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Improved Homogeneous Balance Method for
Multi-Soliton Solutions of Gardner Equation with
Time-Dependent Coetficients

Sheng Zhang,

Abstract—Homogeneous balance method (HBM) plays an
important role in solving nonlinear partial differential equations
(PDEs). In this paper we improve two key steps of the
HBM to construct multi-soliton solutions of a time-dependent-
coefficient Gardner equation from nonlinear lattice, plasma
physics and ocean dynamics. It is shown that the HBM cannot
construct multi-soliton solutions of the Gardner equation but
the improved HBM is valid. The improved HBM can also be
used to construct multi-soliton solutions of some other nonlinear
PDEs in mathematical physics.

Index Terms—Homogeneous balance method, multi-soliton
solution, Gardner equation with time-dependent coefficients.

I. INTRODUCTION

N nonlinear science, many physical phenomena can be de-

scribed by nonlinear PDEs. Researchers often investigate
exact solutions of such nonlinear PDEs to gain more insight
into these physical phenomena for further applications. In
the past several decades, more and more exact solutions of
nonlinear PDEs have been obtained, such as those in [1], [2],
[3], [4], [5], [6]. As a direct method, the HBM [7] proposed
by Wang plays an important role in solving nonlinear PDEs
[81, [9]1, [10], [11], [12], [13], [14]. With the development of
soliton theory, finding multi-soliton solutions has gradually
become one of the most important and significant tasks and
attached much attention [15], [16], [17], [18], [19], [20].
When the inhomogeneities of media and nonuniformities of
boundaries are taken into account, the variable-coefficient
PDEs could describe more realistic physical phenomena
than their constant-coefficient counterparts [21]. Therefore,
how to generalize the existing methods to construct exact
solutions of nonlinear PDEs with variable coefficients is
worthy of exploring. For such motivation, the present paper
will improve the HBM [7] to construct multi-soliton solutions
of the following time-dependent-coefficient Gardner equation
from nonlinear lattice, plasma physics and ocean dynamics
[22]:

ug + a(t)uu, + b(t)uQuz + (D) Upre + d(t)uy + f(t)u =0,

(1)
where u(x,t) is the amplitude of the relevant wave model,
e.g., for the internal waves in a stratified ocean, x is the
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horizontal coordinate and ¢ is the time, while the time-
dependent coefficients a(t), b(t), c¢(t), d(t) and f(¢) are all
analytic functions and relevant to the background density and
shear flow stratification.

The rest of the paper is organized as follows. In Section 2,
we improve two key steps of the HBM [7] for constructing
multi-soliton solution of Eq. (1). As a result, one-soliton
solution, two-soliton solution and three-soliton solution of
Eq. (1) are obtained, from which a formula of n-soliton
solution of Eq. (1) is summarized. It is shown that that the
obtained multi-soliton solutions can not be constructed by
using the original HBM. In Section 3, we outline the steps
of the improved HBM and then conclude this paper.

II. MULTI-SOLITON SOLUTIONS
According to the HBM [7], we suppose that Eq. (1) has a
solution in the form:

(w(z, 1)) +B(t) = ia(t)g (w)ws +B(t), (2)

u = ia(t) 7Y
where 4 is the imaginary unit, g(w(x,t)), w(z,t), a(t) and
B(t) are undetermined functions. Substituting Eq. (2) into
Eq. (1) yields

ug + a(t)uug, + b(t)uQUm + c(t)Uugrr + d(t)uz + f()u
3)

where the unwritten part in Eq. (3) is a polynomial of various
partial derivatives of w(z,t), the degree of which is lower
than 4. We further set the coefficient of w? to zero, an
ordinary differential equation (ODE) for g(w) is obtained
as following:

= [ia(t)c(t)g(4) _ iaB(t)b(t)gQg//]wi T

a(t)e(t)gW — a®()b(t)g"g" =0, )
which has a solution in the form:
g(w) =Inw, (&)
under the condition that
ct) = za®(t)b(t) (6)
From Eq. (5) we have
g%g" = %9(4), gg" = —%g(?’), g° = 39(3), g? = —92'7-)

Substituting Egs. (6) and (7) into Eq. (3) and collecting
the coefficients of ¢(*), ¢, ¢/ and ¢’ yields
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[%a2(t)a(t)wg+a2 (t)ﬁ(t)b(t)wi—i—%ia?’(t)b(t)wiwm] "

+ia(t)wew; + ia(t)d(t)w? + ia(t) B(t)a(t)w?
+ia(t) 5 (£)b(t)

+2a? (t)B()b()wywey +

w? + a?(t)a(t) wewy

TrxT

%iaB (t)b(t)w?

+§ia3 (b)) Wewarz|g” + [ia(t) f(t)wy + ic () w,

+ia(t)wyr + ia(t)d(t)we, + ia(t)a(t) B () wes
) B as + 103 (OYO sy

+8'(t) + f(H)B(t) = 0.

1

(®)
Setting the coefficients of ¢/, ¢”" and ¢’ to zeros, we get
a system of nonlinear PDEs for w(z, t) as follows:

LW (H)a(t)w? + a2 () B(t)b(t)w> + Lig3 ()b(t)wiwy, = 0,

2 2
ia(tyww; + ia(t)d(t)w + ia(t)B(t)a(t)w? v
Fia(t)BA(Ob(t)w? + 0 (t)a(t)ws s,

1202 (bt + i (D)2,

+§ia3(t)b(t)wzwxm =0, (10)
ia(t) f(H)wy + i/ () wy + io(t)wer + io(t)d(t)we,

+ia(t)a(t) B(t)wee + ic(t)b(t) B2 (t)wes
+éuﬁuwaw&mx=0, (11)
B'(t) + f()B(t) = 0. (12)

We further suppose that

w =1+ fekrrh(®+iF, (13)

where k, 6 and h(t) are undetermined constants and func-
tion, respectively. Substituting Eq. (13) into the system of
nonlinear PDEs (9)—-(12), we then get

a(t) = Ae™ J IO gy = pe= JIOX (14
h(t) = k/ [(A% +ikB — szQ)b o 2 108 _ gyag,
(15)
a(t) = —(2A + ikB)b(t)e~ ] O (16)
and hence obtain a kink one-soliton solution of Eq. (1):
u=1Ae" ff(t)dt

—2 [ rwar_ d(t)]dt+i %

ff(t)dt

kfe katk [ [(A%+ikB—$k? B?)b(t)e

ka+k f [(A24ikB—1k2B2)b

_,’_Be—ff(t)dt’

under the constraints of Eqgs. (6) and (16).

Inspired by the multi-soliton solutions [23] of the modified
Korteweg—de Vries (KdV) equation u; + 6u?u, + gz = 0,
we suppose that

14+ fe d(t)]dt+iZ

a7)

1+ef17i%

= 11 e0tis’ & = kix + ha(2),

(18)

can be employed to construct one-soliton solution of Eq. (1).
Then Eq. (9) is reduced to:

[ia(t) + 2i3(t)b(t) + ka(t)b(t)]es* + ia(t)
+2iB(t)b(t) — ka(t)b(t) =0, (19)

which shows ka(t)b(t) = 0. Obviously, when ka(t) = 0,
solution (2) is a trivial one. Therefore b(t) = 0 is needed.
Then we can see from Eq. (19) that a(t) = 0. In this case,
Eq. (1) is a linear PDE. This is not the starting point of
this paper. So following the idea of HBM [7] we can not
construct one-soliton solution from Egs. (9)—(12) and (18).
However, if we substitute Egs. (2), (5), (6) and (18) into Eq.
(3) and cancel the common denominator (e?1 + 1)3, then
Eq. (3) is converted into a polynomial of e¢*. Collecting and
setting each coefficient of the same powers of ef! to zeros,
we get a set of nonlinear ODEs:

50+ F0BO) =0, @0)
—202a(0)d(0) + 2ka(0)f(1) — 2Wa(F(Wa)
~203a()B(0)b(1) - ghia® (b0
—2k () (1) + 2k10/ (t) = 0, Q1)
36(01(1) — 420> (1)alt) — $K8a? () 3()0(1) + 36 (1) =
4kra(t) f(t) + 4k1a/(t) = 0, gi;
36(0)F(1) + AkLa>(B)alt) + $kLa? () 3()b(1) + 36'(1) =
a0l + 2] 0) + HaFDA)
+2k3a(t) B2 (t)b(t) + %k‘fcﬁ (t)b(t)
2k ()R, () + 210/ (£) = 0. (25)

Solving the system of nonlinear ODEs (20)—(25) yields
_ Befff(t)dt

a(t) = A~ J T 514 26)

m(o) =k [ 142~ ékam(t)e—Qf SO gp)at,
27)
alt) = —2Ab(t)e J F®, (28)

We, therefore, obtain the following one-soliton solution of

Eq. (1):
U= iAe_ff(t)dt In ﬂ
1+ efttig

under the constraints of Eqs. (6) and (28).

In Fig. 1, a spatial structure of the one-soliton solution
(29) is shown by selecting A = 1, B = 1, ky = 1,
ft) =t,b(t) = 1—t, d(t) = sint. The dynamical evolutions
and profiles of the one-soliton solution (29) are shown in
Figs. 2 and 3, respectively. We can see that the one-soliton
determined by Eq. (29) propagates along the z-axis in the
negative direction at first and then in the positive direction.
In the process of propagation, the amplitude of left-travelling
soliton increases while the one of right-travelling soliton
decreases and the maximal amplitude happens between the
locations of x = —1 and x = 0 at the time ¢ = 0.

) +Be™ /10 29
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Fig. 1. Spatial structure of one-soliton solution (29).

For the two-soliton solution, we suppose that

1 _|_eﬁl—i§ _|_e§2—i% +e§1+§2—iﬂ'+912

)

W= 1+ es1tis + es2tis + eé1t+&atim+b12
& =kjz+h;t), (=1,2), (30)

where ki, ko, 612 and hy(t), ha(t) are undetermined con-
stants and functions, respectively. Substituting Eq. (30) into
Eq. (9), then equating the coefficients of the same powers of
e3€11€2 and e*11€2 (o zeros, we have

—k3a2(t)a(t) —2k3a2 (1) B(t)b(t) —ikia>(t)b(t) = 0, (31)
—ik3a?(t)a(t)—2ik3a? () B(t)b(t)—kia®(t)b(t) = 0, (32)

which show ki« (t)b(t) = 0. Since k1« (t) = 0, solution (2)
to construct is a trivial one, we have to set b(t) = 0. Then it
is easy to see from Eq. (9) that a(t) = 0. In this case, Eq. (1)
becomes linear again. So from Eqs. (9)-(12) and (30) we can
not construct two-soliton solution by the idea of HBM [7]. (b)
In another way, we substitute Egs. (2), (5), (6) and (30) into
Eq. (3) and cancel the common denominator [#2,e261+282 4
2(1—015)ef1 82 o261 e +1]3, then Eq. (3) is converted
into a polynomial of e¢* and e%2. Collecting and setting each
coefficient of the same powers of ePé1+4¢2(p g = 0,1,2, - -
-,6) to zeros yields a set of nonlinear ODEs. From the set
of nonlinear ODEs, we have

alt) = Ae” [ 1O gy = pe= [T04 (33

hi(t) = by [ (47 = G B bwe O doat,

(j=12), (34)
__ ~[rwar o _ (k1= k2)?
a(t) 2Ab(t)e , € e (35)

Thus, we obtain the following two-soliton solution of Eq.

(D:

u=1Ae” J1wat

(Lt eS171% 4 ef271% 4 el tEamimtOi (©)
14 ef1 iz 4 eb2ti% + efr1+&atinto12

Fig. 2. Evolutions of one-soliton solution (29) at different times (a)
B t=—-2,(b)t=0and (c) t = 2.
4B J f®dt (36)

under the constraints of Egs. (6) and (35).
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()

(b)

Fig. 3. Profiles of one-soliton solution (29) at different locations (a)

©)

z=—6,(b) z=0and (c) z = 6.

Fig. 4. Spatial structure of two-soliton solution (36).

In Fig. 4, a spatial structure of the two-soliton solution (36)
is shown by selecting A =1, B =1, ky = —1, ko = 2.1,
ft) =t, b(t) =1—t, d(t) = t. The dynamical evolutions
and profiles of the two-soliton solution (36) are shown in
Figs. 5 and 6, respectively. It can be seen that the amplitude
and the propagation direction of two-soliton determined by
Eq. (36) have similar evolution laws as those in the one-
soliton shown in Figs. 1-3.

To construct the three-soliton solution, we suppose that

w = [1 + egl_i% + eéz—i% + 653—i% + e§1+§2—i7r+912
+e§1+§3*iﬂ+913 +e§2+€37i7r+023
+e§1+§2+§3*i377r+912+013+923]

J[1+ ef1HiE o ef2tif | ofstiT | fitlatintoin
tebrtéstinttiz | oLatlstintOas

+e§1+52+§3+i37ﬂ+912+013+923], (37)

§ = kjz+hi(t), (j=1,2,3), (38)

where kl, /{‘2, kg, 912, 913, 923 and hl(t), hg(t), hg(t) are
undetermined constants and functions, respectively. A direct
computation shows that following the idea of HBM [7] we
can not construct three-soliton solution from Egs. (9)-(12)
and (37). In the similar manipulation, we substitute Eqs. (2),
(5), (6) and (37) into Eq. (3) and equate each coefficient
of the same powers of the exponential functions to zeros,
then a set of nonlinear ODEs are derived. Solving the set of
nonlinear ODEs, we have

a(t) = A~ JIO% gy — g JIO% - (39)

i) =k [ 1042 = GREBM0e O~ de)ar,

(J=1,2,3), (40)
_ —[rwar o, _ (k= ky)?
a(t) 2Ab(t)e , € 7(]% rymEs
(1<j<i<3). 41

With the help of Egs. (2), (3), (5), (16) and (37)-(41), we
obtain the following three-soliton solution of Eq. (1):

u=1Ae" J1wat
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(b) (b)

04
03
02

/

01

©
(©
Fig. 6. Profiles of two-soliton solution (36) at different locations (a)

Fig. 5. Evolutions of two-soliton solution (36) at different times (a) x = —3,(b) x =0 and (¢c) z = 3.
t=—-2,(b)t=0and (c) t = 2.
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X
Fig. 7. Spatial structure of three-soliton solution (42).
D ezj=1w(Eri%HZlnguﬁjz
n=0,1
In = —
> eZJ=1M(5"+15)+21§j<1“””0”
n=0,1 -
+Be J 10t (42)
under the constraints of Eqgs. (6) and (41). Here the sum-
mation ¥,_q; refers to all possible combination of each
w; =0, 1fori=1,2 3.
In Fig. 7, a spatial structure of the three-soliton solution
(42) is shown by selecting A = 1, B = 1, k; = —1,
ko = 1.5, ks = 0.1, f(t) = ¢, b(t) = 1 —t¢, d(t) = t.
The dynamical evolutions and profiles of the three-soliton
solution (42) are shown in Figs. 8 and 9, respectively. We can
see that the amplitude and the propagation direction of three-
soliton determined by Eq. (42) have similar evolution laws as 5
those in the one-soliton and two-soliton shown respectively
in Figs. 1-3 and Figs. 4-6. (b)
Generally, if take
> ez-::l M(Ej—i%)'*'zlsjd wjpi0j
pn=0,1
> oD i T B)TDS, byt
n=0,1
& = kjx + h;(t), 43)
1 —2 at
hi(t) = by [ (47 = G B bwe O doat,
(j: 17277n)7 (44)
2
0, _ (ki —ki) ,
et =-———=  (1<j<l<n), 45
and substitute Eqgs. (43)—(45) into Eq. (8), then equate each
coefficient of the same powers of the exponential functions
to zeros, we can obtain n-soliton solution of Eq. (1):
X
u=iAe" Jrwa
©
> QZL Mj(gj—i%)+21Sj<l #3101 Fig. 8. Evolutions of three-soliton solution (42) at different times (a)
! 1=0,1 t=—-2,(b)t=0and (c)t=2.
n B :
D ezjzlw(éﬁ%Hlejdumﬁjz

pn=0,1 -
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(b)

(©)

Fig. 9. Profiles of three-soliton solution (42) at different locations (a)
z=—5,(b)z=0and (c) z = 5.

+Be J 10t (46)
under the constraints of Egs. (6) and (41). Here the sum-
mation X,—g 1 refers to all possible combination of each
w; =0, 1fori=1,2, --- 'n

III. CONCLUSION

We have obtained one-soliton solution (29), two-soliton
solution (36), three-soliton solution (42) and n-soliton solu-
tion (46) of the time-dependent-coefficient Gardner equation
(1) by improving two key steps of the HBM [7]. Though the
kink one-soliton solution (17) is obtained by using the idea of
HBM [7], these obtained multi-soliton solutions cannot been
constructed by the HBM [7] without further improvement.
For a given nonlinear PDE, say in two independent variables
x and t

P, Ut Uy, Uy, Uty - - ) = 0, 47)
where P is in general a polynomial function of the indicated
variables, the subscripts denote the partial derivatives, the
steps of the improved HBM for n-soliton solutions can be
outlined as follows:

Step 1: Supposing the solution of Eq. (47) is of the form

m—+s—1

+ Z azsvtf(Z

where m > 0, s > 0 are integers which can be determined by
balancing the highest nonlinear terms and the highest order
partial derivative terms, and a;(x,t) is a polynomial of the
partial derivative terms of w(x,t) generated in the process of
calculating the derivatives of f(w) with respective to w(z,t).
Step 2: Substituting Eq. (48) into Eq. (47), collecting all
terms with the highest degree of derivatives of w(x,t) and
setting its coefficients to zero, one obtains an ODE for f(w)
and then solves it, in most cases f(w) is a logarithm function.
Step 3: Supposing

am+sf

u,t) = S Oxmats

[w(z,t)], (48)

Pn Z?, igfg
—O Z’Lg =0"" in=0 Qiriz-i, © 9=1
w(z,t) = e
q1 @ N o ezg=1 Ja€q
71=0 j2=0 Jn=0 "J1J2"In
(49)
where fq = k(]x + Cgt7 P1, P2, 5 Pns 41, G2, "5 (n

are selected integers, @i i,...i,» Djijo--jn» kg and cq are
undetermined constants.

Step 4: Substituting f(w) determined in Step 2 along with
Eq. (49) into Eq. (47) and equating each coefficient of the
same powers of the exponential functions to zeros, then a set
of nonlinear ODEs are derived. Solving the set of nonlinear
ODEs, one determines all the constants a;,s,...5,,» bjyjo-j
kg and cg.

Step 5: Substituting f(w), w(z,t), m and s determined
in above Steps into Eq. (48), the n-solution of Eq. (47) is
finally determined.

Obviously, Steps 1, 2 and 5 are same as the corresponding
Steps in the HBM [7, 24] but Steps 3 and 4 are different.
This paper shows that the improved HBM can also be used to
construct n-soliton solutions of some other nonlinear PDEs
in mathematical physics.
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