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Dispersive shock wave interactions and asymptotics
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Dispersive shock waves (DSWs) are physically important phenomena that occur in systems dominated by
weak dispersion and weak nonlinearity. The Korteweg—de Vries (KdV) equation is the universal model for
systems with weak dispersion and weak, quadratic nonlinearity. Here we show that the long-time-asymptotic
solution of the KdV equation for general, steplike data is a single-phase DSW; this DSW is the “largest” possible
DSW based on the boundary data. We find this asymptotic solution using the inverse scattering transform and
matched-asymptotic expansions. So while multistep data evolve to have multiphase dynamics at intermediate
times, these interacting DSWs eventually merge to form a single-phase DSW at large time.
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I. INTRODUCTION

Dispersive shock waves (DSWs) have been seen in plasmas
[1], fluids (e.g., undular bores) [2,3], superfluids [4—7], and
optics [8-11]. DSWs occur when weak nonlinearity and
weak dispersion dominate the physics and there is steplike
data. For many weakly dispersive, weakly nonlinear sys-
tems, the Korteweg—de Vries (KdV) equation is the leading-
order asymptotic equation [12]. Here we find the long-
time-asymptotic behavior of the KdV equation with general,
steplike data using the inverse scattering transform (IST)
and matched-asymptotic expansions. We show that general,
steplike data go to a single-phase DSW for the KdV equation
in the long-time, fixed-dispersion limit. Our results show that
while multistep data evolve to have multiphase dynamics
at intermediate times, these interacting DSWs eventually
merge to form a single-phase DSW: each substep in well
separated, multistep data forms its own DSW [Fig. 1(a)];
these DSWs then interact and develop multiphase dynamics at
intermediate times [Figs. 1(b) and 1(c)]; and, in the long-time
limit, these DSWs merge to form a single-phase DSW
[Fig. 1(d)]. The boundary data determine this single-phase
DSW’s form; the initial data determine its position. This is
similar to interacting viscous shock waves (VSWs), where
only the single, largest possible VSW remains after a long time.
Grava and Tian [13] and Ablowitz et al. [14] suggested this
merging of multiphase to single phase by their two-phase to
one-phase results—they used Whitham theory, which applies
to slowly varying periodic wave trains. We anticipate that the
IST and matched-asymptotic procedure presented here will
be applied to other important, nonlinear integrable systems for
general, steplike data, such as the modified Korteweg—de Vries
(mKdV) and the nonlinear Schrodinger (NLS) equations.

A shock wave is an abrupt change in the medium that
propagates; it often moves faster than the local wave speed. If
dissipation and dispersion are ignored, then breaking occurs
in finite time; since this is not usually physical, most models
include weak dissipation or weak dispersion. When dissipation
dominates dispersion, a VSW forms that is smooth but changes
rapidly from one value to another; VSWs form in compressible
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gases and other classical fluids. When dispersion dominates
dissipation, a DSW forms that is smooth but has an additional
modulated wave train that allows transitions from one value
to another; DSWs form in cold plasmas, superfluids (such
as Bose-Einstein condensates), and nonlinear electromagnetic
waves in suitable optical materials.

The KdV and NLS equations are universal models: they
are the leading-order asymptotic equations for a wide class
of physical phenomena (see Ref. [12]). The KdV equation
is the leading-order asymptotic equation for systems with
weak dispersion and weak, quadratic nonlinearity; it has
important applications in shallow water waves, plasmas,
lattice dynamics, and elasticity among others. The NLS
equation is the leading-order asymptotic equation for quasi-
monochromatic, weakly nonlinear systems; it has important
applications in nonlinear optics, deep water waves, Bose-
Einstein condensates, and magnetic-spin waves among others.

Here we consider the DSWs that the KdV equation describe;
the KdV equation, written in dimensionless form, is

w + utty + &%y =0, (1)

where subscripts denote partial derivatives. We will consider
the boundary conditions

lim u = —6¢>. 2)

X—>+00

lim =0 and
X—>—
Here, € and c are real, positive constants, and & corresponds to
the size of the regularizing dispersive effects. We require that
u goes to these limits sufficiently rapidly; so we assume that

oo
/ lu(x,t) + 6¢>HX)|(1 + x| dx < oo, 3)
—00

forn =1,2,...and where H(x > 0)=1land Hx < 0)=0
is the Heaviside function. Since the KdV equation is Galilean
invariant, we can transform any constant boundary conditions
wherelim,_, _ u > lim,_, ;~ u to (2). We use the IST method
(see Refs. [15-18]) and matched-asymptotic expansions (see
Refs. [19,20]) to find a long-time-asymptotic solution.

A. IST method

The IST method is the nonlinear analog of the Fourier
transform method: we transform the initial data into scattering
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FIG. 1. Numerical simulations (using the scheme in Ref. [14])
of three well-separated steps (at t = 0, with €2 =0.1 and ¢ = 1).
Here we see (a) three single-phase DSWs at ¢ = 1; (b) and (c) strong
interaction and multiphase dynamics; and (d) eventual merging to
form a single-phase DSW.

data; we evolve this scattering data in time; and we then recover
the solution from the evolved scattering data. First we associate
the nonlinear partial differential equation (PDE) with a (linear)
Lax pair. Then we use the scattering equation of the Lax pair to
transform the initial data into scattering data. Then we use the
other linear equation of the Lax pair to evolve the scattering
data. Finally, we use a linear integral equation, the Gel’fand-
Levitan-Marchenko (GLM) integral equation, to recover the
solution at any time.

Elegant and powerful asymptotic methods based on
Riemann-Hilbert problems can also be used to recover the
solution at any time. They have been used to find the
asymptotic solution for large time with vanishing boundary
conditions (see Refs. [21,22]); see Ref. [23] for a NLS shock
example. For our purposes, the GLM integral equation and our
matched-asymptotic method is sufficient.

Hruslov [24] and then Cohen [25] and Cohen and Kappeler
[26] studied the IST theory for steplike initial data; we state
the IST results that we need to find our asymptotic solution
in Sec. II. Hruslov [24], based on Ref. [27], presented the
GLM integral equations and investigated the soliton train
at the DSW’s right. Cohen [25] and Cohen and Kappeler
[26], using the methods of Refs. [16,27], rigorously studied
some scattering-data properties, rederived the GLM integral
equations, and analyzed existence for piecewise-constant
initial conditions. We derive the GLM integral equations in
a different way in Appendix B.

B. Long-time asymptotic solution

We find the long-time-asymptotic solution for nonvanishing
boundary conditions (where ¢ # 0) by using and suitably
modifying the methods in Refs. [19,20]. Ablowitz and Segur
[19,20] developed these IST and matched-asymptotic meth-
ods to find the long-time-asymptotic solution for vanishing
boundary conditions (where ¢ = 0). We show, for large time,
that u(x,t) goes to a single-phase DSW that has three basic
regions (Fig. 2):

PHYSICAL REVIEW E 87, 022906 (2013)

(a) (b)
u u
0.5

6 t/e=10 t/e=10

(=]

X X
C B A v 111 I I

FIG. 2. Numerically computed solutions of the KdV equation
for the initial conditions shown in gray. (a) Nonvanishing boundary
conditions, ¢ # 0. This solution has three basic regions: rapid decay
in region A, right of the DSW; strong nonlinearity of width O(r)
in region B; and an oscillating tail in region C, left of the DSW.
(b) Vanishing boundary conditions, ¢ = 0. Here, the solution has
four basic regions (see Ref. [19]). Region III has strong nonlinearity
with height O[(log #)!/?t=%/3] and width O[t'/3(log 1)*/].

an exponentially small solution for x > O() [region A in
Fig. 2(a)];

a slowly varying cnoidal-wave solution for |x| < O(¢)
[region B in Fig. 2(a)], which has a soliton train on its
right and an oscillatory wave on its left; and

a slowly varying oscillatory solution for (—x) > O(z)
[region C in Fig. 2(a)].

C. Comparison with vanishing boundary conditions

The long-time-asymptotic solution of the KdV equation
when ¢ # 0 is quite different from when ¢ = 0 (see Fig. 2):
the strong nonlinearity when ¢ =0 is only over x| <
O[t'3(log t)*/3], but when ¢ # 0 it is over |x| < O(t). From
Ref. [19], the long-time-asymptotic solution when ¢ = 0 has
four basic regions:

an exponentially small solution for x > O(¢) [region I in
Fig. 2(b)];

a growing similarity solution for |x| < O(t'/3)
[region II in Fig. 2(b)], which is related to Painlevé II’s
solution;

a collisionless-shock solution for (—x) = O[¢"/ 3(log 1?3
[region III in Fig. 2(b)], which is a slowly varying cnoidal
wave analogous to a DSW; and

an oscillatory similarity solution for (—x) > O(¢)
[region IV in Fig. 2(b)], which has the same form as region
Cin Fig. 2(a).

The amplitude for all these regions when ¢ = 0 decays in time
at least as O(¢t~'/?); the amplitude when ¢ # 0 is O(1).

D. Comparison with the linear problem

The long-time-asymptotic solution of the KdV equation is
also quite different from the linear problem (i, + &2y = 0).
Both problems have three basic regions, but the middle regions
have different widths: the linear KdV equation has a middle
region with strong nonlinearity over |x| < O(t'/?), while the
nonlinear KdV equation has a middle region [region B in
Fig. 2(a)] over |x| < O(¢). The linear problem’s solution in
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the middle region is
. X
- (32113 ’

where Ai(x) is the Airy function and Uy is the Fourier
transform of i, (x,0).

n
i(x.1) ~ Up(0) / AiGrydn', 7

E. Comparison with viscous shock waves

In the long-time limit, both DSWs and VSWs merge to
form a single shock wave. For shock waves where dissipation
dominates dispersion, Burgers’ equation is the leading-order
asymptotic equation. Burgers’ equation, in normalized form, is

w; + ww, — vw,, =0,

where v > 0 is a measure of dissipation and is typically
small. If we take initial data that go rapidly to the boundary
conditions limy_, _s w(x,#) = 0and lim,_, 1o w(x,t) = —h?,
then the long-time-asymptotic solution is

h? h? h?
w(x,t) ~ —7{1 + tanh [E(X — X0 + 7t>:|},

where x is areal constant that depends on the initial data—see
Appendix A for details. Thus, for both Burgers’ and the KdV
equation, well separated step data go to a single shock wave
in the long-time limit; the boundary conditions determine its
form, and the initial data determine its location. But unlike
with Burgers’ equation, the solution of the KdV equation
can also have a finite number of solitons, which move to the
DSW’s right in the long-time limit.

F. Relation to previous work

Single-step data, such as a Heaviside function, have been
studied extensively (see Refs. [28-31]) using wave-averaging
techniques, which are often called Whitham theory [32,33].
Whitham theory averages over suitable, slowly varying peri-
odic waves to get reduced equations; these reduced equations
are a quasilinear, first-order, hyperbolic system that describes
how the periodic wave’s parameters slowly evolve.

The evolution of multiphase DSWs to a single-phase DSW
was investigated in the two-phase case by Grava and Tian [13]
using Whitham theory in the zero-dispersion limit (¢ — 0)
for finite time and by Ablowitz et al. [14] using numerical
and asymptotic methods in the fixed-dispersion, long-time
limit. Both zero-dispersion and long-time are important, but
different, limits. Here we study the long-time limit with fixed
dispersion. By using the IST method, we find the asymptotic
solution directly: we can investigate general, steplike initial
data and DSW interactions without having to find the solution
at intermediate times. On the other hand, Whitham theory in
the zero-dispersion limit requires that the solution be found at
intermediate times through a nonlinear hyperbolic system.

The IST method also gives the behavior to the left and right
of the DSW; it is nontrivial to get such behavior from the
Whitham theory results. For example, it is useful to compare
Ref. [34] with Refs. [19,20] to see how each matches the
solution (for vanishing boundary conditions) in region III
[Fig. 2(b)] to that in region IV. Also compare Ref. [35] with
Ref. [19] to see how each matches the solution in region II to
that in region III.
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The key result for the fixed-dispersion, long-time limit is
that the DSWs from well separated, multistep data merge to
form a single-phase DSW.

To find the KdV equation’s long-time-asymptotic solution,
we do the following: We give the IST results that we need
in Sec. II. Then we asymptotically solve the linear GLM
integral equation to find the exponentially small solution
right of the DSW (Sec. Il A). From this solution, we use
matched asymptotics to get the DSW (Sec. III B), which is
a slowly varying cnoidal wave that has a soliton train on
its right and an oscillatory tail on its left. Next we find
the small, decaying, oscillatory solution left of the DSW
(Sec. III C) that matches into the DSW. Finally, we draw some
conclusions (Sec. 1V), find Burgers’ equation’s long-time-
asymptotic solution (Appendix A), derive the GLM integral
equation (Appendix B), and outline (Appendix C) how we
find the solution in Sec. III C.

II. IST SOLUTION

The IST method first associates a Lax pair with the
nonlinear PDE. Using the Lax pair’s scattering equation,
we transform the initial data into the scattering data. We
then evolve the scattering data in time using the associated
linear equation. The GLM integral equation, a linear integral
equation, provides the inversion at any time, and so we can
recover the solution at any time.

The Lax pair associated with (1) is

Vex + /6 + A2 /e? =0, (4a)
v = (/6 + YV + (402 — u/3)vy, (4b)

where A is the spectral parameter and y is a constant.
This linear pair is compatible (vyy; = v;y,) When u = u(x,t)
satisfies (1) and A is isospectral (d1/dt = 0).

We use (2) to define the eigenfunctions that satisfy (4a) (for
notational simplicity, we often suppress the time dependence):

o(x; 1) ~exp(—irx/e), ¢(x;A) ~exp(irx/e), (5a)
as x — —oo and
Y(x;A,) ~exp(irx/e), W(x;A,)~ exp(—iix/e), (5b)

as x — 400, where A, = +/A%2 — 2. We take the branch
cut of A, to be A € [—c,c], and the branch cut of A to
be A, € [—ic,ic]; then Im(}X,) 2 0 when Im(X) = 0. This
branch cut is one of the main differences between vanishing
and nonvanishing boundary conditions: vanishing boundary
conditions give eigenfunctions that do not have a branch cut.

The Wronskian, W(f,g) = fg. — fxg, is constant (in x)
for (4a) by Abel’s identity; so, from (5), W(¢,P) = 2i)/e
and W(,¥) = —2i,/e. The scattering eigenfunctions and
scattering data a and b associated with (4a) satisfy

d(x; 1) = a(, 2P (xs 4) + b)Y (x5 4,)  (6)
for A, #0, X, € R (or, equivalently, |A| > ¢, A € R). The
scattering data can be written as

£ e

W(o. d b=
2, V@) an 2in

a =

wWW.¢). (D
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We can use this to extend a to |A| < ¢, A € R (where A, is pure
imaginary); when |A| < ¢, A € R, ¥ is real and exponentially
decaying. This also gives that a = —b for |A| < ¢, A € R and
la|> — |b|> = A/A, for [A| > ¢, L € R.

It is convenient to define the transmission coefficient 7 =
1/a and the reflection coefficient R = b/a. Then (6) can be
written as

T(OoA)P(54) = Y(xs a) + ROLADY (x5 4,). (8)
We use (2), (4b), and (8) to find how T and R evolve in time:
T(hAst) = T(A, A 0) expli (424, — 423 + 2¢24,)1 /€]
and
R(A, A5 t) = R(ALA,;0) exp[i(8A2A, + 462A,)t/8].

For vanishing boundary conditions (¢ = 0), the transmission
coefficient T does not depend on time. But here, where
¢ # 0, the transmission coefficient does depends on time; this
dependance when |A| < ¢, A € R is not pure phase.

The associated GLM integral equation—see Appendix B
for a derivation—is

Gx,y;t) + Qx4+ y;1) +/ Q(y +z;t)G(x,z;1)dz =0,
i ©)

where

1 d . -
Q(%‘,I) — g\/ Relkré/s d)\'r + che*’(jg/e
—0 -
J

1 [ el
+—f AT /A, Pe V28 gy,
2em Jo

the constants {ix f}j'v= , are the (simple) poles of
T(ixjA(ik)t), Ry =~Nij+c2, ;= —ip;/ledy,alizi,»
d(xsinj,t) = pj(O(xsikj,t), and 0 <ky <--- < ky are
real. The kernel 2 has contributions from the reflection
coefficient, from the poles, and from the branch cut (the
AT /X.|? term)—there is no branch-cut contribution in the
¢ = 0 case. We will omit any contributions from poles in our
asymptotics. These poles relate to the solitons, which move
to the right of the DSW, and so do not affect the DSW in the
long-time limit.
From G, we recover u(x,t) from

d
u(x,r) = —6¢* + 1282d—G(x,x;t). (10)
X

III. LONG-TIME ASYMPTOTICS

For large time, we use (9) to asymptotically compute the
behavior right of the DSW (Sec. III A). When this asymptotic
solution breaks down, we use the matched-asymptotic method
introduced in Ref. [19] to find the DSW’s slowly varying
elliptic-function solution (Sec. III B). This naturally leads to
Whitham’s equations, which Whitham [32] originally found by
an averaging method; Luke [36] later developed a perturbative
method (and [37] used such a method on the KdV equation).
Then we use the method in Ref. [20] to determine the
small-amplitude, slowly varying, oscillatory solution to the
left of the DSW (Sec. III C); this matches the slowly varying
elliptic-function solution in the middle region.
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A. Shock front

Right of the DSW, we asymptotically compute Q(§;¢) for
large time, use €2 to compute G using a Neumann series, and
use G in (10) to find #. When our asymptotic expansion for 2
breaks down, the Neumann series for G becomes disordered;
this gives us the boundary condition for the DSW’s right edge.

Far right of the DSW, where x > —2c%t, the reflection
coefficient’s contribution to 2 dominates. Using the steepest-
descent method (see Refs. [38,39]) gives

R+ (k*)6—2[[5/(61)+2L'2]3/2/£

e == 8Em[£/(61) + 2214/t
+c.c.,

where A, = /c?/2 — £/(24t) and c.c. is the complex conju-

gate. We can then find G using the Neumann series from the
iterates GO(x,y;1) = —Q(x + y;¢) and

G™(x,y;t) = —Q(x + y;1)

[14 0@~ ")

o0
—/ Q(y + ;)G V(x,z; 1) dz.

Using (10) then gives the exponentially small solution
Re [R. (h,)} e~ 211x/G0+21 e
4 /em[x/(3t) + 2214t
x[1+0a7"?)],
for x > —2c%t.
Near the DSW’s right, the transmission coefficient’s contri-

bution to 2 dominates. The contribution from A = 0 dominates
and is

u(x,t) = —6¢> +

_e—L'f(S/l+4c2)/s\/§

16/7[6¢ — &/(2ct)]P/? [Hy(0)t 32 + 0™,

Q&) =

Where
J *x/) — 9;1 s Ivr ’ )\*

The terms in the Neumann series become disordered when
[x + 2¢%1 + 3¢ /(4c)In(6c?t — x)] = O(1).

This is the DSW’s right edge. (See the asymptotic principles
discussed in Ref. [40].) When we sum the Neumann series, we
find that

u(x,r) ~ —6¢ + 12czsech2|:§(§ — go)}, (11)

where

€ 327
So=5-In{——7>—>1.
2¢ | Hy(0)c 2632

{=—x—2— i—iln(6c2t —X)+ A/ D 4
(12)
and
3¢? 135¢2 3c2e2 Ha(0)
8c2x/t  16(x/t)? = 8(x/t)2H(0)
This provides the boundary condition on the DSW’s right edge.

Ai(x/t +6¢%) =
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This procedure gives the DSW’s phase, ¢,. This phase only
depends on H,(0) [since Hy(0) = H;(0) = 0]. In the vanishing
case, Ref. [19], Eq. (2.25c), found a similar phase term:
r"(0) — [r'(0)]?/r(0), where r is the corresponding reflection
coefficient. Burgers’ equation’s long-time-asymptotic solution
also has a phase term that depends on the initial data in a similar
way (see Appendix A).

B. DSW

For the DSW, we find the slowly varying, cnoidal-wave
solution using matched asymptotics. First we make a variable
change in (1) based on (11). Then we use the multiple-scales
method (see Ref. [12]) to determine how its solution slowly
varies: this gives secularity and compatibility conditions that
lead to three conservation laws, which we can transform
into Whitham’s equations [32]. Matching to (11) and assum-
ing a similarity solution determines the DSW’s long-time-
asymptotic solution.

Analogous to Ref. [19], we look for a solution of the form

u(x,t) = —6¢* + g(¢,1),

based on (11), where ¢ is defined in (12). We substitute this
into (1). Then we introduce the slow-variables Z = §¢ and
T = §t, where § = O(t+™") is a small parameter. Grouping
terms in like powers of § gives

& cec + 88 — A48 — &

_ 5|30 + 88— 12¢%0)|
4¢(8c2T + Z)

13)

To leading order, (13) has the special solution

g(L.1) ~ 4c* — V + 4e%c(1 — 2k%)
+ 12k en’ k(¢ — Lo — V)Lk],  (14)

where cn(z,k) is the Jacobian elliptic “cosine” (see Ref. [41]);
it can be found using the methods in Ref. [42]. If we neglect
the right-hand side of (13), «, k, and V are arbitrary constants
but vary slowly in general. In the special case k = 1,k = c/e¢,
and V =0, g(¢,1) = 12¢2sech?[c(¢ — &y)/e], which exactly
matches (11).

As in Ref. [36], we use the multiple-scales method—with
a fast variable 6—to determine how «, k, and V vary with the
slow variables Z and T'. This leads to three conservation laws
from a compatibility condition and two secularity conditions;
we can transform these conservation laws into a convenient
diagonal system of quasilinear, first-order equations, which
were first found by Whitham [32].

To get the compatibility condition, we introduce the rapid-
variable 6(¢,t) with

0, =k(Z,T) and 6, =—-w(Z,T)= —«V. (15)
This leads to the compatibility condition (6;); = (6;); or
kr +wz =0, (16)

which is a conservation law.

To get the secularity conditions, we rewrite (13) in terms
of 0, and then require that the leading-order solution be
periodic in 6. We use 9; = —wdy + 607 and 0, = kg + 602

PHYSICAL REVIEW E 87, 022906 (2013)

to transform (13) into

%> goes + K880 + (0 — 4c*K)go

3ek
=8| ————— (36> —12¢°
|:4c(802T+Z)( £°K" 8000 + 880 c"g)

+ g7 — (e’ (kgoe)z + 887 — 40282):| 4+l (17)
Then we expand g(0,Z,T) = go(0,Z,T)+ 6g1(0,Z,T) +

82g2(0,Z,T) + - -- and group the terms in like powers of §.
The O(1) equation is

%K 80,000 + k80806 + (0 — 4c’Kk)goo = 0;  (18)
the O(8) equations is

e%i3 g1.000 + K(g081)s + (0 — 4c%K)g1 4
. 3ek
" 4¢(8¢2T + Z)

+go.r — 3e%Kk(kgo.00)z — §080.7z +4c’ oz = F.  (19)

(&K 80,000 + 8080.0 — 12¢780.6)

To eliminate secular terms (that is, terms that grow arbitrarily
large), we enforce the periodicity of go(0,Z,T) in 0:

1 1
/Fd9=0 and /goFd9=O.
0 0
Using

1 ai 1 8]
/ 280 49 — 0, / 2022 49 =0,
, 000 o 20067

fori =1,2,3,...and j =1,3,5,..., and

! 1
/ 8080,00 dO = —/ 86 d0.
0 0

we get from [ F d6 = 0 that

3 ! d 5 ! 1,
— do+ — | 4 do — — dg) =0
o [ wao s (46 [Caodo -5 [ gao)
(20)
andfromfo1 goF df = 0 that

1 9 1
2 2 2
— do + —| 4 do
oT J, 8o do + 8Z< c /o 80

2 1 1
—3/ < d0+382/<2/ 806 d@) =0. (21)
0 0

The solution of (18) is
80(0,Z,T) = a(Z,T) + b(Z,T)en’[2(6 — 00)K ,k(Z,T)],
(22)
where K = K(k(Z,T)) is the complete elliptic integral of the
first kind,

KLL and a—4c2—\/—%b+i (23)
T 4882k2K?’ - 3 3k2

We can use these to rewrite the conservation law (16) as

a( 1 /b>+8< 1% /b)_o
AT \4y3ek Vk2)  0Z\a3ek V k2]
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We can also use (22) to rewrite the conservation laws (20)
and (21) in terms of b/k?, V, and k. Using (22) and elliptic-
function properties (see Byrd and Friedman [43], formulas 312
and special values 122), we can write fol godo, ..., fol g5 do,

and

)

o 42_V2
GT[(C y+ K
b

(
2(4c¢ — V)(
)

2V
@4t -v K —
+ (e )( + P

These three conservation laws determine b, k, and V.
We can transform these conservation laws into Whitham’s
equations. Make the variable changes

b —
=2y —ry), K= 2 rl’ V=4C2_w_
k2 r3 =T 3
Simplifying then gives the convenient diagonal system

or;

ﬁ +vi(r,r2, V3)a—Z =0, i=1.23, 24

where v, =V +bK/[3(K — E)], va=V +b(l —k)K/
BE — (1 — k2)K)], v3 = V — b(1 — k*)K /(3K2E), and

80(0,Z,T) = ri —ry+r3 + 2(ry — r1)en’ [2(0 — 60)K k] .

Whitham first found (24) in Ref. [32] (see also Refs. [14,28]).
Here, 6 is found through integrating with (15).

For large time, the solution tends to a self-similar solution.
We assume that r;, = r;(x) with x = Z/T = ¢/t. Taking
r1 = 0 and r3 = 6¢? satisfies the boundary conditions; so (24)
reduces to (v2 — x)r;(x) = 0 or

v 2C2 r + 2 I’ZE(V %) X
h = — — = .
SE(J&) - (1 - 2)K(/&)

r2(x) Vg()()
6¢
. / 0 /
sl ~~~~~“~
@ =l OFE
te=10 T=<L] t/e=200 Rty
-6¢ Bl —6¢ ~=s
X X
10¢? 0 10 0

FIG. 3. The value of r,(x) found numerically for 0 < x < 10c?,
where x = ¢/t. For comparison, we include —r,(x) as a dashed line
and a numerical simulation of u(x,?) in gray (inside the envelope of
r, and —r;) for a single step at (a) #/¢ = 10 and (b) /¢ = 200. Note
that x = 0 corresponds to x ~ —2c?t and x = 10c? to x ~ —12c%¢.
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and w fo 85,9 d6 interms of b/ k*, V, k, and the complete first
(K) and second (E) elliptic integrals. After simplification, we
get the conservation laws

LA 1(42—V)(42+V)
] ez 2 ‘

E 2_9 b _ 12 N 2] i[ 2 1N209,2
3—+k )k2+ —(1 k+k)<k> —i—aZ (4c V)Y'Q2c +V)

2 NI ANNE 2 22 A%
2——(2c - =k + kY 2 +ﬁ(2_k)(1+k)(2k -1 2 =0.

We can numerically solve this implicit equation for r, (Fig. 3).
We can also directly compute the DSW’s left- and right-edge
speeds: At the right edge, we take the limit r, — r3, and
get that v; — 0 or x ~ —2¢*t—the leading soliton’s speed.
At the left edge, we take the limit r, — r;, and get that
vy — 10¢? or x ~ —12¢%¢. Moreover, at the left edge where
0 < (10c? — x) < 1, we have that r, =2(10c* — x)/3 +
O[(10c®> — x)?]; using this and taking x — —12¢%t gives
u = (2/3)(10c* — x)cos[16ct /e + O(logt)].

C. Trailing edge

The solution left of the DSW has the same form for both
vanishing (¢ = 0) and nonvanishing (¢ # 0) boundary con-
ditions. In both cases, the GLM integral equation formulated
from —oo0 to x has the same form. The scaling symmetry of (1),
(u,x,t) = (Y>u,y'x,y731), leads to a similarity solution;
in this region, we find that the slowly varying, asymptotic
similarity solution is

) 2AX1/4 ©) A%(1 — cos 20) + o3P
u(x,t) =2A——cos() - ——— T ,

VT 3tvX

(25)
where X = —x/(3t), t = 3¢, and
2 3/2
923 gX3/2 Aw +0( 2.
|3 18 T

We can use several methods to find A and 6 in terms of the
scattering data.

One method for finding A and 6y is to use the GLM
integral equation formulated from —oo to x. Following the
same procedure as Sec. III A requires that we sum the whole
Neumann series; that is, unlike in Sec. III A, we cannot get A
and 6y from the Neumann series’ first few terms. But the first
few terms are sufficient to show our main result: the long-time
limit of general, steplike data is a single-phase DSW.

While we do not need expressions for A and 6, to show our
main result, we can use the method as in Ref. [20] to find A

022906-6



DISPERSIVE SHOCK WAVE INTERACTIONS AND ...
and 6. We find that
9
AX(X) ~ —=In(1 — |RWX /2)2), (26)
s
where R(vVX/2) = R(A = vX/2,A,(}),t = 0), and
6 B iA%(4A2)
P Z—arg{r(k)}—arg Ml—-—-

18¢
A% (4c%) c—A A?
— In — —In2

9e A2 c+ A 6¢
1 2 242 §—A
_9)»_28/5 (§°A°(4& ))Eln<é+)\>dé’ 27
where A =+/X/2, F=b/da, and ¢ — ar)e M/ 4+

B(L)ei*x+8¥0/e ag x s —12¢2¢. This 7 can be related to a
and b through the GLM integral equation formulated from
—oo to x. See Appendix C for details.

IV. CONCLUSION

DSWs appear when weak dispersion and weak nonlinearity
dominate the physics; they arise in many physical systems,
including fluid dynamics, plasmas, superfluids, and nonlinear
optics. For systems with weak dispersion and weak, quadratic
nonlinearity, the KdV equation is the leading-order asymptotic
equation. Here we showed that the long-time-asymptotic solu-
tion of the KdV equation for general, steplike initial data tend
to a single-phase DSW; we found this long-time-asymptotic
solution using the IST method and matched-asymptotic ex-
pansions. Therefore, a single-phase DSW eventually forms
from well separated, multistep initial data, despite having
more complex multiphase dynamics at intermediate times.
We anticipate that our IST and matched-asymptotic procedure
for general, steplike data will be applied to other important
nonlinear integrable systems.

The long-time-asymptotic solution of the KdV equation
for general, steplike initial data has three basic regions:
an exponentially small region right of the DSW; the main
DSW region, which is a slowly varying cnoidal wave with a
soliton-train on its right and oscillatory behavior on its left;
and a small, decaying, oscillatory region left of the DSW.
The DSW region is over |x| < O(f) and has height O(1).
Compare this with the linear KdV equation with steplike
data and the nonlinear KdV equation with vanishing data:
the linear KdV equation with steplike data has a middle region
with strong nonlinearity over |x| < O(t'/?) and has height
O(1); the nonlinear KdV equation with vanishing data has a
collisionless-shock region over (—x) = O[t'/3(log¢)*/3] and
has height O[(logt)'/?t=2/3]. The merging of shocks from
multistep data is similar for both the KdV and Burgers’
equations: in both, the boundary conditions determine its
form and the initial data determine its position—but the KdV
equation can also have a finite number of solitons.
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APPENDIX A: LONG-TIME ASYMPTOTIC SOLUTION
OF BURGERS’ EQUATION

We can transform Burgers’ equation,
w; + ww, — vw,, =0, (A1)

into the heat equation (¢, = v¢,,) using the Hopf-Cole
transformation,

w= —21)%. (A2)
¢
For simplicity, we take
0, X < X,
w(x,t =0) = wo(x) = f(x), x¢ < x < X,y
_hzv X > Xrs

where 4 is real and f is bounded. So, from (A2),

X

1
d(x,t = 0) = ¢o(x) = exp <E /

—00

wo(x) dx/>

L, x < xe,
= qexp[ = 1/@v) [ fF6Ndx], xe <x <,
explh?(x — 50)/(2v)),

where % = fx’i' f(x")/h*dx’. Solving the heat equation gives

l e o o0 2
I (g
drvt \J-o Jx, X,
=L+5L+ 5.

X = X,

And, in the long-time limit,

1 ! L, — 0, and [ e s ~+h2t
1 2,2 , an 3 szvxxo ) .

Therefore, from (A2),

h? h? h?
w(x,t) ~ Y {1 + tanh [R (x — X0 + ?t)“ ,

where xo = % + 2v/h?)In2.

APPENDIX B: DERIVATION OF
GLM INTEGRAL EQUATION

To find (9), the GLM integral equation, we need to know
the eigenfunctions’s and the scattering data’s analyticity; see
Refs. [26,44] for more details. Using Green’s functions, we
can write e**/2¢, /2@, et /%y and e'**/*y as Volterra
integral equations, which can be solved using Neumann series.
From these Neumann series, we find that

e**/¢¢ is analytic for Im(1) > 0,

e~**/¢ ¢ is analytic for Im(A) < 0,

e~ */%4 is analytic for Im(A,) > 0, and
e*r¥/¢40; is analytic for Im(1,) < 0.

From (7), we have that a is analytic for Im(}) > 0. If
n=1,2,..., Nin (3), then we have the following: ¢'**/¢¢
and e~ **/¢¢ are N-fold differentiable (with respect to A)
on Im(A) =0, A £0 and (N — 1)-differentiable at A = 0;
e~ /24 and e */¢4) are N-fold differentiable (with respect
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to A,) on Im(A,) =0, A, £ 0 and (N — 1)-differentiable at
A, = 0. Likewise, if u(x,t) satisfies

/ lu(x,t) + 6¢2H(x)le™ dx < oo,
—00
then e**/¢¢ and e~***/*¢ are analytic in —d < Im(}) < d,
e~ /¢4 and ¢/**/¢) are analytic in —d < Im(X,) < d, and
b is analytic, from (7), in —d < Im(A) and Im(,) < d.
Using the eigenfunctions’s and the scattering-data’s

0<deR,

analyticity, we find the GLM integral equation
by the following: assuming that 1 and 1 have
triangular forms, substituting these forms into (8),

and operating on this equation with (2em)~! ffooo di, to
get (9). (We use  to denote the principle-value integral
omitting A, = 0.) Following Ref. [18], we assume that v and
¥ have the triangular forms

oo
V(X A1) = e/ —|—/ G(x,s; 1) /% ds,
) (BI)
T . . _ —ikx/e * . —iks/e
Y(xshst) =e + G(x,s;1)e ds,

with G(x,s;t) =0 when s < x. Substituting (B1) into (8)
gives

o0
T = e M/e —l—/ G(x,s;1)e /% dg
X

oo
+R {ei)»rx/s +/ G(x’s;t)eik,.s/e dS} :

X
multiplying by e/**/¢ and rearranging gives
(T(pei)\,x/s _ 1) ei)\,(yfx)/e

o0 .
= / G(x,s:1)e* 0=/ g
X

+R {eM*(H”/S + /00 G(x,s;1)e /e ds} . (B2)

Now we operate on (B2) with (2em)~! f_oooo dA,, interchange
integrals, and use that §(x) = (2emr)~" [ /**/* d},. So, for
example,

1 o0 o0 .
— ][ f G(x,s:0)e™ O™ ds da,
267 J_oo Jx

1 [ .
:/ G(x,s:1) <E/ et =9)/e dk,.> ds
X —00

o0
= / G(x,5;t)8(y — s)ds = G(x,y;t)
and
1 o0

o0
— R(k,t)/ G(x,s;0)e™ T ds dn,
2em J_oo x

= / G(x,s;1) (— ][ RO, 1)e /e dk,) ds
X 2em J_oo

o0
=/ Gx,s;)F(y + s;1t)ds,
where

1 [ .
F(Z;t)EE][ R(L,0)e™ /% d,. (B3)
—0Q
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Thus,
o0
Gx,y;t)+ F(x + y;t) + / F(&y+z;6)G(x,z;t)dz =1,
X

where

I = b ][ ” (Tpe/e — 1)e*0=9/¢ gy ..
2em J_oo

We find 7 by closing in the upper-half A,-plane because
pe**/¢ is analytic in Im(A) > 0. We get that I = —1I), — I,
where I, is the contribution from the branch cut and 7, is the
contribution from the zeros of a.

To find I, we recall that the branch cutof Ais A, € [—ic,ic],
and the branch cut of A, is A € [—c¢,c]. So

1 <fic'—0 /I'C-FOJr )
I, = — —
2em \ Jo—o- 0+0+

ei/\,x/a
x {¢

a

_ L (?) _(9> e dh,
2em Jo a /) = a/ =

Now we define o and S—the scattering data from the left—so
that

_ 1} el y—x)/e dx,

v =ap+pp, L#O; (B4)

then
Ara

e € z
o= —W@y)= and B = 5 WW.é).

For A, € [0,ic], ¢* = ¢, ¥ = ¥* =, and a* = B from (5),
where * denotes the complex conjugate. So

I, = L N (i) — (i) ei)”’y/g)\r dx,.
2em Jo et )5 A )i

Using (¢/a)s=—pp) = (¢*/a*)s=),), from (5a), and noting A’s
sign change, gives

1 <¢+¢
0

erm r | Aat

1 ic 1 * .
- o+ Lo eIen d,.
2em Jo [ ro* o Py

Using the identities ¥* = ¥ and a* = B for A, € [0,ic] and

then using (B4) gives
1 ic 1 _ o
T e [ <¢’ + EM e i,
0 o A=|A|

1,

) eryEn da,
A=Al

2em ra*

1 “r 1 "
2em Jo [ Alef?
Making the change of variable from A, to A and using that

T = 1/a gives

} erEN d,.
A=A

1 [
I, = _/ T Jop P Y408 g
2em Jo
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To find I,, we use the residue theorem to get

i ¢eiyk,/e
I, =—- Res A=A

= chlﬁ(x;i/cj,t)e_’?fy/s,
J

where the constants {ix} are the simple zeros of a(A,1), k; =
/2 2
K; +c,
iﬂj
Ci=——
J
S[BMQ],\:W/

and 0 < k; < --- < Ky are real.
Using (B1) again gives (9),

o Ok t) = OV (xs iK1,

o0
Gx,y;t)+ Qx + y; 1) + / Qy+z;0)G(x,z;t)dz =0,
where

1 e . -
QE&;n = Gy / R e*5/e di, + E C_je_ng/S
o ,
J

1 [ 5
+—/ AT /A, |Pe~ V280 gy,
2em Jo

We get u from G as follows: we differentiate (B1) twice
with respect to x, multiply (B1) by A2/&?, and substitute these
into (4a) (where we have used A> = A2 + ¢?) to get

2
ihx /e u(x,t) ¢ d ]
e <—6€2 + o 2_dx G(x,x;1)

o) 32 32
+/x [@G(X,S;t)—ﬁG(X,SJ)

. (u(x,t) c?

62 g2

> G(x,s;t)}e“rs/s ds = 0.
Therefore,

2 2 d
u(x,t) = —6¢” + 12¢ EG(x,x;t)

and
82 2
@G(x,s;t) — mG(x,s;t)
ulx,t) c? .
+ 62 + 2 G(x,s;t) =0.

APPENDIX C: DETERMINING THE AMPLITUDE
AND PHASE LEFT OF THE DSW

To determine A and 6y, we use the method in Ref. [20]
(see also Ref. [17], Sec. 1.7.c): We substitute (25) into (4a)
and use the boundary values v — ¢ as x - —oo and v —
de~iMx/e 4 pelMx 48D/ ag v s 12¢2¢. Here, @ and b can be
found through the GLM integral equation from the left or by
relating them to a and b through the asymptotic forms of u
for —12¢%t « x <« 00. Then we asymptotically solve for the
eigenfunction ¢; this is a WKB-type problem that leads to a
matched-asymptotic problem. From the asymptotic form of ¢,
we get A and 6, in terms of 7 = b/a.

PHYSICAL REVIEW E 87, 022906 (2013)

To get a WKB-type problem for the eigenfunctions, we
substitute (25) and v = ¢ = ¢ e'**/¢ + ¢re /¢ into (4a),
break it into two consistent relations, and keep only the
leading-order terms. This gives

gy . AX'4

ax ' 12re T
S AXA

~

x| 2redt

where = 2Ax/e. This has two rapidly varying phases, (6 +
n) and (6 — n). Then we expand ¢; and ¢, as

b = ¢io0,0,X) + 1t 2¢;1(6,n,X)
+ 1 a0, X) + - -,

(ei(f?—fl) +e—i(0+n))¢2’
(CDH
(ei(9+n) _|_e—i(9—77))¢17

substitute this into (C1), and group terms with like powers of
7. At O(r~'/?), we find a resonance or turning-point region
near

1i%:0 or X ~ 42,

where secular terms appear. This gives three regions to
consider: X > 422, X ~ 422, and 42 > X > 42

In the leftmost region, where 41? <« X < oo, perturbation
theory gives

¢1,0(X) =0,

~ i * ;
$20(X) ~ exp { 1441252 fx A (Z)ﬁ(ex(@ +,

1
- )dz},
9x(z)—nx> Z}

after matching to ¢; — 0 and ¢ — 1 as x — —oo. In the
limit as X — 4A2, we get

P2.0(X) ~ (X — 4)\2)‘)(4)»)_2”61(*)’
where v = i A*(42%)/(18¢) and

— i OO 2 42 2 %—_)“
’(*)=—18ngA T ))gln(“A)ds.

In the middle region, where X ~ 422, we can represent the
solution in terms of parabolic cylinder functions:

wi oY) = e‘yz/“[clU(% — v,Y) +02U(% — v,—?)],
wz,()(Y) = eY2/4[C3U(—% - \),?) +C4U(—% - v,—ﬂ],

where U is the parabolic cylinder function (see Ref. [41]),

B 5 _ x—x9 o Yt
Y =X —4))J/1=— TR Y:m,
and
A(42?) AT 2xxo+ 06y
ci/c3 = —crfcy = Waxp {1 <Z - T)} ,

Matching w; as Y — 400 to ¢; as X — 4A2 gives

) e v/2
oy =e A —— e/ and ¢ =0.
@it
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Taking the limit in the other direction, ¥ — —o0, then gives

V21
¢10Y) = Fa—n

PHYSICAL REVIEW E 87, 022906 (2013)

.2Ax0 + 0o

v 2 —v —imv/2 —V .V —1
(422 — X) e (4rt) e exp{—l—+l(k)}+0(|Y| ),
&

$2.0(Y) = (42* — X) e ™ @r) e M + oY |h.

For 422 > X >> 4¢2, perturbation theory and matching to ¢; — b(2)e¥*'"/¢ and ¢ — a@(1) as x — —12¢%¢ gives

b10(X) ~ E(A)eixx%/sw(x;x)

and

$2.0(X) ~ a(hye X,

where

. X
Doy i 2 1 B 1
TN = e [tcz 4 (Z)ﬁ<0x(z) +c 6x(2) — 0k )dz'

Matching the limits of ¢ as X — 4A2 and as Y — —oo gives

i

c? i A*(4c?) (c — A)
In

é(A)NeXp{? 18¢ c+A

So, after contour integration,

+ 1812

s :
242 2
- / (€ 4%UEN)In

)

A
+ A

A%(X) ~ i—glnm(ﬁ/zw = —i—gln(l — [RWVX/2)1%),

since X = 412, F(A,1) = B(A,t)/&(k) and |7(1,1)| = |R(X,1)|. Likewise, matching the limits of ¢; as X — 432 andas Y - —oo

gives

2y

- ‘ 2 2 i A%(4c¢? -2
b(3) ~ —e’””/zevexp{ % gy - S A )]n<c )
&

(1 —v)

A2 18¢ c+ A

i * *© 2 42 2 é_)"
+18A28(—/c +/A )(5/4(45 ))gln<$+k)d§}.

This matches the DSW’s left boundary, since taking the limits x — —12¢?¢ and r, ~ 2(10c? — x)/3 ~ 2AX"/*7~1/2 gives

Using 7 = b/a gives (27).

u ~ 23/2¢/(3t) cos[16¢’t /e + O(logt)]; see Ref. [44] for details.
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