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Abstract Understanding the physics of nonequilibrium systems remains as one of the ma-
jor challenges of modern theoretical physics. We believe nowadays that this problem can be
cracked in part by investigating the macroscopic fluctuations of the currents characterizing
nonequilibrium behavior, their statistics, associated structures and microscopic origin. This
fundamental line of research has been severely hampered by the overwhelming complexity
of this problem. However, during the last years two new powerful and general methods have
appeared to investigate fluctuating behavior that are changing radically our understanding of
nonequilibrium physics: a powerful macroscopic fluctuation theory (MFT) and a set of ad-
vanced computational techniques to measure rare events. In this work we study the statistics
of current fluctuations in nonequilibrium diffusive systems, using macroscopic fluctuation
theory as theoretical framework, and advanced Monte Carlo simulations of several stochastic
lattice gases as a laboratory to test the emerging picture. Our quest will bring us from (1) the
confirmation of an additivity conjecture in one and two dimensions, which considerably sim-
plifies the MFT complex variational problem to compute the thermodynamics of currents, to
(2) the discovery of novel isometric fluctuation relations, which opens an unexplored route
toward a deeper understanding of nonequilibrium physics by bringing symmetry principles
to the realm of fluctuations, and to (3) the observation of coherent structures in fluctuations,
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which appear via dynamic phase transitions involving a spontaneous symmetry breaking
event at the fluctuating level. The clear-cut observation, measurement and characterization
of these unexpected phenomena, well described by MFT, strongly support this theoretical
scheme as the natural theory to understand the thermodynamics of currents in nonequilib-
rium diffusive media, opening new avenues of research in nonequilibrium physics.

Keywords Nonequilibrium statistical physics - Fluctuations - Large deviations

1 Introduction

Nonequilibrium phenomena characterize the physics of many natural systems. Despite their
ubiquity and importance, no general bottom-up approach exists yet capable of predicting
nonequilibrium macroscopic behavior in terms of microscopic physics, in a way similar
to equilibrium statistical physics. This is due to the difficulty in combining statistics and
dynamics, which always plays a key role out of equilibrium [1-6]. This lack of a general
framework is a major drawback in our ability to manipulate, control and engineer many
natural and artificial systems which typically function under nonequilibrium conditions.
Consequently, this challenging problem has been subject to a intense study during the last
30 years. However, it has not been until recently that nonequilibrium physics has undergone
a true revolution. At the core of this revolution is the realization of the essential role played
by macroscopic fluctuations, with their statistics and associated structures, to understand
nonequilibrium behavior [1-8]. The language of this revolution is the theory of large devi-
ations, with large-deviation functions (LDFs) measuring the probability of fluctuations and
optimal paths sustaining these rare events as central objects in the theory. In fact, LDFs play
in nonequilibrium systems a role akin to the equilibrium free energy [1-7]. In this way, the
long-sought general theory of nonequilibrium phenomena is currently envisaged as a theory
of macroscopic fluctuations, and the calculation, measurement and understanding of LDFs
and their associated optimal paths has become a fundamental issue in theoretical physics.
This paradigm has led to a number of groundbreaking results valid arbitrarily far from equi-
librium, many of them in the form of fluctuation theorems [1-8].

To better grasp the physics behind a large deviation function, consider the example of
density fluctuations in an equilibrium system [7]. In particular, let us consider an isolated
box of volume V with N particles, as in Fig. 1(a). The probability of finding » particles
in a subvolume v of our system scales asymptotically as P,(n) ~ exp[+vZ(n/v)]. This
scaling defines a large-deviation principle [16, 17], and the function Z(p) < 0 is the density
large deviation function [1-7]. The previous scaling means that the probability of observing
a density fluctuation p = n/v appreciably different from the average density (p) = N/V
decays exponentially fast with the volume v of the subregion. In this way, the LDF Z(p)
measures the rate! at which the probability measure P, (p) concentrates around the average
(p) as v grows, see Fig. 1(b). In general, LDFs are negative in all their support except for the
average value of the observable of interest, where the LDF is zero, see Fig. 1(c). Moreover,
the typical LDF is quadratic around the average (where it is maximum), a reflection of the
central limit theorem for small fluctuations.

For equilibrium systems, it is easy to show [7, 16] that the density LDF Z(p) described
above is univocally related with the free energy. Furthermore, the LDF of the density profile

IFor this reason, LDFs are known as rate functions in the mathematical literature [16, 17].
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Fig. 1 (a) Density fluctuations in a subsystem with volume v for an equilibrium system. (b) Convergence of
the time-averaged current to its ensemble value (g) for many different realizations (fop line cloud), and sketch
of the probability concentration as time increases, associated with the large deviation principle, Eq. (12).
(c) Typical shape of a large deviation function. (d) Current fluctuations out of equilibrium as a result of an
external temperature gradient

in equilibrium systems can be simply related with the free-energy functional, a central object
in the theory [7, 16, 17].

It is therefore natural to use LDFs in systems far from equilibrium to define the nonequi-
librium analog of the free-energy functional. Key for this emerging paradigm is the iden-
tification of the relevant macroscopic observables characterizing nonequilibrium behavior.
The system of interest often conserves locally some magnitude (a density of particles, en-
ergy, momentum, charge, etc.), and the essential nonequilibrium observable is hence the
current or flux the system sustains when subject to, e.g., boundary-induced gradients or ex-
ternal fields, see Fig. 1(d). In this way, the understanding of current statistics in terms of
microscopic dynamics has become one of the main objectives of nonequilibrium statistical
physics, triggering an enormous research effort which has led to some remarkable results
[1-7,9-15, 29].

Computing LDFs from scratch, starting from microscopic dynamics, is a daunting task
which has been successfully accomplished only for a handful of oversimplified, low-
dimensional stochastic lattice gases [1-7]. This overwhelming complexity has severely ham-
pered progress along this fundamental research line. However, during the last few years, two
new powerful and general methods have appeared to investigate fluctuating behavior that are
changing radically our understanding of nonequilibrium physics. On one hand, advanced
computational methods have been recently developed to directly measure in simulations
LDFs and the associated optimal paths for complex many-particle systems [18—21]. On the
other hand, a powerful and general macroscopic fluctuation theory (MFT) has been devel-
oped during the last ten years to understand dynamic fluctuations and the associated LDFs
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in driven diffusive systems arbitrarily far from equilibrium [1-6], starting from their macro-
scopic evolution equation. The application of these new tools to oversimplified models has
just started to provide deep and striking results evidencing the existence of a rich and funda-
mental structure in the fluctuating behavior of nonequilibrium systems, crucial to crack this
long-unsolved problem.

With this paper we want to describe our recent work in this direction. In order to do so, we
first provide a brief description of macroscopic fluctuation theory in Sect. 2, together with
its application to understand the thermodynamics of currents out of equilibrium. Section 3
introduces some paradigmatic stochastic lattice gases to model transport out of equilibrium.
We will use these models along the paper as laboratories to test and validate the hypothe-
ses underlying the formulation of MFT, as well as its detailed predictions. The analysis of
these models will also provide deep insights into the fluctuating behavior of nonequilibrium
diffusive systems. In Sect. 4 we describe in detail the novel Monte Carlo techniques which
allow us to measure the statistics of rare event in many-body systems. These methods are
based on a modification of the underlying stochastic dynamics so that the rare events re-
sponsible of a given large deviation are no longer rare. Once the main tools for our work
have been introduced, we set out to describe some recent results. In Sect. 5 we introduce
the additivity conjecture, an hypothesis on the time-independence of the optimal path re-
sponsible for a given current fluctuation which greatly simplifies the complex, spatiotem-
poral variational problem posed by MFT. In this section we also provide strong numerical
evidence supporting the validity of this additivity conjecture in one- and two-dimensional
diffusive systems for a wide interval of current fluctuations. Moreover, we show that the
optimal path solution of the MFT problem is in fact a well-defined physical observable, and
can be interpreted as the path that the system follows in phase space in order to facilitate
a particular current fluctuation. In Sect. 6 we show that, by demanding invariance of these
optimal paths under symmetry transformations, new and general fluctuation relations valid
arbitrarily far from equilibrium are unveiled. In particular, we derive an isometric fluctuation
relation which links in a strikingly simple manner the probabilities of any pair of isometric
current fluctuations, confirming its validity in extensive simulations. We further show that
the new symmetry implies remarkable hierarchies of equations for the current cumulants
and the nonlinear response coefficients, going far beyond Onsager’s reciprocity relations
and Green-Kubo formulae. The additivity conjecture assumes that optimal paths are time-
independent for a broad range of current fluctuations. In Sect. 7 we show however that this
additivity scenario eventually breaks down in isolated periodic diffusive systems for large
fluctuations via a dynamic phase transition at the fluctuating level involving a symmetry-
breaking event. Moreover, we report compelling evidences of this phenomenon in two dif-
ferent one-dimensional stochastic lattice gases. Finally, Sect. 8 contains a discussion of the
results presented here and some outlook regarding the work that remains to be done in a
near future. We leave for the appendices some technical details that we prefer to omit from
the main text for the sake of clarity.

2 Macroscopic Fluctuation Theory and Thermodynamics of Currents

In a series of recent works [1-6], Bertini, De Sole, Gabrielli, Jona-Lasinio, and Landim have
introduced a macroscopic fluctuation theory (MFT) which describes dynamic fluctuations
in driven diffusive systems and the associated LDFs starting from a macroscopic rescaled
description of the system of interest (typically a hydrodynamic-like equation), where the
only inputs are the system transport coefficients. This is a very general approach which
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leads however to a hard variational problem whose solution remains challenging in most
cases. Therefore a main research path has been to explore different solution schemes and
simplifying hypotheses. This is the case for instance of the recently-introduced additivity
conjecture, which can be justified under certain conditions and used within MFT to obtain
explicit predictions, opening the door to a systematic way of computing LDFs in nonequi-
librium systems. As usual in physics, it is as important to formulate a sound hypothesis as
to know its range of validity. The additivity conjecture may be eventually violated for large
fluctuations, but quite remarkably this additivity breakdown, which is well characterized
within MFT, proceeds via a dynamic phase transition at the fluctuating level involving a
symmetry breaking. More on this below.

‘We now proceed to describe MFT in detail. Our starting point is a continuity equation that
describes the mesoscopic evolution of a broad class of systems characterized by a locally
conserved magnitude (e.g. energy, particles, momentum, charge, etc.) [1-7, 26]

d,p(r,1) ==V - (Qe[p(r,n] +&(x, 1), (1

This equation is obtained after an appropriate scaling limit in which the microscopic time
and space coordinates, 7 and F, respectively, are rescaled diffusively: t = /N>, r =t/N,
where N is the linear size of the system [22]. The macroscopic coordinates are then
(r,1) € A x [0, 7], where A € [0, 1]¢ is the spatial domain and d the dimensionality of
the system. In Eq. (1), p(r, r) represents the density field, and j(r, t) = Qg[o(r, )]+ E(r, 1)
is the fluctuating current field, with a local average given by Qg[p] which includes in general
the effect of a conservative external field E,

Qelp]l =Qlp] +o[p]E. ()

The field &(r,7) is a Gaussian white noise characterized by a variance (or mobility)
olp(r,nl, ie.,

E@0)=0;  (E@DE (. 1) = Nolpls,s(r —r)s(t — 1), 3)

being i, j € [0, d] the components of the spatial coordinates and d the spatial dimension.
This (conserved) noise term accounts for microscopic random fluctuations at the macro-
scopic level. This noise source represents the many fast microscopic degrees of freedom
which are averaged out in the coarse-graining procedure resulting in Eq. (1), and whose net
effect on the macroscopic evolution amounts to a Gaussian random perturbation according
to the central limit theorem. Since & (r, 7) scales as N —4/2 in the limit N — 0o we recover
the deterministic hydrodynamic equation, but as we want to study the fluctuating behavior,
we consider large (but finite) system sizes, i.e., we are interested in the weak noise limit.

Examples of systems described by Eq. (1) range from diffusive systems [1-7, 9, 10, 24,
45, 46], where Q[p(r, 1)] is given by Fourier’s (or equivalently Fick’s) law,

Q[p(r.n] = —DIpIVp(r, 1), @)

with D[p] the diffusivity, to most interacting-particle fluids [22, 23], characterized by a
Ginzburg-Landau-type theory for the locally-conserved particle density. To completely de-
fine the problem, the above evolution equations (1)—(2) must be supplemented with appro-
priate boundary conditions, which can be for instance periodic, when A is the d-dimensional
torus, or non-homogeneous with

p(pr, 1)) =@y(r), reiA ®)
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in the case of boundary-driven systems in which the driving is due to an external gradient.
Here 0 A is the boundary of A and ¢ is the chemical potential of the boundary reservoirs.
The few transport coefficients that enter into the hydrodynamic Eq. (1) can be readily mea-
sured in experiments or simulations, which thus offers a close description of the macroscopic
fluctuating behavior of the system of interest. For diffusive systems governed by Fourier’s
law (4), the diffusion coefficient D[p] and the mobility o [p] satisfy a local Einstein relation

Dlp]l= — ©)

olp]
k[p]

where «[p] is the compressibility, k[p]~" = f;'[p], folp] being the equilibrium free energy

of the system. The above equations describe an equilibrium model when either (a) A is the
torus and there is no external field, or (b) in the case of boundary-driven diffusive systems
(i.e. Q[p] = —DI[p]V p) in which the external field in the bulk matches the driving from the
boundary [1-6]. We are also in equilibrium when the chemical potentials of the boundaries
are the same. In any other case the resulting stationary state sustains a non-vanishing current
and the system is out of equilibrium.

The probability of observing a history {p(r, 1), j(r,?)}; of duration t for the density
and current fields, which can be different from the average hydrodynamic trajectory, can
be written as a path integral over all possible noise realizations, {&(r, ¢)};, weighted by
its Gaussian measure and restricted to those realizations compatible with Eq. (1) (and the
associated boundary conditions) at every point of space and time?

P((e. ) = D&exp[—N" [ ar [ ar ]H]‘[a[g—(j—QE[p])], ™)

with p(r, #) and j(r, t) coupled via the continuity equation,

&2
20 p]

dp+V-j=0. (8)

Notice that this coupling does not determine univocally the relation between p and j. For
instance, the fields o(r,t) = p(r,t) + x(r) and j(r, t) =j(r,t) + g(r, t), with x(r) arbi-
trary and g(r, t) divergence-free, satisfy the same continuity equation. In other words, this
means that from a density field we can determine the current field up to a divergence-free
vector field. This non-uniqueness in the macroscopic description is the price we pay for the
information lost when coarse-graining the deterministic microscopic degrees of freedom.
Equation (7) naturally leads to [26]

P({p.J}5) ~ exp(+N"L[p. j]). ©)
which has the form of a large deviation principle. The rate functional I.[p, j] is given by
T s 1) — 2
]r[p,j]=_f dt drw. (10)
0 A 20(p]

This functional plays a pivotal role in MFT and its extensions, as it contains all the in-
formation needed to compute LDFs of any relevant macroscopic observable via standard

2Note that the path integral formalism here described is based on a discretized Langevin equation of Ito-type
[25].
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contraction principles in large deviation theory [16, 17]. For instance, it has been used by
Bertini and collaborators to study fluctuations of the density field out of equilibrium. Us-
ing this approach, a Hamilton-Jacobi equation for the nonequilibrium density LDF has been
derived [1-6] showing that this LDF is usually non-local out of equilibrium, a reflection
of the long-range correlations typical of nonequilibrium situations. Moreover, MFT shows
that the optimal path leading to a macroscopic density fluctuation is the time-reversal of
the relaxation path from this fluctuation according to some adjoint hydrodynamic laws (not
necessarily equal to the original) [1-6]. This general result, valid arbitrarily far from equi-
librium, reduces to the well-known Onsager-Machlup theory when small deviations from
equilibrium are considered.

2.1 Thermodynamics of Currents

We now want to focus on the statistics of the current. Understanding how microscopic dy-
namics determine the long-time averages of the current and its fluctuations is one of the
main objectives of nonequilibrium statistical physics [11-27], as this is a central observable
characterizing macroscopic behavior out of equilibrium. Therefore we focus now on the
probability P;(J) of observing a space&time-averaged current

J:l/Tdt/drj(r,t). (1n
T Jo A

This probability can be written as

* 1 T
= [ DijP({p,j}s)a(J—; [ ar drj(r,r)),
A

where the asterisk means that this path integral is restricted to histories {p, j}; coupled via
Eq. (8). As the exponent of P({p, j}7) is extensive in both 7 and N [26], see Eq. (9), for
long times and large system sizes the above path integral is dominated by the associated
saddle point, resulting in the following large deviation principle

P.(J) ~ exp[+TN/GD)]. (12)

where the rate functional G (J) defines the current large deviation function (LDF)

T : _ 2
G(J)=— lim lmin{/ dt/ er} 13)
0 A

100 T {p.j}g olp]

subject to the constraints (8) and (11). The LDF G(J) measures the (exponential) rate at
which J — J;; as 7 increases (notice that G(J) <0, with G(J;;) = 0). The optimal density
and current fields solution of the (complex) variational problem Eq. (13), denoted here as
py(r, t) and jy(r, t), can be interpreted as the optimal path the system follows in mesoscopic
phase space in order to sustain a long-time current fluctuation J. It is worth emphasizing here
that the existence of an optimal path rests on the presence of a selection principle at play,
namely a long time, large size limit which selects, among all possible paths compatible with
a given fluctuation, an optimal one via a saddle point mechanism. Despite its inherent com-
plexity, the current LDF G (J) obeys a symmetry property which stems from the reversibility
of microscopic dynamics. This is the Gallavotti-Cohen fluctuation theorem [11], which re-
lates the probability of observing a long-time current fluctuation J with the probability of
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the reverse event, —J,

lim —
o0 TN4

1 [ P.(J)

In

P (=D
where € = € + E is the driving force, a constant vector which depends on the boundary baths
via & (see below) and on the external field E, and is directly related to the rate of entropy
production in the nonequilibrium system of interest.

Finally, it is remarkable that although the MFT here described is in general applied to
conservative systems, it can be generalized to dissipative systems characterized by a con-
tinuous loss of energy to the environment [30]. In these cases the macroscopic evolution
equation is given by

] =2e€-], (14)

dp=—V-(Qe+& —vAlpl,

where the first term in the r.h.s describes the diffusive energy propagation, whereas the
second term defines the energy dissipation rate through the functional A[p] and the macro-
scopic dissipation coefficient v. In this case, the essential macroscopic observables which
characterize the non-equilibrium behaviour are the current and the dissipated energy. Us-
ing the path integral formalism above described, it is possible to define the large deviation
function of these observables and the optimal fields associated with their fluctuations. The
extension of the MFT to dissipative systems has been recently developed and tested in Refs.
[30-32, 34, 35].

MFT hence provides in general clear-cut variational formulae to understand current
statistics in diffusive systems arbitrarily far from equilibrium, together with the optimal
paths that, in order to facilitate a given current fluctuation, the system of interest traverses
in phase space. The complexity of the problem is however humongous, and many difficult
questions arise: How are the solutions to this complex variational problem? Can we classify
them according to some hierarchical scheme? Are the optimal paths solution of this mathe-
matical problem physically observable? How is the statistics of rare current fluctuations as
compared to the Gaussian statistics naively expected from the central limit theorem? Is there
nontrivial structure at the fluctuating level? Can we confirm the Gallavotti-Cohen symmetry,
and even more, can we uncover hidden symmetries at the fluctuating level? Are there phase
transitions in the fluctuating behavior of complex diffusive systems? The solution to these
and many other fundamental and exciting questions calls for a detailed analysis of MFT and
its predictions, together with a deep investigation of sound hypotheses and conjectures that
may simplify the inherent complexities of the theory. Moreover, this work must be accompa-
nied at every step by in silico experiments, i.e. extensive numerical simulations of simplified
models of transport using the novel techniques to simulate rare events. This numerical work
will allow us to test and guide new theoretical ideas and to aid the formulation of bold con-
jectures, leading eventually to the discovery of entirely unexpected phenomena. We provide
below a review of our work in these directions.

3 Models of Transport out of Equilibrium

MEFT and its generalizations offer an unique opportunity to obtain general results for a large
class of systems arbitrarily far from equilibrium, a possibility that we could only dream
of some years ago. Therefore it is essential to test and validate the hypotheses underlying
its formulation, as well as its detailed predictions. The investigation of rare event statistics
in realistic systems with many degrees of freedom poses still today formidable challenges.
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Fig. 2 (a) Kipnis-Marchioro-Presutti (KMP) model of transport in 1D lattices under different boundary
conditions. Top: System coupled to boundary heat baths at different temperatures, 77, # Tg. Bottom: Periodic
boundary conditions. Each lattice site is characterized by an energy p; > 0,7 € [1, N], and dynamics proceeds
via stochastic collisions between nearest neighbors and involves a random redistribution of energy among the
colliding pair. (b) Sketch of the weakly-asymmetric exclusion process (WASEP) defined on a 1D lattice
subject to periodic boundary conditions. Particles jump stochastically to a right (left) empty nearest neighbor

at arate r4 (r—), which implies for 4 5 r_ that particles feel an external driving field E = y ln(:—t)

It is therefore necessary to work with simplified models of reality which, while capturing
the essential ingredients characterizing more realistic systems, maximally simplify the mi-
croscopic details irrelevant for the phenomenon being studied. Universality arguments then
allow us to connect the results obtained for these simplified models with the physics of
more realistic, albeit more complex, natural systems. For the particular problem of nonequi-
librium fluctuations here studied, the ideal laboratory where to test these ideas is provided
by stochastic lattice gases [36], for which the local equilibrium hypothesis and the hydrody-
namic evolution equations which form the basis of MFT can be rigorously derived in some
cases [1-6, 22]. Although the microscopic random dynamics of these lattice models is dif-
ferent from the Hamiltonian evolution of more realistic systems, the relevant symmetries
and conservation laws are the same, and hence we expect that the resulting macroscopic
nonequilibrium behavior will be qualitatively independent of these details [36].

Many different stochastic lattice gases exist in the literature, but we will focus in this
paper in two paradigmatic diffusive models which have guided the advances in the field
during the last two decades: the Kipnis-Marchioro-Presutti model of energy transport and
the weakly-asymmetric simple exclusion process.

3.1 Kipnis-Marchioro-Presutti Model and Generalizations

In 1982, C. Kipnis, C. Marchioro and E. Presutti [37] proposed a simple lattice model in or-
der to understand in a mathematically rigorous way energy transport in systems with many
degrees of freedom. Since its original formulation, this model, dubbed KMP model in the
literature, has become a paradigm in nonequilibrium statistical physics, where new theoreti-
cal ideas have been tested and novel breakthroughs have been developed. In particular, KMP
were able to show rigorously from first principles (i.e. starting from its microscopic Marko-
vian dynamics) that this model obeys Fourier’s law in 1D, a relation formulated in 1822 by
Joseph Fourier which states that the heat current flowing through a material in contact with
two reservoirs at different temperatures is proportional to the temperature gradient. The spe-
cial features of this model turn it into the ideal ground where to test MFT and its extensions,
and this has triggered a surge of interest among specialists in nonequilibrium physics which
has resulted in a number of new and surprising results (see below).
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The KMP model is defined in a one-dimensional (1D) lattice with N sites, see Fig. 2(a),
although it can be easily generalized to any type of lattice in arbitrary dimension. Each
lattice site models a harmonic oscillator which is mechanically uncoupled from its near-
est neighbors but interacts with them through a random process which redistributes en-
ergy locally. The system microscopic configuration is thus defined at any time by a set
p={pi,i =1,...,N}, where p; € R, is the energy of the site i € [1, N]. Dynamics
is stochastics and proceeds through random energy exchanges between randomly chosen
nearest-neighbors according to a microcanonical procedure where the pair energy is kept
constant. Hence, (o;, pi+1) = (0}, pl.’+|) Vi such that,

p; = p(pi + pit1)
(15)

pip1 =0 = p)(oi + pit1)

where p € [0, 1] is an uniform random number, and p; + p;11 = p] + p; +1- To complete
the model definition, we must specify appropriate boundary conditions. In the original pa-
per [37], and in order to study energy transport, KMP considered open boundary conditions
with extremal (i = 1, N) sites of the 1D chain connected to thermal baths at different tem-
peratures, see top panel in Fig. 2(a). In this case, extremal sites may interchange energy
with thermal baths at temperatures 7;, for i =1 and Tk fori = N, i.e., p;.y — ,oi’ y such
that

o1n =PPL.r + P1.N) (16)

where p € [0, 1] is again an uniform random number and p; z is a random number
drawn at each interaction from a Gibbs distribution at the corresponding temperature,
P(pr) = Brexp(—prBr), k=L, R, with g, = Tk’1 so Boltzmann constant is set to one.
For T; # Tr KMP proved rigorously [37] that the system reaches a nonequilibrium steady
state in the hydrodynamic scaling limit N — oo described by Fourier’s law, with a nonzero
average energy current

dpg (x)
dx

Jy = —Dlp] , x€[0,1], )
where D[p] = % is the conductivity (or diffusivity) for the KMP model, and a linear steady
density profile

pst(X) =T +x(Tg — T1). (18)

In addition, convergence to the local Gibbs measure was proven in this limit [37], meaning
that p;, i € [1, N], has an exponential distribution with local temperature pst(ﬁ) in the
thermodynamic limit. However, corrections to Local Equilibrium (LE), though vanishing
in the N — oo limit, become apparent at the fluctuation level [38, 39]. The mesoscopic
evolution equation for this model is

1
3z0+3x<—53x,0+€>=0, 19)

which is the dynamical expression of the (fluctuating) Fourier’s law, compare with Eq. (1)
above. The amplitude of the conserved noise term is given by the mobility o[p], see
Eq. (3), which is the second transport coefficient needed by MFT to complete the macro-
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scopic description of the system of interest. The mobility, which measures the vari-
ance of local energy current fluctuations in equilibrium (pp = pg), can be written for
the KMP model as o[p] = p?. It is also worth noting that the microscopic dynam-
ics in the KMP model obeys the local detailed balance condition, thus being time-
reversible.

KMP model is an optimal candidate to test and study MFT and its detailed predictions
because: (a) MFT equations for this model are simple enough to admit full analytical so-
lutions, and (b) its simple dynamical rules allow for a detailed numerical study of current
fluctuations, both typical and rare, taking advantage of the novel computational methods to
study rare event statistics [18-21].

Another reason for the recent surge of interest in the KMP model is that it can be easily
generalized to describe at a coarse-grained level many different nonlinear diffusive micro-
scopic processes [30-33]. These type of processes abound in nature, with important exam-
ples in fields as diverse as fluid dynamics, heat transfer, mathematical biology, population
dynamics, etc. For the standard KMP model, the mesoscopic evolution equation (19) is lin-
ear in the density field, as results from a constant diffusivity, D[p] = % However, it can be
shown [31, 33] that a more realistic generalization of the KMP model, with collision rates
between neighboring lattice sites depending explicitly on the energy of the colliding pair,
gives rise to a mesoscopic description based on nonlinear diffusion-type equations, a class
of equations that characterize the physics of many natural complex systems. In particular, if
the collision rate for pair (i, i 4 1) is proportional to a power of its total energy, (o; + pi+1)“,
it can be shown [31, 33] that the mesoscopic evolution equation is now

B + 0, (~p"d.p +£) =0, (20)

so the diffusivity is now a function of the density field, D[p] = p“. Moreover, the mobility
coefficient is also modified by the nonlinearity, o'[p] o p**2. The simplicity of this general-
ization of the KMP model allows us to investigate the nonequilibrium fluctuating behavior
of strongly nonlinear systems and study in detail in this nonlinear regime the predictions of
macroscopic fluctuation theory.

The nonlinear KMP model can be further generalized to include dissipative processes in
competition with the main diffusive mechanism [30-32]. Microscopically this is achieved
by allowing the dissipation to the environment of a fraction of the pair energy in collisions,
before the random redistribution of the remaining energy between colliding neighbors. It is
easy to show that this apparently innocent modification of the KMP microscopic dynam-
ics dramatically affects the system macroscopic evolution, which now follows a reaction-
diffusion type of equation of the form

o+ 3 (—p"dp +&) + ot =0, (21)

where v is a macroscopic dissipation coefficient. This generalization of KMP model con-
tains the essential ingredients characterizing most dissipative media, namely: (i) nonlinear
diffusive dynamics, (ii) bulk dissipation, and (iii) boundary injection. Moreover, it can be
regarded as a toy model for dense granular media: particles cannot freely move but may
collide with their nearest neighbors, losing a fraction of the pair energy and exchanging the
rest thereof randomly. The dissipation coefficient can be thus considered as the analogue to
the restitution coefficient in granular systems [40].
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3.2 Diffusive Simple Exclusion Processes

A second class of diffusive models widely studied in literature are simple exclusion pro-
cesses (SEP),? in its symmetric (SSEP) and weakly-asymmetric (WASEP) versions [41-43].
As for the KMP model, these exclusion models can be defined on arbitrary lattices in any
dimension, and subject either to open or periodic boundary conditions. In what follows we
focus on 1D for simplicity, and start by considering the SSEP with open boundaries. This
model is defined on a 1D lattice of size N, where each site i € [1, N] may contain at most
one particle, so the state of the system is defined at any time by a set of occupation num-
bers, n = {n; =0, 1,i € [1, N]}. The dynamics is stochastic and proceeds via sequential
particle jumps to nearest neighbor sites, provided these are empty, at unit rate. At the two
boundaries dynamics is modified to mimic the coupling with particle reservoirs, possibly at
different densities p; # pg: at the left boundary (i = 1) particles are injected at rate « (if this
site is empty) and removed at rate y (if this site is occupied). Similarly, on site N particles
are injected at rate § and removed at rate 8. These injection and removal rates fix the den-
sities of the left and right reservoirs to p; = /(¢ 4+ y) and pg = §/(B + §), respectively.
For p; = pr = p the system is in equilibrium and the probability measure has a product
form: prob,, (n) = [TL, pri(1 = p)l—i = eXit mi /(1 +e")N, where n =log(p/(1 — p)) is
the chemical potential. As soon as p; 7# pg, the system is out of equilibrium, a current is
established, and the problem becomes nontrivial, with long range correlations. In particular,
the SSEP reaches an steady state with an average density profile given, in the large N limit,
by [43]

(ni) = ps:(x) = pL +x(pr — pL), (22)

which is equivalent to the linear profile of the KMP model, see Eq. (18) above, and we have
introduced a macroscopic coordinate x = i/N. The average current in the steady state is
then proportional to the density gradient, obeying Fick’s law

dpg (x)

J.S‘t = _D[p]—5 X e [05 1]7 (23)
dx

with D[p] = 1/2. The SSEP thus obeys the following mesoscopic evolution equation [22]

9P+ 0:(—0p+8) =0, (24)

which corresponds to the dynamical expression of Fick’s law. Moreover, the mobility coef-
ficient characterizing the equilibrium fluctuations of the current is o[p] = p(1 — p) for the
SSEP [22]. Note that, as compared to the KMP mobility coefficient, ossgp[p] is bounded
and shows a maximum, a property that will have implications for the current statistics of
this model (in particular for the existence of phase transitions at the fluctuating level [45,
46]).

To end this section, we now consider the weakly asymmetric exclusion process (WASEP)
on a 1D lattice with periodic boundary conditions. This model is analogous to SSEP except
for the presence of a weak external field, £, which bias particle jumps in a preferential direc-
tion, and the periodic boundary conditions used. Therefore we have a 1D lattice with N sites,
where a fixed number of Z = ZlN: 1 < N particles live, see Fig. 2(b), so the total density,

3We explicitly exclude in this description the asymmetric and totally-asymmetric exclusion processes (ASEP
and TASEP, respectively), as these models are not diffusive. See [41, 42] for a review on these interesting
models of nonequilibrium behavior.
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o =Z/N,is fixed. As before, particles perform stochastic sequential jumps to neighboring
sites, provided these are empty, but now the jump rates are defined as ry = % exp(£E/N)
for jumps along the #%-direction.* Here E plays the role of a weak external field which
drives the system to a nonequilibrium steady state characterized by a homogeneous average
density profile (n;) = ps(x) = p and a nonzero net average current J;, = p(1 — p)E. The
mesoscopic evolution equation for WASEP now reads [22]

dp + 9 (—=D[pldsp + o[p]E + &) =0, (25)

where D[p] =1/2 and o[p] = p(1 — p) are the SSEP transport coefficients, as otherwise
expected.

4 Monte Carlo Evaluation of Current Large-Deviation Functions

As described above, these and other stochastic lattice gases provide the ideal ground where
to investigate the large deviation statistics of currents out of equilibrium. The main reason
is that their simple dynamical rules allow for an extensive analysis of fluctuations, both typ-
ical and rare, taking advantage of novel computational methods to study rare event statistics
[18-21]. It is important to notice that, in general, large deviation functions are very hard
to measure in experiments or simulations because they involve by definition exponentially-
unlikely events, see e.g. Eq. (12). Recently, Giardina, Kurchan and Peliti [18], and Tailleur
and Lecomte [19], have introduced efficient algorithms to measure the probability of a large
deviation for time-extensive observables such as the current or the activity in discrete- and
continuous-time stochastic many-particle systems, see [20, 21] for a review. The main idea
consists in modifying in a mathematically controlled way the underlying stochastic dynam-
ics so that the rare events responsible of a given large deviation are no longer rare.

Let Uc/c be the transition rate from configuration C to C’ for the stochastic model of
interest, and define q¢/¢ as the elementary current involved in this microscopic transition.
The probability of measuring a total time-integrated current Q, after a time ¢ starting from
a configuration Cy can be thus written as

t—1

P(Qta L CO) = Z UC,C,,] o UC]C()(S Qt - ZQCHIQ s (26)
C[mcl k=0
where Uc,c, | -+ Uc,c, is nothing but the probability of a path Co — C; — --- — C; in

phase space. For long times we expect the information on the initial state Cy to be lost,
so P(Q;, t; Cy) — P(Q;, ). In this limit P(Q;, t) obeys the usual large deviation principle’

4Note that these rates converge for large N to the standard ones found in literature, namely %(1 + %), but
avoid problems with negative rates for small N. In any case, the hydrodynamic descriptions of both variants
of the model are identical.

SNote that the macroscopic current J is related to this microscopic current q through J = qN. Hence the mi-
croscopic large deviation function F(q) scales with the system size as 7 (q) = N d-2G(J = qN), where G(J)
is now the current LDF appearing in the diffusively-scaled macroscopic fluctuation theory of Sect. 2, see Eq.
(12). This can be proved by noting that in the microscopic case we have P(q) = P(Qy,t) ~ exp[+1F(q)]
while in macroscopic limit we have P(J) ~ exp[+rNdG(J)]A Thus, by writing the latter probability in
terms of the diffusive-scaled time variable v = t/Nz, we get that P(J =qN) ~ exp[+tNd_2G(J =qN)]
which compared to the microscopic probability gives us the scaling mentioned above. In a similar manner, if
0(X) = maxq[F(q) + A - q] and (X) = maxy[G(J) + A - J] are the Legendre transforms of F(q) and G(J),

respectively, they are related via the simple scaling relation u(A) = N 2=dgNd-1y.

@ Springer



P.I. Hurtado et al.

P(Q;, 1) ~ exp[+tF(q = Q,/t)]. In most cases it is convenient to work with the moment-
generating function of the above distribution

IO 1) = Zex-Q, P(Q,, 1) = Z Uc,c,_ ...UC]COex»Zf;B 4Cy41 Cx Q27)
Q CiCy

For long t, we have IT(X,t) — exp[+76(X)], where the new LDF 6 (1) is connected to the
current LDF via Legendre transform,

o) = méax[f(q) +1-q]=Flg"M)]+1-q*Q), (28)

with q*()) the current conjugated to parameter A, which is solution of the equation ' (q*) +
A = 0. We can now define a modified dynamics,

Uere =eMiccUer, (29)
and therefore
0=y Uqc._, - Uccy (30)
C;--Cy

Note however that this dynamics is not normalized, ) ., Ucic # 1. We now introduce
Dirac’s bra and ket notation, useful in the context of the quantum Hamiltonian formalism for
the master equation [47, 48], see also [18, 44]. The idea is to assign to each system configu-
ration C a vector |C) in phase space, which together with its transposed vector (C|, form an
orthogonal basis of a complex space and its dual [47, 48]. For instance, for systems with a
finite number of available configurations, one could write |C)7 = (C|=(0---0,1,0---0),
i.e. all components equal to zero except for the component corresponding to configuration C,
which is 1. In this notation, Ugrc = (C’'|U|C), and a probability distribution can be written
as a probability vector

IP(t)) =Y P(C,1)IC),
C

where P(C, t) = (C|P(¢)) with the scalar product (C'|C) = 8cic. If (s| = (1---1), normal-
ization then implies (s|P(z)) = 1. With the previous notation, we can now write the spectral
decomposition of operator U (L) as

Ty =Y et®afa)atol, (31)
J

where we assume that a complete biorthogonal basis of right and left eigenvectors for matrix
U exists,

U1ARQ) =e®P[ARQ)) and  (ALQ)|T =t P (Al (32)
Denoting as e*® the largest eigenvalue of U (1), with associated right and left eigenvectors

|A® (1)) and (A*(X)], respectively, and writing IT(X, 1) =Y, (C,|U"|Cy), see Eq. (30), we
find for long times

(1) 25 A0 (AL Q)| Co) (Z@MM»), (33)

G
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where we have used the spectral decomposition (31). In this way we have (1) = A(L), so
the Legendre transform of the current LDF is given by the natural logarithm of the largest
eigenvalue of U A).

In order to measure this eigenvalue in Monte Carlo simulations, and given that dynamics
U is not normalized, we introduce the exit rates Yo=Y ﬁc/c, and define the normalized
dynamics U, = Yc_lﬁcrc. Now

I, 1) = Z Ye,, Uézct—l Yo Ué] Co (34)
CrCy

This sum over paths can be realized by considering an ensemble of M >> 1 copies (or clones)
of the system, evolving sequentially according to the following Monte Carlo scheme® [18]:

(I) Each copy evolves independently according to modified normalized dynamics U/ ..
(II) Each copy m € [1, M] (in configuration C,[m] at time ¢) is cloned with rate Y¢,,,;. This
means that, for each copy m € [1, M], we generate a number K¢, = [ Yc,(m)] + 1 of
identical clones with probability Y, — [ Yc,pm1ls O K¢, im) = Y, m1) otherwise (here
|x ] represents the integer part of x). Note that if K¢,[,; =0 the copy may be killed
and leave no offspring. This procedure gives rise to a total of M, = Z,[Z:l K¢, im) copies
after cloning all of the original M copies.
(III) Once all copies evolve and clone, the total number of copies M, is sent back to M by
an uniform cloning probability X, = M /M.

Figure 3 sketches this procedure. It then can be shown that, for long times, we recover 6 (1)
via

1
G(X):—;ln(X,-uXo) fort > 1 (35)

In order to derive this expression, first consider the cloning dynamics above, but without
keeping the total number of clones constant, i.e. forgetting about step (III). In this case, for
a given history {C,, C;_; - -- Cy, Cy}, the number N'(C; - - - Cy, t) of copies in configuration
C; attime 7 obeys N'(C, --- Co, 1) = Y¢,_ U, ¢, N(Ci—i---Co,t — 1), so that

N(C, - Co.t) =Ye, \Ubc, -+ Ye,Up, ¢, N(Co, 0). (36)

Summing over all histories of duration ¢, see Eq. (34), we find that the average of the total
number of clones at long times shows exponential behavior, (N (¢)) = Zc,-»-c] N(C; ---Cy,
t) ~ N (Cy, 0) exp[+16(L)]. Now, going back to step (IIT) above, when the fixed number of
copies M is large enough, we have X, = (N'(t — 1)) /(N (¢)) for the global cloning factors,
s0 X; -+ X1 =N (Cy, 0)/(N(r)) and we recover expression (35) for 6(1).

In the following sections we apply this Monte Carlo method to measure in detail both the
statistics of current fluctuations in some of the stochastic lattice gases described in Sect. 3
as well as the optimal paths in phase space responsible of these rare events. These in silico
experiments are then confronted with the predictions derived within macroscopic fluctuation
theory.

This simulation scheme is well-suited for discrete-time Markov chains. A slightly different though equiva-
lent version of the algorithm exists for continuous-time stochastic lattice gases [19].
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5 Additivity of Current Fluctuations

We now go back to macroscopic fluctuation theory and its predictions for the statistics of
the space&time-averaged current J, see Sect. 2.1. Let us write again the current LDF as
obtained within MFT

T s _ 2
G(J)=— lim 1 min{/ dt drM}. (37
0

100 T {p.j} A 20(p]

This defines a highly complex variational problem in space and time for the optimal density
and current fields, whose solution remains challenging in most cases of interest [1-7]. How-
ever, the following hypothesis, well supported on physical grounds as we will see below,
greatly simplify the complexity of the associated problem:

(H1) The optimal density and current fields responsible of a given current fluctuation are
assumed to be time-independent, py(r) and jy(r). This, together with the continuity
equation (8) which couples both fields, implies that the optimal current vector field is
also divergence-free, V - jj(r) =0.

(H2) A further simplification consists in assuming that this optimal current field has no
spatial structure, i.e. is constant across space, which implies together with constraint
(11) on the current that jy(r) =J.

The physical picture behind these hypotheses corresponds to a system that, after a short
transient time at the beginning of the large deviation event (microscopic in the diffusive
timescale 1), settles into a time independent state with an structured density field (which
can be different from the stationary one) and a spatially uniform current field equal to J.
This behavior is expected to minimize the cost of a fluctuation at least for small and mod-
erate deviations from the average behavior. Hypotheses (H1)—(H2) are the straightforward
generalization to high-dimensional systems (d > 1) of the additivity principle introduced by
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Bodineau and Derrida for one-dimensional (1D) diffusive media [9]. As we shall see below,
the validity of this conjecture has been checked numerically to a high degree of accuracy
for some stochastic transport models in a wide interval of current fluctuations, though it is
known that additivity may be violated in some particular cases for large enough fluctua-
tions, where time-dependent optimal paths in the form of traveling waves emerge as dom-
inant solution to the variational problem (13). We will analyze this additivity breakdown
below. Provided that hypotheses (H1)-(H2) hold, the current LDF (37) can be written as
[7,9, 26, 29]

_ 2
G(J) = —min Mdl‘, (38)

rm Ja o 20[p(r)]

In this way the probability P, (J) is simply the Gaussian weight associated with the optimal
density field responsible for such fluctuation. Note however that the minimization procedure
gives rise to a nonlinear problem which results in general in a current distribution with non-
Gaussian tails [1-7, 10, 24]. As opposed to the general problem in Eq. (37), its simplified
version, Eq. (38), can be readily used to obtain quantitative predictions for the current statis-
tics in a large variety of non-equilibrium systems. The optimal density profile pj(r) is now
solution of the following equation

Smalp()] o dmi[p(M)] | dm0[p(r)] —0. (39)
5p(r) p(r') p(r')

which must be supplemented with appropriate boundary conditions. In the above equation,
6,0?—1‘/) stands for functional derivative, and

, Qilo ()]
o] = /A drW,[p(r)] with Wn[p(r)]zm. (40)

We will be interested below in diffusive systems without external field. In this case
Qg—olp]l = —DI[p]V p, and the resulting differential equation (39) for the optimal profile
takes the form

J2a'[ps] = ¢'[py1(V py)* = 2c[py]V2py =0, (41)

where a[py] = Qo[ps]) ", clpy] = D?*[pylalpy], and’ denotes the derivative with respect to
the argument. Multiplying the above equation by V pj, we obtain after one integration step

DlpyP(Vpy)? = F(1+ 20 ps1K (%)) (42)

where K (J?) is a constant of integration which guarantees the correct boundary conditions
for py(r). Equations (38) and (42) then completely determine the current distribution P, (J)
in diffusive media, which is in general non-Gaussian (except for small current fluctuations).
Explicit solutions to these equations for particular models of diffusive transport in vary-
ing dimensions can be obtained [24, 26]. Appendix A summarizes the calculation for the
KMP model of energy transport, for which we explore below its current statistics using the
advanced Monte Carlo methods of Sect. 4.

Before turning to numerics notice that, as described above, hypotheses (H1)—-(H2) have
been shown [1-6] to be equivalent to the additivity principle for 1D diffusive systems [9].
To understand its original formulation, let Py (J, pr, pr, T) be the probability of observing
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a time-averaged current J during a long time 7 in a 1D system of size N in contact with
boundary reservoirs at densities p; and pg. The additivity principle relates this probability
with the probabilities of sustaining the same current in subsystems of lengths N — ¢ and ¢,
ia 7
ie.,

Py(J, pr, pr, T) =m§‘X[PN—L’(J’ PL P T) X Po(J, p, pr, T)]. (43)

The maximization over the contact density p can be rationalized by writing this probability
as an integral over p of the product of probabilities for subsystems and noticing that these
should obey also a large deviation principle. Hence a saddle-point calculation in the long-t
limit leads to the above expression. The additivity principle can be rewritten for the current
LDFas NG(J, pr, pr) =max,[(N —£)G(J, pr, p) +£€G(J, p, pr)]. Slicing iteratively the
1D system of length N into smaller and smaller segments, and assuming locally-Gaussian
current fluctuations, it is easy to show that in the continuum limit a variational form for
G(J, pr, pr) is obtained which is just the 1D counterpart of Eq. (38). Interestingly, for 1D
systems the conjecture of time-independent optimal profiles implies that the optimal current
profile must be constant. This is no longer true in higher dimensions, as any divergence-free
current field with spatial integral equal to J is compatible with the equations. This gives rise
to a variational problem with respect to the (time-independent) density and current fields
which still poses many technical difficulties. Therefore an additional assumption is needed,
namely the constancy of the optimal current vector field across space. These two hypotheses
are equivalent to the iterative procedure of the additivity principle in higher dimensions.

5.1 Testing the Additivity Conjecture in One and Two Dimensions

The additivity principle previously described provides a relatively simple and straightfor-
ward recipe to compute the statistics of typical and rare current fluctuations, opening the
door to the systematic calculation of large deviation statistics in general nonequilibrium
systems. It is a very general conjecture of broad applicability, expected to hold for a large
family of systems of classical interacting particles, both deterministic or stochastic, in arbi-
trary dimension and independently of the details of the interactions between the particles or
the coupling to the thermal reservoirs or external fields. Furthermore, equivalent results to
those obtained with the additivity principle have been derived for interacting quantum sys-
tems [7]. The only requirement is that the system at hand must be diffusive, i.e. described by
a mesoscopic evolution equation of the form of Eq. (1),® and that the prior hypotheses H1
and H2 hold. If this is the case, the additivity principle predicts the full current distribution
in terms of its first two cumulants. Moreover, the additivity conjecture can be applied to a
multitude of different situations once appropriately generalized [30, 32].

It is therefore essential to test the emerging picture in detailed numerical experiments
to confirm the validity of this hypothesis and asses its range of applicability. With this aim
in mind, we have recently performed extensive numerical simulations of the one- and two-
dimensional KMP models of energy transport in open lattices subject to a boundary-induced

TNote that this is the original formulation of the additivity principle for the integrated current stated by
Bodineau and Derrida in [9]. In [39], Bertini et al. state an additivity principle for the density field which
involves either a maximization or a minimization depending on the convexity of the rate functional for the
considered model.

8Note however that the additivity hypothesis has been recently confirmed in Hamiltonian models with anoma-
lous, non-diffusive transport properties [49]. These results considerably broaden the range of applicability of
the additivity conjecture.
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Fig. 4 (a) Legendre transform of the current LDF for the KMP model in one dimension with a temper-
ature gradient (p;, =2, pg = 1) and (b) in equilibrium (p;, = 1.5 = pg). Symbols correspond to numeri-
cal simulations, full lines to theoretical predictions based on the additivity conjecture, and dashed lines to
Gaussian approximations (see text). Errorbars (with 5 standard deviations) are always smaller than symbol
sizes. The vertical dotted lines in panel (a) signal the transition between monotone (inner region) or non—
monotone (outer region) optimal profiles. Note that in equilibrium profiles are non-monotone for all current
fluctuations. The inset in the panels (a) and (b) tests the Gallavotti-Cohen relation by plotting the difference
n) — p(—=x —2&) in case (a) and pw(r) — pn(—2x) in (b). Right panels correspond to excess temperature
profiles for different current fluctuations, (¢) for a system subject to a temperature gradient, (oy, =2, pr = 1)
and (d) in equilibrium (p7, = 1.5 = pR). In all cases, agreement with theoretical predictions based on the
additivity hypothesis (lines) is very good within the range of validity of the computational method (Color
figure online)

temperature gradient, Ty # Tx [10, 24, 50]. In particular, we applied the cloning Monte
Carlo method of Sect. 4 [18-21] to measure the Legendre transform of the current LDF,
defined as

wd) =mJax[G(J)+X~J]. (44)

The method of Sect. 4 yields the macroscopic LDF (L) in terms of the logarithm of the
largest eigenvalue of the modified dynamics U()) via the simple scaling relation () =
NZ49(AN?1) (see footnote of page 11) for a system of linear size N in dimension d,
where 6 (L) is the microscopic LDF, see Eq. (28) above.

We first measured w(X) for the 1D KMP model with N =50, T, =2 and Ty = 1,
see Fig. 4(a), where we compare simulation data with predictions derived from macro-
scopic fluctuation theory once supplemented with the additivity conjecture (theory denoted
as MFTq4 hereafter). Explicit details of the theory can be found in Appendix A, where
it is shown that, for the particular case of the KMP model, the optimal profiles solution of
Eq. (42) can be either monotone for small current fluctuations or non-monotone with a single
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maximum for larger fluctuations. The agreement between the measured (i) and MFT g,
see Fig. 4(a), is excellent for a wide A-interval, say —0.8 < A < 0.45, which corresponds
to a large range of current fluctuations, say —1.5 < J < 4° (note that A-space is bounded,
IS [—T_l, TL_I] while the current-space is not, see Appendix A). Moreover, the deviations
observed for extreme current fluctuations (i.e. large values of |A|) are due to known limi-
tations of the algorithm [10, 18-21, 28], so no violations of additivity are observed in this
context. Notice that these spurious differences seem to occur earlier for currents against the
gradient, i.e. A < 0. These deviations can be traced back to sampling biases introduced by
the cloning Monte Carlos scheme for finite number of clones, and extreme value statistics
can be used to derive bounds in A-space as a function of the clone population for the applica-
bility of the cloning method [28]. Interestingly, we can use the Gallavotti-Cohen symmetry,
which in A-space now reads p(X) = p(—A — 2¢) with the driving force € = (TR_1 — TL_I)/Z,
to offer a blind bound for the range of validity of the algorithm: Violations of the fluctuation
relation signal the onset of the systematic bias in the estimations provided by the method of
Ref. [18]. Figure 4(a) and its inset show that the Gallavotti-Cohen symmetry holds in the
large current interval for which the additivity principle predictions agree with measurements,
thus confirming its validity in this range. However, we cannot discard the possibility of an
additivity breakdown for extreme current fluctuations due to the onset of time-dependent
optimal profiles expected in general in MFT [1-6, 45, 46, 51], although we stress that such
scenario is not observed here. We will explore this interesting possibility in Sect. 7 below
for the same model with periodic boundary conditions.

We also measured the current LDF in canonical equilibrium, i.e. for 7, = T = 1.5, see
Fig. 4(b). The agreement with MFT 4 is again excellent within the range of validity of our
measurements, which expands a wide current interval, see inset to Fig. 4(b), where we show
that the fluctuation relation is verified except for extreme currents deviations, for which the
algorithm fails to provide reliable results. Notice that, both in the presence of a temperature
gradient and in canonical equilibrium, @ () is parabolic around A = 0 meaning that cur-
rent fluctuations are approximately Gaussian for J = J;;, as demanded by the central limit
theorem, see Eqs. (122)—(123) in Appendix A. This observation is particularly interesting
in equilibrium, where large fluctuations in canonical and microcanonical ensembles behave
differently (see below).

The additivity principle leads to the minimization of a functional of the density field,
ps(x), see Egs. (38) and (42). A relevant question is whether this optimal field is actually
observable. We naturally define p;(x) in simulations as the average energy profile adopted
by the system during a large deviation event of (long) duration ¢ =  N? and time-integrated
current Jt, measured at an intermediate time 1 < t' < t [10, 24]. Figures 4(c)—(d) show the
measured p; (x) for both the nonequilibrium (c) and equilibrium (d) settings, and the agree-
ment with MFT 4 predictions is again very good in all cases, with discrepancies appearing
only for extreme current fluctuations, as otherwise expected. Notice that Fig. 4(c) include
data both in the monotone and non-monotone profile regimes, see Appendix A. These ob-
servations confirm the idea that the system indeed modifies its density profile to facilitate
the deviation of the current, validating the additivity principle as a powerful conjecture to
compute both the current LDF and the associated optimal profiles.

Notice that in the canonical equilibrium case (7, = Tg) optimal density profiles are al-
ways non-monotone, see Appendix A, with a single maximum for any current fluctuation
J # J;; (the stationary profile is obviously flat). This is in stark contrast to the behavior

9See inset of Fig. 11 of Ref. [24] where J versus A is displayed.
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predicted for current fluctuations in microcanonical equilibrium, i.e. for a one-dimensional
closed diffusive system on a ring [1-6, 45], see Sect. 7 below. In this case the optimal pro-
files remain flat and current fluctuations are Gaussian up to a critical current value, at which
profiles become time-dependent (traveling waves) [45]. Hence current statistics can differ
considerably depending on the particular equilibrium ensemble at hand, despite their equiv-
alence for average quantities in the thermodynamic limit.

Remarkably, our numerical results show that optimal density fields in equilibrium and
nonequilibrium are indeed independent of the sign of the current, p;(x) = p_y_2(x) or
equivalently p;(x) = p_;(x), a counter-intuitive symmetry resulting (as the Gallavotti-
Cohen fluctuation theorem) from the reversibility of microscopic dynamics.' We will show
in Sect. 5.2 below from a microscopic point of view that not only the optimal density field,
but the whole statistics during a current large deviation event, remain invariant under current
sign reversal [24, 28].

As a final note, we just mention that our numerical simulations can be used to explore
the physics beyond the additivity conjecture by studying the fluctuations of the total energy
in the system, which exhibit the trace left by corrections to local equilibrium resulting from
the presence of weak long-range correlations in the nonequilibrium steady state [10, 24]. In
addition, one can extend the additivity hypothesis to study the joint, coupled fluctuations of
the current and the density profile which appear for long but finite times, when the density
profile associated with a given current fluctuation is subject to fluctuations itself [10, 24].

One-dimensional systems are oversimplified models of reality. In order to establish the
generality and usefulness of the additivity conjecture to compute large deviation statistics in
general nonequilibrium systems, it is mandatory to test additivity in more complex, higher-
dimensional systems. In order to do so, we have measured the statistics of the space&time-
averaged current J for the 2D KMP model with linear size N =20, T, =2 and T = 1
using both standard simulations and the advanced Monte Carlo technique of Sect. 4 [50]. In
particular, we measured the current statistics as a function of the magnitude of the current
vector for different current orientations, i.e. for different angles ¢ = tan™" (Jy/Jx), where J,
is the a-component of the current vector J. Note that in the conjugated A-space, this angle
can be written as ¢ = tan~! (Ay/(Ay + €;)) If €, = 0. MFTaq predicts that the Legendre
transform of the current LDF, @ (1), depends exclusively on |A + €| but not on ¢. As we
will see in Sect. 6, this is not a mathematical curiosity but a deep result related with hidden
symmetries of the current LDF. Figure 5(a) shows the measured (1) as a function of |A + €],
for different constant angles ¢ (see inset to Fig. 5(a)), together with the MFT x4 prediction.
We observe that there is a good agreement for a broad interval of current fluctuations such
that |A + €] < 0.35. From this value on clear deviations from the theoretical predictions are
observed which depend on ¢. The origin of such disagreement is twofold: (i) standard finite
size effects, as MFT is a macroscopic theory but we could only simulate reliably systems of
small size (N < 32), and (ii) a different class of finite size effects related to the finite number
of clones used to sample the large-deviation statistics [28]. As for the 1D case above, we can
use the Gallavotti-Cohen (GC) symmetry to detect the regime where the finite population
of clones introduces a bias in simulation results. Consequently, in Fig. 5(b) we compare the
LDF for current fluctuations coupled by time reversibility by plotting p(X) versus |\ + €],
for a fixed pairs of angles ¢ and ¢ — 7 (see the inset of Fig. 5(b)). This analysis shows that
GC holds to a good degree of accuracy for |A + €| < 0.42, a critical value above which Monte
Carlo results are biased due to the finite population of clones. In this way, the disagreement

10For equilibrium dynamics, 77, = Tg, this symmetry is obvious as the system has x <> 1 — x symmetry.
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Fig. 5 (a) Measured p(X) for the 2D KMP model with p; =2, pg = 1 and N = 20 for different angles
versus |\ + €|. The solid line corresponds to the theoretical prediction. Inset: Points in A-space for different
angles where measurements are taken. The dashed circle is where the non-monotone regime starts. (b) Mea-
sured w(X) with p; =2, pg =1, N =20 and 10% clones for different pairs of angles (¢, m — ¢) correspond-
ing to opposite currents, which are coupled by time reversibility (see the inset of panel (a)). The red vertical
line indicates the threshold value of |A + €| up to which the GC symmetry holds (Color figure online)

with the theory for 0.35 < |A + €| < 0.42 can be then traced back to standard finite size
effects (small N). This can be corroborated by studying the dependence of 1 (A) on the
system size (see Fig. 7(d)): a slow but clear convergence toward the theoretical prediction
is observed for all angles ¢ as N grows [50]. Therefore, as for the 1D case, and excluding
the different finite size effects discussed, no violations of additivity are observed in 2D,
confirming the validity of this hypothesis in higher dimensions.

5.2 Invariance of Rare Event Statistics Under Current Reversal

We have shown numerically in the previous section that the measured optimal density field
associated with a current fluctuation does not depend on the current sign, i.e. py(r) = p_j(r),
in agreement with the MFT 44 prediction. In fact, Eq. (42) for the optimal profile clearly
shows that this object is independent of the sign of the current, J — —J. Such counter-
intuitive symmetry results from the time reversibility of microscopic (stochastic) dynamics,
and goes hand by hand with the Gallavotti-Cohen fluctuation theorem [11], see Eq. (14). In
fact, it can be shown starting from the microscopic, Markov-chain description of the large
deviation problem [24, 28] that not only the optimal profile remains invariant under current
reversal, but also the whole statistics during the large deviation event.

To show this remarkable invariance of rare-event statistics under time reversal, we must
first define time-reversibility in stochastic dynamics. The condition that plays the role of the
time-reversal invariance of deterministic dynamics in stochastic systems is known as local
detailed balance [14], and reads

Pei(C)Ucrc = pe(C')Uccre™9c'e, (45)
where € is the driving force, p.(C) is an effective statistical weight for configuration
C different from the steady-state measure which for the 1D KMP model takes the form
Pesi(C) = exp[— Zf\’:] Biei] with ¢; being the energy of each site and §; = T[' + 26%
[24]. Recall that Uc¢ is the transition rate for the jump C — C’, which involves an elemen-
tary current q¢c/¢. We may now use the modified dynamics U (1) defined in Sect. 4 to write
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condition (45) as ﬁcc/ ) = ngfl (C/)I?C/C (—=A — 2€) pest(C), or in matrix form
UT(A) =P U(—A — 2€)Pqs, (46)

where P is a diagonal matrix with entries (C|Peg|C') = perr(C)Sc.c’. Equation (46) im-
plies a symmetry between the modified dynamics for a current fluctuation and the modified
dynamics for the negative current fluctuation. In particular, the similarity relation (46) im-
plies that all eigenvalues of U(\) and U(—\ — 2€) are equal, and in particular the largest,
o)

O(A) =0(—A —2e). 47)

This is just the Gallavotti-Cohen fluctuation theorem, F(q) — F(—q) = 2€ - q, see also Eq.
(14), written in terms of the Legendre transform of the current LDF. The similarity relation
(46) can be further exploited to show that the statistics during a current large deviation
event remains invariant under time reversal. Let 15(C v, Qy, t', 1) be the probability that the
system was in configuration C, at time ¢’ when at time ¢ the total integrated current is Q.
Timescales are such that 1 <« #' < ¢, so all times involved are long enough for the memory
of the initial state C to be lost. We can write now

I-)(Cl‘/7 Qta t’? t)

-1
= Z Ucc,, " Uc,, c,Uc,c,_, "'UC1C08<Qt - ZqCHle)v (48)

Cr+++Cyry Cy_1C) k=0

where we do not sum over C, . Defining the moment-generating function of the above dis-
tribution,

ﬁ(ct/v A, l/, t) = ZCX'QIP(C#» Q;, f/, t)

Q

= Z Ucfc,,l "'Uct,ﬂc,, [/c,,c,,,] "'Uclc(,
Cl“'ct’HCr’—l“‘Cl

=Y (CT"Co)Cr1T" |Co), (49)
Cr

it is easy to show that for long times such that 1 « ¢’ < ¢ the probability weight of con-
figuration C, at intermediate time ¢’ in a large deviation event of current q = Q, /7 can be
written as
P(Cr, Q1" 1) _ I(Cv M1, 1)
Py(Cr) = —— = = P(Cy) (50)
PQ:. 1) IT(A, 1)

where q and A are conjugated parameters univocally related via Legendre transform, q =
q*(A), see Eq. (28) above. This relation is easily demonstrated by noting that

O(Cy At 1) 1 A0S Py(Cy) A
P, (Cy) = = Ap(Cy,Q,, 1, 1) = L2 MUpQ,, 1
v(Cr) 1) 1) QZC ( > Qy ) 1) QZe Q. 1)
t maxq[F(q)+A-q]
2L py(Ci)S =Py (C)),

(A1)
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where we have used in the last step that in the long time limit P(Q;, t) ~ ¢/F@ and IT(A, ) ~
e® with u(A) = maxq[F(q) + A - q]. Using the spectral decomposition of the operator
U (L), Eq. (31), one thus finds

(Cr1T"1Co) Yo (CHU|Cy)

P, (Cy) = =
HE >, (C1T|Co)

so in the long time limit we arrive at

Py(Cr) =5 (AL Q)[Co)(Cr1ARM)). D

Here |AR(L)) and (AL (L) are the right and left eigenvectors associated with the largest
eigenvalue e4® of modified transition rate U (1), respectively. They are different because
U is not symmetric. Therefore the probability of a configuration during a large fluctuation
of the current is proportional to the projection of this configuration on the left and right
eigenvectors associated with the largest eigenvalue of U (X).

Interestingly, | AL (X)) is the right eigenvector of the transpose matrix U T(L) with eigen-
value 4™, This right eigenvector of UT(X) can be in turn related to the corresponding
right eigenvector |AR(—A — 2¢)) of matrix U (—A — 2¢) using the similarity relation (46)
which stems from the local detailed balance condition (45). Using the basis expansion
|AR(—=k —2€)) =) (C|AR(=L — 2€))|C), it is easy to show that

(C]AR (=L —2¢))
AF(A)) = — ), 52
1AL () ; 2 IC) (52)

is the right eigenvector of UT(X) with eigenvalue e*® . In fact,

7T L _plir_q _ - (C1AR (=X —2¢))
Ut ()AL R)) = PR U(—1 2e)Peﬂ;—peﬁ_(C) IC)
=P U (=L —2€)| AR (=1 — 2¢))
(C|AR(—1—26))
_ oA = Ty =AM AL 53
e; () IC) = e ™AL (L)) (53)

In this way, by using Eq. (52) into Eq. (51) we find

R — R
P, (C) o KA 20I0N(C1AT )
Deri(C)

where we assumed real components for the eigenvectors associated with the largest eigen-
value. Remarkably, this equation implies that P, (C) = P_,_»(C) or equivalently Pq(C) =
P_q4(C), so the statistics during an arbitrary current fluctuation does not depend on the cur-
rent sign, i.e. it remains invariant under time reversal. This implies in particular that the
average density profile during a current large deviation event is invariant under q — —q, but
also that all higher-order moments of the density field as well as all n-body spatial correla-
tions during a given current fluctuation exhibit this remarkable symmetry.

Starting from equations similar to Eqgs. (48)—(51) above, it is easy to show that the prob-
ability of observing a given configuration C at the end of a current large deviation event
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parameterized by A (i.e., for time ' =) is just Pi“d(C) o (C|AR(L)) [24], allowing us to
relate midtime and endtime current large-deviation statistics in a simple manner,

P (C)PY, (C)

P,(C)=A
1) Pe(C)

; (54)

with A a normalization constant. This relation implies that configurations with a significant
contribution to the current large deviation statistics are those with an important probabilistic
weight at the end of both the large deviation event and its time-reversed process [24].

6 The Isometric Fluctuation Relation

When discussing the additivity of current fluctuations for the 2D KMP model in Sect. 5.1,
we have noticed a remarkable invariance of the Legendre transform of the current LDF
with the angle of the current vector. As we discuss in this section, this observation is not
a quirk of the 2D KMP model but a deep result related with hidden symmetries of the
current LDF. To show this, notice that the optimal profile py(r) solution of Eq. (39) depends
exclusively on J and J?. Such a simple quadratic dependence, inherited from the locally-
Gaussian nature of fluctuations, has important consequences at the level of symmetries of
the current distribution. In fact, it is clear from Eq. (39) that the condition

s71[p(1)]
—— =0, 55
50(0) 42

implies that py(r) will depend exclusively on the magnitude of the current vector, via J?, not
on its orientation. In this way, all isometric current fluctuations characterized by a constant
|J| will have the same associated optimal profile, py(r) = pj3(r), independently of whether
the current vector J points along the gradient direction, against it, or along any arbitrary
direction. In other words, the optimal profile is invariant under current rotations if condi-
tion (55) holds. It turns out that condition (55) follows from the time-reversibility of the
dynamics, in the sense that the evolution operator in the Fokker-Planck formulation of the
Langevin equation (1) obeys a local detailed balance condition [14, 15]. In this case, we can
write in general

Qelp™] _ o HIp]
o[p()] dp

where H[p(r)] is the effective Hamiltonian for the system of interest. Now, if this condition
holds, it is easy to show by using vector integration by parts that

Wi [pm] : (56)

8
Sp(r’)

dH[p] A
— dr ——A(r) -n=0, 57
5(r') Jaa dp () -n ©7

[ arwi[ow)] - Aw =
A

for any divergence-free vector field LA(r). The second integral is taken over the boundary
9 A of the domain A where the system is defined, and n is the unit vector normal to the
boundary at each point. In particular, by taking A(r) = J constant, Eq. (57) implies that
3 [p(r)]/8p(x") = 0. Hence for time-reversible systems—in the Fokker-Planck sense of
Eq. (56)—the optimal profile py(r) remains invariant under rotations of the current J, see
Eq. (39). We can now use this invariance to relate in a simple way the probability of any pair
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Fig. 6 Left: The isometric fluctuation relation at a glance. Sketch of the current distribution in two dimen-
sions, peaked around its average (J)¢, and isometric contour lines for different |J|’s. The isometric fluctuation
relation, Eq. (58), establishes a simple relation for the probability of current fluctuations along each of these
contour lines. Right: The IFR relates in a strikingly simple manner the probability of a given fluctuation J
with the likelihood of any other current fluctuation on the d-dimensional hypersphere of radius |J|. Moreover,
under the additional condition (78), the generalized IFR (79) relates any current fluctuation J in the presence
of an external field E with any other isometric current fluctuation J’ in the presence of an arbitrarily-rotated
external field E*

of isometric current fluctuations J and J', with |J| = |J'|, see Eqgs. (12) and (38). This allows
us to write the following Isometric Fluctuation Relation (IFR) [29]

L [Pf(J)

lim — In
r—>o00 T N4 PT(J’)

]:e~(J—J’). (58)

where € is the driving force. The previous statement, which includes as a particular case the
Gallavotti-Cohen (GC) result for J' = —J, see Eq. (14), relates in a strikingly simple manner
the probability of a given fluctuation J with the likelihood of any other current fluctuation on
the d-dimensional hypersphere of radius |J|, see Fig. 6, projecting a complex d-dimensional
problem onto a much simpler one-dimensional theory.!! By recalling the definition of the
current LDF, see Eq. (13), we can write an alternative formulation of the IFR

G —GI)=€-(I—J)=IellI|(cosd — cos®’), (59

where 6 and 6’ are the angles formed by vectors J and J', respectively, with the constant
vector € = € + E. This last expression will be useful when checking in simulations the IFR,
see Sect. 6.1 below. By letting now J and J' differ by an infinitesimal angle, the IFR can be
cast in a simple differential form

G

0 = l€||J]sin6), (60)

which reflects the high level of symmetry imposed by time-reversibility on the current distri-
bution. Unlike the GC relation which is a non-differentiable symmetry involving the inver-
sion of the current sign, J — —J, Eq. (58) is valid for arbitrary changes in orientation of the
current vector, as reflected by Eq. (60) above. This makes the experimental test of the above
relation a feasible problem, as data for current fluctuations involving different orientations

HTn fact, it suffices to determine the current distribution along an arbitrary direction, say e.g. J = |J|X, to
reconstruct the whole distribution P (J) using the IFR.
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around the average can be gathered with enough statistics to ensure experimental accuracy.
Finally, it is important to stress that the IFR is valid for arbitrarily large fluctuations, i.e.
even for the non-Gaussian far tails of current distribution.

The IFR and the GC theorem are deep statements on the subtle but enduring conse-
quences of microscopic time reversibility at the macroscopic level. Particularly important
here is the observation that microscopic symmetries are reflected at the fluctuating macro-
scopic level arbitrarily far from equilibrium. This crucial observation suggest to apply and
extend the ideas and tools associated with the concept of symmetry, so successful in other
areas of theoretical physics, to study the statistics of fluctuations out of equilibrium. In
physics, symmetry means invariance of an object under certain transformation rules. In this
context the physically relevant and natural object whose invariance we are interested in is the
optimal path that a system with many degrees of freedom transits in mesoscopic (or coarse-
grained) phase space to facilitate a given fluctuation. As we have seen above, the invariance
of this optimal path under rotations of the associated current vector has led to a new insight,
the Isometric Fluctuation Relation. We anticipate that invariance principles of this kind can
be applied with great generality in diverse fields where fluctuations play a fundamental role,
opening an unexplored route toward a deeper understanding of nonequilibrium physics by
bringing symmetry principles to the realm of fluctuations. Below we show that the IFR can
be extended to different situations by using this general idea.

Before developing these generalizations, it is important to notice that the condition
3 [p(r)]/8p(r’) = 0 can be seen as a conservation law. It implies that the observable
i [p(r)] is in fact a constant of motion, € = 7 [p(r)], independent of the profile p(r),
which can be related with the rate of entropy production via the Gallavotti-Cohen theorem
[11-15]. In a way similar to Noether’s theorem, the conservation law for € implies a symme-
try for the optimal profiles under rotations of the current and an isometric fluctuation relation
for the current LDF. This constant can be easily computed under very general assumptions,
see Appendix B.

6.1 Numerical Investigation of Isometric Current Fluctuations

We now set out to validate the IFR in extensive simulations of the 2D KMP model, using
both standard Monte Carlo simulations and the advanced cloning technique discussed in
Sect. 4. For the former case, we performed a large number of steady-state simulations of long
duration t > N? (the unit of time is the Monte Carlo step) for N =20, T, =2 and Tz = 1,
accumulating statistics for the space & time-averaged current vector J. The measured current
distribution P;(J) is shown in Fig. 7(a), together with a fine polar binning which allows
us to compare the probabilities of isometric current fluctuations along each polar corona,
see Eq. (58). Taking G(J) = (tN9)~'InP,(J), Fig. 7(b) confirms the IFR prediction that
G(J) — G(J"), once scaled by |J|~!, collapses onto a linear function of cos@ — cosf’ for
all values of |J|, see Eq. (59). Here 6, 6’ are the angles formed by the isometric current
vectors J, J' with the x-axis (E = 0 in this case). We also measured in standard simulations
the average energy profile associated with each current fluctuation, py(r), see Fig. 7(c). As
predicted above, profiles for different but isometric current fluctuations all collapse onto a
single curve well predicted by MFT a4, confirming the invariance of optimal profiles under
current rotations.

Standard simulations allow us to explore moderate fluctuations of the current around the
average. In order to test the IFR in the far tails of the current distribution, corresponding
to exponentially unlikely rare events, we measured the current statistics using the cloning
algorithm of Sect. 4. As discussed above, this method yields the Legendre transform of the
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Fig. 7 Confirmation of IFR in a diffusive system. (a) Current distribution as measured in standard simula-
tions of the 2D KMP model subject to a temperature gradient, together with the polar binning used to test
the IFR. (b) The IFR predicts that |J I_l [GJ) — G(J)] collapses onto a linear function of cos® — cosf’
for all values of |J|, see Eq. (59). This collapse is confirmed here in the KMP energy diffusion model for
a wide range of values for |J|. (¢) Average profiles for different but isometric current fluctuations all col-
lapse onto single curves, confirming the invariance of optimal profiles under current rotations. Angle range
is |6| < 16.6°, see marked region in the histogram, and lines are MFT a4 predictions. (d) Legendre transform
of the current LDF for the 2D KMP model, for different values of |\ + €| corresponding to very large current
fluctuations, different rotation angles ¢ such that A’ = Re (X + €) — €, and increasing system sizes. Lines are
theoretical predictions. The IFR predicts that u(X) = u[Ry (A + €) — €] V¢ € [0, 27 ]. The isometric fluctu-
ation symmetry emerges in the macroscopic limit as the effects associated with the underlying lattice fade
away (Color figure online)

current LDF, (£ (A), so we must first write the IFR in terms of 1 (A). To do so, we now write
J =RJ, with R any d-dimensional rotation matrix, and use the IFR, see Eq. (59), in the
definition of (1), Eq. (44), to obtain

wh) = mJax[G(J) +1-J]= mJa}x[G(J') +(RA+e€) —€) - J]=p[RA+e) —e],

where we have used that projections remain invariant under equal rotation of the vectors
involved, i.e. (A +¢€) - R™'J =R(A +€) - J. Hence, the IFR can be stated for 1(L) as

nA) =pu[RMA+€)—€] VR. (61)

Therefore, in order to test the IFR we measured (L) in increasing manifolds of constant
|A + €|, see Fig. 7(d), as the IFR (61) implies that @ (1) is constant along each of these
manifolds. R, arotation in 2D of angle ¢. Figure 7(d) shows the measured (1) for different
values of |A + €| corresponding to very large current fluctuations, different rotation angles ¢
and increasing system sizes, together with the theoretical predictions (see Appendix A). As a
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result of the finite, discrete character of the lattice system studied here, we observe violations
of IFR in the far tails of the current distribution, specially for currents orthogonal to the
driving force €. These violations, already encountered when investigating additivity, are
expected since a prerequisite for the IFR to hold is the existence of a macroscopic limit, i.e.
Eq. (1) should hold strictly, which is not the case for the relatively small values of N studied
here. However, as N increases, a slow but clear convergence toward the IFR prediction is
observed as the effects associated with the underlying lattice fade away, strongly supporting
the validity of IFR in the macroscopic limit.

In order to investigate the universality of the IFR, we also measured current fluctuations
in a Hamiltonian hard-disk fluid subject to a temperature gradient (not shown) [29]. This
model is a paradigm in liquid state theory, condensed matter and statistical physics, and has
been widely studied during last decades. Our results unambiguously confirm the IFR and
the associated invariance of optimal profiles under current rotations in this model for a wide
range of fluctuations. Interestingly, the hard-disk fluid is a fully hydrodynamic system, with
4 different locally-conserved coupled fields possibly subject to memory effects, defining a
far more complex situation than the one studied here within MFT »q, see Eq. (1). Therefore
the validity of IFR in this context suggests that this fluctuation relation, based on the invari-
ance of optimal profiles under symmetry transformations, is in fact a rather general result
valid for arbitrary fluctuating hydrodynamic systems. We also mention that recent work [53]
has shown that the IFR can be suitably generalized to anisotropic systems, and this idea has
been confirmed in great detail for the anisotropic zero-range process.

6.2 Hierarchies for the Cumulants and Nonlinear Response Coefficients

The isometric fluctuation relation, Eq. (58), has far-reaching and nontrivial consequences.
For instance, the IFR implies remarkable hierarchies of equations for the current cumulants
and the nonlinear response coefficients, which go far beyond Onsager’s reciprocity rela-
tions and Green-Kubo formulas. These hierarchies can be derived starting from the moment-
generating function associated with P, (J),

I, 1) = / P, (Je™ " 4y, (62)

which scales for long times as IT(A, T) ~ exp[+T N9 (X)], where p(X) = maxy[G(J) +
A - J] works now as the cumulant generating function. The cumulants of the current distri-
bution can be obtained from the derivatives of w(A) evaluated at A =0, i.e.

0" ()
() =|——— 63
P ny) [ax’f' -~-813"]H)’ (63)

where ; is the i-th component of vector A and Z;’zl n; = n. Note that for n < 3 we have that
1 oy = @LYHAT - AT}y where Ay = Ji — (1= 8,,1)(Ji)e, With (Ji)c being
the average current along the k-direction for external driving €. We now may use the IFR as
expressed for p(d), see Eq. (61), in the definition of the n-th order cumulant. As we shall
show below, in the limit of infinitesimal rotations, R = [+ A¢L, with [ the identity matrix,
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the IFR implies that
(n) (n+1) —
no“cﬂﬂlﬂ(nl<-<na—l-»-nﬂ+lmnd) + Gvﬁyvﬂ(nl.“nyqund) =0, (64)

where £ is any generator of d-dimensional rotations, and summation over repeated Greek
indices (€ [1, d]) is assumed. The above hierarchy relates in a simple way current cumulants
of order n and n + 1 Vn > 1, and is valid arbitrarily far from equilibrium.

‘We now set out to derive Eq. (64). To do so, we start by slightly modifying our notation by
replacing in Eq. (63) the n;-th order derivative with respect to A; by n; first order derivatives
with respect to A;, i.e.,

M(n) = ") _ ") (65)
(11-nq) Y SLERRE: VN iy OAiy -+ 0Ny, J5—g
with
1 ke[l,n]
2 kE[n]+1,n1+n2]
k=1 . (66)

d kelYX ni+1, 2% 0l

We now may use the IFR as expressed for @ (A), see Eq. (61), to write

w () _JORA+E € (67)
Fenyng) I, 00y -+ 0hiy |io i iy -+ 0hiy  Jyp

in

Recall that all throughout this section summation over repeated Greek indices (€ [1, d]) is
assumed. By using the chain rule Eq. (67) reads

"u(R(A +€) —¢€) 3"u(d)
[ FYVET = Roni = Ronin| 55557 |, ’ (68)
1 A=0 ] wp AN =Re—e€

in

where we have used that the k-th component of vector R(A +€) — € is just Ry, (Ay +€4) — €.
In the limit of infinitesimal rotations, R = I + A¢L, with I the identity matrix, we have
that .’ = Re — € >~ A¢Le and we can write

[ ") ] N[ ") }
Oy 0N, Lyiapee LA, - 0N, 1y

8"+],U,(X/) ]
A, -+ 9N, -+ DA, Veo

+ A¢>€uﬁyu[ (69)

As we are considering infinitesimal rotations, we can also expand the prefactors R, - - -
R,,i, to first order in A¢ as

Rwlil U anin = (Swlil a '5wnin +A¢ Z(Swlil e (ka—lik—l ‘kaikawarlikJrl e 6wnin' (70)
k=1
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Thus, by using Eqgs. (69)—(70) in the r.h.s of Eq. (68) and retaining up to linear terms in A¢,
we can write Eq. (67) as

0V
(n)
Hooona) = 8“’“’1"'5“"“"[31;,]---ax;ﬂ Voo

an+1 2z
+ A¢ |:5cu|i1 e Swni,,evcyv[ M( ) :I
0

3%1---3%---8%;,, Ve

")
+Zawm oy iy Loy Sy 1k ""Swnin[a)\/ F YU
w1 n =

It is easy to see that the first summand of the r.h.s of the above equation is just the original

22“'"(1)’ thus the sum in brackets must be zero, i.e.,

n (N 8n+1 2
S e[ T ] [ ],
< CYVRERE YURRIOY FURS A YURERE YURNRY YU W

To end the calculation and get Eq. (64) we now go back to the original notation used in
Eq. (66). We can thus immediately identify the second summand of the l.h.s of the above
equation with the second summand of Eq. (64). In order to derive the first summand of Eq.
(64), we take for instance k € [1, n;] in the first summand of the above equation. In that case
we have iy = 1 meaning that there are n; equal summands involving n; — 1 derivatives with
respect to A; and an additional derivative with respect to A, , so the first n; summands in
the first term of the Lh.s of the above equation are just n,L,, iy =1 g+ In general,

we can write this summation as 1, Lgy MEZ)I,_,,!W]_,_M Fleng) recovering the hierarchy in Eq.
(64).

As an example, the first two sets of relations (n = 1, 2) of the hierarchy given by Eq. (64)
in two dimensions are

(Jo)e = TN?[e(AT])e — €, (AT ATy ]

(71)
(J)e = TN*[ey(AT7)e — €(ATASy)]
AT AL = TN?[6,(AT])e — €. (ATIATy)]
:‘L’NZ[EX(AJ'S)€ _6)'<AJXA'13>5] (72)

(AJ2)e —(AJD)e = TN?[e(AJ AT )e — € (ATIAT).].

In a similar way, we can explore the consequences of the IFR on the linear and nonlinear
response coefficients. For that, we now expand the cumulants of the current in powers of the
driving force €

(n) (k) (kl kq) k1 kq
Py ong) (€) = Z Z ) Xuy-ng)€1 "€ s (73)

=0 " ky-kg=0

i ki=k
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where the nonlinear response coefficients are defined as

®) _ ykg) _ ") »
('l)X('ll“‘"d) = ny ng o ki kg ’ ( )
AN 9K 9EN . de ]

and measure the k-th order response of the n-th order current cumulant to the external driv-
ing. Inserting expansion (73) into the cumulant hierarchy, Eq. (64), we have

(k) G -oka) KL ha
n ﬁﬂaz Z Xy —1-ng+1-n)€1 " €d

" kyp kg =0
X ki=k
) k) "/1 K, +1 ky
+£yUZ Z (ﬂ+1) (Vl] ny+1 ng) €1 "€, €y _07
k/ A —o
Zi
To match order by order in k the two terms in the above expression we have that k; =
ki,...,k, +1=k,,...,kj; =kq. Therefore k¥’ =3 ", k=3 ". ki — 1 =k — 1 and we get
o] k 1 k de
(k) _, (ky-kq) (k—1) _ (ky--ky—1--kg) d
Z Z [naﬁﬂak(ll)x(n] ng—1-+ n,:;-%—l -ng) + ‘CV“(n+l)X(n| ny 41 nd)j| (k _ l)‘ -
k=0 ky---ky=0 :
Zi ki=k

This relation must be valid for arbitrary €, so the expansion coefficient for each k must
vanish exactly. This leads to another interesting hierarchy for the response coefficients of
the different cumulants. For k =0 we get

), (0--0)
n“‘cﬁa(n)x(n] cng—1- nﬂ+1 ng) 0 (75)

which is a symmetry relation for the equilibrium (e = 0) current cumulants. For k > 1 we
obtain

k
(k) , (ky-kq) (k=1) _ (ky-ky—1--kq)
Z |:k l:ﬁa(n) (nl---nafl---n,ngl---nd)+£V”(n+l)x(nl ny+1-- nd):| O’ (76)
ky-kg=0
Zik,’:kzl

which relates k-order response coefficients of n-order cuamulants with (k — 1)-order coef-
ficients of (n + 1)-order cumulants. Relations (75)—(76) for the response coefficients result
from the IFR in the limit of infinitesimal rotations. For a finite rotation R = —I, which is
equivalent to a current inversion, we have w(A) = u(—A — 2€), an alternative formulation of
the GC fluctuation theorem expressed for the Legendre transform of the current LDF, and we
may use this in the definition of response coefficients, Eq. (74), to obtain a complementary
relation for the response coefficients

() k) _ D28 4y tki—prka—pa)
wX@y-ng) = =k! Z Z plk — )y Tt — o1 et K@i +prngtpa)? (a7
=0 =0 p
p1 Pd
where p = Zi pi. A similar equation was derived in [54] from the standard GC fluctuation

theorem, although the IFR (which includes the GC fluctuation theorem for currents as a
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particular case) adds a whole set of new relations, Egs. (75)—(76). All together, Eqs. (75)—
(77) imply deep relations between the res