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Solitary waves in a granular chain of elastic spheres: Multiple solitary solutions and their stabilities
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A granular chain of elastic spheres via Hertzian contact incorporates a classical nonlinear force model
describing dynamical elastic solitary wave propagation. In this paper, the multiple solitary waves and their
dynamic behaviors and stability in such a system are considered. An approximate KdV equation with the
standard form is derived under the long-wavelength approximation and small deformation. The closed-form
analytical single- and multiple-soliton solutions are obtained. The construction of the multiple-soliton solutions
is analyzed by using the functional analysis. It is found that the multiple-soliton solution can be excited by the
single-soliton solutions. This result is confirmed by the numerical analysis. Based on the soliton solutions of
the KdV equation, the analytic solutions of multiple dark solitary waves are obtained from the original dynamic
equation of the granular chain in the long-wavelength approximation. The stability of the single and multiple
dark solitary wave solutions are numerically analyzed by using both split-step Fourier transform method and
Runge-Kutta method. The results show that the single dark solitary wave solution is stable, and the multiple dark

solitary waves are unstable.
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I. INTRODUCTION

Propagation of acoustic and elastic waves in nonlinear
phononic crystals has attracted great attention [1-5], because
understanding of these dynamic behaviors not only offers the
possibility of realizing nonlinear phenomena such as solitons
[6-9] but also provides a powerful tool to manipulate the
waves via nonlinearity [10-13].

Waves in linear [14,15] and nonlinear phononic crystals
[16,17] exhibit quite different behaviors. For instance, waves
cannot propagate freely through linear phononic crystals in
the stop bands. But it was reported that different types of
solitary waves, e.g., the KdV-like solitons [18-20], gap soli-
tons [21-23], and gap breathers [24,25], can propagate in the
stop bands through nonlinear phononic crystals. As is well
known, a soliton is a solitary wave that can propagate stably
with the dynamic behavior like a “particle.” A solitary wave
was shown to be an ideal method for transferring vibrational
excitations [26]. Indeed, the discovery of phononic solitons
has been demonstrated to be of fundamental importance in the
study of nonlinear phenomena in phononic crystals. Recent
results of nonlinear phononic crystals, such as sound bullets
(a highly localized pulse) [27,28], novel granular protection
systems [29], nonlinear phononic crystal waveguide [30], and
highly nonlinear solitary waves [31], have shown potential
applications of solitary waves in many fields.

In the present paper, we will discuss nonlinear phenomena
related to elastic wave propagation in a nonlinear granular
medium with periodical properties.
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A granular medium chain of spheres is indeed a one-
dimensional nonlinear phononic crystal. In periodically gran-
ular media, the dispersive effects are exhibited due to the re-
flection at the contact interface between two adjacent spheres.
The nonlinear force between the spheres causes the waveform
to converge and steep. Thus, the combination of dispersion
and nonlinearity leads to the appearance of solitons [32].
Nonlinearly elastic wave propagation in granular crystals
has received considerable attention in recent years (e.g.,
Refs. [33-43]). The dynamic behavior of nonlinear waves
in granular media is very rich, e.g., traveling waves [44],
shock waves [45], discrete breathers [24,46], nanoptera [47],
and second solitary waves (SSWs) [48], etc. The system
of a granular medium is tunable. It may be either weakly
nonlinear in oscillatory regimes with high precompression
or strongly nonlinear without precompression. This flexibil-
ity makes granular media useful in the areas of application
such as energy trapping [49,50], energy harvesting [18], non-
linear waves sensor technology [51], acoustic lenses [28],
acoustic diodes [52] and switches [53], and sound scram-
blers [54,55]. Although nonlinear solitary waves in granular
chains have been studied extensively both experimentally and
numerically [56], there are still many open problems, e.g.
the existence and stability of solitary or multi-solitary wave
solutions.

In Ref. [57], the numerical solitary wave solutions were
obtained in an initially compressed chain of granular spheres.
It was shown that the solutions have the same properties
with the KdV equation’s solutions. A KdV equation and its
single-soliton solution were presented in Ref. [8] without de-
tailed derivation. Two nonstandard KdV equations (Log-KdV
equation and H-KdV equation) were obtained in a Fermi-
Pasta-Ulam lattice with Hertzian-type potentials in Ref. [58].
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FIG. 1. Schematic diagram of the granular chain of elastic
spheres precompressed by a static load.

The standard KdV equation was presented for the granular
chains in the presence of precompression in Ref. [59].

In this paper, we consider the solitary waves propagating
in a granular chain of spheres with precompression. A general
standard KdV equation is derived based on the assumption of
long-wavelength approximation and small deformation. It is
obtained in the moving coordinate and slow-time scale and
involves the parameters of the original system. The analytical
single and multiple solitary solutions are obtained from the
KdV equation by using the homogeneous equilibrium method
[60-64] and Hirota’s bilinear method [65]. The functional
and numerical analysis of dynamic behaviors of the solutions
are presented with emphasis on the relation between the
multiple solitary waves and elastic collision between single
solitary waves. Then, based on the dynamic analysis of the
KdV equation’s solutions, we construct the analytical single
and multiple dark solitary solutions of the long-wavelength
equation of the original granular chain. Finally, the stability
of the solutions of the original system is discussed by using
the Runge-Kutta and split-step Fourier transform method. The
present research also provides further understanding of the
chaotic behavior [66,67] and life-span [68] of solitary waves
in chains of granular spheres.

II. MODEL AND DERIVATION OF KDV EQUATION

In this section, the model of a nonlinear wave propagation
in a granular chain of elastic spheres with precompression will
be established based on Ref. [57] and a KdV equation will
be derived from the model. In the derivation, we assume the
long-wavelength approximation and small deformation.

A. Model of a granular chain of spheres

Consider a granular chain of identical spheres with mass
m precompressed by a staticload Fy; see Fig. 1, where & is
the compression under the preset static load. According to the
Hertzian contact theory [42], the relationship between F and
8o 1s given by

E(2R)'/?

Fy = —3((1 _)vz)(sg/z = kepndy'” - (1)
where R, v, and E are the radius, Poisson’s ratio, and Young’s
modulus of the spheres, respectively.

When a perturbed wave propagates through the chain,
the spheres will vibrate with varying contact forces. Assume
the central coordinate of the ith (i =1,2,3,...) sphere is
x;. Then the relationship between the contact force, F, and
compression, &, between the ith and (i 4 1)th spheres is

F(8) = kgpnd”* = kgn[2R — (xi1 —x)1*. (2)

If the displacement of the ith sphere is denoted as y;, then
Newton’s second law states

my; = F (80 — yi +yi—1) — F (80 — yit1 + yi). 3)

The dynamic equilibrium condition, Eq. (3), combined
with Eq. (2), can be transformed to

i = Ao — yi +yim1)* = Ao — yir1 + ¥, @)

where

A=—, (&)

is the Hertzian constant.

B. Derivation of KdV equation

Consider the situation that the static compression at the ini-
tial time is greater than the dynamic interparticle compression,
ie.,

[yi-1 — il

1.
5 <

Under this small dynamic deformation assumption, Eq. (4)
reduces to (cf. Eq. (2.2) in Ref. [57])
Vi = 3A8)> ie1 — 295 + yic1)

+ 348, PGt = 29 + ¥im )Gt = Yist), (6)

which, in the long-wavelength approximation, can be written
in the continuous form:

Y — czy,xx = - aczy,xy,xx + aﬁczy,xxxx
3a28c?
- Ty,xxxxxx - 18a2ﬁ62y,xxy,xxx
- 9a2.362y.xy.xxxxa )

where @ = R/dy; B = Rép/3; and

c= \/ 6AR28)* = \/ Gkpnm~ R28)?, ®)

is the sound speed in the precompressed chain. Ignoring the
infinitely small quantities of the fifth order, we obtain (cf. Eq.
(2.3) in Ref. [57])

Vi = Czy,xx + 2ny,xxxx - OlCZY,x)’,xx, (9)

where y = afc/2.
Assume that the solution of the above equation is of the
form:

yoo, 1) = fET)+ ey, 1)+ P, 1)+, (10)
where
T = et, (11a,b)

E=x—ct,

with € being a small positive parameter. It is understood that
& is a moving coordinate with speed ¢, and T is the slow time
scale. Substituting Eq. (10) into Eq. (9) and ignoring all terms
of order € and higher, we obtain

YO =YW =2cfer — A fsfee + PBlesss.  (12)

It is noted that f is a function of the moving coordinate &
and slow-time 7. Obviously, if the right side of Eq. (12) is
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not equal to zero, then the solution y" will unlimitedly grow
with the increasing of the quick-time 7. So we can obtain from
Eq. (12) a nonlinear wave equation:

2cfer — P fefee + P Bfesee =0 (13)

Introducing the transforms,

6u=fe, t=2cT, (14a,b)
we can finally transfer Eq. (13) into a KdV equation,
U, — Ouug + ,314,555 =0, (15)

where B > 0. It is noticed that the KdV Eq. (15) is obtained
in the domain (£, T'), which is a distorted mapping of the
time-space domain (x, ¢). If we set 8 = 1 and & = —u, then
Eq. (15) is the same as Eq. (8) in Ref. [59].

III. MULTIPLE-SOLITON SOLUTIONS OF KDV EQ. (15)
AND THEIR DYNAMIC ANALYSIS

The multiple-soliton solutions of KdV Eq. (15) is well
known. To study the dynamic behavior of the solitons based
on the KdV equation, we will, for clarity and readability,
directly present the exact single and multiple-soliton solutions
of Eq. (15) in this section (the derivation using the homo-
geneous equilibrium method [60-64] and Hirota’s bilinear
method [65] is given in Appendix A). And then evolution and
collision of the solitary waves will be analyzed. The analysis
in this section is of particular importance to derive the solution
of Eq. (9) in the next section.

The single-soliton solution is

klzee‘
w ¢, )= —2,3m, (16)
which can be rewritten as
1 k
(&, 1) = —E,ka sech? El(g — Bi3t), (17)

where 0 = kj& — w T with w; = Bkj; and k; is the wave
number.
The double-soliton solution is

kieh + k3e?” + 2(ky — ky)?e 2
(1 + 891 + 602 +Alzeel+¢92)2
Alz(k§e29‘+92 +k12e91+292)

(1 + e + €% + Appetit02)2°

uy(§,7) = —2p

—28

(18)

where 6; = k;&§ — w;T with w; = ,ka (i =1, 2); k; is the wave
number; and A, = [(k; — ky)/ (ki + k2)]?.
The triple-soliton solution is
32
uz(§,7) = — 2'38_52 In(1 + & + &” + & + Appe”
+ A3+ Ay 4 ApAi3Ag e T,

(19)
where 6, = ki§ —w;t with w; = ,Bk?(i =1,2,3); ki is

the wave number; and A;; = [(k; — k;)/(ki + k))I* (i, j =
1,2,3).

The quadruple-soliton solution is

82
In[u(&, 7)1, (20)

I/t4(-‘;:, T) = _zﬁg

where

UE, T) =14 ¢ 4 e + &% + e 4 Ape® P 4 Ao
+ At Ags e Agge® T 4 Azt
+A12A13A23661+92+93 +A12A14A2460‘+62+64
+A12A14A34601+93+94 +A23A24A34602+03+94

01+0,+03+6.
+ A12A13A14A 3 A2 Az e’ TR,

with 6; and A;; being the same as in Eq. (19) with i, j =
1,2,3,4.

It can be observed from Eq. (17) that the velocity (Bk7) is
proportional to the amplitude. That is, the soliton travels in
a granular chain of elastic spheres at the velocity depending
on its amplitude; and the soliton with a high amplitude travels
faster than the one with a low amplitude. Generally speaking,
this conclusion is also true for other solitary waves traveling
in a nonlinear and dispersive medium.

For the convenience of the dynamic analysis, the profiles
of solitons Egs. (17)—(20) are illustrated in Fig. 2 for some
particular cases. It is seen that all solitons are highly localized.
They are all bright solitary waves.

Figure 2(a) shows the profile of solution Eq. (17). Unlike
an ordinary linear wave, a solitary wave is not periodic and is
highly localized.

It is observed from the profile of the double-soliton
Eq. (18) shown in Fig. 2(b) that the double-soliton looks
like collision of two single-solitons, and they pass through
each other without scattering but emerge from the collision
having the same shape and velocity with which they entered.
However, the double-soliton Eq. (18) of KdV Eq. (15) is not a
superposition of two single-solitons. Since the KdV equation
is nonlinear, the principle of superposition does not apply
and so the sum of two single-solitons is not a solution of
Eq. (15). Similarly, the triple- [Fig. 2(c)] or quadruple-soliton
[Fig. 2(d)] looks like a collision of three or four single-
solitons. The collision of the triple-soliton forms a small
crest in the collision center, the peak of which is between
two single-solitons; see Fig. 2(c). And the collision of the
quadruple-soliton forms two small crests; see Fig. 2(d). It is
obvious that the multiple-solitons are not superposition of the
single-solitons.

A. Dynamic analysis of soliton solutions

The dynamic analysis of the interaction process of soli-
tons is a very important topic in studies of nonlinear waves
[7,26,32,67]. In the process of collision, the multiple-solitons
may be excited. In this section, we will analyze the dynamic
interaction process for the double-soliton solution Eq. (18) in
details.
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FIG. 2. The profiles of soliton solutions (8 = 1330 um?, R = 2 mm): (a) solution Eq. (17) with k; = 300 m~'; (b) solution Eq. (18) with
ky = 150m~! and k;, = —190m™!; (c) solution Eq. (19) with k; = —180m™!, k, =220m™!, and k3 = 210m™~'; and (d) solution Eq. (20)

with k; =200m™!, k, =200m~!, k3 = —210m~!, and k; = —230m~L.

1. Functional analysis

It is easy to find that ¢’ (i = 1,2) plays a major role
in Eq. (18). In what follows, we will analyze the dynamic
behavior of solution Eq. (18) in six different cases according
to the range of % .

Case (i): ¢’ ~ 1 and ¢ « 1. In this case, we can remove
e”-independent terms by setting ¢ ~ 0. Then Eq. (18) be-
comes

e

ur (£, 1) ~ 2Bk}

Case (ii): ¢ ~ 1 and ¢” > 1. Divide the numerator and
denominator of the right-hand side of Eq. (18) by ¢*> and set
e~2% 2 0. Then we have

A12€91
LT A 2Bk —————
u2($ T) 13 1(1+A]2€91)2
1+nAp
= 2Bk —

(1 + 601+1nA12 )2

) ekl($+k]_l InAp)—wt
= —2,3/(1

. 22
(1+ek1(é+kl‘]1nA12)—wlr)2 (22)

Case (iii): ¢” <« 1 and ¢ = 1. In this case, we can re-
move ¢’ -independent terms by setting ¢ & 0. Then Eq. (18)
becomes

0>
(&, )~ —2ﬂk§(1j7)2. 23)

Case (iv): ¢” ~ | and ¢” > 1. Divide the numerator and
denominator of the left-hand side of Eq. (18) by ¢*”' and set
e~2% 2~ 0. Then we have

Alzeez
(1 +Ajpe)?

SrtinAp
(1 + e@g+lnA12 )2

ek2(§+k{1 InAp)—wrt

(£, 1)~ 2Bk

= 283

= —28k3 (24)

(1 + elaE+h InAp)—enty2

Figures 3(a)-3(e) illustrate the double-soliton solution
Eq. (18) and approximate solutions Eqs. (21)—(24) with the
highlighted areas corresponding to four limiting cases (i)—(iv).
It is observed that the approximate solutions are in good
agreement with the solution Eq. (18).

Because e’ (or ¢”) plays a major role in the approximate
solutions Eqs. (21) and (22) [or Egs. (23) and (24)]. Therefore,
we call them 6, (or 6,) solitons.

From Fig. 3 we find that the double-soliton Eq. (18) looks
like the elastic collision of two single 8; solitons. The solitary
waves Eqgs. (21) and (22) and Eqgs. (23) and (24) are the same
except for the phase, which suggests that they are of the same
expressions before and after the collision. That is, the solitons
do not change in the amplitudes, but with the phase shifts after
the collision. Next we will present detailed analysis for the
phase shift of the 8; soliton.

It can be seen by comparing Eqgs. (21) and (22) that the

relative phase shift of the 6;-solitary wave is k1_1 InAj Z Py
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FIG. 3. Intensity profiles of the double-soliton solution Eq. (18) (a) and approximate solutions Egs. (21)—(24) (b—e, respectively) with the
highlighted areas corresponding to limiting cases (i)—(iv) where 8 = 4887 um?, R = 2mm, k; = Im~',and k, = 1.4m™".

after collision. For the particular example shown in Fig. 3, this
value is —3.5835 m. Tracing the peak of the soliton from the
numerical results, we can obtain the phase shift as —3.5912 m.
The error between the theoretical and numerical values is less
than 2%.

The phase shift is a distinguishing feature of the collision
of solitons. It should be interesting to find the maximum
phase shift. Recalling A}, = [(k; — k2)/(k; + k)12, we know
that Py =k "In A, reaches positive or negative infinity when
ky = —k;. Without loss of generality, we set k; = 1 m~! and
illustrate the phase shift P; varying with k, in Fig. 4 (the
other parameters are the same as described in the caption of
Fig. 3). One can see that the phase shift becomes large as
ky approaches £k (£1). Figure 5(a) shows the double-soliton
fork, = 1.2m™~'. The phase shift of 6; soliton is —4.7958 m.
It seems that the two solitons are traveling in almost parallel
with a large phase transition.

The large phase transition may be used to regulate the
solitons. We can perform the similar analysis and find the
single 6; solitons (i =1,2---n) for the triple (n =3) or
quadruple (n = 4) soliton. After collision, 8, soliton may be
regulated by all other single 6; solitons (i < n). For instance,
6, solitons are regulated by 6, solitons as shown in Fig. 5(b)

for the double-soliton; 03 solitons are regulated by 0; and 6,
solitons as shown in Fig. 5(c) for the triple-soliton; and 6,
solitons are regulated by 6, 6,, and 05 solitons; see Fig. 5(d)
for the quadruple-soliton. We observe that the phase shift of
the 64 soliton is the biggest. We can use the phase change to

-104

FIG. 4. Plot of the phase shift P, for 0, soliton as the function of
the wave number k,. The other parameters are the same as described
in the caption of Fig. 3.
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FIG. 5. Phase shifts of the 6;(i = 1, 2, 3, 4)-solitary waves: (a, b) intensity profiles of the double-soliton solution Eq. (18) with the areas
marked with arrows showing ;- and 6,-solitary waves for k; = 1m~', k; = 1.2m™' andk; = Im™', k; = 1.3m™!, respectively; (c) intensity
profiles of the triple-soliton solution Eq. (19) with the area marked with arrows showing 6y, 6,, and 65 solitons for k; = 1m™', k, = 1.01m™!,
and k3 = 1.2m™'; (d) intensity profiles of the quadruple soliton solution Eq. (20) with the area marked with arrows showing 6;, 65, 65, and
04 solitons fork;y = 1m™', k, = 1.1m~!, k3 = 1.13m™!, and ks = 1.3 m~". The other parameters are the same as described in the caption of

Fig. 3.

accelerate (or decelerate) the soliton, e.g., the 6, soliton in
Fig. 5(d) is accelerated.

Case (v): ¢” ~ 1 and ¢’ ~ 1. In this case, we can get the
following set of equations from Eq. (18):

ki(¢ —&)—wt=0,
ky(§ — &) —wt =0,

which yields

E1ky — &2k} & —§&

é: —,‘L' =
k2 — k2 Bk} —k3)

(25)

Figure 3(f) shows the double-soliton solution Eq. (18) with
the highlighted areas showing the position of the solitons
before and after the collision in this special case, which can be
obtained by tracing the peak of the soliton. However, the ap-
proximate analytical solution Eq. (25) yields the coordinates:
(§/2R, t) = (—2.663, —2545.6m) and (7.3163,2762.9 m).
The approximate values and numerical results are identical
with the difference smaller than 2%.

Case (vi): ¢’ > 1(¢” « 1) and ¢ > 1 (¢” « 1). This
case includes four situations: (1) €', e” > 1; (2) ¢”, ¢ « 1;
B)e” > 1,¢” « 1;and (4) ¢! < 1, ¢ > 1. In all of these
situations, the approximate solution of Eq. (15) is

(£ — 0. (26)

The areas marked with dashed lines in Fig. 6 show the numer-
ical results of the solution Eq. (18) under the conditions of
e" > 1(e” « 1) and ¢” > 1 (¢” « 1). The marked areas
are almost equal to zero. Also, the results of the analytical
solution Eq. (26) are almost equal to zero with the same
conditions as the solution Eq. (18) in these four limiting
situations. So the approximate and numerical results are in
good agreement.

The above analysis may be extended to the triple- or
quadruple-solitons. Their dynamic behaviors are similar to
those of the double-solitons. Therefore, to save space, we do
not present here anymore.

In general, a multiple-soliton looks like elastic collision
between single-solitons; and it may be represented approxi-
mately by the linear superposition of single-solitons in some
limiting cases. This provides us a way to excite a multiple-
soliton with the help of the single-solitons. It is known that
if a stable solitary wave can still remain stable during the
collisions, then such a solitary wave can be called a soliton.
In published experimental and numerical investigations, the
excitation of multiple-solitons was generally achieved through
a single signal such as a Gaussian beam (or a single solitary
wave) [69-71]. However, the input single signal does not
necessarily converge to a single- or multiple-soliton after a
certain evolution. It converges to a soliton only when there
are some modes of stable solitary waves exist in the system.
Therefore, the stability analysis of a solitary wave is very
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FIG. 6. The double soliton solution Eq. (18) shown by the areas marked with the dashed lines [(i), (ii), (iii), and (iv)] corresponding to four
conditions: (a) €1, e” > 1; (b) &%, e < 1; (c) e > 1,e” « 1; (d) " « 1, e” > 1. The parameters and the meaning of the highlighted

areas are the same as described in the caption of Fig. 3.

important, and, of cause, is not a nontrivial task because the
stability is related to many parameters of the system [63,64].

Next, we will present stability analysis of the solutions of
KdV Eq. (15) using the split-step Fourier transform (SSFT)
method [71].

2. Numerical analysis

SSFT method is a pseudospectral numerical method used
to solve nonlinear partial differential equations. The method
relies on computing the solution in small steps. It treats
the dispersive and the nonlinear effects independently: first
the nonlinearity step and then the dispersion step. Fourier
transform is performed back and forth, because the dispersive
step is made in the frequency domain while the nonlinear step
is made in the time domain.

Next the SSFT method will be applied to solve Eq. (15)
numerically to obtain a stable double solitary wave (i.e., a
double-soliton). To this end, we use two methods to excite
the double solitary wave. One method is to select the double-
soliton solution Eq. (18) at T = —5km with a perturbation
of a random uniformly distributed noise field of amplitude
10~* as the initial condition shown in Fig. 7(a). The other
method is to select 6;- and 6,-soliton solutions Egs. (22) and
(24) with the same perturbation as the initial condition shown
in Fig. 7(b). All the other parameters used are the same as
in Fig. 3. The evolution results are shown in Figs. 7(c) and
7(d). It can be seen that both methods can excite the same
stable double solitary waves. The two single solitary waves
(i.e., 0; and 6, solitons) are remarkably stable, preserving

their identities in the process of collision. This again confirms
the conclusion in the last section that the double-soliton is
inspired by elastic collision of two single-solitons.

Figure 8(a) shows the strong nonlinear interaction between
two single-solitons during their collision. To understand the
energy transferring in the collision process, we perform
Fourier transform from the space-time domain [Fig. 8(a)]
to the wave-number-frequency domain, see Fig. 8(b), which
indeed gives the dispersion curve of the double-soliton solu-
tion. The responses in the time-wave-number domain and the
space-frequency domain are presented in Figs. 8(c) and 8(d).
It is seen from Fig. 8(c) that the intensity distribution of the
spectrum is centered in the wave-number range from —4 to 4.
The energy is continuously transferred from high to low wave
numbers before the collision; then the inverse process appears
after the collision. In Fig. 8(d), it is shown that the energy
flows from high to low frequencies before the collision, and
inversely after the collision. That is perhaps why we can
inspire a stable double solitary wave (i.e., a double-soliton)
using two single-solitons.

From Fig. 8, we can see that the collision of two single-
solitons excites the double-soliton Eq. (18). It should be
noticed that the collision of two single-solitons is the dy-
namic behavior of the single-soliton, but the double-soliton
is the eigen-solution of the system. This is the distinguish-
ing difference between a double-soliton and the collision
of two single-solitons. Based on the above analysis, we
can confirm that the existence of solitons is that the sys-
tem has stable eigen-modes of double (or higher) solitary
waves.
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FIG. 7. Numerical simulation of a double-soliton inspired by a perturbed excitation with 8 = 4887 um?, R =2mm, k; = 1m~!, and

k; = 1.4m™': (a) initial condition selected from the double-soliton solution Eq. (18) with a perturbation; (b) initial condition selected from
two single-soliton solutions Egs. (21) and (24) with a perturbation; (c) evolution of the solution with the initial condition shown in (a); and
(d) evolution of the solution with the initial condition shown in (b).

IV. ANALYTIC SOLITARY WAVE SOLUTIONS OF EQ. (9) and small deformation without introducing any transforma-
AND THEIR STABILITY ANALYSIS tions such as distortion and rotation of the coordinate axes.
That is to say, the solution of Eq. (9) can directly describe

It is noted that Eq. (9) is obtained for a granular chain the dynamic behavior of the original system. However, the

based on the assumption of long-wavelength approximation

(b)
4 114
9}
Q
€
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2 g
2
114
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FIG. 8. Evolution of the double solitary wave solution Eq. (18) in the space-time domain (a) and wave-number-frequency domain (b).
Panel (b) can also be viewed as the dispersion curve corresponding to panel (a); panels (c) and (d) show the energy transfer during the dynamic
collision process in the time-wave-number domain and space-frequency domain, respectively.
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KdV Eq. (15) is obtained from Eq. (9) through nonstandard
coordinate transformations, Eqs. (11) and (14). That is, the
solution of Eq. (15) may be viewed as a distorted mapping
of the solution in the original system. So it is significant to
find the solution of Eq. (9) for us to understand the dynamic
behaviors of the solitary waves in the granular chain of elastic
spheres.

It seems that the inverse transformations of Eqgs. (11) and
(14) can be used to derive the solutions of Eq. (9) from the so-
lutions of Eq. (15) [i.e., Egs. (16)—(20)]. However, the results
may involve large errors. Next, an alternative method based on
the above process will be used to obtain approximate solutions
of Eq. (9). Especially, an exact single solitary solution is
obtained fortunately.

A. Exact single solitary wave solution

From Egs. (14a) and (16), we obtain
e —1
fie. ) =6 [ (6. v1de = —6pk G + G+ 0)

6
= —6pk; tanh 31 +C1 + 0(e?), (27)

where C; is an arbitrary constant and does not affect the
basic behavior of fj (therefore we take C; = 0 to assure the
symmetrical property of f; about & = t = 0). Equation (27),
by using the inverse transformations of Eqgs. (11) and (14b),
yields the first term of Eq. (10), the approximate solution
of Eq. (9). However, the solution may have a large error as
mentioned above. To get a more precise solution, we suppose
the solution has the form similar to Eq. (27),

0
yi(x, ) = a tanh 71 (28)

where 8, = k1x — ot = El(x — cit) with k,, @ (or ¢1) and
a; to be determined. Substituting Eq. (28) into Eq. (9),
and setting the coefficients of the same power exponents of
tanh(0,; /2) to be zero, we obtain

a; = —6Bky, @, = kicy,

1—
o=+ \/ 6AR28(1)/2<1 + gkfm)

1
= +c (1 + 51«?1@)

(29a,b)
where

J

+o0  pH4o00
/ / [a2(x, 1) — ya(xy, 1) + Coldxdt
n X1

{(X1,11)|y2(?€1,l‘1) =

+00 X1
/ / [y2(x,2) — y2(x1, t1)]dxdt

1
=+ \/ 6ksphm—1R25g/2<1 + §kfR2>, (29¢)

with ¢ given by Eq. (8). Equation (29¢) gives the speed of the
single solitary wave which is bigger than the sound speed c.
Finally, we obtain the exact single solitary wave solution of
Eq. (9):

_ 0
yi(x, 1) = —6pk; tanh 7‘ (30)

The profiles of the displacement and its negative modulus
—|y1] are displayed in Figs. 9(a) and 9(b), respectively. It is
seen that the displacement solitary wave is a dark soliton.
Its width is about five times of the spherical diameter, in
accordance with the characteristic spatial size 10R, which is
clearly shown in Fig. 9(b). Although the solution [Eq. (27)]
of KdV Egq. (15) and the solution [Eq. (30)] of Eq. (9) are of
the same form, their dispersion relations are different; and the
latter can give more accurate prediction to the solitary wave
behavior than the former.

B. Approximate multiple solitary wave solutions

It is difficult to derive the exact multiple solitary wave
solutions. However, in Sec. I A2 we demonstrated that a
multiple solitary wave can be viewed as the superposition of
single solitary waves in some limiting situations. Therefore,
the dispersion relation of a multiple solitary wave may be
approximated by that of the single solitary wave [Egs. (29b)
and (29¢)]. In addition, we compare Eqs. (27) and (30) and
can find that these two equations have the same form with
exchanging (&, 7, ki, ;) with (x,t,zl,al). Based on this
fact, we construct approximate multiple solitary wave solu-
tions in the following way: integrate u;(§, t)(i = 2,3,4) in
Egs. (18)—(20) w.r.t. £ to obtain f;(&, t) from Eq. (14a); then
replace (&, 7, k;, w) with (x, ¢, %1 , 1) to get the approximate
solution for solitary waves. For the double solitary wave
solution, we have

k1é?' + kpe® + Ay (k) + ky)e? 102
14 et 4 ef2 4 Apyeli 6
+C+ 0(e?), (€20)

n(x,t) =2a

where C; is selected to satisfy the following condition:

k]

max[y,(x, t;)] + min[y,(x, £;)] }
> .

It will be extremely difficult to derive the expression of a; by directly inserting Eq. (31) into Eq. (9). Here we will follow the
above limiting analysis in Sec. III A 1 to determine a,. For instance, when ¢! ~ 1 and ¢%> « 1, the solution Eq. (31) should
reduce to single solitary wave solution Eq. (30), which yields a, = —68. Similarly, we have

ket + kae® + kze® + A (k) 4 ka)e 0 4 A3 (ky + k3)e? 9 4+ Agy(ky 4 k3)e> 0

y3(x, 1) =— 128

14+ e + ef2 + ef3 + lee91+92 + 213691"’93 + Zz3e9z+93 + 212213223691-#02-%93

AA Ak 4 ky + k3)ef 102105

— 128

+C3 4+ 0(e%), (32)

14+ e + ef2 + e + leeel+92 _|_Zl3e91+93 + Zz3€02+03 + 21221322330&924-93
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FIG. 9. The profiles of solitary wave solutions with the parameters listed in Table I: (a) solution Eq. (30); (b) negative modulus of solution
Eq. (30); (c, d) solution Eq. (31); (e, f) solution Eq. (32); and (g, h) solution Eq. (33).

for the triple solitary wave solution, and

82
Vil 1) = — 12,9{ / pellC r)]ds}

+Cy + 0(?),

(.7 ki wi)— (x,1. ki @7)

(33)

for the quadruple solitary wave solution.

In Egs. (31)=(33), 0; = kix — wit, w; = +k;¢; and A;; =
[(k; — Ej) / ki +k j )]?. C3 and C; are determined by the same
condition as C,. It can be proved that the above approximate

solutions are of the second-order of € (the proof is omitted
here).

The displacement profiles of the double, triple and quadru-
ple solitary waves, Eqgs. (30)—(33), are shown in Figs. 9(a)—
9(h). It is shown that all these displacement solitary waves
are dark solitons and look like the collisions of single solitary
waves especially when the velocities of the single solitary
waves are quite different as shown in Figs. 9(d), 9(f) and
9(h). In Fig. 9(d) for the double solitary wave, the two
single solitary waves keep their waveforms with significant
phase changes after the collision; and their amplitudes are

TABLE I. The data used in Fig. 9.

Figure  p(um’)  R(mm) km™) km™') km") kmh) @) o) w7 @
(@, () 1025 5 2.5500 20.4000

©) 416.7 5 2.0000 ~2.1000 48870  —5.1313

d) 416.7 5 2.0000 ~2.2100 48870  —10.2627

(e) 814.5 5 2.0000 21000 —2.2000 2.0000 23100  —2.3047

) 814.5 5 2.0000 21000  —2.2000 2.0000 46200  —2.3047

(8) 416.7 5 12010 ~1.2000  —1.5000  1.3980 58693 58644  —7.3305  6.8320
(h) 55.6 5 8.0000 —6.0000  —10.0000  6.9900  78.1920  —29.3220 —74.2824  34.1601
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0

n(x/2r) "

n(x/2R)

FIG. 10. Numerical simulation of the solitary waves inspired by a perturbed excitation at 1 = 0 with the parameters listed in Table II: (a),
(c), (e), and (g) show evolution of the single, double, triple, quadruple dark solitary waves from Eq. (9) simulated by SSFT method; (b), (d),
(f), and (h) show evolution of the single, double, triple, quadruple dark solitary waves from Eq. (6) simulated by Runge-Kutta method.

interchanged. For the triple solitary wave [Fig. 9(f)], all three
single solitary waves keep their waveforms, but only the
middle one changes its phase significantly; the other two
interchange their amplitudes with slight phase changes. For
the quadruple solitary wave [Fig. 9(h)], all four single solitary
waves keep their waveforms and interchange their amplitudes;
but no significant phase change is observed. Obviously, the
collision does not satisfy the superposition principle as we
mentioned before.

C. Stability analysis

Stability analysis of solitary waves is an important issue
because only stable (or weakly unstable) solitary waves (self-
trapped beams) can be observed in experiments [72].

In this section, we will first examine the stability of mul-
tiple solitary solutions obtained in the last section through
two ways. One is to solve the long-wavelength approximate
continuous Eq. (9) numerically using SSFT method; the other
way is to solve the discrete Eq. (6) numerically using Runge-
Kutta method [73]. Then we will perform numerical simula-

tions of Eq. (4) which has no limitations of long-wavelength
and small-dynamic compression. Stabilities analysis will be
presented for all single and multiple solitary wave solutions,
as well as a rogue wave solution.

1. Stability of dark solitary wave solutions of Egs. (6) and (9)

We first examine the evolution stability of a single dark
solitary solution by solving Eq. (9) numerically with SSFT
method. To this end, we assume an initial excitation which
is the displacement field from solution (30) at time ¢ =0
with a uniformly distributed random perturbation of amplitude
10~* [63,73]. The evolution of the single dark solitary wave
solution obtained from the Fourier transformation is demon-
strated in Fig. 10(a) with ¢ = v/15m/s, y = 0.01m?/s, « =
1.3333 x 10° and other parameters listed in Table II. It is
observed that the evolution of the solution is stable without
losing its identity and integrity.

Then Runge-Kutta method is used to solve Eq. (6) to study
the evolution of the single dark solitary wave solution. The
result with the same parameters as in the SSFT method is
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TABLE II. The data used in Fig. 10.

Figure B(um?)  R(mm) ki (m™') k(m™) ks(m™)  ky(m™) @7 @y (s @357 wa(sTh
(a), (b) 166.70 63.2 1.0000 30.0000

(¢), (d) 416.65 10.0 2.0000 —2.1000 4.8870 —5.13135

(e), (f) 416.65 10.0 1.0000 —1.1000 1.2000 2.4453 —2.6879 2.9322

(g), (h) 416.65 33.3 1.2010 —1.2000 —1.5000 1.3980 5.8693 —5.8644 —7.3305 6.8320

shown in Fig. 10(b), which agrees well with the result by the
SSFT method in Fig. 10(a). That is to say, both methods yield
the same stable single dark solitary wave solution presented
by Eq. (30).

Similar to the single solitary wave, a double dark solitary
wave can be stimulated by the initial excitation of the
perturbed displacement field from the analytical solution
Eq. (31). Figures 10(c) and 10(d) illustrate the evolution
of the double dark solitary wave simulated by both SSFT
method [Fig. 10(c)] and Runge-Kutta method [Fig. 10(d)]
for ¢ =+/2m/s,y =0.0012m%/s, @ = 1.6720 x 10° with
other parameters listed in Table II. We can observe that
the double solitary wave solution preserves its shape while
propagating with a constant velocity at the early stage of the
simulation. Later, however, the value of the solution increases
exponentially, and the amplitude of the profiles spreads
out in the chain. Clearly, the solution loses its identity and
integrity, and no longer preserves the structure of a solitary
wave solution. All these results suggest that the double dark
solitary wave is unstable.

Similar numerical simulations of the evolution of the triple
and quadruple dark solitary waves. The dark solitary wave
solutions, Egs. (32) and (33), are performed by using SSFT
method and Runge-Kutta method. The results are shown

(a)

-15

-30-20-10
noezr) -~ 0 1020 30

in Figs. 10(e)-10(h) for ¢ = «/Ern/s, y =0.0012m3/s, o =
1.6720 x 10° with other parameters listed in Table II. These
solitary waves are all unstable. They can only propagate stably
with constant velocities in the early stage, and then become
unstable in an exponential way.

2. Stability of dark solitary wave solutions of Eq. (4)

Unlike the discretization Eq. (6) and continuous Eq. (9),
the discretization Eq. (4) is derived without assumption of
long-wavelength and small dynamic deformation. Therefore,
it would be interesting to check the stability of dark solitary
waves by numerically simulating Eq. (4) that are initialized
via perturbed solitary wave solutions of Eq. (9) or soliton
solutions of KdV Eq. (15). It is noted that the initial excita-
tions from the solutions of KdV Eq. (15) and the solutions
of Eq. (9) are of the same form. For instance, at the initial
moment ¢ = 0, the displacement of the single solitary wave
obtained from KdV Egq. (15) is given by Eq. (27), which has
the same form as Eq. (30), the solution of Eq. (9). For the
multiple solitary waves, we have the same conclusion. There-
fore, simulations of Eq. (4) via the solutions of KdV Eq. (15)
and the solutions of Eq. (9) yield the same results. Figure 11
presents evaluations of the single and multiple solitary waves

50
n(x/2R)

50

FIG. 11. Evolution of the single (a), double (b), triple (c), and quadruple (d) dark solitary waves simulated from Eq. (4) inspired by a
perturbed excitation at ¢ = 0 with the same parameters as in Fig. 10 by using Runge-Kutta method.
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FIG. 12. (a) Evolution of the rogue wave obtained from Eq. (33) with 8 = 416.65 um?, R = 10.00mm, k; = 1.6m~', k; = —1.5m™',

ky=—19m Lk, =1.1m @ = 15.6384s !, @, = 7.3305s"!, @3 = 14.1137s7!, and @, = 5.3757 s™'; (b) initial condition selected from

Eq. (33) atr = 0 with a perturbation; (c) evolution of the rogue wave from Eq. (6) simulated by Runge-Kutta method and corresponding to the
initial conditions in panel (b); (d) evolution of the rogue wave from Eq. (9) simulated by SSFT method corresponding to the initial conditions;
(e) solution in the time-wave-number domain, and (f) solution in the space-frequency domain corresponding to the evolution of the rogue wave

in panel (d).

from Eq. (4) stimulated by Runge-Kutta method with the same
parameters (including initial perturbation) as in Fig. 10. We
can easily see from the figure that the single solitary wave
is stable and the multiple solitary waves are unstable. These
results are consistent with those from Egs. (6) and (9) except
that the perturbation growth rates in Fig. 11 are generally
not as fast as those in Fig. 10. This, however, implies that
Egs. (6) and (9) satisfactorily describe the dynamic behavior
of Eq. (4) under the long-wavelength limit and small dynamic
compression assumption.

All simulations from Egs. (4), (6), and (9) show that a
dark single solitary wave can propagate stably in a strongly
precompressed grannular chain of spheres (|y;—; — y;| < &o).
In fact, many authors have reported a stable single solitary
wave propagating in a weakly precompressed chain (§y <
[vi—1 — ¥i]) (cf. Refs. [8,44]). It is noticed that Eq. (4) is valid
for both strongly and weakly pre-compressed chain. If the
solution Eq. (30) is used as an initial excitation to simulate

Eq. (4) with §o = 0, then we can find a single solitary wave
propagating stably in the system, meaning that Eq. (30) may
be an approximate form of the solitary wave propagating in a
weakly precompressed chain [44], see Appendix B for details.

Although the multiple dark solitary wave solutions in
this paper are unstable, the degree of the instability of the
multiple solitary wave solutions is different. Comparing the
evaluation of the double solitary wave [Figs. 10(c), 10(d)
and 11(b)] with those of the tripe [Figs. 10(e), 10(f) and
11(c)] and quadruple [Figs. 10(g), 10(h), and 11(d)] solitary
waves, one can find that the double solitary wave maintain the
characteristics of solitary waves well before the perturbation
is sharply amplified, but the tripe and quadruple solitary
waves cannot. Furthermore, the perturbations of tripe and
quadruple solitary waves increase faster than that of the
double solitary wave. Therefore, the double solitary wave is
weakly unstable compared to the tripe and quadruple solitary
waves.
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It is known that errors may occur in the transmission
computation. In this paper, the initial excitation is from the
perturbed analytical solution; the error mainly comes from
two aspects: (1) the length of the granular chain may affect the
stability analysis when the solitary wave gets close to the end
of the granular chain; and (2) with the increase of simulation
time, the error of the program itself will accumulate gradually.
Therefore, by controlling the magnitude of the errors
generated from these two aspects within or less than the
magnitude of the perturbation, the single dark solitary wave
in this paper can be guaranteed to propagate steadily. We
indeed did not find instability of the single dark solitary wave
in our simulations based on Eqs. (4), (6), and (9).

3. A rogue wave solution and its stability

A rogue wave is a solitary wave with significant crest
which appears in a highly localized area in the space-time do-
main, and then appears from nowhere and disappears without
a trace [74,75]. Recently, Kevrekidis et al. [76] found that
rogue waves may exist in the prototypical nonlinear mass-
spring system and the diatomic granular crystal system. Sim-
ilarly, rogue waves can also be found in the system studied in
this paper. From the quadruple solitary wave solution Eq. (33),
we indeed find a rogue wave as shown in Fig. 12(a). We select
the quadruple solitary wave solution Eq. (33) at t = 0 with
a perturbation of a random uniformly distributed noise field
of amplitude 10~* [see Fig. 12(b)] as the initial condition.
Numerical simulations of the evolution of the quadruple soli-
tary wave performed by using Runge-Kutta method and SSFT
method are shown in Figs. 12(c) and 12(d), respectively. It is
seen that the rogue wave is unstable.

Figures 12(e) and 12(f) present the solutions in the time-
wave-number and space-frequency domains, respectively. In
Fig. 12(e), only the spectrum near the central wave number
increases obviously; and the spectra in other regions almost
do not change. However, in Fig. 12(f) we find that the high-
frequency spectrum remains almost unchanged, and the low-
frequency spectrum increases dramatically. That is, the energy
is transferred into the low-frequency region, causing a sharp
increase of amplitude in a limited area in time domain. In
conclusion, the exponential increase of the spectrum in the
low-frequency region is also the cause of instability. Consid-
ering the instability of this solution, we can infer that there
may be a singularity in the solution domain. This conclusion
may be one of the reasons why rogue waves have strong
destructiveness [77,78].

V. CONCLUSIONS

In this paper, the multiple solitary waves and their dynamic
behaviors and stability in a granular chain of spheres are
studied. The main results and conclusions may be summarized
as follows:

(1) An approximate KdV equation is derived in the slow-
time scale and moving coordinate from the dynamic equation
of a granular chain of spheres under the long-wavelength
approximation and small deformation. The closed-form an-
alytical single and multiple (double, triple and quadruple)
solitary wave solutions are obtained from the KdV equation.

(2) The detailed functional and numerical analysis of the
single and multiple solitary waves in the KdV system are
presented. It is shown that the single and double solitary waves
are stable. The multiple solitary waves are the eigen-modes of
the system other than the superposition of the single solitary
waves. However, they can indeed be viewed as the linear
superposition of single solitary waves in some limiting cases.
This provides us a way to excite a multiple solitary wave using
the single solitary waves.

(3) The exact analytic solution of a single dark solitary
wave and approximate analytic solutions of multiple dark soli-
tary waves are obtained from the original dynamic equation of
the granular chain under the long-wavelength approximation
and small deformation. Dynamic numerical analysis shows
that single dark solitary wave is stable, while that the multiple
dark solitary waves are unstable.

(4) The degree of the instability is different for different
multiple solitary wave solutions. The double solitary wave is
weakly unstable. The perturbations of triple and quadruple
solitary waves increase faster than that of the double solitary
wave.

(5) The unstable multiple dark solitary waves have differ-
ent life-spans. Therefore, it should be an interesting topic to
study the chaotic behavior and life-span of an unstable solitary
waves in a granular chain of spheres.

(6) A rogue wave, which appears in a highly localized
area in the space-time domain from nowhere and disappears
without a trace, may exist in the granular chain.
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APPENDIX A: SOLUTION TO KDV EQ. (15)

In this Appendix, we show the details of the derivation
of the particular eignmode solutions to KdV Eq. (15). Based
on the homogeneous equilibrium method, we assume that
Eq. (15) has the following solution:

82
u(ga T) = _2138_.5;:2 1ng(€’ T)a

which when substituted into Eq. (15) yields
(ln g),ggf + 12,3(111 g),gg(lng),ggg + ,B(hlg),géggg =0, (A2)

To reduce the calculation, we integrate Eq. (A2) over &
once, let the integral constant be zero, and then have

(Ing)er + 6B g% + AIng) ceee =0,
Define the following bilinear operator [79]:

oot =3~ 2 (= ) =)

X (3% - a%)](g-h)

(AL)

(A3)

x=x',y=y 2=z t=t’,

(A4)

062904-14



SOLITARY WAVES IN A GRANULAR CHAIN OF ELASTIC ...

PHYSICAL REVIEW E 99, 062904 (2019)

where g(x, y, z,t) and h(x,y, z,t) are functions of x, y, x, t;
and m, n, k, | are nonnegative integers. Then the following
relations can be proved easily:

Dt(g -h) = (g,zh - gh,z/) i = g,th - gh.z,
0 0
2 — e — J—
DX(g-h) = (m m,)(g,fh sho)|

=guh—2gh; + ghu,
D,3(g “h) = guh —38uh: +38:h:u + ghu,
D} (g h) = guuh — A8 uih; + 68 1l — 48,1111t
+ gh st (AS)

Considering the above properties of the bilinear operators, we
obtain

3%Ing 1

9EoT = Z—gZ[DsDr(gg)L

g 1 -

o8 z—gz[Dg(gg)],

*Ing | 3 ) 2

T8 IDHeo)] — —— D20’ (A6
= 2g2[ £(g9)] 2|g|2| 2(g9)| (A6)

Substitution of Eq. (A6) into Eq. (A2) yields the Hirota
bilinear form of Eq. (15):

(D:D: + BD;)(gg) =0, (A7)

which can be solved by using Hirota’s bilinear method. Ex-
pand g into a power series of a small parameter €:

+o0
gE ) =) g 1), (A8)

n=0
which when substituted into Eq. (A7) yields

+00
> (DD + ﬁD§)< > gmg1>. (A9)
n=0 m+l=n

Let the coefficient of each order of € in Eq. (A9) be zero, we
obtain

(D:Dg + ﬂD§)< > gmgz> =0,n>0. (A10)
m+l=n
Forn =0, 1,2, 3, Eq. (A10) reduces to
(D:Ds + BD})(8080) = 0. (A11)
(D:D + BD})(g180) = 0, (A12)

2(D-D; + BD;)(8280) + (D: Dz + BD{)(g181) =0,
(A13)

2(D.Ds + BD?)(8380) + 2(D: D¢ + BDF)(g281) = 0.
(Al14)

Without of loss of generality, we set gy as a constant, and
assume Eq. (A12) has an exponential eigen-solution:

gji — ek,-ffa);f+5," (AIS)

which when substituted into Eq. (A12) yields

(w; — Bk)glg0 = 0. (A16)
Then we obtain the dispersion relation:
w; — Bk} =0. (A17)

The sum of the eigen-solution, Eq. (A15), w.r.t all or partial
possible values of j(j =1— N) also satisfies Eq. (A12).
Therefore, we have the following eigen-solution:

N

N
gr=) 8= &0 =kx—wi+,
j=1

j=1

(A18)

where k; is the wave number; w; is the angular frequency; and
d; is an arbitrary number.
Substitution of Eq. (A18) into Eq. (A13) yields

2(D.D; + BD})(8280)

N N
= —(Dng + ,BDg) Z 89,- Z gg,f
i=1 j=I

N
YD @i — @)k — k) = Blk; — k)"

i=1 j=1

=2 [(wi — w)) (ki — k;) — Bk; — k;)*1e% 0.

(A19)

Considering the properties of the bilinear operators, we can
obtain, from Eq. (A19),

2-g= Y Ayt (A20)
1<i<j<N
where
Ao (w; — wj) ki — kj) — Bk — k;)*
N (w; + wj)ki + k;) — Blk; + k;)*
ki — ki \2
=\—) (A21)
ki +k;
where Eq. (A17) is considered.
Following the same process, we can obtain
girgo=— Y Ayt (A22)
1<i<j<N
1<ILN

All the other terms, g;(i = 4, ..., N), can be derived similarly.
If we set gy = 0 and € = 0, then we can obtain various eigen-
solutions of Eq. (15). Next we present the single and double
solitary wave solutions.

(i) The single solitary wave solution:

When N =1, set go =0 and gy = 1. Then we have g =
14+g =1+¢" with 6, = k& — w1T(8; =0 is assumed).
Finally, we can obtain, from Eq. (A1), the single solitary wave
solution, Eq. (16).

(i) The double solitary wave solutions

When N = 2, set g3 =0 and gy = 1. Then we have g =
l+g+g=1 —i—e? —i—eg +A12€6'+92 with 6; = k;§ — w;t.

062904-15



LIU, WANG, AND HUANG

PHYSICAL REVIEW E 99, 062904 (2019)
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FIG. 13. Numerical simulation of the single solitary wave from
Eq. (4) with §y = 0 inspired by a perturbed excitation att = 0.

Finally, we can obtain, from Eq. (Al), the double solitary
wave solution, Eq. (18).

The other multiple (triple, quadruple,...) solitary solutions of
Eq. (15) can be obtained similarly.

APPENDIX B: A STABLE SINGLE SOLITARY WAVE IN A
WEAKLY COMPRESSED CHAIN OF GRANULAR

Although the present paper focuses on the precompressed
granular chain, here in this Appendix we are interested in the
case of 69 — 0 [57]. To this end, we use the single solitary
wave solution Eq. (30), although it is for the precompressed
chain, as the initial condition to study the dynamic behavior
of Eq. (4) with §p = 0. Select the same parameters (including
perturbation) as in Fig. 11(a). The numerical simulation from
Eq. (4) with §p = O is illustrated in Fig. 13. We can see a single
solitary wave propagating stably.

A stable single solitary wave propagating in the weakly
precompressed chain has been observed experimentally in
many literatures, e.g., Ref. [80] where a vertical chain con-
sisting of 20 stainless steel cylindrical particles was con-
sidered. When the orientation angle («) between the axes
of two adjacent cylinders is 90°, the relation between the

contact force F., and the compression § can be obtained as
in Ref. [80]:

Foy(8) = M&*ﬂ — kcy53/2,
3(1 —v?)

which is exactly of the same form as Eq. (1) for spheres.
That is to say, the cylindrical particles chain for the case of
o = 90° [80] is equivalent to the spheres chain in the present
paper. In Ref. [80], the chain was impacted to excite a single
pulse, and the forces in the central plane of the 7th and 13th
cylindrical particles were measured by using the piezoelectric
sensors. The numerical simulation based on the finite element
method was also performed. Both experimental (solid curves)
and numerical (dashed curves) results from [80] are re-plotted
in Fig. 14. Here we will show that the solution with the form of
Eq. (30) is comparable to the results of Ref. [80]. Notice that

(BI)

—— The experimental results data

- - = The numerical results data
20 = = The approximate analytic solution
MM
A A)
}
Z 151 .
@ L
<] le |
3 A
10 — o \
Iy #
I !
» \
54 n‘ ‘\
1
/ \
/ \
0 o/’ \) o
40 60 80 100 120 140 160
Time(us)

FIG. 14. Comparison between the present approximate analyti-
cal solutions with the experimental and numerical results in Fig. 3 of
Ref. [80]: forces between the 7th and 13th particles in the chain of
cylindrical particles with & = 90°.

Eq. (30) is an eigen-solution. Therefore, to match the initial
excitation, we introduce an amplitude adaptor Ay and a phase

adaptor ¢. Then we suppose a solitary solution with the form
of Eq. (30):

y(x;, t) = —2AgR tanh [%(xi —cit) + é'oil- (B2)

Under the assumption of continuum, the granular chain
may be approximated to a solid bar of which the perturbed
dynamic inner force may be approximately obtained by taking
the first derivative of position of the relation Eq. (B2) and

multiply it by the Young’s modulus E and an effective contact
area S,:

Feor) = £5,%
Xiy - e 5
dx
T 2 El —
= EAyS.Rk; sech ?(xi—clt)+§0 . (B3)

According to Ref. [80], we have the Poisson’s ratio v =
0.3, Young’s modulus E = 1.93 x 10'' N/m?, the cylindrical
particle mass m = 0.68 x 1073 kg; the radius R = 2.38 x
1073 m. Select AgS, = 9.583 x 10°m2, k, = 442m~!, ¢, =
540.4m/s and ¢y = 1.1625. Then Eq. (B3) becomes

F(x;,t) = 19.456 sech?[221(x; — 540.4¢) + 1.1625], (B4)

where the SI system is applied.

Figure 14 illustrates the forces between the 7th and 13th
particles from Eq. (B4), together with the experimental and
numerical results in [80]. It is shown that the analytical
solution Eq. (B4) is in accordance with the results in Ref. [80].
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