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Abstract We asymptotically derive a non-linear Langevin-like equation with non-Gaussian
white noise for a wide class of stochastic systems associated with multiple stochastic envi-
ronments, by developing the expansion method in our previous paper (Kanazawa et al. in
Phys Rev Lett 114:090601-090606, 2015). We further obtain a full-order asymptotic formula
of the steady distribution function in terms of a large friction coefficient for a non-Gaussian
Langevin equation with an arbitrary non-linear frictional force. The first-order truncation
of our formula leads to the independent-kick model and the higher-order correction terms
directly correspond to the multiple-kicks effect during relaxation. We introduce a diagram-
matic representation to illustrate the physical meaning of the high-order correction terms. As
a demonstration, we apply our formula to a granular motor under Coulombic friction and get
good agreement with our numerical simulations.

Keywords Stochastic processes - Non-Gaussian noise - Langevin equation -

Non-linear friction - Granular motor

1 Introduction

Stochastic theory has been a powerful tool to understand phenomena in various fields, such

as physics [1], chemistry [2], biophysics [3], and economics [4]. In particular, the Langevin
model with the white Gaussian noise, which we call the Gaussian Langevin equation in this
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paper, is often used in modeling fluctuating systems [5]. Its microscopic foundation has been
understood for a system driven by a single stochastic environment in terms of microscopic
theories [6-9]. For example, van Kampen’s theory [6, 7] predicts that a stochastic system asso-
ciated with a single environment is asymptotically described by a Gaussian model in the large
system size limit (or equivalently, the small noise limit). Furthermore, the Gaussian Langevin
model is sufficiently simple to be analytically solvable for a wide class of setups [10]. For
these reasons, the Gaussian Langevin model has been accepted as a minimal model for the
Brownian motion with a single environment, and has played an important role in the recent
development of thermodynamics of small systems [11-27].

On the other hand, stochastic systems associated with multiple environments have not
been fully understood. The role of multiple stochastic environments is significant for ather-
mal systems, where both thermal and athermal fluctuations coexist because of external energy
injection from the reservoirs. For example, athermal noise (e.g., avalanche [28,29] or shot
noise [30]) plays an important role as well as thermal noise in electrical circuits. In granular
and biological systems, it is known that the granular noise [31-34] and active noise [35,36],
respectively, appear because of external vibration and consumption of adenosine triphos-
phate (ATP). These systems cannot be addressed by the conventional microscopic theories
because they are coupled with multiple environments. A generalization of van Kampen’s
approach toward athermal systems has recently been formulated in Ref. [37] by considering
systems associated with two different environments, i.e., thermal and athermal environments.
In Ref. [37], it is predicted that athermal stochastic systems are universally characterized by
Langevin-like equations driven by non-Gaussian noise, which is consistent with experimental
reports on athermal fluctuations in electric, granular, and biological systems [28,34-36]. Such
non-Gaussian models are expected to be important in non-equilibrium statistical mechanics
for athermal systems [37—43].

In this paper, we extend the formulation in Ref. [37] to non-linear frictional systems. We
asymptotically derive a non-linear Langevin-like equation with non-Gaussian noise, which
we call the non-linear non-Gaussian Langevin equation, in the small noise limit for the
environments. We further obtain an analytic solution for an arbitrary non-Gaussian Langevin
equation with a non-linear frictional force. We derive a full-order asymptotic formula in terms
of a large frictional coefficient for the velocity distribution function (VDF), and show that
the first-order approximation corresponds to the independent-kick model, which was phe-
nomenologically introduced in Ref. [44]. We also show that the higher-order terms directly
correspond to the multiple-kicks effect during relaxation, and introduce a diagrammatic rep-
resentation to illustrate the higher-order terms. As a demonstration, we address the stochastic
motion of a granular motor under dry friction to verify the validity of our theory.

This paper is organized as follows: In Sect. 2, we asymptotically derive the non-Gaussian
Langevin equation with a non-linear friction by a small noise expansion. In Sect. 3, we
study the steady distribution function of the non-Gaussian Langevin equation, and derive the
full-order asymptotic solution in terms of the inverse of the frictional coefficient. In Sect. 4,
we study a granular motor under dry friction and verify our formulation numerically. In
Appendix 1, we apply our formulation to the nonequilibrium steady state of a rotor in granular
and molecular gases. In Appendix 2, we derive the solution of the iterative integral equation
for the Fourier representation of the distribution. In Appendix 3, we check the asymptotic
tail of the Fourier representation of the distribution for the cubic friction. In Appendix 4, we
check the validity of the first-order renormalized solution for the cubic friction. In Appendix
5, we heuristically derive the non-smooth property of Coulombic friction from a smooth
friction. In Appendix 6, we derive the Gaussian Langevin equation for the granular motor in
the FCL. In Appendix 7, we show the detailed derivation of the cumulant function for the
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Fig. 1 (Color online) Schematics of the setup of a Brownian particle attached to multiple environments. a
We assume that all environments are classified into two types: one is the continuous force that consists of
deterministic force and the stochastic Gaussian noise, and the other is the discontinuous force that describes
jump processes. b We synthesize the environments into two environments

granular noise. In Appendix 8, we show the detailed derivation of the first-order formula of
the steady distribution function for the granular motor.

2 Asymptotic Derivation of Non-Gaussian Langevin Equations
2.1 Setup

Let us consider a Brownian particle moving in one dimensional space coupled with multiple
environments (see Fig. 1a). For simplicity, we assume that the mass of the particle is unity
and that its motion obeys the Markovian dynamics characterized by a small parameter €. As
will be illustrated later, & characterizes the amplitude of noise terms and corresponds to the
inverse of the system size as in Refs. [6,7]. The dynamics of the velocity 0 of the particle
then obey the following master equation (so-called the differential Chapman—Kolmogorov
equation [10]):

IP(0.1)  ~n
— =2 L P00, ey

i=1

where P(v,t) = P(0(t) = v) is probability density, N is the number of stochastic envi-
ronments, and L;.. is the time-independent Liouville operator originating from the ith
environment. Throughout this paper, we denote a stochastic variable by a variable with a
hat such as 0. For 0 < i < N’ < N with an integer N/, we assume that the ith environ-
ment frequently interacts with the tracer particle and is described by a continuous force (the
combination of the deterministic force and the Gaussian noise):

2

0 1o 5
Li;EP(vat) = 70[1';6(”)"‘ Eﬁﬂi;g(v) P(v,1), ()

v

where o;..(v) is deterministic friction and /82 (v) is the variance of the Gaussian noise.
We note that the Fokker—Planck operator with multlphcatlve noise (2) appears when envi-
ronmental fluctuation does not satisfy a stability condition (See Chap. XI in Ref. [7]). We
also note that these operators have locality, which describe diffusion processes. In fact, the
sample paths related to L;., for I < i < N’ are continuous but not differentiable almost
everywhere [10]. For N/ < i < N, we assume that the ith environment rarely but strongly
interacts with the tracer particle and is described by the Markovian jump process:

Li;eP(v,1) = / dy[P(—y,0T;e(v = y; y) = P, DTie (v y)] (3)

—00
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Fig. 2 (Color online) a A typical trajectory of the system obeying the master equation (1). The continuous
motion (the solid line) is induced by the continuous force I:f (t; 0) characterized by the continuous Liouville
operator L. LS is characterized by the friction function A, () and the multiplicative Gaussian noise B (0) -éG .
The discontinuous motion (the dashed line) is induced by the discontinuous force I:"Ed (t; 0) characterized by
the discontinuous Liouville operator ﬁg. E‘gj is characterized by the transition rate W (v; y) with the flight

distance y. b A typical trajectory of the Poisson noise £ p(t; 1). The Poisson noise is a §-type singular noise,
and the systems driven by the Poisson noise move discontinuously like a

where Tj..(v; y) is the transition rate from v with velocity jump y, the first term on the
right-hand side (rhs) represents the probability inflow into v, and the second term represents
the probability outflow from v. Note that these operators have non-locality because they
describe non-local jump processes. We assume that 7;.. (v; y) converges to zero for y — 00
in a sufficiently rapid speed (e.g., T;.e (v}; y) < e P for y — o0, where v is the
typical velocity scale and yl* . 1s the typical velocity jump scale). Note that this assumption is
necessary to avoid the divergence of cumulants (e.g., Lévy flights [45-47]). We then introduce
the following synthesized Liouville operators (see Fig. 1b):

LP(v, 1) = [iA (v) + lisz( ):| P(v,1) 4)
et )= v ¢ v 29v2 ¢ v vt
ﬁgP(U,f)Z/ dy[P(v—y, )W (v —y;y) — P(v, ) We(v; Y], )

where A; (1) = 2 aize (), B2w) = 0L, B2, (0), and We (03 y) = 3y Tie (03 ).
The Liouville operators £ and £¢ describe continuous and discontinuous motions induced
by stochastic forces, respectively (Fig. 2a). By introducing the white Gaussian noise Ec(1)
satisfying (£ (1)) = 0 and (§g(1)éG(s)) = 8(r — s) and the Poisson noise £p(7; 1) with
transition rate A, Egs. (1), (4), and (5) are equivalent to the stochastic differential equation:

D _ e o)+ P o) (6)
dt
with
FL(t59) = —Ac (D) + Bo(D) - £6 (1), @)
EL @ 0) = D yEp @ 25(0)), ®)
y

where the symbol > y takes the summation for velocity jump y, and we introduce conditional
transition rate A‘i,(ﬁ) = dyW,(0; y). The correspondence between the master equation (1)
and the stochastic differential equation (6) is shown in Refs. [48-51]. Note that, if Eq. (6)
satisfies the detailed balance condition, the system can be regarded as associated with thermal
fluctuation (See Ref. [52], where thermal non-Gaussian noise is studied from the viewpoint of
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the detailed balance). On the other hand, inherent properties of athermal fluctuation originate
from the violation of the detailed balance. As will be shown later, the Langevin-like equation
with athermal non-Gaussian noise is derived from assumptions relevant to the violation of the
detailed balance. In the following, we denote the ensemble averages of stochastic quantities
as (A). We here stress that the fluctuation terms I:“S" (t; ) and I:"f (t; ©) have correlation with
the velocity of the tracer 0, which implies that the environmental fluctuation is not white
noise but complicated stochastic force. We also note that the Poisson noise is the sum of
8-type spike noise terms (Fig. 2b) as

o0

Ept;n) =D 8(t—1), ©

i=1

where {f;}; are the times at which the Poisson flights happen and are characterized by the
transitionrate A. The transition rate A characterizes the typical interval between two successive
Poisson flights as fi+1 —1; ~ A~ 1. We also note that the summation in Eq. (8) can be formally
written as the integral form: I:"Sd (t;0) = f_oooo yEp(t; 25(0)) [53].

2.2 Derivation of Non-Gaussian Langevin Equations with Non-linear Friction
Terms

In this subsection, we derive non-Gaussian Langevin equations with non-linear friction
terms for more general setups than those in Ref. [37]. Non-linear frictions are ubiquitous in
nature [55-57] and are known to appear in systems such as granular [58—60], biological [61—
64] and atomic-surface ones [65—67]. We note that non-linear frictions can be discontinuous
functions with respect to velocity in general (e.g., Coulombic friction), and their singular
effects on stochastic properties have been interesting topics [31-34,51,68-77]. Indeed, as
will be shown in the next section, the distribution function can be strongly singular around the
peak. To derive the non-Gaussian Langevin equation, we here introduce critical assumptions
as follows:

(i) Small noise assumption The noise amplitudes in FC(t; 0) and FZ(t; ) are small. In
other words, their stochastic parts are scaled by a small positive constant ¢ as

be (D) - £G (1) = eB(D) - £ (1), (10)
Fd(t; 0) = en(t; D), (11)

where B(?) is a non-negative smooth function independent of € and 7(¢; 0) is a Markov-
ian jump force whose transition rate W (v; ) (i.e., the Poisson jump rate with the jump
amplitude ) on the condition 0(¢) = v) is independent of ¢ and is a smooth function in
terms of v. We note that 7j(z; 0) can be decomposed into the following form:

i 0) = > Vép(t: hy (D)), (12)
Yy

where 5\3)(13) = dYW(0;)). We here stress that n(t; v) is independent of &, corre-
sponding to the e-independence of W (v; V).
(ii) Strong deterministic friction The friction function A, (0) can be expanded as,

INOEDY %A(,,) (), (13)
n=1 "
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Fig.3 (Color online) a Schematic of the strong friction assumption (ii). The frictional effect in the continuous
force F € (t; D) is more relevant than that in the discontinuous force F gj (t; 0). We stress that the discontinuous
force ﬁg’ (t; 0) is only relevant to the fluctuation to the system (the red arrow in the figure). b Schematic of
the divergence of P (v, t) to the §-type distribution 8(v) in the limit ¢ — 0. By introducing a scaled variable
V = v/e, the peak of the distribution is enlarged, where the Langevin-like description is valid

where V = 9 /€ is the scaled velocity and A(n)(f/) is independent of . This scaling
implies that the frictional effect in I:“Sd (t; ) is negligible compared with that in F (t; 0)
(see Fig. 3a as a schematics).

(iii) Stable deterministic friction Both A, (0) and A(l)(V) are piecewise smooth functions
of ¥ and V, and have the single stable zero points 0 = V = 0 as

A:(0) =0, Ac(d) >0, Ac(—D) <0, (14)
A (©0) =0, Ap(V) >0, An(-V) <0, (15)

where 0 and V are arbitrary positive numbers.

We note that the condition (i) is the weak-coupling condition between the system and the
environment, which is necessary to truncate the environmental correlation. We also note that
the scalings (10) and (11) are equivalent to

Bsz(v) = 8282(1)), (16)

We(v; y) = éW (v: g) (17

where W (v; )) is the scaled jump rate independent of & with the scaled jump ) = y/e. The
scaling (17) can be derived as follows: According to the scaling (11), the jump size y by the
discontinuous force . 4 should be scaled as ) = y/e to remove the e-dependence. Then, the
following relation holds:

dyWe(v; y) = dYW (v; V), (18)

which implies the scaling (17). The scaling (17) is essentially equivalent to that introduced
by van Kampen [6,7], where ¢ corresponds to the inverse of the system size. We also note two
examples satisfying the assumptions (ii) and (iii): The first example is the viscous friction
A¢(0) = yv with an e-independent parameter y > 0. The second example is Coulombic
friction A; (D) = ey sgn(v) with an e-independent parameter y > 0. We note that Coulombic
friction appears for systems in contact with solid [44,58,59]. We also note that the sign
function sgn(v) is defined as follows: For v > 0, sgn(v) = +1. For v = 0, sgn(v) = 0. For
v < 0,sgn(v) =—1.

We next derive the non-Gaussian Langevin equation using an asymptotic expan-
sion in terms of e. In the small noise limit ¢ — 0, the steady distribution function
Pss(v) = lim;—.o0 P(v, t) converges to the §-function around the stable point v = 0 as
lim,_,¢ Pss(v) = §(v), because the small noise expansion is a singular perturbation [54]
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(see Fig. 3b). In order to solve this singular perturbation, we have to introduce an appropriate
scaled variable

% , (19)

il
™| e

which enlarges the peak of the distribution P (v, t), where the Langevin-like description is
asymptotically valid (see Fig. 3b).

On the basis of the above assumptions (i), (ii) and (iii), let us derive non-linear Langevin
equations. By introducing the scaled variable V = v/¢ and the scaled distribution P(V, t) =
&P (v, t), the master equation (1) can be written as

o _$ el dea) B
= n!

— V" PV, t
at 3V n+1 2 0V? ]( )

+ / dyW’{n)m[P(v ~ VOV =) = PR OV H (20)

where we have used Eq. (13) and

X n X n
Brev) =3 VB WEviy) = D> = V"W, ). @1
=0 n=0
We note that the integral ffooo dyW?n) OV =I"P(V—=Y,1t)inEq. (20) converges because
the transition rate is assumed to decay rapidly. We also note that the Taylor expansion in
Eq. (20) may be inappropriate for anomalous fluctuation because of divergence of integrals.
We then obtain the following reduced master equation in the limit € — 0

PV, 1) H

ot

aF(V)+°’232]P(v r)+/°° dywon[mv V- P t)”
v 2 912 ' —x ' Sk

(22)

where we have introduced the friction function F' (V) = A(1)(V), the variance of the Gaussian
noise o2 = 8(20*), and the transition rate W())) = WTO) (). Note that the transition rate
W(Y) is independent of V, which implies that the environmental correlation disappears and
the discontinuous stochastic force is reduced to white noise. Equation (22) is then equivalent
to the non-linear non-Gaussian Langevin equation:

‘% = —F(V) + o0& + &nc, (23)
with the white non-Gaussian noise é‘NG whose transition rate is given by WW()/). We note that
the frictional effect only appears from the continuous force F <(t; V), not from the discontinu-
ous force F, f (t; ) (see Fig. 3a). We further note that the non-Gaussian Langevin equation (23)
does not satisfy the detailed balance as shown in Refs. [38,42,43] and Sect. 2.5.2. This prop-
erty originates from the assumptions (i)—(iii), which are relevant to the violation of the detailed
balance, and is consistent with the non-equilibrium property of athermal fluctuation.

2.3 Weak Friction Cases: Reduction to the Gaussian Langevin Equation
We next analyze the case that the friction A, (?) is weak or absent. We note that the original

theory by van Kampen addresses the case without the continuous force as I:“E"(t; 0) = 0 (see
Fig. 4a), and is applied to various systems, such as granular [78,79], biological [80], and
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Fig.4 (Color online) a Schematic of the original setup addressed by van Kampen [6,7], where the continuous
force is absentas F< (¢; ) = 0. b Schematic of the assumption (ii’), where the frictional effect in the continuous

force 133‘ (t; 0) is comparable with that in the discontinuous force ﬁg (t; D) as seen in the existence of the red
arrow.

chemical systems [81]. We make the following assumptions (ii")—(iv") instead of the above
assumptions (ii)—(iii):

(ii") Weak deterministic friction The friction A, (?) is scaled by ¢ as
A (D) = e A®D), (24)

where A(?) is independent of ¢. This scaling implies that the frictional effect in ﬁ‘f (t; 0)
is comparable with that in ﬁg (t; 0) (see Fig. 4b as a schematic).

(iii") Stable deterministic friction The friction A(?) is zero (A(0) = 0), or is a smooth
function of ¥ which has a single stable zero point at 0 = 0 as

A0) =0, A0) = (dA/dd)|;—¢ > 0. (25)

(iv') Stable jump force The jump force F 8‘1 (t; 0) is stable around 0 = 0. In other words,
the following relations are assumed for the jump rate: Let us introduce the scaled variable
Y = y/e and the scaled Kramers—Moyal coefficients

Kn(v) = (—1)”/ dYY"W(v; D). (26)

We assume that the Kramers—Moyal coefficients {/C,(v)},>1 are smooth functions and
the first-order coefficient /Cj (v) has a single stable zero point v = 0 as

K1(0) =0, Kj(0) = (dK1/dv)|y=0 > 0. 27

Under the assumptions (i) and (ii")—(iv’), we derive a Gaussian Langevin equation. Accord-
ing to the Kramers—Moyal expansion, we obtain

X n oan

IO EDY 8‘ 88 —[KCa(0) P (v, 1)) (28)

n=1

Then, the master equation (1) can be written as

dP(v,1t)

c :[ 2 )+ ——Bz(v)] P, t)+Z Ca () P, D] (29)

n! 3 n
We here introduce the following scaled variables:

V= T = e&t, (30)

where the scaled velocity V is introduced to enlarge the peak of the distribution (see Fig. 5a),
and the scaled time t is introduced to describe the coarse-grained dynamics (see Fig. 5b).
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Langevin
description

Fig. 5 (Color online) a Schematic of the divergence of the distribution P (v, ) in the limit ¢ — 0. By
introducing a scaled velocity V=uv/ /&, the peak of the distribution is appropriately enlarged. b Schematic
of a typical trajectory of the system. By introducing a scaled time T = e, the trajectory is appropriately
coarse-grained in terms of time

Note that the appropriate scaled variables (30) are different from the scaled variable (19) in
Sect. 2.2. This difference is important because the introduction of appropriate scaled variables
is the key to the singular perturbation. We then obtain the Kramers—Moyal expansion for the
scaled distribution P(f/, 1) =.4/¢P(v, 1) as

PWV o p| 8 V]
e = (A?'"“)JFKTMH))

. ~
pe il (B2 + K ) | PO 1)

oo 8(n+m—2)/2

"
+ > K 3 [P, 0], 31)

n'm!

~ m/2y; m ~, m/2yym
A(SI/ZV) z € V (m), 82(8]/2V) z £ V B2+

2 Kale2V)

m/2y; m
= Z e Koy (32)

with ICT,(O) = 0. In the limit ¢ — 0, we obtain the Fokker—Planck equation:
72 82
2 92

\; 2 92
AL [ D vy "—a—]mv r)+[

P ]P(V n, (33

where y = AZ‘I), y = ICI (10 = B(O)’ and o2 IC’2‘ ) The Fokker—Planck equation (33)
is equivalent to the Gaussian Langevin equation as

dv S 8 .

S = PV+ob -y V+a't, (34)

where £ and é"G are the independent white Gaussian noise terms satisfying () =
(€L(D)) = 0and (EG(1)éG () = (€ (11)E;(12)) = 8(t1 — 12). Note that the frictional
effect appears not only from the continuous force F < but also from the discontinuous force
I:f (see Fig. 4b). In other words, the emergence of the Gaussian property is equivalent to
the emergence of the frictional effect from the discontinuous force. We also note that a
parallel formulation is applicable to non-linear systems when A, (0) is expanded as A, (D) =
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fo;l 81/2+”A(n)(f2)/n!, whe~re Ag (D) and A(])(f/) are piecewise smooth functions with
single stable zero points 0 = V = 0 (e.g., the granular motor in the FCL in Sect. 4.2).

2.4 Asymptotic Connection from the Non-Gaussian to the Gaussian Theory

As we have shown, whether the system obeys the non-Gaussian Langevin equation (23) or the
Gaussian one (34) depends on the amplitude of the frictional effect in F <(t). We here explain
an asymptotic connection from the non-Gaussian Langevin equation (23) to the Gaussian
one (34) in terms of the amplitude of the frictional effect. We first make the assumptions (i),
(iv), the linear friction A, (D) = v, 9, and the symmetric jump noise W (0; J) = W(0; =)
(or equivalently, K5 . . ) = 0), and restrict our analysis to the following two cases:

1. The strong frictional case vy, is positive and independent of ¢ , i.e., y. = y. In this case,
the assumptions (ii) and (iii) are satisfied. We then obtain

dv . A A

T —yV +¢e0éG + &éng, (35)
where éG is the white Gaussian noise, éNG is the white non-Gaussian noise characterized
by the transition rate W()) = W ), and ol= 8(26*) We here use the original variable
v as the representation.

2. The weak frictional case y; is scaled as y. = ey with a positive and e-independent
constant . In this case, the assumptions (ii’) and (iii’) are satisfied. We therefore obtain

dv

o= —e70 —ey/'0 + eoég + e0'EG, (36)

o

where y’ = K IC}‘; ©0)° and é‘c and é/c are the independent white Gaussian noise

1; (1)*
terms satisfying (£g) = (&) = 0 and (b (1)ég (1)) = (€5 ()EL (1) = 6(t1 — 1),
Note that we use the original variable 0 again as the representation.

We note that the models (35) and (36) are not uniformly valid for the amplitude of y.
We now propose the following single equation which is valid for both cases 1 and 2:
dv

m = —%.0 —gy/ﬁ—l—saé'(}—i-sé‘Ng. 37

In fact, Eq. (37) is reduced to Egs. (35) and (36) to leading order in terms of ¢ for the cases 1
and 2, respectively. In the case 1, the second term on the rhs of Eq. (37) is negligible because
the typical value of v is the order of & as shown in Sect. 2.2, which implies that Eq. (37) is
reduced to Eq. (35) to leading order. In the case 2, Eq. (37) is reduced to Eq. (36) as follows.
The Kramers—Moyal equation for Eq. (37) is given by

AP (v, 1) _ 9 252 K30y 9%
il Sk _ - P(v,t 38
ot [Syav + 2 a0 T v+z @l aom | P D G8)

By introducing scaled variables V= v/+/e, T = &t, and P(f/, 1) = /e P(v, 1), we obtain

APV, 1) [ 39+02 92 N Bv+a’2 32]7)(9 )
—_—mm —_— —_—— _— —_—— 7[
T av 2 B2 v vV 2 32
O
V, 1), 39
+ Z Gl a5 PV, 1) (39)
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which implies Eq. (33) in the limit ¢ — 0. Equation (37) is then equivalent to Eq. (36) at
leading order.

2.5 Discussion on the Validity of the Non-Gaussian Langevin Equation

We first remark the relationship of our formulation to the central limit theorem (CLT) and the
non-equilibrium steady state. We next generalize the concept of the non-linear temperature,
which has been introduced in Ref. [37], to show the explicit criteria where the small noise
expansion is valid. We also show that the small noise expansion fails to reproduce the tail of
the distribution.

2.5.1 Relation to the Central Limit Theorem

We explain the relation between the CLT and our theory. According to the CLT, the summation
of independent and identically distributed (i.i.d) random variables asymptotically obeys the
Gaussian distribution if all the cumulants of the i.i.d variables are finite. Because the white
non-Gaussian noise belongs to the class of the i.i.d random variables, the simple summation
of the white non-Gaussian noise f(; dséNG (s)/+/t asymptotically converges to the Gaussian
noise for ¢ 3> tf; 1 with the characteristic time scale! tépr- If the relaxation time scale g is
sufficiently long (i.e., 7§ > 1) 1), the system can be regarded as unchanged during time of
the order 7%  and the CLT is valid. We therefore obtain the Gaussian Langevin equation (34)
under the condition (i), which is physically equivalent to z§ >> 7 1. On the other hand, if
the relaxation time scale is not long enough as g < 7é; 1, the CLT is no longer applicable
because the system changes its state during time of the order 7%, . We then obtain the non-
Gaussian Langevin equation (23) under the conditions (ii), which is physically equivalent to

* *
g S Torr-

2.5.2 Relation to the Non-equilibrium Steady State

The non-Gaussian Langevin equation (23) describes a system far from equilibrium because
the local detailed balance condition is not satisfied. To clarify this point, let us analyze
stochastic energetics for the non-Gaussian Langevin equation [17-19,40] from the following
two viewpoints. The first is on energy flux from the athermal to the thermal baths, and the
other is on extracted work from the fluctuation.

We first discuss the energy flux from the athermal bath to the thermal one. For simplicity, let
us assume the linear friction F' (1}) = yf/ and the symmetric non-Gaussian noise K2,4+1 = 0
for n > 0. The heat absorbed by the Gaussian bath is defined by dQ/dt = (yV —cég) oV
with the Stratonovich product “o” [10] (see Fig. 6a as a schematic). The heat flux then flows
from the non-Gaussian to the Gaussian bath: J = (d Q/dt) = K> > 0, where K3 is the
second cumulant of the non-Gaussian noise éNg. Remarkably, the direction of heat flux
is independent of o2 (i.e., the thermal temperature). This result implies that the effective
temperature of the non-Gaussian bath is much higher than that of the Gaussian bath. Indeed,
high temperature difference is shown necessary between the two baths in the example of a
granular rotor associated with rarefied molecular gas (see Appendix 1). We note that this
condition is valid for systems where the non-Gaussian athermal fluctuations appear.

' The CLT time-scale téLT can be estimated to be IéLT ~ K4/K 22 with the second and fourth order cumulants
K> and Ky.
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(a) (b)
Thermal Athermal Thermal
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Fig. 6 a Energy flux from the athermal to the thermal baths. The direction of energy flux is independent of
o2, which implies that the athermal bath has extremely high effective temperature. b Energy extraction from

the athermal fluctuation in the presence of the external potential U (.5? ; a). There exists a cyclic manipulation
through which positive work can be extracted even when the noise has spatial symmetry

We next discuss extracted work from the athermal fluctuation through cyclic manipulation.

Let us consider a non-Gaussian Langevin equation trapped by an external potential as

dv U & A s A

E——Q—VV*—GEG-FéNG, (40)
where X is the position of the particle, Y = dX /dt is the velocity, U (/\Af ;a(t)) is an
external potential, and a(¢) = (a;(¢),...,an(t)) is a set of external parameters. We con-
sider extracted work through a cyclic manipulation a(0) = a(T) for the interval [0, T'] as
W=— Z,N=1 fOT (8U()?; a)/da;)da;. According to Ref. [43], there exists a cyclic manipu-
lation through which average positive work can be extracted as (W) > 0 even if the athermal
noise has spatial symmetry (see Fig. 6b as a schematic). This result implies that the energy
flux from the athermal bath is available as work when we manipulate the system in an appro-
priate way. This is a clear demonstration of the violation of the detailed balance originating
from the assumptions in Sect. 2.2.

2.5.3 Non-linear Temperature

We here discuss the explicit criteria of the small noise assumption (i) by introducing the
concept of the non-linear temperature. For simplicity, we make the assumptions (i) and (iv’),
and consider the linear friction case A, (0) = y 0 with an e-independent positive parameter y .
We then expand B(¢V) and W (¢V; )) as

© 5 X n
& " — e
BAeV) =3 —V'BL. Weviy) =3 V"W, 0), (41)
n=0 n=0

where B(zl*) and W’("l)(y) are assumed to be non-zero. The essence of our expansion is to
ignore the sub-leading terms as

|BG,| > | BV,

|W>(ko) (y*)| > 8|W>(k1)(y*)v*

, (42)

where V* and Y* are the typical values of V and Y, respectively. Note that the typical value
of V relates to the effective temperature 7 as

1 0_2 + 0/2
T=_y2=__"" 43
5 > 43)
where 02 = 6(23‘) ,o'r = IC;; - Then, the condition (42) is equivalent to the low temperature
condition:
Ine > 7, (44)
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where we have introduced the non-linear temperature

2 =% 2
1 IBG ] W™
T = g min (|| =2 (45)
¢ Byl [Way ™

Note that the minimum function is defined asmin(A, B) = Afor A < Bandmin(A, B) = B
for B < A. The non-linear temperature (45) characterizes the temperature over which the
non-linear terms in Eq. (41) become relevant.

2.5.4 Tail of the Distribution

We note that the Langevin-like description (23) is only valid for typical states of the system
Ge., V| £ V* = /(62 +0'?)/y) and is invalid for rare states (i.e., |[V| > V*). This
is because the small noise expansion is not a uniform asymptotic expansion in terms of
the velocity V. Indeed, for rare states |V| 2 V*/e, the higher-order terms in Eq. (20) are
not negligible anymore. Fortunately, the probability of such rare trajectories is estimated to
be extremely small, which ensures the validity of the Langevin-like description for typical
trajectories. We note that the same limitation also exists for the original theory of van Kampen
(i.e., the Gaussian Langevin equation is also an effective description for typical trajectories).

3 Asymptotic Solutions for Non-Gaussian Langevin Equation with
General Non-linear Friction

We have studied the derivation of the non-Gaussian Langevin equation (23). We next study
its analytical solutions for the steady distribution function. Because the exact solution for
the linear case (i.e., F(V) = yf)) has been already obtained in Refs. [37,82], we study
the non-linear frictional case and derive a full-order asymptotic formula in terms of the
frictional coefficient. We also show that the first-order truncation of the formula leads to the
independent-kick model, which was phenomenologically introduced in Ref. [44]. We verify
in detail the validity of the first-order formula for some specific cases: Coulombic and cubic
frictions. Furthermore, we introduce a diagrammatic representation for the multiple-kicks
process during relaxation.

3.1 Setup

Let us consider the non-Gaussian Langevin equation with the non-linear friction (23). For
simplicity, we focus on the case without the Gaussian noise o> = 0. We assume that the
velocity V and time ¢ are nondimensionalized by the characteristic velocity of the friction
function® and the characteristic interval of the Poisson noises, respectively. The steady dis-
tribution Pss (V) = lim;_. oo P(V, t) satisfies

a
S FOPssO) + /

—00

o0

dyW(y)[Pss(V —Y) — Pss (V)] =0. (46)

We assume that Eq. (46) has a unique solution satisfying Pss()) > 0 and ffooo dVPss(V) =
1. By introducing the Fourier representations

2 For example, in the case with the cubic friction f(V) =aV + V3 , the characteristic velocity scale of the
friction function f (V) is given by V* = \/a/b.
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y~1 v WVN[MMMMEV
IS

Fig.7 (Color online) Typical trajectories of the solution of the non-Gaussian Langevin equation (23) without
the Gaussian noise ((72 = 0) for y ~ 1 and y > 1. The filled and open arrows represent the excitation and
relaxation due to the noise and the friction, respectively. For y > 1, the relaxation time scale 7} is much
shorter than the typical interval of the Poisson noise ‘L’;;, which implies that the system is localized at the rest

state V = 0

B oo ) 1 o0 Sy o~
P(s) E/ dve'*V Psg(V) &= Pss(V) = */ dse "V P(s), 47
—0 21 J
and
5 00 ) 1 o0 c oy~
F(s) E/ dVeSVF(V) <= F(V) = 7/ dse SV F(s). (48)
00 27 J_oo
Equation (46) is reduced to
. o0
B quF s — wyPw) = d(s)P(s), (49)
27 J_oo
where we have introduced the cumulant function
o0
d(s) = / dYWQ) (Y —1). (50)
—0Q

Our goal is to obtain the analytic solution of the linear integral equation (49).

3.2 Asymptotic Solution for Strong Friction

We here study the asymptotic expansion in terms of the inverse of the frictional coefficient.
Let us assume that the friction function F(V) is scaled by a positive large parameter y as

FOV)=yf\), (51)

where a typical trajectory of the tracer is illustrated in Fig. 7. We note that the relaxation
time scale T is proportional to y~1, which implies that y > 1 is physically equivalent to
73 /Tp < 1 with the characteristic time interval of the Poisson noise 7}, (see Fig. 7). We also
assume that all integrals appropriately converge in the following calculations. In the limit
y — 00, the steady distribution converges to the é-function around the stable point V = 0,
ie., limy_, Pss(V) = 8(V), which is equivalent to lim, —, Is(s) = 1. We then expand
the Fourier representation P (s) in terms of the inverse of the friction coefficient y = 1 /y as

P(s)=1+4 > u"an(s), (52)

n=1

where a,, (s) is a smooth function. We note that a, (s) satisfies the following relation because
of the conservation of the probability:

/OO dVPss(V) = P(s = 0) = | < ,(0) = 0. (53)

—0o0
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By introducing f(s) = [0 dVe'sY f(V) and substituting Eq. (52) into Eq. (49), we obtain

—/ du f(s — u) [1 +Zu”an(u):| “i(s) [1 +Zunan(s):| (54)

n=1

From the assumption (1/2) ffooo du f (s —u) = f(0) = 0, we obtain an iterative relation
for ay,:
o ) -

1 .
- duf(s —u)apy1(u) = s an(s), (55)
T J_x s

where we define ag(s) = 0. On the condition that a,, (0) = 0, Eq. (55) can be formally solved
(see Appendix 2 for details):

a1 (8) = I3 an (s, (56)
where we have introduced a linear operator Z for an arbitrary function /(s’) as
1 d isV -1
tisinsn = o [ PEIED [ ase 200w, (57)
27 J_o fQ)

We then obtain the full-order asymptotic solution in terms of p:
P(s) =14 pZls: 16O + W’ ls: 16D + -+ = [1 = uZ] s 1601 (58)

where we introduce 1(s”) = 1 as the indicator function for the whole real-number space
R'. This formula is applicable to perturbatively calculate the steady distribution function
for an arbitrary frictional force. Furthermore, all of the terms in Eq. (58) can be physically
interpreted as will be shown from the next subsections.

3.3 First-Order Approximation: The Independent-Kick Model

We here explain that the first-order asymptotic solution is equivalent to the independent-kick
model, which was phenomenologically introduced in Ref. [44]. Let us first obtain the explicit
form of the first-order solution as follows: The explicit form of Z[s; 1(s”)] can be simplified

as
00 isV _ 00 —is'V /
I[s; 1(3’)] — L/ dV(el)/ ds,e.&
27 J o fFO) —00 is'

3 1 00 dv(eisv _ 1) 0 /efix’v 00 5y

- ﬂ/ F0) /_oo i /_oo W =)
[e'9) dV isV _ ) ds' e —is'V s’y

:/_ WO )/ 7o) /_oo @Y

B etsV _ 1)
= dyW(y) 7“1;) 110,y1(V)

- / T WO / Y e 1 (59)
s 0 fv)

where we have introduced the indicator function (see Fig. 8a):

1
1.0 V) = E[sgn(V —b) —sgn(V —a)l. (60)
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® ®)
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Fig. 8 (Color online) a Schematics of the indicator function 1f, 51(V) for b > a, where the indicator function
takes the values 0 or £1. b Schematic of the independent-kick model (in the case of Coulombic friction
f(V) = sgn(V)). Because of the large friction, the system rapidly converges to the rest state (1=0). The
effect of multiple-kicks during relaxation is neglected. The solid circle (e) implies the integration in terms of
Vi

The indicator function takes the following values for b > a as

Ly (V) = {0 (x <aorb <x) ' o)

1 (a<x<b)

We also note that the indicator function satisfies the relations for arbitrary numbers a and b:

b 00
o) = 1) [ def o) = [ dxftan. (©)
a —00
We then obtain the first-order asymptotic solution as
5 oo YAV iy 2
P(S)=1+M/ dyw@i)/ [V — 1]+ 0. (63)
—00 0 f(v)

We next show the first-order solution (63) can be interpreted as the independent-kick
model [44]. According to the physical picture of the independent-kick model, the system is
typically in the rest state (V=0) due to the large friction, but is sometimes excited by single-
kicks. We here assume that the system is not kicked during relaxation,> and is kicked only
in the rest state (see Fig. 8b as a schematic of the independent-kick model).

This scenario leads to the following formula:

s = [

o0

()
dAYWO) /0 dth(V(E: V), (64)

where (V) is an arbitrary function of V. Here, V(¢; V) is the solution of the following
differential equation on the initial condition V(0; ))) = ) as

dy f) dy
— == dt=—p——0, 65
TR “T0) ©
and 7*()) is the stopping time defined by
Y ody
*Y) = — . 66
T =u . 7O (66)

We note that 7*()) satisfies V(t*; V) = 0. We also note that t*()’) can diverge (e.g., the
case of the viscous friction f (V) = V). By substituting h(v) = eV — 1 into Eq. (64) and
using Eq. (65), we obtain

3 This assumption is valid for the first-order approximation. Modification due to higher-order corrections is
discussed in Sect. 3.6
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P(s)—1 /Oo dYW) /y i [ isV 1] 67)
s)—1>pu — e =1,
—00 0 f (V)

which is equivalent to Eq. (63). We note that the assumption (iii) is implicitly used in the above
calculation: Under the assumption (iii), the differential equation (65) has a monotonically
decreasing (increasing) solution in terms of ¢ satisfying V(0; V) = Y and V(t*())); V) =0
for a positive (negative) number ). Therefore, the equation V(¢; ))) = y can be implicitly
solved uniquely for ¢ =t (y; V).

3.4 Toy Model 1: Coulombic Friction

We first consider the case with Coulombic friction and the symmetric jump force:
FV)=sen(V). WQ) =WE=). (68)

We note that, in this case, the tail of Pss (V) is given by the exponential form for an arbitrary
/L as

Pss(V) ~ eVl (V] > D), (69)

where D* is the characteristic jump distance and « is the solution of a = u®(—ia). The
asymptotic tail (69) can be shown as follows: Assuming that the transition rate WW())) decays
sufficiently fast (i.e., W()) — 0 for |Y| > D*), we substitute Eq. (69) into the rhs of the
master equation (46) for V > D* to obtain

8 o0
@VSgH(V)Pss W) +/_ dYWQ) ’Pss VY- - Pss(V)]

~ —yae™"V + [/oo dYW Q)Y — 1)] e

—0o0

=[—ya+ ®(—ia)le Y =0. (70)

Then, the asymptotic tail (69) satisfies the master equation (46).
We next study the first-order asymptotic solution in terms of . From Eq. (63), the first-
order asymptotic solution is given by

sins)

P(s) =1+2u/0 dyW(J/)[ —y] +0(u?). (71)

From Eq. (71) and the relation (\}") = (d" ﬁ(s) /d(is)")|s=0, we obtain the moment as

(f/”) _ [nz_’:l fooo dAYWDY" L+ 0(u?)  (for even n) a2

0 (for odd n)

Note that the asymptotic solution (71) is uniformly valid in terms of s, which implies that
Eq. (71) can be used to obtain the steady distribution function Pss (V). Using the Fourier
transformation, we obtain the steady distribution in the first-order approximation:

oo
Pss(V) = [1 — puer]8(V) + M/ dYW) -y 31 (V) + O (u?), (73)
0
where we have introduced ¢| = 2 f0°° dYW(Y)Y. The first term on rhs of Eq. (73) implies

that the §-type singularity exists in the distribution function even for finite 1, which emerges
because Coulombic friction is sufficiently strong around V = 0 (i.e., the stopping time
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Fig.9 (Color online) Numerical validation of the formulas (74), (69), and (104). a We compare the numerical
data (red cross points), the first-order solution (74) (solid line), and the second-order solution (104) (dashed
line). The ensemble number of the Monte Carlo simulation is approximately 2.3 x 10%. The first-order and
second-order solutions (74) and (104) are valid only in the ranges |[V| < )y = 1 and [V| < 2))p = 2,
respectively. b We compare the numerical data (solid line) and the asymptotic tail (69) (dashed line). The
ensemble number of the Monte Carlo simulation is approximately 2.4 x 101

t*(Y) = Y is finite). In the case with the symmetric Poisson noise W()) = A[S(Y —
Yo) +8(Y + Vo)1/2, we obtain

A
Pss(V) = [1 = w2 60)) + T2y, 5000 + 0 (12). (74)

We here comment on the limitation of the first-order solutions (73) and (74). The asymp-
totic solution (73) is not uniformly valid for V, and is only valid for |V| < D* with the
characteristic jump distance D*. This is because the first-order solution (73) corresponds to
the independent-kick picture. If we are interested in the behavior for |V| >> D*, we have to
take into account the multiple-kicks effect during relaxation, which will be studied in Sect. 3.6.
Indeed, the tail form (69) is totally different from the independent-kick solution (73).

3.4.1 Numerical Validation

We have numerically checked the validity of the formulas (74) and (69). We perform the
Monte Carlo simulation for the symmetric Poisson noise W()) = A[6(Y—Y0)+8(V+)0)1/2
with parameters y = 10, A = 1 and )y = 1. In Fig. 9a, we demonstrate that the first-order
solution (74) is only valid for |V| < )y = 1. In Fig. 9b, we also show that the asymptotic
tail of the distribution function can be well-described by the exponential function (69). We
note that the second-order solution (104), which is illustrated in Fig. 9a, will be discussed in
detail in Sect. 3.6.

3.5 Toy Model 2: The Cubic Friction
Let us consider the case of the cubic friction [64] and the symmetric noise:

D) =V V3, WQ) =W(=D). (75)

In this case, the integral equation (49) is reduced to the third-order ordinary differential
equation:

P(s). (76)

[i_ d3] . u®(s)
a S
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The asymptotic tail of P (s) for an arbitrary s is given by

V-1 .
%] ~ 5|7 50 (s — 00), (T7)

00 Y
P(s)~C exp [m/ dYW(Q) / ay
0 0

where A* =2 f0°° dYW(Y) and C is an appropriate constant (see Appendix 3 for detail). We
note that the cubic friction is sufficiently weak around V = 0 and the stopping time diverges
to infinity as t*())) — oo. This implies that the velocity of the tracer cannot exactly stay rest
at V = 0, but distributes around ¥V = 0. Then, the steady distribution function Psg()’) has
no singular part or, equivalently, its Fourier representation P(s) belongs to the class of the
L!-functions. Indeed, the asymptotic form (77) implies that Pss()) asymptotically diverges
around the stable zero point V = 0 for uA* < 1 as

Pss(V) ~ [V|~1=#2D, (78)

because P(s) ~ |s|"“‘* for |s| > 1. We also note that the asymptotic form (77) implies
the existence of a transition point uA* = 1. For uA* > 1, the distribution Psg (V) is regular
around V = 0, while Pss (V) diverges at V = 0 for ur™ < 1.

Here, let us calculate the first-order asymptotic solution in terms of w. From Eq. (63), we
obtain

~ 0 Y cossV—1 )
Ps) =142 /0 YW /0 VS 0. (79)

From the formula (V") = (d" P(s)/d(is)")|s=0, We obtain the moment (V") as

(i) = [(—1)"/2u I dYWO)B_y2(n/2,0) + O(u2)  (for even n) 50)

0 (for odd n) ’

where B;(a, b) = foz dit® (1 = 1)1 is the incomplete beta function. For the symmetric
Poisson noise W(Y) = A[§(Y — o) + 8V + o)1/2, Eq. (80) is reduced to vy =
(—1)"/2;437% (n/2,0)/2 + O(u?) for even n.

Unfortunately, the asymptotic expansion (79) is not uniformly valid for s because the
second term on the rhs of Eq. (79) diverges in the limit s — £o0o:

e Y cossV—1 o0 Y cossV —1 V(cossV — 1)
d dV————— = d d _
/0 YW /O VI /0 YW /0 y [ > e ]

Y Vdv]

~ /0 AYWO) [—Cin<sy>+ /0 A

=/ dYW() |:—Cin(sy)+%log (1+y2)], (81)
0

where Cin(x) = f(f dt(1 — cost)/t is the cosine integral and we have used the Riemann-
Lebesgue lemma lim;_, foy dVVcossV/(1 + V2) = 0 [83]. From the asymptotic form
of the cosine integral as Cin(x) = logx + O(1) for x > 1, the second term on the rhs of
Eq. (79) diverges in the limit s — oo as fooo dYW(Q) ny dV(cossV — 1)/ (V1 + V?)) ~
—(A*/2)logs — —oo. In order to renormalize this singular term, we here assume the
following first-order solution

N o0 Y cossy—1 2
P = 2 . <AV * 2
(s) exp|: ;L/O dyW(y)/O dVV(l +V2):| +0(1) (82)
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Note that the renormalized solution (82) reproduces the asymptotic tail (77) for s — oo as

> Y cossV—1
exp 2#/0 dyW(y)/o dvm

, o0 Y cossyY — 1
~ Cexp|2u / YW / v ==L (83)
0 0

where we have introduced a constant C' = exp[u fooo dyYw()log (1 + V2)]. Furthermore,
Eq. (82) satisfies the original differential equation (76) without divergence even in the limit
s — oo as shown in Appendix 4. From Eq. (82), we obtain the steady distribution function:

© ds . o Y cossV—1 2

We note that Eq. (84) is only valid for |[V| < D* with the characteristic jump distance D*
because the first-order solution (82) corresponds to the independent-kick model.

3.5.1 Numerical Validation

We numerically verify the validity of the first-order solution for the symmetric Poisson noise
W) = A8 — Vo) + 8V + Vp)1/2 with parameters y = 10, A = 1, and )}y = 1. In this
case, Eq. (82) can be rewritten as

. Yo cossV —1 10g(1+y§)
P = A AV ——~ | = M ———
(5) = exp [“ /0 Vyas vz)} exp [“ ( 2

. Yo VY cossVdy 5
—Cin(s)) —/0 W)] + 0(n?). (85)

The asymptotic form of the peak V = 0 is given by
Pss(V) ~ V|17, (86)

for -1 < —(1 — pur) < 0, where Pss(V) is integrable around the peak. To verify the
validity of Egs. (84) and (86), we perform the Monte Carlo simulation to obtain the numerical
distribution function Psg (V) and compared it with Egs. (84) and (86). As shown in Fig. 10,
our formulas (84) and (86) agree with our simulation for |V| < ))j. We also note that the
power-law peak (86) for the cubic friction is quite different from the §-type peak (74) for
Coulombic friction. This power-law originates from the divergence of the stopping time as
() — oo.

3.6 Higher-Order Corrections: Multiple-Kicks

We here explicitly write the higher-order correction terms to illustrate their physical meaning.
We first note the following identity:

Ny oo o0 dV )
I[s: eV ] = /oodywoz) /W Wllvav'+m(w(€”v —1). (87)
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Fig. 10 (Color online) a Comparison between Eq. (84) and the numerical data of Pgg()) obtained by the
Monte Carlo simulation for the symmetric Poisson noise with parameters y = 10, A = 1, and )y = 1. The
time step in the simulation and the ensemble number are set to be 1073 and 2.18 x 108, respectively. The
renormalized solution (84) is consistent with the numerical data in the range |V| < )y = 1. b The asymptotic
form (86) and the numerical data of Pgg (V) around the peak for the symmetric Poisson noise with parameters
y = 10,2 = 1,and )y = 1. The constant C, the time step in the simulation and the ensemble number are set
to be 1/20, 1073, and 2.18 x 108, respectively

Higher-order correction terms can be obtained using this identity. For example, the second-
order formula is given by

% dy
222;1’=/dW AW () L2
W I[s; 1(s7)] N Vi (yl)f(v) W (yz)f(vz)
x (V2 = 1)110,p1 (VD L[y v 13,1 (V2)

—110,3,1V2)]. (88)

Introducing the abbreviation dT'; = udYW(¥)dV;/f(V;) and 1}, = 1115 (Vi). the
explicit formula for the nth-order term with an integer n > 2 is represented as

@] . .
MnIn[S; I(S/)] = /—OO drll(l)y ]H [dr [1(31 1,Vi—1+Yil IEE)),)?,]:I:I (ewvn a 1) (89)

We next discuss the physical meaning of the higher-order terms by introducing a diagram
representation. In the following, we restrict our theory to the case where t*()) is finite for
an arbitrary finite number )’ (e.g., Coulombic friction case). For simplicity, we first consider
the second-order formula (88). The second-order solution can be rewritten as

P(s) =141 — (0)](e) + (0 — ) + O (1), (90)

where we have introduced the following diagrams:

o0 yl d . . !
(o) = / AYIW 1) / BEA (Vi 1) = [0 —100)], 9D

VALY,
Y pdv, ,
o) = ayw = Zp[0; 1(V)], 92
(o) /7 Vi (M)/ f(V) 0[0; 10V)] 92)
Vitdy,
Hava o isy
o o) = dyiw d 2% —_— 2—1
(0—> o) = /_ A% (371)/ f(V) W) b FO%) (e )
=22[0; Y —10)]. (93)
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(a) (b)
1% %
vl + y2 """"""" ‘ Vg anl + yn """""""""""""""""" ‘.Vn
NN RS : S N : h N
Z=
Ihe | e
ol T 0l >

Fig. 11 (Color online) a A typical trajectory along which the system is kicked two times during relaxation.
The two-dot-dash line corresponds to the diagram (o — e). b A typical trajectory along which the system is
kicked n times during relaxation. The two-dot-dash line corresponds to the diagram (0" 1 > o)

We here also introduce the linear operator for an arbitrary function 2()’) as

/V-Fy /LdV/
% S

The symbol e denotes the bound variable coupled with the exponential factor (¢/*Y — 1) in
the integrals (e.g., V1 in Eq. (91) and V; in Eq. (93)), the symbol o denotes the bound variable
decoupled of the exponential factor in the integrals (e.g., V; in Egs. (92) and (93)), and the
arrow — represents that the limits of the latter integral is a function of the bound variable in
the former integral (e.g., the integration range for V; is designated by Vy as V, € [V1, V1 +)4s]
in Eq. (93)). The diagram (e) corresponds to the effect of the single-kicks trajectories (the
two-dot-dash line trajectory in Fig. 8b), where V| moves along the two-dot-dash line. Note
that the diagram (e) depends on s through the factor (€Y —1). From Eq. (66), on the other
hand, the diagram (o) can be rewritten as (the integral along the solid line in Fig. 11a):

h(V"). (94)

Io[V;h(V’)]E/ dYyWw(Q)

() =/ AW T ), 95)

which is the probability that the second kick takes place during relaxation to leading order.
Note that the diagram (o) is just a constant. Furthermore, the diagram (o — e) represents
the effect of the second kick during relaxation (the two-dot-dash line in Fig. 11a), where
Y is the initial condition from the first kick, V| € [0, V] is the velocity before the second
kick, and )% is the flight distance by the second kick, and V, € [Vy, V1 + )»] moves along
the trajectory after the second kick. Thus, the term [1 — (o)] represents the probability that
the second kick does not occur during relaxation, and is used to modify the effect of the
single-kicks trajectories up to the second-order as [1 — (o)](e). The term (o — ) represents
the direct contribution of the double-kicks trajectory.

On the basis of the above argument, we generalize the diagrammatic representation toward
general multiple-kicks effect. We here introduce the following diagrams:

n

o0 ; .
= mom =@ o= [ ]
=
=T72[0; &V —10")], (96)
n

(06— -+ = o0—o0)= (") E/ H I:driléei—l,\)i—hLyi]:I =Tl0; 101, ©7)

%=1

where we have introduced Vp = 0. The diagram (o"*) corresponds to the probability that the
system is kicked n times during relaxation, and the diagram ("~ — e) corresponds to the
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Table 1 Summary of the rules of

the diagrams Diagram Equation Diagram Equation
(o) Tol0; 1] (o) Tol0; eV — 1]
210)- 210y HisV
The indicator function 1(V’) is (0—>0) Zylos 1 (0—>0) Z510; e 1
abbreviated to 1 here (o) I(r)l [0; 1] (Onfl — ) I(’)‘ [0; eisV 1

effect by the nth-kick (the two-dot-dash line in Fig. 11b)). Using these diagrams, Eq. (87)
can be rewritten as

' HILs; ("7 > o)l = (" — o) — (o")(e). (98)

From Eq. (98), we easily obtain explicit higher-order multiple-kicks processes as

pI's:1(N] = (o), (99)
1T [53 1(s)] = (0 — @) — (0)(e), (100)
W [s;1(s)] = (o — o) — (0)(0 — &) — [(0*) = (0)?](e), (101)

W THs; 1(s)] = (07 — o) — (0)(0” — @)
—[(0*) = (©*](c = &) = [(?) = 2(0) (0% ) + (0)*](e).  (102)

We summarize the rules of the diagrams in Table 1. We note that, when the stopping time
diverges as t*())) — oo (e.g., the cubic case), the above diagrammatic representation is
not valid because some diagrams diverge and termwise integration is not allowed (e.g., the
diagram (o) diverges for the cubic case). Nevertheless, we note that the formulas (88) and (89)
are valid even for such cases.

3.6.1 The Second-Order Approximation for the Toy Model 1 with Symmetric Poisson
Noise

We here explicitly calculate the second-order approximation for the toy model 1 with the
symmetric Poisson noise W(Y) = A[§(Y — o) + (Y + Vo)1/2. From Eq. (68), we obtain
the analytic representation of the following diagrams:

(©) = A, (o) =m[smsy°—yo] (0— )
_ ,u22)L2 |:—y§ n cos s ;zcos 250 _ 1—c;)2s syo] ‘ (103)

We then obtain the steady distribution up to the second-order as

212402
KA, 722
Pss(V) = [1 —uio+ — 0 } s(V) + B3 [1— urdol 1=y, v (V)
1232 122
——— Ay, 0(V) + Ay, 3, V), (104)

4
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Fig. 12 Schematic of the -~ A\ v
trapezoid function defined by VY2 ( )
Eq. (105) N

“V1=Yo = Yo y1+y25

where we have introduced the trapezoid function (see Fig. 12):

Ay, V) = V11—y -3, yi43:1V) + 2 = VD =y 35, - 3,1 (V) + 11,y 43,1 (V)]
1 /°° _isp €08 sV — cos [s(V1 + I)]
= — dse .
—00

T

= 2 (105)
We numerically verify the validity of the second-order formula (104) in Fig. 9a. Note that
the convexity of the distribution is violated by the third term on the rhs of Eq. (104), which
is consistent with the numerical result. We also note that the second-order formula (104) is
valid only for |V| < 2)) because the second-order approximation takes in the effect of single
and double kicks.

4 Example: Granular Motor Under Dry Friction

We here apply our formulation to the motion of granular motors, which has been investigated
experimentally and theoretically in Refs. [31-34,44,84] (Galvez LO, Van der Meer D, 2014,
Private communication). We first explain the setup of the granular motor under dry friction,
and introduce the Boltzmann—Lorentz model, which is valid for dilute granular gases [78]. We
next show the reduction of the Boltzmann—Lorentz model into the non-Gaussian Langevin
equation under dry friction when the mass of the rotor is sufficiently large and the collisions
of gases on the rotor are not frequent. We then obtain the analytical formula for the steady
distribution of the angular velocity of the rotor using the perturbation in terms of the friction
coefficient. We numerically verify the validity of our theory from the comparison of the direct
Monte Carlo simulation of the Boltzmann—Lorentz model.

4.1 Setup

Let us consider a cuboid rotor with mass M, inertial moment /, height , width w, and depth
[. The rotor is placed in a dilute granular gas and is influenced by dry friction as shown in
Fig. 13a. The granular gas is externally vibrated and is preserved to be in the non-equilibrium
steady state. We assume that the granular gas has an isotropic velocity distribution ¢ (|v|) as
reported in the experiments[32—-34]. We also assume that the angular velocity distribution
function of the rotor can be described by the Boltzmann—Lorentz equation. We further assume
that the dry friction around the z-axis can be described by the Amontons-Coulomb law. Note
that a heuristic derivation of the non-smooth Coulombic friction is shown from a smooth
friction in Appendix 5. Then, the dynamics of the rotor are described by the following
equation:

dP(w,t) 0 ©
ar s’ sgn(w) + /_OO dy[P(w—y,)W(w — y;y) — P(o, )W (@; y)],
(106)
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a
@ ® A _’z Velocity
distribution

Granular Gas ( )
(Athermal) w
') Athermal force
() Fa(t; @)
: (o

©

° j

C
ol
P

Coulomb friction

Fig. 13 a Schematic of the granular motor under solid friction. The rotor of cuboid shape (2 x w x [) is
located in the granular gas with velocity distribution function (VDF) ¢ (v) and is in contact with the solid,
where Coulombic friction y sgn(w) is valid. The collisions by granular particles gives the athermal fluctuation
F "4 (t; ®). b Schematic of the collisional rule for between th rotor and the granular particle. x is the coordinate
along the cuboid, where 0 < x < 2(/ 4+ w) and n(x) and t(x) are the tangent and horizontal vectors at the
point x

where the transition rate is given by

2(l+w) o)
W(w: y) = ph /0 dx / AV (VDOAV(X) - n(x)AV() - n(x)[8(y — A ().

—00

(107)

Here, x is the coordinate along the cuboid (see Fig. 13b), y is the friction coefficient, n(x)

is the normal unit vector to the surface at the point x, R; = /I/M is the inertia radius, e

is the the restitution coefficient between the rotor and the granular particles, and we have
introduced the following relations:

Vix) =we; xr(x), gk)=

, tix)=e;, xnx), e=

r(x) - t(x)
T ,  (108)

SE

AV(x) -n(x) eg(x)
R, 14 eg2(x)"

AVx)=V(x)—v, Awkx)=(1+e) (109)

4.2 Reduction to the Non-Gaussian Langevin Equation

We next take the zero mass-ratio limit ¢ = m/M — 0. According to Refs. [32-34], the
characteristics of the dynamics of the rotor depend on whether collisions between the
rotor and gases are sufficiently frequent. To characterize the collision frequency, let us
introduce the characteristic relaxation time of the rotor caused by Coulombic friction as
TR = mvoR;/y 1 = evo/y Ry, where vg is a characteristic granular velocity (e.g., the stan-
dard deviation of the velocity for the Maxwellian distribution) and S = 2(I + w)h is the
area of the rotor. We also introduce the characteristic collision interval: t¢c = (pS vo) L. The
dynamics of the system are then characterized by the following parameter*:

4 We note that the definition of 8! is a little different from that in Refs. [32-34], where 8! is defined by
gl = el/szv(z)/\/inle.
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pgl= IR _ £pSvG. (110)
¢ YR;

For B! > 1 (the frequent collision limit (FCL)) or 8 ~1 = o (the case without the dry fric-
tion), the collisions are sufficiently frequent and the typical behavior of the angular velocity
is well characterized by the Gaussian Langevin equation as discussed in Refs. [32-34] and
Appendix 6. For g 1 « 1 (the rare collision limit (RCL)), the collisions are so rare that
the typical behavior of the system is well described by the independent-kick model [34]. We
address the case for 8! ~ 1 (we call it the occasional collision regime (OCR) in this paper),
where the non-Gaussian Langevin equation under Coulombic friction is an appropriate equa-
tion in characterizing the dynamical motion of the rotor. In the OCR, the friction coefficient
y is effectively scaled by &:

y =gy, (111)

where we have introduced the scaled frictional coefficient y = ﬂpSv(Q) /R;. The OCR
scaling (111) implies that the dry friction satisfies the conditions (ii) as y sgn(eQ2) =
ey sgn(L2), where we have introduced the scaled angular velocity 2 = w/¢. Furthermore,
the Boltzmann-Lorentz equation satisfies the condition (i) and the dry friction satisfies the
condition (iii). In the small ¢ limit, then, the master equation is reduced to

oP(2,1) d o0

o aal sgn(£2) +/_OO dYWIP(Q2 -V, 1) = P(Q, D], (112)

where we have introduced the Q2-independent transition rate W()) as

2(l1+w) 00
W) = ph /O dx / AV (IVDO(=v - n() v - n©BY — AQE) (113)

with
v-n(x)
R

AQ(x)=—(+e) g(x). (114)
Equation (112) is equivalent to the non-Gaussian Langevin equation under Coulombic fric-
tion:

dS2

—o=7sm(Q) +, (115)

where the granular noise ég is the white non-Gaussian noise whose transition rate is W())).
We note that the validity of the non-Gaussian Langevin equation (115) has already been
experimentally verified in (Galvez LO, Van der Meer D, 2014, Private communication). The
cumulant generating function of the granular noise is given by

D(s) = Di(s) + Du(s), (116)
where we have introduced
16wphR} [ 1 2(14e)?p*v?
D,(s) = _%/ dvve (v) | cos s+ z)vp —1- s +e)4 Py 117)
ps=(1+e) Jo 2R; 8R;

for an arbitrary real number p (see Appendix 7 for the derivation). The cumulant function
has even parity ®(s) = ®(—s) because of the symmetry of the rotor’s shape, which implies
that no constant drift appears in Eq. (115). We note that there may exist a constant drift term
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as discussed in Ref. [84] when the rotor is asymmetric. We further note the asymptotic tail
of the angular velocity under Coulombic friction is given by the exponential form:

Pss(Q) ~ e %1 (118)

where the exponent a is determined by ya = ®(—ia) as shown in Sect. 3.4.
We present the explicit forms of the cumulant generating functions for some specific
cases. Let us first consider the case for Maxwellian velocity distribution function: ¢ (v) =

2 2 . ope . . .
e V2% /(2 v%)3/ 2. We note that this condition can be experimentally realized in strong
vibration conditions using a specific container in Refs. [34,85]. In this case, the cumulant
generating function is given by

Q*
®, () = | 2 phpvod (-2 | (119)
’ - NG

where we have introduced Q’; = p(l+e) vo/ZR% and G(x) = Fp(x)/x — 1 with the Dawson
function Fp(x) = e % IS dte’”.

We next consider the exponential case: ¢ (v) = e~ V/% /87 US. ‘We note that the exponential
distribution is also experimentally realized for the weak vibration condition as shown in
Ref. [85]. We obtain the following form of the cumulant function:

,ohpon%*sw2 (5 + 39%*3“2)
2(1 + Q2%s2)°

D ,(s) = — (120)

4.3 First-Order Asymptotic Solution

Let us analyze the dynamics of the rotor in the RCL condition (8! « 1). In the RCL,
the scaled friction coefficient 7 is sufficiently large (7 o< 1/8~! >> 1), and the asymptotic
expansion is valid in terms of the inverse of the friction coefficient: © = 1/7. We then show
the explicit form of the first-order asymptotic formula, which corresponds to the independent-
kick model. According to the first-order solution for Coulombic friction (73), we obtain the
stationary distribution function (see Appendix 8 for the derivation):

o0 2
P(2) =[1—pc1]16(R2) + /ur,ohl/ dvve (v) [v - @]
121/ F; F

o) 2
-I—/u'cphw/ dvvg (v) [v - @} + 0(u?), (121)
121/ Fy Fy

where we have introduced F), = p(1 +e)/ ZR% for an arbitrary real number p and

(o) 2 00
o = 2/ AYWO)Y = M/ dvvte(v). (122)
0 3R; 0

We now study the explicit form of the distribution function (121) for the follow-
ing two cases: the Maxwellian and exponential ones. In the Maxwellian case ¢ (v) =
e‘”z/zviz)/(Zn v5)3/2, we obtain

1 — uphvo

PQ) = [ 5

a9 + wsz;;)} 3() + PO n( @ +PY) (@) + 0w?), (123)
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(a) F iy \ E (b) 1
E 00  Eq(106) 1 O Eq.(106)
- % Eq(l15) 1 0.1 —— Eq(123)
e e Eq.(118)
@ 0.1 3 E
Ay r ]
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Fig. 14 (Color online) a Comparison of the non-Gaussian Langevin equation (115) and the asymptotic
tail (118) with the direct Monte Carlo simulation (106) for p = h =vg =Ry =1 =M = 1,1 =0,
w= \/ﬁ, m =0.001,and y = 24/12. The ensemble number and the time discretization for the Monte Carlo
simulation are 108 and 3.16 x 10~4, respectively. b Comparison of the independent-kick solution (123) with
the direct Monte Carlo simulation (106) forp =h =vy=R;=1=M =1,1=0,w = \/ﬁ, m = 0.01,
and y = 200. The ensemble number and the time step for the Monte Carlo simulation are 108 and 1073, The
first-order asymptotic solution (123) is only valid in the range |Q| < 2Q% ~7

where the smooth part Ps(g)omh(ﬂ) for an arbitrary real number p is given by

PP () = 0P [26’"9'2/29?’* el (1 |sz|)} (12
omooth () = — —erfcl —— | |.
smoo 2 VI @ \V2 9

Here, the complementary error function is defined as erfc(x) = 2 fxoo dte™" /+/7. In the
exponential case ¢ (v) = e~/ /8 vS , we obtain

P(Q) = [1 — uphvo(IQf + wi)] 8(Q) + Ploroon () + Plin 1 () + 012, (125)

where the smooth part pP z)mh(Q) for an arbitrary real number p is given by

sm
() _ Phpvo 121 _jea8
Psgqooth(Q) = 47 (3 + 9777 e 1621/42, . (126)

4.3.1 Numerical Validation

We now numerically verify the validity of the non-Gaussian Langevin equation (115) and
the asymptotic formula (123). We first perform the direct Monte Carlo simulations of the
Boltzmann-Lorentz equation (106) and the non-Gaussian Langevin equation (115) with
parameters p =h=v9o=R;j=1=M =1, =0,w = V12, m =0.001, and y =2.12.
We note that the above parameters correspond to the OCR; 8~! = 1. As shown in Fig. 14a, the
numerical data for the non-Gaussian Langevin equation (115) and the asymptotic tail (118)
agree with the numerical data for the Boltzmann—Lorentz equation (106).

We next perform the direct Monte Carlo simulation of the Boltzmann-Lorentz equa-
tion (106) with parameters p =h=v=R; =1 =M =1, =0, w = \/ﬁ m = 0.01,
and y = 200, and compare the numerical data with our analytic solution (123). We note that
the above parameters correspond to the RCL; 87! ~ 0.035 « 1. As shown in Fig. 14b, the
first-order asymptotic solution (123) is valid in the range || < 2} ~ 7.
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5 Conclusion

We derive the non-Gaussian Langevin equation for an arbitrary non-linear friction (23) on the
conditions (i)—(iii), and propose an asymptotic connection (37) from the Gaussian to the non-
Gaussian Langevin equation. We obtain the full-order asymptotic formula (58) for the steady
distribution function in terms of the inverse of the friction coefficient, and show that the first-
order truncation of our formula leads to the independent-kick model. Moreover, we show that
the higher-order terms directly correspond to the multiple-kicks processes during relaxation
by introducing the diagrammatic representations (91)—(97). We apply our formulation to the
granular motor under dry friction, and we systematically show that the dynamics of the rotor
can be described by the non-Gaussian Langevin equation (115) and the independent-kick
model (121) under the OCR and RCL conditions, respectively. We numerically verify our
formulas for both OCR and RCL conditions.
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Appendix 1: Relation to the Non-equilibrium Steady State: Granular Rotor
Under Viscous Friction

We here study the relation between our formulation and the non-equilibrium steady state
through the example of the granular motor under viscous friction. We consider a rotor placed

in the granular and molecular rarefied gases characterized by isotropic velocity distributions
¢¢(Iv]) and ¢y, (|v]) (see Fig. 15a). The rotor is cuboid with height /4, width w, and depth /.

NS ®)
z VDF
: .ﬁ‘ 60(v)
° xz=2(+w)

.0 w [ ¢

- ﬁ Collisional

¢

oo“ 0l oo

© ©

© oc"‘o

Granular gas: @)
Molecular gas: ¢

Fig. 15 (Color online) a Schematic of rotor associated with the granular and molecular rarefied gases. The
rotor is composed of the two cuboids (7 x w x [), and is driven by the collisional impulses by the granular and
molecular gas whose velocity distribution functions (VDFs) are ¢ (v) and ¢, (v), respectively. The granular
and molecular gases are so dilute that their collisional impacts F ¢(t; ) and ﬁm(t; w) are described by the
Boltzmann-Lorentz models with the transition rates Wg (w; y) and Wy, (w; y), respectively. b Schematic of
the collisional rules between the rotor and a granular (or molecular) particle
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The masses of the rotor, the granular particle, and the molecular particle are M, m, and m,,,
respectively. For simplicity, we assume that all the restitution coefficients are equal to 1 and
[ = 0. If the granular and molecular gases are sufficiently dilute (i.e., their density o, and
pm are sufficiently small), the dynamics of the rotor are governed by the Boltzmann—Lorentz
equation as:

IP(w,1)

o1 > / dy[P(w —y,O)Wi(w — y; y) — P(w, ) Wi(w; y)],  (127)

i=g,m

2w 00
Wi(w; y) = pih/o dX/ dvgi (VDO (AV(x) - n(x))[AV(x) - n(x)[8(y — Aw;(x)),
(128)

where x is the coordinate along the cuboid (see Fig. 15b), n(x) is the normal unit vector to
the surface at the point x, and we introduce the inertia radius R; = /I/M and
r(x) - t(x) m;
Vix) =we;, xr(x), gx)= ——, tx)=e, xnx), rn=—, (129
R; M
AV(x) -n(x) 2rig(x)

AVxX)=V(x) —v, Awix) = R 1+ rig2(x)

(130)

We here assume that the granular mass ratio ¢ = r, = mg/M is small. Furthermore, we
make the following three assumptions:

(A1) The masses of the rotor, granular, and molecular particles satisfy the relations M >
mg 3> my,. In other words, the mass ratio r; is scaled as

T 2
— =0(8) &= 1y = &c;rg = £7¢Cy, (131)
Te
where ¢, is a dimensionless constant independent of ¢.
(A2) The density of the granular gas is much smaller than that of the molecular gas as
Pm > pg. In other words, pg is scaled as
0
= = 0(e) = pg = &%Cppm, (132)
Pm
where ¢, is a dimensionless constant independent of e. This assumption implies that the
collision frequency of the granular particles is much lower than that of the molecular
particles.
(A3) The velocity distributions ¢; (|v|) are Maxwellian forms characterized by temperatures

T; fori = g, m:
di(v) = (2 3/2ex _milvl? (133)
VD =\ 2r Plm o |

Furthermore, the granular temperature Ty is much higher than the molecular tempera-
ture T,, as Ty > T,,. In other words, T}, is scaled with an e-independent dimensionless
constant cr as

T,
7’" = 0(e) & Ty = scrTy. (134)
8
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Under the assumptions (A1)-(A3), we use the Kramers—Moyal expansion for the molecular
gas:

/ dy[P(w =y, )Wp(w — y; y) = P(w, ) Wy (w; y)]

0 —1)ng2n gn
=3 T K@) P, ) (135)
n=1 :

with the scaled Kramers—Moyal coefficient

Kn(w)E/dyanm(w; y)

2 2¢, AV-n)"
= puh J§"dx [, dVEn(VDO(AV - m)AV - n| R2es)OY 0

(136)

where ¢y, (|v]) is independent of & as ¢y, (|V]) = (c,mg/2mer Tg)*? exp [—c,mg|VI? 2c7 Ty
The scaled Kramers—Moyal coefficients are expanded as

K,,(a)):Z ']’(” o, (137)
k=0 :

where K7, © =0and K 1. 1) # 0. Introducing the scaled variables

S

=64 Q=-—, (138)
&

we obtain the scaled master equation (127) as

0P(Q. 1) _ [i a [_Kik;(kH)an-H N K;:(k)an]

Kk
ot = k! k+1 0Q 2 0

0o 00 (_1)n€n+k—2K*

mt) 0"k
+2.2. k! s ]P(Q’”

n=3 k=0

+ / AVIPQ — Y. DOWe(Q — V: V) — P(Q. OWo (@ W), (139)

—0o0

W, (Q; V) = cppmh /0 " ax [ Z dvg (IV)O(AV(x) - n(x))|AV(x)
nx)[3QY — AQg(x)), (140)
where ¢ (|v]) is independent of & as ¢4 (|v]) = (mg/271Tg)3/2 exp [—mg|v|2/2Tg] and we
introduce
AV(x)-n(x) 2g(x)

R; 14+eg%(x)
(141)

Vx) = Qe, xr(x), AV(x) =eV(x) —v, AQ,(x)=

In the limit ¢ — 0, Eq. (139) is reduced to

QD _ T o I Ipg /oowy[PQ—y —P(Q, )]
o " Ylaa +?8@ (€2,7)+ N MIP( ,T) (€2, )],
(142)
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W) :chpmh/o dx/ dvgg(IV)O(=v - n(x))|v-nx)[§(Y — AQ(x)), (143)
where we have used

hw3pm 2¢crerTy — ) Kb = 2hw3pchTg 2crerTy _ 2y Ty
T 3R}m, Tmg 7
(144)

with 7, = c7 Ty and 7 = my R%. Equation (142) is equivalent to the non-Gaussian Langevin
equation

s . .
e —yQ+ 2y Tn/ZE + éna, (145)

where é‘NG is characterized by the transition rate YW()/). As can be seen in the assumption
(A3), the non-Gaussian Langevin equation (145) is only valid for system connected with two
reservoirs characterized by extremely different temperatures. If there is no temperature dif-
ference (i.e., the system is in equilibrium condition as T, = T},,), the non-Gaussian Langevin
equation (145) does not appear. We also note that there exists a energy current from the
granular to the molecular gas.

Appendix 2: Check of the Solution (56) of the Integral Equation (55)

In this appendix, we check that the solution (56) satisfies the integral equation (55) on the
condition that @, (0) = 0. We note that Eq. (55) belongs to the class of the first-kind Fredholm
integral equations with convolution kernels [86]. Substituting the solution (56) into the left
hand-side of Eq. (55), we obtain

1 [ =
2— duf(s — u)&nJrl(u)
T J—00
= - duf(s — w)I[u; an(s"))
2w

1 OOdV(e'W 1) iy @67
W/ o= [ G [ eGP

© gy e iy sy 26D
(zm2 f(V) e 1)/oods TR
_ isV / ,” Y d)(s’) ~
. /_oo f(V)f Ve /_ood ()
=/Oo ds'8(s — s) ,(s)”n( N = Q.(S) an(s), (146)

where we have used the relation ffooo du f(s —u) = f(0) = 0in the third line. We note that
the solution (56) satisfies the condition for the conservation of the probability a, (0) = 0.
Equation (56) is then the solution of the integral equation (55).

@ Springer



1326 K. Kanazawa et al.

Appendix 3: Derivation of the Asymptotic Tail (77) for the Cubic Friction

We here check that the explicit form of the asymptotic tail (77) for the cubic friction. We first
assume that |d P /ds| > |d3 P/ds3| for s — oo. Using the method of dominant balance, we
obtain

dP(s) MQ(S)P()ﬁp(S)NeXp[ /S ‘D(S)]
ds s o s
o0 Yy _
= exp [m /O dYWO) /O dv%}, (147)

where we have used the relation [ ds’(coss’Y —1)/s’ = foy dV(cossV — 1)/V. Note that
d]s(s)/ds and af31‘~’(s)/ds3 decay for s — oo as
1 dP(s) UA* 1 d3P(s) w33

—1 -1
_ ~ B . ~ - .48
P(s) ds s +ols ) p ds3 s +os™) (148)

where we have introduced A* = 2 fooo dYW(Y) and used the relation lim;_, oo P (s) = —

Equation (148) ensures the consistency of the assumption |d i’/ds | > |d3 If’/ds3 |fors — oo.
We note that the solution (147) asymptotically behaves as

[ee)

P(s) ~ exp [—m/ dyW(y)Cin(sy)] ~ exp [—m/ dYWQ) logs] = |s|7*,
0 0

(149)

where we have used the asymptotic form of the cosine integral Cin(x) = fox dt(1—cost)/t ~
log x for x — oo.

Appendix 4: Check of the Renormalized Solution (84)

In this appendix, we check whether the postulated expression (84) satisfies the ordinary
differential equation (76) by the direct substitution. For simplicity, we assume that YW ()) is an
L2-function, where ® (s) is an bounded function as |®(s)| < A* with A* =2 jooo dIYWQ).
We note that ®(s)/s is also a bounded function because ®(s)/s is regular at s = 0 as
limg_,0 ®(s)/s = 0 due to the symmetry ®(s) = & (—s). We also note that ®(s)/s behaves
as ®(s)/s = O(s™!) in the limit s — oco. The differential equation (76) then has only two
singular points at s = £00. We here introduce the following quantities:

o Y cossV —1
01(s) =2/ dyvv(y)/ Vi
Ql sin sy
02(s) = —— —2/ dyW(y)/ dVH—VZ’ (150)
d@> Vcos sV
059) =2 = 2/ dyw<y)/ avEEl
Q3 _ Zsin sV
04(s) = —— 2/ dyW(J))/ dV Ty (151)
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For these quantities, the following relations hold:

d d?
Lot — /VLQQe'““QI(S), 2 or Qi) — [MQ4 +3M2Q2Q3 +M3Q%] Q1)
ds ds3
(152)

Then, we obtain

3
(i _ LS) HOIS)
ds ds

00 hY%
- (2;1/ dYW() [ sin sV) 1) 4 [3u% 0y Q3 + i’ 03] M1
0 0

o0
(2u / dYW(Y)(cos sV — 1)) O 13070205 + 1P Q3] 1)
0

pnP(s)
— - et [3M2Q2Q3 + M3Q;] 216 (153)

Note that Q> and Q3 are bounded as

% o0 Y
|Q2(S)|<2/ dyw<y>/ av |2 <2k, |Q3|§2/0 dywm/O
V2sinsy
dv‘71+v2 <E, (154

where E = fooo dYW(Y)Y > 0. Furthermore, ®(s)/s, Q2, and Q3 decay for s — oo as

o0 _ *
q)is) =/ ayw») Y=L —A— +0(s72), (155)
0
o Y sinsy o sinsV
0:6 =2 [“ayw) [ vt s 2 [Taywon [Tavt
)\*
=-——+0(7), (156)
03(5) = —2 / dYWD) / a2
VeossY )L: 4
—2/ dyW(y)/ Ve = +0(s™), (157)

where we have used the Riemann-Lebesgue lemma as lim;_, o, fooo W(Y) cossV = 0. This
implies that the second term on the rhs of Eq. (153) is negligible compared with the first term
for s — o0 and that IS(S) = Q1)/y uniformly satisfies Eq. (76) up to the first-order. We
also note asymptotic relations as

’;
‘e—ﬂglm[(i— @ ) Hoi1) _ Mq)(s)e“Q‘(””§6M2E2+8/L3E3, (158)

ds ds3 s
3
1010 | (44N o _ PG o)
ds  ds3 s
_3 2)\’2* 3)»2*
= = o) 6= ) (159)
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Appendix 5: Heuristic Derivation of the Non-smooth Coulombic Friction
from a Smooth Friction

We heuristically derive the non-smooth property of Coulombic friction from a smooth friction
in this appendix. For simplicity, we set [ = 0 and consider the case where the solid friction
is given by a hyperbolic smooth friction

f(w) = y tanh (w%) (160)

where wc is the characteristic angular velocity scale for the solid friction. Note that this form
of a friction is used to analyze the non-smoothness of Coulombic friction in Ref. [75] because
it recovers Coulomb friction as

f(@) =y sgn(@)(1 — e 2el/oc) (1 4 e*zlwl/wC)‘1 ~ysgn(w) (o] > wc). (161)

We here assume the following two scalings. The first scaling is the OCR scaling

-1 _ R /
B =—~1ly=c¢y, (162)
T

which implies that the relaxation time originating from Coulombic friction is equivalent to
the typical collision interval. The second scaling is for the typical angular velocities:

= Z—z = 0(7'?) > 1 &= wc/e = aQy, o e/, (163)

o

where wg = €, is the typical angular velocity jump by granular impulses. This scaling
implies that the typical angular velocity during relaxation wg is much larger than oc, and
the hyperbolic friction can be approximated as

f(w) = ey’ tanh (ﬁ) ~ ey’ sgn(Q) (IR £ 0). (164)
a)c/E

On these conditions, the formulation in Sect. 4.2 can be heuristically validated. Note that the
emergence of the non-smooth Coulombic friction is studied more rigorously for the Gaussian
noise in Ref. [75]. We also note that the derivation of Coulombic friciton and the estimation
of the friction coefficient are addressed in Ref. [87].

Appendix 6: Derivation of the Granular Langevin Equation in the FCL

In this appendix, we derive the granular Langevin equation for the FCL regime on the basis
of the parallel formulation in Sect. 2.3. Let us consider the case where / = 0 and the FCL
scaling 7! = 0(e7'/?) > 1 is satisfied. We then introduce the scaled friction j’ =
ﬂs_l/szvg/Rl, which implies

y =&y, (165)
We further introduce the FCL scaling variables as follows:

Q

e

, T =¢&t. (166)
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The Kramers—Moyal expansion of Eq. (106) is given by

IP(Q, 1) 9 (=21 yn .
o :|: sgn(Q)—i—Zi & Kn(Q) | PR, 1)
n=1
I & d v & Kz;(O) 9> A 1/2
_[a@y sgn(Q)—EICI;(I)Q 3 P(Q, 1)+ 0(/?), (167)

where we have introduced the Kramers—Moyal coefficient and its expansion

[(1+e)(AV -n)g]"
R} (1 +eg?)"

2w oo
Ka() = ,oh/ dx/ dve(Jv])®(AV -n)|AV - n|
0 —00

~ K =
Kn(@) =3 00 (168)
k=0
with ICT; «©) = 0- We then obtain the Gaussian Langevin equation in the FCL
dQ N ~ .

To = v sen®) -y @+ ke, (169)
where y, = —K7}, |, = (mph(1 + w/3R}) [° dvv ¢ (v) and T'y = K3, 0 = (@oh(1 +
e)tw? / 12R‘,‘) fooo d vv5¢ (v). This result is consistent with the theoretical and experimental
results in Refs. [32-34,84].

Appendix 7: Cumulant Generating Function of the Granular Noise (116)

In this appendix, we derive the explicit form of the cumulant generating function of the
granular noise (116). The cumulant generating function ®(s) can be transformed as

D(s) = / dyWw) (e - 1)

2(1+w) 00 )
= ,oh/ dy/ dx/ dv(e"Y — 1)g(IV)O(—v - n(x))|v - n(x)[8

ooty e
2(14+w) 00 )
= ph/ dx/ dvg (IV)O(=v - n(x)|v - n(x)| (e s UFTOCRN/Rr _ 1)
0 —00
(170)

Introducing the representation of the polar coordinate system (v, 6, ¥), we obtain

2(l+w) T
d)(s):ph/ /dv/ /dl//vz sin ¢ (v)O(—v cos ¥)|v
0 0

% COSI//l( —is(l4+e)vcosyg(x)/R; __ 1)

2(l+w)
=—ph/ /dv/ dQ’/ dyrv3 ¢ (v) sin ¥ cos ¥
0 w/

x (e—i[s(l+e)vg(x)/R,]cos v
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(+w) ) 1 )

:47'[,011/ dx/ dv/ dxv3¢)(v)x(e’s(l"'e)”g(x)X/R’—1)
0 0 0

=®;(s) + Dy (s),

71
where we have introduced y = — cos ¢ and

1 00 1
@;(s) :4nph/ dx/ dv/ dxvip @)y (e IFOvs@x/R )
0 0 0

(172)
(I+w) poo 1 )
D, (s) = 47t,0h/ dx/ dv/ dxvig )y (e IFOvEDX/RE 1) (173)
1 0 0
Substituting g(x) = (x —1/2)/R; for 0 < x <[ into Eq. (172), we obtain
i 00 1 ) )
D;(s) =471,0h/ dx/ dv/ dxv3¢(v)x(e’s(1+e)”(x_l/2)X/R1 — 1)
0 0 0
o 1 7 sin s(1+e)2vxl
2R
:471ph/ dvv? (v)/ d — 1
0 ? 0 xx s(1+e)vx/R?
o 1 — cos 75(]2;?”1 /
=dnph [ dvv’¢(v) Ty
0 [s(1+ev/2R71?1 2
1671th‘I1 o0 s(1+e)vl s2(1 4 e)2%v?
=————=1/[d _— =1+ —|. 174
5211 o) /0 vve (v) | cos 2R% + 8R‘} (174)
We similarly obtain

l67rth‘,1 o0 s(1+e)vw $2(1 + e)?w?v?
® =—" "/ d _ =+ — . (175
w(s) w521+ ¢)? /0 vve (v) | cos 282 + 3K 175)

Appendix 8: First Order Solution of the Angular Velocity’s Distribution for
the Granular Motor

We here write the explicit derivation of Eq. (121). From Egs. (73) and (107), we obtain

S
Pss(2) =1 —

0 00 2(1+w)
— 8(9)+f/ dyl[fy,y](ﬁ)/ dx
Y Y Jo 0

/ AV (VDO (v - nC) Y - n(D)IY — AQ (X))

X

_ o]
=|1-—=18%)+
L v

20h [e9) (I4+w)
p / dYV1[_y.y)(Q) / dx
14 0 0

X /dV¢(|V|)@(—V'11(x))|V'n(x)|5(3/— AQ(x)),

(176)
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where we have introduced ¢; = f0°° dYW(Y)Y. Here we calculate the following integral:
00 1
/ AV1i-y y)(Q) / dx / dvé (VDO (—v - n(x)|v - n(x)[8(Y — AQ(x))
0 0

00 1 [e'e) 2 T
:/ dyl[,y,y](sz)/ dx/ dv/ dO//dlﬁv3 sin ¥ (— cos ¥ )¢ (v)® (—v cos ¥)§
0 0 0 0 0

[y ERILE: —é/z)u cosw]
RI

1 00 1
zzn/lzdx/o dv/o dX XV SOyt (e )V ev] (D (177)
/

where we have introduced the polar coordinate (v, 8’, ), the flight distance Vix, v, V) =
1 +ex—-1/2)x v/RZ, and the variable transformation y = —cos, and have used
gx) = (x—1/2)/Ry for 0 < x <. We remark that

R7|Q|
—_— <
A+e)x—-1/2)x

We then rewrite the rhs of Eq. (177) into the following form:

121 < V' (x, v, x) = (178)

1 00 1
2;1/ dx/ dv/ dxxv3pW)1_yt + (Q)
2 o A =V 000, Y @ x0]

1/2 1 00
:271/ dx// d)(x/ dvv3¢(v)
0 0 R2|Q|/(1+e)x'x

wl [ [ 2R%|Q|i|2
= — dvvp(v) | v

2 Jardii/+e

(I +e)l (179)

where we have introduced the variable transformation x” = x — /2 and used the identity for
an arbitrary positive number ¢ as

1/2 1 oo l oo 2¢ 2
/ dx// dxx/ dvv ¢ (v) = f/ dvvg (v) [v——] ) (180)
0 0 ¢/ xx' 4 Joesi l

Similarly, we obtain

i~ (I+w)
/o dyll—y,yJ(V)/l dX/dV¢(|V|)®(—V-n(X))IV-n(X)Ié(y— AQ(x))

00 2 2
_w dvvp ) |:v ZR"Q'} (181)

2 2R/ +ew (1+ew
‘We then obtain

ph [ 20+w)
T /o dyl[fy,y](ﬂ)/o dX/dVd)(IVI)@(—V-n(X))BOJ— AR (x))

hl [ Q7? hw [ Q77
= 7r,0~ / dvvg (v) |:v - |Fi|i| + 71,0~ v / dvvg (v) |:v — u] , (182)
Y JiQyE 1 12 121/ Fu Fy
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where we have used F, = p(1 +e) /ZR% for an arbitrary real number p. From Egs. (176)
and (182), we obtain Eq. (121). We also obtain the explicit form of ¢; as follows:

00 [e9) (I+w)
¢ =2 / YWY = 4ph / dyy / dx
0 0 0

X/ dve(Iv)O(—v-n(x))8(Y — AL (x)). (183)

—0o0

We here calculate the following integral as
0 l )
[ avy [[ax [ avowhocy nev s - a2
0 0 —0o0

o0 [ oo b4
:27‘[/ dyy/ dx/ dvv2/ dyrsin e (v)O(—vcos ) vcos s
0 0 0 0

(1+e)(x —1/2)v cosw)
Y- 2
RI
2e(14¢) (12, , [ ! a(l+e)* [
:T% A dxx/o dvv4¢(v)/0 dXX2:12R%/0 dvv4¢>(v).
(184)
Similarly, we obtain
o0 I+w o0
/O ayy /Z dx / AV (IVDO(=v - )V - n()I3QY — AQ ()
7(l 4+ e)w? [ 4
- . 1
12R% /0 dvv” ¢ (v) (185)

Equations (183), (184) and (185) lead to Eq. (122).
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