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Granular rotor as a probe for a nonequilibrium bath
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This study numerically and analytically investigates the dynamics of a rotor under viscous or dry friction
as a nonequilibrium probe of a granular gas. In order to demonstrate the role of the rotor as a probe for a
nonequilibrium bath, the molecular dynamics (MD) simulation of the rotor is performed under viscous or dry
friction surrounded by a steady granular gas under gravity. A one-to-one map between the velocity distribution
function (VDF) of the granular gas and the angular distribution function for the rotor is theoretically derived. The
MD simulation demonstrates that the one-to-one map accurately infers the local VDF of the granular gas from

the angular VDF of the rotor, and vice versa.
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I. INTRODUCTION

Granular materials are ubiquitous in our daily life and
are extensively studied mainly in various engineering fields
such as soil mechanics, geology, powder technology, and
civil engineering. They are also studied in the area of sta-
tistical physics [1-4] because they exhibit various interesting
phenomena, such as jamming transition and inhomogeneous
cluster formation [1—4]. These phenomena originate from
the dissipative nature of granular particles during inelastic
collisions. Granular gas is one of the simplest setups to
theoretically understand the essence of granular materials.
Indeed, the kinetic theory is applicable to granular gases when
the density is not extremely high, where their dissipative nature
appears as the non-Gaussian velocity distribution function
(VDF) [5-13]. Therefore, high-order cumulants, such as
skewness and kurtosis, are expected to play important roles in
understanding the characteristic behavior of granular materials
in addition to the second-order cumulants (i.e., the granular
temperature) [7,14-29].

A typical method to measure VDFs includes the direct
tracking of the motion of grains. This method is widely
used for quasi-two-dimensional systems. However, there are
technical difficulties for three-dimensional systems because
most of the grains in the bulk of the system are invisible
from the exteriors of containers. Although such difficulties
have been overcome using magnetic resonance imaging [30]
or fluorescent interstitial fluid [31], the former method is not
easily accessible and the latter method induces additional
rheological effects via the interstitial fluid on the granular
flow.

Another experimental method involves the indirect mea-
surement of granular velocity fluctuation via probes. For
example, a rotor can be placed into a granular gas as a probe to
measure the angular velocity fluctuation of the rotor [32—40].
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The VDF of the granular gas can be inferred from that of
the rotor. It is important to note that this method works
well for systems in thermal equilibrium according to the
fluctuation-dissipation relation. Recently, the relevance of this
type of indirect method has been demonstrated for spatially
homogeneous and isotropic granular gases through the analysis
of the non-Gaussian Langevin equation in Refs. [41,42] on the
basis of the Boltzmann-Lorentz equation [43-49]. However,
the model used in this case is not sufficiently realistic because
inhomogeneity and anisotropy exist in real granular gases such
as vertically vibrated granular systems under gravity [10].
This implies that a more realistic formulation is necessary
for the experimental measurement of high-order cumulants by
observing the rotor dynamics.

In this study, the molecular dynamics (MD) simulation of a
realistic granular rotor is performed to demonstrate the role of
a rotor as a probe to measure the VDFs of vibrating granular
beds [34-40]. An event driven MD simulation of a rotating
rotor is performed around a fixed axis in a vertically vibrated
granular gas under gravity in accordance with a method used
in a previous study in Ref. [3]. The dynamics of the rotor in
vibrating granular beds is analyzed to derive the relationship
between the angular VDF of the rotor under viscous or dry
friction and the VDF of the granular gas [41,42]. In this study,
it is also demonstrated that the formulas can be applied in
the MD simulation. The formulas can be used to infer the
VDF of a gas with velocities that cannot be directly measured.
Furthermore, it is demonstrated that the formulas work to
detect the dependence of the VDF of the granular gas on
its position in the container. Hence the results indicate that
the granular rotor can be used as a local velocity probe for a
realistic granular gas.

The organization of this paper is as follows. The setup of
the simulation used in this study is described in Sec. II. In
Sec. III the basic equations to derive the inverse formula for a
cylindrically symmetric granular gas [41,42] are examined. In
Sec. IV the formulas for the VDF of the gas and the angular
VDF of a rotor are derived under viscous friction around a
rotating axis. Furthermore, the numerical validity of these
formulas are verified and the details of the numerical imple-
mentation are described. Section V discusses the dependence
of the viscous rotor on its position in the container. In Sec. VI
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FIG. 1. Schematics of the simulation. A rotating rotor (probe) is
simulated in a vibrated granular gas under gravity.

the angular VDF for a dry frictional rotor is examined using the
numerical VDF of the granular gas under gravity. In Sec. VII
the conclusions of the study are presented with some remarks.
In Appendix A the details for the MD simulation for the rotors
are explained. Appendix B discusses a benchmark test of the
simulation and formulation wherein the rotor is examined
under viscous friction in an elastic gas without gravity, in
which the angular VDF for the rotor is analytically obtained.
Appendixes C and D discuss the detailed derivation of the
analytic formulas for the rotors under viscous and dry friction,
respectively.

II. SETUP OF THE SIMULATION

The schematics of the setup used in the study are illustrated
in Fig. 1. The setup involves the preparation of N = 100
frictionless grains of diameter d = 0.02+/A and mass m
under gravity g in a quasi-two-dimensional container (area
A =L} ; height Hyox = 0.1Lyox). The VDF of inelastic
grains under gravity and vibration is different from the
Gaussian. The restitution coefficient e, = 0.71 is adopted
for inelastic rigid grains, and it corresponds to the effective
restitution coefficient for low density polyethylene [50,51].
The restitution coefficient between grains and the side wall ey,
is selected such that it is identical to that for collisions between
the grains (e, = e, = 0.71). The parameters in the simulation
are summarized in Table I. Both the rotational motion of the
grains and the tangential contact force between the grains are
not considered in the event-driven MD simulation, because

TABLE I. Summary of the parameters for the simulation.

Symbols Values, definitions
Mass ratio € m/M = 0.01
Rotor width w 0.1 Loy
Grain diameter d 0.02Lpox
Restitution coefficient e,eq,ey, 0.71
Number of grains N 100
Box height Hyox 0.1Lox
Rotor height h Hyox — d
Number density 0 N/h(Lpox — d)?
Vibration amplitude Zmax/2 0.01Lpox
Vibration period 2t yall V2Zmax /8
Vibration velocity v Zmax/ twall
Observation radius Fobs 2w
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FIG. 2. Schematics of (a) the top view and (b) the side view of
the simulation. The rotor rotates around a fixed axis (xg, o), and the
origin O is the center of the container. Note that the size of the rotor
is exaggerated in these figures. (c) The rough wall reflects the grain
in a random direction. (d) The container is vibrated vertically in a
piecewise linear manner. The time evolution of the bottom of the
container is shown.

the effect of the tangential friction of spherical grains can be
absorbed into the effective normal restitution coefficient if the
duration (contact) time of the grains is negligible [52-55]. It
should be noted that the extension of the setup is straightfor-
ward for dense frictional grains in three-dimensional systems,
where the effects of the rotations and the tangential frictions
are not negligible. Appendix A is referred to for the details of
the event driven simulation.

The origin of the system in the laboratory frame (x,y,z) =
(0,0,0) is selected as the bottom center of the container at
t =0. A thin rotor of mass M rotating around the fixed
axis (x,y) = (xo,Yp) is introduced under the frictional torque
Ngi(w) with a width w = 0.1Lpox and a height h = Hpox — d
[Figs. 2(a) and 2(b)]. The restitution coefficient e between
the rotor and grains is introduced and e = ey, = ¢, = 0.71
is adopted. The moment of inertia of the rotor can be
expressed as [ = Mw?/12. The density of the granular gas
is p = N/h(Lpox — d)?, where the volume fraction is given
by md?p/6 ~ 0.00545. The rotor is assumed to be sufficiently
massive, i.e., the mass ratio € of the mass of the grain m to that
of the rotor M can be obtained by ¢ = m/M = 0.01 « 1. The
local VDF of the granular gas is measured near the rotating
axisin the region of r = \/(x —x0)2 + (¥ — ¥0)? < Fops = 2w
and zop < z < zo + Hpox-

Rough walls are introduced both on the top and the bottom
of the container to distribute the energy in the horizontal
direction [see Fig. 2(b)]. When a grain collides against the
rough wall, the postcollisional direction n/, is randomized
with the kinetic energy conserved during the collision. The
scattered angles (0;,¢;) are selected from uniform random
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variables in 0 < ¢; < /2,0 < 6; < 27 [see Fig. 2(c)]. It is
noted that the probability density per unit solid angle for small
¢, exceeds that for large ¢;, while the probability density
per unit solid angle for the horizontal direction 6, is uniform.
The rough walls introduced in this study correspond to the
walls where sandpapers are glued [56]. Energy is injected
into the granular gas by vertically vibrating the container in a
piecewise linear manner with a constant speed [57]. Figure 2(d)
illustrates the time evolution of the bottom of the wall z = z;.
The direction of the container motion is changed by the interval
twall = ~/Zmax/2&- The amplitude iS zyax /2 = 0.01 Lpox and the
speed of the box is given by vg = zZmax/ fwan- Note that the rough
wall is different from the thermal wall, where the magnitude
of velocity is randomly selected from the Maxwell distribution
function [58,59]. See Appendix B for the simulation of grains
associated with a thermal wall.

We here show that the VDF of the gas is almost cylindrically
symmetric. The VDFs are observed in two regions, namely
in the areas (i) and (ii). Here, the center of the area (i)
is (x,y) = (0,0), and the center of the area (ii) is (x,y) =
(—Lpox/4,—Lvox/4) [see Fig. 3(a)]. The VDFs ¢, for a =
x,y,z directions are shown in Fig. 3(b), where the data are
obtained in the area (i). It is noted that the VDFs for the
horizontal direction also deviate from the Gaussian (dotted
line) exp(—c2/2)/+/27 with ¢, = v,/vo. The VDF for v, is
irrelevant for the analysis because the rotor rotates around
the vertical (z) axis and cannot detect the velocity in the
z direction. Thus the inverse formula is formulated solely
for horizontal VDFs on the basis of the Boltzmann-Lorentz
equation. In Fig. 3(c), the numerical data of the VDFs of

grains forv = /v + vg are shown for both areas (i) and (ii).

It should be noted that the VDF in area (i) (open squares)
differs from that in the area (ii) (filled circles) because of the
boundary effect. In this study, only area (i) is considered in
Secs. IV and VI, while both areas (i) and (ii) are discussed in
Sec. V.

The obtained VDFs are compared with the theoreti-
cal VDFs for granular gases activated by a white noise
thermostat [7], which is phenomenologically used for the
analysis of vibrating granular gases [19]. Note that the
observed VDFs cannot be fitted by that in Ref. [7], which is
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expressed as dnp(v) = (1 + a2$(v?/v3 )P (v/vn)/ v, with
p6(c) = exp(—c?/2)/2m, a = 16(1 — eg)(1 — 2¢7)/{185 —
153¢, +30(1 — eg)ez}, and Sy(c) = ¢?/2 — 2¢ + 1. Here, vy,
is a fitting parameter used in the setup. The fitting results are
shown in Fig. 3(c) and vy, /vy = 4.67794 and vy, /vy = 4.5033
for areas (i) (chain line) and (ii) (dashed line), respectively.

III. BASIC EQUATION

The basic equation for cylindrically symmetric granular
gases is described. We only consider the two-dimensional VDF
¢ = ¢(v,,v,) for the grains to calculate the angular VDF for
the rotor. The time evolution of the probability distribution
function (PDF) of the angular velocity of the rotor P = P(w,t)
can be described by the Boltzmann-Lorentz equation [43-49]
as follows:
aP a 0
—+ {_Nfrip} = f dy{We(w — y; y)P(w — y.1)
ot dw oo

— We(w; y)P(w,0)}, )

2w o0
eW(w;y) = ,oh/ do/ dvydvy@(vi,vy)
0 —00
OV,(0) = v)IVu(@) = v,15(% — 83). @)

Here, the following expression is introduced V(o) = we, X
r(0),Ad = g(o)(1 4 e)(V, — v)/{R1(1 4 €g*(0))},g(0) =
ri(o)/R;,t(c) =e, x n(o), and R; = +/I/M, where n and
t denote normal and tangential unit vectors on the surface of
the rotor, respectively. Correspondingly, the variables with
the subscripts n and ¢ denote the normal and the tangential
components of the vectors, respectively. The unit vector in z
direction is expressed as e;. It should be noted that this set of
equations is widely used in systems such as granular gases
activated by a white noise thermostat [7,60—-64]. Additionally,
o is also introduced as a coordinate variable along the surface
of the rotor, running over 0 < o0 < 2w [43]. According to
Refs. [41,42], Eq. (1) is reduced to a Langevin equation for
the angular velocity 2 = w/e driven by the state-independent
non-Gaussian noise in the massive rotor limit € — 0 when

(@ (b)

. I ---- Gaussian Area (i) ~ T e @
. . 0.12f 4 b J 0.0 , 3 — voNg(v)
Are\a @) . . = Py - Wi \& o mp
@S 0.08 x ¢, = s 0 — - voNE (V) 'Area (ii
. © s Soal £ p
%2-3 20.01 = -...
Area (i) ¢ | 00 kN
y . %
[
J_ T 0% 20 90 3 10 1
v/vg
FIG. 3. (a) Area (i) is the cylindrical area with a radius r, around x = 0,y = 0, and the area (ii) is the area around x = —Lyo, /4,y =

—Lyox /4. (b) VDFs for « = x,y,z directions are shown. The data are observed in the area (i). VDFs in the horizontal direction are different

from Gaussian (dotted line). The VDF in z direction is asymmetric due to gravity. (c) The VDFs for v =

fv2 + v)z, in the areas (i) and (ii)

are shown as open squares and filled circles, respectively. It is noted that the VDF for area (i) differs from that in the area (ii) because of the
boundary effects. The observed VDFs cannot be fitted by the theoretical VDFs in Ref. [7] represented by the solid line and the dashed line for

the areas (i) and (ii), respectively.
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the axial friction is sufficiently strong. The following
section examines the steady distribution function denoted
by Py(Q2) =lim,_, o P(2,) with P(Q,t) =€eP(eQ,t)
for the two types of axial frictions, namely the viscous
friction Npj = —yw and the dry friction Ny = —Asgn(w),
in which the signature function sgn(x)= x/|x| with
sgn(0) = 0 and the friction coefficients y and A [65—69] are
introduced.

IV. GRANULAR ROTOR UNDER VISCOUS FRICTION

In this section, the role of the rotor under viscous friction
Npi = —y o is examined in terms of a probe of the granular
gas. In Sec. IV A, the forward and inverse formulas connecting
the granular VDF with the rotor PDF are analytically derived.
In Sec. IV B, the validity of the forward formula is verified
by estimating Pg(£2) using the numerical data for ¢(v). Next,
in Sec. IV C, the inverse problem is solved, i.e., the granular
VDF ¢(v) is derived from a given Pg(2), which enables the
inference of the properties of granular gases from the motion
of the probe, i.e., the rotor. Section IV D describes the detailed
procedures and numerical techniques applied to derive the
formulas.

A. Analytic formulas for PDF of the rotor

With the aid of Ref. [70], the steady angular VDF in
the Fourier transform Py(s) = [* dQ2e*?P(Q) can be
expressed as follows:

&4s>=exp[/”—l7¢@3df], 3)
0o Vs

where the cumulant generating function  ®(s)
Yo Kiis) 1 = f_oooo W) (Vs — 1) with K
ffooo dYYW(Q) and the scaled transition rate W())
can be represented by an integral transform of ¢(v) for the
cylindrically symmetric case as follows:

20h S
mw=~@¥ﬂ/ 45 () —(5D)mHo(W5D)
2o )
+2(W359)*}. 4)
Here, dimensionless variables w = (1+ e)w/2R;,§ =

svo/R;,0 = v/vo, and §(¥) = v3¢(vod) are introduced. The
Struve function H, (x) with v = 0 defined by Eq. (C6) [71] is
used. Appendix C provides the detailed derivation. It should
be noted that Eq. (4) is valid for both the rotor under linear
(viscous) friction and for the rotor under nonlinear (dry)
friction. The following expression is obtained by substituting
Eq. (4) into Eq. (3):

() o) = [ arshomos
—k’—InPi| — ) + Bk"; = dv 9¢p(0)Hp(kD), (5)
wk dk w 0

where B = (2/7) fooo dv 92¢(9), a dimensionless variable k =
w§, and a scaled friction coefficient y = y/(2phwlvg) are
introduced. The integral on the right-hand side of Eq. (5)
is known as the Struve transformation, and its inverse
transformation is the Y transform. These are types of the
Bessel transformations [72]. The inverse estimation formula
is obtained by introducing the Neumann function N,(x) with
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v=0][71]:
d(0) = /Oo Gis(k)No(kD)k dk, (6)
0
w=Tle s (X 2
Gyis(k) = nk{k dklnPSS<u~)) + Bk } @)

The VDF of the granular gas is determined from Egs. (6)
and (7) by observing the rotor dynamics. This implies that
the rotor is considered as a thermometer for the granular gas
with the aid of the inverse formula Egs. (6) and (7). Note
that the constant B in Eq. (7) is numerically determined by
the condition limy_, o, Gyis(k) = 0 known as the Riemann-
Lebesgue lemma.

B. Forward problem for viscous rotor

Prior to considering the inverse problem, the forward
problem, i.e., the determination of the PDF of the rotor from
the VDF of the granular gas is discussed. The validity of
the formulas (3) and (4) are verified using the numerical
VDF ¢(v) of the granular gas under gravity. In the following
numerical simulation, y /M vgZmax = 5.0, which corresponds
to 7 =5.7624. In Fig. 4(a), Py(R2) is plotted by the solid
line on the basis of Egs. (3) and (4) as well as the numerical
histogram for ¢(v) and the results of the MD simulation
(circles). In general, the theory agrees with the MD simulation
except for the point near 2 = 0, where the numerical error
can be reduced if smaller bin width is used for ¢(v). The
bin width of the numerical histogram is adopted for ¢(v) as
2.5 x 1072vy. Section IV D 1 provides the detailed procedure
to obtain the solid line in Fig. 4(a).

C. Inverse problem for granular gas

This subsection discusses that the VDF of the granular gas
can be inferred only through the numerically obtained steady
distribution of the angular velocity of a rotor under the viscous
friction by using the formula Egs. (6) and (7).

The result for the inverse formula in Eqs. (6) and (7) is
shown in Fig. 4(b), where the parameter B is estimated as
B = 0.365556 and we use the bin width 4.33011 x 10~%vo/R;
for Pg. The formula (6) represented by open squares correctly
predicts the numerical VDF ¢(v) near the rotor (filled circles),
while the theoretical VDF v¢ng for the white noise thermostat
fails to fit the data. The bin width for Py is considered as
4.33011 x 10~*vy/R;. Although numerical oscillations exist
for large v /vy, the estimation for the granular gas on the basis
of Eq. (6) corresponds well to the directly measured VDF of
granular particles in the MD simulation. This implies that the
inverse formula (6) supplemented by Eq. (7) enables the use
of the rotor as a nonequilibrium thermometer. Section IV D 2
provides the details of the numerical implementation.

D. Numerical implementation for the formulas Eqs. (3)-(7)

This subsection describes the technical details of the
numerical implementation for the formulas Eqgs. (3)—(7). The
description is useful for both experimentalists and theoreti-
cians interested in the details of the method. However, this
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FIG. 4. Demonstration of the applicability of the formulas (3)—(7) under viscous friction on (a) the forward and (b) the inverse estimation
problems. The Fourier transform of Eq. (3) is shown as the solid line (a), which corresponds to the directly measured MD data. (b) The
formulas (6) represented by open squares are compared with the numerical data for the VDF ¢(v) near the rotor (filled circles). The VDF of the
granular gas can be successfully estimated by only observing the angular VDF of the rotor. Note that a numerical error exists for large v/vy.

subsection can be skipped if readers are not interested in the
technical details.

1. Forward problem

The detailed numerical technique is described to obtain
Py (€2) using Eqgs. (3) and (4). Figure 5 can be referred to for
the outline of the procedure. The numerical technique contains
the following five steps (a)—(e).

(a) The VDF of the granular gas ¢(%) around the rotor is
measured.

(b) The data of 5¢() are extrapolated for the tail (D — 00).
The data are fitted in the range 7 < ¥ < ¥4 by a function
b exp(—b,7) with fitting parameters b and b, and the data are
then extrapolated to the range ¥ < U < Deng = 207_. Here,
?_,D4, and Denq denote the end points for the fitting ranges. It
is verified that the following results are invariant even if the
Gaussian is used as a fitting function instead.

(c) The Struve transform is applied for ¢ () according to
Egs. (3) and (4) to obtain P(s).

(d) The Fourier transform for Pg(s) is used to obtain
P(€2). Note that P(2) had a sharp peak around 2 =0,
which is serious for the numerical Fourier transformation in
terms of convergence. This problem is solved by using the
double exponential formula, which is a numerical technique
for singular functions [73].

(e) Ps(S2) is obtained. The fitting parameters adopted here
are listed in Table II.

Forward problem for viscous rotor (¢(v) — Pu(€2)
(a) Measurement of ¢(9)

(b) Exirapolation of the tail of ¢(?)
(¢) Struve transform for ¢(?)

(d) Fourier transform for P(s)

(e) Pss(£2) is obtained

FIG. 5. Outline of the forward problem for the viscous rotor.

2. Inverse problem

It is necessary to discuss the detailed numerical technique
to obtain ¢(v) from P (€2) on the basis of Egs. (6) and (7).
Figure 6 shows the outline of the procedure. The procedure
includes the following eight steps (a)-(h) to obtain ¢ from
numerical Py ($2).

(a) The angular VDF of the rotor P (£2) is measured.

(b) This is followed by the extrapolation of P (€2) for the
tail (2 — o00). Furthermore, Pg(€2) is fitted in the range Q2_ <
Q < Q4 by a fitting function b} exp(—b52) and Py () is
extrapolated for the range Q_ < Q < Q¢,g with the cutoff
Qeng. Here, Q_ and Q2 denote the end points for fitting and
b and b} denote the fitting parameters. It is also verified that
the following results are invariant even if a Gaussian fitting
function is used.

(c) The Fourier transform for extrapolated Pg(€2) is per-
formed to obtain Pi(s). The double exponential formula [73]
is similarly applied to the forward problem.

(d) The parameter B is estimated and the data of
k3d log P/dk for k — oo are fitted by using the quadratic
function ¢’ — Bk? in the region k. < k < k. Here, k. and
k} denote the end points for fitting, and the fitting parameter
¢’ is introduced.

(e) Furthermore, Gis(k) is calculated using Eq. (7).

(f) Numerical G(k) is fitted by a fitting function c¢/k +
d/k* with fitting parameters ¢ and d in the k — oo limit.
Moreover, G.is(k) is fitted in the region k; < k <k}, and

Gis(k) is extrapolated for k., < k < k.4, where the cutoffs

TABLE II. Summary of numerical values
in the forward problem for the viscous rotor.

Symbols Values
b 15.0
Uy 25.0
Dend 300.0
by 1182.192
by 1.128878
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Inverse problem for viscous rotor (P (€2) — ¢(v))
(a) Measurement of Pss(2)

(b) Extrapolation of the tail for Pss(€2)
(¢) Fourier transform for Pus(£2)

(d) Estimation of the parameter B

(e) Determination of G.;s(k)

(f) Extrapolation for the tail of Gyis(k)
(g) Y transform for G.is(k)

(h) ¢(v) is inversely estimated.

FIG. 6. Outline of the inverse problem for the viscous rotor.

/

satisfy k,; < k., < k. The end points of the fitting ranges,
k; ,k}, k[, and kenq, are introduced to obtain the asymptotic
behavior of G;s(k) for k — oo.

(g) The Y transform (6) is applied for the numerically
obtained Gis(k).

(h) ¢(v) is inversely estimated. The fitting ranges and
parameters introduced here are summarized in Table III.

V. POSITION DEPENDENCE OF THE ROTOR

This section discusses the utility of the rotor as a local
nonequilibrium probe. In Sec. IV C it is already demonstrated
that the VDF of the surrounding gas in the area (i) can
be inferred from the angular VDF of the viscous rotor Pg.
However, as shown in Fig. 3(c), VDFs in areas (i) and (ii) have
slight differences. It is important to discuss whether or not the
local VDF in the area (ii) can be inferred from the motion of
the rotor using Egs. (6) and (7).

In Fig. 7, it is shown that the VDF in area (ii) can be also
inferred from the angular VDF of the rotor. The estimated VDF
and the directly measured VDF are represented by squares

TABLE III. Summary of numerical values
in the inverse problem for the viscous rotor

[area (i)].

Symbols Values

Q- 20.0vo/ R,
Q4 25.0vo/R;
Qend 5.0Q_

k; 1.0

kr 1.6

k; 0.5

kf 0.7

d 0.004827312
kL 0.6

klq 1.1936266 x 10*
4 0.0876136R, /vy
b} 0.253986R; /vy
¢ 0.0162884

c 0.01885404
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FIG. 7. Demonstration of the inverse formula for the local VDF
in the area (ii). Although the accuracy is lower than that in Fig. 4,
the estimated data (squares) correctly predict the direct measurement
data (circles).

and circles, respectively. Here, the parameter B is estimated as
B = 0.40278. Numerical oscillations for large v /vy also exists.
Although the accuracy of estimation is slightly lower than that
in Fig. 4(b), the estimated data are consistent with the directly
observed VDF. The reason for the small discrepancy can be
attributed to the violation of the cylindrical symmetry because
of the boundary effect. The same procedure as Sec. IVD?2 is
adopted, and the corresponding fitting ranges and parameters
in this section are listed in Table IV.

VI. GRANULAR ROTOR UNDER DRY FRICTION

A rotor under dry friction Ng; = —Asgn(w) is considered.
Note that the real experimental rotors are influenced by dry
friction [36-38]. In Sec. VIA we show the outline of the
derivation of an analytic formula for the angular VDF of the
rotor, and verify its validity in Sec. VIB (see Appendix D
for the detailed derivation). Note that only the forward
problem is examined by the perturbative method developed
in Refs. [42,44].

TABLE IV. Summary of numerical values
in the inverse problem for the viscous rotor
[area (ii)].

Symbols Values

Q- 20.0v9/R;
Q4 25.0v0/R;
Qend 20.02_

k- 1.0

kr 1.6

k; 0.5

kf 0.7

d 0.004827312
ko 0.6

klpa 1.1936266 x 10*
4 0.0927576R; /vy
b} 0.262268R; /vy
¢ 0.02641632

c 0.0339546
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A. Analytic formulas for the PDF of the rotor

The steady angular VDF Pg(€2) is obtained perturbatively
in terms of 1/A’ with A’ = A(1 + e)/(el,ohv§4n) > 1 from
Eq. (1) after taking the limit ¢ — 0. The first-order solution
in terms of 1/A’ is known as the independent kick solution,
whichis originally introduced in Ref. [44] and is systematically
derived in Refs. [41,42]. The independent kick solution is
expressed as

d ds sz 1]
SgH(Q)

+ O(1/A?), (8)

“(s>—1+—/ dyW(y)/

with the friction coefficient independent of e: A=Ale.
Introducing the Bessel function J,(x) [71], Py of the rotor
under the dry friction can be rewritten as

- [k w2 11
Ps| - | =1+ + Clk - Gdry(k)
w

A
+0(1/A 2), ©)
R ~
Gary(k) = / dv 0 () Jo(kD), (10
0
where the following coefficient is introduced:
_ (_l)l Oo b ~2Z+1
1= Wfo (), (11)

for a positive integer [ = 1,2, .... Note that f’ss(s) can be
separated into the d8-type singular part denoted by Py =
lim,_, oo Issg(s) =14+C 111)2/ A’ and the smooth part denoted
y P&(s) = Py(s) — Pus. See Appendix D for the detailed
derivation.

B. Forward problem for dry frictional rotor

This section examines the consistency between the theoret-
ical results in Egs. (9) and (10) and the numerical results in the
MD simulation under dry friction. For the MD simulation, we
adopt A/Mvg = 5.0, which corresponds to A’ = 784.13275.
The bin width for Py is setas4.33011 x 10~*vo/R;. As shown

(@) T

(directly measured)

,,,,,,,,,,,, vonE(v) (fitting)

v/vg
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in Fig. 8(b), the numerical PDF P (2) in the MD simulation
is correctly predicted from the numerical VDF of the granular
gas ¢(v) according to Eq. (9) [Fig. 8(a)]. It is also verified
that the VDF of the granular gas does not depend on the
details of the w dependence of the frictional torque Ng;. It
is noted that the VDF of the granular gas obtained in the
MD simulation cannot be fitted by that activated by the white
noise thermostat [7]. In Fig. 8(b), the squares and the solid
line represent histograms for MD and the Fourier transform of
Eq. (9), respectively. For a given VDF of the granular gas, the
theoretical result agrees with the result of the MD simulation
without introducing any fitting parameters. Note that there are
small discrepancies between the theoretical result and the data
for the large 2R/ /vy, because the independent kick model is
accurate only for small QR; /vy. The detailed implementation
of Egs. (9) and (10) are provided in Sec. VIC.

We here discuss the difficulty for the inverse estimation
problem under dry friction in the present theoretical analysis.
Although Eq. (9) can be formally solved in terms of ¢,
the formal inverse formula is practically useless because the
independent kick model under dry friction is only valid for
small Q2R;/vy and thus the inverse Fourier transformation
of Eq. (9) does not work well. Indeed, the exponential tail
is reported for the dry frictional rotor for large QR; /vy in
Ref. [42], which cannot be captured by the independent kick
solution.

C. Numerical implementation for the formula Eqs. (9) and (10)

In this section, a detailed technique to use the analytic PDF
formulas (9) and (10) is described. In a manner similar to
Sec. IV D, this description is useful for both experimentalists
and theoreticians interested in the details of the calculation.
However, if readers are not interested in our technical details,
they can skip this subsection. Figure 9 provides the outline of
the procedure. The following six steps are involved (a)—(f) to
obtain Pg(€2) numerically.

(a) The granular velocity around the rotor is observed, and
a histogram is obtained for the numerical VDF o(D).

(b) A sufficiently large ¥_ and 7, (¥ < ¥4 ) are introduced
to extrapolate the data for ©@(9) in the ¥ — oo limit.

b)lOOOO T T T
O MD n|
1000 Independent kick
100
10 F

@
Ay Iy
0.1 f
0.01 ¢
0.001 ¢

0.0001 f;

Dry Frictional Rotor

FIG. 8. (a) Equation (9) is adopted for the VDF of the gas shown as the solid line. VDF in Ref. [7] is also shown. (b) P(£2) of the dry
frictional rotor is calculated according to Eq. (9). The squares and the solid line are histograms for MD and the Fourier transform of Eq. (9),
respectively. The observed histogram in the MD simulation can be correctly predicted by the Fourier transform of Eq. (9).
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Forward problem for dry frictional rotor
(6(v) = Pus(2))

(a) Measurement of ¢(?)

(b) Ex¥rapolati0n of the tail for ¢(#)

(c) Bessel transform for 6()

(d) Extrapolation of Ga.y (k) for small and large £ .
(e) Determination of P.¢

H Fottrier transform for P¢(s)

(2) PSJQ) is obtained.

FIG. 9. Outline of the forward problem for the dry rotor.

Numerical #¢(9) is fitted in the range ¥_ < ¥ < ¥, with
the exponential function b;exp(—b,7), and the data are
extrapolated for i_ < U < Ueng = 200_ by the fitting function.
The cutoff for ¢(¥) is introduced as Tenq (> ). Itis also verified
that the following results are invariant if the Gaussian is used
as the fitting function.

(c) Furthermore, Ggy(k) is obtained in terms of the Bessel
transform Eq. (10), and C, and C; are calculated according to
Eq. (11).

(d) We interpolate the data of Gy (k) for 0 < k < kg, by
the fitting function 1/2 + C1k? 4+ C,k*, which corresponds
to the Taylor expansion of Eq. (10) to avoid the numerical
divergence of the second term in Eq. (9) in the £k — 0
limit. To extrapolate Ggy(k) for large k, we fit the data of
Gay(k) by d, exp(—dzkz) in the range k; <k < k(}" with
fitting parameters d; and d,. We extrapolate the data using
dy exp(—d,k?) in the region k; < k < k. k; k) ko (<ky),
and k2, (>k;) are end points for the fitting ranges.

(e) We obtain Py = 1 + C1w?/A’ using Eq. (11).

(f) The Fourier transform is applied to the data for
Pg%(s) to obtain the smooth part of Py() as PS(RQ) =
o e P (s)ds /2.

(g) We obtain Py (2) = Pined(2) + PS(2). We note
Py (2 = 0) = PS(0) 4 Pinr/ AS2. Here, AQ is the data mesh
for Q2. The fitting parameters introduced here are summarized
in Table V.

TABLE V. Summary of numerical values
in the forward problem for the rotor under dry

friction.

Symbols Values
0 15.0
0y 25.0
Vend 300.0
o 0.1

ky 0.3

kr 04
kk, 0.35

by 1182.192
b, 1.128878
d 0.204485
dy 13.185175
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VII. SUMMARY AND DISCUSSION

We have examined the role of a granular rotor as a local
nonequilibrium probe through the MD simulation of the rotor
in vibrating granular beds under gravity. We have observed
spatially inhomogeneous VDFs. We have formulated the
inverse formula in cylindrical coordinates to explain the result
of the MD simulation for a realistic viscous rotor. Starting from
the Botlzmann-Lorentz equation, we have derived analytic
formulas for the viscous frictional rotor. On the basis of the
derived formulas, we have numerically calculated the angular
VDF of the rotor from the data of VDF of the granular gas near
the rotor, and vice versa. Furthermore, we have demonstrated
that our inverse formula can be used even if the location of
the rotor is different from the center of the container. Thus the
granular rotor is useful as a local probe for nonequilibrium
baths.

With respect to a rotor under dry friction, only the forward
problem is considered, and the result corresponds to the MD
result. The present study could not solve the inverse problem
for the rotor under dry friction. In order to derive a valid
inverse formula for the rotor under dry friction, it is expected
that an appropriate interpolation between the independent kick
solution and the exponential tail of the VDF of the rotor is
necessary.

There are several possible extensions of this study. In the
study, it is assumed that the restitution coefficient of grains
is constant [50,51]. However, the restitution coefficient for a
sphere depends on the impact velocity Vipp as e(Vimp) = 1 —
Bividy + -+ - (By > 0) [4,74,75]. As discussed in Ref. [76],
the velocity dependence of the restitution coefficient can
be introduced to the Boltzmann-Lorentz equation, and this
can be also analyzed by the theory proposed by the present
study. It is necessary to analyze the effects of the tangential
interaction and the mutual rotation between grains. It would
be possible and interesting to apply our framework to the
rotor in dense granular media [77] or denser granular liquids
near the jamming transition beyond the Enskog equation [29]
by modifying the transition probability W, [78]. It is also
particularly necessary for future studies to estimate the errors
for the inverse estimation formulas.
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APPENDIX A: EVENT DRIVEN SIMULATION FOR ROTOR

This appendix explains the method to calculate the rotor
dynamics in the event driven simulation. During the simula-
tion, the system evolves with the time step of the minimum
collision time A¢"*". The collision time Az;; between grains i
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and j (i,j = 1,2,...,N) can be precisely calculated, and the
minimum of Az; can be obtained as A€ = min{At;;i #
j} [3]. The collision time A" between the grain i and the
wall and the minimum can be exactly obtained as Ar*¥ =
min{A#" all, i}. However, collision times between the rotor and
grains cannot be calculated accurately. In the simulation, the
collision time of grain i with the rotor Az/*°" is approximately
obtained by the virtual time evolution in a small time increment
1.0 x 10™*\/Zmax/2g. The collision time between a grain and
the rotor is approximately calculated as the time when this dis-
tance becomes smaller than the radius of the grain after the vir-
tual updating of the positions. If a grain collides with the wall
before colliding with the rotor, it is considered that the grain
does not collide with the rotor in this time step. Then, the
minimum collision time between grains and the rotor can
be obtained as Ar™'" = min{A[*"°";i}. The time step of the
simulation is obtained as Az"*' = min{ Az&ain, AVall Agrotory
by comparing three candidates of the collision time.

APPENDIX B: BENCHMARK TEST FOR SIMULATION

In this appendix, it is shown that Pg observed in the
MD simulation can be analytically predicted when the gas is
elastic (e; = ey, = e = 1) without gravity g¢ = 0 and vibration.
Therefore, this simple setup is examined under the condition
Zmax = 0 as a benchmark test to examine the validity of the
proposed method. A container heated by the thermal wall at the
bottom is analyzed. The top and the side walls of the container
are chosen to be smooth elastic walls. The post collisional
velocity of a grain v = (v,,v,,v;) against the thermal wall is
selected as random, following the distribution ¢y (v, Twan) =
(m/Twau)zvz exp [—mv2/2Twall]/2n [58,59]. The typical ve-
locity in this setup vy = /Twan/m is selected instead of vy as
shown in Sec. II. It is numerically verified that the VDF of the
elastic gas can be considered as the Gaussian d(0) = (D)
with 7 = v/v;. Furthermore, Pg can be analytically obtained
from the proposed theory. The obtained solution is compared
with the MD simulation data in Fig. 10 for the viscous rotor.

10
O MD simulation
— Analytical Solution
1 L
n
n
D‘{ 01 L
0.01
0.001

2 5 0
QR[ / Uo

FIG. 10. Results of the MD simulation under viscous friction
(squares) and that obtained by the analytical solution proposed in this
study are compared. The solid line represents the Fourier transform

of Eq. (B1). The accurate solution derived in this study perfectly
corresponds with the MD simulation data.

PHYSICAL REVIEW E 94, 032910 (2016)

By using Egs. (3) and (4), the analytic solution for Pg(£2)

is obtained as
5 k 1k (L] k? @D
ss| = ] = ¢€X Y —— - 5
0) =P Tapvar 27232

where 7 B=1/v2m, 7k [, dx x¢(x)Ho(kx) =k Dr(k/~/2)/

/7, and
k
Zds' [ Dp(s’ k2 k2
fﬁ—s/ FES)—I -5 l’é—— . B2
0o S s 6 2,51 2

Herze, Dpz(x) denotes the Dawson function [71], Dr(x) =
e Ox e’ dt,and , F,, denotes the generalized hypergeometric
function [71,79]:

ap,a,...,a

qFP(bl,bz, by
where the Pochhammer symbol is introduced as (a); = I'(a +
1)/ T'(a) withl > 0.Here, I'(a) represents the Gamma function
T'(a) = [;° s 'e *ds. In order to plot Fig. 10, y / M Zmaxvo =
0.50, which corresponds to 7 = 0.57624 is adopted. The
histogram for the angular velocity is shown in Fig. 10 and
the analytical solution (solid line) is consistent with the MD

simulation result (squares) thereby ensuring the accuracy of
the MD code and the validity of the proposed framework.

X (ar(an) -+ - (ag) !
= T L T T B3
Z) ,Zg ooy — o117 BV

APPENDIX C: DETAILED DERIVATION OF THE
FORMULAS FOR A ROTOR UNDER VISCOUS FRICTION

In this appendix, the detailed derivation of the analytic
results for the viscous frictional rotor in Sec. IV is shown.
Specifically, given that J = y/e is introduced, the transition
rate given by W()) = W(w = 0;)))is independent of € and .
It is noted that W, (w; y) satisfies the relation W(w;))d) =
We(w; y)dy up to the leading order. We obtain the reduced
time evolution equation for P = P(£2,¢) in € — 0 limit from
Eq. (1) when the axial friction is sufficiently strong according
to the generalized system size expansion [41,42]. For general
frictional torque Npi = Ngi(w), the following expression is
obtained:

P 19
A e
ot I{BQ B )P}

+/ dYWINPE - V,1) —P(Q,0)}, (CD

2w 00
WQ)) = ph/ da/ dvdvy@(vy,vy,)O(—v,)
0 —00
x |—v,|8(Y — AD'), (C2)
1+e

I

AD = — 8(0)vy, (C3)
where the rescaled friction Np(2) = Ngsi(e Q) /e isintroduced.
Additionally, Ni;(Q2) = O(1) is assumed in € — 0 limit.

The scaled friction is expressed as Ng; = —7 €2 in Eq. (C1)
for the case of viscous friction with ¥ = y/(2phwlvy). The
cumulant generating function ®(s) is calculated. For an even
integer /, the cumulant /C; = f dY Y'W(Y) is calculated as
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2w o)
Ki=ph [ do [ dvdu 000 - ul20)

follows:
1 ! w/2 '\! poo 27
— on' +Ze)2/ d ( ) / dvv/ d6 p(v)O(—v cos0)(—v cos §)'+!
R; —uw/2 0
1 I w2 N (2
= i +le)4/ dd(”—)[ dv v 2 (v) (f ) /=
R 0 Ri ) Jo r(%)
(C4

1

( > )Hl /000 dv v (v).

yYEA+ef T (%2) 4
= ph R T(E)I+1
The coordinate variable o to o’ satisfying —w/2 < ¢’ < w/2 is changed, and the front-back symmetry is used for the rotor.

Then, ®(s) is written as follows
00 o witlylt2 (lS) (a+ e)l (i)
d(s) = d 27 ph 2
(s) /(; U¢(U) \/;;0 Igl: R%Izz (I + 1) F(#)
B / < 2 )2 i -1/ T() <1+ewsv>2f
0 I+e) |5 Qi=DIT(j+3)\ 2 R
. 2phwy . o e
= - dv ¢(0) ———{—(WSV)mHo (w5 V) + 2(w50)°}, (C5)
0
where the Struve function is introduced as follows:
oo
(_l)ly21+1
H = . Cc6
o) ; {2+ P (©6)
Because ®(s) and Py satisfy the relation
O(s) = s~ —InPy, (€7
we obtain
d. 2phwl o
# L np, = L0 / AT (W5) Ho (W5 D) — 2(055)?) (C8)
ds y w2
(C9)

The variable k = @5 is introduced to obtain the following expression
o0
{k3—1npqg< ) + Bkz} =nk / dv 5¢(9)Ho (kD)
0

where B = (2/7) [y dv 0*¢(D) is introduced. Thus the formula (5) is obtained
APPENDIX D: DETAILED DERIVATION OF THE FORMULAS FOR A ROTOR UNDER DRY FRICTION
This appendix shows the detailed derivation of the analytic results for a rotor under dry friction in Sec. VI. The derivation
= —Asgn(£2). The Fourier transform is applied to

(isQ)

is initialized by using Eqgs. (C1)—(C3) with the scaled dry friction Ng;(€2)
the equation 9P /d¢ = 0 to obtain the independent kick solution at the order O(1/A’) as in Eq. (8). Equation (8) is rewritten as

follows:
%(ﬁss_n:/:dyvv(y)/oy sgi?sz)g T
_ : %[_:dywmsgng—)fw
sV / VYY)

-y

Jj=1

2j+ D!
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Given Egs. (D2)-(D5) for an even integer [:
4ph(1 + e)*!

* d I+1 —
/: YW = T

oo

(3)

PHYSICAL REVIEW E 94, 032910 (2016)

1+2 o0 /2
/ dvdﬂ¢w{/ de cos't?e
0 —/2

4ph(1 + e)'*! 2l 4 (5+3)! [
— 1Y (21 -’2_ 6) ﬁ (E) + (% 2) / dv Ul+3¢(v), (D2)
RiPa+2) N2/ 1+3(5+2) )
/‘”/2 d9 l+29 \/_F(§)
COS = T
2 r(%)
_1+4(3+3)!
= 2 , (D3)
I+3(5+2)!
2j +4)(j + ) 1 2
M Sy — (D4)
Qi+ +2)! 271 + D!
o o
(=1)/x2J+D
P00 = 1= 2 i+ i
(D5)
we obtain the following expression:
Al [k k\*>  Amphv? [ . 22
Sp(Z) -1l (E :-55—51/ Ao 51 — —= — Jotkd) b (D6)
1 w w 1+e Jy 4

Hence Egs. (9) and (10) are obtained from Eq. (D6).
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