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A fluctuation theorem is proved for the macroscopic currents of a system in a nonequilibrium
steady state, by using Schnakenberg network theory. The theorem can be applied, in particular, in
reaction systems where the affinities or thermodynamic forces are defined globally in terms of the
cycles of the graph associated with the stochastic process describing the time evolution.
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I. INTRODUCTION

Out-of-equilibrium systems are ubiquitous in Nature and they play an essential role in many physical, chemical
and biological phenomena [1-12]. In an isolated system, a nonequilibrium state will spontaneously relax toward the
state of thermodynamic equilibrium. However, a nonequilibrium steady state can be maintained in open systems
by exchanging energy or matter with thermostats or chemiostats. Such reservoirs generate thermodynamic forces —
also called affinities [2] — because they introduce inhomogeneities in the temperature, the pressure, or the chemical
potentials of the different species of molecules. In turn, the thermodynamic forces or affinities generate fluxes of
energy or matter across the system, which contribute to positive entropy production as described at the macroscopic
level by nonequilibrium thermodynamics.

The study of nonequilibrium steady states has a long history. Already in the XIXth century, nonequilibrium
steady states were studied in linear electric circuits composed of resistors, capacitors, and inductors. In this context,
Kirchhoff developed a network theory to determine the steady state solution [13]. With the beginning of the XXth
century, the interest shifted to electric circuits with nonlinear elements such as vacuum tubes. Moreover, fluctuations
in electric currents such as the Nyquist-Johnson and shot noises were discovered, in particular, under the influence of
Einstein’s work on Brownian motion and its electric analogue [14]. Since 1948, nonlinear elements as transistors and
diodes have become dominant in electric circuits. These elements have macroscopic characteristic curves which are
not linear contrary to resistors. At the mesoscopic level, all the electric circuits present fluctuations in their currents.
In this regard, the currents are random variables and the time evolution of the system is a stochastic process. The
random variables are described in terms of a probability distribution. This latter obeys a master equation ruling the
stochastic process. The random transitions are described in terms of the transition rates which may depend on the
state variables.

Similar considerations apply to chemical and biochemical reactions. In the sixties, Hill and coworkers developed
stochastic models for the transport of ions across a membrane in biophysics [15-17]. At the beginning of the seventies,
Nicolis and coworkers developed stochastic models of autocatalytic chemical reactions to investigate the effects of
fluctuations on the macroscopic nonequilibrium instabilities [4-9]. Autocatalytic chemical reactions have reaction
rates which depend nonlinearly on the chemical concentrations. However, we recover a linear description at the
mesoscopic level since the master equation ruling the time evolution of the probability distribution is linear.

The analogy between the nonequilibrium steady states of stochastic processes and linear electric circuits was used
since the sixties by Hill [15-17], Oster and coworkers [18, 19], and Schnakenberg [10]. Schnakenberg developed a
network theory using the methods by Kirchhoff for linear electric circuits in order to determine the steady state
solution [10]. In this network theory, a graph is associated with the stochastic process. The vertices of this graph are
the mesoscopic states of the stochastic system and the edges the possible transitions between the states. This graph
can be decomposed into cycles. Schnakenberg made the fundamental observation that the ratio of the products of
the transition rates along a cycle and its time reversal is independent of the mesoscopic states and only depends on
the macroscopic thermodynamic forces or affinities maintaining the system out of equilibrium [10]. This observation
allowed Schnakenberg to express several thermodynamic properties and, in particular, the macroscopic entropy pro-
duction in terms of the cycles of network theory [10]. Later, the theory of these cycles has been further developed by
the Qians [20, 21].

Recently, remarkable properties of the molecular fluctuations have been discovered in nonequilibrium systems. The
time evolution of the molecular fluctuations can be characterized in terms of their large deviations with respect
to their average. Several large-deviation dynamical relationships have been obtained such as the formulas of the



escape-rate and hydrodynamic-mode theories [22-27], as well as the nonequilibrium work theorem [28,; 29] and the
fluctuation theorems [20, 30-41]. The fluctuation theorems are symmetry relations originating from microreversibility
for the probability distributions of fluctuating quantities, which are of interest for nonequilibrium thermodynamics
and transport properties. These new large-deviation relationships are under current investigations to explore the
range of their applications.

The purpose of the present paper is to apply the fluctuation theorem to the nonequilibrium stochastic processes
described by Schnakenberg network theory. These processes include, in particular, models of electronic transport in
mesoscopic conductors [42], as well as chemical and biochemical reactions maintained out of equilibrium by differences
of chemical potentials between the reactants and the products [4-9, 15-17]. Chemical systems are out of equilibrium
if the concentrations of reactants and products are not in their equilibrium ratio fixed in terms of the standard free
enthalpies of formation of the reactions, as described in chemical thermodynamics [2, 8, 10]. The differences of free
enthalpies between the reactants and products play the role of thermodynamic forces or affinities. In this regard,
the thermodynamic forces have energetic and entropic contributions, and do not reduce to mechanical forces as for
external electric forces acting on charged particles. Instead, the macroscopic thermodynamic forces or affinities may
differ from the mesoscopic thermodynamic forces which depend on the mesoscopic states and are thus time-dependent
fluctuating variables as the currents [8-10]. In such systems, the macroscopic thermodynamic forces or affinities
should be defined in terms of cycles, as shown by Schnakenberg [10].

Here, we are interested in the fluctuation theorem for the currents which are fluctuating variables at the mesoscopic
level. Our aim is to give an algebraic proof of this theorem for the generating function of the currents associated with
Schnakenberg’s macroscopic affinities. For this aim, we have to identify Schnakenberg’s cycles. This is carried out
by considering the characteristic determinant of the operator giving the generating function as its leading eigenvalue.
Our results can be applied to a large variety of processes including nonequilibrium chemical reactions and electronic
transport in mesoscopic conductors [43, 44]. For non-reactive systems driven in their bulk by an external mechanical
force or for non-reactive systems driven at their boundaries by time-independent chemical potentials, the fluctuation
theorem for the currents already established in Refs. [33, 37, 38] is recovered.

The paper is organized as follows. We introduce the stochastic description in terms of the master equation in Section
IT where Schnakenberg network theory is summarized. We also illustrate the theory with an example of a chemical
reaction network. In Section III, the generating function of the currents is introduced by using Schnakenberg’s graph
analysis and the fluctuation theorem for the currents is proved in this general framework. In Section IV, we discuss
the connection between the fluctuation theorem for the currents and the fluctuation theorem for the action functional
by Lebowitz and Spohn [37]. We also show how the fluctuation theorem for the currents can be used to measure the
entropy production in some mesoscopic systems even if the microscopic transition rates are not known. Conclusions
are drawn in Section V.

II. MASTER EQUATION AND SCHNAKENBERG NETWORK THEORY
A. DMaster equation and its basic properties

Many nonequilibrium phenomena are successfully described at the mesoscopic level in terms of Markovian random
processes. In some simple systems, such processes can even be exactly derived from the underlying deterministic
dynamics [25, 26] by introducing an appropriate partition of the phase space. In other systems, such processes can
be rigorously derived from the underlying Hamiltonian classical or quantum dynamics in some scaling limit [45].
Continuous-time random processes are ruled by an evolution equation, called the master equation, for the probability
to find the system in a coarse-grained state w at time ¢:

dP(w,t)

= 3 Wl ) P 1) = Wy(wlw) Pw, )] 1)
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The quantities W,(w'|w) denote the rates of the transitions w’ 2w allowed by the elementary processes p = 1,2, ...,r.
Each one of these elementary processes may independently contribute to the entropy production so that it is important
to separate them in the master equation. This is the case in nonequilibrium reaction systems where each reaction p
contributes to the entropy production [9, 10, 20, 40, 43]. The master equation is known to obey a H-theorem for the
entropy

St) =Y Sw)P(w,t) = Y Pw,t)InP(w,1) (2)



associated with the probability distribution P(w,t) describing the state of the system at the time ¢ [9, 10]. S°(w)
denotes the entropy due to the statistical distribution of all the degrees of freedom which are not specified by the
coarse-grained state w [40]. For instance, if the coarse-grained state w only specifies the numbers of the particles of
the different species, S°(w) is the entropy of the statistical distribution of the positions and momenta of the particles.
The second term is the contribution to entropy due to the statistical distribution P(w,t) of the numbers of particles
[40]. The entropy is here calculated in the units of Boltzmann’s constant kg ~ 1.38 10723 J/K. The time derivative
of the entropy is given by
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in terms of the entropy flux d.S/dt and the non-negative entropy production
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where
Tp(w, &) = P, )W, (wlo) — P!, )W,('|w) (5)
is the current of the transition w-w’ and
Ay(w,w')=1n Plw, W, (wlw') (6)

P!, )W, (w'|w)

the corresponding affinity [9, 10, 40]. The H-theorem asserts that the entropy production (4) is always non-negative
in agreement with the second law of thermodynamics and thus characterizes the irreversibility of the process. In a
stationary state where dP/dt = 0, the master equation (1) can also be written as

Y Tpww) =0 (7)

in terms of the currents (5), which is nothing else than the Kirchhoff current law [10]. In the equilibrium stationary
state, the conditions of detailed balance

Peq(w)Wp(w|w') = Peq(W/)Wp(wl|W) (8)

are satisfied for all the possible forward and backward transitions W' Consequently, the currents (5) and the
affinities (6) as well as the entropy production (4) all vanish at equilibrium.

B. Schnakenberg network theory

Schnakenberg has shown that many of the fundamental properties of a nonequilibrium random process can be
investigated and understood by carrying out the analysis of the graph associated with the master equation [10].
Moreover, Schnakenberg found that the nonequilibrium constraints of a system are related to the affinities of the
cycles of the graph, obtaining in this way an early form of the fluctuation theorem [10]. Let us first introduce the
tools needed for the graph analysis of the random process. With a system ruled by the master equation (1), a graph G
is associated as follows [10]: each state w of the system corresponds to a vertex while the edges represent the different

transitions w—w' allowed between the states. Accordingly, two states can be connected by several edges if several
elementary processes p allow transitions between them. A method has been provided by Schnakenberg to identify
all the cycles of a graph [10]. This method is based on the definition of a maximal tree T(G) of the graph G, which
should satisfy the following properties: (1) T(G) is a covering subgraph of G, i.e., T(G) contains all the vertices of G
and all the edges of T'(G) are edges of G; (2) T(G) is connected; (3) T(G) contains no circuit, i.e., no cyclic sequence
of edges. In general a given graph G has several maximal trees T'(G). The edges | of G which do not belong to T'(G)
are called the chords of T'(G). If we add to T'(G) one of its chords [, the resulting subgraph T(G) + 1 contains exactly
one circuit, C;, which is obtained from T(G) 4 [ by removing all the edges which are not part of the circuit. The set
of circuits {C1,Ca,...,Cy, ...} is called a fundamental set. An arbitrary orientation can be assigned to each circuit C;
to define a cycle C;. A maximal tree T(G) together with its associated fundamental set of cycles {C1,Cs, ..., Cy, ...}
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provides a decomposition of the graph G. We notice that the maximal tree T(G) can be chosen arbitrarily because
each cycle C; can be redefined by linear combinations of the cycles of the fundamental set. An orientation is given to
each edge of the graph G. The directed edges are thus defined by

e=wb o (9)

Let f be a directed subgraph of G. The orientation of the subgraph f with respect to its edges {e} is described by
introducing the quantity

+1 if e and f are parallel,
Se(f) =4 —1 ifeand f are antiparallel, (10)
0 ifeisnotin f.

where e and f are said to be parallel (resp. antiparallel) if f contains the edge e in its reference (resp. opposite)
orientation. It will be useful for the following to write the affinities and the fluxes in terms of these numbers. In the
nonequilibrium steady state, the affinity of the edge (9) is defined by

By (@)W (wlw)

A EIHW (11)

The affinity of an arbitrary cycle C' is then written as

AC) =Y S.(C)A, (12)
where the sum is taken over all the edges e of the graph G. It can be equally written as
A(C) = 5.(C)B. (13)
with
B.=1In m (14)

Indeed, the terms In [Py (w)/Pst(w')] exactly cancel each other when calculated on a closed path. Moreover, we can
introduce a scalar product

(C,C1) = Si1(C)Si1(Cy) (15)

where (] is the graph of the fundamental set associated with the chord [ as introduced above. It takes the value +1
(=1) if C contains the chord ! with the same (opposite) orientation, and 0 otherwise. The affinity of any cycle C' can
then be decomposed as

A(C) =D (C,C)A(C)) (16)
l

where the sum extends over all the chords. This shows in particular that the affinity of an arbitrary cycle is a linear
combination of the affinities of a fundamental set [10]. Finally, applying successively Kirchhoff current law (7), the
mean current traversing the edge e is written as:

Jo = S.(C)I(C) (17)

Nonequilibrium constraints are imposed to a system if the temperature, the pressure, or the chemical potentials
differ between the reservoirs surrounding the system. These constraints are characterized by the global thermodynamic
forces or affinities defined by the differences of the temperatures, pressures, or chemical potentials of the reservoirs.
These global affinities do not directly appear in the transition rates W,(w|w’) of the master equation (1). These rates
depend on the temperature, the pressure, or the chemical potentials of the reservoir responsible for the transition
w 5 W and also on the states w and w’, although the global affinities {A,} are defined by the differences of the
temperatures, pressures, or chemical potentials of the reservoirs and are independent of the particular states w or



w’. In this regard, the global affinities are macroscopic. As observed by Schnakenberg [10], the global macroscopic
affinities {A,} can be identified by considering the cycles {C;} of the graph G associated with the stochastic process.
The fact is that the ratio of the products of the transition rates along the two possible time directions of any cycle C
of the graph is independent of the states composing the cycle and only depends on the global macroscopic affinities

{A}:

I Wowlo') _ ) _ pa, (18)
ecCy Wp(w/|w)
where e € C; denotes the edges (9) in the cycle C;. The conditions (18) are satisfied in a large class of processes
including diffusion processes in lattice gases, nonequilibrium chemical reactions, and electronic transport in mesoscopic
conductors [10, 37, 43, 44]. We notice that there can exist more cycles C; than currents v between the reservoirs.
The reason is that the graph describes all the possible states and transitions at the mesoscopic level while the
currents 7 between the reservoirs are typically macroscopic and fewer than the mesoscopic states. The affinities or
thermodynamic forces A(C)) associated with the various cycles C; of a graph G may thus take the same value for all
cycles corresponding to the same current v between two given reservoirs: A(C;) = A, for all C; € 7. The present
paper is devoted to the class of systems where the thermodynamic forces or affinities are defined by the Schnakenberg
conditions (18). These conditions are weaker than in systems with external mechanical forces where the affinities can
be directly identified at the level of the transition rates W,(w|w’) themselves. Here, the affinities only appear after
closing the cycles C}, which significantly complicates the reasoning.

C. Example: Schlogl’s reaction scheme

Our purpose in this section is to illustrate Schnakenberg’s network theory with the example of the nonlinear chemical
network
k1
A =X (19)
k_1
k2
B+X = 2X (20)
k_2
k3
C+2X = 3X (21)

k_3

Particles enter into the system from three different reservoirs, A, B, and C. The particles of the species X are
produced by three different reactions from so many reactants. The reaction constants are denoted by ki, with
p =1,2,3. Out of equilibrium, fluxes of matter will cross the system between the three reservoirs. In a stationary
state only two of them will be independent and it is necessary to distinguish them as they are independent macroscopic
observables. According to the mass-action law [4-11, 40, 43], the transition rates of these reactions are proportional
to the concentrations and given by

Wi(X|X +1) = k[A]Q (22)
Wi(X|X —1) = k1 X (23)
Wo(X|X +1) = ko[B]X (24)
Wa(X|X —1) = k_gX% (25)
Ws(X|X +1) = kg[C]X% (26)
W3 (X|X —-1) = k_3X%¥ (27)

where X is the number of particles of the species X, [-] denotes the mean concentration in the reservoirs, and (2 is the
volume of the system. The transition rates are nonlinear functions of the internal state X. The state of the system
is described in terms of the probability P(X,t) that the system contains the number X of particles of the species X
at the time ¢t. The master equation ruling the time evolution takes the form:

3
ip X, 1) Z [ — UX)P(X — v t) — W,(X|X — v)P(X, t)] (28)



We notice that neither the macroscopic currents nor the macroscopic affinities are apparent in the master equation
contrary to the systems where the affinities are given in terms of mechanical forces. In order to identify them, we use
the graph analysis of Schnakenberg [10]. The graph of this stochastic process is depicted in Fig. 1.

x D xqq

YO N N

@

FIG. 1: Graph G associated with the reaction network (19)-(21).

At equilibrium, the detailed balance conditions (8) hold which imply that

Fi[A] _ k2[B] _ E3[C] _ (X)eq
k_l - k_g - k_g o Q (29)

and the equilibrium probability distribution Peq(X) is Poissonian of average (X)eq. Out of equilibrium, the detailed
balance conditions are no longer satisfied and the probability distribution Py (X) of the nonequilibrium steady state
is known to be nonPoissonian for such nonlinear chemical networks [4-8]. For the present model, the steady state is
given by:

X W,(x — 1|z
Pst(X) - Pst(O)Hg:pVVZ((Z‘hC—I;

I X A + ka[Bl(z — 1) + ks[Cl(z — 1)(2 — 2)Q! )
st s koiw kosa(r — DO+ k(e — 1) (z - 2)Q72
An affinity can be associated with each reaction (p = 1,2, 3) according to Eq. (6):
Ay)(X)=1In Pt (X)W, (X|X +1) (31)

Pu(X + )W, (X +1|1X)

These mesoscopic affinities depend on the internal state X, and thus fluctuates in time. Therefore, they do not corre-
spond to the time-independent macroscopic affinities. These latter are instead given by the Schnakenberg conditions
(18). A possible maximal tree is given by choosing all edges corresponding to reaction p = 3. The chords correspond
in this case to all edges associated with the reactions p = 1,2. The corresponding cycles are depicted in Fig. 1. They
start from the state X and go to the state X 4+ 1 by the edge p = 3 and return to the state X by the edges p =1 or
p = 2. The corresponding macroscopic affinities are given by

Ws(X|X + 1)W,(X +1|X)

A = X W, (XX + 1) (32)
or
C kyks[C] o k_oks[C)
A = In T ohi[A] Ay =1In T skalB] (33)

which are independent of the internal state X and thus constant in time as it should.

This example shows that the mesoscopic affinities (6) depend in general on the state of the system and will thus
fluctuate in time together with the corresponding currents (5) along a stochastic trajectory of the process. This
problem is overcome by introducing the macroscopic affinities defined by the Schnakenberg conditions (18). These
latter no longer depend on the mesoscopic state and are thus independent of time as expected for nonequilibrium
constraints from macroscopic reservoirs.

III. THE FLUCTUATION THEOREM FOR THE CURRENTS

We derive in this section a fluctuation theorem for the currents for the class of systems defined by the Schnakenberg
conditions (18). We give a different demonstration than in reference [43]. Here, we adopt a definition of the currents



based on a given maximal tree. This definition allows us more freedom than in reference [43] because the choice of the
maximal tree can be used to derive several large-deviation relations in a given system. Moreover, we here consider
general processes, not only chemical reactions. Finally, the present proof provides an efficient numerical procedure
to compute the quantities of interest. The connection with the fluctuation theorem for the Lebowitz-Spohn action
functional [37] is discussed at the end of this section.

We now begin the derivation of the fluctuation theorem for the currents. The instantaneous current on the chord [
is defined by

+oo
Jt) =Y Silea)d(t —tn) (34)

n=—oo

where t,, is the time of the random transition e, during a path of the stochastic process. We use the convention
that j; is oriented as the graph G since S;(e,) is equal to (—)1 if the transition e, is (anti)parallel to the chord I. In
particular, the fundamental cycles are such that S;(C;) = 1. This means that the cycles are oriented in the same way
as the chords ! but this is not restrictive. The current (34) is a fluctuating random variable. The so-called Helfand
moment [46] associated with the current is defined as the integrated current by

Gi(t) = /0 t dt'5,(t") (35)

The quantity of interest is the generating function of the independent currents crossing the aforementioned chords of
the system

. 1 _ t /. 7
QU{NE{AY) = tlirgo 7 In(e S Sy dt'a(t )> (36)
where the sum is taken over all the chords and

A= AO) (37)

We notice that the generating function (36) can be written as [24]
. o _
QUMY {A)) = Jim — (e Toveo) (39)

in terms of the Helfand moments (35). We shall first prove the fluctuation theorem for the currents (34), according
to which the generating function of the fluctuating quantities (35) obeys the symmetry

QUA}{A}) = QA — Mfs {A}) (39)
under the Schnakenberg conditions (18). In order to prove Eq. (39), we define

Fy(w, {\}) = (e 2 M), (40)

as the mean value of exp[—), \;Gi(t)] with the initial condition that the system is in state w at time ¢t = 0. We
want to derive an evolution equation for this quantity. The quantity Fiiq:(w,{\;}) can be calculated by considering
all the possible transitions occurring in an infinitesimal time dt starting from state w at time ¢ = 0, before evolving
the ensemble average for a time ¢ starting from the state w’ reached at time dt. All these possible transitions must
be weighted with their respective occurrence probabilities multiplied by the contributions of the exponential factors
exp [— >, NiGi(t)]. The quantity Fyiq¢(w,{N\}) can then be written as

Fy(w', {\}) (41)

Frra(w, {n}) =Y Pu(w 5 o) exp [— > Silw L W)
l

pw’

in terms of the orientation numbers (10) with a sum taken over all the chords. In Eq. (41), the exponential factor

thus comes from the contributions of the quantity exp [~ >, \G;(t)] during the transition w % «’. To simplify the
notations, we introduce the quantities:

exp(—X;) if w % W' corresponds to the chord [ in its reference orientation

_ZP(W\W/) EX N > Sl(“’ﬁ‘“’/))‘l =

e exp(+X;) ifw £, &' corresponds to the chord [ in the opposite orientation (42)

1 otherwise



which depend on whether a transition is taken along one of the chords {I} or not. Py (w % w’) corresponds to the
probability to jump to the state w’ in a time dt along the transition p and starting from w. This conditional probability
is given by

Panlw 5 o) = {va(gjzdt;ﬂﬁ)dt +O(dt?) iii i Z (43)
Inserting this formula into Eq. (41), we get
Frraw, {N}) = Y dt Wy(wlw') e = @D R (W {A\})
Py Fw
+ [1=dt)y | Wy(wlw')| Fi(w,{\}) + O(dt?) (44)
o
so that the time derivative of F}(w, {\;}) is given by
iFt( AN = Z{W (wlw') expl ZSI w S WA | B {N}) = W, (wlw') Fy(w ,{Al})}
o
= Lpy Filw () (45)
with the initial condition Fi—o(w,{N\;}) = 1. Whereupon we find that
(e= X Jo () Zpst w, {\}) = Z Py (w) {ei{xl}th . (46)

With our conditions on the transition rates, the Perron-Frobenius theorem is of application and there is a unique
maximal eigenvector Vy,} (which is positive)

Ly Viay = —QUAD) Viay (47)

so that the limit in Eq. (36) exists and the leading eigenvalue of the operator (45) gives the generating function of
the currents. We continue our analysis by looking directly at the eigenvalues given by the roots of the characteristic
equation of the operator (45). We will make the connection between the Schnakenberg graphical analysis and this
equation, showing that the characteristic equation presents the symmetry (39) of the fluctuation theorem for the
currents. Consequently, the eigenvalues of the operator (45) should also have the symmetry. However, the eigenvectors
do not necessarily present the symmetry so that the long-time limit must be performed in order to obtain the leading
eigenvalue and that the symmetry arises in the generating function according to the Perron-Frobenius theorem. The
eigenvalues of an operator L acting on a finite state space are given by the roots of its characteristic determinant:

det (ﬁ s f) ~0 (48)

Here, we introduce the matrix M composed of the elements

/ {LM if i #j (49)

The characteristic determinant (48) is thus given by the following expression

det M = Z (1)@ Myp1yMap2y - - Mpp(n) (50)
pESym(n)

where the sum is taken over all the permutations of the symmetric group of n objects, Sym(n). This group contains n!
elements. 7(p) is the parity of the permutation p and takes the value 1 depending on whether the permutation can
be decomposed into an even or odd number of transpositions. Each term in the determinant (50) is thus a product
of the coefficients of the linear equation (45). A graphical representation of each term can be obtained by selecting
for each vertex an edge (with the additional possibility to stay at this vertex). If an edge connecting two states is not



present, the corresponding terms in the determinant will of course be absent. There is the additional constraint that
there cannot be two edges pointing towards the same vertex. This results from the fact that the permutations form
a group and are therefore inversible. This constraint implies that the determinant only contains terms corresponding
to some cycles of the graph plus some fixed vertex (called full circuit in graph theory). A simple example is the case

of a 3 x 3 matrix A where the determinant contains the term aj1a22a33 corresponding to three fixed vertices, the
terms ai1a93ass, a13a20a31, a12a21a33 where there is one fixed vertex and a cycle of length 2, and finally the terms
a12023a31, A13021632 With no fixed vertex and a cycle of length 3. For general matrices of n x n, this property results
from the representation of the permutations p € Sym(n) in terms of the cyclic permutations of length 1,2,...,n. We
can thus write any term in the determinant as

Maq -+ Mpp (MijMjg -+ M) -+ (MpgMer - - M) (51)

where there can be cyclic permutations of order 2,3, ...,n. Now, for each term of this form, there exists its adjoint
where all the cycles have been reversed

M, - My (Miijk"'Mni)R"'(Mquqr"'sz)R =M, My, (Min"'Mijji)"'(Mpz"'ququ) (52)

Let us first consider the simplest case where there is only one type of transition between any two states, that is the
variable p does not enter in the master equation. Any term M;; can then be written as

> Wlwilwg) —s ifi=j

53
W (rlug)e— i) it i £ j (59)

Mij :Lijfséij {

In this case, we can associate each term in the determinant with its adjoint and consider the quantity
Mg Myp (Mij My -+ M) -+ (MpgMgy -+ - M) 4 Mg - - - My, (M My - "Mni)R"'(Mquqr . ..sz)R (54)

Introducing the notations Wy = — >, W(wa|wy) and W;; = W(w;|w;), this term can be written as

(Waa—38) -+ (Whn—8) (WijWig - Whi) -« (Wpg Wy -+ - Weyp) [H ( 11 e%(w‘d)) +11 (eiA(C) 11 ez(wlw/)ﬂ (55)
C wel C wel

where the product is taken over all the cycles {C} appearing in the decomposition (51). We also used that e *(“l«) = 1,
e 2(@lw) = ¢2(«Iv) and equation (13) for the affinity of a cycle so that

WijWik Wi _ acc)

= 56
Wip - Wi Wi ¢ (56)

Moreover the quantity [], .o e *(@l“') can be written in terms of the scalar product (15) as
H e 2 Wlw) _ o= (C,CN (57)

wel

Now, we can introduce this expression along with the expression (16) for the affinity in Eq. (55) to obtain

(Waa = 5) - (Whn = 8) (Wi Wik -+ Whi) - (WpgWr -+ - Wep) {He_ 2G4 [Tem 2 (C’CZ)AZGZL(QCZ)N}
C c

= (Waa =)= (Wi = 8) (Wig Wy W)+ (W Wy -+ W) [em T Del@OON 4 (T Ee(@00 GmAd] - (58)
hence the symmetry
AN — Ay — ) foralll (59)

As it is valid for any term, the determinant also presents this symmetry. Consequently, the eigenvalues given by
the roots of the characteristic equation will also be invariant under the transformation (59). It is important for
the preceding reasoning to be valid that a term and its adjoint occur with the same sign in the expression of the
determinant. This is guaranteed because a permutation and its adjoint have the same structure in cycles (i.e., the
same number of cycles of length k, for all k) hence a basic property of the symmetric group Sym(n) implies that they
are in the same conjugation class so that they have the same parity. Now, we can consider the case where there is
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more than one mechanism of transition between two states. The reasoning is similar except that the terms L;; are
now written as

_ ‘ i
Ly =] 2 Wp(wilf?3_|w_) S (60)
> p Wolwilwj)e=olwilwi) if § 2 j

A nontrivial cycle (L;jLjg - - - Ly;) in the determinant is then written as

(LijLjk - Lni) = [Zwmmwwj w”%HZWM (wjlon)e=eaeslon)] .. [Zwywnm ~eor(onlon)]

ZZ Zwm (wilwy)e Zpl<“i'“j>wp2<wj|wk>e*2p2<“j'%>-'-Wpr<wn|wi>e*%r<“n'wi> (61)

pP1 P2
if the permutation is of order r. This is equivalent to summing over all the different possible cyclic paths P between
the states (ww; - - - wrpw;):
(LijLjk -+ Lni) = Y (WijWi - Wai)p  [[ e @) (62)

{P} w,peCp

where W;; stands for W, (w;lw;) and the index P is a possible path between the states (wjw; - - - wpw;) obtained by
selecting one of the possible transitions p between these states:

P1 P2 P3 Pr
P=w, — wj— Wo— - Wp— W (63)

Each of these possibilities also forms a possible cycle hence we can make the same reasoning as before and associate
a term with its adjoint. Its adjoint will also contain all possible paths between the states but in a reversed way so
that the terms can be regrouped with each other to extract the affinity as in Eq. (58). Indeed, if there are v cyclic
permutations in the decomposition (51), the quantity (54) can here be expanded as

(Waa —5) +++ (Whn — s)

XZ Z { [Wijok"'Wm)Pl H efzpwlw’)}...[(WMWW...WZP)P,, H em(w\w’)}

{P1} {Ps} w,p€CP, w,peCp,
n [(Wijok"'Wm)%l 11 ez”(“'“')}“'[(ququ“-sz)%v 11 62p<w\w/)H (64)
w,p€CP, w,peCp,

with Wea = =32, 37, Wy(wa|ws). We can put in evidence the transition rates to get

(Waa—8) - (Whn —5) > == > {(Wz‘jWJk s Wai)py s (WpgWer -+ Wap)p,

{Pi}  {P.}
% { I1 el 11 e~ (@le') | o= A(CP)) [[ ew@l..e @ ] ezpwwj)” (65)
w,peCP, w,peCp, w,p€CP, w,peCp,

where we used the same relations as before. Decomposing the quantities [ et2r(@ilwi) and the affinities A(Cp)

in terms of the fundamental set, we get

w,p€CP

(Waa =)+ (Whn — ) Z Z WiiWik -+ Whi)p, - (WpgWer - Wep)p,
Py AP}
X |em Zi(CriO0A L o= 20 (Cr O o o 35(Cpy C) (M= Ar) L o201 (Cpy , C) (M= A)

or equivalently

(Waa —8) -+ (Whp — ) Z Z (WigWig - Wai)py -+ - (Wig Wik -« Whi)p,
{P1}  {Pu}
% [e* >0 22, (Cp,,Ci)N + et 20, (Cpy,C) (M —Ar) (67)
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The symmetry (59) is thus valid even in the more complicated case where there are several possible transitions
between two states so that the corresponding characteristic equation also presents the symmetry (59). The proof can
be extended to Markovian processes on infinite state space either by using truncation or by replacing the characteristic
determinant by (48) by a functional determinant, in which cases the symmetry is valid in the domain of convergence.
Finally, we can regroup the different mesoscopic currents associated with the same macroscopic current j, and which
correspond the same affinity A, = A(C,), as discussed previously. We thus set \; = A, for [ € v so that

=Y at) and  G,(t)=)_ Gi(t) (68)
ley ley
We thus obtain our central result:
Fluctuation theorem for the currents: Under the Schnakenberg conditions (18), the generating function of the
fluctuating integrated currents G.(t) obeys the symmetry

QUMY 1AL = Jim —nfe™ S22 510) = QA — Ay} {4,)) (69)

In the nonequilibrium steady state, the mean value of the current j,(t) is given by

e TR Y L 1
T = oa ey ~ AL () = Jinm (G () (7o)

Its higher-order moments can be obtained by successive derivations, which shows that this function generates the
statistical moments of the currents. We notice that reversing the affinities corresponds to reversing the sign of the
currents and their fluctuations. The generating function (69) is related to a large-deviation property of the probability

distribution of (1/t) fot dt’j,(t') in the following way. The decay rate of the probability that the currents averaged
over a time interval ¢ take given values

H({a,)) = tlggo_%lnprob Hi/ot dt'i (¢ € (ar, +da7)}] (71)

is the Legendre transform of the generating function:

H({ay}) = Max(y 3 [ A1) Z/\ O"y] (72)
The symmetry relation (69) yields
H({~oy}) = H{ay}) = ZA 0y (73)
or equivalently
Prob [ {4 [y dt'jy(t') € (ay, 0 + dary) }

Prob [{% [y dt' g (#) € (—auy, —ay + da,y)}

which is the usual form of a fluctuation theorem. We now have a fluctuation theorem for the macroscopic currents
which are physically measurable quantities. We emphasize that, thanks to the above construction, this new symmetry
in terms of the macroscopic affinities is completely general in the range of validity of Schnakenberg conditions (18).
The present framework allows us to clearly identify the macroscopic currents between the reservoirs maintaining the
system out of equilibrium. Another important aspect of this construction concerns the numerical obtention of the
generating function (36). Indeed if we integrate Eq. (45), the quantity >  Fi(w,{X\;}) will decay in the long-time
limit as

] ~ exp Z Ayaqt (t — o0) (74)

ZFt AN ~e -Q({ N\t (75)

The generating function can thus be obtained from the rate of the exponential decrease of this quantity. Such an
algorithm is important because it does not strongly depend on the nonequilibrium conditions. In contrast, a direct
statistical approach requires a very large statistics in order to obtain the generating function. This statistics grows
exponentially fast as the parameters )\, differ from zero and as the nonequilibrium constraints increase.
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IV. CONNECTION WITH THE LEBOWITZ-SPOHN ACTION FUNCTIONAL

In this section, we discuss the connection between the fluctuation theorem for the currents and the fluctuation
theorem for the action functional by Lebowitz and Spohn [37]. These authors have introduced the action functional:

W, (wolw1) W, (wilws) - - W, (wn—1|wn)

2 )W aln) Wy, @non ) 0
measuring the breaking of detailed balance along a random path
w(t) =wp =5 w1 Wy S (77)
The generating function of the fluctuating quantity (76) is defined by
(n) = Jim — Infe ) (78)
and presents the symmetry
q(n) = q(1 —n) (79)

The mean value of the quantity (76) grows at a rate given by the entropy production in a nonequilibrium steady state
[37, 40, 41, 43]:

— 80
dn t—oo ¢t dt (80)

st

The connection between the two fluctuation theorems (69) and (79) can be established by the following reasoning.
The action functional (76) can be written as

2= 5. [ ati() (51)

in terms of the quantities (14). We here use the convention that the orientation of the fundamental cycles are such
that S;(C;) = 1. This means that the cycles are oriented in the same way as the chords [ but this is not restrictive.
If we associate a different parameter 7. with each possible transition, we can define the multi-variable generating
function

. 1 _ t 7 ’
Q({ne}) = fim —J Infe™ e e o 4) (82)

We recover the generating function ¢(n) by setting 7. = n for all the edges e so that

q(n) = Q({n}) (83)

The generating function (82) obeys the fluctuation theorem

Q{ne}) = Q{1 —7e}) (84)

as proved here below. We can absorb the local quantities B, to obtain the generating function of the currents on all
the edges e as

O({AN) = Jim —Infe S A i A00) = Q({A,/B,)) (85)

t—o0

which should obey the symmetry
O{A}) = QUB. = Ac}) (86)

Indeed, the evolution operator for this generating function can be derived as done in the previous section for the
generating function of the independent currents. The only difference is that there is a different parameter A for each
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possible transition, and not only for the transitions corresponding to the chords [. This amounts to redefine the
quantities z,(w|w’) as

efzp(whu') = exp |:— Z Se(w ﬁ) w’)Aei| (87)

where the sum is taken over all the edges e. Let us consider the case where there is only one type of transition between
two states. The general case can be treated in a similar way. Using that

[ e @) = o EeS@n (88)
weCl

a term in the characteristic determinant det M = det(ﬁ — sl ) plus its adjoint can be written as
Maa -+ Mpp (Mg Mg -+~ Myi) - (MypgMey - - M) + Mag - - - My (Mij My, - - M) - (Mg My - - - M,,)®
= (Waa—8) - (Win — 8) (Wi Wik Wii) - (WpgWor -+ Wap) [He— S SO 4 He—A(meZeSe(C)Ae} (89)
c

Using Eq. (13), we can check that the transformation
Ae = Be — A (90)

leaves this term invariant, which proves the fluctuation theorem (86) and thus (84). We notice that, if the chords [
are separated from the other edges e # {l}, the transformation

AL — A —
Ae = —Ae (e £ {l}) (91)

also leaves invariant the expression (89). The demonstration of the previous section can thus be applied and one finds
that the generating function defined as

QA = Q{N}, {Ae = 0}ery) (92)

obeys the fluctuation theorem (39) because

QUMY = QU{N}, {he = 0}ereity) = QU{B1 — N} {Beterty)
QU{ A — M} {0} erery) = QA — N}) (93)

where the second equality results from the symmetry (90) and the third from the symmetry (91). Accordingly, the
fluctuation theorem (84) or (86) implies

QUM = Q({A, =X} (94)

which is the fluctuation theorem (69) for the macroscopic currents. This establishes the link between the generating
functions and their corresponding fluctuation theorem. Finally, the entropy production can be obtained from the
measurement of the probability distribution of the currents and using the corresponding fluctuation theorem. Indeed,
one can first notice that the mean value of the action functional Z(t) can be expressed as the sum over all the mean
currents crossing the chords multiplied by the associated affinities. Precisely, thanks to equation (13) and our choice
of orientation, we can write the affinities of the fundamental set as

Zs (C)B.=Bi+ Y S.(C1)B (95)
e#l
If we separate the chords from the other edges in the sum (81) and use Eq. (95), we get

Z(t) = ZB[/ dt]l Z B, / dt]e )
I T
= ZA;/ dt'ji(t') = > Y S ClB/dth +> B /dtje
l I el eA{l} 0

= S A [ i)+ R (96)
1 0
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Using the property that
Si(Cry) = o (97)

if I and I" are chords, the term R(t) can be transformed as

R(t) = —ZZ&(Q)B@/ i)+ S B, / at'j.(t)

I el e#{1} 0
— ZB[ ZS Cl/dtjl /dtje (98)
A {1}

Now, Kirchhoff current law (17) implies that the mean value of the rest (98) identically vanishes. Since the mean
value of the action functional Z(t) increases with the rate of entropy production by Eq. (80), we find that the entropy
production is given by the sum of the products of the macroscopic affinities with the currents:

= ZA’YJ"/ (99)

By the fluctuation relation (74), we can determine the affinities {4,} from the measurement of the probability
distribution of the currents, which also gives the mean currents [J,. The entropy production can thus be obtained
thanks to the formula (99) solely in terms of the nonequilibrium fluctuations of the currents.

V. CONCLUSIONS

In this paper, we have established the fluctuation theorem for the currents for stochastic processes in which the
macroscopic thermodynamic forces or affinities are identified thanks to the conditions (18) of Schnakenberg [10]. This
class of stochastic processes includes models of electronic transport in mesoscopic conductors [42, 44], biophysical
models of ion transport across membranes [15-17], and autocatalytic chemical reactions [4-9, 43]. In these stochastic
processes, the mesoscopic affinities (6), which are often considered, depend on the mesoscopic state variables and
are thus fluctuating in time, as illustrated for the case of Schlogl’s reaction scheme in Subsection IIC. Instead,
Schnakenberg network theory provides a decomposition of the graph associated with the stochastic process in terms
of cycles. The ratio of the products of the transition states along each cycle and its time reversal is directly related to a
macroscopic thermodynamic force or affinity, as shown by Schnakenberg [10]. This allows us to define the macroscopic
affinities and the corresponding currents in the systems here considered.

In the proof of the fluctuation theorem for the currents, Schnakenberg’s cycles have been identified in the char-
acteristic determinant of the operator giving the generating function of the currents as its leading eigenvalue. The
cycles of the graph naturally appear in the structure of the determinant. In this way, we can take the Schnakenberg
conditions (18) into account and prove the fluctuation theorem for the currents. We have also proved that the fluctua-
tion theorems for the currents and for the Lebowitz-Spohn action functional can be deduced from another one for the
generating function of the mesoscopic currents on each edge of the graph. This established a connection between the
different fluctuation theorems, which concern different fluctuating quantities. Moreover, we have also shown that the
fluctuation theorem and the measurement of the fluctuating currents should provide a new procedure to obtain the
entropy production even if the transition rates are not known, as it is often the case in an experimental situation. In
conclusion, this theory can be applied to a large variety of processes in physics, chemistry, or biology. The fluctuation
theorem for the currents have important consequences for nonequilibrium nanosystems, which we hope to report on
in a future publication.

Acknowledgments. The authors thank Professor G. Nicolis for support and encouragement in this research.
D. Andrieux is Research Fellow at the F.N.R.S. Belgium. This research is financially supported by the “Communauté
francaise de Belgique” (contract “Actions de Recherche Concertées” No. 04/09-312) and the National Fund for
Scientific Research (F. N. R. S. Belgium, contract F. R. F. C. No. 2.4577.04).

[1] L. Onsager, Phys. Rev. 37, 405 (1931).
[2] T. De Donder and P. Van Rysselberghe, Affinity (Stanford University Press, Menlo Park CA, 1936).



15

3] 1. Prigogine, Introduction to Thermodynamics of Irreversible Processes (Wiley, New York, 1967).

4] G. Nicolis and I. Prigogine, Proc. Natl. Acad. Sci. (USA) 68, 2102 (1971).

5] G. Nicolis, J. Stat. Phys. 6, 195 (1972).

6] M. Malek-Mansour and G. Nicolis, J. Stat. Phys. 13, 197 (1975).

7] G. Nicolis and J. W. Turner, Physica A 89, 326 (1977).

8] G. Nicolis and I. Prigogine, Self-Organization in Nonequilibrium Systems (Wiley, New York, 1977).

9] Luo Jiu-li, C. Van den Broeck, and G. Nicolis, Z. Phys. B - Condensed Matter 56, 165 (1984).

0] J. Schnakenberg, Rev. Mod. Phys. 48, 571 (1976).

1] C. W. Gardiner, Handbook of Stochastic Methods for Physics, Chemistry and the Natural Sciences, (2nd Ed, Springer-
Verlag, 1990).

[12] H. J. Kreuser and S. H. Payne, Theoretical Approaches to the Kinetics of Adsorption, Desorption and Reactions at Surfaces,

in: M. Borowko, Computational Methods in Surface and Colloid Science (Dekker, New York, 2000) p.439.

. Kirchhoff, Poggendorffs ann. Phys. Chem. 72, 495 (1847).

. Einstein, Investigations on the theory of the Brownian movement (Dover, New York, 1956).

. L. Hill and O. Kedem, J. Theor. Biol. 10, 399 (1966).

. L. Hill, J. Theor. Biol. 10, 442 (1966).

L. Hill, Thermodynamics for Chemists and Biologists (Addison-Wesley, Reading MA, 1968).

. F. Oster and C. A. Desoer, J. Theor. Biol. 32, 219 (1971).

. F. Oster, A. S. Perelson, and A. Katchalsky, Nature 234, 393 (1971).

~Q. Jiang, M. Qian, and M.-P. Qian, Mathematical Theory of Nonequilibrium Steady States (Springer, Berlin, 2004).

-P. Qian, C. Qian, and M. Qian, Sci. Sinica (Series A) 27, 470 (1984).

. Gaspard and G. Nicolis, Phys. Rev. Lett. 65, 1693 (1990).

R. Dorfman and P. Gaspard, Phys. Rev. E 51, 28 (1995).

. Gaspard and J. R. Dorfman, Phys. Rev. E 52, 3525 (1995).

. Tasaki, and P. Gaspard, J. Stat. Phys. 81, 935 (1995).

. Gaspard, Chaos, Scattering and Statistical Mechanics (Cambridge University Press, Cambridge UK, 1998).

Gaspard, I. Claus, T. Gilbert, and J. R. Dorfman, Phys. Rev. Lett. 86, 1506 (2001).

Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).

Jarzynski, J. Stat. Mech., P09005 (2004).

. J. Evans, E. G. D. Cohen, and G. P. Morriss, Phys. Rev. Lett. 71, 2401 (1993).

J. Evans and D. J. Searles, Phys. Rev. E 50, 1645 (1994).

. Gallavotti and E. G. D. Cohen, Phys. Rev. Lett. 74, 2694 (1995).

. Gallavotti, Phys. Rev. Lett. 77, 4334 (1996).

. Ruelle, J. Stat. Phys. 95, 393 (1999).

Kurchan, J. Phys. A: Math. Gen. 31, 3719 (1998).

. E. Crooks, Phys. Rev. E 60, 2721 (1999).

L. Lebowitz and H. Spohn, J. Stat. Phys. 95, 333 (1999).

Maes, J. Stat. Phys. 95, 367 (1999).

. Maes and K. Neto¢ny, J. Stat. Phys. 110, 269 (2003).

Gaspard, J. Chem. Phys. 120, 8898 (2004).

. Seifert, Phys. Rev. Lett. 95, 040602 (2005).

. Amman, R. Wilkins, E. Ben-Jacob, P. D. Maker, and R. C. Jaklevic, Phys. Rev. B 43, 1146 (1991).

. Andrieux and P. Gaspard, J. Chem. Phys. 121, 6167 (2004).

. Andrieux and P. Gaspard, J. Stat. Mech.: Th. Exp. P01011 (2006).

. Spohn, Rev. Mod. Phys. 53, 569 (1980).

Helfand, Phys. Rev. 119, 1 (1960).

TQOREHEHEE0

AR R R R 0 0 W W W0 WD W W NN NN NDNDNDLN e e
DU R WN O OO UL WN O OOOW=1IO0 Uk WK — O WO 3O U ix W

HEUOUZECTAQSQ-00Q00NQ T TR T~ TE

=~



