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NUMERICAL STUDY OF A MULTISCALE EXPANSION OF THE
KORTEWEG DE VRIES EQUATION

T. GRAVA AND C. KLEIN

ABSTRACT. The Cauchy problem for the Korteweg de Vries (KdV) equation with small
dispersion of order €2, € < 1, is characterized by the appearance of a zone of rapid modu-
lated oscillations. These oscillations are approximately described by the elliptic solution of
KdV where the amplitude, wave-number and frequency are not constant but evolve accord-
ing to the Whitham equations. Whereas the difference between the KdV and the asymptotic
solution decreases as ¢ in the interior of the Whitham oscillatory zone, it is known to be
only of order !/3 near the leading edge of this zone. To obtain a more accurate descrip-
tion near the leading edge of the oscillatory zone we present a multiscale expansion of the
solution of KdV in terms of the Hastings-McLeod solution of the Painlevé-II equation. We
show numerically that the resulting multiscale solution approximates the KdV solution, in
the small dispersion limit, to the order ¢2/3.

1. INTRODUCTION

The mathematically rigorous study of the small dispersion limit of the Korteweg de
Vries (KdV) equation

(1.1) Up + 6Uly + EUgyy =0, €< 1,

was initiated in the works of Lax-Levermore [23], which stimulated intense research both
numerically and analytically on the problem. The solution of the Cauchy problem of the
KdV equation in the small dispersion limit is characterized by the appearance of a zone of
rapid oscillations of frequency of order 1/, see for instance Fig. 1.

These oscillations are formed in the strong nonlinear regime and they have been ana-
Iytically described in terms of elliptic functions, and in the general case in terms of theta
functions in [28], [5]; the evolution in time of the oscillations was studied in [25]. These
results give a good asymptotic description of the oscillations only near the center of the
oscillatory zone (see Fig. 2). In [15], which will henceforth be referred to as I, we have
studied numerically the small dispersion limit of the KdV equation for the concrete exam-
ple of initial data of the form

1
cosh®z’
We have compared the asymptotic description given in the works [23, 28, 5] with the
numerical KdV solution. In I we have shown numerically that the difference between
the KdV solution and the elliptic asymptotic solution at the center of the oscillatory zone
scales like € while this fails to be true at the boundary of the oscillatory zone. This fact
was also observed for the Benjamin-Ono in [20]. In particular at the left boundary, where
the oscillations tend to zero, the difference between the KdV solution and the elliptic as-
ymptotic solution scales like €3 In this manuscript we show that the Painlevé-II equation
describes the envelope of the oscillations at the leading edge where the oscillations tend
to zero. Painlevé equations appear in many branches of mathematics. For example in the
study of self-similar solutions of integrable equations, in the study of the Hele-Shaw flow

(1.2) uo(z) =
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FIGURE 1. Numerical solution of the KdV equation for the initial data
uo(x) = —1/ cosh? z and € = 0.1.
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FIGURE 2. We plot for ug = —1/cosh2x, t =0.4and e = 10~2 from

top to bottom: 1) the numerical solution of KdV; 2) the asymptotic for-
mula (2.3) in terms of elliptic functions and the Hopf solution; 3) the
multiscale solution where the envelope of the oscillations is given by a
solution to the Painlevé-II equation.
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FIGURE 3. In (a) the difference between the upper two plots of Fig. 2 is
shown. The Whitham zone is shown in blue. In (b) one can see the same
situation as in (a) except for the region close to the leading edge of the
Whitham zone where the difference between the KdV and the multiscale
solution is shown in red.

near singularities [10], or in double-scaling limits in random matrix models (see e.g. [1],
[11],[2],[4]). In this work, following [22], we perform a double-scaling limit of the KdV
equation to derive the asymptotic description of the leading edge oscillations which are
formed in the KdV small dispersion limit. We show that the envelope of the oscillations
is determined by the Hastings-McLeod [18] solution of the Painlevé-1I equation. Then we
compare numerically at the leading edge of the oscillatory front, the KdV solution with the
derived multiscale solution and show that the difference between the two solutions scales
like €3. We identify a neighborhood of the leading edge of the Whitham zone where the
multiscale solution gives a better asymptotic description than the asymptotic solution based
on the elliptic and the Hopf solution. This allows to patch different asymptotic descriptions
to provide a more satisfactory treatment of the small dispersion limit of KdV as shown in
Fig. 3.

This manuscript is organized as follows. In section 2 we review the theory of the as-
ymptotic solution in the oscillatory zone of the KdV equation in terms of elliptic functions.
Then we consider the small amplitude limit for the elliptic solution. In section 3 we per-
form a multiscale expansion of the KdV solution when the oscillations tend to zero, and
we show that the envelope of the oscillations is given by a solution of the Painlevé-II equa-
tion. In section 4 we numerically compare the KdV solution with the multiscale solution
obtained in section 2. We show that the difference between the two solutions scales as
€3 which is in accordance with our analytical result. We identify a zone near the leading
edge where the multiscale solution provides a better description than the elliptic and the
Hopf solution and patch the solutions. In section 5 we summarize the results and add some
concluding remarks on future directions of research.

2. ASYMPTOTIC SOLUTION OF KDV IN THE SMALL DISPERSION LIMIT

We study initial data with a negative hump and with a single minimum value at x = 0
normalized to —1. The solution of the Cauchy problem for the KdV equation is char-
acterized by the appearance of a zone of fast oscillations of wave-length of order ¢, see
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e.g. Fig. 1. These oscillations were called by Gurevich and Pitaevski dispersive shock
waves [17].

Following the work of [23], [28] and [5], the description of the small dispersion limit of
the KdV equation is the following:

1) for 0 < ¢ < t., where t. is a critical time, the solution u(z,t, €) of the KdV Cauchy
problem is approximated, for small €, by u(z, t) which solves the Hopf equation

2.1 up + 6uu, = 0.
Here ¢ is the time when the first point of gradient catastrophe appears in the solution
2.2) u(z,t) = up(€), = =-6tu(§)+¢,

of the Hopf equation. From the above, the time ¢ . of gradient catastrophe can be evaluated
from the relation .
maxecr[—6ug(£)]

2) After the time of gradient catastrophe, the solution of the KdV equation is characterized
by the appearance of an interval of rapid modulated oscillations. According to the Lax-
Levermore theory, the interval [z~ (¢), 27 (¢)] of the oscillatory zone is independent of
€. Here 27 (t) and 27 (t) are determined from the initial data and satisfy the condition
x7(t.) = x*(t.) = x. where x is the z-coordinate of the point of gradient catastrophe
of the Hopf solution. Outside the interval [z~ (¢), 2 (¢)] the leading order asymptotics
of u(z,t,€) as ¢ — 0 is described by the solution of the Hopf equation (2.2). Inside the
interval [z~ (), 27 (t)] the solution u(z,t,¢€) is approximately described, for small €, by
the elliptic solution of KdV [17], [23], [28], [5],

2
2.3) u(z,t,€) = +B1 + B2 + B3 + 2a + 262% log 6(Q(x,1); T)
where
(2.4) 0= 7”22(19?” [z — 2t(B1 + B2 + (3) — g
and
B E(s) _ K'(s) 5 Bo— [
2.5) a—_ﬂ1+(ﬂl_ﬂ3)K(S)’ T_ZK(S)’ $ _ﬁl_ﬁS

with K (s) and E(s) the complete elliptic integrals of the first and second kind, K '(s) =
K (V1 — s2); 0 is the Jacobi elliptic theta function defined by the Fourier series

.9 .
9(2’/]‘) — § eﬂ'zn T+27rznz.
neZ

For constant values of the 3; the formula (2.3) is an exact solution of KdV well known
in the theory of finite gap integration [19], [7]. However in the description of the leading
order asymptotics of u(z,t,€) as ¢ — 0, the quantities 3; depend on x and ¢ and evolve
according to the Whitham equations [29]

0 0 .
(26) aﬂz + /Uz%ﬂl = Oa v = 17 2a 37

where the speeds v; are given by the formula
_ 4Hk¢i(/3i - /Bk)
Bi + a

with « as in (2.5). The formula for ¢ in the phase €2 in (2.4) that we are giving below was
introduced in [15] and looks different but is equivalent to the one in [5]

- Lipldvg | 1-v 1
2.8) q(ﬂl’ﬁ%ﬁg):ﬁ/l/ldudyf_( 7 ( zlﬂi: i_ﬁi);_ 5 53)7

2.7 V4 +2(B1 + B2 + B3),
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where f_(y) is the inverse function of the decreasing part of the initial data u¢. The above
formula for ¢(f31, B2, Bs) is valid as long as 1 > B2 > (3 > —1. When f33 reaches the
minimum value —1 and passes over the negative hump, then it is necessary to take into
account also the increasing part of the initial data f (u) in formula (2.8). We denote by T’
this time. For ¢ > T > t. we introduce the variable X3 defined by uo(X3) = (3 which
is still monotonous. For values of X3 beyond the hump, namely X3 > 0, we have to
substitute (2.8) by the formula

-1, fr(w) A ()
Lo (e 4 S

(29) Q(ﬂ17ﬂ27ﬂ3) = = dX .

V2r Jg, V(B =N\ = B2) (A — Bs)
The function ¢ = ¢(81, B2, B3) is symmetric with respect to 31, 32 and (3, and satisfies a
linear over-determined system of Euler-Poisson-Darboux type. It has been introduced in
the work of Fei-Ran Tian [25]. The Whitham equations (2.6) can be integrated through the
so called hodograph transform, which generalizes the method of characteristics, and which
gives the solution in the implicit form [27]

(2.10) T=vit+w;, i=1,2,3,

where the v; are defined in (2.7) and the w; = w; (51, B2, F3) are obtained from an algebro-
geometric procedure [21] by the formula [25]

3
1 dq .
2.11) w; = > (vz 2,}_15’6) 25, +q, ©1=1,2,3.

with ¢ defined in (2.8) or (2.9). The initial value problem for the Whitham equations
consists in determining the solution of (2.6) with the following boundary conditions:
a) leading edge:

(1 = the Hopf solution (2.1)

@12) B2 = PBs,

b) trailing edge:
B2 =P

(2.13) (3 = the Hopf solution (2.1).

In [15] we have solved numerically the initial value problem for the Whitham equations.
In this way we could perform a numerical comparison between the KdV small dispersion
solution and the asymptotic formula (2.3) (see Fig. 3). While in the interior of the oscil-
latory zone the error scales numerically like ¢, at the left boundary of the oscillatory zone
the error scales numerically like 3. To derive a more satisfactory asymptotic approxi-
mation of the KdV small dispersion limit in the vicinity of this point, we perform in the
next section a double scaling expansion of the KdV equation, following the double scaling
limits appearing in random matrix theory. Before doing this analysis, we study the elliptic
solution (2.3) in the limit when the oscillations goes to zero.

2.1. Small amplitude limit of the elliptic solution. We study the elliptic solution (2.3)
near the leading edge, namely when oscillations go to zero. To avoid degeneracies, we
rewrite the system (2.10) in the equivalent form
(it +wr —x)(a+61) =0
vot +wy —x =0
1
7[(’02 — ’U3)t —+ wo — ’wg] =0.

(B2 — 3)

and perform the limit § — 0 where
fp=v+0, fz=v—0, [Li=u

(2.14)
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To simplify our calculation we restrict ourselves to the case t. < ¢t < T. The following
limit holds:

E(s) ) 3 42

2.15 =1- + - +0(8?
215 K(s) v—01 4 (v— )2 (6%)
such that

52
(216) o= —U — m
Furthermore the following identities hold
(2.17) f-(u) =12(u = v)Ouq(u, v,v) + q(u,v,v)]
(2.18) ®(v,u) =(v — u)0u0uq(u, v,v) + 30uq(u,v,v)

=0pq(u, v,v) + Ouq(u,v,v)
where
1 1 Ly, 4 1ok 1 v /
(2.19) <I>(v,u) _ / d,uf ( 5 U 2 U) _ / du f—(,u) )
2v2J 4 VI—p 2VE—u J, v—p
Substituting (2.16) (2.17) and (2.18) into (2.14) we arrive at the system
(2.20)

z =6t + f_(u) — 6°

(x —6tu — f_(u) — 2(u —v)(6t + ®(v;u))
8(v —u)?
x=6tu+ f_(u) +2(v —u)[6t + ®(v,u)] + 0[6t + P(v,u) + (v — u)0,P(v, u)]

52
+ m[Gt —2(u— v)Q&,wq(u, v,0) + 4(u — v)Opy + g&,q(u, v,v,)] + 0(53)
0=6t+ ®(v,u)+ (v—u)0,P(v,u) + O(9).
From the above we deduce that, in the limit § — 0, the hodograph transform (2.14) reduces
to the form (see [25][14])

+0(8%),

6ut+ f_(u)—xz=0
(2.21) O(v,u)+6t=0

0y ®(v,u) =0.
The above system enables one to determine z, u and v as a function of time. This time
dependence will be denoted x = =~ (¢), u = wu(t) and v = v(t). We are interested in
studying the behavior of the elliptic solution (2.3) near the leading edge, namely when
x — x~(t) is small and = > x~ (¢). For this purpose we introduce two unknown functions
of x and ¢,

d=6(x—xz7(t), A=A(x—2z2(t)

which tend to zero as * — x~(t). We are going to derive the dependence of A as a
function of x — 2~ (¢). Let us fix

(2.22) fBo=v+9d, Ps=v—0, d—>0 [fi=u+A A—0.
Using the first equation of (2.20) we obtain
(x = 6t81 — f-(B1) — 2(B1 — ) (6t + (v; 81))

~ A 2 4

0~ —6t— [ (B1)+0 S +0(5Y.
Expanding the above expression near 31 (z,t) = u(t) + A(x, t), using the identity

9 ®(fs; B1) — (P55 b1)

2.23 —®(Os; =
(2.23) a5 (B3; 1) 20— )
and (2.21) we arrive at the expression

2

(2.24) O~ a—a (t)— (6t + f (u)A+ 0 (x — 27 (1))
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so that

(2.25) N Emr (M)
6t + f (u)

Using the second equation in (2.20) we arrive at

(2.26) r—a(t) ~d6%c

where ¢ = [6t — 2(u — v)20ppuq(u, v,v) + 4(u — V)0yy + gauq(u,v,v,)]ﬂ(u — v).
Therefore

52
N O(1).

Theorem 2.1. The elliptic solution (2.3) in the limit (2.22) takes the form
2.27)
xz—az (1)

u(z,t,€) ~ u(t)+m+25 cos (277%) +2[u+iv(t)] (cos (47‘1’%) - 1)

where the phase Q)™ takes the form
(2.28) 212~ =0 + 61
with
t
(229) Oo(t) = —16/ (u(T) — ’U(T))%d’r, 01(z,t) = 2+/u(t) —v(t)(z — 7~ (t)),
te

and u(t), v(t) and x~ (t) solve the system (2.21).

Proof. We first prove the relation (2.28). Using the expansion

K@):”( +—+35 +0(s ))

2 64
and (2.17) we obtain the following limit for the phase €2 in (2.4)
362
270 3y s=vts = 2 —v(l— ———=)[x —6t53; — f_
™ |52,3— +6 B U( 16(,31 — U)Q)[x &) f (ﬂl)

52
+2(Br = v)(2t + 95,4(Br, v, 0) = T 05a(Br, v, 0)] + O(0Y).
Using the identity

a?;Q(ﬂlv v, U) = 81,@(11, ﬂl) - aﬁlai)CI(ﬁla v, U)a
(2.21) and (2.18) we can rewrite the above in the form
3(2t + g a(Brv,v)) | 36t + £ (u)

2 _ A AQ
avq(ﬁlvvvv) 2(1]_51) 4 (’U—u) +O( )
so that the phase € takes the form
3 2 x—a (1)
(2.30) 27 gy s =vts = 4(B1 — )2 (2t + 0p,q(B1,v,V)) — ——5.
8 (v—u)2
We define

UO(ﬂla u) =4 ﬂl - U[ (ﬂl - U)t + (ﬁl - U)aﬁ'l(I(ﬂla v, U)]

(2.31) =2 \/ﬂl D(A, B1) + 6t]dA,
so that, by (2.21)
(2.32)

AQ

10 (B1,v) = no(u, v) + @1z, t) + (fZ(u) + 6t +2(u — v) /2 (u)) + O(A?)

2v/u —v



8 T. GRAVA AND C. KLEIN

where ¢1 (x, t) is defined in (2.29). To show that 1o (u, v) defined in (2.31) coincides with
the one defined in (2.29), we differentiate (2.31) with respect to time,

2% VI NBO, ) + 6tdA = —16(u — v)F

(v—wu)
6t + f (u)
of the above expression with respect to ¢ from ¢ . to ¢ we obtain the formula (2.29).
Using (2.32) and (2.25) we rewrite the phase (2.30) in the form
(2.33)
0%z — a2 (1)) A2

27 g, —ua A = Pg + P1 — +

‘g;,s::rié ot 8(u —v)2 2V/u—wv
where ¢ and ¢, are defined in (2.29). Neglecting the higher order terms in 6 and A of the
above expansion one obtains (2.28).

Now we are ready to expand the theta-function expression in the limit of small ampli-
tudes. Using (2.16) and

, 5 A
’LT{'T: 1_
¢ 8(u—v)( u—

where we have used the identity (2.23) and 0, u(t) = 12 . Integrating the r.h.s

(f" (u) + 6t +2(u —v) f” (u))

=)+ 0( log ),

one derives the small amplitude limit of the #-function

0
O(z;7) =1+ a—0) (1- p— 11) cos(27mz) + O(6).
Substituting the above expansion in (2.3) one obtains
xz—az (1) 52

u(x, t,e) ~ u(t)+ +25(z,t) cos(2mQ™ Je)+ (cos(4mQ~ Je) — 1) .

6t + [ (u) 2[u(t) — v(t)]
which coincides with (2.27). O

3. PAINLEVE EQUATIONS AT THE LEADING EDGE

In this section we present a multiscale description of the oscillatory behavior of a so-
lution to the KdV equation in the small dispersion limit close to the leading edge = ~ (¢)
where §3 = 3 = v and 57 = u. We are interested in the double scaling limit to the
solution of the KdV equation (1.1) as x — x ~ (¢) and € — 0 in such a way that the limit

li —2/3 —z () =
m%—l(rg,ﬁoe (x—z"(t) =c

where ¢ = ¢(t) is a nonzero function of time.
We introduce the rescaled coordinate y near the leading edge,

3.1) y=e a2 (1),
which transforms the KdV equation (1.1), to the form
(3.2) €5 up + €3 uyy, + (6u— 7 )u, =0,

d
where z; = Em‘ (t). The substitution (3.1) has the effect that the linear term of (3.2) is

just the Airy equation us + uy,, = 0 which has oscillatory solutions.
It is known [6],[22] that the corrections to the Hopf solution near the leading edge are
of the order ¢1/3. We thus make the ansatz

(3.3) u(y,t,e) = Ug + €20y + 30Uy + eUs + . . .,
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where Uy = wu(t) is the solution at the leading edge. We assume that Uy>1 contains
oscillatory terms with oscillations of the order 1/e. In particular

(3.4) Uy = a(y,t) cos <M> ,

€

where

(3.35) Yy t) = Yoy, t) + Py, t) + 3o (y,t) + s (y,t) + .. ..

Similarly we put

(3.6) Us = b(y, 1) + ba(y, £) cos (M) ,

and

B7  Us=co(y,t) + c2(y,t) sin (M) + c3(y, t) cos (M) ,

Terms proportional to sin(t)/¢) can be absorbed by a redefinition of 1. Since we impose
no further restrictions on 1) here, such terms are therefore omitted in all orders. We only
consider terms proportional to cos(1)/€) in order €'/ and the necessary terms in higher
order to compensate the terms due to the nonlinearities in (3.2).

If we enter equation (1.1) with this ansatz, we immediately obtain from the term of
order €° that ¢g , = 11, = 0. From the term of order €3 we get

(3.8) ¥, — (60U — 7 )2,y — o4 = 0.
In order €2/3 we obtain the following equations

a2

(3.9) bp— —5— =0

2 2’(/)5,?!
(3.10) V3, (313, — 6Uo + 2, ) —1h1,e =0

d
(3.11) d—y[a2(3w§’y —6Uo + ;)] =0.
In order € we get
(3.12) UO,t + (6U0 — x[)bl,y + 3aay =0

d
(3.13) X (a*¢3,) =0
(3.14) 2a*93,, =0

1 1
(3.15) Uy yy +a(20105, + t2yta0) + 507 =0
aa
(3.16) cy = ——2
CTod,
3a®

(3.17) 3= ——F—

16y,
A solution to (3.10), (3.11) and (3.14) is

_ . ot
(3.18) 31/)54, =6Up —z; + %, Y1, = 0.
Note that
(3.19) Uo(t) =u(t), =x; =12v(t) — 6u(t),
where u(t) and v(t) are defined in (2.21). The above implies that
c)

V3, =4(u—v)+ 5
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Comparing the above relation with the formula (2.29) of the phase in the small amplitude
expansion we can conclude that

(3.20) C(t) =0,
so that
(3.21) ¢§7y =4(u —v).

From (3.8), (3.19) and (3.21) we derive that
o = —16(u — v)%,

namely

t
(3.22) Yo = —16 / (u(r) — v(r) 3 dr.

te

From (3.12) we find
a? U
b= 5~ é’wg*t + k(L)
(3.23) TR
a y
= - + + k(t),

8u(t) —v(®)] ~ 6t + f (u)

where k(t) is a free function of ¢. It will be fixed by matching with the elliptic solution in
the Whitham zone. Substituting (3.23) and (3.21) into (3.15) we arrive at the equation

2 12k(u(t) —o(t)\ _ d®

This is just the Painlevé-II equation,
(3.25) A,, =zA+ A3,
where

B a " 1/3
620 A= o *~ () O
with

12 —

327 o 12K(u(t) ~ (1))

Ut

The relevant solution for our purposes is the Hastings-McLeod solution [18] which is fixed
by the boundary condtions at infinity:

lim M
Z——00 \/—_Z
where Ai(z) is the Airy function.
Since we are only interested in terms up to order € /3 in u(z, ¢, €), the terms by, ba, co,
¢ and c3 are not important for us. However, we had to go to order € to determine 1) 3 which
will contribute to the €'/3 terms in w.
To sum up we get for u(z, ¢, €)

(3.28)
u(z, t,€) = u(t)+e/3acos <%>+e2/3 [

_1 qm AG)

z——o0 Ai(z) =1

a®(cos(2¢/€) — 1)
8(u(t) —v(t)

k(t) + ——2——|+0(e)

€ 6t + f(u))

where

W(y,t) = —16/t (u(r) — v(7) Tdr + €3 [2y\/u(t) — v(t) + k1 (t)] + ¥3(t)e + O(€3).
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There are free functions of ¢ in the integration of the multi-scale equations, namely the
functions k1 (¢), k(t) and ¥3(t). We fix these constants by comparing at y = 0 the mul-
tiscale solution (3.30) with the elliptic solution (2.27) at the border of the Whitham zone.
Indeed comparing (3.28), (2.27) and (2.33) we obtain

§=0(e3), A=0(c3)

and

(3.29) ki(t) =0, k() =0, ws3(t)=0.

Therefore the multiscale solution takes the form

o a2 (cos(20/e) — 1) y

w(x,t,€) = u(t) + €/%acos (%) + /3 [ S(alt) — o0) + TR A + O(e)
where

W(y,t) = —16/t (u(T) — v(7) 3 dr + 25 y\/u(t) — v(t) + O(e3).

c

For the numerical comparison in the following section, we consider terms up to order e /3

in u,
u(z, t,€) = u(t) + €/3acos (ﬂ) +0(2/3)
€
where 1) is as given above.

4. COMPARISON OF THE MULTISCALE EXPANSION AND THE ASYMPTOTIC SOLUTION
TO THE SMALL DISPERSION KDV

The numerical evaluation of the asymptotic solution based on the Hopf and the elliptic
solution is described in I. To evaluate the multiscale solution (3.30), one needs in addition
to the quantities computed there the Hastings-McLeod solution to the Painlevé-II equation.
This solution was calculated numerically by Tracy and Widom [26] with standard solvers
for ordinary differential equation and by Prihofer and Spohn [24, 30] with in principle
arbitrary precision with a Taylor series approach. Solutions to Painlevé-II in the complex
plane were studied by Fokas and Tanveer in [10]. We use here an approach based on
spectral methods which is described briefly in the appendix. This approach is both efficient
and of high precision and can directly be combined with the numerics of I.

Times t > t.. Close to breakup the multiscale expansion is expected to be inefficient since
it is best near the leading edge, and since at breakup both the leading and the trailing edge
coincide. We will discuss this solution close to breakup below, but first we will study it
for time ¢ = 0.4 > t. = 0.216.... In Fig. 4 one can see that the multiscale solution
gives an excellent approximation of the KdV solution for < = ~(0.4) = —3.2297 and in
the Whitham zone close to x~. For larger values of x, the solutions are out of phase and
the values of the multiscale solution are shifted towards positive values. The difference
of the two solutions is shown in Fig. 5. From this figure it is even more obvious that the
multiscale solution is a valid approximation in the Whitham zone near the leading edge,
but the difference increases rapidly for |z| > x ™.

€ dependence. In 1 it was shown that the asymptotic description becomes more accurate
with decreasing e. The same is true for the multiscale solution as can be seen in Fig. 6.
The zone, where the multiscale solution gives a better approximation than the asymptotic
elliptic solution, shrinks with e. For x > x~(¢), the multiscale solution is always only
a poor approximation to the KdV solution. The maximal difference A 4, of the KdV
solution and the multiscale solution near this edge decreases roughly as €2/3. More pre-
cisely the error can be fitted with a straight line by a standard linear regression analysis,
—logg Az = —alogyye + b with a = 0.63, b = 0.41. The correlation coefficient is
r = 0.999, the standard error is o, = 0.02.
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FIGURE 4. The blue line is the solution of the KdV equation for the

initial data ug(z) = —1/cosh®x and € = 10~2 for t = 0.4, and the
green line is the corresponding multiscale solution given by formula
(3.30).
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FIGURE 5. The difference of the KdV and the multiscale solution for
the initial data ug(z) = —1/cosh®z and e = 1072 for t = 0.4. The
curve is plotted in green in the Whitham zone.

Comparison and matching with the asymptotic solution. The aim of this paper is to im-
prove the asymptotic description of the small dispersion limit of KdV near the leading
edge. In Fig. 7 it can be seen that the multiscale solution will indeed be a much better
approximation near this edge. Near the leading edge, the multiscale solution provides a
superior description of the KdV solution, whereas the elliptic asymptotic solution is much
better for > x~ () in the Whitham zone. In fact it is possible to identify a zone where
the multiscale solution is more satisfactory than the asymptotic solution. Due to the strong
oscillations of the solutions, there is a certain ambiguity in the definition of this zone. We
define the limits of the zone as the last intersection (or where the solutions come closest)
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FIGURE 6. Difference of the KdV and the multiscale solution in order
€'/3 for the initial data ug(z) = —1/ cosh? z and several values of e for
t = 0.4. The curves are plotted in green in the Whitham zone.
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FIGURE 7. The difference of the KdV and the multiscale solution (blue)
and the difference of the KAV and the asymptotic solution (green) for the
initial data ug(z) = —1/ cosh® z and € = 10~2 for t = 0.4.

on which the other solution has an error with larger oscillations. In this zone it is possi-
ble to replace the asymptotic solution by the multiscale solution. The result of this patch
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work approach is shown in Fig. 8. It can be seen that the resulting amended asymptotic
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FIGURE 8. Difference of the KdV and the multiscale solution (blue) and
the KdV and the asymptotic solution (green) for the initial data v o(z) =
—1/cosh® z at t = 0.4 for two values of €.

description has an accuracy near the leading edge of the same order as in the interior of the
Whitham zone. The maximal difference between the KdV and the asymptotic solution still
occurs near the leading edge.

As already mentioned, the zone where the multiscale solution provides a better approx-
imation to the KdV solution than the asymptotic solution, shrinks with € as can be inferred
from Fig. 9. The width of this zone decreases roughly as € 2/ which shows the self consis-
tency of the used rescaling of the spatial coordinate near the leading edge. More precisely,
we find a scaling €* with a = 0.66, correlation coefficient r = 0.9996 and standard error
o0, = 0.015. It can be seen that the zone is not symmetric around the leading edge, it
extends much further into the Hopf region than in the Whitham zone. This is due to the
fact that the multiscale solution is quickly out of phase with the rapid oscillations in the
Whitham zone, and that the Hopf solution does not have oscillations.

Breakup time. In 1 it was shown that the elliptic asymptotic solution is worst near the
breakup of the Hopf solution. The multiscale expansion obtained in the previous section
is not defined for times before t., and it will be worst there, since it can be understood as
an expansion around the leading edge of the Whitham zone. At breakup, however, leading
and trailing edge coincide. Thus the approximation is rather crude there, but it increases
in quality with time as can be seen in Fig. 10. It is, however, interesting to study at which
times the multiscale solution starts to give a better asymptotic description than other ap-
proaches. Dubrovin conjectured [8] that the asymptotic behavior of the KdV solution close
to the breakup of the corresponding Hopf solution is given by a particular solution to the
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FIGURE 9. Boundary values of the zone where the multiscale solution
provides a better approximation to the KdV solution than the asymptotic
solution. The x-values of the boundary of this zone (normalized by = ™)
for t = 0.4 are shown for several values of e.

second equation in the Painlevé-I hierarchy. In [16] we provided strong numerical evidence
for the validity of this conjecture. The natural question is whether Painlevé-12 description
near the critical point provides a satisfactory asymptotic solution for KdV till times where
the the multiscale solution studied in the present paper provides a valid description near
the leading edge. A comparison of Fig. 10 with a similar figure in [16] shows that this is
qualitatively the case. In Fig. 10 the multiscale solution is shown for z < x*(¢). Near
breakup the approximation is only acceptable close to the breakup point. For larger times,
more and more oscillations are satisfactorily reproduced by the multiscale solution. As can
be seen, the solution is also a good approximation in the Whitham zone near the leading
edge, but not near the trailing edge. For smaller values of ¢, the picture is qualitatively the
same as can be seen from Fig. 11. There are more oscillations in this case, and the first few
are well described for times close to ¢.. But the multiscale solution will only be a better
approximation of the oscillations than the Hopf solution for times ¢t > ¢t .

5. OUTLOOK

In the present work we have considered a multiscale solution to the KdV equation in
the small dispersion limit close to the leading edge of the oscillatory zone. We studied
the solution up to order €'/3. Free functions of time appearing in the integration of the
relations for the multiscale solution following from the KdV equation were fixed by a
matching to the asymptotic elliptic solution in the Whitham zone. The validity of the
approach in the considered limit was shown numerically. The double scaling expansion
of the KdV solution in the small dispersion limit will be investigated with the Riemann-
Hilbert approach as done in [5]. This project will be the subject of our future research.

As can be seen from Figure 3, the asymptotic solution of the KdV equation does not
give a satisfactory description of the KdV small dispersion limit also at the trailing edge of
the oscillatory zone. This problem will be investigated in a subsequent publication too.
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FIGURE 10. The blue line is the solution of the KdV equation for the
initial data uo(x) = —1/ cosh® x and € = 10~2, and the green line is the
corresponding multiscale solution given by formula (3.30). The plots are
given for different times near the point of gradient catastrophe (x ., t.)
of the Hopf solution. Here z. ~ —1.524, ¢, ~ 0.216.

APPENDIX A. NUMERICAL SOLUTION OF THE PAINLEVE-II EQUATION

We are interested in the numerical computation of the Hastings-McLeod solution to the
Painlevé-II equation

(1.1) PriA:=A., —2A—A%>=0
which is subject to the asymptotic conditions [18]

(1.2) A~ /=% for z — —o0,
and

(1.3) A~ Ai(z) for z — oo,

where Ai(z) is the Airy function. Numerically we will consider equation (1.1) on a finite
interval [z, z,] (typically [—10,10]). The asymptotic solution near oo, which will be
discussed in more detail below, is truncated in a way that the truncation error at z;, z,
is below 10710, At these points we impose the values following from the asymptotic
solutions as boundary conditions, namely

9 (_ Zl)fll /2

N el ) S
Alz) = V= = g(=2) 128

1 2
(1.4) Alzy) = ————exp (-—z§/2> .
2\/772'i/4 3

73
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FIGURE 11. The blue line is the solution of the KdV equation for the
initial data ug(z) = —1/cosh®x and € = 1073, and the green line is
the corresponding multiscale solution. The plots are given for different
times near the point of gradient catastrophe (., t.) of the Hopf solution.

To solve equation (1.1) for z € [z}, 2] we use spectral methods since they allow for
an efficient numerical approximation of high accuracy. We map the interval [z, z,-] with a
linear transformation z — x to the interval I = [—1, 1] and expand A there in Chebychev
polynomials.

Let us briefly summarize the Chebychev approach, for details see e.g. [3, 12, 13]. The
Chebyshev polynomials T, (x) are defined on the interval I by the relation

T, (cos(t)) = cos(nt) , where x = cos(t) , teo,n].

A function f on I is approximated via Chebychev polynomials, f =~ Zg:o an Ty ()
where the spectral coefficients a,, are obtained by the conditions f(x;) = Z:LO anTn(xp),
l =0,...,N. This approach is called a collocation method. If the collocation points are
chosen to be x; = cos(wl/N), the spectral coefficients follow from f via a Discrete Cosine
Transform (DCT) for which fast algorithms exist. We use here a DCT within Matlab. A
recursive relation for the derivative of Chebychev polynomials implies that the action of
the differential operator d,, on f(z) leads to an action of a matrix D on the vector of
the spectral coefficients a,,. Thus we express A(x) in terms of Chebychev polynomials,
A(z) = Zﬁ;o flnTn(x) (we typically work with N = 128), and the coefficients of 9, A
in terms of Chebychev polynomials are determined then via D A.
To solve equation (1.1) on the interval [z;, z,], we use an iterative approach,

(1.5) Api1.. =24, + A3 neN.
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We start with A;(z) = (1 + 22)1/4/(1 + exp(z)). In each step of the iteration we solve
equation (1.5) for A,,+1 with the boundary conditions (1.4). The boundary conditions are
imposed with a 7-method: the last two rows of the matrix D ? for the second derivative are
replaced with the boundary conditions at = +1. Since T',,(£1) = (£1)", the resulting
matrix L which will be inverted in each step of the iteration, has only 1 and —1 in the last
two rows and is thus better conditioned than the matrix D 2. It turns out that the iteration is
unstable if no relaxation is used. We thus define A, 1 = pL= Y (zA, + A2) + (1 — u)A,
with ¢ = 0.009. With this choice of the parameters, the iteration converges. It is stopped
when the difference between A, 1 and A, is of the order of machine precision (Matlab
works internally with a precision of the order of 10 ~'6; due to rounding errors machine
precision is typically limited to the order of 10 ~'#). The solution is shown in Fig. 12.

35

FIGURE 12. Hastings-McLeod solution of the Painlevé II equation.

To test the accuracy of the solution we plot in Fig. 13 the quantity P;; A as computed
with spectral methods on the collocation points. It can be seen that the error is biggest
on the boundary which is even more obvious from Fig. 14. The found solution is also
compared to a numerical solution with a standard ode solver as bvp4c in Matlab. The
solutions agree up within the limits of numerical precision.

For general values of z the solution is obtained as follows: for values of z € [z, z,] they
follow from the spectral data via A(z) = ZRN:O A, T, (z). Notice that the accuracy of the
solution is best on the collocation points, but we can expect it to be of the order of at least
1075 even at points z in between. For values of z < z;, we use the approximation A(z) =
V=2 — (—2)7%/2/8 — B (—2)~ /2, for values of z > z,, we use the approximation
A(2) = exp (—22%/2) /(24/mz'/*). This provides a global approximation to the solution
with an accuracy of the order of 10 =6 and better, which is sufficient for our purposes.
Higher precision can be reached within the used approach without problems: one can
either increase the values of —z; and 2, and use a higher number of polynomials, or use
higher order terms in the asymptotic solution of A for z — Fo0.
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