. mathematics

Article

The Whitham Modulation Solution of the Complex Modified

KdV Equation

Shijie Zeng T and Yaqing Liu **

check for
updates

Citation: Zeng, S.; Liu, Y. The
Whitham Modulation Solution of the
Complex Modified KdV Equation.
Mathematics 2023, 11, 2810. https://
doi.org/10.3390/math11132810

Academic Editor: Andrey Amosov

Received: 28 April 2023
Revised: 14 June 2023

Accepted: 20 June 2023
Published: 22 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Applied Science, Beijing Information Science and Technology University, Beijing 100192, China

*  Correspondence: liuyaqing@bistu.edu.cn

t  These authors contributed equally to this work.

Abstract: This paper primarily concerns the Whitham modulation equation of the complex modified
Korteweg-de Vries (cmKdV) equation with a step-like initial value. By utilizing the Lax pair, we
derive the N-genus Whitham equations via the averaging method. The Whitham equation can
be integrated using the hodograph transformation. We investigate Krichever’s algebro-geometric
scheme to propose the averaging method for the cnKdV integrable hierarchy and obtain the Whitham
velocities of the integrable hierarchy and the hodograph transformation. The connection between
the equations of the Euler—Poisson-Darboux type linear overdetermined system, which determines
the solutions of the hodograph transformation, is constructed through Riemann integration, which
demonstrates that the Whitham equation can be solved. Finally, a step-like initial value problem is
solved and an exotic wave pattern is discovered. The results of direct numerical simulation agree
well with the Whitham theory solution, which shows the validity of the theory.

Keywords: the cmKdV equation; Lax pair; averaging method; Whitham theory; algebro-geometric
scheme

MSC: 35Q53

1. Introduction

Nonlinear phenomena play a crucial role in various scientific fields such as fluid
mechanics, optical fibers, solid state physics, chemical dynamics and geochemistry, and are
modeled using nonlinear partial differential equations. Typical nonlinear dispersion equa-
tions include the Korteweg—de Vries (KdV) equation [1,2], the nonlinear Schrodinger (NLS)
equation [3,4], the sine-Gordon equation [5,6], the Camassa—Holm equation [7,8], etc. Their
precise solutions are of great significance for understanding the mechanisms and dynamic
behaviors of complex physical phenomena. Since Gardner et al. [9] proposed the inverse
scattering method for solving nonlinear integrable equations, many systematic and effective
methods have been developed successively, such as the Hirota bilinear method [10,11], the
Darboux transform [12], the Backlund transform [13], Painlevé’s analysis [14], the inverse
scattering method [9], the Riemann-Hilbert Method [15] and the Whitham method [16,17].
The Whitham method is a powerful tool for solving discontinuous initial value prob-
lems [18,19], that was developed by G. B. Whitham [20] in the 1960s. The main idea of the
Whitham method is to approximate a nonlinear wave by a slowly varying wave envelope
that satisfies a set of differential equations known as the Whitham equations.

In [21], Gurevich and Pitaevskii first applied the Whitham theory to the Korteweg—de
Vries (KdV) equation to study the self-similar solutions for dispersive shock waves (DSW),
whose evolution can be described by the diagonal Whitham equation. Tian [22,23] con-
nected the Whitham equation with the linear overdetermined equations of the
Euler-Poison-Darboux equations of the KdV equation and the NLS equation and ob-
tained the solution of the Whitham equation using Krichever’s algebro-geometric scheme.
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In recent years, the algebro-geometric scheme has been extensively studied and some
significant progress has been made [24,25]. Krichever [26,27] showed that when the fast
oscillations of periodic solutions are averaged or smoothed, the Whitham equation appears
as a modulation equation of the Riemann surface module; they also parameterized the
algebro-geometric periodic solutions and constructed an algebro-geometric n-orthogonal
curve coordinate system on the plane space. These results are important for understanding
the relationship between integrable systems and algebraic geometry. As we all know,
the KdV equation is a classical nonlinear wave equation typically used to describe the
propagation of shallow water waves. The complex modified Korteweg—de Vries (cmKdV)
adds a complex term, making it even more complex, thereby allowing the equation not
only to describe traditional shallow water waves but also simulate the nonlinear evolu-
tion of plasma waves [28], the propagation of shear waves in molecular chains [29] and
generalized elastic solids [30]. Furthermore, the equation can also be used to describe
coherent structures in some physical phenomena, such as solitary waves in disordered
media such as plasma and liquid crystals, and simulate shock waves and their interactions
in the aforementioned media. Therefore, the cmKdV equation has a wide range of applica-
tions in modern physics and engineering. We are interested in the modulation theory and
Krichever’s algebro-geometric scheme of the cmKdV equation,

3 2
(Pt + §‘¢|2¢x - ez(l)xxx = 0/ (1)

where ¢ is the complex wave envelope, € is a small modulation scale, and x and ¢ are
independent variables. The cmKdV equation has been studied using the Darboux transfor-
mation [31], the Hirota method [32], the inverse scattering transformation [33], the Riemann-—
Hilbert problem [34,35], and so on. As we all know, the zero dispersion limit of the cmKdV
equation can be described using the Whitham equation [36-38]

% +vi(n, w2, ,T2g+2)% =0, i=12,...,2¢+2, )
with the ordering 7y > 7 > -+ > Tp442, where v; depends on the complete hyperelliptic
integral of genus ¢ and will be given later. Equation (2) describes the slow modulation
of the parameter 7; on the g-genus solution of integrable nonlinear evolutionary sys-
tems. Kodama [36] found that they are neither strictly hyperbolic nor genuinely nonlinear.
Wang et al. [37] gave the complete classification of discontinuous initial data. The Whitham
Equation (2) in the 1-genus case is transformed into a linear overdetermined system of the
Euler-Poisson-Darboux type equations [36],

0%q 9 9q . .
Z(Q—Q)Faq_a—ﬂ—a—n i,j=2,3,4, 3

g(a,t,T,7) =F(t) i#],
where 7 is a constant. The system (3) has a unique solution, which can be expressed

explicitly [39]. In this paper, we will connect the g-genus Whitham Equation (2) with a
high-dimensional Euler-Poisson-Darboux type linear overdetermined system,

0%q g 9q ..
ariaTj = a—Ti—a—Tj, i,j=1,2,...,2¢+2, @

q(t,7,..,T,b) = F(1), i#],

2(v— 1)

where b is a constant and prove that the solution of Equation (2) can be obtained using
Equation (4). The system can provide mathematical models based on the principles of
physics to describe the laws of fluid motion. It can be used to study the conservation law,
wave propagation, instability and other phenomena in fluid flow, which are of great signif-
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icance for understanding the properties of fluid mechanics and promoting the scientific
progress in related fields.

The organizational structure of this paper is as follows. In Section 2, based on the Lax
pair, the Whitham equations are established. In Section 3, Krichever’s algebro-geometric
scheme is analyzed to find the solution of a Whitham-type Equation (2). In Section 4,
the connection between the Whitham Equation (2) and the Euler-Poisson-Darboux type
linear overdetermined system is constructed. In Section 5, we solve a step-like initial value
problem. Finally, we provide our conclusions in the last section.

2. The Whitham Modulation Equation

In this section, we use an averaging method to establish the Whitham equation of
Equation (1) based on the Lax pair. Equation (1) can be obtained from the compatibility
condition s = 4 of the Lax pair

P = U@, 1= V()Y ©)

where

and

1 , 2

A =g (g o ey +aig(@ + ),
1 .

B =, (—2iepr — 2|99 — 4% + pra), @)
1 . * * * *

C = (2ieqs + pr — 2lpPp" — 45%¢").

For the Bloch function ¢,
q)l — ei(l’x*‘dt)JrX(x/tz@'), (8)

which satisfies the identity d:0y In ¢1 = 90 In 91, where ¢ is the spectral parameter, p is
the quasimomentum and w is the quasienergy. From (5)—(7), we have

X 3
(Pl‘é—wo — el(igx+%t)_ (9)
Consider the Riemann surface of genus g > 0:
2¢+2
Sg = {n —@®), R=1] (g—rj)}, TS T > > T, (10)

/=1

where Sg is a two-sheet cover of CP!; the upper (or lower) sheet denotes the points
(¢, M) € Sq for which ¢ = RN(¢, T) (R = —N(E, T)).

The averaged equations take the form
ar < axln(pl >=0dx < atln(pl >,

where X and T are slowly varying variables and <> denotes averaging over one pe-
riod. The system of averaged equations for many-genus solutions of the cmKdV equa-
tion can be expressed in Riemann invariants, namely the Whitham Equation (2). Since
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oxIngy =ip+ xx, ot Ing; = —iw + xt, limr 00 x = 0, it follows that dp/9T = dw/9dX.
For p and w, which are Abelian differentials of the second kind on S¢, we obtain

30 /9t = 303/ dx. (11)

The cmKdV equation is on one sheet of the Riemann surface and the Abelian differential
has this form:

L Q(Q)ds .
O, = RE) i=12,...,g4 (12)
where
RE) = /E-1)E—1) (€ 1gr2), (13)

and Q;(¢) is a polynomial in ¢ of degree I, which is related with the number of genera and
the asymptotic behavior.
From (8) and (9), we find the asymptotic behavior:

0 — - édﬁ + o(d(é:)) is the quasimomentum, (14)
Q3 — _zgzdé‘ + o(d(g')) is the quasienergy. (15)

For the multi-gap solution of the cmKdV equation, y> = Ryg42(&). Therefore, in order to
satisfy the requirements of (14) and (15), we need

(g) 1Qg11(6)dd (o) 3Qq5(8)d¢
Q=" O =————"" 16
A I A 1o
The Whitham velocities in (2) are the following [36,40]:
(8)
Q
v = -3 — 33 _ 300 17)
Qgg) Qg+l Qo
Now define two polynomials
Qo(& T, Tagr2) = B fa @4+ Kg, (18)

Q&+ Togr2) = EP + mE8 2+ apZ8 T 4 0388 + 18 4+,

with ay, a,- -+, &g, a1,az,a3 and 1, 72, ..., v¢ uniquely determined by the conditions

Dk+1 Q()(C,‘ T, T, ,T2g+2)
d& =0,
J.. R(@) : )
et Qo(8 T, T2y Tog2) . B
/TM "5 dE=0, k=12,...,2¢+2,
where
RE) = /E-m)E 1) (€~ nge2), (20)

and the sign is given by v/1 = 1.
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The motions of 71, T, . . ., Tag+2 are determined by Whitham Equations (2) with velocities

Q(Ti; 11, T2, - - -, T2g42)
QO(TII T,y T2g+2) ’

Ui(Tl,Tz,...,T2g+2):3 i:1,2,...,2g+2. (21)

We first consider the case in which a single valued function x represents the evolution
curve. In this case, ¢ = 0 and Equation (18) becomes

= + 4 ,
Qo 53 1 X )
Q2 =& +m¢ + a8+,
where «1,a1,a; and 7y are determined by (19) and (20). In fact,
&1 =a1 = _nro Tz, (23)
2
ay = —g(’rl +7)+ 10 (24)
T3, 3,1, 2 2
7 16(T1 +T2)+16(T172+Tl77 ) (25)
According to Equation (21), Equation (2) becomes
Tt + Ui(TerZ)Tix =0, i=1,2, (26)
where
15 3 3 3 3 15
v = §T12 + ZTsz + gTZ", Uy = grlz + ZT1T2 + griz, (27)
whose solution satisfies the characteristic equation
x =vi(t, )t+ filt, ), i=12, (28)
where x = f;(11, 72) are the initial curves.
The 1-genus case is given by ¢ = 1 and Equation (18) becomes
Qo =& +mi +ay, 29)
Q =&+ 08 + ml® +asi+ 1,
where a1, 41,4, and <yq are
1
N =ay, = —Eel(r), (30)
1 E
ap = %(Tﬂz + 1) - E(Tl -B) (% - 74)((3/ (31)
1y = —vei (T + sea(7) (32)
2 8 1 5 ’
1
as = _E(Tl — -+ -+ —uw)(nt+tn—1—10), (33)
_ 2, .2 2.2 2
1= z0un(d + %) +3nu(E + ) + 2(1n + 51
2+ w)(n+n)(te+nw) - (1u+03) (1B + 2n)) (34)
1 E
- (0~ W = )G () + 2620 ),
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with
4
) =) T e(t)=) 1T, ij=1234, (35)
i=1 i<j
(1 — ) (13— 1)
s = , 36
\/(Tl - 13) (02— ) 36)

and K(s) and E(s) are complete elliptic integrals of the first and second kind, respectively.
According to Equation (21), Equation (2) becomes

Tit + Ui(Tll T, 13, T4)Tix = 0/ i= 1/ 2/ 3/ 4/ (37)

where

m:%z 1 ,;]Tﬂ]+ (ZZTz““)( = )1321(_;4272)35()’ o

(

)
3 1 (1 — »)(13 — 12)K(s)
ng +5 gn E(;Ti+272>(T3—T2)K(S)+(Tl—T3)E( ) )
(
)

1.3 (13 — 1) (13 — T2)K(s)
ZT 37 ZTITJ E(ZTi+2T3) (‘L’3—’L’)KAES j(TQZ— T4)E( ), (40)

z<] i=1
1& (u— 1) (u—7m)K(s)
LT s D I e e @

The Whitham system can also be derived using the methods of multiphase averaging [40,41]
and multiple scale expansions regardless of the integrability of the systems [42]. Taking
the limits s — 0 and s — 1, the velocities of the 1-genus can be reduced to the ones of
a 0-genus and the boundaries connecting the 1-genus and 0-genus are continuous. The
periodic solution of the cmKdV Equation (1) can be expressed as follows [36],

p= %(Tl ~n-wt+u)+(n-n) (s - T4)Sn2<\/(Tl T3€)(T2 i) (S CO)IS)/ (42)
where sn is the Jacobian elliptic function, ¢ = x — V't is the traveling transformation,
V=3t u)?-1 Z?q 7;7; is the traveling velocity and ¢y is the phase shift.

Similarly, the velocities of the multi-genus Whitham Equation (2) can be expressed
using complete hyperelliptic integrals of genus g. In fact, the Whitham Equation (2) can be
integrated using a hodograph transformation and, more precisely, we get the following
theorem due to Tsarev [43].

Theorem 1. If w;(T), where T denotes (71, T2, . . ., Tag+2) solves the overdetermined linear system

ow; .. .,
5 = (M B [wi —wl, i =1,2,...,29+2, i #], (43)
1
where
1  dv; . .,
a;ij(T, T, - ., Tog+2) = u._v.airl-f Lj=12,...,28+2, i #], (44)
i~ Ujoy

then the solution (t1(x,t), 2(x,t),. .., Tag12(x, t)) of the hodograph transformation
X = UZ'(Tl,Tz, .. .,T2g+2)t + w,‘(Tl, T,.. "TZS+2)’ i=12,...,2¢+2, (45)

satisfies Equation (2).
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It is worth noting that the hodograph method (45) is a generalization of the characteris-
tic method (28). The linear overdetermined system (43) satisfies the compatibility condition
and has local solutions. These solutions usually cannot be expanded globally, because a;;
in (44) are singular on the phase transition boundaries. Proving the existence of a global
solution to the system (43) and using it to construct the solution to the initial value problem
of the Whitham Equation (2) are very important problems. In the single-genus case, we
will find explicit global solutions to (43) and solve the initial problem of Equation (2).

3. Krichever’s Algebro-Geometric Scheme

In this section, we will analyze Krichever’s scheme to find the solutions of the Whitham
Equation (2). According to Jenkins [44], we can define

Pn (C:, T, T, /T28+2) = €n+1 + al,ﬂén +-+ an+1,nr (46)
where the coefficients ay ,,, a5 ,, . . ., 4,41, are uniquely determined by these two conditions

PH(CI Tl/ TZI cery T2g+2)

R(¢)

=81 10(F?), forlarge |&], (47)

and

/‘Tk P’rl(él T, T,y T2g+2)
Tk+1 %(é)

It is easy to show that these conditions uniquely determine P,(¢)’s. Obviously, we have
Qo = Pg and Qp = 3P, for the cmKdV Equation (1), where Qg and Q, are given in
Equation (18).

We consider a simple initial value with 7» = b, then the initial curves are

dZ=0, k=1,2,...,29+2. (48)

7(x,0) =a(x), ©(x,0) =0, (49)

and the initial function x = f1(7,b) = f(u), where a(x) is a function of x.
Suppose the initial function x = f(u) has the form

flu)=Bo+pru+-+pul +---, (50)

where only a finite number of B;’s are non-zero.
Construct P(¢) a

Z ~ Pe BEPg(@ (51)

where

1-3:5.--(2k—1)
Ay = o . (52)

The Whitham-type Equation (2) is equivalent to

(5T |
R(E) LO' 3)

Qo(5;7)
R(Z)

+
t

which can be generalized to the cmKdV hierarchy by the following theorem.
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Theorem 2. If

Pe(57) (A
[ R@ || R@ | >y
holds, then if, and only if,
T+ Wi(D) Ty =0, i=1,2,...,2¢+2, (55)
where
=\ P(Tl’; ’?) .
W;(T) = Py (v; 7y i=1,2,..., 2g42. (56)

Proof. From (54), we have

r(@?)] | [PE?)
R@ |, ®O

( (57)
_ REQ)[(9/01)Pe(§7) + (9/0x)P(§;7)] — (1/2)M
R3(8) '
where
M = Py(§;7)(3/0t)R*(8) + P(&T)(9/9x)R2(8)]. (58)

According to Equation (20), we get

.0 - o 0 S
Pe(&7) 5, R2(8:7) + P(5:7) 5 R (5;T)
2g+2 (59)
=— Y [P(& )T 4 P(&T) T 1 4i( — 1)),
i=1
which vanish at § = 7; if, and only if,

Pe(&; )T + P(ET)Tix = 0. (60)

The proof of the second part is as follows. The time evolution, Equation (60), allows us to
rewrite Equation (57) as:

P(G f)] N(S) D)

where

_ (&7 P57

T ot ox
1282 [Py(&7) = Py(;7) _ P(&7T) — P(w;7)

ik [ = -

N(3)

(62)
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is a power series of ¢. By Equation (47) and Equation (51), we get the expansion at { = o

BET _p o),
R(S) )
P(57) _ 3> Br 2
which mean that
[P§§52f>]t-+ [1;;§%§> =0, fortarge [ (69
Therefore, from Equation (61), we have
N(§) = R(£)O(G?) = 0(g8™), forlarge [g], (65)

which shows that N(¢) is a polynomial of ¢ with a maximum degree of g — 1.

Now consider the Riemann surface defined by #(&) and cut along interval [Tg 12, T2g+1),
[T2g, Tag—1], - - -, [T2, T1]. We define the aj cycle as a closed contour, which surrounds the
notch on the upper Riemann graph clockwise [To12, Tok11]. The by cycle, defined as a
closed contour, starts from Ty, and goes to Ty 12, crosses to the lower level and finally
returns to Ty o.

Integrating (61) along the cycle by yields

L2
ox

P(¢;7)
b R(E)

dg

N@ e 2] R
b () ot b R(E)

dg]_o, k=1,2,...,8  (66)

in which, we used Equation (48) and Equation (51) in the last equation. This is equivalent
to

2k+1 N(g) B B
'/2k+2 R =0 forall k=12, 67)

which proves that N(¢) has at least one zero in the interval [To; 12, Tk 1], S0 N(&) has at
least ¢ + 1 zeros. This combined with Equation (65) shows that N = 0. Equation (54)
immediately follows from Equation (61). The proof of Theorem 2 is complete. O

We first state the following classical results about entropy in conservation law theory [45].

Theorem 3. If Equation (55) implies the existence of an additional conservation law

J. ., o
gu(r) + aG(T) =0, (68)
then we have
= (0/91)G(T) .
W;(T) = (079t U(T)’ i=12...,29+2 (69)

The next result shows that the W;’s of Equation (56) solve the system (43) of Theorem 1,
which can be proved using the method of Levermore [46].

Theorem 4. W and v are satisfied fori,j =1,2,...,2¢+2,and i # j:

Wl‘—Wj aT] a Ui—vja”[]'.

(70)
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Proof. By (20), Theorem 2 and Theorem 3, we have
9 | PET)
Wi(T) = ’ .:rr--‘/ +
! 0 | B(ET) J g
9t | R(Z)
(¢ —7)(9/01)P(5;T) + (1/2)P(E; T)
~ E-)0/0m)P(57) + (1/2)P(57)
which yields
oP P,  1P-W;Py .
From Equations (56) and (71), we can get
oWi(7) _ 9 | P(%;T) i
oG 9 | Re(wT) | J
_ 04, P(;; T)| Py (735 T) — [0, Py (73 T) | P(73; T)
Pg(Ti? _’)2
Pg(Tl, )
W, - Wl)anpg(ﬂi?) _ 1P(wT) — Wiky(1:7)
Pg(Ti/T) 2 (t— Tj)Pg(Ti}T)
0z Pe(t;7T) 1W;— W,
:(W]' i) 81 -5 l .],
Pe(t;T) 2 11—
which shows that
1 oW _ _aT]‘Pg(Ti;?) 11 . 73)

W; — W, o7; Pe(t57) 27— T
In particular, the above argument also applies to the case of the Whitham-type Equations (1).
Therefore, we also have

Loou_ 9oR(mw® 1 1 78)
v — U 9T Pe(T;;T) 27 -7

when combined with Equation (73), Theorem 4 is proved. [
Finally, we combine Theorem 1 and Theorem 2 to construct the transformation
x = v0i(T)t+ Wi(T),

Pg+2(§ )
Pg(&; ) t+Pg(§/?> r= T,

7 75
PET 1 i1, oeta. )

3

4. Linear Overdetermined Systems of the Euler-Poisson-Darboux Type

In this section, we show the relation between the Whitham Equation (2) and linear
overdetermined systems of the Euler—Poisson—-Darboux type (4).
First we define [44]

Cit + il + .+ g 1882 4 088! ;
R(S) '

9:(5:7) = =123 (76)



Mathematics 2023, 11, 2810

110f18

where the constants c;; are uniquely determined by the normalization conditions
k
and the cycles g;’s are as previously given.

Fixing the point A on the Riemann surface, we define 9I1 as the standard 4g-edge
path, ie.,

-1 -1
A—>A—>A—>A—>A—>A—>A—>A—>A - —A. (78)

Therefore, we have

MR

([f+ £ fr ][R [ wierie] )
([, 7] [ f w0

yikq)i(@dc} [(;4 R |

;Ukz §R( )) (:;’

0 It

l
—

+

— &

where we have used Equations (48) and (51) in the last equation, and

=% ¢i(¢)dc. (79)

On the other hand, by Equation (76) we have

oo rce102]

The integral

e - Zz] 1 me| e 80)

¢ pi-1 @
{ A %(E)“ﬂ ()"

has only one singular point at { = oo, and the residue can be obtained as follows. Expanding
1/R() at & = oo, we find

¢ (81)

e =& M@ A M@ e TR ) 52)
which gives
f% = X In(@)F 572 (83

Therefore, we obtain
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—~—=dE = Cp+ Jmg—m-1
4 R(E) ’ mzo] “gom-1°
o I() (84)
= Cp+ mi g+m—j+1
0 L g1
where we introduce § = %, u is the local coordinate and Cj is a constant.
By Equations (47) and (51), we have
P@E) _ & o Pusg(0)
RE©E) = A R(©)
= Z [(;‘” +0(¢ )], for large ||, (85)
n=0 An
=Y ﬁ” "+ 0(u )}, for small |u|,
n=0 n
which together with (84) gives
¢ et 1P@)
Residue _oo{ [ dE] dé} (86)
g R(E) <¢>
i—’ .
= Residue _0{ [CO + g+m1+1]
# mZ:Oj “m—1t

{Z By s Plz)}(—ﬂ_z)dﬂ

-~ ¥ Bn  Tw(®)
g+m—j—n=0 Anj—g—m—1
= :3m+gfj =
= - T (7).
mZ::o (m+g*]+1)Am+g7j m< )

This, together with Equations (79) and (80), yields

— i Oki @dé =21/ -1 i c,--( Z ﬁ”‘&g_j I‘m("r’)>, (87)
k=1 o R(S) =1 / =0 (m4+g—j+ 1)Am+g,j

which is the Riemann bilinear relation. Rewriting it in the matrix form, we obtain

P(g)
o1 021 vt Ogl f“l gggg))dﬁ €11 Ci2 - Cig q95(T)
01 022 - Og3 faz @dé o/ €21 €2 -+ C2¢ l(f) (88)
Qg %2g "7 T8 fag%dé €1 Cg2 v Cgg ql(?)
where
(@) =Y Pl p @ =12, (89)

(m+n)Apin

m=0

It follows from Equations (76) and (79) that
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13 0f 18

011
021

0’1g

021
022

0’2g

$oy 3
$1,

$o, §

1
Ugl c11 C1p Clg fbl é dC sz ?d@ R qu %(é)
Ug3 €21 €22 - C2¢ fbl Wd‘: sz Wdé fhg ?R(C)
: = . . . . . , . : (90)
' e e o1 51 ' g1
The regularity of matrix (cij) follows from Equations (76) and (79), while that of matrix
( ffb (&=1/R(¢))dE) is also easy to check. This, together with (88) and (90), gives
1 1 1 P
R(gé 7AC §, sﬁg TR §jo) ac $ay §I;§E(§;)d§ 9¢(%)
7d§ fb dg T fb w8 A de (T
; T o) P) G
ks sz Rk $o, T )\ b we % ()
Inverting this, we obtain
P() \/1ZK qn, k=1,2,...,8, (92)
a §R(é) '
where
1 1 -1
Ké,l) Kéljl Kil) fbl g dC fhz @dé’ T fbg §R(§
2 2
S S o fbl wgh fuwoh o howw ©3)
’ ) ’ p ég—l (}é_l . 65:_1
S T b0 T S T@E oy T

is the real matrix in view of Equation (20). In particular, by Equations (51), (89) and (91),
we get

- B(6)
d
e VIR o9
Next, integrating Equation (54) yields
J Py(S;7) } a{ P(;7) }
It d n - - e .
at{ A S B I N B A o ] B A (95)

The first and second terms of Equation (95) are proportional to the wave numbers and
frequencies of the modulated multiphase waves for the cmKdV hierarchy, respectively.

Applying Theorem 3 to Equation (95) and using Equations (91) and (94), we get that
fori=1,2,...,2¢+2,

(k) 8 (k) (k)
K ,
0 } (_,) {(a/all)Kn Kn _,) (9 )
n=2

Wi(%) = 1+ —1 7 q n(
(a/0t)k® ot " (@/0t)k®  (a/07)k® 9T

which establishes the following theorem.

Theorem 5. There are fixed real functions Hy(T), Hy(T), ..., Hg(T), so that the system, Equation (43),
has solutions for all polynomial initial data Equations (50)

L TR 3/9t)H H, a7 ..
W@ = '+ Granm aq}‘“ T+ Z [ @/onE, T B/ a7
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fori=1,2,...,2¢ + 2, where the q,s are given by Equation (89).

It immediately follows from Equation (20) that

02 1 o 1 9 1 .
205 =) 5y, [a'—e(g)} = [&e(g)} ~ ot [a%(g)}' 7 ©8)
Combined with Equation (82), (98) shows that the I';;’s satisfy Equation (4). From (89),
' (T)’s of (82) obeys

(2¢+1)(2¢g+3)---(2¢+2m —1)
2Mm!

Tw(t,T,...,T) = ™ m=0,12,..., (99)

which establishes the following theorem.

Theorem 6. Each q,,(T) of (89) solves the linear overdetermined system of Euler—Poisson—Darboux
Equation (4) with F(t) given by

_ 2871 —n+1/2 as—" g—1/2 st
F(r) = 1-3.5---(2g—1) T s n {T [dTg—lf(T)] } (100)

forn=12,...,g

For the special initial value (49), the Whitham Equation (2) has the property that 74 = b,
and T, T, T3 are nontrivial functions of (x,t). If g = n = 1, we have

lh('l',’l’, T/b) = f(T)

In particular, when g = 1, we have

H, 0

Wi(T) = |1+ (@9/9t)H; 95 71(7),

i=1,2,34. (101)

Choosing B, = 3/8 and the other B’s to be zero in Equation (56), we obtain P = Pg».
Therefore we have

Pyi2(Ti; 1, T2, T3, T4)

Pg(Ti; T1, T2, T3, T4)
Hy d

(9/97;)H; 97;

0i(T1, T2, 13, 4) =3

1
=31+ } 51"2(1'1, T, T3, T4) (102)
_ B
(a/aTl‘>H1

| W

(T1—|—T2—|-T3—|-T4)[T1+T2—|-T3+T4+2 },i—1,2,3,4.

In there, we used (21) in the first equation, (56), (89) and (21) in the second equation
and Ty(ty, 7, 13,74) = (3/8)(t1 + T + 13 + T4)? of Equation (82) in the last equation.
Combined with Equation (101), we have

L. 4 1 3 091(T1, T2, T3, T4)
W = = ANy Par Por 7R
i(7) 3 Kn +T2+T3+T4)U1 S(Tl +T2+T3+T4)] ot (103)

+q1(n, 2, ,1), i=1,234,

which is the connection of the solutions between the Whitham Equation (37) of 1-genus
and Euler-Poisson-Darboux equations.
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5. A Step-like Initial Value Problem
Consider Equation (1) with the initial data
.S(x,0
$(x,0) = y/p(x,0) exp(i ( - ) ), (104)

where p(x,0) and S(x,0) are real functions that are independent of €. The solution of
Equation (1) in the form

¢(x,t;€) = \/p(x, t;€) exp(i ) (105)

S(x,t;€)
€
where p is the density, and v = 95/ 0x is the velocity of the hydrodynamics. Substituting
(105) into Equation (1), the conservation form of the cmKdV Equation (1) is obtained.
Taking the limit € — 0 and writing the conservation form in diagonal form, the 0-genus
Whitham equation is derived again [36], which is identical to (26).

We consider the step-like initial data

L

L
Pt x <0, v, x <0,
x,0) = and v(x,0) = 106
p(x,0) {pR,x>O, (x,0) {R (106)

v, x>0,

where pl, pR, o' and vR are constants. Choosing p* = 0.1225, pR = 1.1025, v* = —1.3 and
oR = 0.5, the distributions of Riemann variables and the structures of density function p are
shown in Figure 1. Here, we have used a 1-genus Whitham Equation (37). The fundamental
wave structures of rarefaction wave (RW) and DSW, along with the relevant mathematical
theory, are presented in Ref. [37]. In this case, the Riemann invariants are divided into six
regions, which, from left to right, are plateau, DSW, RW, DSW, RW and plateau. We now
give the solutions for each region and the boundary velocities.

@ (b)

1+ [= =Numercial Simulations|
' |=——Analytica Solution

15

15

T . I I
T+
05
L
1
5
X
Figure 1. The self-similar solution with initial condition of T_E =13, ™R =-08, T_%_ =037t =-1

with t = 4. (a) The distribution of Riemann invariants. (b) The structure diagram of density function p.
(I) For x/t < vo (7%, 7%, Ti, L ),

T = Ti, =1k,

where T* satisfies dv, (7%, 7%, ’r_LH Tl )/9T* = 0, is the vertex of the parabola.
(II) For vp(t*, %,k tL) < x/t < vp(;, tk, 7k, L),

X L Ly X L _L L L
? =0 (Tl/T2/ T+/ T—)/ ? = U2(T11T2/ T+/ T—)/ T3 = )\J,-/ Ty = /\—'
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(II) For va(7y, T4, 7k, k) < x/t < vp(m, TR, R, 7L),

1, 2 X L2 L
=T 30t 9(t2)?, - =1

(IV) For v (1y, TR R

,TE) <x/t< Uz(Tl,le,TL,TE)/

X L

R L
= 0 (M, 75,13,72), =12,

=v3(1y, 8, 13, ), T =TE.

(V) For vp(1, TR, 7k, L) < x/t < vy (7R, 7R)

1 g 2 X R\2 R
Ty = 51’_—}—15,/30 ; 9(th)?, - =1 .

VI) For x/t > v R TR,
( +

o =18, . =1k

Direct numerical simulation can effectively test the validity of theoretical solutions [47].
Here, we compare the Whitham theoretical solution with the direct numerical simulation
solution obtained from finite differences. It turns out that the two results are in good
agreement (see Figure 1). However, it is important to note that in this study, we only
considered one specific initial value problem. In fact, using the same method, we can obtain
solutions for arbitrary step-like initial data.

6. Conclusions

In conclusion, we have studied the cmKdV Equation (1), which is the second member
in the cmKdV hierarchy. We have derived the N-genus Whitham equations based on the
Lax pair and provided detailed descriptions of the 0-genus (26) and 1-genus (37) Whitham
equations as special cases. In order to solve the Whitham equation, Krichever’s algebro-
geometric scheme was established, and the connection between Whitham equation of
single-genus and Euler-Poisson-Darboux equations was constructed. With respect to
the cmKdV Equation (1), which involves two initial curves, we have employed a simple
example where one curve remained constant while the other one varied. Additionally,
a step-like initial value problem as an example was solved, and the Whitham modulation
solution agreed well with the numerical solution (seen in Figure 1), which proves the
validity of the theoretical solution. The results of this paper also provide an effective
mathematical method for solving discontinuous initial value problems.
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