
modular Hamiltonian.

This framework may therefore be used to extend
proofs of the generalized second law to more general
settings. Wall’s proof of the generalized second law [73],
for instance, relies on a Hilbert space obtained as a
representation of the horizon algebra built from the
Hartle-Hawking vacuum state, which is compatible with
an expansion that vanishes at late times [see below
(2.24)]. However, realistic black holes evaporate and do
not relax toward equilibrium states, so this condition is
not satisfied. As a consequence, the Hartle-Hawking and
Unruh vacuum states exhibit different infrared behaviors
and do not belong to the same Hilbert space. A closely
related discussion appears in Ref. [65]. To overcome
these difficulties, one must either study the second law
for a broader class of late-time boundary conditions—
corresponding to a different, more physically realistic
Hilbert space, as we have done at null infinity in the
present work and in Ref. [109]—or formulate the
problem directly on an open region with compact closure
so that the specific choice of Hadamard vacuum state
becomes irrelevant.

Another promising direction suggested by the above
considerations concerns the role of possible non-
Markovian effects in the formulation of the second law
in semiclassical gravity. Throughout this paper, we have
seen that the thermodynamics of quantum fields on non-
expanding null hypersurfaces is naturally associated with
Markovian dynamics in open quantum systems, since
the presence of a causal horizon prevents any backflow
of information. By contrast, one may investigate the
monotonicity of thermodynamic potentials—such as the
generalized entropy—on noncausal horizons, including
dynamical horizons [127] or stretched horizons
[128,129]. This question is also closely related to recent
work on black hole dynamical entropies [47,51,52]. Since
neither dynamical horizons nor stretched horizons are
null hypersurfaces in general, information backflow is

no longer a priori excluded, and non-Markovian effects
may become relevant for the formulation of the second
law. In such a non-Markovian regime, the second law
cannot be expressed as a local, monotonic entropy-
production rate. Instead, it must be formulated as a
global entropy balance or, equivalently, as a relative-
entropy inequality, in which entropy production is
governed by the buildup of system-environment corre-
lations rather than by irreversible dissipation alone
[130-133]. It would therefore be very interesting to
understand how the generalized second law is realized in
this setting and whether further parallels with quantum
thermodynamics can be established.

Finally, from a complementary perspective, it may be
particularly fruitful to study alternative thermodynamic
potentials—such as the generalized free energy—rather
than focusing exclusively on the generalized entropy itself.
From the viewpoint of asymptotic observers, the black hole
area is not a directly measurable quantity, whereas asymp-
totic charges such as the Bondi or ADM mass are
observable [78]. In this sense, free energy (or related
thermodynamic potentials), rather than entropy alone,
becomes the more natural thermodynamic quantity, as
already emphasized in Ref. [78] and in the present series
of papers. Notably, both the black hole area and the mass
are geometric quantities that arise as Noether charges: the
former is associated with Killing fields at the horizon, while
the latter is tied to asymptotic symmetries at infinity
[17,18]. If spacelike slices are compact, as in de Sitter
space, such boundary charges vanish altogether. This
observation suggests that entropy and energy share a
common conceptual origin in covariant theories of gravity.
Both emerge as boundary charges associated with diffeo-
morphism symmetries and differ only in the geometric
nature of the boundary on which they are defined. From this
perspective, there is no deeper conceptual difficulty in
understanding entropy in gravity than in understanding
energy or free energy. Accordingly, investigating alterna-
tive thermodynamic potentials may provide new insights
into the microscopic behavior of gravity and the underlying
thermodynamic structure of spacetime.
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