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Abstract

This study performs eigenvalue analysis of two-dimensional amorphous solids
comprising frictional grains under athermal quasistatic shear. First, (Chapters
B and @) the eigenvalue analysis of amorphous solids with friction is performed
for two cases; (i) the contact force between grains expressed as the Hertzian
force under a linear response regime and (ii) the contact force between grains
owing to a linear spring, which is equivalent to a harmonic potential under finite
shear strain.

In Chapter O, previous studies on mechanical responses of dispersed amor-
phous solids under external agitations are reviewed.

In Chapter B of this thesis, the models and methods used are explained.
In this study, the forces acting between grains are modeled using the discrete
element method (DEM), where the grains interact only when in contact. In
addition, the repulsive forces acting in the tangential direction at the point
of contact of grains are modeled, which is seldom investigated in conventional
eigenvalue analysis.

Two separated modes in the density of states for sufficiently small k7 /kx,
which is the ratio of the tangential to normal stiffness, are obtained. Rotational
modes are found at low frequencies or small eigenvalues, whereas translational
modes are found at high frequencies or large eigenvalues. Further, the location of
the rotational band shifts to the high-frequency region with an increase in kr/ky
and becomes indistinguishable from the translational band for large kr/kn. In
addition, the rigidity is obtained using the eigenvalue analysis for frictional
grains with infinitesimal strain with the aid of the Jacobian matrix. These are
brief summaries of obtained results in Chapter B.

Thereafter, the eigenvalue analysis is extended to the case of finite strain in
Chapter B. After obtaining the configuration of grains, the stress-strain curve
based on the eigenvalue analysis is found to have almost perfect agreement with
that obtained via the simulation, regardless of stress avalanches causing plastic
deformations. Moreover, in contrast to expectations, the eigenvalues in the
proposed model do not indicate any precursors to the stress-drop events.

In Chapter B, we discuss and conclude our results obtained in the thesis.

We present some appendices to explain the details. In appendix Al we
summarize the properties of the Jacobian. In appendix B, we present the explicit
expressions of the Jacobian with the Hertzian contact force. In appendix O, we
derive the rigidity for the linear response regime by eigenvalue analysis. In
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appendix [, we investigate the effects of rattlers. In appendix B, we introduce
the DOS with the aid of the effective Hessian. In appendix H, we check the
absence of the history-dependent term on tangential contact force. In appendix
@, we provide an in-depth explain the behavior of the smallest eigenvalue in the
vicinity of the stress-drop points in detail. In appendix H, we briefly summarize
the properties of the Hessian matrix of the harmonic potential. In appendix [,
we briefly summarize the properties of the Jacobian matrix for the harmonic
contact model that was previously used in the description of frictional grains.
In appendix [, we present detailed expressions of rigidity and demonstrate the
quantitative accuracy of the Hessian analysis in the linear response regime.



Chapter 1

Introduction

1.1 Dispersed amorphous solids

Amorphous materials comprising dispersed grains such as powders, colloids,
bubbles, and emulsions are ubiquitous in nature [1-8]. Therefore, understanding
the behavior of dispersed amorphous systems is an important issue in the wide
field of research such as pharmacology, engineering, agriculture, and physics [2,
6-8]. In particular, the dynamic processes of dispersed amorphous materials can
be commonly observed in daily life for drug mixing, debris flow, snow avalanches,
etc. Thus, understanding their properties is vital.

Dispersed amorphous materials behave as fragile solids above a critical den-
sity, and as liquid or gas below this critical density [9-21]. This non-equilibrium
transition between the gas or liquid-like phase and the solid-like phase is referred
to as the jamming transition. At the jamming point, the viscosity diverges, and
rigidity emerges (see Fig. I) [6]. Even when focusing on a dispersed amor-
phous solid where the density of grains is higher than the jamming density ¢.,
the behavior of the solid is different from conventional solids. Additionally, the
behavior is strongly dependent on the history of the preparation of the initial
state [22-24]. These studies examined the mechanical response of dispersed
amorphous solids under step strain. Such collections of dispersed dense grains
above the jamming density are referred to as (dispersed) amorphous solids in
this study.

Typically, solid-state physics assumes the crystalline structure of materials
as reported in the standard texts on condensed matter physics [0, 25]. How-
ever, there are numerous studies on amorphous solids wherein the structure of
particle arrangement lacks a long-range order [B,8,[7,76]. Nevertheless, amor-
phous solids have been studied within the framework of equilibrium statistical
mechanics for disordered systems. When considering a collection of repulsive
large grains with disorders such as granular materials, conventional statistical
mechanics is no longer applicable, because such a system can be regarded as
a system at zero temperature with an infinitely large number of degenerated
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Figure 1.1: Schematic image of collections of grains for the jamming transition.

ground states corresponding to the metastable states in the energy landscape.
In the late 1980s, Edwards and his coworkers attempted to formulate the sta-
tistical mechanics of granular assemblies [, 27-29]. Consequently, it became a
fashionable field of physics in the early 1990s to study the physics of granular
materials such as sand avalanches [B0-87]. Since the pioneering work by Liu and
Nagel [10], the jamming transition has attracted increased attention as a typical
problem of non-equilibrium physics [8-13,16-19,33]. The jamming transition
of frictionless grains is a mixed transition as a functions of density ¢ where
the pressure and shear modulus change continuously, whereas the coordination
number and bulk modulus change in a discontinuous manner at the jamming
point [[2,06,I8,19,84]. Researchers have found that the stresses of such systems
satisfy scaling laws as a function of ¢ — ¢. near the jamming point [8, 12, I6-19]
such as P o< (¢ — ¢.) and G o (¢ — ¢.)'/? for linear spring contact model with
pressure P and rigidity G.

Dilatancy, which is the volume expansion of a dispersed amorphous material,
occurs [2,B85-37], when shear is applied. A more dilatant structure is realized
for a high shear rate [B3-41]. Previous studies have reported the existence of
compaction wherein repeated oscillations to a system have rendered the system
denser with more ordered configurations [d,42-47]. Recently, it was reported
that dilatant and compactified behaviors are strongly dependent on the prepa-
ration of the initial configuration of the collection of grains [4¥].

1.2 Effects of mutual friction between grains
Friction between materials is an important element for large grains, which can-

not be ignored, although many theoretical studies have ignored its contribution.
Here, the friction is essential for daily life because we cannot control moving
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objects properly with zero friction, for example. The frictional force between
contacted grains can be classified into dynamic and static friction forces [24].
More than 500 years ago, Leonardo suggested that the static friction force is
directly proportional to the load on the contact surface:

FStatic = ,UstL (]-]-)

where Fgsiatic, F'1, and us are the static frictional force, force vertical to the
surface of the material, and static friction coefficient, respectively. In the 18th
century, Amontons and Coulomb presented a more modern interpretation, sum-
marizing the frictional forces as follows: (i) The frictional force does not depend
on the apparent contact area, (ii) it is proportional to the vertical force, and (iii)
the dynamic frictional coefficient p is smaller than the static frictional coeffi-
cient us and is independent of velocity. These empirical laws for frictional forces
are referred to as Amontons-Coulomb’s laws [A9, 60); however, the mechanism
underlying the empirical laws has not been clarified yet. This is because friction
is governed by various factors, such as the shape and surface conditions of con-
tacted materials, as well as the existence or absence of interstitial fluids between
them [B1]. Moreover, Amontons-Coulomb’s law is not a precise empirical law
but an approximate one. Indeed, it has been confirmed theoretically and exper-
imentally that dynamic frictional force is dependent on relative velocity [62-54],
whereas the static friction is dependent on the duration time of contacted ma-
terials [64,65]. Though the microscopic mechanism of friction remains unclear,
inter-grain dynamical friction is modeled using Amontons-Coulomb’s law when
considering the dynamics of a collection of grains.

4 Decreasing y
—

L R ——

—

ncreasing y

v

Figure 1.2: Plot of the shear stress o against the shear rate 4 observed in
amorphous solids consisting of frictional grains under steady shear. This figure
is modified by hand from the original one in Ref. [Z1].

In the case of dense granular and suspension systems, the inter-grain fric-
tion dramatically alters the rheological properties, such as discontinuous shear
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thickening (DST) [21,66-61] and shear jamming [60-66]. DST is a phenomenon
wherein the shear stress changes in a discontinuous manner with an increase or
decrease in the shear rate. It has attracted the attention of physicists because
the shear stress exhibits a hysteresis with an increase or decrease in the shear
rate (see Fig. M7) [0, 56-61]. Recently, it has been confirmed that the shear
jamming occurs owing to the memory effects of training a grain configuration,
such as shaking the system [60,61]. In addition, it has been reported that
the DST occurs in the fragile region on the boundary between shear jamming
and non-jamming regions [60,61]. In granular materials comprising frictionless
grains under oscillatory shear, two types of transitions have been reported; yield-
ing transition, wherein the grains lose their recurrence, and softening transition,
wherein the rigidity begins to decrease significantly [67-70]. Further, Ishima and
Hayakawa found that yielding and softening transitions were indistinguishable
in systems with mutual friction between grains [71]. This finding is consistent
with the observation of a frictionless system in Ref. [60]. Furthermore, a study
revealed that the scaling law between rigidity and strain scaled by pressure holds
for frictional grains in oscillatory sheared granular materials (see Fig. I3 (a)),
whereas it does not hold for frictionless grains (see Fig. =3 (b)) [21, 71, 72].
Here, rigidity G is introduced for oscillatory sheared materials [[73-/76]:

G:= % (1.2)

where o and vy are the shear stress and shear strain amplitude, respectively, for
oscillatory sheared systems.

10! 10° T T
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Figure 1.3: Plots of the scaled rigidity against scaled strain for (a) frictional
grains with g = 1.0 and (b) frictionless grains with u = 0, where 70,}5, and
1 are the shear strain amplitude, normalized pressure, and friction coefficient.
Here, we have introduced Ges := lim,, 0 G. These figures are modified from
the original figures in Reference paper 1, corresponding to Ref. [71], where we
have deleted the slopes of the line.

Amorphous systems comprising repulsive grains with mutual friction contain
large constituent grains whose diameters satisfy d > 0.0lmm. The characteristic
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feature of a granular system is that the grains repel each other only when they
are in contact [2]. In the case of granular materials, owing to the grain size being
sufficiently large, the thermal fluctuations are negligible. However, if the grains
are wet, the adsorption force is mediated by water, which varies depending
on the amount of water [77]. Furthermore, if grains are mono-dispersed, the
systems exhibit melting and crystallization similar to a conventional liquid-
solid phase transition [78]. Thus, many previous studies on amorphous solids
adopted two dispersed dry grains for simplicity (see, e.g., [I2,08,33]). Note that
the results obtained by bi-dispersed systems are not always universal ones. A
power law size distribution of the grain is generated after the impact fracture
of grains and other materials [79,80]. The jamming point becomes denser in
systems with a power law distribution than that of bi-disperse systems [81]. In
this study, a granular system, wherein only simple repulsive interactions acted
between contacted grains with mutual friction, is considered.

1.3 Eigenvalue analysis of dynamical matrix for
amorphous solids

For amorphous solids comprising frictionless grains, an analysis of the dynam-
ical matrix or the Hessian matrix is useful. The Hessian matrix is defined as
the second derivative of the potential of a collection of grains concerning the
displacements from their stable configuration [B, R, 7, 82-8g]:

s O*U

9 ormore

H (1.3)

where ¢ and j denote the particle indices, and x and ( represent the position
component. The density of states (DOS) is the distribution function of the
eigenfrequency of Hessian matrix [, 8, ['7, 82, 84, 85, §7-84]. Debye’s theory,
D(w) ~ w? =1 with the DOS D(w), spatial dimension d,, and mode frequency
w, is valid for low-frequency regions [I'2,85,00,01]. Recently, D(w) ~ w? is valid,
where this power-law behavior of frequencies is independent of dimension [84,97].
In particular, D(w) ~ w? is observed in the extremely low-frequency region for
the small system sizes, which is lower than the frequency of the Debye region [K4].

From the analysis of the DOS for systems composed of anisotropic grains,
such as ellipses, dimers, deformable grains, and grains with rough surfaces with
the aid of the Hessian matrix [93-1103], researchers found that a rotational band
in the DOS can be distinguished from the translational band [94, G6, 97, 00,
07, 103]. Additionally, the low-frequency mode called quartic mode has been
observed in ellipsoidal grains for hypostatic configurations [95,d7]. Although for
systems of spherical grains with inter-grain friction, similar results are expected
owing to grain rotations, studies reporting the existence of rotational bands in
the DOS are rare. Because the frictional force between the grains is dependent
on the contact history, it cannot be a conservative force. Therefore, stability
analysis for frictional grains based on the Hessian cannot be used. Nevertheless,
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the Hessian analysis using an effective potential for frictional grains has been
performed [I04,I05], where the effective potential between contacting ¢ and j-th
grains is introduced as

1
Oeij := 5 |k (0rij - nag) — fiv-’-]
ij

+ krdty; | (1.4)

where kp is the normal spring constant, k7 is the tangential spring constant, d7;;
is the virtual displacement for the translational directions from the force balance
state of grains, d¢;; is the virtual displacement for the rotational directions, m;;
is the normal unit vector, and fu ;; is the normal force between the ¢ and j-th
grains at stable configuration. They reported that the mutual friction between
grains causes a continuous change in the functional form of the DOS from that
of frictionless systems [I04, T05]. Recently, Liu et al. performed an eigenvalue
analysis of an amorphous solid comprising frictional grains considering slip pro-
cesses of grains, both experimentally and numerically [[06]. Consequently, the
grain configuration is successfully partitioned into clusters that contribute to
the rigidity. However, studies on amorphous solids comprising frictional grains
are scarce.

A

>

rearrangement

lowest eigenvalue 4,;,

v
\4

/4 /4
(@) (b)

Figure 1.4:  Schematic plots of (a) the shear stress o, and (b) the lowest
eigenvalue A, near stress drop event against shear strain + under quasistatic
shear. These figures are modified from the original one in Ref. [TT3].

It is generally known that plastic deformation for sheared amorphous solids
is caused by the rearrangements of grains. The eigenvalue of the Hessian matrix
approaches zero if the curvature of the potential landscape approaches zero
nearby a critical strain 7, [[07-013]. Thus, it has been suggested that the
decrement of the nonzero smallest eigenvalue of the Hessian matrix with the
strain is a precursor of an avalanche or stress drop near ~, [I07, (08, TTO-TT3]
(see Fig. ). Previous studies have indicated that instability appears owing
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to a saddle-node bifurcation at which the curvature of the potential landscape
becomes zero in one direction at the yielding point [[07, 10X, IT4] (see Fig.
[H). To determine the rigidity, eigenvalue analysis of the Hessian matrix [§3,
86, 00, [07-109], is commonly used, although the quantitative accuracy of the
theoretical rigidity has not been verified to the best of our knowledge. The
analysis based on the saddle-node bifurcation predicts the behavior near -,
[ora, TOR, 0010, 114 :

1
G — Greg X ——, (1.5)
Ye =7
where Gg is the regular part of rigidity G.
_—
Reversible (elastic) step Irreversible (plastic) step

@ Energy minimum @ +/— inflection point
@ Energy maximum @ —/+ inflection point

Increasing shear strain y

Figure 1.5: Schematics of the change in the potential energy with increase in
the strain «. This figure is modified from the original one in Ref. [ITX].

Clarifying the role of frictional force between grains is vital because the
frictional force cannot be ignored in physical situations. Owing to the inappli-
cability of the Hessian analysis for such systems, Chattoraj et al. adopted the
Jacobian matrix to analyze the stability of the configuration of frictional grains
under finite strain [IT5]. The Jacobian matrix is an asymmetric matrix because
it is defined as the derivative of the non-conservative forces originating from
inter-grain friction at a certain strain. Therefore, its eigenvalues are generally
complex numbers, and the imaginary part of the eigenvalues results in oscilla-
tory instability [[T5-117]. Till date, no theoretical studies have determined the
rigidity of the frictional grains.

1.4 The aim of this thesis

This study presents the results of eigenvalue analysis for dispersed amorphous
solids comprising repulsive grains with inter-grain friction. (i) The DOS and
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rigidity for Hertzian systems, which have history-dependent terms in contact
forces under linear response regime, were determined. (ii) The rigidity is deter-
mined, and subsequently, the absence of precursors of the smallest eigenvalue
for linear spring (or harmonic) systems for frictional grains under finite strain
with stress drop was demonstrated.

1.5 Organization of this thesis

This thesis is organized as follows: Chapter B summarizes the models and meth-
ods used in this study. First, the discrete element method (DEM), widely used
in numerical simulation for granular materials, is discussed. Next, the prepara-
tion method of the initial configuration using the fast inertial relaxation engine
(FIRE) is explained [IT1X]. Finally, the numerical integration method, referred
to as the velocity Verlet method, is described in detail, including its accuracy.
Chapter B presents the results of the DOS and theoretical prediction of rigidity
in the linear response regime. The remainder of this chapter is organized as
follows. The first section is the introduction of this chapter. The subsequent
section introduces the numerical method. Section B33 introduces the Jacobian
matrix. Section B2 comprises Sec. BZ, which presents the DOS, and Sec.
B2, which describes the theoretical prediction of rigidity in the linear re-
sponse regime. The final section of this chapter summarizes the results of this
study and presents a discussion on future work. Chapter B presents the results
of the stress-strain relation obtained using the theory formulated in Sec. E=3.
Further, the theoretical and simulation results are compared to demonstrate the
relevancy of the proposed theoretical analysis. The remainder of this chapter is
organized as follows. The first section is the introduction of this chapter. Section
B2 introduces the model to be analyzed in this study. Then, Section E=3 sum-
marizes the theoretical framework for determining the rigidity of an amorphous
solid comprising frictional grains without considering the dynamical slip pro-
cess. Section B presents the results of the stress-strain relation obtained using
the theory formulated in Sec. 3. In addition, the theoretical and simulation
results are compared to demonstrate the relevancy of the proposed theoretical
analysis. Thereafter, Section B28 summarizes the obtained results and addresses
future tasks to be solved. Finally, Chapter B summarizes all the results and con-
clusions. In Appendix A, we summarize the properties of the Jacobian, which is
necessary for history-dependent frictional contact. In Appendix B, we present
the explicit expressions of the Jacobian for Hertzian contact. In Appendix O,
we derive the theoretical expression of G for linear response. In Appendix O,
we investigate the effects of rattlers. In Appendix H, we introduce the DOS
with the aid of the effective Hessian as in Refs. [[04-106]. In Appendix H,
we investigate the history-dependence of tangential displacement. In Appendix
&, we investigate the behavior of the smallest eigenvalue in the vicinity of the
stress-drop points. In Appendix H, we briefly summarize the properties of the
Hessian matrix of the harmonic contact model. In Appendix [0, we briefly sum-
marize the properties of the Jacobian matrix for the harmonic contact model as
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in Refs. [IT5-014,079]. In Appendix 0, we derive the theoretical expression of
G with the eigenvalue analysis for finite strain.



Chapter 2

Models and methods used
in this thesis

In this chapter, we describe models and methods used in this thesis, such as
the discrete element method (DEM) method and the fast inertial relaxation
engine (FIRE). In Sec. P, we introduce the equations of motion describing
the translational and rotational motions of grains. In Sec. B2, we describe the
modeling of inter-grain forces. In Sec. P23, we introduce a method for preparing
initial configurations using the FIRE. In particular, we describe the details of
FIRE and its application to our system. In Sec. P, we explain the velocity
Verlet method, which is a numerical integration method for the MD, taking into
account its accuracy for the velocity-dependent system.

2.1 Equations of motion
We model the dynamics of granular material as a collection of grains which

are each specified by their position, momentum, and angular momentum. The
equation of motion of the i-th grain with the position r; is given by,

d2ri 1r
Mg = ST fy+ (2.1)
J#i

where m;, fij, and E(drag) are the mass of the i-th grain, the repulsive force
acting on the i-th grain from j-th grain, and dissipative force of i-th grain,
respectively. Here, we introduce non-zero drag force Fi(dmg) = —Mm;Npv;, as a
simplified description of friction between the moving grain and background fluid
[I06, (20-122] only in Chapter @, where np and v; := dr;/dt are the damping
coefficient and the velocity of i-th grain, respectively. In other words, we use
the model with F;(drag) = 0 in Chapter B. To conduct numerical simulation, we
have to model the repulsive force f;; according to the properties of the grains.

13
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The equation of motion for the rotation of i-th grain in a two-dimensional
system is given by

=1, + 1T, (2.2)

J#i

where I;,w;, T35, and Ti(dmg) are the moment of i-th grain, the angular velocity
of the i-th grain, the torque from the j-th grain acting on the i-th grain, and
the dissipative torque of i-th grain, respectively. Note that the torque-balance
equation is one for z-component in a 2D system. Since the force f;; always acts
on the surface of i-th grain, the torque 73; is given by

d;

Tij = —5 fi - tij, (2.3)

with diameter d; of i-th grain and the unit vector ¢;; in the tangential direction at

the contact point. We adopt that Ti(drag) = —I;npw;, as a simplified description
of friction between the moving grain and background only in Chapter @, but
7€) — ) in Sec. A.

K2

2.2 Modeling of inter-grain force

For macroscopic grains such as granular particles, the force acting on each grain
is repulsive and dissipative [IZ3-175]. In this thesis, we adopt the DEM proposed
by Cundall and Strack [23], which is a standard simulator of grain dynamics.
We assume that the repulsive force between contacting grains is elastic, which
can be expressed as a spring and dashpot, respectively (see Fig. 21), where we
use the divider (a pair of parallel bars vertical to the compression direction )
to express that the repulsive force only appears when the grains are contacted.
The force f;; exerted by the j-th grain on the i-th grain is expressed as

di;
fii = (fni; + Fri) H (2] - Tij) , (2.4)

where fy;; and fr;; are the contact force in the normal and tangential direc-
tions, respectively, with d;; = (d; + d;),ri; = |rs5], and r;; = r; — r;. Here,
H(x) is Heviside’s staircase function as

H(z) = {1 (i >0 (2.5)

2.2.1 Elastic repulsive and dissipative forces

We have adopted the Hertzian normal force as the static repulsive force in the
normal direction in Chapter B and Hookean force in the normal repulsive force
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nr

Figure 2.1: Schematics of the repulsive force in the DEM, where the divider and
spring express the condition of contact and elastic repulsive force, respectively.
Left and right figures express the contacting force in normal and tangential
directions acting on contacting grains, respectively. Here dashpots (with 7y
and nr) express dissipative force proportional to relative speed of contacting
grains.

in Chapter @. Here, the compression in the normal direction between i and j-th
grains {n ;; is defined as

Enij = —=

On the other hand, tangential compression &7 ;; is defined as

§r.ij = |&1.4j] (2.7)

with the tangential compression vector

éTﬂ‘j(t) = /Cij(t/) dt ’UT’ij(t ) — [(Lij(t/) dt ’UT,ij(t )) nw(t)] nij(t), (28)

where n;; := (nf;,ni;)" = ri/rij, vri = v — N+ wg(diwi + djw;) /2,
and | Ciy (1) dt’ is the integration over the duration time of contact between i
ij
: : : — T —
and j-th grains. Here, we have introduced w;; := (nf}, —n;)", vi; := dry;/dt,
and UN,ij = (vij . nij)nij.

Hertzian case

The repulsive force of 3-dimensional spheres for normal direction is expressed
as Hertzian contact force [TZ6-T28], where the repulsive force is proportional to
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the 5}9’\,/; with normal stiffness constant kpy [[26-125):

v = kNg?\/'/’?jnij — 1INUN,ij, (2.9)

where n;; := r;;/|r;;| and the normal damping coefficient 7y. The tangential
contact force fr;; is expressed as

1/2
Jri; = kaN/,ijﬁT,ijtij — NTVT;, (2.10)
where we have introduced t;; := —&7,;/|€r,;|, tangential stiffness constant

kT, and tangential damping coefficient np. Although, strictly speaking, ny is
proportional to 511\,/; [T29-13T], we adopt simplified dissipative forces where 7y
and nr are constants as in Eq. (E3) in the analysis in Chapter B because we
are not interested in the relaxation dynamics.

Hookean case

The repulsive force of contacting cylinders or circular disks in the normal direc-
tion is expressed as a product of a linear function of £y ;; and its logarithmic
function [IZ8]. When we ignore the logarithmic contribution, the normal con-
tacting force is reduced to

Iy = knEn,ijni; — INUNij- (2.11)
Similarly, the tangential repulsive force is introduced as
Srij = krérijti; — nror,i;- (2.12)

Here, we may use the Hookean model to describe the approximate motion of
circular disks or cylinders. Although there are viscous or dissipative contact
force terms —nnvn,i; and —npv7 ;5 proportional to inter-grain speed in realistic
situations, we ignore such effects in the analysis of Chapter B because we are
interested in quasi-static situations. In this case, fluid drag terms in Eqs. (20)
and (E2) play important roles.

Sliding friction

The empirical frictional force switches from static to dynamic friction when the
tangential force exceeds the threshold of tangential force. To include this switch
mechanism between static and dynamic friction, we express fr,; as [[24]:

fry = AT UEEG™ < wlfvasl). (213)
' w|fnajlti;  (otherwise)

where p, and f}i;tlc) are the friction coefficient, and static tangential force in

Eq. (E110) or Eq. (E12), respectively. Although the slip process is important in

physical situations, we focus only on non-slip grains in Chapters B and @ from

the limitation of the applicability of our eigenvalue analysis.
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2.3 Method of preparing configuration before
applying the shear

In this section, we summarize the method of preparing a stable configuration of
grains before applying the shear. For this purpose, as a first step, we perform
the relaxation for frictionless grains with the FIRE. In the second step, the
system is relaxed, taking into account the static friction between grains. In the
first subsection, we summarize how to prepare the configurations of frictionless
grains by the FIRE [IIR]. In the second subsection, we describe the details of
the numerical method, including the force with static friction.

2.3.1 Method of preparing configuration before applying
shear by FIRE

At first, we place grains at random without any overlaps of grains with the
initial fraction ¢i,; = 0.6. We increase the projected area fraction of the system
by the increment of the fraction ® := ¢NeV — ¢O'4 up to the target fraction ¢,
where ¢©'d and ¢N°V are the projected area fraction of the system before and
after each step of the increment, respectively. After each step of the increment,
the system is relaxed by the FIRE [II¥].

To implement the process of increasing the area fraction, we scale the system

as
[New _ ol $Old 914
- ¢New ) ( . )
New __ ., 0Old QSOld 2
Ti — Ti ¢New bl ( 15)

where LOWY/LNew and rOld /pNeware the linear system size and the position of
the i-th grain before/after rescaling, respectively. We adopt ® = 10~ through-
out this thesis. When there are overlaps between grains at ¢~°%, the system
relaxes to a stable configuration with the aid of the FIRE.

The FIRE is a fast relaxation method of minimizing potentials U(r) de-

pending on the configuration of the grains r := (rf,r3, -, ri)T with r; :=
(r&,rHT == (x;,y;)" [IIR], where the superscript T expresses the transpose.

Here, we use the Hertzian potential for U(r) in Chapter B which is defined as

= kaZé’v/i (di /2 — 7451 (2.16)
J#i

Let us introduce (-component of the force F};l acting on the i-th grain as

3/2
Ff, = = kneNEnS H(di /2 — |ri), (2.17)
i J#i
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where ( = x or y. Note that Ff” only consists of the normal repulsive force.
In the FIRE, the position 7 and velocity vy = (vp1,Vr2, ,vpN)T with
vpi = (vE,;,v}h,;)" are updated by the following rules from (i) to (iv) with the
variable time increment Atp. (i) The numerical integration via the velocity
Verlet method is performed on r and vp:

FS (r
Tf — rf JrAthzg + Ats il ), (2.18)
Qmi
Fp (7)) + Fg (v
Vi = v + Atp i )2m il ), (2.19)

where 7 is the updated configuration in Eq. (EZOX). (ii) We calculate P :=
FF *UF, where FF = (F;17 FFT,2’ cee ,FFT7N)T with FF,i = (Fﬁﬂ F}Z’,ﬂ/’i)T. (111)
The velocity vg is updated as

vpi = v+ x(0pi — Fr)|ve, (2.20)

where y is the relaxation parameter and a := a/|a| for an arbitrary vector a.
(iv) We update y and Atp in the FIRE according to the positive or negative
value of P. To speed up the relaxation when the motion is along a potential
gradient, we increase Atpr. Note that this process is performed only when the
number of numerical integrations along the potential gradient is larger than a
certain number of times Ny,i, to stabilize the numerical calculation. To imple-
ment this update rule, if P > 0 and the number of numerical integrations of
P > 0 is larger than Np;,, Atg and x are updated as

AtF — min(AthinC, AtF,max), (221)
X = Xfxs (2.22)

where min(a, b) is a selecting function of smaller one from a and b, the parameter
finc is introduced to speed up the relaxation, and f,, and Atp max are parameters
to stabilize numerical calculations. Here, we adopt fine = 1.1, fy, = 0.99, Nyin =
5, AtF,max = 10AtF,ini, and Atp,ini =1.0x 10_2t0 [| IR, |37]. Note that Ny, is
necessary for the stability of the algorithm. In the case of P < 0, we set

vp — 0, (2.23)
X — Xstart, (224)
Atp — Atpfdec, (225)

where we adopt faec = 0.5 and xstart = 0.1 [TT8,[37].

We repeat the operations (i) through (iv) until |F I€1| < Fry, for arbitrary ¢
and (. Note that we have used the initial values for Atp = At Fini and X = Xstart
at the starting point of the FIRE. Here, r is given and we set vy = 0 at the
starting point of the FIRE.
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2.3.2 Numerical method for relaxation of the configura-
tion of frictional grains

After we obtain a stable configuration of frictionless grains at a target fraction
in terms of the FIRE, we consider the effect of static friction in the relaxation
process of frictional grains. The time evolution of the system is given by Egs.
(Zm)—(24) until Ff{i < Py, for arbitrary ¢ and a. For the time integration, we
adopt the velocity Verlet method with the time increment At = 1.0 x 10™2¢,.

2.4 Velocity Verlet method in our system

In this section, we first verify the accuracy of the velocity Verlet method. Next,
we summarize the implementation of the velocity Verlet method. To simplify
the notation, we introduce the generalized force f := (f{, fa, -, fr)T with
fi= (5, 7Y, fOT .= (F* /my, FY Jm;, 2T, /(d;1;))T in this section, where F* :=
Zj# ffj — Fl-(drag)’C for ( =z and y, and T; := Zj# Ti; — T(d22) - Here, ffj
and Fi(drag)’c are (-component of f;; and Fi(drag), respectively. Note that f& is
the generalized force which depends on the generalized position vector q and
the generalized velocity ¢ as in Eqs. (29)—(2Z12), where q := (q{,q3,-,q5)T
with g; := (r#,7?,d;0;/2)" and a := da/dt for an arbitrary vector a.

2.4.1 Accuracy of the velocity Verlet method for the force
depending on the velocity
In this subsection, we check the accuracy of the velocity Verlet method for the

force depending on the velocity with the aid of discretization based on the Taylor
expansion. The velocity Verlet method is given by a set of equations

g (t+ At) = g7 (1) + At (1) + %M f@), (2.26)
Qo+ A = g0 (1) + apdi D f;a(t +aY (2.27)

The first equation is called the velocity Velret equation for ¢&(¢) and the second
one is the equation for ¢&*(¢). It is known that the velocity Verlet algorithm
has the accuracy of O(At?) in Hamiltonian systems [I33], but little is known
about its accuracy for dissipative dynamics. In this subsection, we clarify the
accuracy of this method.

Here, we show from the Taylor expansion that the velocity Verlet method has
second-order and first-order accuracies of At for g and ¢, respectively. Based
on the Taylor expansion of ¢f*(t + At), we obtain

1
67 (t+ A) = g7 (t) + At (1) + S ALG] (1) + O(AE)

= G+ A + L APTE(D) +OAP),  (228)
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where A := dA/dt for an arbitrary function A. We can obtain the quadratic
precision of At for ¢f*(t + At), because the RHS of Eq. (E228) is a function of
current time t.

On the other hand, based on the Taylor expansion of ¢¥(¢ + At), we obtain

1
G (t+ A) = 47 (1) + AtGR (1) + S AP G T (1) + O(AF)

= §o(t) + ALF(E) + %Atzﬁ“(t) L O(AR). (2.29)

By using f&(t + At) = fo(t) + Atff‘ (t) + O(At?), we evaluate fi—o‘(t) as

Fo) = e+ AAti — 0 L, (A, (2.30)

Substituting Eq. (E230) into Eq. (2229), we obtain [[33]

it + A1) = o 1) + AT AN LI

+O(At?). (2.31)

If the force f(t+ At) is independent of g, we can obtain fe(q(t + At)) from
q(t+ At) with the aid of Eq. (228) [I33]. However, if f{*(t+ At) depends on ¢,
we have to evaluate ff*(q(t + At), g(t + At)), because ff(q(t + At), g(t + At))
requires LHS of Eq. (2231). Thus, we adopt the following replacements:

FE+ A8 = f(q(t+At),q(t + At) = fi(q(t+At),Q(1),  (2:32)
FE) - = J(a(t),d() — F(a(t), Q(t — At)), (2.33)

where we have introduced

QX (t) : = 45 (t) + JNRCIOE 2@ — At)), (2.34)
(= Al = ot — A+ AL AU ADQUZ280) - o)

2

Here, the difference between f(q(t + At), q(t + At)) and f*(q(t + At), Q(1))
caused by Eq. (E232) is given by

Af(E+ At) = f(q(t + At), 4t + At)) — f(q(t + At), Q(t))
fo (q(t + At), q(t) + Atf(t) + O(At2))

e (s 30,0+ 5 EIGI0) o)

N =3 : o .
—ary Y /i (q(z’q(t)) O/£(a-41) | a2y, (2.36)

B
=1 =z, 04
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Similarly, the difference between £ (t) := f*(q(t), q(t)) and f*(q(t), Q(t — At))
in Eq. (E233) can be evaluated as

AfE(E) = f(a(t).4(t) — f(a(t), Q(t — At))

N 5 . . .
_ Atz Z fj (Q(tQ)aQ(t)) 0 ff (qa(;;,q(t))

+0(At?).  (2.37)
Jj=1pB=x,y,¢

Thus, the replacement of Eqgs. (2332) and (P=33) in Eq. (22310) with Eqgs. (E238)
and (22310) leads to

o+ A = go(t) + Al (@t A, Q(t)); Fla(t),Q(t — At))

N 2B . o .
_ Atzz Z f; (q(27‘J(t)) of(q(t),q(t))

04!

+ O(A). (2.38)

Jj=1p=zy,t

Omitting the term including O(At?) in Eq.(238), we obtain the following nu-
merical integration methods for q:

G0t + Af) s go(t) + apdt @l =AY, Q(t));r Fla(t),Q(t - &)

(2.39)

Note that Eq. (2339) is the precise expression of the velocity Verlet scheme
for ¢ presented in Eq. (E27). From the comparison between Eqs. (EZ38) and
(239), we have confirmed that the velocity Verlet scheme has the first-order
precision of At for q. We also note that if ff‘ is independent of ¢ as in the
case of Hamiltonian systems, the term proportional to At? is zero and thus, the
second-order accuracy of At for ¢ is guaranteed.

Let us go back to Eq. (ZZ8) with the replacement of Eq. (233) for f(t):

g (t+ At) = ¢ (t) + Atgd(t) + %AtQ o) + O(AL?)
= qX(t) + Atgf(t) + %Atzfi"“(q(t), Q(t — At)) + O(At?).  (2.40)

Omitting the term including O(At?) in Eq.(220), we obtain the following nu-
merical integration methods for q:

1 ~ .
67 (t+ At) = g7 () + Atg7 (1) + AL (g(t), Q(t — At)). (2.41)
Here, Eq. (E2) is the precise expression of the velocity Verlet scheme for g

presented in Eq. (E28). From Eqgs. (E40) and (22211), we have confirmed that
the velocity Verlet scheme has the second-order precision of At for q.
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2.4.2 Implementation of the velocity Verlet method for
the force depending on the velocity

In this subsection, we explain how to implement the velocity Verlet method in
our system. In this thesis, we adopt the following equations:

I CONTN)
- ,
Fe (a),.Q - av)
. .

g (t+ At) = ¢ (t) + Atg? (t) + At? (2.42)

Qf () = 4 () + At (2.43)

Here, the updated configuration ¢®(t + At) and modified velocity Q% (t) are
used to obtain the force fia (q(t + A1), Q (t)) Then, we update the velocity as

follows

Fe (at+ 20, Q1)

G+ At) = Q% (t) + At 5

(2.44)




Chapter 3

Theory of rigidity and
density of states of
two-dimensional amorphous
solids of dispersed frictional
grains in the linear response
regime

3.1 Introduction of Chapter

Amorphous materials consisting of dispersed grains such as powders, colloids,
bubbles, and emulsions are ubiquitous in nature [2,5,8,4]. These materials
behave like liquids at low densities and exhibit solid-like mechanical responses
above their jamming point [I0]. In systems consisting of frictionless grains, the
rigidity changes continuously, but the coordination number of grains changes
discontinuously at the jamming point as a function of density [5,9,02]. The
critical behavior near the jamming point is of interest to physicists as a non-
equilibrium phase transition [, 16,8, 20,33]. Dispersed grains above the jam-
ming point are fragile and exhibit softening and yielding transition under certain
loads [B7-70, I32-139).

For amorphous solids consisting of frictionless grains, it is useful to analyze
the dynamical matrix or the Hessian matrix, which is defined as the second
derivative of the potential of a collection of grains with respect to the displace-
ments from their stable configuration [8, R, "1, 82, 84, 87, 88]. For instance, the
rigidity can be determined by eigenvalues and eigenvectors [83, &6, 80, [07-109].
It has been reported that the minimum nonzero eigenvalue of the Hessian ma-

23
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trix decreases with increasing strain and eventually becomes negative, where an
irreversible stress drop takes place |07, I0R, [TT-1T3].

The density of states (DOS) for systems composed of anisotropic grains, such
as ellipses, dimers, deformable grains, and grains with rough surfaces have been
studied with the aid of the Hessian matrix [G3-003]. Because of the rotation
of such anisotropic grains, there exists a rotational band in the DOS that is
distinguishable from the translational band [94, 96, &7, T00, T02, T03].

Even for systems of spherical grains that cannot be free from inter-particle
friction, similar results are expected as a result of grain rotations. However, few
studies have reported the existence of rotational bands in the DOS. Because
the frictional force between the grains depends on the contact history, it cannot
be expressed as a conservative force. Therefore, stability analysis for frictional
grains based on the Hessian cannot be used. Nevertheless, the Hessian analysis
using an effective potential for frictional grains has been performed [I04,I05].
Recently, Liu et al. suggested that the Hessian analysis with another effective
potential can be used even if slip processes exist [[06]. The previous studies
[I02, C05] reported that friction between grains causes a continuous change in
the functional form of the DOS from that of frictionless systems. However, there
are only a few reports on whether an isolated band in the DOS originating from
friction between grains is visible at lower frequencies.

Recently, Chattoraj et al. discussed the stability of the grain configuration
under strain using the Jacobian matrix of frictional grains [I15]. They performed
eigenvalue analysis under athermal quasi-static shear processes and determined
the existence of oscillatory instability originating from inter-particle friction at
a certain strain [[T5-01T7]. However, they did not discuss the rigidity or the
DOS.

The theoretical determination of the rigidity of amorphous solids consisting
of frictional grains is important for controlling amorphous solids. However, we
do not know how to determine the rigidity from the Jacobian for the frictional
grains.

The purpose of this chapter is to clarify the role of mutual friction between
grains in terms of the rigidity and the DOS. We focus on the response to an
infinitesimal strain from a stable configuration of grains without any strain to
obtain tangible results. In this study, we assume that there is no slip between
grains because of an infinitesimal strain, and we then deal with friction as static
friction. We succeed in determining the rigidity in linear response regime. We
find that there are two modes in the DOS for sufficiently small kr/ky.

The remainder of this chapter is organized as follows. In the next section, we
introduce the numerical method. In Sec. B33, we introduce the Jacobian. Section
B3 consists of Sec. B2, which deals with the DOS, and Sec. B2=2, which deals
with the theoretical prediction of rigidity in the linear response regime. In the
final section, we summarize the results of our study and discuss future work.
The appendix consists of five sections. In Appendix B, we summarize some
properties of the Jacobian. In Appendix B, we present the explicit expressions
of the Jacobian. In Appendix 0, we derive the theoretical prediction of rigidity
using the Jacobian. In Appendix D, we investigate the effects of rattlers. In



CHAPTER 3. THEORY OF RIGIDITY AND DENSITY OF STATES 25
Appendix B, we introduce the DOS using the Hessian analysis.

3.2 Numerical Model Used in this Chapter

Our system contains N frictional spherical grains embedded in a monolayer con-
figuration. We treat this system as a two-dimensional system (see Fig. B). To

Figure 3.1: Schematics of our system.

prevent the system from crystallizing [7R], we prepare an equal number of grains
with diameters d and d/1.4. We assume that the mass of grain ¢ is proportional
to d?, where d; is the diameter of i-th grain. We introduce m as the mass of a
grain with diameter d. In this study, z;,y;, and 6; denote x,y coordinates, and
the rotational angle of the i-th grain, respectively. We introduce the general-
ized coordinates of the i-th grain q; := (v}, ()T := (z;,v:,di0;/2)T, where the
superscript T denotes the transposition.

Let the force, and z-component of the torque acting on the i-th grain be
F, .= (F?,FY)" and T;, respectively. Then, the equations of motion of i-th
grain are expressed as

d2’l°1'
d%9;

with the mass m; and the momentum of inertia I; := midf /8 of i-th grain. In
a system without volume forces such as gravity, we can write

F, = Zfij, (3:3)

J#i

J#i
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where f;; and T;; are the force and z-component of the torque acting on the
i-th grain from the j-th grain, respectively. Here, T;; is given by
di T Y Y rx

Tij = =5 (3 fij — i £i3), (3.5)
where we have introduced the normal unit vector between ¢ and j grains as
n;j = ri;/|ri;| == (ri —7;)/|ri —r;|. Here, nzgj and ficj refer to (-components
of n;; and f;;, respectively. Note that ¢ expresses ( = = or y throughout this
study. The force f;; can be divided into normal fy ;; and tangential fr ;; parts
as

Jij = (Fngj + Fraj) H(dij /2 — |rij)), (3.6)

where d;; := d; + d; and H(x) is Heaviside’s step function, taking H(z) = 1
for £ > 0 and H(x) = 0 otherwise. We model the repulsive force between the
contacted grains 7 and j as the Hertzian force in addition to the dissipative
force proportional to the relative velocity with a damping constant np [T0G] as
follows:

3/2

Inag o= kaN/,ijnij — 1IDUN,ij (3.7)
1/2

Frig s = ko&N 3 &n it — novrg, (3-8)

where ky and kp are the stiffness parameters of normal and tangential contacts,
respectively. For the normal compression and its velocity we have used {y,i; :=
d;j/2 —|r;j| and vy ;; 1= ;5 - M4, respectively. For the tangential deformation,
with the aid of u;; := (n?jj, fnfj)T, the tangential velocity vr;; is defined as
VT = Tij — UNj + Wij(diw; + djw;)/2, where we have introduced

fT,ij 2:/ dt’l)Tﬂ'j — [(/ dt’UTﬂ'j> . nij] nij, (39)

with ET,ij = |€T,ij| and tij = *ET,ij/|£T,ij|~ Here, A = dA/dt and fcij dt
is the integration over the duration time of contact between ¢ and j grains.
Although the dissipative force between grains interacting with the Hertzian
force is proportional to the product of the relative velocity and §il ]< ?\, [=29-131]),
we adopt simple dissipative forces as in Egs. (B2) and (BR) because we are
not interested in the relaxation dynamics. We note that Eqs. (B) and (BR)
assume the Hertzian contact force for the static repulsion of contacting spheres,
but all calculations in this study are those for two-dimensional systems. Here,
we do not consider the effects of slips in the tangential equation of motion. This
treatment can be justified if we restrict our interest in the linear response regime
to a stable configuration of grains without any strain. This situation corresponds
to frictional grains with infinitely large dynamical friction constant, in which the
friction is only characterized by static friction. Therefore, our analysis does not
apply to systems with finite strain [7Z], where the effect of slip is important.
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To generate a stable configuration of frictional grains, we prepare a stable
configuration of frictionless grains in a square box of linear size L using a fast
inertial relaxation engine (FIRE) [TI8]. Subsequently, we turn on the tangential
force using Egs. (Bd) and (B2) to achieve a stable configuration in the force-
balanced (FB) state for frictional grain® (see Sec. E=3 for details). Here, the
FB state satisfies the FB conditions |Ff| = 0 and |T;| = 0 for arbitrary grains.
Note that we set 6; = 0 when the tangential force is turned on.

We impose the Lees-Edwards boundary condition [0, 4], where the di-
rection parallel to the shear strain is z-direction. After applying a step strain
A~ to all grains, z-coordinate of the position of the i-th grain is shifted by an
affine displacement Az;(Av) := AyyB(0), where the superscript FB denotes
the FB state. The system is then relaxed to the FB state by the contact forces
between the grains expressed in Eqs. (BZ) and (8R). Here, ¢-components of
translational Aff (A~) and rotational Af;(Av) nonaffine displacements of the
i-th grain after the relaxation process are, respectively, defined as follows:

AR (A7) 2= 1E P (Ay) = rEP0(0) = 0ca Ayl B(0), (3.10)
Al; - = (FB(Ary) — £FB(0). (3.11)

Using Egs. (801) and (B), we introduce the rate of nonaffine displacements
as:

i . AR (AY)
N hl'Il _—
dry Av—0 Ay
FB, FB,
— lim T C(AV)_W ¢
Ay—0 A’}/
dl; . Aéi(A’)’)
: lim ———=
d’}/ Ay—0 A’}/
FB _ JFB
Ay—0 A’y

© _ 5.4 0), (3.12)

(3.13)

LFor simplicity, we prepare the configuration before applying shear for frictionless grains
at first, and then considered the friction between grains. If we prepare a configuration before
applying shear by compressing frictional grains, we confirm that the configuration had an
oscillatory instability that resulted from the appearance of a pair of imaginary eigenvalues of
the Jacobian divided by mass matrix: A = A} £ )] [[I5-017], where X', A}, and A, are the
complex, real, and imaginary eigenvalues of M ~17, respectively. Here, J is the Jacobian
defined in Eq. (B=20), and M is the mass matrix whose explicit form is given by M =

M,

msg
, where M,; := m; . Because the linearized equation of
41;/d?

My
motion is expressed as d?¢®/dt? = =Y, . 22 }B(Mﬁc")flj,:qu, there are four fundamental
. o’ . . . . . .
solutions g o €*“n?, where iw], consists of iw),; = w] + iw]. and i’ , = —w] £ iw].. Here, w].

and w] satisfy the relation wy. & iw] = y/\]. £4A]. Thus, to avoid the oscillatory instability of
the configuration before applying shear, we adopt the protocol of creating the configuration
with frictionless grains, and then let the system relax by adding static friction between grains.
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Our system is characterized by the generalized coordinate

a(v) = (g (), a2 (7). ,an ()" (3.14)
The configuration in the FB state at strain v is denoted as
a0 = (aP () (@ ()T (e (o)) (3.15)

The shear stress 0., (7) at ¢"B(v) for one sample is given by:
0o (@) = 73 N F@P @) (316)
i j>i
The rigidity g in the linear response regime for one sample is defined as
a(v)=q"?(0)

where the differentiation on the right-hand side (RHS) of Eq. (B14) is defined
as follows:

do.y(q(7))
&y g(y)=qvB(0)
FB B FB
oy Oeu(@7P(A9)) — 04y (@7F(0) (3.18)
Ay—0 A’y

In the numerical calculation, we use a non-zero but sufficiently small A~ for the
evaluation of g. Then, the rigidity G in the linear response regime is defined as

G:={g), (3.19)

where (-) is the ensemble average.

For the numerical FB condition, we use the condition |Fio‘| < Fry, for ar-
bitrary 4, where Fry is the threshold force for the simulation and F, is the
generalized force, defined as F; := (EF, FY, FOT .= (F* FY,2T;/d;)".

In our simulation, we adopt p = (mkx)Y/2d"* and Fr, = 1.0x10~ "k yd?/2.
The control parameters are the ratio of the tangential to normal stiffness kr/ky
and projected area fraction to two-dimensional space ¢. The operating ranges
of kr/kn and ¢ are 0.0 to 10.0 and 0.83 to 0.90, respectively. In this study,
we mainly present the results for N = 1024 and Ay = 1.0 x 107% with the
ensemble averages of 10 samples for each kr/ky and ¢. Some results are ob-
tained with N = 128, Ay = 1.0 x 1075, and five samples for each k7 /kx
and ¢. We verify that the results are independent of the choice of A~ for
1.0 x 1079 < Ay < 1.0 x 107*. We ignore the effect of dissipation between
grains because the velocity of each grain is sufficiently small for infinitesimal
agitation from the FB state. The time step of the simulation, At, was set to
At = 1.0 x 10~2t(, and numerical integration was performed using the velocity
Verlet method (see Sec. EA), where to := (m/ky)/2d=1/4.

Figure B2 (a) shows an example of the affine displacements of grains, where
the displacements exist only in the shear direction, and Fig. B2 (b) shows the
nonaffine displacements.
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Figure 3.2: Plots of (a) affine displacements and (b) nonaffine displacements of
grains with Ay = 1.0 x 10~%. Here, the magnitudes of the vectors are multiplied
by (a) 0.1Ay~! and (b) 5.0Ay~! for the visualization. These figures are based
on numerical results for NV = 128.

3.3 Theoretical Analysis

In this section, we introduce the Jacobian, the DOS, and theoretical expressions
of the linear rigidity. Here, we omit the effects of ¢ because the dissipative term
proportional to ¢ vanishes under quasistatic shear.

3.3.1 Jacobian and the DOS for frictional grains

In frictional systems, the stability of the system and DOS at "B (v) are analyzed
using the Jacobian (J) defined as [IT5]:

‘-71'0@ = 8F~‘Za(q('y)) , (320)

B8
0% la=qe(0)

where « and 8 are any of =,y and ¢, while ¢ and j express grain indices. There-
fore, the Jacobian matrix, which is a 3N x 3N matrix, can be written as

(T o Ju oo Ty - TN
Ta o Ti o Ty o Jin
J=1: L : S (3.21)
T o T oo Ty oo TN
\In1 - Ine - INj o INN
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where J;; is a 3 x 3 submatrix of the Jacobian J for a pair of grains ¢ and j:

T T T
Ty= |7 TP T (3.22)

ij

See Appendices A and B for detailed properties of the Jacobian. The right and
left eigenvalue equations of J are, respectively, given by

where |R,,) and (L,| are the right and left eigenvectors corresponding to A,
respectively. Here, X, is the n-th eigenvalue of J. Note that |R,) and (L,
satisfy the orthonormal relation (L,|R;) = dmn with normalization (R,|R,) =
(Ln|Ly) = 1, if all eigenstates are non-degenerate. Here, the inner products for
the right and left eigenvectors are defined as (R,|R,) = Zfil D amyt |R |7
and (L,|L,) = vazl DD |Lg ;|?, respectively. In the presence of friction,
the eigenvalue A\, is generally a complex number, but if we restrict our interest
to infinitesimal distortions from stable configurations without shear strain, A,
becomes real and can be expressed as A\, = w2. The DOS is the distribution
function of the eigenvalues, defined as:

L
D(w) := IN Z(é(w — wp)). (3.25)
n=1

Using the force decomposition, the Jacobian can also be divided into

TG’ = TN+ Ty (3.26)
where
afe .
’ aq
J q(v)=q"B(v)
o ofs.;(a()
jT,?j P= 75 B (3.28)
9 a(1)=q">(7)
for ¢ # j and
a of % k(‘J(V))
TN = ’a : , (3.29)
(i.k) % a(1)=q"B (%)
015 .(a(v))
Ty = > EY: (3.30)
(3,k) £ q(v)=q"B(v)
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for i = j. Here, we have introduced fu ;; := (fﬁ”,f]?{,wfﬁ,”)T = (ff\”,,ij,fg,’ij,O)T
and fr;; := (f”ilr”,ija f]yyija fje"7ij)T = (f%”,ija f%ija 2Tij/di)Ta where f]CV,ij and fjc‘,ij

are ¢-component of fy;; and fr,;, respectively. Note that Z(i_’j) denotes the
summation for contacted grains of the i-th grain. The explicit expressions of

J, ﬁ’f ; and Jp ? ; are presented in the Appendix B2,

3.3.2 Expressions of the linear rigidity via eigenmodes

Let us introduce |F(q(7))) as

[F(a(v) = [F{'(a()), F5 (a(), -~ Fy (@)™ (3.31)

Because the forces acting on the grains are balanced in the FB state, |F(g(7)))
satisfies

‘q(’y)=qFB(’7)

|F'(q(7))) = 10}, (3.32)

‘q(v):qFB (v

where |0) is the ket vector containing 0 for all components. The stable configu-
ration in the FB state satisfies

d|F(a(v))) — 0, (3.33)
dy
a(v)=q""(0)
where
d|F(a(7)))
d
T lam=amr)
@A) - | F@™®(0)
= lim . (3.34)
A~y—0 A’)/
Introducing
. , 4T
di\ _[dit it db o di diY di 5
dy/ " |dy dy’ dy’ T dy’ldy’ dy |’ '
the left-hand side (LHS) of Eq.(B=33) can be rewritten as:
d|F - | dg
[F(g())) )+ |, (3.36)
dry dry
q(v)=q"B(0)

where we have used Eqs. (B12) and (B13) (see Appendix ). The first and
second terms on RHS of Eq. (BZ38) represent the strain derivatives of the forces
for the contributions from the affine and nonaffine displacements, respectively.
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The explicit form of |Z) is given by:

[ Zj;él j}fffjﬂ"?g‘ |
Zj;él jjfrZﬂr?le
j#1 «719\517]‘17"213
)= . (3.37)
Zj;ﬁN jﬁ/?stﬁv;‘
j#£N j]?ijNr?\fj
|2 jn TR N TR

1

Note that the tangential displacements do not contribute to |=). This is because
the affine displacements are applied to our system instantaneously as a step
strain; thus, the integral interval of the tangential displacement during the affine
deformation is zero. We have used J in Eq. (B38) defined as

~J5 (a=¢, B=n1)
TP ==T (a=t B=y) (3.38)
N (otherwise)

K3

and
B _\71:;[ ((1:$7 B:E)
T3P = =Tt (a=y, B=10) (3.39)
Jor (otherwise)
for i # j.

Expanding the nonaffine displacements by the eigenfunctions of J and using
the fact that the LHS in Eq. (BZ38) is zero, we obtain

di\ _ ~ Lal®) 7
m>z e (3.40)

n

where A, (L,|, and |R,) are the n-th eigenvalue of 7, and the left and right
eigenvectors corresponding to A, respectively. Here, Z;l on RHS of Eq. (820)
excludes low-frequency modes for Ant2/m < 1072 to maintain the numerical
accuracy. Note that |R,) and (L, | satisfy the orthonormal relation (L,,|R,) =
Omn, if all eigenstates are non-degenerate. See Appendix L for the derivation
of Eq. (B2D).

The rigidity in the linear response regime under infinitesimal strain A~ is
decomposed into two parts:

G = Ga + Gna, (3.41)

where Gp and Gna are the rigidities corresponding to the affine and nonaffine
displacements, respectively. With the aid of Eqs. (B1H), (819), and (8239) the
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expressions of Gx and Gna are, respectively, given by (see Appendix C9)

1
GA::2L2< > Y)? ;@"g> (3.42)

i, (i)
Gon e L y jwcdf’fj y jxédéij 3.43
NA =579 Z Zrij Uy —Tijdig v |/ (3.43)
i,j(i#5) Le=a.y

where we have introduced

o . 18
% A dfrf _ d& (3.44)
dy = dy  dy’ '
dby;  dbé;  db
1. =4 (3.45)
dry dvy = dy

Substituting Eq. (BZ0) into Eq. (BZ3), Gna can be rewritten as follows:

Gra = 5 <Z/ <L':>A<9'R>> , (3.46)

n

where we have introduced

[ Zj;ﬁl r?j%?gf 1
Zj;él Tzlquﬁy
Yim T
(0] := : ) (3.47)

*)
Z rY TrT
J#N éVj jx]\;
Zj;éNTNj‘ZjN
Z T‘y jzf
L2.jN TNjJjN]

The affine rigidity can be also expressed as

1 -
Ga = 75 ((YIE), (3.48)
where

<Y| = Tgl/jao’oargjvoaoa"' 77ﬂ@1/\/j30a0 . (349)

3.4 Results

In this section, we present the results of eigenvalue analysis and rigidity based
on the formulation explained in the previous section. Section B2 clarifies the
effects of translational and rotational motions on the DOS. In Sec. B2, rigidity
is determined using the eigenmodes of the Jacobian.
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3.4.1 Eigenvalue analysis

In Fig. B3 we present some typical right eigenvectors |R,), which was intro-
duced in Eq. (B23), and can be expressed as:

Rn,l

Rn,2
IRy =1 . |, (3.50)

Rn,N
where R,,; := (R}, ;, R}, ,,
and colors to characterize the rotation Rfm of grain ¢ for some characteristic w,
with kr/ky = 1.0x1078 (Figs. B3 (al)-(a3)) and kr/ky = 1.0x10~* (Figs. B3
(b1)-(b3)). Figures B33 (al) and (b1) show the eigenvectors at w,ty = 1.0 x 1072
and wpto = 1.0 x 1074, respectively, which are dominated by the rotational
modes. In Fig. B33 (a2), we confirm that the eigenvector at wyty = 1.3 x 1072
is expressed only by translational modes, whereas the eigenvector at wpty =
1.3 x 1072 shown in Fig. B2 (b2) is expressed as a coupling mode of the
rotational and translational modes. In Figs. B3 (a3) and (b3), we show the
eigenvectors at w,tg = 1.0 which are dominated by the translational modes.

To clarify the translational and rotational contributions at each eigenvalue,
we compute the translational and rotational participation fractions [96, 98] de-
fined as

be’i)T. Figure B3 illustrates vectors (R¥ R‘ZJ)T

n,i?

[|R: 1P+ RS PT (3.51)

=
i
WE

i=1

no

5
M-

RGP =1—9) (3.52)

i=1

respectively. Note that translational mode is dominant when 92 is close to 1
and rotational mode is dominant when % is close to 1. ¥ (w) and ®(w) are
plotted for various kr/ky in Fig. B4, where

3N T
1 (¥, 0(w —wp,
Zﬁiﬁé(ai - wn»)> (353
St (8w —wn)
Yo (0w — wn))

Here, ¢ and % are set to zero if there is no right eigenvalue for w*) <
wtp < w1 with the s-th data point for the logarithmic scale w(*). Note that
the range of w in Fig. B34 is discretized into N,z = 60 pieces such that each
point is equally spaced on a logarithmic scale. Here, w(®) satisfies the inductive
relation w1 = w() + 25Aw with w® = 0, and we use Awty = 8.67 x 10718
in our analysis. We also note that we do not consider the eigenmodes with

(W)=

P w): = (3.54)
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Figure 3.3:

n,i?

35

Plots of eigenvectors for ¢ = 0.90 with (al) w,ty = 1.0 x 1074,
(a2) 1.3 x 1072, (a3) 1.0, (b1) 1.0 x 1072, (b2) 1.3 x 1072, and (b3) 1.0, where
(al)-(a3) and (b1)-(b3) are the results for k7/ky = 1.0 x 1078 and 1.0 x 1074,
respectively. Here, (RY, Rfm)T and Rfm‘ are represented by vectors and colors

for the i-th grain, respectively. Note that the magnitudes of the vectors are
magnified by 20 times for visualization. These figures are based on numerical

results for NV = 1024.
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extremely small eigenvalues in our numerical calculations to ensure the accuracy
of our analysis. Such eigenmodes with small eigenvalues are supposed to be the
contributions of the rattlers (see details in Appendix ). As shown in Figs. B4

(al) (a2) b2)
~ 1 ~ 1
3 38
= 0.8 > 08
S 0.6 2 06 3
) 0.4 = 0.4
ge/ 0.2 §’ 0.2
= >
10° 107 10° 10 102 10°
a)t
(a)
—_ 1 1
§/ 0.8 0.8
S. 0.6 0.6
~ 0.4 0.4
S
o= 0.2 0.2
> O Cm—t O
10° 10 102 10 10° 10 102 10
a)to a)to
(© (d)

Figure 3.4:  Semi-logarithmic plots of 7 (red filled squares and lines) and
YT (blue filled circles and lines) for ¢ = 0.90 at (a) kr/kx = 1.0 x 1078, (b)
1.0 x 1074, (c) 1.0, and (d) 10.0. The eigenvalues of (al), (a2), (a3), (b1), (b2),
and (b3) in these figures correspond to Figs. B3 (al), (a2), (a3), (bl), (b2) and
(b3), respectively. These figures are based on numerical results for N = 1024.

(a) and (b), we find the region of ¥ ~ 1 for low w and kr/ky < 1.0x10~*. This
region is referred to as Region I. We also find a region that satisfies 17 ~ 1 for
high w and kr/kn < 1.0, in which the translational modes are dominant. This
region is referred to as Region II. Here, three characteristic behaviors depend
on kp/kn at ¢ = 0.90. First, the translational modes are separable from the
rotational modes for kr/ky < 1.0 x 10~8 because we need a small amount of
energy to excite the rotational mode in nearly frictionless situations, as shown
in Figs. B2 (a) and (b). Second, the translational and rotational contributions
are not separated for 1.0 x 1076 < kp/ky < 1.0 x 1072, Third, the translational
and rotational contributions are indistinguishable for kr/ky > 1.0.

The DOS obtained from the Jacobian eigenvalues is shown in Fig. BZ3. Note
that we did not consider the eigenmodes with extremely small eigenvalues in
our numerical calculations to ensure the accuracy of our analysis.
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Figure 3.5: Double logarithmic plots of D(w) for ¢ = 0.90 at (a) kr/kn =

1.0 x 1078, (b) 1.0 x 107, (c) 1.0, and (d) 10.0. The eigenvalues of (al), (a2),
(a3), (bl), (b2) and (b3) in these figures correspond to Figs. B3 (al), (a2), (a3),
(b1), (b2) and (b3), respectively. These figures are based on numerical results
for N = 1024.
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Based on the results of ¥7(w) and ¥ (w), the DOS is also separated into
two regions for kr/kx < 1.0 x 1078, The rotational band for low w shifts to
the high w region as kr/kx increases (see Figs. BA (a) and (b)). In Region II
with a high w (see Figs. B3 (a) and (b)), the DOS is almost independent of
k7 /ky in which the translational modes are dominant for kr/ky < 1.0 x 1072,
The distinctions between the two regions for the DOS are visible with a distinct
gap between the adjacent regions for 1.0 x 10710 < kr/ky < 1.0 x 1078, For
1.0 x 1075 < kr/kny < 1.0 x 1072; however, the high w region of the DOS in
Region I partially overlaps with the low w region of Region II. Furthermore,
Regions I and IT are completely merged for kr/ky > 1.0 (see Figs. B3 (c) and
(d)). Isolated DOS bands for low w have been observed in systems containing
anisotropic grains, such as elliptical grains and dimers [96-98]. However, to the
best of our knowledge, there is no study pointing out the existence of isolated
bands of DOS in systems consisting of spheres or disks.

Because we have confirmed the existence of a peak of D(w) around wty ~
(kr/kn)Y/?, Fig. BB shows the scaling of the DOS in Region I by plotting
wrD(w/wr), where wg := \/kr/knty* . From Fig. BB we find that wpD(w)

wrD(w/ wg)

10 :
107 10° 10"
wlwg

Figure 3.6: Scaling plots of wrD(w) versus w/wg for ¢ = 0.90 and various
kr/ky in 0.1 < w/wgr < 10.0. The figure is based on numerical results for
N =1024.

can be expressed as a universal function of w/wpg for 0.1 < w/wr < 2 and
kr/ky < 0.01.

To investigate the DOS for frictionless grains, we plot the DOS for frictionless
systems (see Fig. BZ) obtained by the Hessian matrix, which is defined in
Appendix H. The DOS in Fig. B shows the absence of an isolated band in the

2The reason why D(w) is multiplied by wg in Fig. BB is as follows. The integral value
of the DOS within Region I [; dwD(w) is almost independent of k7 /kx. Then, LHS can be
rewritten as a variable [;dwD(w) = [;doD*(), where @ := w/wgr, D*(&) := wrD(w/wR)
and [} represents the integral in Region L.
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low w region. Note that the negative slope of D(w) at low w vanishes in Fig.
B2 if we ignore the contribution of the rattlers (see Appendix O).

101 F oo oo T oo oo oo

All particles O
Particles without rattlers &

-3 1 | | | | 1
10  10° 10* 10® 10% 107 10°
ot

Figure 3.7:  Double logarithmic plots of D(w)/ty versus wty for frictionless
grains with ¢ = 0.90, where red circles are the DOS for all modes, while blue
triangles are the DOS with the eliminations of rattlers. The figure is based on
numerical results for N = 1024.

At the end of this subsection, we examine the usefulness of the effective
Hessian #H introduced in Refs. [[02-006] by comparing D(w) with Dy (w), where
Dy (w) is the DOS obtained from H (see Appendix H). As shown in Figs. B3
(a) and (b), D(w) and Dy (w) at kr/ky = 1.0 x 1078 and 1.0 x 10~* are almost
identical. Here, the peak of the DOS near w = 0 is caused by the rotational
motion of the grains. The peak of D(w) is much higher than that of D (w) for
kr = kn, as shown in Fig. B (¢). From Fig. BR (d), we confirm that D(w)
has a sharper peak around wtg = 2.5 for kr/ky = 10.0 than that of Dy (w).
Therefore, the Jacobian analysis is relevant for a large kr/kn.

3.4.2 Theoretical evaluation of GG

In this subsection, the validity of the theoretical rigidity expression presented in
the previous section is demonstrated. For this purpose, at first, we examine the
validity of Eq. (BZM), obtained by the eigenfunction expansion of the nonaffine
displacements. Figures B (a) and (b) illustrate the nonaffine displacements on
LHS and RHS of Eq. (BZ1), respectively. In Figs. B9 (a) and (b), (z,y) and
{-components of dg; /dv at r; are represented by vectors and colors, respectively.
Figure B (c) shows the RHS and LHS of Eq. (B20) against the components
of the vectors whose orders follow Eq. (B3H), that is, the local order of the
component follows x,y, and ¢ by fixing the particle number, and we align the
components from the first grain to the N-th grain without omitting modes with
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¢ =0.90 at (a) kr/ky = 1.0x 1078, (b) 1.0x 1074, (c
figures are based on numerical results for N = 1024.

-
€



CHAPTER 3. THEORY OF RIGIDITY AND DENSITY OF STATES 41

extremely small and zero eigenvalues. Figure B9 shows that the expression in
Eq. (B2M) correctly reproduces the simulation results.

d?i(ddy)
T T T T T 1
o o R
] 2 : @-7
4 7 ,.o.._o\o’ b >
27,'.\.'A‘— > o || os
Yoo O 0 0¢
= @ .1’\ ..,O.’
= 0 LA /\..‘/‘\- \’\',’ 0
B /‘\.\v\\\l
-2 o.olf,.,‘ Dants|M0s
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1 ’ 1 1 1
150 200 250 300 350 400
Components

(©

Figure 3.9: Plots of nonaffine displacements in (a) RHS and (b) LHS of Eq.
(B2m). The vector and color of each grain correspond to z,y, and ¢-components
of the eigenvector of the grain, respectively. Here, the magnitude of the vectors
is magnified by 5 times for visualization. (c) Plots of the RHS (open symbols)
and LHS (filled symbols) of Eq. (820) for each component whose order follows
Eq. (B3H). These figures are based on numerical results for N = 128.

The dimensionless rigidity obtained from Eqs. (BZ),(822) and (BZH) with
the aid of G* := kyd'/? is shown in Fig. BI0. This indicates the quantitative
agreement between the theoretical and numerical values. Therefore, the rigidity
in the linear response regime can be determined completely using the Jacobian
analysis. On the contrary to the previous studies [I2,21, [4%], we should note
that G is not proportional to ¢ — ¢, for a large kr/ky, where ¢, is the critical
fraction of jamming transition for frictional grains.

The rigidity G is independent of kr/ky for kr/ky < 1.0 x 107* (see Fig.
BIT). We have confirmed that G smoothly approaches the frictionless value in
the limit kr — 0 in contrary to Refs. [I71,[72]. Here, G cannot be expressed as
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Figure 3.10: Plots of theoretical (Eq. (BZ): open symbols) and numerical
(Eq. (BIR): filled symbols) G against ¢ for various kr/ky. The figure obtained
by the numerical results for N = 128.
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Figure 3.11: Plots of numerical G against kr/ky for various ¢. The figure is
obtained by the numerical results for N = 1024.
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a factorization for large kr/ky ©.

To clarify the contributions of nonaffine deformations to the rigidity, we plot
Gna defined in Eq. (B2Z3) against ¢ in Fig. B2, in which Gxa becomes large
as ¢ increases. Remarkably, Gna is positive for kr/ky > 2.0, Gna = 0 at
kr/kn = 2.0, and Gna is negative for kr/ky < 2.0. The positive Gna for a
large kr/ky is counterintuitive, in which G increases from G, even when the
system is relaxed to the FB state. In the future, we must clarify the origin of
this counterintuitive Gxa. We note that the negative Gna for a small kr/ky
can be understood by the relaxation process to look for a FB configuration after
applying affine deformations to the system.
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Figure 3.12: Plots of Gna against ¢ for various kr/ky. The figure is obtained
by the numerical results for N = 1024.

Because Gna is proportional to the inverse of the eigenvalues from Eq.
(B2m), the contributions of the small eigenvalues are expected to be important
for the nonaffine displacements. In addition, it is possible to distinguish the
contribution of Region I from that of Region II for a sufficiently small kr/kyn
by the apparent energy gap between the two regions. Here, we have divided
Regions I and II by w.tg = 1.0 x 1072 whose value splits Regions I and II for
¢ = 0.90 and kr/ky = 1.0 x 1078 (see Fig. BA (a)). Then, gk, and gi, are
the one-sample rigidities corresponding to the contributions from the nonaffine

3We have confirmed that the factorization G(¢,kr/kn) = Go(#)G(kr/kn) is not held,
where Go(¢) is the rigidity of frictionless system.
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displacements obtained from Regions I and II, respectively, as follows:

1 " (Ln|E) (O Rn)
n(j\n<w§) n

1 " (Ln|E) (O|R,)
77/(5\712("—’3) "

We plot gk, gis, and gna for each sample in Fig. B3, where gna is defined
as

. y FxC 1 Yy el g
oai=gp D | 2T T (38T
i,j(i77) L(=2y

Contrary to our expectations, the contributions to gll\I A are almost zero. Con-
sequently, Gnxa obtained from the eigenmode expansion of Region II is almost
identical to Gna. Recalling that Region I is dominated by the rotation of grains,
it is safe to assert that the rigidity of amorphous solids is determined only by
translational modes, at least for kr/ky = 1.0 x 108,
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Figure 3.13:  Plots of gka,gna, and gna obtained by Egs. (B%5H)-(B57) at
¢ = 0.90 and kr/ky = 1.0 x 1078 against samples for different configuration.
The figure is obtained by the numerical results for N = 1024.

3.5 Concluding Remarks of this Chapter

We analyzed the eigenmodes of the Jacobian and obtained an expression for the
rigidity of amorphous solids of frictional grains under an infinitesimal strain.
The rigidity obtained by the Jacobian completely agreed with that obtained
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from the simulation. We confirmed that the rigidity was determined by the
translational modes.

Further, we confirmed that the DOS can be divided into two regions. In
the low-frequency region (Region I), the rotation of the grains plays a dominant
role. These modes are characterized by the frequency (kr/kn)'/?/to. Region I
merges into the high-frequency region (Region II) for large kr/ky, where Region
IT is dominated by translational modes.

Although previous studies adopted the Hessian method by introducing an
effective potential for frictional grains [[04-106], we adopted the Jacobian for
eigenvalue analysis. For a sufficiently small kr/ky, the DOS obtained from the
theoretical analysis by the Jacobian is similar to that obtained by the Hessian
analysis. However, the difference between the DOS obtained using the Jacobian
and that obtained using the Hessian is visible for kr > ky. Therefore, our
theoretical analysis is significant for large kr/ky.

When we consider the effect of the dynamical friction, that is, slips between
grains, the rigidity is discontinuously changed in the frictionless limit [I71, 72].
However, the rigidity continuously changes with kr/ky in our system and is
smoothly connected to that of frictionless systems (kr = 0). Because our sys-
tem can be regarded as having infinitely large static and dynamical frictional
constants, there is no slip between the grains. Therefore, it might be natural
for G to continuously change the limit for k7 /ky — 0 in our system. In future
work, we will consider the effects of slips, which are important for real frictional
grains.

We reproduced the rigidity in the linear response regime using the eigenval-
ues and eigenfunctions of the Jacobian with modifications in the rotational part.
However, the applicability of this theory is limited. The method used in this
study cannot be used for finite strains because it is obvious that the eigenvectors
are not orthogonal in the sheared state. Moreover, there are plastic deforma-
tions of the grains under large strains, which were not considered in this study.
Therefore, we cannot predict the correct value of the theoretical rigidity at the
stress drop point. More importantly, the effect of the history dependence of
the frictional force is significant even in the linear response regime, although
we have ignored such contacts because of the difficulty in constructing a proper
theory. This issue should be addressed in future studies. Note that Chapter @
gives a partial answer to the question of whether the eigenvalue analysis can be
used even if stress avalanches exist in finite strain, though we ignore the effects
of slip processes.



Chapter 4

Eigenvalue analysis of
amorphous solids consisting
of frictional particles for
finite shear strain

4.1 Introduction of Chapter @

Amorphous materials consisting of dispersed repulsive grains, such as powders,
colloids, bubbles, and emulsions, behave as fragile solids above jamming den-
sity [2,8,8-00). When we consider a response of such materials to an applied
strain +, the rigidity G is independent of the strain in the linear response regime,
whereas it exhibits softening in the nonlinear regime [67-70, [34-139]. Above
the yielding points, there are some plastic events, such as stress avalanches in
the collection of grains.

The Hessian matrix determined by the configuration of grains is commonly
used for amorphous solids consisting of frictionless grains [B, B, "7, B2, R4, K7
89]. To determine the rigidity, eigenvalue analysis of the Hessian matrix [&3,
&6, 90, [07-109], is commonly used, although the quantitative accuracy of the
theoretical rigidity has not been verified to the best of our knowledge. Some
studies have suggested that the decrement of the non-zero smallest eigenvalue
of the Hessian matrix with the strain is a precursor of an avalanche or stress
drop near a critical strain ~, [T07,008,T0-013]. Correspondingly, some studies
indicated that the rigidity G and the stress o should behave as G — Gycg
—1/y/ve — 7 and 0 —0reg X /Y — ¥ near ., where Greg and o,eg are the regular
parts of the rigidity and stress conversing to constants at ., respectively [I074,
[0R, 10, 114

In general, the frictional force between the grains cannot be ignored in phys-
ical situations. Because the frictional force generally depends on the contact

46
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history, Hessian analysis is not applicable to such systems. Thus, Chattoraj
et al. adopted the Jacobian matrix instead of the Hessian matrix to discuss
the stability of the configuration of frictional grains under strain [I15]. They
performed eigenvalue analysis under athermal quasi-static shear processes and
determined the existence of oscillatory instability originating from inter-particle
friction at a certain strain [IT5-017]. Moreover, some studies have performed an
analysis of the Hessian matrix with the aid of an effective potential for frictional
grains [T04,005]. Recently, Liu et al. suggested that Hessian matrix analysis
with another effective potential can be used, even if slip processes exist [ITIG].
Previous studies [I04, 0T5] have reported that the friction between grains causes
a continuous change in the functional form of the density of states (DOS), which
differs from that of frictionless systems. So far, there have been few theoretical
studies to determine the rigidity of the frictional grains.

In our previous study [IT9] corresponding to Chapter B, we developed an
analysis of the Jacobian matrix to determine the rigidity of two-dimensional
amorphous solids consisting of frictional grains interacting with the Hertzian
force in the linear response to an infinitesimal strain. In the study, we ignore
the dynamic friction caused by the slip processes of contact points. We found
that there are two modes in the DOS for a sufficiently small tangential-to-normal
stiffness ratio. Rotational modes exist in the region of low-frequency or small
eigenvalues, whereas translational modes exist in the region of high-frequency or
large eigenvalues. The rigidity determined by the translational modes is in good
agreement with that obtained by the molecular dynamics simulations, whereas
the contribution of the rotational modes is almost zero. Nevertheless, there
are several shortcomings in the previous analysis. (i) The analysis can be used
only in the linear response regime, where the base state is not influenced by
the applied strain. (ii) As a result, we cannot discuss the behavior of plastic
deformations or avalanches of grains. (iii) Even if we restrict our interest to the
linear response regime, we cannot include the effect of tangential contact for
the preparation of the initial configuration. (iv) We also ignored the effect of
dynamical slip between the contacted grains [IT79].

The purpose of this study is to overcome the shortcomings of our previ-
ous study except for point (iv) [I19]. Thus, we analyze a collection of two-
dimensional grains interacting with repulsive harmonic potentials within the
contact radius, without considering the dynamical slip between the grains. Ow-
ing to the special properties of the harmonic potential, the eigenvalue analysis
of the Jacobian matrix becomes equivalent to that of the Hessian matrix. Sub-
sequently, using the eigenvalue analysis of the Hessian matrix, we demonstrate
that the theoretical rigidity under a large strain agrees with that obtained by
the simulation.

The remainder of this chapter is organized as follows. In Sec. B2, we in-
troduce the model to be analyzed in this study. In Sec. B3, we summarize
the theoretical framework for determining the rigidity of an amorphous solid
consisting of frictional grains without considering the dynamical slip process.
In Sec. B4, we present the results of the stress-strain relation obtained using
the theory formulated in Sec. B=3. We also compare the theoretical results with
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the simulation results to demonstrate the relevancy of our theoretical analysis.
In Sec. B3, we summarize the obtained results and address future tasks to be
solved. In Appendix H, we numerically demonstrate the absence of history-
dependent tangential deformations in our system. In Appendix @, we explain
the detailed behavior of the eigenvalue near the stress-drop points. In Ap-
pendix H, we present some detailed properties of the Hessian matrix in a har-
monic system. In Appendix [, we present some properties of the Jacobian matrix
in a harmonic system and demonstrate its equivalency to the Hessian matrix.
Appendix [ presents the detailed properties of rigidity.

4.2 Model used in this Chapter

Our system contains N frictional circular disks embedded in a two-dimensional
space. To prevent the system from crystallization, it contains an equal number
of grains with diameters d and d/1.4 [78]. We assume that the mass of grain 7 is
proportional to d?, where d; is the diameter of i-th grain. For later convenience,
we introduce m as the mass of grain having a diameter d. In this study, z;, y;,
and 0; denote x and y components of the position of i-th grain, and the rotational
angle of the i-th grain, respectively. We introduce the generalized coordinates
of the i-th grain as follow:

qi = (r] )" = (@i, y:,di0i/2)", (4.1)

where the superscript T denotes the transposition.

Let the force, and z-component of the torque acting on the i-th grain be
F, .= (F7,FY)" and Tj, respectively. Then, the equations of motion of i-th
grain are expressed as

d21"i
d*0;
L2y =T, (4.3)

with mass m; and momentum of inertia I; := mldf/ 8 of i-th grain. In a system
without volume forces, such as gravity, we can write

F; = Z fij — minpri, (4.4)
i

T; = Ty — Impb;, (4.5)
J#i

where we have adopted the notation A := dA/dt for arbitrary variable A such as
A =r;and ;. f;; and T;; are the force and z-component of the torque acting on
the i-th grain from the j-th grain, respectively. Here, as a simplified description
of the drag terms from the background fluid, 7p is a damping constant uniformly
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acting on grains, and Tj; is given by
di T Y Yy rx
Tij = _E(nijfij —ni; fi5), (4.6)
where we have introduced the normal unit vector between i-th and j-th grains
as ngj = 1;/|ri| == (ry —r;)/|r; — rj|. The force f;; can be divided into
normal fx;; and tangential fr,; parts as
fis = (Fnvag + Frag) H(dig /2 = rij), (4.7)

where d;; 1= d; +d; and H(z) is Heaviside’s step function, taking H(z) = 1 for
x >0, and H(z) = 0 otherwise. We assume that the contact force is expressed
as

Inig o= ENEn,ijnag, (4.8)
Jrij = krér,ijtij, (4.9)

where ky and kp are the stiffness parameters of normal and tangential contacts,
respectively. The contact force can be derived from the harmonic potential. In
Egs. (B8) and (E9) we have introduced &y ;5 1= d;;/2 — |r;;| and

ST,ij (t) L= / dtl’UTVij (tl)
Cij (1)

- [(/ dt/’UTﬁij(t/)> . nij(t)] ’I’lij(t), (410)
Cij (')

where we have used vr; = i — €nij + wij(dif; + d;0;)/2 with u;; =
(nilj’ —n;—tj)T, t,*j = _gT,ij/lgT,ijL gT,ij = |£T,ij|, and the integration over the
duration time of contact between i-th and j-th grains fcij( ) dt’ with the tra-
jectory C;(t') of the contact point between i-th and j-th grains at ¢’. As shown
in Appendix H, we have confirmed that the second term on the right-hand side
(RHS) of Eq. (B1M) is zero for harmonic systems, although we do not have
any mathematical proof for this statement thus far. For simplicity, we consider
neither the effects of the dynamical slip processes in the tangential equation of
motion nor the dissipative contact force.

We impose the Lees-Edwards boundary conditions [[40,[14T], where the di-
rection parallel to the shear strain is the x-direction. After generating a stable
grain configuration starting from a random configuration by using Eqs. (B72)—
(B1M) without strain, we apply a step strain A+ to all grains, where z-coordinate
of the position of the i-th grain is shifted by an affine displacement Ax;(A~) :=
AvyFB(0). Here, the superscript FB denotes the force-balance (FB) state at
which F; = 0 and T; = 0 for arbitrary . As shown in Sec. =31, the FB state
is equivalent to the potential minimum for harmonic grains. Subsequently, the
system is relaxed to an FB state. We further apply the step strain A~ associ-
ated with the subsequent relaxation process again to obtain the state at 2A~.
By repeating this process, we can reach a deformed state with the strain ~.
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The plastic deformations for a large v depend on the choice of A~y [RY].
Moreover, the theoretical formulation assumes Ay — 0. Therefore, we adopt
the backtracking method [[43,044]. If a plastic event is encountered under a
fixed A~i,, the system is restored to its original state without a plastic event.
Subsequently, we apply a new strain, 0.1A%i,, to the system. Even if we en-
counter a plastic event with 0.1A~;,, we further examine the smaller step strain
of 0.01A~%;,. We repeat this procedure until we reach Ay < A~y (see Appendix
Q).

We introduce the rate of nonaffine displacements for riF
y and (B () as:

B:C(4) with ¢ = z or

di () Py Ay) =P () FB
d’y ’ Ay—0 A’y . .

Our system is characterized by the generalized coordinate

a(v) = (a1 (1), a3 (7), - an ()" (4.13)
The configuration in the FB state at strain «y is denoted by
a1 = (@ () (@ ()T (an ()T (4.14)

The shear stress o(7) at q"B(7) for one sample is given by:

o(a"™ () =~ 575 30 O L@ () @ ()

i j>i
+ 5@ ))r (@ ()] (4.15)
The rigidity g for one sample is defined as
d
g = 0(;(7)) , (4.16)
T la(n=a"5(v)
where the differentiation on the RHS of Eq. (B8) is defined as follows:
do(q(7))
@ lg=gre(y)
FB _ +(oFB
Ay—0 A’y

In the numerical calculation, we use a non-zero but sufficiently small A~ for the
evaluation of g. Then, the averaged rigidity G is defined as

G:=(g), (4.18)

where (-) is the ensemble average.
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4.3 Theoretical Analysis

In this section, we introduce Hessian matrix in Sec. B=31 and theoretical ex-
pressions of rigidity in Sec. EZ32.

4.3.1 Hessian matrix for frictional grains

Because the Hessian matrix is equivalent to the Jacobian matrix for harmonic
grains, as shown in Appendices Hl and I3, in this study, we adopt the Hessian
matrix (H), where the element is given by [I32]:

ap ,_ 0%ei(a(y)

" 0qs (')qf

, (4.19)
qa(v)=q"B(v)

where « and 8 are any of =, y and ¢, while ¢ and j express the grain indices. Here,
we have introduced the effective potential energy de;; between the contacted i-th
and j-th grains as:

dejj = l%v(drij “nj)? + %5rfj,b (4.20)
where 07,5 | is defined as
Orij 1 = 0ry; — (0745 - myj)n; — 085 X Ny (4.21)
with
drij 1 = 0r; — drj, (4.22)
08;; - = (60; + 6¢5)e, (4.23)

under the virtual displacements ér; and §/; from the FB state at 2 and ¢I'B,
respectively.
The Hessian matrix introduced in Eq. (BE19) can be written as

Hip - Hu oo My - Han
Hio - Ha - Hi - Hin

H=| S o (4.24)
Hjp - Hj - Hy - Hin
(Hn1 - Hni - My oo Hw

where H;; is a 3 x 3 submatrix of the Hessian H for a pair of grains ¢ and j
satisfying:
HEF Hj;y "Hgvjf
T I3
Hi; = HZJ szz ’HZJK . (4.25)
M H Hij

ij
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See Appendix H for an explicit expression of each component of the Hessian
matrix. Note that ’H%B = 0 if the i-th and j-th grains are not in contact with
each other.

Because H is a real symmetric matrix, its eigenvalues and eigenvectors are
also real. Using the decomposition of the potential, the Hessian matrix can be
divided into

Hyf = H?\fij + H%ﬁp (4.26)
where
0%e; ..
'H(Zlvﬁ,, = M , (427)
i 0q°0q°
vt q(v)=q"%(7)
op . _ 0P0et5(a(r) (4.28)
T,ij 94004 .
v a(v)=q"(7)
for i # j and
op . _ 00 u(a(r) (4.29)
N,ij * 8qaaq5 5 .
v q(v)=q"B(7)
of = Dot in(a(r) (4.30)
T,ij 94000 .
v a(7)=q"B(v)
for ¢« = j. Here, we have introduced
k
0eN,ij : = %(57“1‘]‘ -ng5)?, (4.31)
k
der,ij 1 = ?T(S”“?j7r (4.32)

To determine the explicit expression of each component of the Hessian matrix,
refer to Appendix H.
The eigenequation of the Hessian matrix # is given by

where |®,,) is the right eigenvector corresponding to the n-th eigenvalue A, of
‘H. Because the Hessian matrix is a real symmetric matrix, its left eigenequation
is equivalent to its right eigenequation. Such properties remain unchanged even
under the Lees-Edwards boundary conditions (see Appendix H3). If all eigen-
states are non-degenerate, |®,,) satisfies the orthonormal relation (®,,|®,) =
Omn with normalization (®,,|®,) = 1, where (®,|®,) := ZZ]\LI Za:z’y7£(¢g7i)2.

4.3.2 Expressions of the rigidity via eigenmodes

In this subsection, we consider the rigidity ¢ introduced in Eq. (EIX). See
Appendix [0 for the detailed properties of g.
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Let us introduce F; := (FF, FY, FH)T .= (F*, FY,2T;/d;)T and |F(q(v))) as

[E(a(7))) = [Fi' (a(7)), B3 (a(v)). -, Fx (@)™ (4.34)

Because the FB state is the minimum state of the potential energy, as shown in
Appendix B, [F'(q(7))) |q(v)=qF® () Satisfies

_ d|F(a(7)))

—|0), 4.35
a(")=q"B(y) dry 02 (4.35)

|F'(q(7)))

a(7)=g"B(v)

where |0) is the ket vector containing 0 for all components.

Introducing
o 4 T
dq\ _ |drf diy db o diy diy din (4.36)
dy/ " |dyTdyTdyT T dy T dy T dy | '
one can write
d|F 5 | 44
d|F(g(v))) LA (4.37)
dry dy
q(7)=q"5(7)

where we have used Eqs. (B2) and (B12). The first and second terms on the
RHS of Eq. (B237) represent the strain derivatives of the forces for the contri-
butions from the affine and nonaffine displacements, respectively. In Eq. (E232)
we have introduced |Z), which is defined as:

r T Y A
N,j1715

=) = Z : . (4.38)

We have used H in Eq. (B237), which is defined as

B 77{5? (OL = f’ ﬂ = :C)
HP = —HY (a=1t, B=y) (4.39)
HP (otherwise)

and
HP = —HY (a=y, =1 (4.40)

off :
H; (otherwise)
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for i # j. Note that H%{i—j or 7:1?6] does not affect |Z), because the affine
displacements are instantaneously applied to the system as a step strain. Thus,
the integral interval of the tangential displacement during the affine deformation
is zero.

Expanding the nonaffine displacements by the eigenvectors of # and using
the fact that the left-hand side of Eq. (B237) is zero, we obtain

d‘j _ ' <(I~)7L‘E> T
Ch> =% e, (4.41)

where X, and |®,,) are the n-th eigenvalues of H, and the eigenvector corre-
sponding to \,, respectively. Here, Z; on the RHS of Eq. (EZ1) excludes
low-frequency modes for S\Rt% /m < 107! to maintain the numerical accuracy.
Note that |<i>n> satisfies the orthonormal relation (‘i)m|‘i>n> = Opmn, if all eigen-
states are non-degenerate. The expression for d¢/dy in Eq. (B2) leads to a
discontinuous change in dg/d~y at a critical strain ~. for a plastic event because
the eigenvectors and eigenvalues are discontinuously changed at this point.
The rigidity is decomposed into two parts:

g = gAa + gNa, (4.42)

where g and gna are the rigidities corresponding to the affine and nonaffine
displacements, respectively, for one sample. With the aid of Eqs. (E13), (EIR),
and (B420), the expressions for gy and gna can be obtained as:

1 xrr x x
ga I = 74[/2 Z Ty] |:7’ly]HN’jZ +71'LJHJyV,j2:| ) (443)
1,5 (i#5)
oC
1 _ _ dr.
. z¢ z ¢ vJ
gNA 1= 12 E [ E : (T%Hij +7'in%> W
1,j(i#5) L{=z,y
5 5 db..
xl x 4 1)
— (rA ) i ] (4.44)
where we have introduced
s, @S At
o=t 2 (4.45)

&y Ay dy
Al dl; . di;

d,—Y . ﬂ H. (4-46)

Substituting Eq. (B21) into Eq. (E24), gna can be rewritten as

1 ' (24E) (0]2,)
INA = ~T3 zn: B T (4.47)
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where we have introduced

i HEE 4 e HYY
r HIY 4+ v HY
(78 + 4,95
(0| := % > 3 . (4.48)
T (T R0 TR)

Y qyxy T Yy

~(13 xr yl
I r?vj’;’-lj]{, + i "N |
The affine rigidity can be also expressed as
1 =
98 =13 (Y=Z), (4.49)
where
<Y| = [y1’0507y2a0707"' ayN707O]' (450)

To verify the validity of the theoretical treatment, we introduce the theoret-
ical stress o*®(y) with the aid of Eq.(EZ2) as

o™ (y+ Ay) = 0(g"% (7)) + g(7)Ay. (4.51)

4.4 Results and discussion

We verify the validity of the shear modulus obtained by the eigenvalue analysis
by comparing it with that obtained by the simulation. First, we have confirmed
the quantitative accuracy of our analysis to obtain the rigidity in the linear
response regime of our system (see Appendix ), as in Ref. [IT9] (Chapter B).

For the numerical FB condition, we use the condition |Ff| < Fry, for arbi-
trary 4, where we adopt Fry = 1.0 x 107 *kyd for the numerical calculation.
In our simulation, we also adopt np = y/kn/m. In this study, we present the
results for kr/kxy = 1, ¢ = 0.90, and Av;,, = 1.0 x 10~* with the ensemble
averages of 30 samples, except for Appendix . We ignore the effect of dis-
sipation in the eigenequation because the velocity of each grain is sufficiently
small to incur infinitesimal agitation from the FB state. The time step used
for the simulation, At, is set to At = 1.0 x 10~2¢y with ¢y := y/m/ky, and
numerical integration is performed using the velocity Verlet method.

Now, let us consider a nonlinear regime in which there are many plastic
events caused by stress avalanches. Here, we regard an event as plastic if the
condition (i) o(y) —o(y — Ay) < 0 or (ii) G(y — Ay) — G(y) > 1.0 x 10~ 2ky is
satisfied.
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Figure 4.1: A stress-strain curve for 0 < v < 0.5 for one sample of the collection
of grains (N = 128), which includes the theoretical results (line) and simulation
results (filled symbols) under the conditionAvyry, = Av;, = 107*. The inset is
a close-up of the stress-strain curve in the vicinity of a stress-drop event.
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Figure 4.2:  Stress-strain relations for Ay, = 1.0 x 10~* (blue circles) and
Avrp = 1.0 x 1078 (red triangles) with N = 128.
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Figure B0 shows a typical example of the stress-strain curve obtained by one
sample of the collection of grains based on both the simulation and eigenvalue
analysis developed in the previous section under the condition Avyry, = A~i,.
It should be noted that the difference between the theoretical and simulation
results is almost invisible, even in the presence of avalanches. However, the
eigenvalue analysis cannot be used immediately after plastic events, that is,
for v &~ . (see the inset of Fig. E), because the stress is not determined by
Eq. (B330) immediately after a plastic event.

Figure B2 shows a comparison of the stress-strain curve for Ay, = 107 Ay,
(blue circles) with those for Ayry = A%, (red triangles). From the figure, we
cannot find any A~y dependence for v < 0.08, but some differences for larger
~ can be observed as a result of stress avalanches.
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Figure 4.3: Plots of (a) the smallest eigenvalue except for the zero modes and
(b) the rigidity g based on the eigenvalue analysis (open symbols) and numerical
shear stress (filled symbols) against v for 0.3408 < v < 0.3413 and N = 128.

We might expect that some precursors of a stress-drop event can be detected
from the behavior of the smallest non-zero eigenvalue. To verify this expecta-
tion, we plot the smallest non-zero eigenvalues in Fig. B=3(a) near a critical strain
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with Ay, = 1078, Tt can be observed that the eigenvalues changes discontinu-
ously at the critical strain (v, = 0.34102862 for 1, = 10~%), where the critical
strain converges if Ayry, < 1076 (see Appendix @ for details). Notably, there is
no precursor for the smallest eigenvalue below the critical strain, in contrast to

Refs. |07, 08, 111, TT2], where non-harmonic potentials are used. Correspond-
ingly, we cannot find any singularity of the rigidity as g — greg ~ —(vc — y)~H?
as in Fig. B23(b) for v < . predicted in Refs. |07, [08, 10, 11T4]. The absence of

the precursors and singularities in our model can be understood in the form of
the Hessian matrix presented in Appendix 3. In non-harmonic systems, some
elements of the Hessian matrix become zero as {y,;; — 0 when the contact
between the i-th and j-th grains disappears. This leads to the precursors and
singularities [I07,00%]. However, in the harmonic systems, the corresponding el-
ement approaches a non-zero constant in the limit 5 ;; — 0 (see Appendix [3),
which results in the absence of the precursors.

Figure B2 shows a set of plots of the eigenvectors corresponding to the
smallest eigenvalue at (a) v.— and at (b)vc4, where 7.+ is the strain immediately
after the plastic event, and v, := .4 — A~y is the strain just before the event.
As shown in Fig. B4, changes in eigenvectors owing to the stress drop event can
be observed. Here, we find the existence of domains of grains of clockwise
rotation and counter-clockwise rotation, and the collective motion of grains
between two domains. We may observe the excitation of the quadrupole-like
mode, although its structure is not sufficiently clear.

Figure B3 is the comparison of |dg/dy) obtained by the eigenvalue analysis
(a) with that by the simulation (b) at v = 7.4, where |dg/d~y) in the simulation
is evaluated by (G(Yetr + Avyrn) — (Yer))/Avyn With Ay, = 1.0 x 1078, Tt
is obvious that the difference between the two figures is invisible, though the
quadrupole-like structure cannot be clearly seen as in Fig. E4. Nevertheless, we
can find the collective motion of grains in both figures.

Because we cannot use the eigenvalue analysis at the critical strain ~y. for
a plastic event, let us analyze the nonaffine displacement Aq between v, and
e+ caused by an avalanche using the simulation:

Aq],
) Aqal,
Aq|. = ] , (4.52)
Agnl|,
where
0 iy B’“”(%%g— iy B’Z(%ng— APV ()
Agil, = ry P ey ) = Y () : (4.53)

EFB ('Yc-i—) - E?B ('Yc— )

Figure B8 shows a plot of the nonaffine displacement Aq|. around a yielding
point based on the simulation for N = 1024 at Ay, = 1.0 x 1078, This figure
indicates that (i) grains move with rotations, which is one of the effects of mu-
tual frictions between grains, and (ii) the existence of a quadrupole consisting
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Figure 4.4: Plots of eigenvectors at (a) v.— and at (b) 4.4 corresponding to the
smallest eigenvalue. For visualization, the magnitudes of the vectors are three
times larger than their true values (N = 1024).
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Figure 4.5: Plots of |dG/dy) at v = 7.y for N = 1024 and Ayry, = 1.0 x
1078, where (a) and (b) are based on the eigenvalue analysis and simulation,
respectively. For visualization, we magnify the magnitudes of the vectors with
the factor 10.0.
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Figure 4.6: Plot of Ag]. in the simulation for N = 1024 and Ay, = 1.0x 1078,
For visualization, we magnify Ag|. with the factor 1.0 x 103.

of four domains of collective rotating grains exists. In particular, the rotations
of the grains are sharply changed on the boundary between the domains. Un-
fortunately, Aq|. cannot be described by the eigenvalue analysis, because Ag|.
expresses the configuration change, which is unstable for a small change in .

Figures B2 (a) and (b) show plots of the rigidity and smallest eigenvalue
from v = 0 to 0.002, which includes two plastic events based on the one-sample
calculation of the collection of grains with N = 128. One can find an almost
perfect agreement of the rigidity between the eigenvalue analysis and simulation,
except for the yielding points (see Fig. B2 (a)). We find discontinuous changes in
the smallest eigenvalue at the yielding point, where the rigidity changes discon-
tinuously (see Figs. B0 (b). As expected, the magnitude of the discontinuous
change in rigidity at the yielding point in Fig. B2 (a) for v ~ 0.001 is smaller
than that for a point of a stress drop for v =~ 0.341, as shown in Fig. B=3.

Figure B8 shows the stress-strain curve corresponding to Fig. BZ1. It is
difficult to find the plastic events in the main figure of Fig. IR, but we can
find a small stress drop at this point if we use a close-up figure in the inset. We
verify the creation and annihilation of contacting pairs at the stress drop points.
The stress expression in Eq. (B251) cannot be used at the yielding point; thus a
disagreement exists between the eigenvalue analysis and simulation at the point
in the inset of Fig. B=R.

Figure B9 plots the rigidity of G over 30 samples for N = 128, where we
have omitted the data if stress drop events take place. We verify that rigidity
based on the eigenvalue analysis reproduces the results of the simulation. Note
that non-monotonic changes in G originate from changes in the contact points
and configuration of grains.
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Figure 4.7:  Plots of the shear modulus with (a) the theoretical evaluation
(open symbols) and the simulation results (filled symbols) except for critical
strain with the close-up of g near a yielding point (inset), and (b) the smallest
eigenvalue, except for zero modes against v for 0 < v < 0.002 for N = 128.
Note that the rigidity is not plotted at the yielding points, because it diverges

there.
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Figure 4.9: Plots of the rigidity G based on the eigenvalue analysis (line) and
on the simulation (filled symbols) with Ayp, = 1.0 x 1074, We have used 30
samples for N = 128, where the error bars represent the standard deviations for
~. Note that we have omitted the data if stress-drop events occur.
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In this Chapter, we have demonstrated that eigenvalue analysis of the Hessian
matrix provides precise descriptions of the rigidity and stress of dispersed fric-
tional grains in which the contact force is described by the harmonic potential,
in spite of stress-drop events, such as stress avalanches. However, our model
does not contain any slip processes between contacting grains. This success is
a natural extension of the previous studies on frictionless grains [0, [08] to
frictional grains and of our previous study on the linear response regime (Chap-
ter B) [ITY] to the nonlinear response regime. Two remarkable features of the
contacting model are described by the harmonic potential. First, the tangential
contact force in this model is no longer a history-dependent one. This leads
to the significant simplification of the theoretical analysis. Second, unlike the
naive expectation, the eigenvalues in our model do not indicate any precursors
for the stress-drop events. In essence, stress-drop events take place suddenly by
releasing contact points.

Some future tasks that need to be addressed are as follows. First, we need to
consider the effect of slips, which causes a significant difference from our model
because history-dependent contacts play important roles in the presence of slip
events. Second, we must extend our analysis to nonlinear interacting models,
such as the Hertzian contact model in a three-dimensional space. We plan on
working on these points in the future.



Chapter 5

Conclusions and outlook

5.1 Conclusions

Chapter B presented an analysis of the eigenmodes of the Jacobian matrix for
systems of grains interacting with Hertzian force. Consequently, an expression
for the rigidity of amorphous solids comprising frictional grains interacting with
the Hertzian force under an infinitesimal strain was obtained. It was confirmed
that the DOS could be divided into two regions. In the low-frequency region
(Region I), the rotation of the grains was dominant. These modes are charac-
terized by the frequency (kr/kn)'/?/to, where to := (m/ky)"/2d=/%. Region I
was found to merge into the high-frequency region (Region II) in case of large
kr/kn, with translational modes dominating Region II. For a sufficiently small
kr/kn, the DOS obtained from the eigenvalue analysis of the Jacobian matrix
was similar to that obtained using the Hessian matrix analysis. However, the
difference between the DOS obtained using the Jacobian and that using the
Hessian was visible for kp > kpy. Therefore, the eigenvalue analysis is signifi-
cant for large kr/kyn. Moreover, the rigidity obtained by the Jacobian matrix
was consistent with that obtained from the simulation. Furthermore, it was
confirmed that the translational modes determined the rigidity.

Chapter B demonstrated that the eigenvalue analysis of the Hessian matrix
provided precise descriptions of the rigidity and stress of dispersed frictional
grains wherein the contact force was described by the harmonic potential, de-
spite the existence of stress-drop events such as stress avalanches. The proposed
model did not contain any slip processes between contacting grains. This success
is a natural extension of the previous studies on frictionless grains [T07,T0R] to
frictional grains and a previous study on the linear response regime presented
in Chapter B to the nonlinear response regime. The harmonic potential de-
scribed two remarkable features of the contacting model. First, the tangential
contact force in this model is no longer history-dependent. This resulted in
the significant simplification of the theoretical analysis. Second, in contrast to
the naive expectation, the eigenvalues in the proposed model did not indicate
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any precursors for the stress-drop events. In essence, the stress-drop events
occurred suddenly through the release of contact points. Third, this analysis
should be extended without using the data of grains’ configuration. Although
the analysis is consistent with the results of the simulation, it cannot be a purely
theoretical one because the configuration is determined by the simulation. If an
approximate configuration of grains can be formulated based on a theory, it can
be claimed that the problem has been solved based on the theory. Thus, the
theoretical determination of grains = configuration will be important in future
work.

5.2 Outlook

Some future tasks that need to be addressed are as follows. First, the effect of
slips must be considered, as they cause a significant difference from the proposed
model because history-dependent contacts play essential roles in the presence
of slip events. Second, the proposed analysis must be extended to nonlinear
interacting models for finite strain, such as the Hertzian contact model in a
three-dimensional space. These aspects will be worked upon in future studies.
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Appendix A

Jacobian properties

In this appendix, we summarize the properties of the Jacobian introduced in

Eq. (B872m).

A.1 Jacobian block elements

Let us write 3 X 3 sub-matrix 7;;, which is (ij) block element of the Jacobian

obtained from Eq. (B=20):
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where the superscripts @ and 3 correspond to x,y, /~-components, and ¢ and j

are the grain numbers (see Appendix B for each component of 7). Here,
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are ¢-component of f;; and scaled torque that the ¢-th grain receives from the
j-th grain, respectively. The sub-matrix for ¢ = j is given by

Zszl;kyéi aq;’;fﬁc lecv:l;kqéi 3quﬁc - ij:nk;si 8q fik
[jii]aﬁ = lecvzl;k;éi a‘lifiyk lecvzlgk;éi 3quﬁc - Zg:l;k;ﬁi 8q fiyk ) (A-Q)
lecvzl;k;éi aquik lecvzl;k;éi 3q,§ L — Zg:l;k;ﬁi aqﬁfik
where we have used @;ffk = —0Ogr ffk,aqgfik = —8q§ﬂk,3qff§k = Oyt ff;w and
8qf e = an k- Here, the superscripts ¢ and k correspond to x,y components.
From Egs. (BI) and (A2) jigﬁ satisfies

T’ == (A.3)
J#i

£
k
£
k

Thus, introducing Jy., (n,m = 1,2,--- ,3N) which is a rewriting of j;;ﬂ in Eq.
(B22T) by the index from ¢ and « to n, we obtain

S Jam =0, (A.4)
> Jm = 0. (A.5)

where Zn:1,4 . 3N-2 and Zn:2~5 .. 3n—1 express the summations of modulus 1
and modulus 2 with the intervals 3, respectively. Here, we write 3/N-dimensional
vector translating in the z direction e, as

€r.1

€x.2
e, = .- (A.6)

€x N

where e, ; := (1,0,0)T for i = 1,2,--- ,N. Here, the n-th component of the
action of J on e, satisfies

{jem}n = Z Jnmex,m

=0, (A.7)

where we have used Eq. (B=) for the last equality. Thus, we obtain Je, = 0,
where 0 is zero vector. Similarly, using

€y,1
€y,2

€y,N
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with e, ; := (0,1,0)T we also obtain Je, = 0. Therefore, e, and e, are the
zero modes for J.



Appendix B

Explicit Jacobian
expressions with Hertzian
force

In this appendix, we present the explicit expressions of the Jacobian with the
Hertzian contact force based on Egs. (BMH)—(8X). Then, we clarify the dif-
ference between the present results and the case where the tangential force is
approximated by the conservative force used in the previous studies [I04, (05].

B.1 Calculation of Jacobian

Let us consider only the normal and tangential elastic contact forces

Inij = ka%?jnij, (B.1)
Jrij = kazlv/jjﬁT,z‘j, (B.2)

where the integration of d€r ;;
§rij = / dgr.ij (B.3)

is performed during the contact between ¢ and j grains. Since Eq. (B33) does not
contain the second term on RHS of Eq. (BH), {7,;; may not be perpendicular
to &n,:j. Neverthelss, we adopt Eq. (B33) for simplicity. Here, d€r;; is defined
as

d&Tﬂjj = drij — (drij . nij)nij — d&] X nij, (B4)
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where £;; is defined as
0
Eij = 0 . (B5)
U+ 4
Each component of Eq. (Bd) is written as
dét ;= dri; — (dr;j ~nij)n + d&]nw, (B.6)
d&y.;; = dri; — (drij - mij)ni; — dbing;. .7)
The derivative of the normal force is given by
S?V/fj §N ij 1/2
Cszg =kn [§CK Ti; - (2 Tij )gsz N5 zg ) (BS)
3& fJ’?/,z’j =0, (B-9)

where Kronecker’s delta d¢,, satisfies d¢, = 1 for ¢ = x and ¢, = 0 otherwise
We have used

871? 1

j Ser — Cﬁ) B.10
il COSCH) R (B.10)
3r? =n; (B.11)
or;

to obtain Eq. (B3).

The derivative of the tangential force is written as

K 1 2
0, iy = shrent

K 1/2 K
fT,ij - k’TfN/,ij <5Cn - ngjnij) ) (B.12)
Ou, ffig = —€"kr&y ol (B.13)
where ¢ and v¢ are, respectively, defined as
1 ((=ux)
¢ . _
e> 1= B.14
{—1(<=y% (B.14)
y ((=2)
T= B.15
€ {x =y (B.15)
Here, 0, ¢&7;; and 0p,€7 ;; in Egs. (BI2) and (BT3) satisfy
9 .
87"7-(] Ocw — ngjnij, (B.16)
ag’?,ij

W /L] . (B.l?)
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The derivation of Egs. (BTH) and (BT1) are as follows [[15]. From Eq. (B4)
d@fm ; can be written as

d&s ;= drf; — (dryy - mg)ng; + (—1)¢(dl; + dé;)ns. (B.18)

7

Then, d{7.;; satisfies

gy, = — > drfinfind; + nl(dl; + dej)
K=x,y
= (1= (n};)*)dr}; —ngnidry; +ni(dl; + dt;)
(nfj) dri; —ngmidri, +n;(de; + dt;)

= (n¥)?*(dz; — dz;) — ni; U(dyl dy;) +n? (dﬂ +d¢;). (B.19)

)

Similarly, d&7.;; also satisfies
ey ;; = —nim;(de; — day) + (n};)* (dy; — dy;) —ni;(de; +de;). (B.20)

Here, d{%,ijis the function of x;,y;, 4, x,y;, and ;. We obtain the differential

form of d{“%ij:

9 oS, .
¢ T,ij ) T,ij )
(Yirlirxs,ys.s) (zi,yi,0i,95,45)
9 oS, .
n ( aTiZJ) dy; + < aT,?] dy;
Yi (@i, li,25,y5,45) Yi (@i,yi,li,mj,L5)

aES. . aEs. .
+ (5) dt; + (a?j de;.  (B.21)
" (@i ygts) I (zi,yi,8i,25,Y5)

Then, we obtain Eqgs. (BTH), (B13), by comparing Eqs. (BTY) and (B=0)
with Eq. (BZ2D). .
Since the scaled torque T;; satisfies

= 2Ty
ij dz -

—nfjf%” + niyjf%,iju (B.22)
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we obtain

0,cTy; = — (0,6 ”)fTU 00, oy + (O,enl)) Fhy + 10,6 fisy

d¢a i -
< ¢ j ]> fT g T |: kT£N11]2£T Z]nm - kTgllV/ij <5Cy - nfj

+

[ 1/2 1/2
- ij 7k‘T€N )i ET Unmt - k;TgN/,ij (5Cy nfjn’?j):l

+ni—’j |:kT§N1/2§T Unw ” k;nglV/?j ((5@ nfjn”ﬂ
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= —ny; §kT§N’£ ¢, zjnfj i kTEN ”(Scy] +n [QkTgN,zé ér, ”n” — kré
(B.23)
62iﬁj nljaé fT zg + ny af fT ij
1/2
nzngfN ij 1] kTgN/z] N
= —kTé‘}V/,fj, (B.24)

where we have used } . f%lJan =0.

The terms proportional to {7 ;; in the Jacobian include the history-dependent
tangential displacements which are ignored in the effective potential (see Ap-
pendix B) [[02-106]. The reason we use the Jacobian is to include the history-

dependent tangential displacements in the dynamical matrix.

B.2 Explicit Jacobian expressions

In this section, we have writtNen down the explicit results of Jx and Jr. From the
results for the derivative of F;, the non-diagonal block elements 7, ]3"61 i ._7T i j( 1

n

Y
)

x

6 n/l 1,
( v _ A J) fT.5 +n; [ kT&NU §T1ang _knglv/ij (541’ _ngj ij)
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N,ij
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Jj) are given by
53/2.. 5
Tij 2 Tij
jT i kTgll\f/fj( ) + QkTEN ij ET ljnmtl]v (B26)
fN 1/2
T = —kn [2 - YN eEnEnl, (B.27)
‘-7T Y kT&N Ky 1] 1] + kTé.N k¥ ET Unw z]’ (B28)
\7N Y O? (B29>
1/2 T
JT Ky kTgN/w zj + kTgN kY] gT Zjnzj (nmtijj - nz]tZJ) (BSO)
£N1 1/2
jN i —kn |:2 Tij . EN/U g ’L]’ (B31)
jT Ky = kaJlV/fj 1] Z] + kTgN k¥ fT Unzjtmv (B32)
53/2 €
SN,ij N,ij 1/2 2
= —k B.33
jN i 7"7,] N |:2 /rz] :| §N l]( ) ( )
‘7T i _kTgll\/'/fj( i ) + kTEN ,ij ET UnZJtzJ’ (B34)
jN i 0, (B35)
jT ,1J = _kTé-]lV/?g 2] + kTé-N k%) £T ZJnZJ (nljtlyj - ny tl ) (B36)
jN i 0, (B37)
1/2
Tty = —hr&y iy, (B.38)
T =0, (B.39)
1/2 n
‘7T 17 = kTgN Ky 1_77 (B40)
jN i 07 (B41)
Tt = kréys. (B.42)
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Similarly, the diagonal block elements T Noijo jT ; J( = j) are given by
3/2
é-N/ZJ §N ij 1/2 n® 2
jN i Z kn —kn SN zg( ) ) (B43)
J#i "1 2
T i { kTgll\/'/fj ?! + kal:flzJQé.T ij nLJ U} (B44)
J#i
z §N P
Nyn = { |: 2 611\//3] Ny 1] (B45)
Jj#£i
1/2
T i {kTgN/w M5 zg + kaN Jij ET ”nUtZ} (B.46)
J#i
jN i =0, (B47)
jT i = Z {k gjl\f/fj 7.] + §N1/2€T Zjnlj (nljt?] n t"L )} (B48)
J#i
£N1 1/2
N i Z { |: . EN/z] N5 z] (B49)
J#i
Tn = {kale/fj Zj 1] + kT&Nl/Qé‘T Zjnzjtl } (B5O)
J#i
3/2
k, ]V/'U EN l] 1/2 y 2 B 51
N it N— T 2 5N z]( ) ’ ( : )
J;ﬁz
%zz = { kr ]1\7/3] + kTgN ,ij ET Unz_; U} (B52)
J#i
TN =0, (B.53)
Tn - {kale/j] nij + kT€N1/2£T Zjn1yj (nz]t?z!] - TL tw )} ) (B54)
J#i
JN i =0, (B.55)
T i Z k/)Tg]l\/'/fj Mg (B56>
J#i
jN i 0 (B57)
1/2 o
T i Z k'TgN/” Ny, (B58)
J#i
Tt = ZkTg}v/ p (B.60)

J#i
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7

Note that the terms proportional to &7;; in Jr include the history-dependent
tangential displacements which are ignored in the effective potential [I04-I08).



Appendix C

The detailed derivation of ¢
in the Jacobian analysis

In this appendix, we derive Eq. (B20) that gives the rigidity. First, nonaffine
displacements are expanded in terms of eigenfunctions of the Jacobian. Next, we
express the rigidity as the eigenvalues and eigenfunctions of the Jacobian. Note
that we adopt the abbreviation dA(¢"®(0))/dy := dA(q(7))/dV|q(+)=q2(0) In
this appendix.

C.1 Expansion for nonaffine displacements via
eigenfunction of Jacobian

At FB state, Fio‘ /dry is expressed as
L F(q"B(Av)) — F(q"B
dip L ER(gTR(Ay) - Fe(gTR(0)

7

It

dy — Ay—>0 Ay
)+ 3 afg dis;(q"B(0)) Loty (d&(qFB(O)) . déj(qFB(O))>
- q* ZJ 15 )
J#i % (=z,y ari d’}/ 667 drY d’)/
(C.1)
Using the Jacobian, we rewrite Eq. (C) as
dEy " (a FB(O» dis(q™(0) | di;(q"P(0))
LS grmaon+ X g g —
d’7 J#i (=z,y dry d’}/
(C.2)

where the first and second terms on the RHS represent the contributions from
the affine and nonaffine displacements, respectively. Since the affine displace-
ments are applied to our system instantaneously as a step strain, the integral in-
terval of tangential displacements during the affine deformation are zero. Thus,
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only the normal contributions in the first term on RHS of Eq. (IC2) survive in

the affine displacements. Then, we rewrite \7;;5 as J, ]‘\3‘,6 ; in Eq. (C2):

dFe 5 (a"5(0)) o [ di(g"B(0)) | di;(g"B(0))
L= | TR ZJ“<7+L7;; + 2
ol i ¢=ay ol ol
(C.3)
Introducing
Z];éz jN,jzylj
|EZ> = Z];éz jN/zy” (04)
Zj;ﬂ jN,ﬂyW
and with the aid of dF*/dy = 0 at the FB state in Eq. (C3), we obtain
=-> > J"C +jf;l <’+J (C.5)
J#L | (=z,y
Since J satisfies \7; =— Z#Z ]Z , we obtain
" p di; " dé
-3 (D) s - | (S ) e S
— ] I dy 7
C=zy | \J#i J#i J;ﬁz Hﬁz
[ di
dr d; i
_ VvC K¢ 74 e Yt
-2 |- ZJ*— ~T gy ijz‘@
(=z,y J#i J#i
i, dl;
KC 274 Kkl g
ZZJ —+Ju & ZJJ e (C.6)
¢=z,y j=1 J#i
Since J satisfies J-e-'B = Z#i Jff, we obtain
dr di* dl; dz
= _ 178 _ ™ 17 gu
== ZJ Z@- ol B | DB/ PRI
C=m,y | \J# ]752 J#i J#i
dr di; df
— éC éc 20 04y
- Z Wy 2‘7]1 dﬁy + %4 dvy 2‘7
¢=z,y J#i J#i
- C— N )
dr dl;
— £¢ ZC 17t}
== | I d,y TN (c7)
(=zy | J#i j=1
Let us introduce j
T =T (a=t f=y) (C8)
jﬁﬂ (otherwise)

)
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and
T = Tav. (C.9)

Here, J;; satisfies

5 _\75[ (CYZLC, ﬂzé)
T = =T (a=y, B=1) (C.10)
jf;*g (otherwise).

With the aid of J Eqs. (CB) and (L) are rewritten as

- Y S gty gt
(=z,yj=1 J#i
N

N di;
ZZJ‘ Z T3

(=z,yj=1 =

_ 20 44
- Z Zjij d;, (C.11)

[I]

7S a5 | & di;
=0 0¢ 47 ¥y o AL
=1 Z \711 d’Y +Z'~7m d’}/ +;¥7]z dv

dg’
Z ij;ﬁ d; (C.12)

Equations (C) and (CTH) can be rewritten as

_Z > jaﬁ—. (C.13)

Jj=1B=xz,y,¢

Furthermore, Eq. (CI3) can be expressed as

=) =J d7> (C.14)

which corresponds to Eq. (B38) in Sec. B=33, where |d¢/d~y) is introduced in
Eq. (B33). ~ .
Let us expand |dg/d7y) by the right eigenfunction |R,,) of J as

i\ -
ch> =an |Rn). (C.15)
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Substituting Eq. (CT3) into Eq. (CTd), we obtain
1Z) = Auan |Ry) - (C.16)

Multiplying (Ly,| to Eq. (CI8) with the aid of the orthonormal relation, we

obtain
(L |Z) = Aan (Lo | Rn)
= Mnlm. (C.17)
Substituting this into Eq. (CId), we obtain Eq. (BZ0).

C.2 The expression of ¢

Let us evaluate the rigidity G defined as Eq. (8BT9). Substituting Eqgs. (818)
and (B1) into Eq. (BTU), we obtain

1
o < fm
9A~L2
ATm0 LTRSS
(C.18)

where we have adopted the symmetric expression for ¢ and j in the summation
in Eq. (CIR).

Expanding r7; (¢"B(A%)) in Eq. (CI) by Ay from the zero strain state, we
obtain

(@ B (AY)) = ri (@™ (Ay)) — r{ ("R (A

> @A) (g B (AY) — (qFB(O))TE’j(qFB(O))]>,

di§'(g""(0))

dre(g"® (0
di$s(g"B(0))
= TU( + A’y { awyzj + ]T . (019)
Similarly, expanding f{}(Av) in Eq. (CI8) from the zero strain state, we
obtain
N N
8f dr$ o de
FB Gdrg .
(g™ (Ay)) ~ kz Zy ol Z ae dv
i di$ (q"®(0))
= fi(q"" 0)) + A J, xzYi FB 0)) 4+ +—~——>——~722
(" (0)) ng o arf c2¥i(q"(0)) =
0% 4i$(¢""(0))
+ A ) 2V FB 0)) + gt N
or ( cxyi(q@(0)) N

+ Ay

(C.20)

afe i (,FB ofe
“d (am a0 + “’”) + 5 (6 (@ (0) +

dvy

i (" (0))

dy

}

I
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Furthermore, using 8]“‘/87“ 8f0‘/8r and Of{ /0t = Off3 /0L, ff} can be

written as
[ (Ay) = £5(7P(0))

afe dr$;(q"?(0))

+ A A ) 2Yii FB()) 4 2~ 77
C;y Varf ( ¢cx¥ij(q ~(0)) &
ofy (dli(g"B(0)) | dl;(q"(0))
%] 7 J

A T . (C.21)

Substituting Eqs. (CT9) and (C=20) into Eq. (CI8), we obtain

dé®. FB
B 7 (qFB

(C.22)

(=z,y

a5 (qd" ™ (0) dli(g"®(0)) | dl;(q"(0))
+r»»<qFB<o>>< e )

Because >, ;) fi f2(q"P(0)) = 0 at the FB state, the first term on RHS of Eq.
(C=22) can be wrltten as

d”( FB
P> qi P>

(i#7)

(i#4)
st (,FB
¥y ( > Z(QFB(O))) 14"210)

I \dG#9)

i (a7(0))
(g en)

i \i(i#g)
(C.23)

diz (g™ (0))  dg;(g""(0))
dy dry

=0.
Thus, G is expressed as
OFf%(gF¥B drS.(gFB
6= < > [ > wym«z“(o» (6@%@”(0» ; (qch(“”>

2L 1,7 (i#7) [¢==y
91 (gFB(0 ;. (. FB ) (,FB
. f”(g& o), o) <del<qd7 ), dta” <o>>>] > |

(C.24)
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With the aid of Jgﬁ = —8q@ [ (i # j), we can express G as
1 . di*e; ("5 (0))
G=5r3 < > [ > vi(ad™P )T (¢75(0) <6<xyn(qFB(0)) +
13(i#5) (= i
dl;(qFB(0))  di;(q"B(0
s (@) T (G (0) < <qd7< ), j((fh ( >>>]>
= 2L2< > [yfj(qFB(O))in @)+ > yij(qFB(O))Jj-C(qFB(O))JT
i,5(i#37) ¢=z,y

+yi;(a"P(0) T3 (7P (0)) <

dfi(q"P(0)) d@(q“w»ﬂ
dry dry
C.2

Thus, with Eqs (BZ38) and (B239), we obtain Eqs. (BZ1)—(8Z3).



Appendix D

Effects of rattlers

In this appendix, we investigate the effects of rattlers. In the first section, we
investigate the effects of rattlers for the DOS. In the second section, we clarify
the contributions of rattlers by using the participation ratio.

D.1 Effects of rattlers on the DOS

In this section, we investigate the role of rattlers. We call grain ¢ a rattler,
if its coordination number Z; is Z; < Zpy,. Since the coordination number of
isostatic state is three, Z1y can be 1 or 2 for frictional grains. The rattlers are
determined by the following method. Given a grain configuration, we measure
the coordination number ZZ-(n:D of each grain. Then, we regard N7 grains sat-
isfying ZZ-(n:D < Z1y as rattlers at the first trial. We measure the coordination

_(n:2)

number Z after we remove the rattler grains. In the second trial, we regard

1
grains satisfying Zi(n:2) < Z1n as new rattlers. We repeat these processes until
the number of rattlers is converged. As shown in Fig. D, at which we adopt
Zrn = 2, low frequency modes in Region I and a doubling pair between Regions
I and II are contributions from rattlers.

D.2 Participation ratio

In this section, to clarify whether the mode at w,, is localized or spread to the
whole system, we introduce a participation ratio p,, [98, 98]

2
N
(T 1Ril?)
N Rt

Dn = (D.1)
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Figure D.1: Double logarithmic plots of D(w) with (red circles) and without
(blue triangles by using Zty, = 2) rattlers for ¢ = 0.90 at (a) kr/ky = 1.0x1078
and (b) kr/ky = 1.0 x 1074, These figures are based on numerical results for
N = 1024.

We plot p(w) defined as

Dy (b — wn))
P T (5 — ) 0

against wty for ¢ = 0.90 in Fig. OD3A. Note that p(w) are set to be zero if there
is no right eigenvalue in the region (w(s) <w < w(SH)). Figure @2 shows that
the modes wty ~ 107% and wty ~ 1072 in Fig. 2 (a) and wty ~ 10~* in Fig.
2 (b) are nearly equal to p =~ 1/N. Recalling that those modes consist of
the rattler, we conclude that the contribution of the rattler is localized. In the
middle range of w in Fig. D3, there is an isolated band which shifts to the large
w as kr/ky increases with keeping its shape which can be seen in Sec. Bl
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Figure D.2:  Double logarithmic plots of p(w) for ¢ = 0.90 at (a) kr/kn =
1.0 x 1078 and (b) kr/ky = 1.0 x 10~%, where the guide line is 1/N. These
figures are based on numerical results for N = 1024.



Appendix E

DOS in terms of the
effective Hessian

In this appendix, we introduce the DOS with the aid of the effective Hessian as
in Refs. [I04-006]. The effective Hessian H at the FB state is defined as

82U,
HOP = i , (E.1)
K aq‘?‘aqﬁ
v 7% lg(v)=q"B(0)

where U,g is the effective potential defined as

U, -—EZ kn (07 - »»)2—|fN7”‘|(5 - ti)? + kpot? (E.2)
eff -=— 2 N\OTj - TG rF,B Tij ij 7Ol .
(24) H

with 5rij = 57‘1‘ — 67’]‘,6’?1' =r; — T'iFB,TZFjB = "I’ZFB — T§B|,(Stij = 51“2']' . tij —

(6¢; +6¢;), and 6¢; := €; — (¥B. Here, rI'B and ¢® are the position of i-th grain
and 3rd component of g; at the FB state, respectively. Thus, H is a 3N x 3N
matrix corresponding to the Jacobian. We note that this Hessian matrix is a real
symmetric matrix, and thus, it can be diagonalized by an orthogonal matrix,
where the eigenvectors are orthogonal with each other, and the corresponding
eigenvalues are real number.

The eigenvalue equation of H is expressed as

Hn) =Agn|n), (E.3)

where Mg, and |n) are the n-th eigenvalue and eigenvector of H, respectively.
Note that the left eigenvalue is also given by (n|H = Ag ., (n|, where (n| = |n)T.
Then, we introduce the DOS Dy in terms of H as

1 3N
Di(w) = == 3" (3w — wira)), (E4)

=1
where wg p = \/AHn-
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Appendix F

Absence of the second term
on RHS of Eq. (£10)

2.8x10°"6
2.6x107"6
2.4x10°16
2.2x10°"6

2x10716
1.8x10716
1.6x107'6
1.4x107'6
1.2x10716

1x10716
0

Figure F.1: Plot of the maximum Err against ~.

Thus far, we could not prove that the second term on RHS of Eq. (E10)
can be regarded as zero with numerical accuracy, but we verify that this term is
zero, at least, in the numerical simulation of harmonic systems as follows: Let
us calculate the ratio of the second term in Eq. (B210) to the first term using

(o, dtorss) - mis] ma
‘fcij dt’UTﬂ'j’

Figure E-T shows the plots of the largest Err in contacting pairs against -y, which
indicates |Err| < 3 x 10716, As our calculation is based on double precision,

Err :=

(F.1)
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which has only 16 significant digits, Err can be regarded as zero.



Appendix G

The behavior of the
smallest eigenvalue near
stress-drop points

In this appendix, we provide an in-depth explain the behavior of the smallest
eigenvalue in the vicinity of the stress-drop points in detail. We adopt the
following protocol to reduce the step strain small in the vicinity of the stress-
drop point. We adopt A%, = 10™% in the appendix. We use Ay = A~y if
there is no plastic event during the strain increment A-~y. If we find a stress
drop during the strain from - to v + A+, we restore the system to the state
v, and examine vy + 0.1A7%;,. If we do not find any stress drop, we further add
the strain with A~;,; if we still have a stress drop, we repeat the procedure of
restoring and adding strain 0.01A~;,. This protocol is repeated to detect stress
drop events until we reach Ay < A~xypy. In this appendix, we illustrate how
the results depend on the choice of Avyry, where the smallest value of Avyry is
10710,

Figure G presents the stress-strain curves obtained using this protocol. The
upper branch in Fig. G represents the shear stress below the stress drop, and
the lower branch represents the shear stress above the stress drop. The smallest
~ in the lower branch and the largest + in the upper branch strongly depend
on Avyrnp. As shown in Fig. G2, the stress drop takes place at v ~ 0.01330
for Ay, = 107%, whereas the critical strain . for the stress drop approaches
0.013334 as A~y decreases, where . is 0.013334 for Ayry, < 1076,

Figure G3 plots the behavior of the smallest eigenvalue against v corre-
sponding to Fig. GO for Ayry, = 107! immediately below the stress drop
point, where the symbols correspond to the analysis for the corresponding A~y
as in Fig. GIl. We have confirmed that there is no precursor of the eigenval-
Thus, the harmonic system does not have any precursors in the behavior of the
smallest eigenvalue.
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Figure G.1: The stress-strain curve for N = 128, which are the stress drop
points for various Ayry, (from Ayry, = 107* and Aypy, = 10710).
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Figure G.2: Plot of the critical strain ~,. against A~y for N = 128.
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Figure G.3: The plot of the smallest non-zero eigenvalue in the vicinity of .
for Ay, = 1.0 x 10719,



Appendix H

Some properties of the
Hessian matrix in a
harmonic potential

In this appendix, we briefly summarize the properties of the Hessian matrix of
the harmonic potential. In Sec. H, we explicitly express the elements of the
Hessian matrix in this model. In Sec. HZ, we demonstrate that the symmetry of
the Hessian matrix still holds even under the Lees-Edwards boundary condition.

H.1 The explicit expression for the Hessian ma-
trix

In this section, we present an explicit expression for the Hessian matrix. To this
end, we return to the effective potential in Eq. (B20). It is straightforward to
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APPENDIX H.
A HARMONIC POTENTIAL
obtain
o%or? |
17, o T \2
81‘12] 2 — 2(71”-) , (H.1)
o%6rt |
Oxi(’);i - _2nijnlyj’ (H2)
926712,
ij,L y
dr; 00, W (H.3)
02(51"%7L _ 826r§j7l (H.4)
8yi8.’L‘i 8x18y2 ’ '
326"42’21_ 2
8%;' =2-2(n};)?, (H.5)
92612,
ij,L T
=2ns; H.6
8y18€1 nlﬁ ( )
82(57'2»2]»7L _ 826r§j7l (H7)
82573-2]-_; _ 5’261’*?]-)L (i18)
o0l 0y; Qy;00; '
926712,
ij, L
(%12 2 (H.9)

Thus, we obtain

0%8e;; 0%8e;; ENij
ao _ 070Gy 070¢y _ p o SN |y v vy g
H’L] axla:rj 317% kN + kN |: + |’[’”| :| (n”) kT (’I’L”) s (H O)
0%6e; ; 9%6e; ; ENij
Ty — Yo Yo _ 1 8 Y z Y 11
Hij 0x,;0y; Oz, 0y; iy [ " |7'ij|:| g R, (FL1D

0%6e;; 0%6e;;
zl _ Yo Y- v H.12
S = omot; ~ omat, M (H.12)
Hyy _ 32561‘]‘ _ 78266ij
Y 0y0y; dy?
82(562']' 82(56ij
_ — = —krnZ. H.14
Bylaﬁj 8y1661 ™ ( )
o 8266ij - 82(56”‘
9 o600 o

ij

yl
HY!

= kp (H.15)




SOME PROPERTIES OF THE HESSIAN MATRIX IN

APPENDIX H.
A HARMONIC POTENTIAL 95
for i # j and
0%de; ij
Hir =3 8523 ==y [—kN +ky {1 + fﬁf]} (nf))* - kT(nw] , (H.16)
J#i i J#i *
. D%be;; ENyij | .
gL J#i "
z 82(561"
Myl = Z 783:»86]- = Z krni;, (H.18)
N N 2
O%5e; ; ENii
vy __ 9 _ ) T \2 x \2
HY =3 o = > [k:N + kn [1 ] } (nfy)? = kr(n;) } . (H19)
J#i J#i
0%8e; ;
MY = Z = - Z krni;, (H.20)
i Oyidt i
82(56i‘
Hi =) —5p =D kr (H.21)

g# i

H.2 Effect of the boundary condition to the Hes-
sian matrix

In this section, we explain the influence of strain and the boundary condition on
the Hessian matrix in detail to determine whether the symmetry of the Hessian
matrix is still maintained, even if we consider a system with non-zero strain.

First, let us consider the case in which grain ¢ interacts with the grain j
through a mirror image in z-direction, as shown in Fig. EI. In this case, r;; is
given by

ri; =1r; —1r; — Leg, (H.22)

where e, := (1,0)T. Similarly, r;; is given by

rji '=7; —1r; + Leg. (H.23)
Thus, r;; satisfies
Tji = —Tij. (H24)
Then, we obtain
d; +d;
Enig = =g il
d; +d;
= Tj = |7jil

—en i (H.25)



SOME PROPERTIES OF THE HESSIAN MATRIX IN

APPENDIX H. " NI POTENTIAL

96

! \ PN
\ [
/=N . \
~_,° W J /
i ) -
\ PE
\/— /
/‘-j\\
1 N
T =
\ 7/

Figure H.1: A schematic of the case where the grain 7 interacts with the grain
j through the mirror image in x-direction.

Thus, the result is independent of the strain, and the symmetry of the Hessian
is still valid in this case.

Next, let us consider the case in which the grain ¢ interacts with the grain
Jj through a mirror image in the y-direction (see Fig. H3). In this case, r;; is
given by

ri; =1; —1r; + Ley, +vLe,, (H.26)

where e, := (0,1)T. Similarly, rj; is given by

T =r; —1r; — Ley —vLe,. (H.27)
Since the relation
'r'ji = —’l"ij, (H28)
we obtain
d; +d;
ENnyj 1= 5 . — 745
d; +d;
= TJ = |7jil
= &N i (H.29)

Thus, {n,;; and n j; depend on v in the same way. With the aid of Eqs. (H28),(H=22)
and (HZ29), the Hessian matrix depends on + if the grain interacts with another
grain through the mirror image in y-direction, although the symmetry of the
Hessian is still maintained.
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Figure H.2: A schematic of the case that the grain i interacts with the grain j
through the mirror image in y-direction.



Appendix 1

Some properties of the
Jacobian matrix in a
harmonic system and its
equivalency to the Hessian
matrix

In this appendix, we briefly summarize the properties of the Jacobian matrix
for the harmonic contact model that was previously used in the description
of frictional grains [IT5-01T7,19]. In Sec.Tl, we present explicit forms of the
diagonal and non-diagonal blocks of the Jacobian matrix. In Sec.[2, we present
the derivation of the Jacobian for the harmonic contact model. In Sec. [3, we
explicitly write the elements of the Jacobian matrix in the model.
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" IN A HARMONIC SYSTEM %9

I.1 Jacobian block elements

Let us write a 3 x 3 sub-matrix J;;, which is the (ij) block element of the
Jacobian obtained from Eq. (E7T9):

OF~
af ?
{‘7” } Y
4;

(O B =0y By =0y B}

_ *8qui 7aq§,Fiy —8 /F

—&fﬂ- *&ﬂi‘ -0 gT

J J 9

N
Zk 1;k#j aqj = [k Zk 1ik#j 8q v fik Zk 1;k#j aqf ik
= Zk 1k7$36 fm Ek 1;k#j 8q fzk Zk 1;k#£j 8(1" ik

S 1k Oag T — e 13k - 1k¢Ja§Tm
0015 —0u s —0uf,

Oz fiy  —Opfi5  —0p | (i #4)

0Ty —0pTij —0,Ty

- Zg:l;k;éi, aqf fie  — Zg:m;ei quy ik szj 1;k#i aqf ik

- Ezjj:nk;&i ‘9q;” fi%c - Efcv:hk;éi 8q$ 5@ Zk 1;k#i 8(1 fzk (i=j)
L— chvzl;k;éi aq?f Tzk - Zgzl;k;ti aq? ~ik Zk 1;k#i aqf ik

(L1)

where the superscripts o and 6 correspond to z,y, {-components, and 4 and j
are the grain numbers. Here, fz], T;; are (-component of f;; and scaled torque
that the ¢-th grain receives from the j-th grain, respectively. The sub-matrix
for ¢ = j is given by
N N N
5 lecvzl;k;éi aq:jfﬁc Zk 1;k#4 aqkfzk Zk 1; k;ézaqkfzk
[‘71? } = Z]I;:l;k;éi a‘]f-}(ﬁ: Zk 1;k#14 aqkfzk Zk 1;k#1 8q fzk ’ (12)
Zk:l;k;ﬁi aq,fTik Zk 1;k#i 8qy ik Zk 1;ki 8q Tzk

where we have used 5‘qimffk = —0yr ffk,aq;ffik = *%fﬂ‘k,aqfffk = Oyt f§» and

8qef e = aqefik. Here, the superscripts ¢ and k correspond to x,y components.

1.2 Derivation of Jacobian matrix in the har-
monic system

Let us consider only the normal and tangential elastic contact forces

I = knEnijnig, (L.3)
frij = —kr€1i5, (1.4)
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where the integration of d€r ;;

&r,ij == /C d&rij (L5)

is performed during the contact between the i-th and j-th grains. Since Eq.
([3F) does not contain the second term on RHS of Eq. (1), &£7,;; may not be
perpendicular to £x ;. Nevertheless, we adopt Eq. ([3) for simplicity. Here,
d&r.; is defined as

dST,ij = d’l"ij - (d?"i]‘ . nij)nij — dﬂij X n;j;, (16)
where ¢;; is defined as

0
éij = 0 . (17)
4 + fj

Each component of Eq. ([H) is written as

df%ij = d’l"fj - (d”'ij . nij)nfj + dﬁijn?j, (I8>
dgg“,ij = d’l"gj — (d'l“ij . nij)n%’j — sz]’flfj (19)
The derivative of the normal force is given by
. ENij ENyis \ . ¢
05y = o [ Sitace— (1 552 i (o
a&fl’:f,ij = 07 (111)

where Kronecker’s delta d¢, satisfies d¢c, = 1 for ( = k and d¢x = 0 otherwise.
We have used

8n< 1

Y= — (bcx — S, “) 112
81‘? Tij ( ¢ nzynu ) ( )
3r,-j ¢
87«4 =n;; (1.13)

K3
to obtain Eq. ().
The derivative of the tangential force is written as
a,»ff’f“,ij = _kT (5Q€ - nfjnf]> 5 (114)
Ou, 145 = —enkrnyy, (I.15)

where ¢ and v are defined, respectively, as

1 C=2)
E¢t = {_1 (C _ y)7 (116)

_Jy ((=2)
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Here, 0 ¢&f ;. and Op, &7, in Egs. (T4) and ([IH) satisfy the following:

08T ; .

ar%j = Ocw — MgynE, (1.18)
85&271‘] v

o, KT (1.19)

The derivation of Egs. (X) and () are as follows [[1H]. From Eq. ([A),
df%i ; can be written as

dés. ;= dr; — (drij - mig)ng; + (—=1)(dl; + de;)nls. (1.20)

Then, d&7. ;; satisfies

&g,y =drly — Y drinfnd; +n(de; + dej)
K=x,y
T \2
= (1 = (n§;)")drj; — nind;dr; +ni;(dl; + dt;)
= (n;)%dri; — nfndry;, + i (dl; + di;)
- (n’é/j) (dxl _dxj) 2] z](dyl dy])+n (d@ +d€) (121)

Similarly, d€7.;; also satisfies

déf,; = —nimly(de; — dag) + (nl)*(dy; — dy;) — nf(de; + de;).  (1.22)

Here, dﬁéijis the function of x;,y;,4;, z;,y;, and £;. We obtain the differential

form of df%ij:

oES, . oS,
¢ o T,ij ) T,ij ]
(yirliz;,y;,45) (@i,yi,4i,Y545)
aes . o¢s y
: < aT’<J> e ( 5y, ;s
Yi (Iivzivrjvyj’ej) yj (wnyi,&,ﬂﬁjxfj)

O%i iy O%iiy
— i —2u dl;. 1.2
+< o i+ | S5 . (123)
(zi,Yi25,Y5,45) (xi,Yi,i,x5,5)

Next, we obtain Eqs. ([IX), (), by comparing Eqs. (Z) and (IZ22) using
Eq. (C23). .
Because the scaled torque 7;; satisfies

2 2T’1 T x
Ty = di] = —ng; [1.5 + 08 g (I.24)
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we obtain
arfﬁj == (67”5“19:]) fiy”vj - 2] rch ,1J (a an]) fT7j + nljaTCfT7j
¢ ¢ Y
) n;n; ) n:.n .
= — <<x _ UJ) fT i + kTTL” <5<y Tlljnm) + (Cy iy Zj) 7, i kTTl;/j <5<x —-n
Tij Tij Tij Tij
= —&k rw (n'l_] . fT,ij) ExN (an nm) - EK,TLZF, (125)
ij

o x Y Y
aﬁiTij - _nija&fT,z] + n; 8@ fT i
_ x x Y
—ngkrng; — nijk:Tnij

— —kp, (1.26)

where we have used fr;; -n;; =0 and n;; - n;; = 1.

1.3 Explicit form of Jacobian for grains interact-
ing with harmonic potential

From Sec. [, the off-diagonal elements of the Jacobian matrix 7;; b = —0gs FT (o,
x,y, ) with i # j are given by
T =—kn +k 1—1—m (n?)? — kp(n)? (1.27)
ij N N rij ij T\"5) > .
x fN g
Ji) = —kn {1 + TUJ ngng; + krngny;, (1.28)
Tt = —knl, (1.29)
ij N 'I"” nz]nzj Tnl_]n”a .
T =~k + ky [1 " 557_1”} (032 — hr(u L31)
ij
Jy = krn;, (1.32)
T = krn;, (1.33)
¢
‘72Jy - _anz]7 (134)
T = kr. (1.35)

Notably, the elements of the Jacobian matrix are independent of {7;;.
With the aid of Eq. (), the elements in the diagonal block J/3* are given

¢ =z
ijTVij

)
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by
g ==y {—kN +ky {1 - gfjj] (n};)* = kT(n?j)Q} : (1.36)
i
gz == 3 {1+ ivjf] iyl + it . (L.37)
A ‘
i
g =% {—kN [1 + &Viv%‘j] ngn, + anz;-nig} , (1.39)
i
T == {—kN +ky {1 + gi’”] (n%,)? — kT(nfj)Q} ; (1.40)
i “
Y == keni;, (L41)
i
T =3 kent,, (1.42)
i
T = — Z krnd;, (1.43)
i
T = Z k. (1.44)
i

The expressions in Eqgs. (IC2ZA)—(CZd) are equivalent to Eqs. (HIO)—(H=2) for a
Hessian matrix. Thus, we conclude that the Jacobian matrix is equivalent to
the Hessian matrix for the harmonic system without considering dynamical slip.



Appendix J

The detailed properties of
rigidity

This appendix consists of two sections. In Appendix I, we present the detailed
expressions of rigidity g. In Appendix I3, we demonstrate the quantitative
accuracy of the Hessian analysis in the linear response regime by comparing
the theoretical evaluation of the rigidity with that obtained by the numerical
simulation as in Ref. [T49].

J.1 The expression of g

The symmetrized shear stress in Eq. (BI3) is expressed as

O‘(qFB(’y)) — O-a:y(qFB(’Y)) ;Uyz(qFB(’Y»’ (Jl)
where
0us@P() = 51y O @@, (02)
1,5 (i#7)

Substituting Eq. (IT) into Eq. (E11), we obtain

1

90 = 58y

T A AT
—{F5@ P (@) + @)@ ()} -
(J.3)

104

[02y (@ (v + A7) + 042 (@ (v + AY)) = {02y ("2 (7)) + 0y (@ (7)) }]

[F2(@ B (v + A))rd (@ (v + A) + 5@ (y + A)rd(aP (v + Ay)
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Substituting Eq. (I33) into Eq. (W), the rigidity ¢ is expressed as

5@ v+ Al (@ P (v + Ay) + fli (g
—{5@ )@ () + @) (@)} -
(J.4)

By expanding r&(q"B (v + Av)) in Eq. (Id) by A~y from the finite strain ~,

By 4+ Ay (@ P (v + Ay))

, 1
9(7) = = Jim, 4AL L2

g

we obtain
ri(@ P (v + A7) = rf (@ (v + A7) — i (P (v + AY))
. di® ("B i (" (7))
~r3(g" P (7)) + Ay {&m (vi(@™P (1) —y; (@ (7)) + (Z @) _ 2 y
Y Y
N di (g (7))
=7r5(d"" (7)) + Ay {5azyij(qFB(v)) e[
(J.5)
Similarly, by expanding f(y + A7) in Eq. () from the zero strain state
we obtain
a f dr N ofgde
o FB - ary k
(@ (v +Ay)) ~ Z Ay 8€k .
k=1({=x,y
= 3@ ()
5 di$ (q"®
+ Z A’}/ J (6(:15 z( FB(,Y)) + (qd (7))
(=z,y v
ofg - di't (a"5 (7))
+ Scal +
ors ca¥i(@ = (7)) -
afa FB dii(qFB(W))
+ Ay o0, <5&vyz( () + &
af% FB déj(qFB(W’D
+ a0, ((Myj(q () + x| (J.6)
Moreover, using 0 ;;/arg = -0 0‘/87" and Off3/0l; = Off;/0¢;, and
be written as
ofs 5 (g™ (7))
3@ (v + A7) = f5(d"" (v) Z Ay 67“] (5@6%]( B(y) + JT
¢=z,y g

(J.7)

af (dli(d™®(v)) | dl;(a"(7))
+ Ay ( & + . ) .

0¢;
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Substituting Eqs. (IK3) and (I72) into Eq. (), we obtain

1) =g % lffj(qFB(v))(W:(er fﬁj(qmm)w
1,5 (173) ) o
+ <;J (‘Wﬁj(qmw)) T W@(qm(w)
X <5Cwyij(q (1) + dﬁfi(‘f;B(v)))
(affj(gZB(v)) 1 (B () + 6f?j(gzl§(7))rsz( FB(W)))

Because >, ;) f2%(@"P (7)) = 0 in the FB state, the first and second terms on
the RHS of Eq. (I®) can be written as

o (FB (o THE@C0) o vng oy (@@ () AR (R)
m%j) (@) & i’j(zi:#j) (q (7))( & &
= Z ( Z q(qFBw))) M
i \GG#0) dy

- ( > -“-(qFB(W))) @20
i \ii#) al
=0. (1.9)

Thus, g is expressed as

ofx FB o Y (4FB
g(v)Z—é > [Z (Mr%(qFBM)HMT%(Q”(W)))

¢
i,j(i#5) Le=w,y or;

7 2

dr$ (q"®
x <5cmyij(qFB(7)) + W)

ofzr FB ) Y (4FB
+< 5@y e 205 <v>>m(qFBm)>

ol “ oL, Y
j (-FB ) (qFB
y (d&(qd7 ™) dﬁy(qcZV (v)))]_ (J.10)

Using H%B = g2 = —8q§_a % for i # j in the case of the harmonic potential,
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Wwe can express g as

9(7)25 > (yz‘j(qFB(V))Hff(qFB(W))+$z‘j(qFB(7))H?f(qFB(7)))
1.3(i£9) [C=2y

x <6<xy¢j<qFB<v>> e

dr; (qFB(v))>
+ (wa@™ ()PP (0) + 2 (@™ ()R (0P

) <déi<qFB<v>> . dtZ»(qFBw»)]
dry dy

= i | 2 _) [y (i3 (@ (A (G () + 15 (@B (1)) HY (@B ()
" CZ <yij(qFB(,y))fH;siC(qFB(,y)) n xij(qFB(v))H%(qu(v))) s (tj;B(v))
) "”+ (yij(qFB(v))H;‘-”f(qFB(v)) +2i;(q"B (7)) 1Y (qFB(v)))
x (déi(q;j(m + déj(‘ﬁ“”) ] (J.11)

Thus, using Eqs (E239) and (B220), we obtain Eqs. (0242)—-(244).

J.2 The rigidity of the harmonic potential in the
linear response regime

In this appendix, we verify the validity of our method to evaluate the rigidity
Gy for frictional harmonic potential in the linear response regime for various
kr/kny and ¢ as in Ref. [IT9]. Figure I presents the results of the rigidity,
in which Gy obtained by the eigenvalue analysis (filled symbols) is in perfect
agreement with that obtained by the simulation (open symbols). Here we take
the average over 5 ensembles for each ¢ and k7. This figure confirms the validity
of the theoretical method in the linear response regime.
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Figure J.1: The plot of the rigidity Gy in the linear response regime for various
kr/kny and ¢, where open symbols and filled symbols are results of the theory
and simulation, respectively.
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