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For a wide class of stochastic athermal systems, we derive Langevin-like equations driven by non-
Gaussian noise, starting from master equations and developing a new asymptotic expansion. We found an
explicit condition whereby the non-Gaussian properties of the athermal noise become dominant for tracer
particles associated with both thermal and athermal environments. Furthermore, we derive an inverse
formula to infer microscopic properties of the athermal bath from the statistics of the tracer particle. We
apply our formulation to a granular motor under viscous friction and analytically obtain the angular
velocity distribution function. Our theory demonstrates that the non-Gaussian Langevin equation is the

minimal model of athermal systems.
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Introduction.—Recent developments in experimental
techniques have triggered both experimental and theoretical
research on fluctuations in various nonequilibrium systems
[1-12]. The minimal model for thermally fluctuating
systems is the Gaussian Langevin model, which serves as
afoundation of recent studies on stochastic thermodynamics
[13-26]. Furthermore, athermal fluctuations are also exten-
sively studied in various systems recently [27—41], whose
characteristic distinction from thermal fluctuations is a
topic of wide interest. In fact, non-Gaussian properties
are experimentally observed in various athermal systems
[27-41], and thermodynamic properties of such systems
have been theoretically studied on the basis of non-Gaussian
stochastic models [42-47].

A fundamental question then arises: When and how does
non-Gaussianity emerge from microscopic dynamics?
While this problem has been well studied in the presence
of anomalous fluctuations with asymptotically heavy-tailed
distributions of waiting time or jump size [48-50], the
origin of non-Gaussianity has not been fully understood
with normal fluctuations as is the case for the conventional
Langevin systems. Indeed, the conventional coarse-
graining theories with normal fluctuations fail to explain
non-Gaussian behaviors at leading order, as they always
produce the Gaussian noise from the central limit theorem
(CLT) [51-54]. To clarify this point, let us review the
theory of van Kampen [51,52]. In general nonequilibrium
dynamics described by the master equation, the environ-
mental noise is strongly correlated with the state of the
system, which implies that the noise is not white (or
equivalently, state dependent). In the large system size
limit, however, their correlation asymptotically disappears,
and the noise distribution becomes Gaussian. This is the
origin of the universality of the white Gaussian noise and is
true even for the case of genuine nonequilibrium systems
without the time-reversal symmetry. Therefore, it is highly
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nontrivial to explain the origin of the non-Gaussian noise at
leading order. We can then rephrase the aforementioned
question as follows: When and how can non-Gaussianity
emerge against the apparent universality of the CLT?

In this Letter, we answer the above question by devel-
oping a new asymptotic expansion of the master equation.
To leading order of the system size expansion, we derive a
linear non-Gaussian Langevin equation for a wide class of
athermal systems under three assumptions: (i) large system
size, (ii) strong thermal friction, and (iii) the coexistence of
the thermal and athermal noise. Remarkably, non-
Gaussianity still remains because of the violation of the
CLT, although the athermal fluctuation is reduced to the
white noise as the system size increases. We also derive an
inverse formula to infer the statistics of athermal bath from
the probability distribution function (PDF) of the velocity
of the system. As a demonstration, we study a granular
motor under viscous friction and analytically derive its
steady PDF. Furthermore, we obtain a formula to estimate
the velocity distribution of the surrounding granular gas
from the rotor’s PDF that is experimentally observed. This
implies that the non-Gaussianity of the PDF plays key roles
to infer microscopic properties of the athermal bath.

Setup.—We consider a particle in one-dimensional space
attached to thermal and athermal baths (see Fig. 1 as a
schematic). For simplicity, we assume that the mass is unity
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FIG. 1 (color online). Schematic of a system driven by thermal
F(t; 9) and athermal F,(t; d) forces. There is net energy current
J from the athermal to the thermal environment.
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(M = 1) and the system obeys Markovian dynamics with-
out mechanical potentials. Then, the dynamical equation
for the velocity of the particle 9 is written as

D = Fr(e) + Fa(r0), (1)
dt
where Fr(; ) and F,(t; ) are stochastic forces from the
thermal and athermal environments. We denote the ensem-
ble average of stochastic variable A by (A). The thermal
force F7(t; ) is described by the sum of a linear friction
and a white Gaussian noise Fy(t;0) = —yd + 2yTEg
with viscous coefficient y, temperature 7, and white
Gaussian noise &g(r) satisfying  (E5(¢;)) =0 and
(Eo(1)&6(1)) = 8(t; — 1,). Here, we make a critical
assumption that ', (#; ) is a stochastic force characterized
by a small positive parameter ¢ and an e-independent
Markovian jump force 7j,(¢; 9) such that

FA(E D) = €iu(t; D), (2)

where e corresponds to the inverse of the system size in
Refs. [51,52] (see the Supplemental Material [55]). The
corresponding master equation for the velocity PDF
P(v,t) = P[d(r) = v] is given by

oP(v.1) [0 +Ta_2P( 5
o o' T a2

+ /_°° dy[P(v = y. )W, (v = y:y)

00

— P(v, )W, (v:y)]. (3)

where W, (v;y) is the athermal transition rate from v with
velocity jump y. The scaling assumption (2) implies that y
should be scaled: ) = y/e. Then, the scaled transition rate
W (v; ) for the scaled velocity jump ) satisfies

W)y = Welsy)dy s Weviy) = (2], @

where W(v;)) is e independent, corresponding to the e
independence of #j,. Note that the scaling (4) is equivalent
to that introduced in Refs. [51,52], and the only difference
in the master equation (3) from those in Refs. [51,52] is the
presence of the thermal diffusion term Ly = y[(9/dv)v +
T(0*/0v*)]. In fact, when the thermal bath is absent
(y = 0) and 7, is stable [51] around # = 0, the conventional
Langevin equation is reproduced [see Fig. 2(a)]:

di ) )
i =Yal + \/27aT 16, (5)

where we have introduced the athermal friction y, =
—ea;(0) and temperature 2y,T4 = €’ay(0) with the
Kramers-Moyal coefficient a,(v) = ff"co dYW(v; Y)Y

We stress that the above theory is applicable to systems
without microscopic reversibility, which implies that
microscopic irreversibility is not a sufficient condition to
derive non-Gaussian models.

Main results.—We next discuss an asymptotic expansion
of Eq. (3) in terms of the system size. We make the following
three assumptions, which were roughly stated in the intro-
duction: (i) large system size: € is small; (ii) strong thermal
friction: y > y, (i.e., y is a positive constant independent
of €); and (iii) the coexistence of both thermal and athermal
noise: the variance in the thermal noise is of the same order
as for athermal noise (i.e., T = 7 ¢ with an e-independent
parameter 7). Condition (i) implies the weak coupling for
the athermal bath, which is crucial to truncate the environ-
mental correlation. Condition (ii) implies that the thermal
friction is dominant for dissipation, and the athermal force
becomes irrelevant to relaxation [see Fig. 2(b)]. We here
introduce an appropriate scaled variable to remove the
singularity of the small noise expansion: V = v/e. In the
limit € — 0, Eq. (3) is reduced to

aPV.e) [0 &

" / * YW V)PV = Y.1) = P(V.1)
(6)

with P(V, 1) = eP(v, t). Remarkably, W(0;))) is indepen-
dent of the system’s velocity ¥, which implies that the
environmental correlation disappears and the athermal
fluctuation is reduced to the white noise. Furthermore, the
non-Gaussianity still remains after this reduction, as seen
from the system’s steady distribution [see Fig. 2(b)]. This is
the violation of the CLT. Then, Eq. (6) is equivalent to the
Langevin-like equation with a white non-Gaussian noise
term [52]:

dv . ..
I =YV +V2rTég + énes (7)

where ENG is the white non-Gaussian noise with transition
rate W(0;))). This is the first main result of this Letter. We
stress that Eq. (7) is exactly solvable [56]. Indeed, Eq. (6) is
reduced to (d/ds)Pgs(s) = [®(s)/ys]Pss(s) in the steady
state, where the convolution in Eq. (6) is simplified by
introducing the steady PDF Pgg(V) = lim,_ PV, 1), its
Fourier representation Pgg(s) = [, dVe™YPsg(V), and
the cumulant function ®(s) = [© dYW(0; V)(e™Y — 1) —
yTs®. This equation is easily solved as Pgg(s) =
exp[ [§ ds'®(s")/ys]. The stationary PDF is then given by
Pss(V) = [ dsexp [—isV + [§ds'D(s")/ys']/2n.  We
further obtain the inverse formula of the transition rate
W(v;)) from the stationary PDF as
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FIG. 2 (color online).

3 Athermal fluctuation t| v

Typical trajectories depending on y: (a) For y = 0, the athermal force is relevant to both fluctuation and

dissipation (Diss.), where the non-Gaussianity is irrelevant. (b) For y > y,, the athermal fluctuation is irrelevant to dissipation because
of the dominance of the thermal friction. The athermal non-Gaussianity then becomes relevant.

w(0;)) —7//00

—0o0

ds . d -
ﬂe‘”y {i* +Ts?+ s%k)g Pgs(s)],
(8)

where we have introduced A* = [ dYW(0;))/y. Note
that A* = —lim,_,  [s(d/ds) log Pgs(s) + T 5] according to
the Riemann-Lebesgue lemma [57]. This is the second main
result of this Letter, which connects the microscopic
transition rate W(v;)) and the observable Pgg(V).
Equation (8) is derived from the inverse Fourier trans-
formation of the definition of the cumulant function as
W(0;Y) =7y [, dse™Y[1* + Ts* + ®(s)/y]/2x and the
relation ®(s)/y = s(d/ds) log Pss(s). The effectiveness of
Eq. (8) will be demonstrated later by an example of a
granular motor. We note that our formulation is applicable to
the small noise expansion for a single multiplicative Lévy
noise [58]. We also note that our formulation reduces to the
independent kick model [32-35] in the limit y — oo (see the
Supplemental Material [55]).

Equation (7) does not satisfy the detailed balance
condition because there is net energy current from the
athermal to the thermal environment as J = (dQ/dt)ss =
K, >0, where we have introduced the second
cumulant K, = [d?/d(is)*]®(s)|,_, and the heat current
[22-24,45] dQ/dt = (yV — \/2yT&g)oV with the prod-
uct defined in the Stratonovich sense [59]. Remarkably,
the direction of heat current is independent of the
thermal temperature 7, which implies that the athermal
environment has high effective temperature under
assumptions (i)—(iii). This result is consistent with
various experiments [27,33—-37], where effective temper-
atures of athermal noise are reported to be much higher
than the room temperature.

We now discuss the physical criteria behind assump-
tion (iii). Let us first expand W (v;y) as W.(v;y*) =
W.(0;9") + W0y )0+ 0(v?)  with W (v;y") =
O"W,(v;y*)/0v" with the typical velocity jump y*. The
essence of our expansion is that the nonlinear part of
W.(v;y) is asymptotically irrelevant in the small e limit as

shown in Eq. (6), i.e., |W.(0;y)| > 11|W£1)(0;y)|. We then

introduce the nonlinear temperature Ty = |W,.(0;y*)/

ng)(O; v*)|>/2, which characterizes the relevance of the
nonlinear part of W,(v;y). Then, assumption (iii) is
equivalent to T/Ty;, = O(e?) < 1.

Violation of the CLT.—We here discuss the mechanism
of the violation of the CLT. According to the CLT, the
summation of the independent and identically distributed
variables converges to a Gaussian random variable. Since
the white noise % is regarded as independent and identically

distributed, the summation [} ds&(s)/+/f converges to a
Gaussian variable for ¢t > 7p, where 7p is the characteristic
time interval between athermal collisions. When the ther-
mal friction is absent, the relaxation time 7p diverges
because the athermal friction is proportional to ¢ as
ya = —€a,’(0), which ensures that the system moves
slowly in the time scale of zp and the CLT is applicable.
In contrast, when the thermal friction is sufficiently strong,
T 1s the same order of 7p (rp = 7p). The CLT is not
applicable anymore in this situation. The above picture
clarifies the mechanisms of the violation of the CLT and the
emergence of non-Gaussianity.

Example.—Granular motor under viscous friction.—Let
us consider a granular motor under viscous friction [see
Fig. 3(a)]. We prepare a rotor of cuboid shape with mass M,
inertial moment /, height 4, width w, and depth /. The rotor
is immersed in two environments: a viscous fluid and a
granular gas. The viscous fluid is a thermal bath charac-
terized by viscous coefficient y and temperature 7. The
granular gas under vertical vibration is a steady athermal
bath characterized by velocity distribution function (VDF)
f(?), particle’s mass m, and restitution coefficient e. For
simplicity, we assume an exponential granular VDF [60]
as f(9) = eI/ /8703 and T =1 = 0. Note that similar
setups under dry friction are experimentally realized in
Refs. [31,33-35]. The angular velocity & is driven by the
thermal and athermal forces in the viscous fluid and the
granular gas, respectively. We assume that the granular gas
is so dilute that the athermal force £, can be described by
the Boltzmann-Lorentz model [31-35,61-65]. By intro-
ducing the mass ratio ¢ = m/M, we obtain the master
equation for @ as
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FIG. 3 (color online). (a) Schematic of a rotor driven by the
thermal force F7(t; @) from the viscous fluid and the athermal
force F,(t; @) caused by collisions of the granular particles. The
heat current J flows from the granular gas to the viscous fluid. We
fix parameters as M =1I=h=e=p=v9=1, T=1=0,
m = 0.01, and w = /12 for numerical simulations. (b) Colli-
sional rules are illustrated. (c) Numerical demonstration of the
emergence of k = (&*)/(@®?)? — 3 corresponding to the increases
of the viscosity y.

0 T &

0
51)(0), [) = y[awa) +18w2:| P(a), l)

. / dy[P(@ =y, HW (@ — v y)

— P(o. )W (w:y)]. ©)

where we have introduced the angular velocity PDF
P(w,t) = Pl®(t) = w], the athermal transition rate
W(@;y) = ph [ ds [ dEf(D)O(AV - )| AV - 1|8y — Aa),
the coordinate along the cuboid s, the normal unit vector to
the surface 7(s), the number density p, the inertia radius
Ry=+\/I/M, ¢,=(0,0,1), V(s) = wé, x F(s), AV(s) =
V(s) =, 1(s) =2, x7(s), g(s) = F(s) - i(s)/R;, and Aw =
eg(s)(14e)[AV(s)-7]/R,[1+eg*(s)] [see Fig. 3(b)].
We stress that the granular force is not white noise in
general because of the presence of the environmental
correlation. Indeed, the athermal transition rate W, (w;y)
depends on w. We also stress that the non-Gaussianity
k= (0*)/(®*)? =3 is irrelevant for € > 0 when the
thermal friction is absent (y = 0) as shown in Fig. 3(c),
although Eq. (9) has no time-reversal symmetry [64,65].

Here, we assume that the mass ratio ¢ is small and the
thermal friction is much larger than the athermal friction
(i.e., € independence of y). By introducing a scaled variable
Q= @/ e, we obtain the non-Gaussian Langevin equation
in the limit € — +0:

dQ .
o O+ 1
o = Tty (10)

0.08 T T T T T 004 T T T T
a . ! b _
@ B +  SimulationH ®) — e V/8m 1
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FIG. 4 (color online). (a) Steady PDF of the angular velocity @
obtained from the Monte Carlo simulation of the Boltzmann-
Lorentz equation (9) for y = 2 (cross points), our theoretical line
(11) (solid line), and the conventional Gaussian theory (5)
(dashed line). (b) The granular VDF estimated from Pgg(Q)
using Eq. (12). Note that the accuracy of the point at v = 0.5 is
not good because of the singularity in Eq. (12) around v = 0.

where 71, is the granular collisional torque characterized by
the cumulant function ®(s) = —phwvoQ2s*(5 + 3Q2s%)/
2(1 + Qps%)? with Q, = woy(1 4 ¢)/2R7. We then obtain
the exact steady PDF for the scaled angular velocity
Q= Q/Q, (see the Supplemental Material [55]):

5 © ds e[—isﬁ—vosz/i(l#@)]
Pes(2) = /_OOZ (1 + 52)30/20 (11)

where v = 2y/phw. The validity of Eq. (11) is numerically
checked by the Monte Carlo simulation of Eq. (9) shown in
Fig. 4(a), where the theoretical line perfectly agrees with
the numerical data, while the conventional Gaussian model
(5) does not. Note that the granular impulses are reduced to
the white noise as the environmental correlation disappears
(i.e., the athermal force 7, becomes & independent).
Furthermore, the non-Gaussianity becomes relevant as
the thermal friction increases as illustrated in Fig. 3(c).
We also note that the steady heat current J = Iy(Q?) > 0
flows from the granular gas to the viscous fluid, which
implies that the rotor is far from thermal equilibrium.
We demonstrate the usefulness of the inverse formula (8)
to infer the properties of nonequilibrium baths. We assume
that the VDF of the granular gas is isotropic: f(?) = ¢(|9]).
From Eq. (8), we obtain the following formula for an

arbitrary ¢(v):

© ds bs® d. -
¢(’U) :/) M l:a—T—CS?)%lOgPSS(S/Fg) COS(SU)’

(12)

where a= [ dv|v|p(v), b= [* dv|v|>¢(v), c=y/2zphw,
F,=w(l+¢e)/2R?, and Pg(s) = [, dQe"¥Psg(Q).
Equation (12) is applicable to infer the granular VDF
from the observation of the rotor’s PDF. This implies
that the non-Gaussianity in Pgg(Q) is useful to infer
the microscopic properties of the athermal bath. Note
that the coefficients @ and b are determined by the
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Riemann-Lebesgue lemma [57] lim,_[a — bs?/2 —
cs®(d/ds) log IBSS(s/Fg)] = 0. We demonstrate the valid-
ity of Eq. (12) for ¢p(v) = e71"l /87 in Fig. 4(b), where ¢(v)
is estimated from Eq. (12). This is a clear demonstration of
the effectiveness of the inverse formula (12).

The meaning of the inverse formula (12) can be
understood from the viewpoint of “cooling” of the rotor.
In the absence of a thermal environment, the rotor’s
effective temperature approaches that of the granular gas.
Conversely, in the presence of a thermal environment, the
effective temperature is less than that of the granular gas
because the thermal environment plays the role of a
“cooler.” It absorbs redundant information from the rotor’s
motion, and, therefore, the precise information of athermal
noise (i.e., high-order cumulants) is accessible from the
rotor’s dynamics.

Conclusion.—In this Letter, we have considered a tracer
particle attached to both thermal and athermal environ-
ments and derived a non-Gaussian Langevin equation (7)
subject to the condition that the athermal stochastic force is
irrelevant during relaxation. We also derived an inverse
formula (8) to infer the environmental information from the
observation of the tracer particle. We applied our formu-
lation to a granular motor under viscous friction and
analytically obtained the stationary PDF (11) and an
inverse formula (12) on the granular velocity distribution.

We revealed the emergence of the non-Gaussianity and
its microscopic origins. Extensions of this formulation to
multidimensional nonlinear systems are planned for the
future. Our theory serves as a foundation of athermal
statistical mechanics and would be important for various
fields of science, such as biophysics, chemistry, and
econophysics.
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