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A recent theory based on fluctuating hydrodynamics predicts that one-dimensional interacting systems
with particle, momentum, and energy conservation exhibit anomalous transport that falls into two main
universality classes. The classification is based on behavior of equilibrium dynamical correlations of
the conserved quantities. One class is characterized by sound modes with Kardar-Parisi-Zhang scaling,
while the second class has diffusive sound modes. The heat mode follows Lévy statistics, with different
exponents for the two classes. Here we consider heat current fluctuations in two specific systems, which are
expected to be in the above two universality classes, namely, a hard particle gas with Hamiltonian dynamics
and a harmonic chain with momentum conserving stochastic dynamics. Numerical simulations show
completely different system-size dependence of current cumulants in these two systems. We explain this
numerical observation using a phenomenological model of Lévy walkers with inputs from fluctuating
hydrodynamics. This consistently explains the system-size dependence of heat current fluctuations. For the
latter system, we derive the cumulant-generating function from a more microscopic theory, which also
gives the same system-size dependence of cumulants.
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The properties of energy and particle current fluctuations,
in various systems both in and out of equilibrium, are areas
of much recent activity. A number of papers have found
unexpected universal features in these fluctuations in diverse
systems [1-11]. For example, it has been shown that particle
transfer in the symmetric exclusion process and charge
transfer across disordered conductors have exactly the same
value for a particular combination of current cumulants [9].
Systems with anomalous energy transfer have been of
great interest both from the theoretical [12—-14] and exper-
imental [15,16] point of view and an open question is the
properties of current fluctuations in such systems. An earlier
study [11] considered a hard particle gas on a finite circle of
length L and looked at the net energy ¢ transferred across
a point in a large time interval 7 (taking the limit of fixed L
and 7 — oo0). Simulations indicated large fluctuations with
the cumulants (¢?)./7 ~ L™"/? and (¢*)./7 ~ L'/?, in sharp
contrast to diffusive systems for which (¢?)./z ~ L™ and
(¢*™) ]t ~L2 forall n > 1.

In this Letter, we study energy current statistics in
interacting particle systems with anomalous energy trans-
port. We consider two different models, namely, the
alternate mass hard particle gas [17-19] and the momen-
tum exchange model [20,21]. In both cases, energy,
momentum, and volume are conserved variables. These
two models have been widely studied in the context of
anomalous heat transport [13,14] where they represent
examples of two universality classes. The thermal con-
ductivity « in such systems shows divergence with system
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size L as k ~ L%, with a = 1/3 or 1/2 for the two classes.
Recent work on the fluctuating hydrodynamic theory
(FHT) [22-27] also predicts that these two models belong
to different universality classes. One of the main aims of
this Letter is to look at universal features of current
fluctuations. We find from simulations that the two
models give completely different results for fluctuations
and show how the results can be understood from a
simple model of Lévy walkers [28,29] with inputs
from FHT, which allow us to compute the cumulant-
generating function for current fluctuations (hence the
large deviation function).

We consider N particles with positions and momenta
described by {z,, p,}, for x =1,..., N, and moving on a
periodic ring of size L, so that the particle density
p=N/L =1. The particles are assumed to only have
nearest-neighbor interactions. In the alternate mass hard
particle gas, point particles move ballistically in between
energy-momentum conserving collisions. The masses of
the particles are chosen as m,, = m, and m,,_; = m,, for
x=1,2,...,N/2 (with N chosen to be even). The case
m, = my, is integrable, while for m, # m; one numerically
observes ergodicity and equilibration (for N > 3) [17-19],
and it is expected that the system is nonintegrable. The
system is taken to be in equilibrium (configurations are
chosen from a microcanonical ensemble with fixed energy
E and zero total momentum) at time ¢t = 0, and we consider
the statistics of the total energy transferred g(y, ) across a
specified point y in a given time interval z. For the hard
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particle gas, the energy flux at a spatial location y is given
by ji(y. 1) = 220 [mvo (1) /218y — 2,(1)].

The total energy flux in a fixed time interval is given by
q(y.7) = [§dtj(y. 1), and our interest is in the statistics of
this. On the ring geometry, the statistics is independent of y,
and we can equivalently (for 7 > L/c, where c is the speed
of sound) look at the statistics of the average integrated
current, namely,

00 = [* drar.o) (1

For the momentum exchange model [21], the Hamiltonian
dynamics of a harmonic chain is supplemented by a
stochastic process, which causes randomly chosen near-
est-neighbor particles to exchange their momenta at a
specified rate y. Both energy (including now kinetic and
potential energy parts) and momentum (and particle number)
are conserved, and one can again define the energy current.

Simulations.—We evaluate up to six cumulants and
compare them with the predictions of the theory. For the
case of the hard-point gas, a system of N = L particles was
taken, with masses of alternate particles set at 1 and 2.62.
This choice of mass ratio is not crucial, and anything not
too close to 1 should work [30]. The initial velocities of
the particles are chosen from a microcanonical ensemble,
such that total momentum is zero and the total energy is
E = N, which corresponds to a temperature 7 = 2 (with
Boltzmann’s constant kz = 1). The initial positions of the
particles are chosen from a uniform distribution between 0
and L. An event-driven molecular dynamics simulation was
performed, in which successive update time steps are taken
to be the time differences between subsequent collisions in
the full chain. After some initial transients, the system is
run for a total time of Rz and we obtain Q,(z) for
r=1,2,...,R. The nth moments are then computed as
C, =(0"(r)) = (1/R) >R, 0"(r). We then compute the
cumulants. The number of realizations averaged over
was R ~ O(10°).

Cumulants obtained from the two definitions of heat
flux, Q in Eq. (1) or g, were evaluated. These behave
differently at finite time, but both exhibit a linear growth for
large 7 and (Q")./7 and (g")./7 appear to converge to the
same value, as is expected [11]. Here we show results only
for Q. In Fig. (1), we show the time dependence of the
cumulants for a system of size N = 400. Following [11],
we plot the ratios (Q”), /7 versus 1/7 and by extrapolating
the linear region of the graph, extract the asymptotic values.
These asymptotic values of the cumulants have been
plotted in Fig. (2). We find

C,~N~'2, Cy~N'% and C4~N3/2. (2)
For n = 2 and 4, our results agree with those of [11], while
those for n = 6 are new results.
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FIG. 1. Hard particle gas: plot of second, fourth, and sixth
cumulants of integrated current divided by 7 plotted against 1/7 for
asystem of size N = 400. The solid lines indicate the extrapolation
procedure used to obtain the asymptotic value of the cumulant.

For the momentum exchange model also, our simula-
tions are done in the zero total momentum ensemble (with
spring constants, masses set to one, and exchange rate
y = 1). In this case, it appears numerically challenging to
study very large system sizes, possibly because the fluc-
tuations are larger. Averages were done over R ~ O(107)
realizations for sizes up to N = 64. However, in this model,
asymptotic results are known to be reproduced even at
relatively small system sizes [21]. The values of cumulants
obtained by linear extrapolation have been plotted in
Fig. (3). In this case, we find

C, ~N°, Cy~N? and Cg~N*. (3)
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FIG. 2. Hard particle gas: plot of second, fourth, and sixth
cumulants of the integrated energy current across a given point on
aring of size L with N = L particles, in the alternate mass hard
particle gas. The higher cumulants are multiplied by constant
numbers to make the plots clearer. The dashed lines show the
expected slopes.
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FIG. 3. Momentum exchange model: plot of second, fourth,
and sixth cumulants of the integrated energy current across a
given site on a ring with N particles. The higher cumulants are
multiplied by constant numbers to make the plots clearer. The
dashed lines show the expected slopes.

Note that for diffusive systems, one has C, ~ N~! and

Cy, ~N72 for all n > 1 [11]. Thus, systems with anoma-
lous transport show a completely different scaling and
fluctuations are much larger. Below, we will present argu-
ments using the Lévy walk model [28,29], combining the
results of FHT that, as we will see, explain the system-size
dependencies completely. In addition, for the second
model, we perform a more explicit microscopic calculation
of the cumulant-generating function, which gives results
consistent with the simulations and also the Lévy walk
argument.

FHT and Lévy walk argument.—From the recent theory
of FHT for 1D fluids, the picture emerges of the heat
mode’s diffusive spread being modified by interactions
with sound modes, which themselves have Kardar-Parisi-
Zhang scaling (and diffusive scaling for special conditions;
see below). This interaction leads to the heat mode
eventually showing Lévy scaling. One can thus think of
the system as effectively a gas of independent Lévy
walkers. Indeed, this approach has independently been
used earlier to explain many observed features of anoma-
lous transport [28,29]. To be precise, we assume the system
to consist of a fixed number N = pL of particles that
perform independent Lévy walks on a ring of length L.
At a microscopic level, the Lévy walker is a spontaneously
formed heat packet, which then moves at speed c¢ in
either direction due to its coupling to the two sound modes.
From FHT, a sound mode at wave vector k decays as
~exp(—b|k|°t) and this means that the heat packet will
move in a given direction for a time interval ¢ with
probability b|k|° exp(—b|k|°f). Summing over all wave
vectors, we then find that the distribution of flight times
¢(1) of the Lévy walkers has a power-law tail: ¢(t) ~ t#+!
with f=1+1/8. From FHT, the decay is given by § = 3/2

for the generic case, while 6 = 2 for the special case of zero
pressure and even potentials (relevant for the harmonic
exchange model). For a ring of finite size L, the smallest
k ~ L~" and so the flight time distribution will have a cutoff
atz; ~ L% This is the timescale over which the sound mode
spreads over the entire length of the system. With this basic
picture, we now proceed to estimate the cumulants of the
energy current.

As the walkers are independent, the cumulants of the
integrated current Q are related to those of the displacement
x(z) of a single walker on the infinite line (in the steady
state). The number of times that a single walker crosses a
fixed point in the ring geometry is approximately x(z)/L.
Hence, in the steady state, where the distribution of particles
is uniform, the nth order of the cumulant is given by

(0")c ~ 13 (W), = 7

(x(@)")es (4)

where p is the density on the ring. A straightforward
computation of the truncated Lévy walk model then gives
the following leading behavior for various moments:
(x* ./ () ~ (2" /{t), n=1,2,3, where (*")=
Jor dip(1)e*" [31]. We now use these in Eq. (4) to obtain
current fluctuations in the ring geometry. With the cutoff
7, ~ L%, we get (2") ~ L>"=P)% while (¢) is a finite number;
hence, we get

2n
@M L penpo-tn-t) 123, (5)
T

In general, we conjecture this result to be true for all n. We
then immediately find that the choices (f,6) = (5/3.3/2)
and (3/2, 2) reproduce the observed results for cumulants in
the hard-particle gas and the exchange model, respectively.
More explicit analysis for the momentum exchange
model.—In the framework of FHT, the second model we
studied corresponds to the special case of a symmetric
potential and zero pressure and belongs to a different
universality from the generic cases [24]. In this case, the
sound modes obey the diffusion equation, while the heat
mode is affected by nonlinear coupling to the sound modes.
Assuming Gaussian fluctuations of the sound modes, we
expect the stretch and momentum variables r(x, ) and
p(x,t) to satisfy the following Langevin equations,

IED  Tlp(e. )
apg;, 1) _ V[czr(x —1.0)+ DV[p(x - l,t)] + Bn(x, t)],

(6)

where the symbol V is the discrete derivative that acts as
VI[A(x)] == A(x + 1) — A(x) for arbitrary function A. The
variable 7(x, t) is white Gaussian noise with unit variance
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and the strength B = v/2D ensures that equal-time corre-
lations at long times converge to the expected equilibrium
values, e.g., ¢2(r(x,1)r(0,1)) = (p(x,1)p(0,1)) = 5. In
fact, the two time correlations from these equations also
agree with the known exact form. Note that Egs. (6) are
not microscopic equations, but hydrodynamic equations.
There is a third equation for the other hydrodynamic
field, namely, the energy, with a corresponding conserved
current (see [24]). The dominant part of the energy current
is given by j,(x,t) = —c?r(x,t)p(x,t). This scales as
1/+/N, while the stochastic component scales as 1/N.
With the assumption that the fields r, p are described by
(6), we now proceed to evaluate the distribution of the
current. We define the discrete Fourier transform 7(g, @) =

N | JEdtr(x,t)e”@*=*) /(N7), where g = 2sz/N and
® = 2nx/7 and similar for the momentum and noise terms.
Plugging the Fourier representation of each variable into
(6), we solve for the stretch and momentum variables in
terms of noise variables,

_inp<e_iq - 1)’7(%(0)
—w? +2¢*A, + 2iwD 2,

plq, @) = (7)

;<q’ w) _ i(e_iq _;)ﬁ(q’ (0) ’ (8)

where 1, = 2(1 —cosg) and the noise correlations are

given by <77](q’ w)ﬁ(q/v Cl)’)> = 5q+q/5w+w’/(NT)'
The average integrated current Q can then be written as

c? N v
0 _NIZI/O dir(x,t)p(x, 1)
— Y #(g.0)pl—q.~o)
=73 Y Alq.0)i(q. 0)i(-q.—w), (9

0 @
where A(q, w) is given by

4D ,c*wsingl,
(0* —2¢%2,)* +4D3w 2%

Alg. ) = — (10)

The characteristic function Z(4) := (e7*¢), where the
average is over the Gaussian noise #j(gq, w), leads to

2() = [ [ (e = aontaont-a-o)
qg o

Nt
ZI;II;INT—l—/lTA(q,w)' (11)

For large 7, the function Z(1) has the large deviation form
Z(1) ~ e*)7 with the cumulant-generating function given by

1 *)
u(d) = _EZ/_OO do
q#0

) 4D ,c’w sin gA
log(1—-— L q . 12
e ( N (@? —2c74, ) + 4D,%,w2/1§> (12)

It is difficult to perform this integration explicitly, but
the system-size dependence of the cumulants, given by
(O™, /) = 0"u(4)/0A"|,_, can be evaluated to give

2n
[4Dl,c2 sin q/lq} (2n—1)!

<Q2n>' 1
= Ly, (13)
T N2 ; 2w
P 2n
12,,:/ de @ (14)

2n "
® [(a)2 —2c%2,)* + 4D?,a)2}4

In particular, we find

L " _ (b*+5a)x
27 2ab3’ YT 16d3
. (3b* + 21ab* + 63a*)n
6= 256a°h"! ’

wherea = 2c2/1q and b = 2D 4, [32]. Taking the continuum
limit, we set A, = ¢*> with g =2sz/N. Then we get
(02)c/T~N° (Qu)./T~N?, and (Qu)./7~N*, which
reproduces the results from simulations and also the Lévy
walk argument.

Summary.—Recently, using FHT, it has been shown that
generic one-dimensional systems with conserved density,
momentum, and energy show anomalous transport and can
be classified into two principal universality classes. So far,
the signatures of anomalous transport and different uni-
versality classes have been seen in studies on decay of
equilibrium correlations and in nonequilibrium transport
measurements where one looks at scaling of current with
system size. In the present Letter, we show that current
fluctuations in equilibrium provide another method for
identifying anomalous transport behavior and identifying
universality classes. We presented results of numerical
simulations showing that the system-size scaling of energy
current cumulants is completely different for the two
universality classes predicted by FHT and also differs from
that for diffusive systems. This is explained by a phenom-
enological model where the energy is carried by Lévy
walkers with lifetimes determined by interactions with
sound modes. For the momentum exchange model,
which is in the same universality class as systems with
an even potential and zero pressure, we recover the scaling
properties from a direct microscopic computation of the
cumulant-generating function.

220603-4



PHYSICAL REVIEW LETTERS 120, 220603 (2018)

It is of interest to see if results on current statistics in
other systems described by FHT [33,34] can also be
obtained using the ideas proposed here.
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