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In many real-world situations, there are constraints on the ways in which a physical system can be
manipulated. We investigate the entropy production (EP) and extractable work involved in bringing a
system from some initial distribution p to some final distribution p’, given that the set of master equations
available to the driving protocol obeys some constraints. We first derive general bounds on EP and
extractable work, as well as a decomposition of the nonequilibrium free energy into an “accessible free
energy” (which can be extracted as work, given a set of constraints) and an “inaccessible free energy”
(which must be dissipated as EP). In a similar vein, we consider the thermodynamics of information in the
presence of constraints and decompose the information acquired in a measurement into “accessible” and
“inaccessible” components. This decomposition allows us to consider the thermodynamic efficiency of
different measurements of the same system, given a set of constraints. We use our framework to analyze
protocols subject to symmetry, modularity, and coarse-grained constraints and consider various examples
including the Szilard box, the 2D Ising model, and a multiparticle flashing ratchet.
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I. INTRODUCTION
A. Background

One of the foundational issues in thermodynamics is
quantifying how much work is required to transform a
system between two thermodynamic states. Recent results
in statistical physics derive general bounds on work which
hold even for transformations between nonequilibrium
states [1,2]. In particular, suppose one wishes to transform
a system with initial distribution p and energy function E to
some final distribution p’ and energy function E’. For an
isothermal process, during which the system remains in
contact with a single heat bath at inverse temperature /3, the
work extracted during this transformation obeys

W(p = p') < Fe(p) = Fp(p'), (1)

where Fg(p) := (E), — S(p)/p is the (nonequilibrium) free
energy of distribution p given energy function E [1-3]. This
inequality comes from the second law of thermodynamics,
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which states that entropy production (EP), the total increase
of the entropy of the system and all coupled reservoirs, is
non-negative. For an isothermal process that carries out the
transformation p — p’, EP is given by

Z(p—p')=plFe(p)-Fp(p)-W(p—-p]20. (2)
Equation (1) follows from Eq. (2) by a simple
rearrangement.

To extract work from a system, one must manipulate
the system by applying a driving protocol. There are many
different driving protocols that can be used to transform
some initial distribution p to some final distribution
p’, which generally incur different amounts of EP and
work. Achieving the fundamental bounds set by the second
law, such as Eq. (1), typically requires idealized protocols,
which make use of arbitrary energy functions, infinite
timescales, etc. In many real-world scenarios, however,
there are strong practical constraints on how one can
manipulate a system, and such idealized protocols are
unavailable.

The goal of this paper is to derive stronger bounds on EP
and work involved in carrying out the transformation
p — p’, given constraints on the set of master equations
available to the driving protocol. Ultimately, such stronger
bounds on EP and work can provide new insights into
various real-world thermodynamic processes and work-
harvesting devices, ranging from biological organisms to
artificial engines. They can also cast new light on some
well-studied scenarios in statistical physics.

Published by the American Physical Society
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For example, consider a two-dimensional Szilard box
connected to a heat bath [4], which contains a single
Brownian particle and a vertical partition, and suppose that
the driving protocols can manipulate the horizontal position
of this partition. Imagine that the particle is initially located
in the left half of the box. How much work can be extracted
by transforming this initial distribution to a uniform final
distribution, assuming the system begins and ends with a
uniform energy function? A simple application of Eq. (1)
shows that the extractable work is upper bounded by
(In2)/p. This bound can be achieved by quickly moving
the vertical partition to the middle of the box and then slowly
expanding it rightward. Now imagine an alternative scenario,
in which the particle is initially located in the top half of the
box. By Eq. (1), the work that can be extracted by bringing
this initial distribution to a uniform final distribution is again
upper bounded by (In2)/p. Intuitively, however, it seems
that this bound should not be achievable, given the con-
strained set of available protocols (i.e., one can manipulate
the system only by moving the vertical partition left and
right). Our results make this intuition rigorous for the two-
dimensional Szilard box, as well as various other systems
that can be manipulated only by a constrained set of driving
protocols.

This phenomenon also occurs when the starting and
ending distributions can depend on the outcome of a
measurement of the system. This kind of setup, which was
first used to analyze the thermodynamics of information in
various kinds of Maxwellian demons, is sometimes called
“feedback control” in the literature [2,14]. Imagine that
the state of some system X is first measured using some
observation channel (i.e., a conditional distribution)
q(m|x), producing measurement outcome m with proba-
bility p(m) =>_, p(x)g(m|x). The system then under-
goes a driving protocol which can depend on m. For
simplicity, we assume that the system’s energy function
begins as E and ends as E’ for all measurement outcomes.
Let pyj,, and P%’\m indicate the system’s initial and final

conditional distributions, respectively, given measurement
outcome m, and let p(x) =), p(m)px,(x|m) and
p'(x') = >_,, p(m) Py, (x'|m) indicate the system’s initial
and final marginal distributions, respectively [for simplic-
ity, we often use notation like p instead of p(x) below].
We can then take expectations of both sides of Eq. (1)
across measurement outcomes, thereby bounding the
average extractable work as [15]

(W) <> p(m)[Fe(pxin) = Fe (Pl (3)

By adding and subtracting [S(p) — S(p’)]/S on the right-
hand side, we can further rewrite Eq. (3) in terms of the
drop of the free energy in the marginal distribution, plus
the loss of information between the measurement and the
system over the course of the protocol:

FIG. 1. A two-dimensional Szilard box with a single Brownian
particle, where a vertical partition (blue) can be positioned at
different horizontal locations in the box. We demonstrate that
only information about the particle’s horizontal position, not its
vertical position, can be used to extract work from the system.

(W) < Fg(p) = Fp(p') + [I(X; M) = I(X;M)]/B,  (4)

where I(X; M) and I(X’; M) indicate the mutual informa-
tion under the conditional distributions py),, and p;(,‘m,
respectively. Comparing Eqgs. (1) and (4), the bound on
average extractable work increases with the drop of
mutual information. Equation (4) is a classic result from
the “thermodynamics of information” [2,14], which
shows that information about the state of a system can
be used to increase the work extracted from this system.
Just like Eq. (1), the bound in Eq. (4) is typically saturated
by idealized protocols, which have access to arbitrary energy
functions, infinite timescales, etc. As mentioned above, in
the real world, there are typically constraints on the available
protocols, in which case the bound of Eq. (4) may not be
achievable. For example, consider again the Szilard box
shown in Fig. 1. Imagine measuring a bit of information
about the location of the particle and then using this
information to extract work from the system while driving
it back to a uniform equilibrium distribution. In this case,
I(X;M) =1n2 and I(X'; M) = 0; therefore, if the system
starts and ends with the uniform energy function, Eq. (4)
states that (W) < (In2)/p. Intuitively, however, it seems that
measuring the particle’s horizontal position should be useful
for extracting work from the system, while measuring the
particle’s vertical position should not be useful. The general
bound of Eq. (4) does not distinguish between these two
kinds of measurement. In fact, this bound depends only on
the overall amount of information acquired by the meas-
urement [as quantified by I(X;M)] and is completely
insensitive to the content of that information [i.e., the
particular pattern of correlations quantified by 7(X; M)].

B. Summary of results and road map

In this paper, we derive bounds on extractable work and
EP which arise when carrying out the transformation p — p’
under constraints on the driving protocol. We consider a
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system coupled to a single heat bath which undergoes a
driving protocol over some time interval ¢ € [0, 1] (where the
units of time are arbitrary). A driving protocol is represented
as a continuous-time master equation L (#), where L(t) refers
to the (infinitesimal) generator at time t. For example, a
driving protocol could be a trajectory of time-dependent
discrete-state rate matrices or a trajectory of time-dependent
Fokker-Planck operators for a continuous-state system.

We say that a driving protocol is constrained if there is
some restricted set of generators A such that L(z) € A atall
times 7 € [0, 1]. As discussed below, the particular choice
of A depends on the specific constraints being considered.
For example, A might represent a set of generators that are
invariant under some particular symmetry group (e.g.,
representing the dynamics of a set of indistinguishable
particles or a spin system on a lattice with symmetries).

Our analysis proceeds at three different “levels”
of generality, which we summarize in the following
subsections.

1. Level 1: General mathematical framework

In the first level of analysis, presented in Secs. III and IV,
we provide a general mathematical framework for deriving
bounds on EP and work for constrained driving protocols.

To develop our framework, given some set of allowed
generators A, we consider an associated operator ¢ over
distributions which satisfies two conditions: It obeys the
so-called Pythagorean identity from information geom-
etry, and it commutes with the dynamics generated by
elements of A [Egs. (14) and (16) below]. In Sec. III, we
show that, for any distribution p, the distribution ¢(p)
contains only that part of the free energy in p which may
be turned into work by a constrained driving protocol.
Formally, we decompose the nonequilibrium free energy
of distribution p and energy function E as

Fe(p) = Felg(p)] + Dipll¢(p)]/B, (5)

where D(-||-) indicates the Kullback-Leibler divergence.
Then, for any constrained driving protocol that carries out
the transformation p — p’, the extractable work is
bounded as

W(p = p') < Felp(p)] = Felp(p')]. (6)

We also demonstrate that EP can be lower bounded by the
contraction of the Kullback-Leibler (KL) divergence
between p and ¢(p) over the course of the protocol:

Z(p = p') 2 Dlpl¢(p)l = Dlp'llgp(p)l. - (7)

Given these bounds, it can be seen that Eq. (5) decom-
poses the nonequilibrium free energy Fpr(p) into two
terms: an accessible free energy Fg[¢(p)], whose decrease
over the course of the protocol may be extractable as work,

and an inaccessible free energy D|pl|l¢p(p)]/p, whose
decrease over the course of the protocol cannot be turned
into work and must be dissipated as EP. The accessible free
energy is always less than the overall free energy,
Fil#p(p)] < Fe(p), which follows from Eq. (5) and the
non-negativity of KL divergence. We also show that the
right-hand side of Eq. (7) is non-negative:

Dipli¢(p)] = Dlp'll¢(p")] = 0, (8)

which implies that our bounds on EP and work [Egs. (6)
and (7), respectively] are stronger than the general bounds
provided by the second law [Z > 0 and Eq. (1)]. Note that
Eq. (8) also implies an irreversibility condition on the
dynamics: For any two distributions p and p’, a con-
strained driving protocol can carry out either the trans-
formation p — p’ or the transformation p’ — p but not
both—unless D[p||¢(p)] = D[p'[[¢(p")].

In Sec. IV, we show that the general framework sum-
marized above has important implications for thermody-
namics of information. We consider the type of feedback-
control setup discussed above: An observation apparatus
first makes a measurement m of the system, and then the
system undergoes a driving protocol (which can depend on
m) that carries out the transformation pyy, — p;(,‘m.
Suppose that the driving protocols corresponding to all
m obey bounds like Eq. (6) for the same operator ¢. This
operator then gives rise to the “mapped” initial and final
conditional distributions ¢(pyj,,) and (j)(p;(,lm), respec-

tively. We can then bound average extractable work for
feedback control under constraints as

(W) < Fi(p) = Fu(p') + [Thee(X: M) = Tiece(X's M)) /B,

where the accessible information component of the initial
mutual information I(X; M) is defined as

e (X; M) =I1(X;M) - Dlpxiulld(pxp)l, (9

and similarly for I Z’CC (X’; M). This bound is a refinement of
Eq. (4) in the presence of protocol constraints, which shows
that the amount of extractable work depends on the

accessible information I;/’cc (X; M) rather than the actual
mutual information /(X; M). Loosely speaking, the acces-
sible information reflects the “alignment” between the
choice of measured observable and the way the system
can be manipulated, given some protocol constraints. Thus,
in the presence of constraints, the thermodynamic value of
information depends on not only the amount of measured
information, but also the content of that information
[16,17]. (See also Ref. [18] for a popular discussion of
some related issues.)

It is important to note that, at this general level of
analysis, we do not describe how to construct the operator
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¢, as this construction typically depends on the structure of
the set A. However, as described in the following sub-
section, we do provide explicit expressions for ¢ for three
broad classes of protocol constraints, which we term
symmetry, modularity, and coarse-grained constraints.

2. Level 2: Symmetry, modularity, and coarse-
grainedconstraints

At the second level of our analysis, we apply the general
framework described above to derive bounds on EP and
work for three broad classes of protocol constraints.

(i) Section V considers symmetry constraints, when the
available generators possess some symmetry group.
Examples of systems with symmetry constraints
include the Szilard box in Fig. 1, spin systems on
lattices, and gases of indistinguishable particles. The
operator ¢ corresponding to symmetry constraints,
defined in Eq. (42), maps distributions to their
“symmetrized” versions (which are invariant under
the action of the symmetry group).

(i) Secton VI considers modularity constraints, when
the available generators cause different (though
possibly overlapping) subsystems of a multivariate
system to evolve independently of each other.
Examples of systems with modularity constraints
include digital circuits [19], ideal gases, and multi-
particle Maxwellian demons. The operator ¢ corre-
sponding to modularity constraints, defined in
Eq. (64), maps distributions to their “uncorrelated”
versions, without statistical dependencies between
independent subsystems.

(iii) Section VII considers coarse-grained constraints,
when the available generators exhibit closed coarse-
grained dynamics which obey some constraints (e.g.,
coarse-grained symmetry or modularity constraints).
An example is provided by the Szilard box in Fig. 1:
The particle’s vertical position (the coarse-grained
macrostate) evolves in a way that does not depend
on the horizontal position, and the macrostate equi-
librium distribution cannot be controlled by moving
the partition. Given a protocol that obeys coarse-
grained constraints, we show that the EP can be lower
bounded in terms of a “coarse-grained EP” [Eqgs. (87)—
(89)] and that this coarse-grained EP can itself be
lower bounded by a coarse-grained version of Eq. (7).

In addition, we also discuss how tighter bounds on work
and EP can be derived by combining different kinds of
constraints (e.g., when a system obeys two different
symmetry groups or when it obeys both symmetry and
modularity constraints).

3. Level 3: Concrete examples

At the third (and most concrete) level, we illustrate our
results for symmetry, modularity, and coarse-grained con-
straints on several example systems.

(1) In Sec. VA, we use symmetry constraints to derive
thermodynamic bounds for the Szilard box in Fig. 1,
which possesses vertical reflection symmetry.

(ii) In Sec. V B, we use symmetry constraints to derive
thermodynamic bounds for the Ising model on a 2D
lattice, which possesses translational symmetry.

(iii) In Sec. VI A, we use modularity constraints to derive
thermodynamic bounds for the Szilard box in Fig. 1,
which are different from the bounds derived in
Sec. VA. We also demonstrate that stronger results
can be derived by combining bounds arising from
symmetry and modularity constraints.

(iv) InSecs. VIB and VI C, we use modularity constraints
to derive bounds on work extraction for two multi-
particle feedback-control protocols that have been
proposed in the literature: a multiparticle Szilard box
[20] and a collective flashing ratchet [21].

(v) In Sec. VII A, we use coarse-grained constraints to
derive thermodynamic bounds for a version of the
Szilard box in Fig. 1 in the presence of gravity. We
also demonstrate that stronger results can be derived
by combining bounds arising from coarse-grained
and modularity constraints.

4. Literature review and discussion

After presenting the results summarized above, in
Sec. VIII we discuss related prior literature. We also
compare and contrast our results, such as the decomposi-
tion of nonequilibrium free energy in Eq. (5), to some
relevant work in quantum thermodynamics [22,23]. We
conclude with a brief discussion in Sec. IX, which also
touches upon how our approach generalizes beyond the
assumption of a single heat bath. Proofs and derivations are
in the Appendixes.

II. PRELIMINARIES

We consider a physical system with state space X, which
can be either discrete or continuous (X = R"). The term
“probability distribution” refers to a probability mass
function over X in the discrete case and to a probability
density function over X in the continuous case. We
interchangeably use notation like p(x) and p, (as is clear
from context) to indicate the probability of state x. We use
‘P to refer to the set of all probability distributions over X.

The system evolves in a stochastic manner during a
driving protocol over time ¢ € [0, 1]. We write p(z) to
indicate the distribution at time ¢ corresponding to some
initial distribution p(0) = p, and p(1) = p’ to indicate the
distribution at the end of the protocol. For a discrete-state
system, the distribution at time ¢ evolves according to the
time-dependent master equation

atpx(t) = Z[Lxx'(t)px'(t) - Lx’x(t)px(t)]’ (10)

I
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where L, (1) is the transition rate from state x to state x’.
We assume that the system is coupled to a heat bath at
inverse temperature f, and so each L(¢) obeys local
detailed balance (see Sec. IX for a generalization of this
assumption). Formally, this assumption means that
JT)LC,(I)LXXr(t) = ﬂ')%(t)LX/x(t) for all x, x', and ¢, where z"(")
is the stationary distribution of rate matrix L(#), which we
assume is unique (though this latter assumption can be
relaxed [24]).

The rate of entropy production (EP rate) incurred at time
t can be written as [Eq. (33) in Ref. [25]]

$1p(0).L00] = -Y Do) 20, )

TTx

where 0, p,(t) is defined in Eq. (10). Note that the right side
of Eq. (11) is sometimes called the “nonadiabatic EP rate”
in stochastic thermodynamics, and it is equal to the overall
EP rate for a system coupled to a single bath and obeying
detailed balance [25]. The total EP incurred by a time-
extended protocol over ¢ € [0, 1] that carries out the trans-
formation p — p’ is given by the integral of the EP rate:

zwem:AEmmuwn (12)

The work extracted during a protocol can be calculated by
using Egs. (2) and (12), once the initial and final non-
equilibrium free energies F(p) and F (p') are specified.
To define these free energies, we assume that there is some
fixed pair of energy functions E and E’, which specify the
Boltzmann equilibrium distributions of L(0) and L(1),
respectively.

For a continuous-state system evolving under a continu-
ous master equation [26,27], the sums in Egs. (10) and (11)
should be replaced by integrals [see Eq. (31) in Ref. [28] ].
A prototypical example of a continuous master equation,
which we use below, is a Fokker-Planck equation [26,29]:

Oip(x,t) ==V - [A(x,t)p(x,1) = D(x,t)Vp(x,1)], (13)

where A and D are drift and diffusion terms.

We often write dynamical equations like Eqgs. (10) and
(13) using the notation d,p(t) = L(t)p(t), where L(t)is a
bounded linear operator that is called the (infinitesimal)
generator of the dynamics at time 7. Note that, for a
continuous-state system in phase space, it may be that the
system is isolated from the bath for some 7 € [0, 1], in
which case 0,p(t) = L(t)p(t) should be understood in
terms of the Liouville equation (for example, if a system
is first isolated and evolves in a Hamiltonian manner and
is then brought in contact with a bath at inverse temper-
ature f and allowed to equilibrate).

III. GENERAL FRAMEWORK

We begin by presenting our general mathematical
framework. The application of this framework to concrete
situations is described in later sections.

A driving protocol {L(t):7 € [0, 1]} is said to be con-
strained if there is some restricted set of generators A such
that L(r) € A at all z. For a given set of allowed generators
A, we consider an associated operator ¢:P — P which
satisfies two conditions. The first condition states that

D(pllq) = D[pll¢p(p)] + D(p(p)l4] (14)

for all p € P and ¢ € img ¢ with D(p||q) < co [where
img ¢ = {¢(p):p € P} is the image of the operator ¢].
Equation (14) is sometimes called the Pythagorean identity
of KL divergence in information geometry [30]. Any ¢ that
obeys Eq. (14) can be written in terms of the following
projection [31]:

¢(p) = argmin D(p|q), (15)
geimg

which shows that D[p||¢(p)] is the minimal information-
theoretic distance from p to the set of distributions imgg.

The second condition is that ¢ obeys the following
commutativity relation for all L € A:

e ¢(p) = p(e p)

In other words, given any initial distribution p, the same
final distribution is reached regardless of whether p first
relaxes under L for time 7z and then undergoes ¢ or instead
first undergoes ¢ and then relaxes under L for time 7.

Note that the Pythagorean identity in Eq. (14) concerns
only the operator ¢, while the commutativity relation in
Eq. (16) concerns the relationship between ¢ and the
generators in A [and, therefore, all of the generators
L(t) in the driving protocol, since L(z) € A at all r by
assumption]. Beyond these two conditions, the operator ¢
can be arbitrary and may be linear or nonlinear. In the
following sections of this paper, we show how to choose ¢
for various types of constrained protocols.

Importantly, any ¢ that satisfies the two conditions above
maps any distribution p to a corresponding “accessible”
distribution ¢(p), which controls the amount of work that
can be extracted from p by a constrained driving protocol.
To prove this result, we first show that for any L € A that

V>0, peP. (16)

obeys Eq. (16), the equilibrium distribution 7 satisfies
(Lemma 1 in Appendix A)
7t € img ¢. (17)

We also derive the following mathematical result, central to
much of what follows: If ¢ obeys Egs. (14) and (16) for
some generator L, then the EP rate incurred by any
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distribution p under L can be written as the sum of two
non-negative terms—the EP rate incurred by ¢(p) under L
and the instantaneous contraction of the KL divergence
between p and ¢(p).

Theorem 1.—If ¢ obeys Egs. (14) and (16) for some
generator L, then, for all p € P,

2(p.L) = Zlg(p). L] - %D{p(t)llcb[p(t)]}’

and —(d/dt)D{p(1)||¢[p(¢)]} = 0, where 9,p(t) = Lp.
We sketch the proof of this theorem in terms of a
discrete-time relaxation over interval z, as shown in Fig. 2
(see Appendix A for details). Consider some distribution
p that relaxes for time 7 under the generator L, thereby
reaching the distribution e p (solid gray line). The EP
incurred by this relaxation is given by the contraction
of KL divergence to the equilibrium distribution
7. X(p — e p) = D(p||x) — D(e™t p||z) (contraction of
purple lines) [25,28]. Given Eq. (17), we can apply the
Pythagorean identity [Eq. (14)] to both D(pl||z) and
D(e L p||z), which lets us rewrite £(p — e"Lp) as the
sum of two terms: D[p||¢(p)] — D[e™t p||p(e™L p)] (green
lines) and  D[¢(p)l|z] — Dlgp(ep)|x] (red lines).
Applying the commutativity relation [Eq. (16)] shows
that the first term is non-negative by the data-processing
inequality and that the second term is equal to
2[p(p) — e™¢(p)], the EP incurred by letting ¢(p) relax
freely under L. The continuous-time statement found in
Theorem 1 follows by taking the appropriate 7 — 0 limit,
while noting that the EP rate [Eq. (11)] can be rewritten in
terms of the limit lim,_,(1/7)[D(p||x) — D(eL p||x)].
Now suppose that Eq. (16) holds, so that the assumptions
of Theorem 1 are satisfied during the entire protocol. In that

p

eer

D(pl|n) D(e™p||n)

Dipllgp(p)] Dle™plip(e™p)]

...................... d)(e‘:Lp)
= eTL¢(p)

Dip(e™p)lz]

Dlg(p)ll=]

FIG. 2. Visual explanation of Theorem 1: Distribution p freely
relaxes under L for time 7z (solid gray line). The EP incurred
during this relaxation (contraction of purple lines) can be
decomposed into the contraction of the KL divergence between
p and ¢(p) (contraction of green lines) plus the EP incurred
during the free relaxation of ¢(p) (contraction of the red lines).
The free relaxation of ¢(p) under L is represented by the dotted
gray line.

case, as we show in Lemma 3 in Appendix A, any
constrained protocol that carries out the transformation
p — p' must also transform the initial distribution ¢(p) to
the final distribution ¢(p’). We can then, in essence,
integrate Theorem 1 over time and derive the following
result about total EP.

Theorem 2.—If ¢ obeys Eqgs. (14) and (16) forall L € A,
then, for any constrained protocol that transforms p — p/,

Z(p—p)=Z[¢p(p)—=¢(p)|+{Dlpll¢(p)|-DIp'll#(p")]}

and D[p[|¢(p)] — D[p'||¢(p")] = 0.
We use Theorem 2 to derive several useful bounds on EP

and work. First, since Z[¢(p) = ¢(p’)] > 0 by the non-
negativity of EP, the contraction of KL divergence between
p and ¢(p) bounds the EP incurred by a constrained
driving protocol that carries out the transformation p — p’:

Z(p - p') 2 D[plig(p)] - DIp'[l¢(p)] 20,  (18)

which appeared as Eq. (7) in the introduction. Furthermore,
D[p|l¢(p)] — D[p'l|¢(p’)] = 0 immediately implies that

Z(p—p')2Zgp(p) = (P (19)

We can also derive the decomposition of free energy and
the bound on extractable work, which appeared as Egs. (5)
and (6) in the introduction. Consider some transformation
p — p’, and write the initial nonequilibrium free energy as

Fe(p) = Fe(n) + D(p||z)/p, (20)

where 7 « e7PF is the Boltzmann distribution for the initial
energy function E and F () is the equilibrium free energy
[3]. Using Eq. (17) and the Pythagorean identity [Eq. (14)],
we decompose the nonequilibrium free energy into a sum
of the accessible free energy and the inaccessible free
energy:

Fg(p) = Fe(x) +{Dpllg(p)] + Dig(p)ll=l}/#
= Felo(p)] + Dipll¢(p)l/p. (1)

Using a similar derivation, we can write the nonequilibrium
free energy at the end of the protocol as

Fp(p') = Felp(p)] + DIp'llop(p)]/B. (22)

Subtracting Eq. (22) from Eq. (21) shows that the drop in
the nonequilibrium free energy during p — p’ is given by

Fp(p)=Fp(p')=Fglp(p)|=Fplp(p')
+{DIpll¢(p)]=DIp'lp(P")]}/B. (23)
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Combining this result with Theorem 2 and Eq. (2), and then
rearranging, shows that the work involved in carrying out
p — p’ is equal to the work involved in carrying out the
“accessible” transformation ¢(p) — ¢(p’):

W(p — p') = Wig(p) = ¢(p)]. (24)

Finally, by combining with Eq. (1), we arrive at an upper
bound on work that can be extracted by a constrained
protocol:

W(p = p') < Felg(p)] - Feld(p')l. (25)

which is tighter than the bound given by the second
law [Eq. (1)].

The bounds in Egs. (18) and (25), as well as the
decomposition of free energy in Eq. (21), are the main
theoretical results arising from our general framework.
Figure 3 provides a schematic way of understanding these
results. Theorem 2 states that, for a constrained protocol
that carries out the map p — p’, the EP incurred during the
system’s actual trajectory (solid gray line) is given by the
EP that would incurred by a “projected trajectory” that
carries out the transformation ¢(p) — ¢(p’) (dashed gray
line), plus the drop in the KL divergence from the system’s
distribution to the set img ¢ over the course of the protocol
(contraction of green lines). Since the EP of the projected
trajectory must be non-negative, the drop in the distance
from the system’s distribution to img ¢ serves as a lower
bound on EP, as in Eq. (18). In addition, Theorem 2 states
that this decrease in the KL divergence must be positive,
meaning that the system’s distribution must get closer to
img ¢ over the course of the protocol.

Following Fig. 3, it can be helpful to think of the
trajectory p — p’ as composed of three segments: (i) from

p down to ¢(p), (ii) from ¢(p) to ¢(p’) while staying

DIplig(p)]

FIG. 3. [Illustration of Theorem 2. Given an appropriate
operator ¢, X(p — p’) (the EP incurred during some desired
transformation p — p’; solid gray line) is equal to Z[p(p) —
¢(p")] [the EP incurred by that protocol when transforming
¢(p) = ¢(p'); dashed gray line] plus the contraction of the KL
divergence D[p|¢(p)] — D[p'||¢(p’)] (contraction of green
lines). This contraction of KL divergence is a non-negative lower
bound on X(p — p’), as in Eq. (18).

within img ¢, and (iii) from ¢(p’) up to p’ (note that this
decomposition is useful for accounting purposes but does
not generally reflect the actual trajectory the system takes in
going from p to p’). The first and third segments contribute
(positively and negatively, respectively) only to EP, while
the projected second segment ¢(p) — ¢(p’) contributes
both to EP and to work. Thus, the work involved in p — p’
is determined entirely by the work involved in the second
segment, as stated in Eq. (24).

Note also the formal similarity between our decom-
position of the drop in free energy [Eq. (23)] and the
decompositions of EP in Theorem 2. Indeed, like Theorem
2, the result Eq. (23) can be illustrated with Fig. 3: During
the transformation p — p’ (solid gray line), the drop in
free energy is given by the drop in free energy incurred by
the transformation ¢(p) — ¢(p’) (dotted gray line), plus
the contraction of the KL divergence from the system’s
distribution to the set img ¢ (green lines).

In general, our bounds on EP and work are not always
achievable. Suppose, however, that the final distribution p’
is in equilibrium, so p’ = ¢(p’) by Eq. (17). Equation (18)
then gives

Z(p = p') 2 D[pll¢(p)]- (26)

This bound is achievable if the generators in A have a
continuous curve of equilibrium distributions from ¢(p)
to p’ = ¢(p’). Imagine a protocol in which the initial
distribution p first relaxes to the equilibrium distribution
¢(p) and then undergoes quasistatic driving from ¢(p) to
¢(p’) while remaining in equilibrium throughout [in terms
of Fig. 3, the system first relaxes along the green arrow
connecting p to ¢(p) and then follows the dashed line to
¢(p’) quasistatically]. The relaxation step incurs
D[p|l¢(p)] of EP, while the quasistatic step incurs a
vanishing amount of EP, so the bound in Eq. (26) is
achieved.

A. Choice of the ¢ operator

In general, the operator ¢ associated with a given set of
generators A is not unique. For instance, for any driving
protocol, the identity map ¢(p) = p always satisfies
Egs. (14) and (16). Choosing ¢ to be the identity map,
however, reduces the results in Theorem 2 to trivial
identities and the lower bound on EP in Eq. (18) to 0.

At a high level, those ¢ which have smaller img ¢
generally give tighter bounds on EP (since, given
Eq. (15), a smaller image leads to larger values of
D[p|l¢(p)]). To illustrate this phenomenon, consider the
extreme case where all L € A have the same equilibrium
distribution 7, so that any constrained driving protocol must
be a free relaxation toward z. Then, the operator ¢(p) = =
for all p (so img ¢ is a singleton) satisfies Egs. (14) and (16)
and, when plugged into Eq. (18), gives the following bound
on EP:
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Z(p = p') 2 D(p||x) — D(p'||x). (27)

In fact, the right-hand side is an exact expression for the EP
incurred by the free relaxation, meaning that it is the tightest
possible bound. If, however, the generators L € A have
different equilibrium distributions, then the operator ¢(p) =
n (for whatever 7) generally violates the commutativity
relation in Eq. (16), and bounds like Eq. (27) no longer hold.

In the following sections, we show how to use our results
to derive thermodynamic bounds for A that obey some kind
of symmetry group, modular decomposition, or coarse-
graining structure. In more general (and possibly unstruc-
tured) cases, it is an open question of whether a nontrivial
operator ¢ exists and, if so, how to identify it. We explore
related issues in a companion paper [32], where we use
numerical optimization techniques to derive bounds on EP
similar to Eq. (18).

Importantly, when there are multiple different operators
that all satisfy the Pythagorean identity and the commu-
tativity relation for the available generators A, one can
derive tighter bounds on EP and work by applying our
decompositions in an “iterative” manner. For instance,
imagine that there are two different operators ¢; and ¢,
that satisfy Esq. (14) and (16) (for example, these might
represent operators arising from symmetry constraints and
modularity constraints, respectively, as described below).
Applying Theorem 2 iteratively leads to “stacked” bounds
on EP analogous to Eq. (18):

Z(p—p")2(Dpl¢:(p)|+D{¢:(p)|$2¢:1(P)]})

—(DIP'll¢1(P)]+D{1 (P21 (P')]}) 20.
(28)

Similarly, applying Eq. (24) iteratively leads to stacked
bounds on extractable work analogous to Eq. (25):

W(p — p') < Fe{$ali(p)]} — Feidld (P)]} (29)

Such stacked bounds are generally tighter than the bounds
provided by either ¢; or ¢, alone. [Note that one can also
reverse the order of operations and consider the composi-

tion ¢, [, (p)] rather than ¢, [¢; (p)] in Egs. (28) and (29),
which, in general, leads to different bounds.]

B. Fluctuating entropy production

As we show in detail in Appendix A 2, our results
also have implications for stochastic fluctuations of
trajectory-level EP, as considered in stochastic thermo-
dynamics [33].

Consider any constrained driving protocol over t €
[0, 1] with an associated operator ¢. Let x indicate some
stochastically sampled trajectory of the system visited
during the driving protocol, and let o,(x) indicate
the fluctuating EP incurred by trajectory x when initial

states are sampled from the initial distribution p. In
Appendix A 2, we consider the difference between this
fluctuating EP and the fluctuating EP incurred by the same
trajectory when initial states are sampled from the acces-
sible initial distribution ¢(p):

m,(x) = 0,(x) = oy (X). (30)

By combining Theorem 2 with recent results in stochas-
tic thermodynamics [34,35], we show that the expectation
of m,(x) is equal to the difference of expected EPs,
(m,(x)) =Z(p = p') = Z[¢p(p) — ¢(p)], where () indi-
cates expectation over trajectories sampled from initial
distribution p. We also show that m,(x) obeys a detailed
fluctuation theorem, which implies a trajectory-level
version of Eq. (19): The probability that the fluctuating
EP under initial distribution p is & less than the fluctuation
EP under the accessible initial distribution ¢(p) is expo-
nentially small (i.e., it is less than e¢). We leave further
exploration of the connection between our framework and
stochastic thermodynamics for future work.

IV. THERMODYNAMICS OF INFORMATION
UNDER PROTOCOL CONSTRAINTS

The framework introduced in the previous section has
implications for the thermodynamics of information
under constraints. Consider the type of feedback-control
setup described in the introduction: First, an observation
apparatus M measures some system observable, and then
the system undergoes a driving protocol that depends on
the measurement outcome m. Let L(")(¢) indicate the
driving protocol conditioned on m, and let pyj,, and p;”m

indicate the distributions over system states at the
beginning and end, respectively, of the corresponding
driving protocol. As standard in the literature [2], for
simplicity we assume that all protocols start and end with
the same energy functions E and E’, that the measurement
apparatus M and the system X are energetically
decoupled during the protocols, and that M does not
change state.

Given the above assumptions, it is straightforward to show
that the EP incurred by the joint “supersystem” X x M obeys

Ty = Zp(m)Zm, (31)

where X,, is the EP incurred by protocol L") (¢) in carrying

out the transformation pyj,, — pg(,lm. Similarly, by taking

expectations of Eq. (2) and rearranging [see the derivation of
Eq. (4)], the average extracted work under feedback control
can be written as

(W) = AF + [I(X: M) = I(X';M)] = > p(m)Z,. (32)
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where for notational convenience we use AF = Fr(p) —
Fp(p') to indicate the drop of marginal free energy. Thus,
any lower bounds on X, [the EP values incurred by the
individual protocols L ()] can be translated into bounds
on the overall EP and average extractable work for a
feedback-control setup.

For example, suppose that there is some single set of
constraints that applies to all of the driving protocols, in that
there is some set of generators A such that L") (z) € A for
all t+ and m, as well as an operator ¢ that obeys the
Pythagorean identity [Eq. (14)] and the commutativity
relation [Eq. (16)] for all L € A. In that case, the frame-
work described in Sec. III leads to bounds on each X, term.
In particular, using Eqgs. (18) and (31) gives the bound

Zxu 2 Dlpximllé(pxim)] = PPyl 9(Pyyp)] 2 0. (33)

where we define the conditional KL divergence D[pxy

l#(Pxip)] = > P(m)D[pximll#(pxim)], and similarly for
D[p' 1P )] Plugging into Eq. (32) gives the follow-

ing bound on average extractable work:

(W) < AF + [T (X M) = Liec(X M) /B, (34)
where IZ’CC (X; M) is given by

Hee(X; M) = I(X; M) = D[pxllp(pxp)].  (35)

and similarly for Iﬁfcc(X’ T M).

We refer to 12, (X; M) as the accessible information in
measurement M, since any decrease in accessible infor-
mation can contribute to work extraction [Eq. (34)]. We
refer to the conditional KL divergence D[pxyll¢(pxm)]
as the inaccessible information, since any decrease in
inaccessible information must be dissipated as EP and not
extracted as work [Eq. (33)]. The inaccessible information
is non-negative by properties of KL divergence, so
IfCC(X; M) <I(X;M). In addition, whenever p € img ¢
[e.g., when p is an equilibrium distribution, by Eq. (17)],
the accessible information can be rewritten in a simpler
form as

e (X; M) = D[o(pxm)llpls (36)

as follows from Eq. (35) by writing I(X; M) = D(pxullp)
and applying the Pythagorean theorem [Eq. (14)].

In general, measurements of different observables on the
same system give rise to different amounts of accessible and
inaccessible information. At a high level, one should choose
measurements that maximize the accessible information

IZ’CC (X; M), or alternatively the “efficiency” quantified as
bits of accessible information per bit of measured informa-

tion, I%.(X;M)/I(X;M)<1. Optimal measurements

satisfy 12, (X;M) = I(X; M), which happens when the
conditional distributions over system states pyxy,, are invari-
ant under the action of ¢ [i.e., when ¢(pxn) = pxjm for
each m].

Note that similar results can also be derived using other
kinds of bounds on X, [e.g., when the individual protocols
obey a combination of constraints, so that Eq. (28) holds].

V. SYMMETRY CONSTRAINTS

We now use the general framework introduced above to
derive bounds on EP under symmetry constraints.

Consider a compact group G that has a measurable action
over X, such that each g € G is a bijection X — X [36]. For
continuous X, we assume that each g€ G is a rigid
transformation. For notational convenience, for each g €
G we define the composition operator <I>g, so that, for any
function f:X — R,

®,(f)(x) = flg(x)]. (37)

We say that a set of generators A obeys symmetry
constraints (with respect to the action of group G) if the
following commutativity relation holds for all L € A:

OL=LD, V geg. (38)

In other words, A obey symmetry constraints when, for
each L € A and g € G, it does not matter whether one first
applies the generator L and then the bijection g over the
state space or first applies the bijection g over the state
space and then the generator L. In more concrete terms, for
a (continuous or discrete) master equation L, Eq. (38) holds
if the transition rates are invariant under the action of G:
Lxx’ = Lg(x)g(x’) vV x, x'e X, g e g. (39)

We can also derive simple sufficient conditions for
potential-driven Fokker-Planck equations of the type

Lp=V-(VE,)p+p"'Ap, (40)

where E; is the energy function of generator L. Then,
Eqg. (38) holds if all available energy functions are invariant
under the action of G:

E (x) = ELlg(x)] V xeX,

geEG, LeA (41)
[Equation (38) is derived from Egs. (39) and (41) in
Appendix B.]

We now define a linear operator ¢p; which satisfies the
Pythagorean identity and the commutativity relation
[Egs. (14) and (16)] for symmetry constraints. Let ¢g
map each p € P to its average under the action of G:
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$o(p)(x) = [j plo(x)]dua). (42)

where y is the uniform (normalized Haar) measure over G
[37]. For a finite group, the integral in Eq. (42) should be
replaced by a summation. Following the terminology in
quantum physics, we sometimes refer to ¢bg as a twirling
operator [23,39]. Intuitively, ¢g(p) symmetrizes p,
removing all information in p concerning the state of
the system along the ‘“coordinates” specified by the
symmetry constraints.

In Appendix B, we show that ¢; obeys the Pythagorean
identity and, as long as Eq. (38) holds, the commutativity
relation of Eq. (16). Thus, any protocol that carries out the
transformation p — p’ while obeying symmetry con-
straints with respect to G permits the decomposition of
EP found in Theorem 2, with ¢ = ¢¢, and satisfies all the
bounds on work and EP that follow from that result.

In particular, using Eq. (21), we can decompose the free
energy Fg(p) of any distribution p into the accessible free
energy Frl¢g(p)], which is the free energy in the twirled
(and, therefore, symmetric) version of p, and the inacces-
sible free energy D[p||¢g(p)]/p- Note that D[p||¢g(p)] is a
non-negative measure of the asymmetry in distribution p
with respect to the symmetry group G, which vanishes
when p is invariant under ¢¢. Thus, for any protocol that
obeys symmetry constraints, the first inequality in Eq. (18)
states that any “drop in asymmetry” must be dissipated as
EP and not turned into work. The second inequality in
Eq. (18) states that the asymmetry in the system’s distri-
bution can only decrease during the protocol. (Some of the
above results for symmetry constraints have been previ-
ously uncovered in quantum thermodynamics [22,23]; see
Sec. VIIL)

We finish by discussing thermodynamics of information
under symmetry constraints. In general, the results derived
in Sec. IV apply to the twirling operator ¢; as a special
case. We can also exploit special properties of ¢ to further
simplify the expression of the inaccessible information
term in Eqs. (33) and (35). Suppose that distribution p is
invariant under ¢g, so p = ¢g(p) (e.g., if p is an equilib-
rium distribution). As shown in Appendix B 4, we can then
rewrite the inaccessible information term as

Dpxullég(pxim)] = <l“ fgq[n21|(;(:|c))€])dﬂ(g)>’ )

where g(m|x) is the measurement channel and (-) indi-
cates expectation under the joint distribution p(x,m) =
p(x)g(x|m). Equation (43) conveniently expresses the
inaccessible information in terms of the asymmetry of the
measurement channel relative to the action of G [the right
side of Eq. (43) vanishes when ¢(m|x) is invariant under
that action], which we exploit in some of our exam-
ples below.

A. Example: Szilard box with symmetry constraints

We demonstrate our results on symmetry constraints
using the Szilard box shown in Fig. 1. We assume that the
box is coupled to a single heat bath at inverse temperature
S = 1 and that the particle inside the box has overdamped
Fokker-Planck dynamics, so that all generators have the
form of Eq. (40). The system’s state is represented by a
horizontal and a vertical coordinate, x = (x;,x,) € R2.

Suppose that all energy functions have the form

E;j(x1,%) =V, (x; = 4) + Vo, (|x1]) + Vi (Ixa]),  (44)

where 4 € R is a controllable parameter that determines the
location of the vertical partition, V,, is the partition’s
repulsion potential, and V,, is the repulsion potential of
the box walls:

V.(a) = {0 ifa<l, (45)

oo otherwise,

meaning that the box extends over (x;,x,) € [—1, 1] [40].
Assume that V,(x; — ) = 0 for some value of 1 and all
x; € [-1,1] (i.e., the partition can be removed by setting 1
outside the box). For such 4, let E indicate the corre-
sponding energy function, and note that it obeys
Eg(x1,x,) =0 within the box (and infinity elsewhere),
corresponding to a uniform equilibrium distribution
u(xy, xp) =1y 1p(x1,x2)/4 (where 1 is the indicator
function). This Szilard box is shown schematically
in Fig. 4.

The energy functions in Eq. (44) obey the vertical
reflection symmetry E(x;,x,) = E(x;,—x,), correspond-
ing to the two-element symmetric group S, whose action is
generated by g(x;,x,) = (x;,—x,). The corresponding
twirling of p is the uniform mixture of p and its reflection:

dg(p)(x1, %) = [p(x1, %) + p(x;, —x3)]/2. (46)

We can use our results to derive bounds on the work that
can be extracted from this Szilard box. Intuitively, the set of
allowed generators L—that is, Fokker-Planck operators
with energy functions as in Eq. (44), corresponding to
different horizontal locations of the vertical partition—all

1D ; a.n

Cr-plzid -1

FIG. 4. A Szilard box with energy functions as in Eq. (44).
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obey vertical reflection symmetry. Thus, the dynamics
generated by those Fokker-Planck operators commute with
¢g, the twirling operator defined in Eq. (46). Using
Eq. (25), we can bound the work extracted during any
transformation p — p’ in terms of the decrease of the
accessible free energy Frlpg(p)] — Fplpg(p')].

In more detail, consider some driving protocol which
starts and ends with the partition removed. At intermediate
times, the driving protocol manipulates the location of the
partition so as to bring the system from some initial
distribution p to a final equilibrium distribution p’ = u
while extracting work. The second law gives bounds on EP,
X(p - p') >0, and work:

W(p = u) < Fgo(p) — Fgo(u) = D(pllu), (47)

which follows from Egs. (1) and (20). However, this bound
can be too optimistic due to the protocol constraints. Given
Eq. (18), as well as the fact that the final distribution obeys
¢pg(u) = u, we know that X(p — p') 2 D[pll¢g(p)]-
Similarly, Eq. (25) gives a tighter bound on extractable
work:

W(p — u) < Fo[¢pg(p)] — Fro(u) = Dlpg(p)|[u]. (48)

where the second equality follows from Eq. (20).

It is easy to use these results to resolve the question raised
in the introduction: can one show that work can be extracted
only from a measurement of whether the particle is in the left
or right half of the box rather than a measurement of whether
the particle is in the top or bottom half of the box? Suppose
that the particle’s initial distribution p is uniform across the
left or right half of the box. Such a distribution p is invariant
under vertical reflection, so p = ¢g(p) and Eq. (48) gives
W(p — u) < D(pl|lu) = In2, the same as the bound set by
the second law [Eq. (47)]. This bound can be achieved by
quickly moving the partition to the middle of the box and
then slowly moving it rightward. Conversely, suppose that,
under the initial distribution p, the particle is uniformly
distributed across the top or bottom half of the box. The
twirling of such a distribution is a uniform distribution over
the box, ¢g(p) =u. In this case, Eq. (48) gives
W(p — u) <0, meaning that no work can be extracted.

We now demonstrate the power of our approach by
analyzing extractable work given a more complex family of
initial distributions (while using the same energy functions
as above). Suppose that the initial distribution is concen-
trated within half the box, as determined by a separating
line that is rotated by an arbitrary angle 6 € [—-x, 7]
[see Fig. 5(a)]. This initial distribution can be written
formally as

12 (%1, x2)

> O(x,sinf — x; cos ),  (49)

pG(XI’XZ) =

@ (®)

FIG.5. (a) A nonequilibrium distribution p, that is “rotated” by
an arbitrary angle 6 [Eq. (49)]. (b) The distribution in (a) under
the action of the vertical reflection twirling operator ¢g(py).

where ® is the Heaviside function. For instance, p, for
6 = 0 corresponds to the particle being in the left half of the
box, while p, for @ = z/2 corresponds to the particle being
in the top half of the box.

Because we are considering the same set of generators as
above, we can bound the extractable work in a given py
using the same twirling operator as defined above in
Eq. (46). [For a sample p,, the twirling ¢g(py) is illustrated
in Fig. 5(b).] Using Eq. (48), the extractable work obeys
W(pg = u) < D[¢pg(pg)||u]. Moreover, as we show in
Appendix B 5, this KL divergence can be written in closed

form as
tan(&—g>’ 0] € (g%)

1—1|tan6)|

1
2

Dlg(po)||u] =1n2-
otherwise.

(50)

This result is plotted as a function of 4 in Fig. 6.

We can also analyze the thermodynamics of informa-
tion for different measurements of the Szilard box.
Imagine that, starting from a uniform equilibrium distri-
bution, one measures which side of the box contains the
particle, as determined by a separating line at some
arbitrary angle 0 € [—x,z]. For this measurement, the
conditional distribution over system states pyj,, is equal to
py half the time [as in Fig. 5(a)] and equal to py,, the
other half the time. Then, for both measurement out-
comes, one manipulates the vertical partition so as to drive
the particle back to the equilibrium distribution p’ = u

In2

— D(og(po)llw)

Extractable
work

0 f T T
- —7/2 0 T/2 ™
Rotation angle 6

FIG. 6. Szilard box with symmetry constraints: the bound on
extractable work as a function of 6 [Eq. (50)].
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while extracting work. For simplicity, we assume that the
initial and final energy functions are the same.

The general bound on average extractable work for
feedback control [Eq. (4)] gives

(W) < I(X; M) = In2, (51)

where we use that p = p’ and I(X’; M) = 0. Our results
provide a tighter bound, showing that the average extract-
able work is bounded by the accessible information in the
measurement:

Dl¢g(po)|[u] + Dlgg(pox)|lu]
5 :
(52)

(W) < Ihe(X; M) =

where we use Eqs. (34) and (36). It can be verified from
Eq. (50) that D(gg(po)|lu] = Dl¢g(po+z)|u]. Thus, the
accessible information for a given 6 is simply equal to
Dl¢g(po)|lu], the right side of Eq. (50), and shown in
Fig. 6. As expected, the accessible information achieves a
maximum of In2 at @ = 0 (or & = £x), which corresponds
to a measurement of whether the particle is on the left or
right side of the box. The accessible information falls
nonlinearly (but continuously) to a minimum of O at
0 = +r/2, which corresponds to a measurement of
whether the particle is on the top or bottom of the box.

In the example above, the accessible information quan-
tifies in a very literal way the alignment between the choice
of measurement and the way the system can be manipu-
lated. More generally, this example illustrates how our
bounds on EP and work depend on the interplay between
the operator ¢, the initial and final distributions p and p’,
and (for feedback-control protocols) the choice of meas-
urement M. This interplay can give rise to highly nontrivial
thermodynamic bounds, such as in Eq. (50) and Fig. 6, even
for very simple operators ¢, such as in Eq. (46).

Finally, we note that our analysis above assumes only
that the energy functions are vertically symmetric, which
includes many energy functions that do not have the form
of the vertical partition defined in Eq. (44). Furthermore,
while the bounds on work and EP which we derive here are
achievable by some vertically symmetric energy functions,
they are not necessarily achievable by manipulating the
location of a vertical partition. For instance, achieving the
extractable work bound for a given 6 [Eq. (50)] generally
requires that the corresponding twirled distribution ¢¢(p),
such as the one shown in Fig. 5(b), is an equilibrium
distribution for some available energy function.

We analyze the same system using a different set of
constraints in Secs. VIA and VII A below. (Also see
Ref. [42] for a different recent analysis of the thermody-
namics of the Szilard box with rotated measurements,
though from the point of view of partial observability rather
than protocol constraints.)

B. Example: Feedback control on the Ising model

Our bounds on symmetry constraints can be useful for
various multiparticle systems with symmetries, such as
gases of indistinguishable particles and spin systems with
symmetries. As a demonstration, we now analyze the
thermodynamics of feedback control on an Ising model.
The reader may also be interested in B 6, where we analyze
a simpler (and more pedagogical) example of a discrete-
state system with symmetry constraints.

Consider a 2D Ising model on a square lattice on a torus,
containing a total of N> = N x N spins. The state of the
lattice is indicated as x = (xy, ..., xy2), where x; € {—1, 1}
is the state of the spin at location i. We assume that the
energy functions have the following form:

E(x)=-J Z XiXj — Hin, (53)
( i

i,j)EN

where N is the set of all nearest neighbors on the lattice, J
is the coupling strength, and H is the external mag-
netic field.

Energy functions like these are invariant under the
symmetry group G corresponding to horizontal and vertical
translations of the lattice (for simplicity, we ignore other
symmetries of the lattice, such as reflections and rotations).
The action of this group is given by a set of N? bijections
Gap:X = Xfora,be{0,....N — 1}, where g, ,(x) trans-
lates the lattice state x to the right by a spins and upward by
b spins (with periodic boundary conditions). We assume
that the system evolves according to Glauber dynamics
[43], or some other dynamics that respects the translational
symmetry of the 2D lattice, such that Eq. (39) is satisfied.

Given these assumption, we can derive thermodynamic
bounds for the 2D Ising model in terms of the following
twirling operator:

N—-1 N-1

Ya,b (.X) (54)
a=0 b=0

¢g(p)(x) =N~

We use this twirling operator to analyze the thermodynamics
of the following feedback-control setup on the Ising model,
also shown in Fig. 7. The lattice is initially in equilibrium p at
some temperature f and J = 1, H = 0 (no external field).
The state of the spin at location 1 is then measured under
the measurement channel g(m|x) = §,,(x;), where § is the
Kronecker delta. Since there is no initial external field, the
two outcomes m € {—1,1} have equal probability and
I(X;M) =1n2. The measured outcome is then used to
select a driving protocol, which extracts work from the
system by manipulating the control parameters J and H. At
the end of the protocol corresponding to each outcome, the
system is brought back to the original equilibrium (so
p;(,lm = p for all m). For simplicity, we assume that the

initial and final energy functions are the same.
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FIG. 7. Thermodynamics of information on a 2D Ising model.
Left: A measurement M is made of the state of a single spin (green)
and then used to drive the system while extracting work (blue).
Right: The accessible information Ifcgc(X ;M) increases with
inverse temperature after the critical value f. = 0.44 [gray circles
from Monte Carlo simulations, black line from closed-form
expression in Eq. (56)]. The inset shows the bound on extractable

work, Iffc (X;M)/p, which peaks at =~ 0.547 (red cross).

Under this setup, one can verify that / fcgc (X';M) =0 and
Fr(p) = Fg(p), so Eq. (34) bounds average extractable
work as (W) < IZ’CQC(X; M)/pB, where Ifcgc(X; M) is the
accessible information from Eq. (35). Using Egs. (35)
and (43), we can write this accessible information as

g(m]x)
N-Zza,bq[m|ga.b<x>1>’ (53)

where (-) indicates expectation over the joint distribution
p(x)g(m|x), where p(x) is the initial equilibrium distri-
bution at inverse temperature f and J =1, H =0. We
emphasize that the accessible information depends on f
(though we leave this dependence implicit in the notation).

In general, one can estimate the accessible information in
Eq. (55) using various numerical techniques (e.g., by
sampling from the initial equilibrium distribution using
Monte Carlo methods). It is also possible to use Onsager’s
well-known solution of the 2D Ising model to calculate the
accessible information in closed form. In particular, in
Appendix B 7, we show that in the thermodynamic limit
N — o0,

1%.(X;M) =In2 — <ln

0 for f < .,
Pg (. _
Ia X,M - 8/1—(sin B
M) =910 ) (M) for f > f.,
(56)

where h,(x) = —xInx — (1 —x)In(1 —x) is the binary
entropy function and B. =In(1 ++/2)/2~0.44 is the
critical inverse temperature of the 2D Ising model. This
result is verified in Fig. 7, where we compare Eq. (56) with
a Monte Carlo estimate of Eq. (55) on a 100 x 100 Iattice. It
can be seen that, in the high-temperature (low-f) regime,

the accessible information vanishes. In the low-temperature
(high-f#) regime, the amount of accessible information
increases, approaching In2 as f — 0.

We also plot the bound on average extractable work,

W) < I05.(X; M)/, in the inset in Fig. 7. This bound is the
g

ratio of two terms: the accessible information I Z)CQC(X ;M) and
the inverse temperature S, both of which are increasing in f3.
In fact, it can be seen from Fig. 7 that the bound on
extractable work peaks at a finite value of f, the optimal
inverse temperature for work extraction. Using Eq. (56) and
numerical techniques, we find this optimal value to be
f ~0.547, leading to the bound (W) < 1.06 joules.

This result shows that the amount of accessible infor-
mation provided by a given measurement can depend on
the structure of correlations in the system and, therefore,
vary dramatically as the system undergoes a phase tran-
sition. At a high level, any driving protocol that is restricted
to energy functions like Eq. (53) can extract work only
from “global” (i.e., translationally invariant) information. If
the measurement acquires such information (e.g., if it
directly measures the spatially averaged magnetization),
then, in principle, all of the acquired information may be
extractable as work. Measurement of the state of a single
spin, however, generally provides only local information.
The temperature dependence observed in Eq. (56) and
Fig. 7 arises from the presence of long-range order in the
magnetic regime (f > f..). In this regime, the state of each
spin is highly correlated with the magnetization of the
entire lattice, so local and global information are equiv-
alent. In the high-temperature regime (f < f3.), the state of
a single spin is not correlated with any kind of global
information, and so most of the measured information is
inaccessible.

For a different kind of analysis of the thermodynamics of
a 1D Ising model under constraints, see Ref. [44].

VI. MODULARITY CONSTRAINTS

Many systems of interest exhibit modular organization,
meaning that their degrees of freedom can be grouped into
decoupled subsystems. Examples of modular systems
include computational devices such as digital circuits
[19,45,46], regulatory networks in biology [47], and brain
networks [48].

We use our framework to derive bounds on work and EP
for modular systems. We begin by introducing some
terminology and notation. Consider a system whose
degrees of freedom are indexed by the set V, such that
the overall state space can be written as X = X,cyX,,
where X, is the state space of degree of freedom v. We use
the term subsystem to refer to any subset of the degrees of
freedom, A C V. We use X4 to indicate the random variable
representing the state of subsystem A and x4 to indicate an
actual state of A. Given some distribution p over the entire
system, we use p4 to indicate a marginal distribution over
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subsystem A and [Lp], to indicate the derivative of the
marginal distribution of subsystem A under the generator L.

We use the term modular decomposition to refer to a set
of subsystems C, such that each v € V belongs to at least
one subsystem A € C. Note that some of the degrees of
freedom v € V can belong to more than one subsystem in
C. We use

o) = U

A.BEC:A%B

(AN B) (57)

to indicate those degrees of freedom that belong to more
than one subsystem in C, which we refer to as the overlap.
We often write O instead of O(C) for notational simplicity.

We say that the available driving protocols obey mod-
ularity constraints (with respect to the modular decom-
position C) if each generator L € A can be written as a sum
of generators of the different subsystems in C:

L=> LW, (58)

AeC

and each L) obeys two properties: The dynamics over the
marginal distribution p, are closed under L(*) (i.e., depend
only on the marginal distribution over A):

pa=ar= [LYpla=[LWql, V¥ p.geP, (59)
and the distribution over other subsystems besides A does
not change under L(*):

[LWplg=0 V peP, B eC\{A}. (60)

In other words, we require that each subsystem evolves
independently and does not affect the other subsystems.

The role of the degrees of freedom in the overlap is
somewhat subtle. It can be verified that Eq. (60) implies that
the degrees of freedom in the overlap cannot change state
when evolving under L. Importantly, however, the overlap
may influence the dynamics of those degrees of freedom that
can change state. For example, consider an inclusive model of
a feedback-control setup: There are two nested subsystems,
C = {A, B} with B C A, and the degrees of freedom in O =
B (the controller) cannot change state but can influence the
evolution of A\ B. More elaborate feedback-control setups, in
which the same controller can control multiple subsystems,
can be modeled using decompositions with multiple non-
nested subsystems. Other examples of modular decomposi-
tions with overlap include circuits [19], spin systems where
some spins are pinned by local magnetic fields, and many-
particle systems where some particles have no mobility.

We can also provide more concrete conditions when
Egs. (59) and (60) hold for discrete-state master equations
and Fokker-Planck equations. For discrete-state master
equations, it can be verified by inspection that Egs. (59)
and (60) hold when all L € A can be written in the form

_ (4)
Ly, = ZRXA’XA(SXV\A (K a): (61)
AeC

where § is the Kronecker delta and R is some rate matrix
over subsystem A that does not allow the degrees of freedom

in the overlap to change state (Rf:‘)xA =0 if X400 # Xyn0)-
»

For Fokker-Planck equations, for simplicity, consider
overdamped dynamics of the form

Lp =) yi0, [0 EL)p+p"0.pl,  (62)

veV

where 7% is the mobility coefficient along dimension
v and E; is the potential energy function associated
with generator L. Such equations can represent poten-
tial-driven Brownian particles coupled to a heat bath,
where the different mobility coefficients represent differ-
ent particle masses or sizes [49]. Now imagine that, for all
L € A, the energy functions are additive over the sub-
systems and that the degrees of freedom in the overlap
have no mobility:

E.(x)=Y EMN().  7i=0 Ywveo. (63)

AeC

In that case, Eq. (62) can be rewritten in the form of Eq. (58),

with LW p = 3,010 7505, [0 EL ) pa + B0, pal.and
satisfies Egs. (59) and (60).
We now define the following nonlinear operator ¢.:

¢c(p) = pOHpA\O\AnO- (64)

AeC

This operator preserves the statistical correlations within
each subsystem A € C, as well as within the overlap O,
while destroying all other statistical correlations. As a
simple example, if all the subsystems in C are nonoverlap-
ping, then ¢¢(p) has the product form ¢p¢(p) = [ [4ec Pa-
In Appendix C, we show that ¢, obeys the Pythagorean
identity [Eq. (14)]. We also show that, if some generator
L(t) obeys Egs. (59) and (60), then e™() commutes with
¢c, so Eq. (16) holds.

As a result, for any protocol that carries out the trans-
formation p — p’ while obeying modularity constraints,
the decompositions and bounds for EP and work derived in
Sec. III are satisfied for ¢ = ¢po. In particular, using
Eq. (21), we can decompose the free energy Fg(p) of
any distribution p into the accessible free energy Fr[¢p¢(p)]
and the inaccessible free energy D[p||¢¢c(p)]/B. Note that
DIpl/¢c(p)] is a non-negative measure of the amount of
statistical correlations between the subsystems of C under
distribution p, which vanishes when each subsystem is
conditionally independent given the overlap O. Thus, for a
protocol that obeys modularity constraints, Eq. (18) states
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that the drop in those statistical correlations is a lower
bound on EP, and that the amount of statistical correlation
between the subsystems of C cannot increase over the
course of the protocol. (There is a fair amount of closely
related prior work; see Sec. VIIL.)

A particularly simple application of our bounds occurs
when C contains two (possibly overlapping) subsystems,
C = {A, B}. In that case, the bounds in Eq. (18) can be
rewritten in terms of the drop of a conditional mutual
information between the two subsystems:

E(p—p')21(Xp: Xp|Xang) —1(X);X5|X)05) 20. (65)

If the subsystems do not overlap, this expression can be
further rewritten as the drop of the regular mutual infor-
mation:

Sp—-p)>21(XsXp) - 1(X;X5) >0, (66)

More generally, if C contains an arbitrary number of
nonoverlapping subsystems, the EP can be bound as

L(p—p)=2Z(p)-Z(p') 20, (67)

where Z(p) = [>_ace S(pa)] — S(p) is the multi-informa-
tion in distribution p with respect to partition C [50].

We finish by discussing thermodynamics of information
under modularity constraints. In general, the results derived
in Sec. IV apply to modularity constraints as a special case.
However, we can also exploit special properties of the
operator ¢, to further simplify the expression of accessible
information. Suppose that the distribution p is invariant
under ¢, so p = ¢c(p) le.g., if p is an equilibrium
distribution; see Eq. (17)]. Using Eq. (64), we can then
rewrite Eq. (36) as

(X M) = 1(X: M) + > I(X4:M|X400)- (68)
AeC

Thus, the accessible information in measurement M is the
information that M provides about the overlap, plus the
conditional mutual information between each subsystem and
M given the relevant part of the overlap. This result means
that only information about individual subsystems—not
about intersubsystem correlations—can be turned into work.
If there is no overlap, Eq. (68) can be further simplified as

I56.(X: M) = "I(X4: M), (69)
AeC

We use these expressions in some of our examples below.

A. Example: Szilard box with modularity constraints

We illustrate our results for modularity constraints on a
Szilard box. In doing so, we demonstrate two important

concepts: first, how the same set of generators A can be
analyzed under different constraints, resulting in different
bounds on work and EP (compare this section to Sec. VA);
second, how bounds arising from multiple constraints can
be stacked on top of each in an iterative manner, as in
Eq. (28) (we combine bounds from modularity and
symmetry constraints).

We consider the same setup as in Sec. VA: There is a
single overdamped particle in a box coupled to a bath at
inverse temperature f = 1, which evolves under potential
energy functions as in Eq. (44). This system is driven from
some initial distribution p to a final uniform equilibrium
distribution p’ = u while extracting work.

Note that the energy functions in Eq. (44) have no
interaction terms between x; (the horizontal position of the
particle) and x, (the vertical position of the particle). That
means that the allowed driving protocols obey modularity
constraints for a decomposition of the system into two
subsystems, C = {{X}, {X,}}, since Eq. (63) is satisfied
for the decomposition. This result allows us to analyze EP
and work using an operator ¢ which maps each joint
distribution over X; x X, into a product distribution:

de(p)(x1,x2) = p(x))p(xy). (70)

In particular, using the same derivation as in Eq. (48), we
can bound the extractable work in terms of the accessible
free energy in p:

W(p — u) < Dlge(p)||ul. (71)

As discussed in Sec. VA, this system also obeys
symmetry constraints, corresponding to the vertical reflec-
tion twirling operator ¢ defined in Eq. (46). We can use
Eq. (29) to bound the extractable work using a combination

of ¢¢ and ¢g:
W(p — u) < D{¢cldg(p)]llu}. (72)

W(p — u) < D{ggldc(p)]llu}. (73)

For concreteness, imagine that the initial distribution
p is concentrated within half the box, as determined
by a separating line rotated by some arbitrary angle
0 € [-n, x|, so p = py from Eq. (49) [see Fig. 5(a) for
an illustration].

We consider the extractable work bound in Eq. (71) for
the initial distribution py. For a given py, the corresponding
decorrelated initial distribution ¢c(pg) is illustrated in
Fig. 8(a). Then, the accessible free energy in Eq. (71)
can be expressed in closed form as (see Appendix C 3)

Dlc(po)lu] = 1H4—%(min{|tané’ly |tan(7/2-0)|}

+ f[max{|tand)|, |tan(z/2—0)|}]), (74)
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(a) (b)

FIG. 8. (a) Given a “rotated” distribution py, as shown above in
Fig. 5(a), the decorrelated distribution ¢¢(py), as in Eq. (70).
(b) The decorrelated and twirled distribution ¢g[pc(py)].

where for notational convenience we define

14+x* x+1
flx)=1 » lnx_1 In Rt (75)
Equation (74) is plotted in Fig. 9 in green. Note that this
function peaks at both 6 € {—z,0,z} (i.e., when the
particle is in the left or right half of the box) as well as
0 € {-n/2,7/2} (i.e., when the particle is in the top or
bottom half of the box)—precisely those ¢ for which py has
no correlations between the horizontal and vertical position
of the particle.

Next, we consider the extractable work bound in Eq. (72)
for the initial distribution p,. It can be verified that
dglde(po)l(x1,x2) = po(x1)u(x,), which is illustrated in
Fig. 8(a). The right-hand side of Eq. (72) can again be
expressed in closed form as (see Appendix C 3)

. 7w 3m
D{dstpe(pallup ~m2 -1 SO e (5.5).

|tan 6| otherwise

(76)

with f defined as in Eq. (75). This result is shown in Fig. 9
in orange. Note also that ¢g[dc(pg)] = ¢cldg(pe)] for all
Do, SO the bounds in Egs. (72) and (73) are equivalent.

For comparison, we also plot the extractable work bound
derived using symmetry constraints [Eq. (50)] (Fig. 9 in
blue). It is clear that the bound derived by exploiting a
combination of modularity and symmetry constraints (in
orange) is strictly tighter than the bounds derived by using
either only modularity (green) or only symmetry con-
straints (blue) individually.

One can also use the bounds derived in this section to
analyze the accessible information in a measurement of the
Szilard box. Imagine that, starting from a uniform equi-
librium distribution, one measures which side of the box
contains the particle, as determined by a separating line at
some arbitrary angle 6 € [—x, z]. For this measurement, the
conditional distribution over system states pyy,, is equal to
Dy half the time and equal to p,, , the other half the time.
One can then derive bounds on accessible information such

=3

5]

]
|

—— D(¢c(po)llu)
— D(¢g(dc(po))llw)
— D(¢g(ps)llu)

Extractable
work

0

T T T
-7 —7/2 0 /2 ™
Rotation angle 6

FIG. 9. Bounds on extractable work as a function of @, as
derived from only modularity constraints [in green, Eq. (74)], a
combination of modularity + symmetry constraints [in orange,
Eq. (76)], and only symmetry constraints [in blue, Eq. (50)].

as Eq. (52), while using the bounds derived in this section
[Egs. (71)-(73)].

B. Example: Generalized Szilard box

Our results on modularity constraints can be useful for
analyzing the thermodynamics of multiparticle systems. As
an example, consider the “generalized Szilard box” feed-
back-control scenario analyzed in Ref. [20]. Here, a box
containing an ideal gas of N particles, which are indexed by
v € V, begins in uniform equilibrium with a heat bath at
inverse temperature . Several partitions are inserted into
the box, separating the box into separate volumes, and a
measurement M is made of the number of particles in each
volume (see the illustration in Fig. 10). The box is then
separated from the bath, and, depending on the outcome of
the measurement, the partitions are moved so as to equalize
the pressure within each volume while extracting work. To
make the process repeatable, suppose that at the end of the
protocol, the partitions are removed and the box is again
equilibrated with the bath (note that this last step does not
contribute to extracted work).

The ideal gas assumption means that the particles do not
interact, so by Egs. (59) and (60) the protocol obeys
modularity constraints with respect to a decomposition
in which each particle is a separate subsystem. The
corresponding operator ¢b; is given by

N

¢c(p)(x) = [ p(x0)- (77)
v=1

Given Eq. (34), the average extractable work for the

above feedback-control scenario is bounded by (W) <

IZ’CCC (X;M)/p, which can also be written in terms of the

information provided by the measurement M about each
individual particle:

(W) <> I1(X,:M)/p, (78)

v=1

as follows from Eq. (69). In fact, by symmetry of the initial
distribution, the measurement provides the same information
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FIG. 10. A generalized Szilard box with multiple particles [20].

about each particle, I(X,; M) = I(X,; M) for all v, so we
can further rewrite Eq. (78) as (W) < N -I(X;M)/p.

This result shows that Eq. (78), which is reported as one
of the main results of Ref. [20] [Eq. (5)], follows immedi-
ately from our framework. Moreover, our derivation holds
under a broader set of conditions than those considered in
Ref. [20], since it does not rely on any of the details of setup
(such as the type of partitions, the particular work extrac-
tion protocol, or even the assumption that the particles are
identical).

C. Example: Collective flashing ratchet

As a final example of modularity constraints, we con-
sider the “collective flashing ratchet,” a classic model in the
literature on the thermodynamics of information [21,52].
This system involves N overdamped particles evolving
under an additive potential

E(x) =AY V(x), (79)

where V is a single-particle potential and A € {0, 1} is a
control parameter that can be used to turn the potential on
and off. The single-particle potential V is chosen as an
asymmetrical sawtooth “ratchet” pattern, shown in Fig. 11,
where a € [0, 1/2] parameterizes the degree of asymmetry.

By manipulating 1 over time, possibly in a way that
depends on measurements of the system, the particles can
be driven so as to have a net directional flux or to do work
against the externally applied force [53]. For instance, in a
feedback-control setup, 4 is determined by the outcome of
some measurement M. The most common strategy involves
turning the ratchet potential on when the net force on the
particles is positive and turning it off otherwise, according
to the following measurement channel [21]:

q(mlx) = 5,{©Y_V'(x,)]}. (80)

where © is the Heaviside function. Note that this system
has been experimentally realized [54].

Suppose that starting from some initial distribution p, the
measurement in Eq. (80) is performed. As is common in the
literature [21], we assume that under p the particles are
identically and independently distributed and that each

FIG. 11.
Ref. [21].

The sawtooth potential of the flashing ratchet, from

particle is in the increasing part of the potential
[V'(x,) > 0] with probability « (see Fig. 11). The meas-
urement outcome is then used to drive the system back to
distribution p while extracting work by manipulating the
system’s energy function, all while coupled to a heat bath at
inverse temperature 5. We assume that the driving protocols
start and end on the same energy function and that only
additive potentials (without interaction terms) are applied to
the system during the driving [this assumption allows for
potentials such as Eq. (79), as well as many others].

The driving protocols obey Eq. (63) for a decomposition
where each particle is its own subsystem, corresponding to

the same type of ¢ as in Eq. (77), gie(p) () = [L,ev p(x,).
As in Sec. VI A, we can use Eq. (34) to bound average

extractable work as (W) < I%.(X; M)/p. Using Eq. (69),

15 (X: M) = EN:I(XU;M> =N-I(X;; M), (81)

v=1

where we use that the measurement provides the same
information about each particle, 1(X,; M) = I(X; M) for
all v (as follows from a symmetry argument).

In Appendix C4, we show that Ifgc(X;M) can be

computed in closed form. Values of IZ’CCC(X ; M) for different
values of N (the number of particles) and  (the asymmetry
parameter) are plotted in Fig. 12 (left). Note that the
accessible information shows a nonmonotonic behavior
in the number of particles for a # 0.5. This behavior occurs
because, for a highly asymmetric potential, the total amount
of acquired information grows with N: I(X; M) grows from
a minimum value of &, (a) for N = 1 to a maximum value
of In2 as N — oo. Given this observation, we also calculate
the “efficiency” of the measurements in terms of the ratio
1%.(X; M)/I(X; M). This calculation is shown in Fig. 12
(right) for various values of N and a. Interestingly, lower
values of a (higher values of asymmetry) have higher
efficiency values.

In the N — oo limit, accessible information and effi-
ciency converge to a single value, irrespective of a. In
Appendix C4, we show that the accessible information

Z’CCC(X; M) converges to 1/x ~0.32 nats, while the effi-
ciency 1%%(X; M)/I1(X; M) converges to 1/(z1n2) ~ 0.46
(dotted lines in Fig. 12).
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FIG. 12. Left: accessible information IZ\[’CCC(X;M) for the
collective flashing ratchet, as a function of N (number of
particles) and « (asymmetry). Right: the efficiency of the

measurements, IZ’CCC (X;M)/1(X; M).

For a different (and complementary) theoretical analysis
of extracted work in a feedback-controlled flashing ratchet,
see Ref. [53].

VII. COARSE-GRAINED CONSTRAINTS

In our final results section, we consider bounds on EP
and work that arise from coarse-grained constraints.

We begin by introducing some notation and prelimi-
naries. Let £:X — Z be some coarse graining of the
microscopic state space X, where Z is a set of macro-
states. For any distribution p over X, we use pz(z) =
J 805 (z)p(x)dx to indicate the corresponding distribu-
tion over the macrostates Z, pyz(x|z) = p(x)/pz(z) to
indicate the conditional probability distribution of micro-
states within macrostates, and P, :={p,:p € P} to
indicate the set of all coarse-grained distributions.
Finally, for any generator L and distribution p, we use
[Lp], to indicate the resulting instantaneous dynamics of
the coarse-grained distribution p.

To derive our bounds, we suppose that the dynamics over
the coarse-grained distributions are closed; i.e., for all
L eA,

pz=4qz;=[Lpl;=[Lql; ¥ p.qeP. (82)
Given this assumption, the evolution of the coarse-grained
distribution p, can be represented by a coarse-grained
generator, which we write as 0,p, = Lp, (discussed in
detail below).

We can specify more concrete conditions that guarantee
that (82) holds for a given generator L (see Appendix D for
details). For a discrete-state rate matrix L, it is satisfied
when

vV X, z#E(X),  (83)

Z Lxx’ = i‘z,f(x’)
x:é(x)=

where L. is some coarse-grained transition rate from
macrostate 7' to macrostate z. Equation (83) states that, for

each microstate x’, the total rate of transitions from x’ to
microstates located in another macrostate z # &(x')
depends only on the macrostate £(x’), not on x’ directly.
This condition has been sometimes called “lumpability” in
the literature [55].

For a continuous-state master equation, Eq. (82) is
satisfied when a continuous-state version of Eq. (83) (with
sums replaced by integrals) holds. Moreover, for certain
Fokker-Planck equation and linear coarse-graining func-
tions, Eq. (83) can be replaced by a simple coarse-graining
condition on the energy functions. Suppose each L € Aisa
Fokker-Planck operator like

Lp=V-(VE,)p+p"'Ap (84)

and that & is a linear function: &£(x) = Wx (where W is some
full-rank m x n matrix, m < n). Without loss of generality,
we assume that W is scaled so that WWT =1 [56]. In
addition, suppose that each energy function satisfies

A

WVE, (x) = ~FIE()] ¥ x (85)

for some arbitrary macrostate drift function F:Z — R.

Then, the coarse-grained generator L itself will have a
Fokker-Planck form (see Ref. [57] and Appendix D):

Lp; ==V -Fp,+p'Ap,. (86)

The right side of Eq. (86) depends only on p; and not the
full microstate distribution p, so Eq. (82) is satisfied.

Importantly, if Eq. (82) holds, the EP rate at time ¢ can be
bounded as (see Appendix D)

S[p(r).L(1)] > —Zatpz(z, )ln Z((‘)Z( 3 >0, (87)

where 0,p,(t) = Lp,(t) and iré(l) is the coarse-grained
version of '), the stationary distribution of L(t). The
right-hand side of Eq. (87) is the coarse-grained version of
Eq. (11), which arises from the macrostate distribution p,
being out of equilibrium. We then define the total “coarse-
grained EP” over the course of the protocol as the time
integral of the middle term in Eq. (87):

2 ) = [ =S owatemZE D a5y

Z
75" (2)

Given (87), the coarse-grained EP serves as a non-negative
lower bound on the total EP:

X(p = p') = E(ps - py) 0. (89)

Note that Ref. [58] previously derived a coarse-grained EP
rate for discrete-state master equations, which differs from
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the one that appears on the right-hand side in Eq. (87);
however, Eq. (87) can be seen as the ‘“nonadiabatic
component” of the coarse-grained EP rate from Ref. [58]
and is a lower bound on it [25].

We say that the available driving protocols obey coarse-
grained constraints if the generators L € A exhibit closed
dynamics over Z [Eq. (82)] and there is some operator
g?ﬁ 1Pz — P, that obeys the Pythagorean identity [Eq. (14)]
and the commutativity relation [Eq. (16)] with respect to all
L. For example, this coarse-grained operator ¢ might
reflect the presence of symmetry or modularity constraints
on the coarse-grained dynamics.

We can then use Eq. (89) and the framework developed
in Sec. III to derive bounds on work and EP. In particular,
Eq. (18) implies the following bound on coarse-grained EP:
2(pz = pz) 2 Dlpzll¢(pz)] — Dlpyl|#(py)] 2 0. Using
Eq. (89), we can then bound overall EP as

2(p = p') 2 Dlpzlld(p2)] = DIPylId(p7)] 2 0. (90)

Using Eq. (2), we can also bound extractable work as

W(p—p')<Fg(p)—Fp(p')
—{DIpzllp(p2)] =Dl I d(P)1}/B. (91)

Equations (90) and (91) can also be used to derive bounds
on average work extraction in feedback-control protocols,
using the strategy described in Sec. IV.

If ¢ represents coarse-grained symmetry or modularity
constraints, then Eq. (90) implies that any asymmetry or
intersubsystem correlation in the macrostate distribution
can only be dissipated away, not turned into work. Another
simple application occurs when all L € A have the same
coarse-grained equilibrium distribution; i.e., there is some
mz such that Lz, = 0 for all L. In this case, ¢(p) = 7z
satisfies Eqs. (14) and (16) at the coarse-grained level
[compare to the derivation of Eq. (27) above]. Applying
Eq. (90) then gives

X(p = P') 2 D(pzllnz) = D(pzllnz) 20, (92)

as well as a corresponding extractable work bound, as in
Eq. (91). This result shows that, if the coarse-grained
equilibrium distribution 7z, cannot change, then any
deviation between the actual coarse-grained distribution
pz and 7, must be dissipated as EP, not turned into work.

A. Example: Szilard box

We demonstrate our results on coarse-grained constraints
using the Szilard box. We consider a similar setup as in
Secs. VA and VI A, where there is a single overdamped
particle in a box coupled to a bath at inverse temperature
f = 1. However, we now assume that there is a vertical
gravitational force, as illustrated in Fig. 13. Formally, this

e ot
T
%
>
X lE
2 [\
G}
< S
v
X

FIG. 13. A two-dimensional Szilard box with a Brownian
particle, in the presence of gravity.

assumption means that the available potential energy
functions have the form

E;(x1,x2) =V, (x =4) +V,, (|x1 ) + Vi (|xa]) +xx2,  (93)

where « is a fixed constant that determines the strength of
gravity. Unlike Eq. (44), this energy function in Eq. (93) no
longer obeys the reflection symmetry (x;,x,) = (x1, —x5).

The microstate of the particle is represented by the
horizontal and vertical position x = (x;, x,). We consider a
coarse graining in which the macrostate is the vertical
coordinate of the particle Z = X,, corresponding to the
coarse-graining  function &(x;,x,) = Wx =x, with
W =[01]. It is easy to check that the potential energy
functions in Eq. (93) satisfy

WVE,{(JC) = axz[vw(|x2|) =+ sz], (94)

which obeys Eq. (85) and, therefore, guarantees that
the coarse-grained dynamics are closed. In fact, the
coarse-grained generators have the Fokker-Planck form
of Eq. (86) with the coarse-grained drift function
F(xy) = =0,,[V,,(Jx2]) + Kx,], which leads to the follow-
ing Boltzmann stationary distribution:

X, (x2> X e_ﬁ[vw(|xz\)+l<x2]

= 1[—1,1]()52)6_[3%’ (95)

where in the second line we used the form of V,,(-) from
Eq. (45). Since the coarse-grained equilibrium distribu-
tion is the same for all energy functions having the form
Eq. (93), we can use the EP bound in Eq. (92).
Suppose that the system starts from some initial
distribution p and is then driven to a final equilibrium
distribution p’ while extracting work. We assume that the
partition is removed at the beginning and end of the protocol,
corresponding to the energy function E?(x;,x,) =
V. (|x1]) + V., (Jx2]) + kx5, with the Boltzmann distribution

72 (x1.%2) 0 1y g2 (X1, 27 ) e P02 (96)
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We also assume that the final distribution is in equilibrium,
so p’ = 2. Then, the extractable work involved in this
transformation can be expressed as

W(p — 7°) = Fgo(p) — Fgo(7%) = Z(p — 7°)
= D(p||n®) = X(p — 7?), (97)

where we use Eqgs. (2) and (5). We can then upper bound
extractable work by combining Eq. (97) with various lower
bounds on X(p — 79).

For instance, the second law states that £(p — z2) > 0,
o)

W(p - 7%) < D(p||z?). (98)

We can also derive a stronger bound by exploiting coarse-
graining constraints. For the coarse graining discussed above,
Eq. (92) implies that X(p — 72) > D(py,||7x,), which
gives the bound

W(p = 7°) < D(p|}#®) - D(py, |y,
— D(pxx 72 ). (99)

where we've used the chain rule of KL divergence.

We can also bound EP and work using other kinds of
constraints. For instance, the energy functions in Eq. (93)
have no interaction terms between x; and x, and, there-
fore, obey modularity constraints for the decomposition
C = {{X1},{X;,}} (see the analysis in Sec. VI A). We can
then bound EP and work using the operator ¢, as defined
above in Eq. (70). In particular, using Theorem 2, we have
that

Z[p — %] = D[p||dc(p)] + Zldpc(p) — 7°]

2 D(pli¢c(p)], (100)
which implies the extractable work bound
W(p = 72) < D(p||z?) = Dp||dc(p)]
= Dgc(p)||=°]. (101)

Finally, we can also combine modularity and coarse-grained
constraints. The coarse-grained constraints imply that
Zlge(p) = 7] 2 Dlde(p)y, |Inx,] by Eq. (92). Plugging
into Eq. (100) gives the bound

Z[p = 7°] 2 D[pll¢c(p)] + Dlde(p)x,lInx,].  (102)
resulting in the extractable work bound
Wip = 22) < Dlge(p)y, a2 ). (103)

= — D(p|l)
R
2 g — D(Z)XﬂXzHﬂ'XﬂXQ)
g
5 —— D(c(p)llm)
— D(¢e(p)x,ixa7x11x,)

f==}
1

T T T
-7 —/2 0 w/2 ™
Rotation angle 6

FIG. 14. Szilard box with gravity: bounds on extractable work
as a function of 6, as derived from the second law [in blue,
Eq. (98)], coarse-grained constraints [in orange, Eq. (99)],
modularity constraints [in green, Eq. (101)], and a combination
of modularity+coarse-grained constraints [in red, Eq. (103)].

which follows from combining Eqgs. (97) and (102), and then
using the Pythagorean theorem and the chain rule for KL
divergence.

We now illustrate these bounds using a concrete set of
initial distributions. Imagine that the initial distribution p is
the equilibrium distribution z2 restricted to half the box, as
determined by a rotated separating line at some angle
0 € [-x, xl:

1
pg(xl,xz) = Eﬂ'g(xl,XZ)@(Xz sin @ — X1 COS 9)

(104)
[Compare to Eq. (49), for the Szilard box without gravity.]
For these initial distributions and gravity parameter k = 1,
we plot the four extractable work bounds derived above
[Egs. (98), (99), (101), and (103)], as a function of @ in
Fig. 14 (values are calculated numerically). Note that,
unlike the results presented in Figs. 6 and 9, the plots are no
longer symmetric under the transformation 6 — —@. This
result arises because gravity breaks the vertical reflection
symmetry, so the nonequilibrium free energy of a distri-
bution concentrated on the top half of the box (6 = z/2) is
greater than the nonequilibrium free energy of a distribu-
tion concentrated on the bottom half of the box
(0 = —x/2). It can also be seen that work bounds derived
from coarse-grained constraints [Eq. (99) (orange)] can be
either weaker or stronger than the work bounds derived
from modularity constraints [Eq. (101) (green)], depending
on the value of 0. For all 8, however, the work bound
derived by combining both constraints [Eq. (103) (red)] is
stronger than the work bound derived from either constraint
individually.

VIII. RELEVANT LITERATURE

In previous work on the general topic of thermody-
namic bounds under constraints, Wilming, Gallego, and
Eisert [59] consider how extractable work depends on
constraints on the Hamiltonian, given a quantum system
coupled to a finite-sized heat bath. That paper derives an
upper bound on the work that could be extracted by
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carrying out a physical process which consists of sequen-
ces of (i) unitary transformations of the system and bath
and (ii) total relaxations of the system to some equilibrium
Gibbs state (see also a similar setup for closed systems in
Ref. [60]). Building on Ref. [59], Ref. [44] analyzes the
efficiency of a heat engine coupled to two baths and
subject to “local control” constraints (i.e., a many-particle
system where local Hamiltonians can be changed but the
interaction Hamiltonians cannot). In contrast to these
works, we consider a classical system coupled to idealized
reservoir(s). We then derive bounds on EP and work for a
much broader set of protocols.

At a high level, our approach complements previous
research on the relationship between EP, extractable work,
and different aspects of the driving protocol, such as
temporal duration [61-67], stochasticity of control param-
eters [68], nonidealized work reservoirs [69], cyclic pro-
tocols [67,70], the presence of additional conservation laws
[71], and the design of “optimal protocols” [72-74].

There is also previous work related to our analysis of
thermodynamics of information under constraints in
Sec. I'V. Reference [75] recently analyzed the thermody-
namics of feedback control under a somewhat different
formulation of constraints [76]. In this work, we analyze
the thermodynamics of information for a broader set of
constraints. It is not immediately clear how the framework
in Ref. [75] compares to ours, or whether it could be
applied to the examples considered in this paper, although
such a comparison is an interesting direction for
future work.

Some of our results concerning work extraction under
modularity constraints in Sec. VI have appeared in prior
literature. Equation (66) is derived in Ref. [46] for the special
case of an isothermal processes with two nonoverlapping
subsystems, where one of the subsystems is held fixed. For
the more general case of an arbitrary discrete-state system
coupled to one or more reservoirs which have rate matrices
as in Eq. (61), Eq. (66) was also previously derived in
Refs. [19,77], while Eq. (67) was previously derived in
Refs. [19,77,78]. Decompositions with overlap were pre-
viously considered in Refs. [79,80]. In addition, Example 1
in Ref. [81] can be used to derive the first inequality Eq. (65)
for discrete-state systems [82].

Those papers also derive some results that are more
general than the ones derived here, in that they apply even
if the overlap changes state. Our paper goes beyond this
previous work, though, to include continuous-state sys-
tems and to derive inequalities such as DIpl/¢c(p)]—
D[p'||¢pc(p')] = 0, albeit for the more restricted scenario
where the overlap does not change state.

Some of our results concerning work extraction under
symmetry constraints, presented in Sec. V, appear in
previous work on quantum thermodynamics. For a finite-
state quantum system coupled to a work reservoir and heat
bath, Vaccaro et al. [23] investigate how much work can be

extracted by bringing some initial quantum state p to a
maximally mixed state, with a uniform initial and final
Hamiltonian, using discrete-time operations that commute
with the action of some symmetry group G. It is shown that
the work that can be extracted from p under such trans-
formations is equal to the work that can be extracted from the
(quantum) twirling ¢¢(p), analogous to Eq. (24) for sym-
metry constraints. This research also derives an operational
measure of asymmetry that is the quantum equivalent of
DIp|/¢pg(p)] and shows that asymmetry can only decrease
under operations that commute with G. Janzing [22] extends
Ref. [23] to consider arbitrary Hamiltonians, in the process
deriving analogs of our decomposition of free energy
[Eq. (21)] for the special case of the twirling operator ¢g.
A similar decomposition of free energy into coherent and
incoherent components has recently appeared in
Refs. [83,84] (which is a special case of the result in
Ref. [22], since a decohering map is a twirling operator
[85]). Finally, the idea of probability distributions that are
invariant under symmetry groups, as well as a version of the
twirling operator ¢, is a topic of research in probability and
statistics; for details, see Chap. 3 in Ref. [38].

While our approach is restricted to classical systems, in
some respects our results for symmetry constraints are
more general than this earlier work, since they hold for
arbitrary (discrete and/or uncountably infinite) state spaces
and for systems coupled to more than one reservoir (see
Sec. IX). Moreover, for Fokker-Planck dynamics, we
derive simple conditions for symmetry constraints stated
in terms of the energy functions, which makes these results
applicable to a large set of problems in stochastic thermo-
dynamics and biophysics.

More fundamentally, one of the ways in which we go
beyond previous literature on symmetry and modularity
constraints is by providing a unified mathematical frame-
work that applies to a broad set of constraints, including
symmetry, modularity, and coarse-grained constraints (as
well as their combinations) as special cases. A key idea in
our framework is that the information-geometric
Pythagorean identity [Eq. (14)] is the essential property
that allows an operator ¢ to uncover the thermodynami-
cally accessible part of any distribution p (assuming also
that ¢ commutes with the dynamics). The Pythagorean
identity is satisfied by many ¢, including both linear
operators such as twirling operators ¢g and nonlinear
operators such as modular decomposition operators ¢.
We believe this idea can be extended to the quantum
domain, though we leave this extension for future work.

Finally, our approach is also related to “resource theories,”
which are an active area of research in various areas of
quantum physics [86], including quantum thermodynamics
[59,87-91]. A resource theory quantifies a physical resource
in an operational way, in terms of what transformations are
possible when the resource is available. Most resource
theories are based on a common set of formal elements,
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such as a resource quantifier (a real-valued function that
measures the amount of a resource), a set of free states
(statistical states that lack the resource), and free operations
(transformations between statistical states that do not
increase the amount of resource). In fact, some previous
work on symmetry constraints in quantum thermodynamics
[22,23] can be seen as part of a broader literature on the
resource theory of asymmetry [92-94].

Our approach has similar operational motivations as
resource theories; for example, we define accessible free
energy in an operational way, as a quantity that governs
extractable work under protocol constraints. Moreover,
many elements of our framework are analogous to elements
of the resource theory framework: The set of allowed
generators (which we call A) plays the role of the free
operations, the image of the operator ¢ plays the role of the
set of free states, and the KL divergence D[p||¢(p)] serves
as the resource quantifier. In addition, the commutativity
relation Eq. (16) (see Sec. III) has recently appeared in
work on so-called resource-destroying maps [95].
However, unlike most resource theories, our focus is on
the thermodynamics of classical systems modeled as driven
continuous-time open systems. Further exploration of the
connection between our approach and resource theories is
left for future work.

IX. DISCUSSION

In this paper, we analyzed the EP and work incurred by
a driving protocol that carries out some transformation
p — p’ while subject to constraints on the set of available
generators. We constructed a general framework that
allowed us derive several decompositions and bounds
on EP and extractable work and demonstrated that this
framework has implications for the thermodynamics of
feedback control under constraints. Finally, we used our
framework to analyze three broad classes of protocol
constraints: reflecting symmetry, modularity, and coarse
graining.

Note that our bounds on EP and extractable work, such
as Eqgs. (18) and (25), are expressed in terms of state
functions; i.e., they depend only on the initial and final
distributions p and p’ and not on the path that the system
takes in going from p to p’. In general, it may be possible
to derive other bounds on work and EP that are not written
in this form, which may be tighter. Nonetheless, bounds
written in terms of state functions have some important
advantages. In particular, they allow one to quantify the
inherent “thermodynamic value” (in terms of EP and
work) of a distribution p relative to a set of available
generators, irrespective of what protocol brought the
system there or what future protocols that system may
undergo (as long as those protocols obey the relevant
constraints).

For simplicity, our results were derived for isothermal
protocols, where the system is coupled to a single heat

bath at a constant inverse temperature f and obeys local
detailed balance (LDB). Nonetheless, many of our results
continue to hold for more general protocols, in which the
system is coupled to any number of thermodynamic
reservoirs and/or violates LDB. For a general protocol,
our EP rate in Eq. (11) refers to the so-called non-
adiabatic EP rate [25,28,96], which is a non-negative
quantity that reflects the contribution to EP that is due to
the system being out of the stationary distribution. In the
general case, our decompositions in Secs. III and III, as
well as EP lower bounds in Egs. (18) and (33), apply to
nonadiabatic EP rather than overall EP. Importantly, the
nonadiabatic EP rate is a lower bound on the overall EP
rate whenever the stationary distribution of L is sym-
metric under conjugation of odd-parity variables [96],
which holds in most cases of interest such as discrete-
state master equations (which typically have no odd
variables), overdamped dynamics (which have no odd
variables), and many types of underdamped dynamics. In
such cases, Egs. (18) and (33) provide lower bounds not
only on the nonadiabatic EP, but also on the overall EP,
regardless of the number of coupled reservoirs or LDB.
However, the relationship between work and EP in
Eq. (2), as well as our bounds on work which make
use of this relationship such as Egs. (24) and (25), hold
only for isothermal protocols. Note that our EP bound for
closed coarse-grained dynamics [Eq. (87)] concerns the
overall EP rate, not the nonadiabatic EP rate, even for
nonisothermal protocols (see Appendix D 2 for details).

There are several possible directions for future research.

First, it remains an open question of whether our
framework can also be used to analyze other classes of
constraints, beyond the three classes (symmetry, modular-
ity, and coarse graining) considered in this paper.

Second, our results point to a novel connection between
entropy production, which plays a central role in non-
equilibrium thermodynamics, and the Pythagorean iden-
tity in Eq. (14), which plays a central role in information
geometry. This connection contributes to the growing
number of existing results that demonstrate formal rela-
tionships between information geometry and nonequili-
brium thermodynamics [97-102]. One direction for future
work would be to extend the framework developed in this
work for classical to quantum systems. In this extension,
one would derive bounds on quantum work and EP by
considering a quantum operator ¢ over density matrices
which obeys quantum analogs of the Pythagorean identity
in Eq. (14) (see p. 44 in Ref. [103]) and the commutativity
relation in Eq. (16).

Finally, our results may also lead to some new treatments
of foundational questions in thermodynamics. In stochastic
thermodynamics, probability distributions over system
states are usually interpreted in a “subjective” sense, in
that the distribution p assigned to a system typically
reflects what one knows about the system (for this reason,
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this distribution changes once a measurement is made of
the system’s state [2]). At the same time, our results show
that, for constrained driving protocols, one can often assign
a different distribution to the system, ¢(p), which reflects
what one can control about the system. This assignment
also leads to the difference between the overall nonequili-
brium free energy, defined in terms of the distribution p,
and the accessible free energy, defined in terms of the
distribution ¢(p). Note that thermodynamic entropy is
often understood in an operational way, e.g., in terms of
constrained macroscopic control, as has been previously
discussed by Jaynes [104] and others. An interesting
direction for future work would explore whether the
distinction between the distributions p and ¢(p) maps
onto the distinction between (microscopic) statistical
mechanical entropy and (macroscopic) thermodynamic
entropy. In particular, one might ask whether this mapping
can resolve some classic paradoxes concerning the relation-
ship between statistical mechanical and thermodynamic
entropy, such as the Gibbs paradox [104] (mixing of
indistinguishable particles increases statistical mechanical
entropy but not thermodynamic entropy) and Loschmidt’s
paradox (for an isolated Hamiltonian system, statistical
mechanical entropy remains constant while the thermody-
namic entropy can increase). This direction could also be
related to a recent axiomatic treatment of thermodynamic
entropy which has been developed within the framework of
quantum resource theory [105].
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APPENDIX A: DERIVATIONS FOR SECS. III
AND IV

1. Proofs of Secs. III and III

We first prove a few helpful lemmas.

Lemma 1.—If L obeys el ¢(p) = ¢(elp) forall p € P,
then L has a stationary distribution 7z € img ¢.

Proof.—Let g be some stationary distribution of L. Then,

et p(q) = ple"q) = ¢(q). (A1)

Thus, ¢(q) € img ¢ is stationary under L. ]
Lemma 2.—If e™¢p(p) = ¢p(e*tp) for all p € P and
7 > 0, then, for any r,s € P,

d
=, DUr(@llels()]} 2 0,

where 0,r = Lr and 0,s = Ls.
Proof.—Expand the derivative as

d
= 2 D{r(l|ls()]}
= miwpw = D™ rllp (e )]}
= lii%%{mrnas(sn — Dletr|eb(s)]} = 0,

where we first use the commutativity relation and then use
the data-processing inequality for KL divergence [106]. m

Lemma 3.—Consider a protocol {L(z):¢ € [0, 1]} and an
operator ¢ that obeys Eqgs. (14) and (16). Then

where p(¢) is the distribution at time 7 given Iinitial
distribution p and ¢(p)(¢) is the distribution at time ¢
given initial distribution ¢(p).

Proof.—Using Lemma 2 with r = ¢(p)(¢) and s = p(1),

< DI Wglp(]) <0. (A2)

Note that

D{p(p)(0)ll4[p(0)]} = Dld(p)lld(p)] =0

and that D{¢(p)(t)||¢[p(r)]} =0 for all ¢ by non-
negativity of KL divergence. Combined with Eq. (A2),
this result implies D{¢(p)(2)||¢p[p(1)]} = O for all ¢, and,
therefore, ¢(p)(t) = ¢[p(t)] (see Theorem 8.6.1 in
Ref. [107]). m

We are now ready to prove Theorems 1 and 2. Note
that, in the proof of Theorem 1, we make the assumption
that there is some stationary distribution z* of L such that
D(p||z") < oo, and similarly, in Theorem 2, we make the
assumption that D[p(¢)||z*(")] < oo at all t € [0, 1]. These
are weak and physically realistic assumptions, which
essentially mean that we restrict our attention to distri-
butions with finite nonequilibrium free energy
[see Eq. (20)].

In addition, in these proofs, we use that the EP rate
incurred by distribution p under the generator L with
stationary distribution 7 can be written as

. 1
X(p,L) =lim

1= [D(pll) = D plla)]. (A3)

This expression can be derived from Eq. (11), by noting
that the KL divergence can be written as
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D(p|jz) = =S(p) - E,[Inx]. (A4)

where £, indicates expectation under the distribution p,
and then using that

S om0 p, = lim[S(ep) =S (AS)

> Op(t)Inm, = lim » {Ew,[Inz] —E,[Inz]}, (A6)
~ 07T

where O,p,(7) is defined as in Eq. (10). (As usual,
summations should be replaced by integrals for continu-
ous-state systems.)

Proof of Theorem 1.—Consider a generator L with a
stationary distribution z and some distribution p € P such
that D(p||z) < co. By Lemma 1, ¢(x) € img ¢ is also a
stationary distribution of L. If L has a unique stationary
distribution, then 7 = ¢(z) and so 7 € img ¢; otherwise,
as long as D[p||¢(7)] < oo (see Ref. [24]), we can assume
that ¢p(x) = z in Eq. (A3). Then, assuming that 7 € img ¢,
we rewrite the term in the brackets in Eq. (A3) as

D[pll¢(p)] + Dlp(p)|7]

— D[e™ p||p(e™ p)] = Dlp(e™ p)| ]
= D[p|l¢(p)] = D[e™ pllp(e™ p)]

+ D[p(p)||z] = D[g(e™ p)|7]
= D[p|l¢(p)] = D[e™ pllp(e™ p)]

+ D[p(p)|7] = Dle™¢(p)||al.

where we use the Pythagorean identity of Eq. (14),
rearranged, and then use the commutativity relation of
Eq. (16). Plugging into Eq. (A3) gives

£(p. L) = lim - {DIp|4(p)] - Dle™pllp(e™p)]}

+lim L {D{p(p)]lx] ~ Dle™p(p) ]}
= =2 D{pO)dlp())} + i (p). L)

The non-negativity of —(d/dt)D{p(t)||¢[p(¢)]} follows by
taking r = s = p in Lemma 2. [

Proof of Theorem 2.—Using Eq. (12) and Theorem 1,
write

(p— pf) = / S (p(r). L(1)]dr

_ / I%D{monqﬂp(z)}}dr

+ / S {plp(0].L(1) )

Both integrals have a simple expression. First, by the
fundamental theorem of calculus,

- / < D{p()#lp ()]t = Dlplo(p)] - DI (0]

This expression is non-negative, since —(d/dt)D{p(7)||
¢[p(t)]} > 0 by Lemma 2. Second, using Lemma 3,

/0 S {plp(0)]. L(1)}dr = / S1p(p) (). L(1)]di

0

=Z[p(p) = ¢(p)].

2. Trajectory-level version of Eq. (19)

Stochastic thermodynamics shows that thermodynamic
properties of physical processes (such as heat, work, and
EP) can be defined as stochastically fluctuating quantities
at the level of individual trajectories. We first briefly review
the basic concepts of stochastic thermodynamics (for more
details, the reader should consult Refs. [33,108-110]).

Letx = (x, ..., x') indicate a continuous-time trajectory
of system states x over time interval 7 € [0, 1], where x and
x' indicate the initial and final system states, respectively,
and let P(x|x) indicate the conditional probability of
observing trajectory x given initial state x. For a given
initial distribution p(x), the probability of observing
trajectory x is then given by p(x) = p(x)P(x|x), and
the corresponding final distribution is given by
p'(x') = [ P(x'|x)p(x)dx. In addition, let P(¥|x") indicate
the conditional probability of observing the time-reversed
and trajectory ¥ = (x/, ..., x) given the final state x’ under
a “time-reversed” driving protocol [33].

Trajectory-level EP is then defined in terms of the
asymmetry between forward and reversed trajectory
probabilities:

Pk
P(x|x')’

which is sometimes referred to as a “detailed fluctuation
theorem.” (The above expression should be slightly modi-
fied in the presence of odd-parity variables such as
momentum, though in a way which does not change our
derivations; see Ref. [111].) The expectation of trajectory-
level EP across all trajectories is equal to the standard
expression for integrated EP as used in the main text:

o,(x) =Inp(x) —Inp'(x’) +In

(A7)

{op(x)) = Z(p = p'),

where (-) refers to expectations under the trajectory dis-
tribution p(x). Furthermore, by a simple manipulation, the
detailed fluctuation theorem in Eq. (A7) leads to the
following integral fluctuation theorem for EP:

(A8)
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) p'(x')P(¥[x')
p(x)P(x|x)

:/' P/ () P(E[x)Dx = 7,
p(x)>0

@ﬁvzémwmmmwx Dx

(A9)

where [-Dx is the path integral. In this result, y € (0, 1]
reflects the absolute irreversibility of the process under
initial distribution p [112]. When p has full support,
y =1, giving the standard integral fluctuation theo-
rem (e~%) = 1.

Now consider the extra trajectory-level EP incurred by
some trajectory x on initial distribution p, additional to the
trajectory-level EP incurred by the same trajectory on initial
distribution ¢(p):

m(x) = 0, (x) = 040)(x) (A10)
o W
= S® " ) (A1)
o W)
= 5o® ")) (A12)

where in Eq. (A11) we use that the last term in Eq. (A7)
cancels (as it does not depend on the initial or final
distributions) and in Eq. (A10) we use that ¢(p) =
¢(p') by Lemma 3. Equation (A10) appears in the main
text as Eq. (30). It is easy to verify that m(x) agrees in
expectation with the contraction of KL divergence between

p and $(p):

(m) = Dlpllg(p)] - DIp'llg(p)].  (Al3)
where, as before, () refers to expectations under the
trajectory distribution p(x). Given Theorem 2, Eq. (A13)
implies that the expectation m(x) is also equal to the extra
total EP incurred by initial distribution p rather than the
accessible distribution ¢(p):
(m) =Z(p - p') = Z[p(p) = ¢(p)]. (Al4)
In Ref. [34], it is shown that m(x) obeys a fluctuation
theorem (see also Ref. [35]). We rederive the relevant
results here. First, a simple rearrangement of Eq. (All)
gives the following detailed fluctuation theorem:

P(x|x)

o P
) QFK)’

m(x) : p’(x)+ln

(A15)

where the conditional distribution Q(¥|x’) is given by

PG b(p)(x)

Q(ﬂxl) = ¢(p)/(x/)

In words, Q(¥|x) is the Bayesian posterior probability of
the trajectory x given final state x’, when the process begins
on initial distribution ¢(p). A similar derivation as in
Eq. (A9) shows that m obeys an integral fluctuation
theorem:

(e7") = /p(x)>0 p'(X)OFx)Dx =y. (Al6)

Here, y € (0, 1] indicates the absolute irreversibility of the
process on initial distribution p relative to initial distribu-
tion ¢(p). y is equal to 1 when p and ¢(p) have the same
support, which then leads to a standard integral fluctuation
theorem (e™") = 1.

Importantly, Eq. (A16) implies that the probability that
the trajectory-level EP on initial distribution p is £ less than
the trajectory-level EP on initial distribution ¢(p) is
exponentially suppressed:

(a) S () ¢
Plo, < Cpip) — = Plm < =& < ye es.

(A17)

Here, (a) uses the definition of m(x), and (b) uses a
standard derivation in stochastic thermodynamics (see
Ref. [113] or the appendix in Ref. [34]), while (c) uses
that ¥ € (0, 1].

APPENDIX B: SYMMETRY CONSTRAINTS
1. ¢ obeys the Pythagorean identity [Eq. (14)]

In the following derivations, all integrals should be
understood in the Lebesgue sense. For discrete state
systems, integrals over X can be replaced by summations.

The state space X is assumed to be Borel measurable.
Similarly, we assume that the action of the group G [i.e., the
function G x X — X:(g,x) — g(x)] is Borel measurable.
Note that these assumptions imply that, for any probability
distribution p € P, the function (g, x) — p[g(x)] is meas-
urable, since it is the composition of two Borel measurable
functions: (g,x) — g(x) and x — p(x).

We begin with a few intermediate results.

Lemma 4.—For any p € P, g€ G, and x € X,

$g(p)(x) = dg(p)lg(x)].

Proof.—Using the definition of ¢¢ in Eq. (42), write

%@munzépwwwnww>
:émamwwvwmmn

where we perform a change of variables x — g~!(x) and use
the invariance properties G and the Haar measure u. [
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Lemma 5.—For any p € P, measurable set Q C X, and
function f:X — R,

/ P()f(x) = / bo(p)(X)fdx  (BI)
Q Q

if the following three conditions hold: (i) g(Q) = Q for all
g€ g, (i) f(x) = flg(x)] for all x € X and g € G, and
(iii) either | [, p(x)f(x)dx| < oo or f is measurable and
non-negative.

Proof.—To begin, write the left-hand side of
Eq. (B1) as

[ poreax= [ | [ oo dx]dm )

Q ¢ LJa

LU

A J p[g<x>1f<x>dx} du(g).

In the second line, we substitute x — g(x) within each
inner integral while using that each ¢ is a rigid trans-
formation (so the absolute value of its Jacobian is 1). In
the last line, we use conditions (i) and (ii).

We now show that we can exchange the order
of integrals in Eq. (B2) using condition (iii) and
Tonelli’s theorem. First, if f is measurable and non-
negative, then the function x — plg(x)]f(x) is non-
negative and measurable (since it is a product of two
non-negative measurable functions), so the integrals
can be exchanged by Theorem 3.7.7 in Ref. [114].
Alternatively, assume that | [, p(x)f(x)dx| < oo, which
means that the function x— p(x)f(x) is integrable.
Then,

<x>]dx} dulg)

(B2)

0> / p(x)1 () ldx
-/ [ / p<x>|f<x>|dx} dulg)  (B3)
- [, pltolstatolex|auto
-/ [ / p[g(x)ﬂf(x)wx]du(g), (B4)

where the first line follows from definition of Lebesgue
integrability, while the rest follows from the same steps
as Eq. (B2). Given Eq. (B4), the function (g,x)
plg(x)]f(x) must be integrable, which again allows us
to exchange the order of the integrals in Eq. (B2) (see
Theorem 3.7.8 in Ref. [114]).

We then derive our result by rewriting Eq. (B2) as

[ peortas= [ | / (9CON(0)du(g) |
/¢g

where we use the definition of ¢g. n
Finally, we prove that ¢g obeys the Pythagorean
identity.
Proposition 1.—For any p,q € P such that D[p||¢g
(q)] < e,

Dlpllgg(q)] =

Proof.—For any p € P, we indicate the support set as
supp p = {x € X:p(x) > 0}. We first prove that

D[pllgg(p)] + Dldg(p)ldg(q)].  (BS)

supp p € supp ¢pg(p) € supp ¢g(q). (B6)
By the definition of ¢¢ in Eq. (42), if ¢g(p)(x) > 0 for
some x € X, then p[g(x)] > O for that x and some g € G.
In addition, the assumption that D[p||¢g(g)] < oo implies
that suppp C supp ¢g(q) [107] (except for a set of
measure 0, which we can safely ignore). Combining
these facts implies that, if ¢g(p)(x) > 0 for some x, then
dg(q)[g(x)] >0 for that x—and, therefore, also
$g(q)(x) > 0, since ¢g(q) is invariant under G (Lemma
4). This result proves that supp ¢g(p) C supp ¢pg(q).
Finally, by Lemmas 4 and 5,

/ p(x)dx = / $o(p)(X)dx = 1,
supp ¢g(p) supp ¢g(p)

which implies that suppp C suppgg(p) (up to a set of
measure 0).

Next, write the KL divergence on the left-hand side of
Eq. (BS) as [see Eq. (8.58) in Ref. [107]

Dlpll¢g(q)]
p(x)

‘[upp,,"(”l“qbg(q)(x) &
— Diplls(p)] + Apppza(x)ln

$g(p)(x)
= Dlplidg(p)]+ [upp¢g<p>P<X>1“ )

where the last line uses Eq. (B6) [in particular, that

suppp C supp ¢g(p) and p(x)In[¢g(p)(x)/dg(q)(x)] =0

for x € supp ¢g(p)\supppl.
The integral in Eq. (B7) is bounded from above by

Dpll¢g(q)] < o0, since D[p||¢pg(p)] > 0. We also show
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that this integral is bounded from below. Note that ¢g(p)(x)
and ¢g(q)(x) are both non-negative measurable functions,
which follows from the fact that x — p[g(x)] and x
plg(x)] are non-negative measurable functions, the defini-
tion of ¢g, and Tonelli’s theorem (Theorem 3.7.7 in
Ref. [114]). Thus, the function x — [¢pg(q)(x)/Pg(p)(x)]
is also non-negative and measurable, letting us bound the
integral in the following way:

b)),
/¢ o PO ¢

20 [ 0
=L O 1%

=—In |:/ q’)g(q)(x)dx] > —In1=0.
supp pg(p)

where in the second line we use Jensen’s inequality, while in
the third line we apply Lemma 5. Finally, we use Lemma 5 to
rewrite the integral in Eq. (B7) as

GEN
[ >t
_ e,

[uppqsg(p) $olp)(x)1 ¢g(q)(x)d Dlpg(p)lldg(q)].

2. ¢g obeys the commutativity relation [Eq. (16)]

It is easy to verify that @, is a linear operator. It then
follows that, if ®, commutes with the linear operator L, as
in Eq. (38), then it also commutes with the exponential
et =57, (1/k!)7*"L*. We then have

eLopg(p) = et / @, pdu(g)
:/?“qmww)

=/§M%W@
- ¢g(€pr),

where in the second line we exchange the bounded operator
el and the (Bochner) integral and in the third line we use
that ®, and e™* commute.

3. Derivation of Eq. (38) from Eqs. (39) and (41)

Consider some f:x — R and a continuous-state master
equation L such that

L) = / Loof(¥) = Lof@)ldd.  (BS)

[The derivation for discrete-state master equations, as in
Eq. (10), is the same, but with integrals replaced with
summations.] Then,

®,L1)(x) = [LFlg(x)
- [ty a9} (89)
— [y 9] = Ly a0}y’ (B10)
— [{Laat o)) - Lans gy (B11)
— [{Lwl@I) - L@, )0} (B12)
= [L®,f](x), (B13)

which implies ®,L = L®, [Eq. (38)]. Here, we use the
definition of @, in the first line and Eq. (B8) in (BY). In
Eq. (B10), we use the variable substitution x’ — g(x’), along
with the fact that g is volume preserving. In Eq. (B11), we
use Eq. (39).

Next, we show that Eq. (41) is sufficient for Eq. (38) to
hold, assuming that all g € G are rigid transformations and
the L € A refer to Fokker-Planck equations of the form
Eq. (40). First, given some (sufficiently smooth) function
f:X = R, write Eq. (40) as

Of =Lf =V-[(VE)f]+p7'Af.  (Bl4)

For any g € G, write the diffusion term in Eq. (B14) as

Af = A(q)gfog_l) = A((I)yf)og_1 (B15)
where we use the identity [ = ® 1@ f = @ fog~! and
that the Laplace operator commutes with rigid transforma-
tions. Now consider the drift term in Eq. (B14). Using the

product rule,

V- I(VE)f] = (Vf)T(VE) + fAE. (B16)
We can rewrite the second term above as
fAE = (d)_qfog‘l)AE
= (®yfog " )A(Eog™)
= (®yfog " )[(AE)og™"]
= [(®yf)(AE)]og™", (B17)
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where we use f = ®, fog~!, the invariance of E under G
[Eq. (41)], and in the third line that the Laplace operator
commutes with rigid transformations. Now consider the
first term on the right-hand side of Eq. (B16):

(®yfog™)V(Eog™)]

(VA)'(VE) = [V
{1V (@yf)og™ I} {IT((VE)og™']}
=[V
v
=[V

(@gf)og™ 1" JIT[(VE)og™']
(@f)og " [(VE)og™]
(@4f)" (VE)]og™!

(B18)

where J indicates the Jacobian of ¢g~'. In the first line, we
again use the identity ' = ®,f og~! and the invariance of E
under G, in the second line we use the chain rule, and in the
fourth line we use that JJ7 = I for rigid transformations.
Plugging Eqgs. (B17) and (B18) back into Eq. (B16) and
rearranging gives

V- (VE)f] = V- [(VE)(®,f)]og™

Combined with Eqgs. (B15) and (B14), this expression
implies that Lf = (L®,f)og™" or, in other words, that

(B19)

OLf =LD,f.

4. Derivation of Eq. (43)

First, write the inaccessible information term in
Eq. (35) as

D[PX|M||¢Q(PX\M)]
_Zp pX\m||¢g(pX|m)]

(XI )
prmx fpg

p() (mIX)/p( )
lqm|g(x)]/ py(m)u(g)’

where we define p(m) =), p(x)g(m|x) and p,(m) =
>, Plg(x)]g(m|x) and use the definition of ¢ in Eq. (42).
[Here, we assume for simplicity that both X and M are
discrete valued; otherwise, the summations in Eq. (B20)
should be replaced with integrals.]

Recall that we assume that p is invariant under
G, so ¢g(p) = p. By Lemma 4, p(x) = p[g(x)] for all x
and g € G, which, in turn, implies that p(m) = p,(m).
Plugging into Eq. (B20) then gives

q(m|x)

mex T almlg(0)lu(e)”

which appears in the main text as Eq. (43).

(B20)

—mex I

[PX\M||¢Q PX|M

2| tan @)1

b 2| tan (0= 7/2) | vt

FIG. 15. The twirling ¢c(py) for two cases. Left:

0] € [(%/4). (37/4)]. Right: ¢c(py) for |0] € [z, z]\[(x/4).
(3z/4)].

5. Example: Szilard box, derivation of Eq. (50)

We derive Eq. (50) using a simple geometric argument.

Consider the twirling of py, as shown in Fig. 5(b). From
the definition of ¢g and Eq. (49), it is easy to see the
following.

(1) The dark gray areas in Fig. 5(b) [where both
Po(x1,x) =1/2 and  pg(x;,—x,) = 1/2] have
probability density ¢g(pg)(x1,x,) = 1/2.

(2) The light gray areas in Fig. 5(b) [where either
Po(x1,x) =1/2 or pgy(x;,—x,) = 1/2, but not
both] have probability density ¢g(pg)(x;.xs) =
1/4 = M(XI,X4).

(3) The white areas in Fig. 5(b) [where pg(xi,x,) =0
and pg(x;,—x,) = 0] have probability density
$g(po)(x1,x2) = 0.

Given these facts,

Dig(po)l|u]

where Py is the probability assigned by p to the dark
gray areas [i.e., those (x;,x,) where py(x;,x,) =1/2=
po(x1,—x2) = 1/2].

To calculate the value of Py, it suffices to consider two
separate cases:

(1) 10] € [-z.z]\[(z/4), (3z/4)];

2) |6] € [(x/4). (3z/4)],
which are shown visually in Fig. 15. Using this ﬁgure and a
bit of trigonometry, it can be shown that Py = 1 — 1| tan 6|
in the first case and P, = 1|tan(¢ — z/2)| in the second
case. Combining these results with Eq. (B21) gives Eq. (50).

=1n2- P, (B21)

6. Example: Symmetry constraints on a
discrete-state master equation

Here, we demonstrate our results on symmetry con-
straints using a simple finite-state system. The system
contains 7 states, x = {0, ...,n — 1}. We consider a group
generated by circular shifts, representing m-fold circular
symmetry:

g(x) =x+n/m mod n. (B22)
Assume that the driving protocol obeys the following
symmetry group at all ¢ € [0, 1]:
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FIG. 16. A unicyclic master equation over 12 states with
fourfold symmetry, as in Eq. (B23). Left: an initial distribution
p(x) o x, which does not respect the fourfold symmetry. Right:
the twirling ¢g(p), which is invariant to the symmetry. (Colors
indicate relative probability assigned to each of the 12 states.) The
extractable work depends on the accessible free energy in p,
which is given by Fg[pg(p)].

(B23)

An example of such a master equation would be a unicyclic
network, where the n states are arranged in a ring and
transitions between nearest-neighbor states obey Eq. (B23).
Such unicyclic networks are often used to model biochemi-
cal oscillators and similar biological systems [115]. This
kind of system is illustrated in Fig. 16, with n =12
and m = 4.

Imagine that this system starts from the initial
distribution p(x) « x, so the probability grows linearly
from O (for x = 0) to maximal (for x = n). For the 12-state
system with fourfold symmetry, this initial distribution is
given by

X X

P SIY  6s

and is shown on the left-hand side in Fig. 16. How
much work can be extracted by bringing this initial
distribution to some other distribution p’, while using
rate matrices of the form Eq. (B23)? This distribution is
bounded by the drop of the accessible free energy, via
Eq. (25):

W(p = p') < Feldg(p)] = Fpldg(p)]- (B24)

Using the example system with 12 states and fourfold
symmetry, the twirled distribution ¢¢(p) is given by

bg(p)(x)
~ x4+ (x+3mod 12) + (x+6 mod 12) 4 (x +9 mod 12)
B 4x66 ‘

For example, for the distribution p(x) = x/66,

$a(p)(0) = (0+3 4+ 6+ 9)/(4 x 66) ~ 0.068,
$a(p)(1) = (1 +4 47+ 10)/(4 x 66) ~ 0.083,
$a(p)(2) = (2+5+ 8+ 11)/(4 x 66) ~ 0.098,
$a(p)(3) = (3+6+9+0)/(4 x 66) ~ 0.068,

This twirled distribution is shown in the right panel
in Fig. 16.

7. Example: 2D Ising model, derivation of Eq. (56)

We begin by recalling the expression for accessible
information in our feedback-control protocol over the 2D
Ising model, which appears as Eq. (55) in the main text:

q(m|x)
N7230 palmlga s (x)]

Using ¢(m|x) = 8,,(x;), the expectation term in Eq. (B25)
can be rewritten as

-3 p(x)

Let z(x) = (1 +Y_;x;/N?)/2 indicate the magnetization
of lattice state x, normalized to lie between O and 1. Note
that, for any lattice state x, the frequency that spin 1 is in
state 1 averaged across all translations is equal to the
magnetization of x:

N72Y 81[9as ()] = 2(x).

19%,(X; M) = In2 — <ln > (B25)

5 )0 N2S sl (820

me{-1,1}

In addition, by symmetry, the probability that spin 1 is in
state 1 averaged across all states that have magnetization z
is equal to z:

> ()8 (x) = z.

X

Using these results and 6_; (x) = 1 — §;(x), we can rewrite
the expression in Eq. (B26) as

=D P81 (x1) Inz(x) + [1 = & ()] In[1 = z(x)]}
= p(@)[zlnz=(1-2)In(1 = 2)] = (m(2)), (B27)

where p(z') = >, p(x)6.[z(x)] is the probability that the
system has magnetization 7' and h, is the binary entropy
function.

We now consider the N — oo limit and use Onsager’s
expression for the spontaneous magnetization for
the 2D Ising model [116]. When S is below the critical
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inverse temperature, 3, = In(1 + 1/2)/2 ~ 0.44, the mag-
netization distribution p(z) concentrates at z = 1/2, so
Eq. (B27) approaches h,(1/2) =In2. When g > f.,
the magnetization distribution concentrates on a uniform
mixture of two delta functions at z = f(f) and z =
1 — f(B), where f(B) = [1+ /1 — (sinh28)~*]/2. In this
case, Eq. (B27) approaches {h,[f(#)] + hy[1 —f(p)]}/2=
hy[f(#)]. Combining these results with Eq. (B25)
implies that Ifcgc(X; M) =0 for f <f. and Ifcgc(X; M) =
In2 — hy[f(p)] for > B., which appears as Eq. (56) in the
main text.

APPENDIX C: MODULARITY CONSTRAINTS

1. ¢p; obeys the Pythagorean identity [Eq. (14)]
We show that ¢, obeys the Pythagorean identity:

D[pli¢c(q)] = Dlplléc(p)] + Dide(p)lpe(q)]

for all p,g € P such that D[p|¢g(q)] < oo. For any
p.r€P,

(C1)

[Ep [lnfﬁc(r)] = [Ep [ln rO] =+ Z[Ep [lnrA\O\AnO]
AeC
=Egopynrol+ Y Egupnraomno)  (C2)
AeC
= Ege(p)[In pe(r)]. (C3)

where ap and ay)\ pjano indicate marginal and conditional
distributions, respectively. In Eq. (C2), we use that p and
¢¢(p) have the same marginals over all subsystems all A €
C as well as the overlap O [this result can be verified from
the definition of ¢, Eq. (64)]. Then,

Dlpll¢c(q)] = Dlplige(p)] + E,[Inde(p) — Ingpe(q)]

= Dpll¢e(p)] + Egy(py[In ¢e(p) = Indhe(q)]
= D[pll¢c(p)] + Dldc(p)lde(q)],

where the second line follows by applying Eq. (C3) twice,
first taking » = p and then taking r = q.

2. ¢po commutes with e

We show that if, for some generator L, Egs. (59) and (60)
hold for all A € C, then ¢, and e obey the commutativity
relation of Eq. (16). We assume that all L4) in Eq. (60) are
bounded linear operators.

Before deriving our result, we introduce some helpful
notation.

(1) 6.(x') indicates the delta function distribution

over X centered at x (the Dirac delta for continuous
X and the Kronecker delta for discrete X). For any

subsystem S C V, &, (x§) indicates the delta func-
tlon distribution over X¢ centered at xg.

@) T (¥'|x) = [ 5,)(x') indicates the conditional
distribution over X, given that the system starts on
state x and then evolves under L(*) for time 7.

(3) For any A €,

A=A\ U B)

BeC\{A}

= A\0(C)

indicates the set of degrees of freedom that belong
exclusively to A € C (and no other subsystems), and

=V\4= U B
BeC\{A}

indicates the complement of A, which is the set of
degrees of freedom that fall into at least one of the

other subsystem besides A.
To derive the commutativity relation, we proceed in three
steps, which are described in detail in the subsections
below. In the first step, we show that for all 7> 0 and

A € C, the conditional distribution 7" ( ’|x) can be written
in the following product form:

T (W]x) = T () |x4)8, e (¥pe)- (C4)
In the second step, we show that Eq. (C4) implies the
following commutativity relation for any p € P and each
AeC:

e pe(p) = pe(e™ " p). (C5)

In the third step, we show that the generators corresponding
to all subsystems commute:

LWLE) = LBILW v A BeC. (C6)
We then combine these three results to show that ¢ and
L commute. Write

e e(p) = edurec™ " g

p) =" ¢c(p)

AeC

where we use Egs. (58) and (C6) to expand the operator
exponential. Then, using Eq. (C5), write

HeTL(A) de(p) = e <He’L >

AeC AeC

c(e™p).

Combining these two results implies that e™¢o(p) =
¢c(ettp) for all p € P and 7 > 0, as in Eq. (16).
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a. Derivation of Eq. (C4)

To derive Eq. (C4), consider the conditional distribution
over A given initial state x, as induced by L*):

T () = [e6,],(x))
k
T
= [Balx) + Y LW ()
k>1 70
k
T
=8, () + ) LWVS ], (). (CT)
k>1 """

where in the second line we expand the operator expo-
nential as ¢“" =S, ZFLW¥/k!. Note that A C A, so
[LWs,], is a function of [LW6,],, which, in turn, is a
function of x4 by Eq. (59). Similarly, &, (x;) depends on
only x4, not x. This result means the right-hand side of
Eq. (C7) depends on only x4, which we indicate by

T () = T4 (@ ) (C8)
Now consider the conditional distribution over any other
subsystem B # A given initial state x, as induced by L*):

k

A T
T () = 8y, (x) + D ILWA5 ] ()

k>1 "7

= 6y, (¥p), (€9)
where we use that [L(4)5,], = 0 by Eq. (60).

Now, it is straightforward to show that if some
distribution p over X, has delta function marginals
pp = Oy, forall B # A, then p must have following product
form:

p(x¥') = pa(x))dx,. (xye), (C10)

where we use that A¢ = [ pec\ (4} B- Equation (C4) follows

by taking p(x’):TgA)(x’|x) in Eq. (C10), while
using Eq. (C8).

b. Derivation of Eq. (C5)

Consider any 7 > 0 and A € C. Using Eq. (59) and the
identity ¢“" = S, ZFkL@¥ /K1, one can show that, when-
ever two distributions p, g € P obey p4 = g4, it must be
that [¢-" p], = [¢"“"q],. Since pa = [pc(p)], [see the
definition of ¢, in Eq. (64)],

LA

(e ply = [ h(p)]- (C11)

L)

In addition, given Eq. (C9), we have [e™" pl,c = pye.

Given that B C A€ for each B # A, we have

[erL(A)P]B =ps=¢(p)p = [erL(A)flﬁ(P)]B- (C12)
Similarly, O(C) C A¢ and, therefore,
[eTL(A)p]O(C) = [efL(A)d’(P)]O(C)- (C13)

Now, observe that the distribution ¢(p) does not
depend on the full distribution p but only on the marginal
distributions poc) and {pa}ace.- By Egs. (CI11D—(C13),

these marginals are the same for ¢"2“ p and ™= g0 (p),
which means that

de(e™ p) = dele™” pe(p)]. (C14)

Next, using Eq. (C4) and some simple (but rather
tedious) algebra, it can be shown that

L@
e o ¢C(p) = P2\0|A00P0 HpB\O\BnO’ (ClS)
B£A

where

p;x\O\AOO(fo\Oh‘/AnO)

- / T (2, lea xan0' )P (xa [¥anp)dxs (C16)

and we use the conditional distribution TSA)(xg |45 X4n0)

from Eq. (C8). The right-hand side of Eq. (C15) has the
form of the right-hand side of Eq. (64), so it is invariant
under ¢;:

dele™” pe(p)] = e pe(p). (C17)

Equation (C5) follows
and (C17).

by combining Egs. (Cl14)

c. Derivation of Eq. (C6)

Using Eq. (C4) and some algebra, one can verify that, for
allt>0and A,B e,

/T§A>(x”|x’)TgB>(x’|x)dx/:/TgB)(X"|x’)T5A)(x/|x)dx/’

(C18)
which in operator notation can be written as

(4) (B) (B) (4)
erL e-rL (szeﬂ‘ L 6x-

e (C19)

Then, for any function f = [ f(x)5,dx, write
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—/f(x)e’L(A)e @

/f TL (8) TL(A6 dx
et rL( ) /f( )5 dx
— eTL(B) eTL(A)f’

where we exchange the order of the bounded operators
LY and €™ el™ with the (Bochner) integral

| f(x)8,dx and use Eq. (C19). This expression shows that

A) B ..
e and e commute for all 7> 0, so their inverses

—7L(B)

oL@ . @)
e and e must also commute. Given that e’~" and

el commute for all 7 € R, L) and L®) must commute

(see p. 23 in Ref. [117]).

3. Szilard box: Derivation of Eqs. (74) and (76)

We first derive Eq. (74). Using Eq. (70) and some
rearrangement, write

Dlgc(po)llu] =nd = S[py(X,)] = S[pe(X>)],

where S[pg(X;)] and S[py(X;)] refer to the marginal
entropies under py. It is easy to see that, by symmetry,

S[po(X1)] = S[P(r/2)-0(X2)]-

Therefore, we derive a closed-form expression for
D[¢e(pg)|lu] by finding a closed-form expression for

(C20)

(C21)

S[pe(Xy)] = _/lpﬁ(x1>lnpﬂ(xl)dxl- (C22)

First, consider the case of €€ [-n/2,7/2], and
define Ay := |tan @)|. It can be verified from Eq. (49) that
the marginal distribution py(x;) always has a piecewise

linear form. In particular, if Ay <1, then, for any
e [-1,1],
1 if —1 < Xl —Ag,
po(x1) = AZX:I if —Ap <x; <A, (C23)
O lf X1 > Ag.
Otherwise, if Ag > 1, then, for any x; € [-1, 1],
Ay —
= C24
polxi) =51 (C24)

Plugged into Eq. (C22), this expression gives

S[pe(X)] - [L gy Ay > 1,
PolA1)] =
- %, AZZ;' lnA”_x‘ dx, otherwise.

Integrating these two cases separately in Mathematica, and
plugging in the definition of Ay, gives

1| f(Jtan@|) if [tan@| > 1,
S[po(X))] == C25
[Po(X1)] 2 { | tan 6| otherwise, (€25)
where for convenience we define
1+x2 x+1 X2 -1
=1 1 -1 . (C26
) Moy (€29

Recall that so far we assume that 0 € [-n/2,7/2].
However, by Eq. (49), pe(x1,%3) = p+y_g(—X1,x), which
implies that  py(x;) = p,_g(—x1) = p_s_e(—x;) and
S[po(X1)] = S[pz-o(X1)] = S[p_r-0(X1)]. It can also be
verified that | tan 0] = |tan(z — 0)| = |tan(—7r )|, so, in
fact, Eq. (C25) holds for all 6 € [-x, x].

Finally, if |0| € [(z/4), (37/4)], then Egs. (C25) and
(C21) imply

[tan6] > 1. S|py(X,)] = 5 f(|tan8]),

b3 1 b1
P < = — —— .
'tan(2 0) <1 5 tan(2 9)‘

Conversely, if |0 € [0, z]\[(z/4), (37/4)], then
|[tan@| < 1,

()| ()]

Equation (74) follows by combining these results and
rearranging.

To derive Eq. (76), use ¢glde(po)](x1.x2) = po(x:)
u(x,) to write

S[po(X>)]

Slp(X1)] = 5

Slpalx:)) =37

D{dglbc(po)lllu} =4 = S[py(Xy)] = S[u(X7)]
=In2 - S[py(X1)], (C27)

where we use that S[u(X,)] =1In2. Equation (76) then
follows by combining Egs. (C27) and (C25).
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4. Example: Feedback-controlled flashing ratchet

Here, we derive a closed-form expression for the
accessible information in the feedback-controlled collective
flashing ratchet.

For notational convenience, let a = 1/a indicate the
slope of the increasing part of V in Fig. 10(b) and
b = —1/(1 — a) indicate the slope of the decreasing part
of V. Note that the net force ), V'(x,) can be seen as the
sum of N random variables, where by assumption each
V'(x,) is equal to a = 1/a with probability a and equal to
b=-1/(1 —a) with probability 1—a. This result
implies that the expectation of V’(x,) is 0 and the variance
is 1/][a(1 = a)].

We first compute the accessible information
1%.(X: M) =, I(X,;M) = N -I(X;;M). The mutual
information between M and the state of a single particle
X, is given by

I(X\;M) = S(M) — S(M|X)
= hy[p(1)] = ahy[p(1]a)]

— (1 = a)hy[p(1b)].

where p(1) is the probability that the net force is positive,
p(1|a) is the probability that the net force is positive given
that particle X, experiences force a, and p(1|b) is the
probability that the net force is positive given that particle

|

(C28)

1(X; M) = N - I(X,; M)

X, experiences force b. We can compute p(1) by consid-
ering the case when k=0,1,2,... particles experience
force a. Assuming the particles are independent, this case is
given by

p(1) =Y Byo(k)®lka+ (N —k)b].  (C29)
k=0

where By , is the binomial probability of k successes, given
N trials with success probability a. To compute p(1|a),
note that, given that X; experiences force a, M =1
whenever the other N — 1 particles experience a net force
larger than —a. The probability of this event is

p(1)a) = %BN_I,a(k)@[kH (N=1=k)b+al. (C30)
k=0

Conversely, if X; experiences force b, then M = 1 if the
other N — 1 particles experience a net force larger than —b,
which has probability

p(1]b) = NZ_IBN_La(k)®[ka+ (N—1-k)b+b]. (C31)
k=0

Plugging Egs. (C29)—(C31) into Eq. (C28) gives I(X; M).
Multiplying by N gives the accessible information:

=N {hz <k§N% By o(k)®[ka + (N — k)b]) — ah, <§ By_14(K)®[ka + (N =1 — k)b + a}>

— (1 -a)h (;Vz:; By_1o(k)®fka + (N -1 - k)b + b])] .

This result is shown in Fig. 12(left) for different values of
N and a.

To compute the efficiency values in Fig. 12(right), we
simply divide I‘fCCC(X; M) by I(X;M), the total mutual
information between the measurement and all particles.
Since the measurement in Eq. (80) is deterministic, this
mutual information is given by the entropy of M:

106GM) = S(M) = alp()],  (C33)

which can be computed using Eq. (C29).

We now compute the asymptotic value of accessible
information and efficiency in the N — oo limit. The sum of
a large number of independent random variables with mean
0 and variance 1/[a(1 — a)] approaches a Gaussian with
mean 0 and variance N/[a(1 — a)]. Thus, in the N — oo
limit, the probability that the force is positive converges to

k=0

(C32)

|

p(1) =1/2,s0 I(X; M) = S(M) converges to In2. Recall
that p(1|a) is given by the probability that N — 1 particles
experience a net force larger than —a. In the N — oo limit,
this conditional probability converges to

p(lla) =1-®,y_(-a) = @, y_i(a),

where @, y_; is the cumulative distribution function of a
Gaussian with mean 0 and variance N/[a(1 — «)]. We can
similarly calculate

p(1|b) =1- q)a.N—l(_b) = cDa.N—l(b)'

Plugging into Eq. (C28) gives
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(X3 M) =In2 — ahy[®@, y_(a)]

= (I = a)hy[®, y-1(D)]. (C34)
Using a = 1/a and b = —1/(1 —a) and some analysis
(e.g., by taking limits in Mathematica) shows that
Lim N - I(X; M) ! (C35)
Nl—I>Ic}o 1> — pu 5
irrespective of a. This result is the asymptotic accessible
information, which appears as the dotted line in Fig. 12
(left). The asymptotic efficiency, which appears as the
dotted line in Fig. 12 (right), is given by 1/(zIn2) [since
I(X;M) =1n2 in the N — oo limit].

APPENDIX D: COARSE-GRAINED
CONSTRAINTS

1. Derivation of Eq. (82) from Eqs. (83) and (85)

In general, the microstate distribution p evolves accord-
ing to some generator L, 0,p(t) = Lp(t), and the macro-
state distribution p; evolves according to a coarse-grained
generator L”. In general, the coarse-grained dynamics are
not closed, meaning that L” can depend on the microstate
distribution p. In this section, we provide concrete con-
ditions on the generators that guarantee that the coarse-
grained dynamics are closed. In the following derivations,
for notational simplicity, we omit the dependence of p(x, ¢)
and p(z,t) on t.

For discrete-state master equations, the coarse-grained
dynamics are given by [58]

Oipz(z) = i”pz(z)
=Y [L2pz(2) =L, ps(z)).  (D1)

where L” - 1s the transition rate from macrostate 7 toz

L7, =3 "p(1)D 6 (2)Lov.

¥

(D2)

By plugging Eq. (83) into Eq. (D2) and simplifying, one
can verify that f,fz, does not depend on the microstate
distribution p; therefore, Eq. (82) holds.

A similar approach can be used for continuous-state
master equations.

We now consider Fokker-Planck equations of
the form Eq. (84), given a linear coarse-graining
function &(x) = Wx. Using Proposition 2.8 in Ref. [57],
we write the evolution of the coarse-grained distribution
Pz as

0:p2(2) =V [A(2)pz(2)] + ' te{HT[D(z) p,(2)]}. (D3)

where H 1is the Hessian matrix of second derivative
operators and we define

A

A = [ (Pl WVER) ' ac(x)dy - (D4)

~ [ [pela W) dx (Ds)
—_F(2), (D6)
D(z) = / p(x|2)WWTdx = I. (D7)

We use Eq. (2.29) from Ref. [57] in Eq. (D4), the
linearity of £ in Eq. (D5), and Eq. (85) in Eq. (D6).
We use Eq. (2.30) from Ref. [57] and the assumption
that WWT =1 in Eq. (D7). It is easy to check that
tr[H' (Ip;)] = Ap;, which can be combined with
Egs. (D6), (D7), and (D3) to give Eq. (86). Since the
right-hand side of Eq. (86) does not depend on the
microstate distribution, the coarse-grained dynamics
are closed.

2. Derivation of Eq. (87)

Our derivation below does not assume isothermal pro-
tocols, so the inequality in Eq. (87) holds both for
isothermal protocols and for protocols connected to any
number of thermodynamic reservoirs.

To derive this result for a given L, we make two
assumptions. First, as described in the main text, we
assume that the coarse-grained dynamics are closed
[Eq. (82)]. Second, we assume that the coarse-grained
stationary distribution z; (where 7 is the stationary dis-
tribution of L) is invariant under conjugation of odd-parity
variables:

n7lE(x)] = mz[E(xT)] ¥V x €X,

(D8)
where x' indicate the conjugation of state x in which
all odd-parity variables (such as momentum) have
their sign flipped. For an isothermal protocol, the sta-
tionary distributions are equilibrium distributions, and
Eq. (D8) is satisfied [96]. For more general protocols,
Eq. (D8) holds if there are no odd-parity variables (e.g.,
overdamped dynamics), so x = x'. It also holds if the
coarse-graining function maps each x and its conjugate to
the same macrostate, &(x) = &(x"), as well as some
other cases.

Now imagine a system that starts from some initial
distribution p at time ¢ =0, and then undergoes free
relaxation under L toward a (possibly nonequilibrium)
stationary distribution z, reaching a final distribution p’ by
time ¢ = 7. Next, we use existing results in stochastic
thermodynamics [96,110] and write the EP incurred over
time interval ¢ € [0, 7] as
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2(r) = D[p(x.v)[|p(".7)] (D9)
(see also Appendix A 2), where

(1) x = (x,...,x") indicate a continuous-time trajectory
of system states over time interval 7 € [0, 7], where x
and x’ indicate the initial and final system states,
respectively, and ¥" = (x'f,...,x") is the corre-
sponding time-reversed and conjugated trajectory;

(2) v is a sequence of reservoirs which exchange
conserved quantities with the system during
t €[0,7], and # is the corresponding time-reversed
sequence [25,28,110];

(3) p(x,v) = P(x,v|x)p(x) is the probability of for-
ward trajectory (x,v) given initial distribution p,
where P(x,v|x) is the conditional distribution gen-
erated by the free relaxation;

@ p@E".7) = PE".7[x")p'(x') is the probability of
reverse traJectory (¥",7) under a free relaxation that
starts with the following distribution:

() = / PO ) p(x)dx.

(D10)

Using the fact that EP decreases under state-space and
temporal coarse-graining [58,118], we bound Eq. (D9) as

2(z) 2 D[p(x)||p(E")] > Dp(z.2)[|p(z".2")].

where 7z = &(x), 7/ = &(X), 27 = &(xT), and 2T = £(x'T).
The final KL divergence can be decomposed as

(D11)

Dp(z. )Pl #7)
= [D(pzllnz) = D(pll7z)]
DR ],
« [ reomlfEe e e o1

Using Jensen’s inequality, we lower bound the integral
term as

, p(z.2 ) py () ,
/ P(z.2)In [pw )pz<z>nz<z/>} ke

= —/p(z,z’) ln[p( &)pz(2)7z (f/)] dzd?

p(z.7)m(2) P (2

)
> | [ PR e

Note that 7(z') = 7,(z'") by Eq. (D8) and p,('") =
pY(Z') by the definition of p’, in Eq. (D10), allowing us to
rewrite the rhs of Eq. (D13) as

- [ 225 o maz ). (1)

(D13)

The inner integral can be further rewritten as
/ Py (2)dz!
= [ PEP

= ﬂz(Z%)
= ﬂz(Z)v

where in the third line we use the assumption of closed
dynamics [Eq. (82)] and the stationarity of z under P(-|-)
and in the fourth line we use Eq. (D8). We can then rewrite

Eq. (D14) as
mz(2)
- [/ 7z(z) i

Combined with Eq. (D13), this expression implies that the
integral term in Eq. (D12) is non-negative. Combining
with Eq. (D11) gives

(z)dz] =0.

2(7) 2 D(pzl|7z) — D(pzll7z).

Finally, using the definition of the EP rate and the results
above,

(p,L) = limlil(r)

=0T
> lim [D(p ;) ~ D(p172)
- [ardi@ntZEiz0. @13

where 0,p,(f) = Lp,. Equation (D15) follows from
Egs. (A3)-(A6) above (with summations replaced by
integrals). The discrete-state form of Eq. (D15), and also
where p and L are explicitly time dependent, appears in
the main text as Eq. (87).
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