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Abstract. The Gardner equation is well-known in the mathematical literature since the late sixties of 20th century. Initially,
it appeared in the context of the construction of local conservation laws admitted by the KdV equation. Later on, the Gardner
equation was generalized and found to be applicable in various branches of physics (solid-state and plasma physics, fluid
dynamics and quantum field theory). In this paper, we examine the travelling wave solutions of the Gardner equation and
derive the full set of solutions to the corresponding reduced equation in terms of Weierstrass and Jacobi elliptic functions.
Then, we use the travelling wave solutions of the focusing mKdV equation and obtain in explicit analytic form exact solutions
of a special type of plane curve flow, known as the mKdV flow.
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INTRODUCTION

The nonlinear evolution partial differential equation
1o _
u,+uux+68uux—|—uxxx—0, eelR (1)

usually referred to as the Gardner equation (see [1]), was introduced almost half a century ago in the fist one [2]
of a series of works (see also [3]) by Miura, Gardner, Kruskal and coauthors devoted to the study of properties and
solutions of the celebrated Korteweg-de Vries (KdV) equation [4]

Uy + utty + Uy =0 2)

and its simplest modification
u,+u2ux+uxxx =0 3)

currently known as the (focusing) modified Korteweg-de Vries (mKdV) equation. These equations have a great deal in
common with the Camassa-Holm equation, but there are significant differences as well [5]. Here and in what follows,
the subscripts denote partial differentiations of the dependent variable (unknown function) u = u(x,¢) with respect to
the indicated independent variables x and ¢.
In the present paper, by “Gardner equation” we assume a combination of the aforementioned three equations of the
form
Mt+a1”xxx+a2ux+a3uux+a4u2ux =0, or,02,03,04 € R. @

Thus, by setting a; = a3 = 1, ap =0, oy = (1/6)&? in Eq. (4) one obtains the genuine Gardner equation (1), the setting
ar =1, =as =0, az = 1 yields the KdV equation (2) and, finally, choosing a; =1, o = a3 =0, 04 = 1 one gets
to the mKdV equation (3). It should be noted that equations of form (4) have attracted a lot of attention in recent years
being frequently called “extended KdV (mKdV) equations” (see, e.g., [6, 7, 8]) or “combined KdV-mKdV equations”,
see, e.g., [9, 10, 11, 12, 13].
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It is noteworthy that, in the most important case o &4 7 0, the simple invertible transformation of the variables [14]

dop04 — 062 600 o3
t' = oyt, x/:x—73t, U= —u — —
4064 (07} 2054

where ¢ = sign(a; /ay4), maps Eq. (4), omitting the primes, into the focusing (o = 1) or defocussing (o = —1) mKdV
equation
u + 6Gu2ux 4 Uy = 0.

Finally, let us remark that the Gardner equation was found to be applicable in various branches of solid-state and
plasma physics, fluid dynamics, quantum mechanics and quantum field theory (see, e.g., [6, 7, 9, 10, 11, 12, 13, 15,
16, 17, 18, 19] and references therein).

TRAVELLING WAVE SOLUTIONS

Being invariant under any translation of its independent variables x and ¢, the Gardner equation admits travelling wave
solutions of the form

u(x,t) =9 (&), E=x—ct, ceR 5)
provided that the function ¢ () satisfies the following reduced nonlinear ordinary differential equation
1 o —c o (o7
" 3 42 3
——ci+ + 0"+ =0, eR. 6
¢ 51 ) foj 2, ¢ 30, foj 1 (6)

where the primes denote the derivatives with respect to the variable & (here and in what follows we assume o @4 # 0).
Indeed, substituting relations (5) into Eq. (4) and integrating once, we find Eq. (6) in which ¢ is the constant of
integration.

Now, multiplying Eq. (6) by ¢’ and integrating again one obtains

o —cC

N2 2 (04] 3 Oy 4
— J— —_— _— = R
() —c2—cr9+ 0"+ 30, 0’ + 601 0 =0, € @)

where c; is the constant of this second integration.
For the purposes of the present study it is convenient to rewrite Eq. (7) in the form

(0") = ap* +4a19° + 620 +4as +ay ®)
where
ou o3 c—0p 1
an = - a = — s a»» = —_—, a3 — —C 5 aqg = C)p.
0 60 ! 1204 2 60 374! 4 2

Thus, Eq. (6) is reduced to its first integral (8) whose solutions, therefore, determine entirely all the travelling
waves inherent to the Gardner equation. Actually, as noticed in [20], travelling wave solutions of various nonlinear
partial differential equations are determined by ordinary differential equations of the form (8) with respective sets of
coefficients a; (i =0,...,4). Such an interesting case concerning the so-called Boussinesq paradigm equation [21] will
be considered by the present authors in a forthcoming paper.

It should be noted that quite an amount of papers have been published recently (see, e.g., [9, 10, 12, 22, 23, 24, 25])
in which one can find a lot of particular travelling wave solutions to equations of form (4) obtained by applying
different, let say, “ansatz methods” (such as the tanh [26] and extended tanh methods [27], Jacobi elliptic function
method [28, 29] and many others) to the respective ordinary differential equations, which, as it is shown above, can be
written in the form (8). Actually, there is no need to use any “ansatz method” in this case since the general solution of
Eq. (8) is readily obtainable in closed form. This will be shown in the next Section where, assuming that the polynomial

P(9) = ao9p* +4a19> +6a20% +4az¢ +as )

appearing in the right hand side of Eq. (8) does not have multiple roots, the general solution of Eq. (8) will be given
in terms of Weierstrass and Jacobi elliptic functions using the classical result of Weierstrass [30, pp. 4-16] (see also
[31, 32]). In fact, it is relatively easy to analyse the cases in which the foregoing polynomial possesses multiple roots
and to write down the corresponding general solutions, see [33].
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GENERAL EXPRESSIONS FOR THE TRAVELLING WAVE SOLUTIONS

According to Eq. (9), the polynomial P(¢) appearing in the right-hand side of the first-order nonlinear ordinary
differential equation (8) is of fourth degree with respect to the variable ¢. This allows, following [31, pp. 452—454], to
express the general solution of Eq. (8) in the form
L VPP)P'(E:82.83) +3P1 () (9(8:82.83) — 53P2 (P)) + 55P () P ()
2
2(p(8:82.83) — 35P2 ()" — 25P (P) P4 (p)

provided that the polynomial P (¢) does not have multiple roots. Here, p is an arbitrary constant, £(&;g2,g3) is the
Weierstrass elliptic function, g, and g3 are the invariants of the polynomial P (¢), which have the form

0(&)= (10)

g» = apas —4aaz + 3a%, g3 = apazay +2ayaraz — a% — aoag — a%a4
and
p 9P _dp _dtp
lid(])’ 27d¢2’ 47(:1(1)4
If ¢y is a simple root of the polynomial P (¢), then expression (10) takes the form
1 Py (¢o
(&) =00+ 1(6) (1n)

4 9(E:22,83) — 2 P2(00)

The knowledge of the sign of the discriminant
A=g3—27g3
of Weierstrass elliptic function @(&;g2,g3), quartic P(¢) and cubic

R(E)=4E— g6 —g3

polynomials allows to express the solution of equation (8) in terms of Jacobi elliptic functions. First, let us remark that
the polynomials P (¢) and R(&) do not have multiple roots if and only if A # 0, see [34, p. 44]. In each such case the
Weierstrass elliptic function #(&;g2,g3) appearing in the solution (11) to equation (8) can be expressed, cf. [35, pp.
633, 649-652], as follows:
@i) if A > 0, then
e —e3 _er—e3

#2(8:82,83) =e3 snz(mg S

where e| > e; > e3 are the roots of the cubic polynomial R(&), which, in this case, are real and sn(-,-) is the Jacobi
sine function.
(ii) if A < 0, then the polynomial R(&) has one real root e; as well as a couple of complex conjugated roots ej, e3

and
‘ 1+cn (26 /Hy,m) 1 3e )
2(&:82,83) =er+H 217011(25\5, )’ m=z i, Hy = /3e3 (13)
where cn(+, -) is the Jacobi cosine function.

Actually, even if the polynomial P(¢) has a double root, that is A = 0, formula (11) still remains to express the
general solution of the corresponding equation of form (8). In each such case, one can use formula (12) or (13) in
order to rewrite the solution under question in terms of Jacobi elliptic functions, which now reduce, however, to
elementary functions (see [32, 36, 37]).

(12)
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MOTION OF PLANE CURVES GOVERNED BY THE MKDV CURVE FLOW

Let a regular plane curve parametrized by its arc-length s evolves smoothly and without extension in time ¢ according
to the curve flow equation

or(s,t) _ Ix(s,1)

b a0 %Kz(s,t)t(s,t) (14)

where r(s,¢) is the position vector of the curve, k(s,) is its curvature, t(s,7) and n (s,7) are the unit tangent and inward
unit normal vectors to the curve, respectively, defined in the usual way

ts.1) = or(s,1) _ (ax(s,t) 3Z(S7t)), n(s.1) = (_ 9z(s,1) 8x(s,t)>

ds ds = ds ds = ds (15

where x(s,t) and z(s,t) are the components of the position vector r(s,#) with respect to a certain rectangular Cartesian
coordinate frame X OZ in the Euclidean plane. Note that in terms of the tangent (slope) angle ¢(s,#) defined as follows

29(s,1) _
. K(s,1) (16)
one has the expressions
ox(s,t) dz(s,t) .
5 = cos @(s,1), 5, = sin O(s,1). (17

Let us recall also that the tangent t(s) and normal n (s) vectors to the curve are related to its curvature k(s,#) through
the familiar Frenet-Serret equations

ot(s,t)
ds

on(s,t)
ds

= k(s,t)n(s,1),

= —K(s,1)t(s,1). (18)

Differentiating both sides of Eq. (14) with respect to the variable s and using the Frenet-Serret equations (18) we
have

20 (s 2ie(s
Pr(s) (a §§2,t) +;K3(m> n(s,0).

dsat
On account of Eqgs. (15) and (17), this relation leads to the following expression for the time derivative of the slope
angle
aQ(s,1) ?k(s,t) 1 4
=—|—5—+= t 19
ot o2 2K ) (19)
which, upon a substitution according to Eq. (16) in its right-hand side, can be written in the form
d9(s,t)  Pols,t) 1 (dge(s,0))’
Z =0 20
o T as T2\ as 0

known as the potential mKdV equation. Differentiating Eq. (20) with respect to the variable s and using again Eq. (16)
we arrive at the focusing mKdV equation

Ix(s) | Px(st) 3, OK(s1)

o o Tl =5 =0 @D

This confirms the well-known result of Goldstein and Petrich [38] and Nakayama et al. [39] that the plane curve flow
of the special form (14) is a mKdV flow, i.e., when a curve evolves according to Eq. (14), the curvature of this curve
satisfies the focusing mKdV equation (21).
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TRAVELLING WAVE SOLUTIONS OF THE MKDV CURVE FLOW

In what follows, revising the results presented in [40, 41] we will use the travelling wave solutions of the focusing
mKdV equation (21) to obtain exact solutions of the curve flow (14) in explicit analytic form. For that purpose, we
change to a moving coordinate frame

E=s—ct, T=t (22)

and assume

K(&§,7) = K(&). (23)

Then, using the same procedure as in the second Section, from the mKdV equation (21) we find the curvature (&) to
satisfy the corresponding reduced equation

k1, N
d—'§+§1<3—c1<—c1:0 (24)
and its first integral
R\ . R 1
(d€> =P(R),  P(R)=—7 Kb ek? 4201kt (25)

where ¢ and ¢, are the respective constants of integration. Note that Eq. (25) is of the form (8) and hence its general
solution is readily expressed in terms of Jacobi elliptic functions through the formulae (11)-(13), see [36, 37].
In terms of the moving coordinate frame (22), the first one of Egs. (15) and the Frenet-Serret equations (18) read

Do, P kemen, P k@ 6)
while the curve flow equation (14) takes the form
re d'i(f)nw (R -29E.7) @7

the assumption (23) and the first one of Egs. (26) being taken into account.
In the same frame, expressions (16) and (19) for the derivatives of the tangent angle become

29(5,7) _ . 29(8,7) _
98 (&), Q57 . “
provided that Egs. (23) and (24) hold. From the above two equations we obtain
N dé A
R ] e8)

In the case ¢; # 0, using expressions (28) for the tangent angle one can easily see that

/cos(qa(g)—clr)d»c: L n@@@E)—e), /sin((i)(é)—clr)drz L cos(¢ (&)= er7)

Cc1 C1
and hence 1 |
[nEoar=——tgn,  [E = _nE)
C1 C1
which allows to integrate Eq. (27) with respect to time T and obtain
1 d&k(§) 1 .,
r(ivr):a d(: t(57r)_27c1(’c (&)—26‘)11(5,1’)4—1‘0(&) (29)

where ry(&) is an arbitrary vector function. Finally, substituting this in the first one of Egs. (26) and using the rest of
them as well as Eq. (24), we find that the necessary and sufficient condition for a curve of position vector given by
Eqgs. (29) to evolve according to the curve flow equation (27) is r to be a constant vector.
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To summarize, going back to the initial variables s and ¢, the components of the position vector of a plane curve of
curvature K(&), which evolves according to the curve flow equation (14) can by expressed in the form

(5:) = -5 cos (9(8) — an) + - (R(E) - 26)sin (9(8) —ex) +1 30
2(5) = - sin (98— ) - (R(E) - 20) o5 (P(E) )+ 20 61)

where c, ¢y, Xg, 7o are arbitrary constants, § = s — ct, k(&) is an arbitrary solution of Eq. (24) and d¢(&)/dé = &(&).

The analytic expressions for the aforementioned functions & (&) and ¢ (&) are known and can be found, for instance,
in the recent papers [33, 36, 37] where the present authors have studied the differential equations (24) and (25) for the
curvature k(&) with the aim to achieve an analytic description of the equilibrium shapes of cylindrical lipid bilayer
membranes, elastic rings and tubes under uniform hydrostatic pressure. A summary of these results is presented below.

Depending on the values of the parameters c, c; and ¢, there exist two cases in which the polynomial P(%)
attains positive values and hence Eq. (25) has real-valued solutions: (I) the polynomial P(&) has two simple real
roots o, B € R, a < 3, and a pair of complex conjugate roots ¥, € C, § = ¥; (II) the polynomial 2(k) has four
simple real roots a@ < B < y < & € R. In the first case, the polynomial P(&) is nonnegative in the interval o < & < 3,
while in the second one, it is nonnegative in the intervals o < k& < 8 and ¥ < k < §. It should be noted that the roots
of the polynomial P(K) can be expressed explicitly through its coefficients and vice versa, see the Appendix.

Let the parameters ¢, ¢; and ¢; be such that the polynomial 2(k) has roots as in case (I), namely, two of them are
real (a0 < 3) and the other two constitute a complex conjugate pair which, in view of relation (32), can be written in

the form
(04
y———;ﬁ +in, 6———? —in
where 7 is a nonnegative real number. In this case, equation (25) has periodic solutions if 7 # 0 or n = 0 and
(Ba+B)(a+3P) > 0, see [36, Theorem 1].

Let 1 # 0 and hence the roots of the polynomial P(f( are simple. Denote

1 1 4n2+@Ba+B)(a+3P)
M \/2 2AB

where
an2+(Ba+B)*, B=1/4n2+(a+3B)%
Evidently, A >0, B >0, 4; > 0and 0 < k; < 1. In this case, each solution of Eq. (25) can be expressed by the function
& (E) = (AB+Ba) — (A —Ba)cen(Mi &, ki)
(A +B) — (A—B)cn(llé,kl)

which takes real values for each & € R and is periodic with least period Ty = (4/41)K (k1) due to the periodicity of
the Jacobi function cn(A,&,k;). Here, K(-) denotes the complete elliptic integral of the first kind. The corresponding
slope angle (28) can be written in the form

. AB —Ba a—p »  (A=B)? sn(L&, k)
= t k
&) =g ot SN are a“( UT TG4 dn(ué k)

(A+B)(a—p) (A—B)?
T (A-B) H(_ 4aB "

m(llé,kl),kl)

where I1(-, -, -) denotes the incomplete elliptic integral of the third kind.
Now, let 1 =0 and (3a+ )(a +3B) > 0. Then, the polynomial P(k) has one double and two simple real roots.
The curvature and the slope angle (28) are expressed in terms of elementary functions as follows

R (&) = (AB+Ba) — (AB — Ba)cos(A &)
2 (A+B) — (A—B)cos(M &)

O (s) = Aﬁ:gaé + 8(:6:Bﬁ> arctan <\/§tan (;k@)) .
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Let the parameters c, c; and ¢ be such that the polynomial ﬁ(fc) has roots as in case (Il), thatis ¢ < f <y < d € R.
Denote

¥ B-a)(8-y)
= gVI=0@=B). =\ =G5y

Sincey—a>f—-a>0and § —f3 > 6 —y >0, itis seen that A, > 0 and 0 < k; < 1. In this case, each solution of
Eq. (25) can be expressed by one of the following functions

(6—a)(6—P) (y—B)(6—B)
(6=B)+(B—a)sn*(M28,k2)’ (6—PB)— (8 —7)sn*(A28, k2)
see [36, Theorem 2]. The functions &3 (&) and K4 (&) take real values for each & € R and are periodic with least period

T» = (2/2A2)K(k2) because of the periodicity of the function sn?(A,&, k). Their indefinite integrals (28) can be written
respectively as

k3(G)=6-— Ki(S) =B+

n§) =oz -2 (g amt k). @) =pe - EEn (=L aming ok ).
It should be remarked, that the indefinite integrals ¢;(), j =1,...,4, of the foregoing solutions K;(&) of Eq. (25)
are chosen so that ¢;(0) = 0. Moreover, k;(0) always coincides with a certain root of the polynomial (k) (actually,
kj(0) = a for j=1,2,3 and k4(0) = y) and hence d&/d§ = 0 at & = 0, according to Eq. (25).
The evolution of a closed plane curve obtained through the expressions (30) and (31) for the coordinates of its
position vectors is depicted in Figure 1.

VA z VA
1.0] 1.0
0.5 0/5

X

0.5 05

b) (‘)

FIGURE 1. Evolution of a closed plane curves of curvature & (§) = & (§) and tangent angle ¢ (§) = @, (§) drawn via the
expressions (30) and (31) with xyg =z =0, ¢ = —1.018, ¢; =4 and ¢, = 4.66383 at time (a) t = /12, (b) t =7/8,(c) t = /6

APPENDIX
After some standard algebraic manipulations (see, e.g., [42]), one can find the following expressions for the roots of
the polynomial P(k)
2¢y 2cy
—VO*,[2c— — — 0, Ot /2c+—=—-o
Vot |2 NG Vot |2+ NG
where

(2c+ /223 (322 + /7)) — 2%c (2 +32¢2))? — 2%3¢»
= \/ ! , X =2%3¢c, {(c2 + c2)2 — 32c%c} — 3c% (22c3 — 33c%) .
61/223 (3%t + /%) — ¢ (c® +3%¢)
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Then, one can denote properly each of the above expressions for the roots in accordance with the notation introduced
in the cases (I) and (II), respectively. Simultaneously, by Vieta’s formulas one obtains

a+pB+y+86=0 (32)

due to the absence of a term with &3 in the polynomial P(%), see Eq. (25), and

= (@B AP raprarthy),  a=-g@tB)@tNB+y), = japratpi).

ACKNOWLEDGMENTS

This research is partially supported by the contract # 35/2009 between the Bulgarian and Polish Academies of Sciences.
Besides, we would like to thank the unknown referees for the valuable remarks, comments and suggestions.

REFERENCES

. M. Miura (1976) SIAM Rev. 18, 412-459.

. M. Miura (1968) J. Math. Phys. 9, 1202—1204.

. M. Miura, C. S. Gardner, and M. D. Kruskal (1968) J. Math. Phys. 9, 1204—1209.

. J. Korteweg and G. de Vries (1895) Phil. Mag. 39, 422.

. Holm and R. Ivanov (2011) J. Geom. Symm. Phys. 22, 13-49.

. V. Slyunyaev and E. N. Pelinovski (1999) J. Exp. Theor. Phys. 89, 173-181.

. W. Chow, R. H. J. Grimshaw, and E. Ding, Wave Motion 43, 158-166.

. Liu and J. Li (2005) Acta Appl. Math. 109, 1107-1119 (2010).

. Bekir (2009) Commun Nonlinear Sci Numer Simulat 14, 1038—-1042.

Fu, Shida Liu, and Shikuo Liu (2004), Chaos, Solitons and Fractals 20, 301-309.

11. H. Triki, Th. R. Taha, and Abd.-M. Wazwaz (2010) Mathematics and Computers in Simulation 80, 1867-1873.

12. Abd.-M. Wazwaz (2007) Communications in Nonlinear Science and Numerical Simulation 12, 1395-1404.

13. J.-F Zhang (1998) Int. J. Theor. Phys. 37, 1541-1546.

14. N. A. Kudryashov and D. I. Sinelshchikov (2011) Acta Appl. Math. 113, 41-44.

15. T. Kakutani and N. Yamasaki (1978) J. Phys. Soc. Jpn. 45, 674-679.

16. Zh. Xu, B. Yin and Y. Hou (2010) Chinese Journal of Oceanology and Limnology 28, 1049-1054.

17. C. Wexler and A. T. Dorsey (1999) Phys. Rev. B 60, 10971-10983.

18. C. Wexler and A. T. Dorsey (1999) Phys. Rev. Lett. 82, 620—623.

19. R. C. Brower, D. A. Kessler, J. Koplik, and H. Levine (1984) Phys. Rev. A 29, 1335-1342.

20. A. V. Porubov, G. A. Maugin, and B. R. Andrievsky (2011) Wave Motion, doi:10.1016/j.wavemoti.2011.04.012

21. C. L Christov (2001) Wave Motion 34, 161-174.

22. E. Fan (2003) Chaos Soliton Fract. 16, 819-39.

23. Y. Peng (2003) Int. J. Theor. Phys. 42, 863-868.

24. J.-P. Yu and Y.-Li Sun (2008) Commun. Theor. Phys. 50, 295-298.

25. D. Lu, and Q. Shi (2010) International Journal of Nonlinear Science 10, 320-325.

26. W. Malfliet and W. Hereman (1996) Phys. Scr. 54, 563-564.

27. Abd.-M. Wazwaz (2007) Applied Mathematics and Computation 187, 1131-1142 .

28. Z. Fu, Shikuo Liu, Shida Liu, and Q. Zhaoa (2001) Phys. Let. A 290 72-76.

29. Shikuo Liu, Z. Fu, Shida Liu, and Q. Zhaoa (2001) Phys. Let. A 289, 69-74.

30. K. Weierstrass, Mathematische Werke V, Johnson, New York, 1915.

31. E.T. Whittaker and G. N. Watson, A Course of Modern Analysis, Cambridge University Press, Cambridge, UK, 1927.

32. J. Nickel, and H. W. Schiirmann (2007) Phys. Let. E 75, 038601.

33. V.M Vassilev, P. A. Djondjorov, and I. M. Mladenov, Symmetry Groups, Conservation Laws and Group-Invariant Solutions
of the Membrane Shape Equation, in Geometry, Integrability and Quantization, vol. 7, SOFTEX, Sofia, 2006, pp. 265-279.

34. K. Chandrasekharan, Elliptic Functions, Springer-Verlag, Berlin, 1985.

35. M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Functions, Dover Publications Inc., New York, 1972.

36. V.M. Vassilev, P. A. Djondjorov, and 1. M. Mladenov (2008) J. Phys. A: Math. Theor. 41, 435201.

37. P. A. Djondjorov, V. M. Vassilev, and I. M. Mladenov (2011) Int. J. Mech. Sci. 53, 355-364.

38. R.E. Goldstein and D. M. Petrich (1991) Phys. Rev. Lett. 67, 3203-3206.

39. K. Nakayama, H. Segur, and M. Wadati (1992) Phys. Rev. Lett. 69, 2603-2606.

40. K.-S. Chou and Ch. Qu (2002) Physica D162, 9-33.

41. A. Ludu, Nonlinear Waves and Solitons on Contours and Closed Surfaces, Springer-Verlag, Berlin, 2007.

42. G. A. Korn and T. M. Korn, Mathematical handbook for scientists and engineers : definition, theorems, and formulas for
reference and review, McGraw-Hill, New York, 1968.

O RXNANE DD
NpIZRPpPOODRAAR

93



