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Abstract: We show that the family of solitary waves (1-solitons) of the Korteweg—de
Vries equation
Oiu + ud,u + aiu =0,

is asymptotically stable. Our methods also apply for the solitary waves of a class
of generalized Korteweg—de Vries equations,

du+0, fw)+3u=0.

In particular, we study the case where f (1) = w”*'/(p+1), p=1,2,3 (and 3 <
p < 4, for u > 0, with f € C*). The same asymptotic stability result for KdV is
also proved for the case p =2 (the modified Korteweg—de Vries equation). We
also prove asymptotic stability for the family of solitary waves for all but a finite
number of values of p between 3 and 4. (The solitary waves are known to un-
dergo a transition from stability to instability as the parameter p increases beyond
the critical value p =4.) The solution is decomposed into a modulating solitary
wave, with time-varying speed c¢(¢) and phase y(¢) (bound state part), and an infi-
nite dimensional perturbation (radiating part). The perturbation is shown to decay
exponentially in time, in a local sense relative to a frame moving with the solitary
wave. As p — 47, the local decay or radiation rate decreases due to the presence
of a resonance pole associated with the linearized evolution equation for solitary
wave perturbations.

1. Introduction

Solitary waves are a class of finite energy, spatially localized solutions of nonlinear
dispersive partial differential equations of Hamiltonian type. In many such systems,
computer simulations and certain analytical results suggest that, in general, solutions
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eventually resolve themselves into an approximate superposition of weakly interact-
ing solitary waves and decaying dispersive waves. Thus it has been suggested (see
[L, GGKM1] that solitary waves play the role of elements in a nonlinear basis,
with respect to which it is natural to view the solution in the limit of large time. A
natural step toward understanding this sort of asymptotic decomposition is to con-
sider the stability of solitary waves. This is the study of the behavior of solutions
with initial conditions in a neighborhood of the solitary wave.

In this paper we establish a result concerning the asymptotic stability of solitary
wave solutions of the Korteweg—de Vries (KdV) equation

dutudu+ou=0. (1.1

The methods we use also apply, for example, to the solitary waves of a generalized
KdV equation (gKdV)
O+ 0 f (u)+u=0. (12)

In particular, we study the case where f(u) = u?*!/(p+ 1), for p=1, 2, 3, (and
3 <p<4foru>0, with f € C*). The same asymptotic stability result which
is proved for KdV is shown to hold for the case, p = 2, the modified Korteweg—
de Vries equation (mKdV). The solitary waves of (1.2) are known to undergo a
transition from stability to instability as the parameter p increases beyond the critical
value p = 4, cf. [LS, W1, W3, BSS, PW2]. Some of the results of the present paper
were announced in [PW1].

The KdV and gKdV equations have a two-parameter family of solitary wave
solutions of the form u(x, 1) = u.(x —ct +y), for all ¢ > 0, y € R. The solitary
wave profile u.(y) is the unique symmetric solution of the equation

—uc +cue —f () =0, (1.3)

having u.(y) — 0 as | y |— oo. Explicitly, for our particular nonlinearity, we have

1
u.(y) = asech?? By, where o = (%c(p-i— D(p+ 2)) p, B= %p\/E (1.4)

Because a small perturbation of a solitary wave can yield a solitary wave with
a permanent phase shift, or one with a different speed, it is appropriate to study
the orbital stability of solitary waves. An extensive mathematical literature on
the subject of orbital stability of solitary waves developed following the work of
Benjamin [Be] (see also Bona [Bo]) for the KdV equation. The results of Laedke
and Spatschek [LS], Weinstein [W1], [W3] and Bona, Souganidis and Strauss [BSS]
(see also [BSo]) assert that for integer p with 1<p < 4, a solution which is ini-
tially close to a solitary wave u.(x — ct) in the Sobolev space H'(R), will forever
remain close to the set of translates u.(x — ct + y) of the wave. (This is the orbit
of the wave under the group of time translations.) Somewhat more precisely, for
sufficiently small 6 > 0, one has

inf [|uC. ) = el +9) < 9 (15)

for all + > 0, if the same quantity is small at the initial time # = 0. This notion of
stability establishes that the shape of the wave is stable, but does not fully resolve
the question of what the asymptotic behavior of the system is. A priori, it is possible
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that the solution wanders in a neighborhood of the group orbit of the solitary wave
without settling down to some well-defined asymptotic state.

Our goal in this paper is to describe more precisely the long-time asymptotic
behavior of a class of solutions initially close to a solitary wave. In the general
study of the stability of periodic solutions of ordinary differential equations [CL],
and traveling waves of parabolic systems [Sa), one often seeks to establish that a
perturbed solution will approach, as ¢ — co, some fixed translate of the periodic
orbit or wave. This is the property of orbital asymptotic stability. In the present
context, since small perturbations of solitary waves can change the wave speed,
what we seek to show is that under suitable conditions, if u(x, ¢) is initially a small
perturbation of a given solitary wave u.(x — ct + y), then

ux, t) —u,, (x—cyt+y4)—0 ast— 4oo, (1.6)

for some ¢, near ¢ and 7y, near y. If this property holds, we say that the family
of solitary waves is asymptotically stable. (For the pure power nonlinearity with
f'(u) = uP, the family of solitary waves may also be regarded as a group orbit,
under the larger group of symmetries consisting of translations u — u(- 4 7y), and
dilations u — ¢Pu(c'?-).)

Now, the approach taken in the H! stability theory does not yield this informa-
tion. The reason is as follows: To prove H' stability, the solitary wave profile, u,,
is viewed as a critical point of a conserved energy functional:

Elul = Hul + cA[u] .

Here, the Hamiltonian 5# and impulse functional .4/~ are given by
1
Hlu] = [ 5(6xu)2 —F(uwdx, N[u]=] %uzdx, (1.7)

where F’(u) = f (1), F(0) = 0. The estimate (1.5) arises because u. is a constrained
minimum of &, under the condition

dN'ucl/dec > 0,

which is true for p < 4, due to the scaling relation wu.(y) = c'Pu;(y+/c). Being
derived from conserved integrals, the norm in (1.5) is insensitive to dispersive decay
phenomena.

In order to establish asymptotic behavior of the type in (1.6), one should choose
a norm which decreases as perturbations disperse. A program along these lines was
carried out for a class of nonlinear Schrédinger equations by Soffer and Weinstein
[SW1-3], who used L? and polynomially weighted L? norms to establish the asymp-
totic stability of a family of nonlinear bound states. There, and in the present work,
a key ingredient is a decay estimate for the local energy of perturbations, where
the measure of local energy is tailored to the dynamics at hand.

What norm is appropriate for KdV solitons? For the KdV equation, numerical
computations and certain results based on the method of inverse scattering suggest
that, if a soliton moving to the right with speed ¢ > 0 is perturbed, the solution
will evolve toward a superposition of a similar dominant soliton, possibly followed
by a number of small solitons (bound states) also propagating to the right, and then
a dispersing part (radiation), cf. [ZK, GGKM, L, AS, DJ]. See Fig. 1. (For rigorous
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—

Fig.1. Schematic picture of a solution of the KdV equation with two solitons and a dispersive
wave

results regarding the emergence of solitons from arbitrary initial conditions, obtained
using results from inverse scattering theory, see Schuur [Sc].)

One therefore should not expect (1.6) to occur in any translation-invariant norm,
such as any L” norm, 1=<p=oo. Heuristically, we may analyze the situation as
follows: First, by (1.4), small solitary waves travel slower than larger ones; the
amplitude increases with the speed c. Second, small amplitude dispersive waves,
considered in the frame y = x — ¢t of a dominant solitary wave traveling to the
right with speed ¢, evolve approximately according to the equation

O — cOyu + aiu =0,

whose solutions are a superposition of plane waves e**~"| where w(k) = —ck —
k*. The group velocity of these linear waves is always negative: o’ (k)= —c —
3k? < 0 for all k. So small amplitude dispersive waves should travel to the left in
this frame.

Hence, one may expect the dominant soliton to “outrun” the generated distor-
tions. In a coordinate system moving with the large soliton, one could expect local
uniform convergence in (1.6). Thus, we introduce a notion of local decay, to be
used in the frame of the dominant solitary wave. This is expressed in terms of
weighted norms, with exponential weights of the form e® where a > 0. We define

Ly ={v|e”ve *(R)}, with|lv]z=]ev|p,
Hy ={v|e®ve H'(R)}, with vl =e®v|qm .

Convergence in the space H} implies local uniform convergence. Furthermore, given
a function v(x + st) which is simply being translated to the left, with speed —s < 0,
then its norm || v(- +s¢)[|;n in the weighted space decays at an exponential rate,
like e,

The global existence of solutions of the KdV equation with initial data u(-, 0) €
H* N L2 with s=2 has been considered by Kato [K3], who showed that a unique
solution exists with u € C ([0, 00), H* N L2), depends continuously on its initial
data, and furthermore, enjoys a “parabolic” smoothing property, having e*u €
C((0, 00), H S') for any real s’. Further developments concerning the well-posedness
of KdV and gKdV appear in the more recent papers [KPV, GT].
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Our main result for solitary waves of the KdV equation is as follows.

Theorem 1. Let u.(x —ct +7y), ¢ > 0, y € R, be a solitary wave solution of the
KdV equation (1.1). Suppose 0 < a < \/E/_S and 0 < b < a(c — a*). Then there
exists C > 0 such that if ¢ > 0 is sufficiently small, we have the following: Con-
sider the initial value problem for the KdV equation with data

u(x, 0) = uc(x +y) + vo(x) . (1.8)

Assume that vy € H* N H}, with || vo ||z + || vo “H; < ¢. Then there exist cy >
0, 7+ € R, such that | ¢ —c; |< Ce, | y— y+ | < Ce, and for all t=20 we have

“ u(' s t) - uC+ (. - C+t + y+) “Hl §C€,
uG+cat = yo, 1) = ue, ()|l SCee™ . 1.9)

Exactly the same result is true for the modified KdV equation (mKdV), which is
(1.2) with p = 2.

Remarks.

1. The solution to KdV and gKdV (see Theorem 3 below) will be expressed in
the form

ulx, )y =u.n(x+0@)+ov(x+00), 1), (1.10)
where 0(f) = y(t) — [5c(s)ds. It is proved that

le@ —ci |+ 9@ =y |+ 0C, ) || S Cee™

The modulating speed ¢(¢) and phase y(#) do not depend on a, nor do their asymp-
totic limits ¢, and y;.

2. Related results for the KdV and mKdV (p = 2) equations appear in [Sc].
The KdV and mKdV equations are completely integrable, and may be solved by
the inverse scattering transform. In [Sc] the representation of the solution in terms
of the inverse scattering transform is analyzed to obtain information about the large
time behavior of solutions in which solitons emerge. This approach does not apply
to Eq. (1.2) with more general f (u), where the equation is not expected to be
integrable.

In (1.10), the leading (and dominant) term is an exact solitary wave solution of
(1.1) when c(¢), y(¢) do not vary in time. If we perturb the solitary wave slightly,
it is natural to expect the solitary wave to adjust, via slow and small variations of
its available parameters, to a nearby solitary wave. Thus we allow the parameters ¢
and y to “modulate.” Substitution of the ansatz (1.10) into (1.2) yields an equation
of the form

o= ach(,)v —(¢o. + yéy)uc(,) + y(uc(,), v), (1.11)
where
Le=—0+c—f"(u).

At this point c(¢) and y(¢) are still unspecified functions of time. The evolution
equations we obtain for these quantities may be said to arise from a non-secularity
condition to be imposed on the solution v of (1.11). In the space L? (with domain
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H?), the operator d,L, is degenerate, with an eigenvalue at the origin A = 0. The
(generalized) eigenfunctions are Oyu. and J.u., which satisfy

OyLcoyu. =0, 0,L.0u. = —0yu, .

(To derive these equations, differentiate (1.3) with respect to y and c¢.) These two
zero modes are associated, respectively, with infinitesimal changes in the location
and speed of the solitary wave. They give rise to solutions d,u. and Ocu, — t0yu.
to the linearized problem

0w =0,L.v, (1.12)

which are, respectively, constant and linearly growing with time.

Formally, to ensure that v contains no component of these solutions which ex-
hibit secular growth, it is appropriate to require that the right-hand side of (1.11) be
orthogonal to the (presumably 2-dimensional) generalized kernel of the adjoint of
OyL.. These constraints yield two coupled first order differential equations for ¢ ()
and vy(¢) (called modulation equations), which are themselves coupled to the infinite
dimensional dispersive evolution equation for v(-, ).

It turns out that the weighted space L2 also plays a role at this point. In fact, the
generalized kernel of the adjoint of 0,L. is not 2-dimensional in the space L?, but
it is 2-dimensional in L2 for 0 < a < /c. Thus, introducing the weighted space
L2 provides a regularization which facilitates the derivation and justification of the
modulation equations. (We note, however, that the modulation equations themselves
do not depend on a.)

The functions c¢(¢) and y(¢) are sometimes referred to as collective coordinates.
Modulation equations for collective coordinates have been previously derived by
various formalisms (see for example [KM, KA, Ne]). In formal perturbation theories,
the coupling to the dispersion is usually neglected and the modulation equations are
approximated by a coupled system of ordinary differential equations. The validity
of this approximation on large but finite time intervals is considered in [W2] for a
class of nonlinear Schrédinger equations.

Another point of view that describes our analysis is that the change of variables
implicit in (1.10), from u to (y(¢), c(¢), v(y, t)), is one for which the family of
solitary waves becomes a 2-dimensional manifold of equilibria, corresponding to
constant values of y and ¢, with v = 0. We study the asymptotic stability of this
manifold by regarding it as a center manifold. The “parabolic” character of the KdV
equation in the space H* N L2 makes this approach feasible.

Our results below for gKdV in Theorem 3 will differ from the results in Theorem
1, due to differences arising in the detailed spectral properties of the operator d,L.
in the linearized evolution equation (1.12). As mentioned above, the point 4 =0
is an eigenvalue of the operator d,L. in L?. Concerning the rest of the spectrum,
the results of [PW2] and Sect. 2 (see Theorem 2.1 below) imply that when
1<p < 4, the spectrum consists of the entire imaginary axis. Most of this spectrum
is approximate point spectrum. The point 4 = 0 is an eigenvalue which is embedded
in the essential spectrum.

A crucial spectral property that makes Theorem 1 possible is that for the solitary
waves of KdV (and mKdV).

4 =0 is the only eigenvalue of 0,L. in the space L?. (1.13)
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In particular, the linearized equation (1.11) has no localized (L?) solution of the form
€'Y (y) with w =0 real. While this refined spectral information concerning d,L, is
not required in the H'-Lyapunov stability theory, it is necessary for our asymptotic
stability analysis that (1.12) admit no spatially localized, temporally nondecaying
solution which is not associated with modulation of the parameters c(¢) and y(¢).
We will prove (1.13) in sect. 3 and Appendix B. The proof relies on some general
results in [PW2] concerning the eigenvalue problem for solitary waves of gKdV, and
on explicit formulae available for the solution of the eigenvalue equation 0,L.v = Av
for KdV solitons. (Such formulae appear in [JK, Ber]. Our development relies on
results from [M, GGKM].)

We are not presently able to prove that (1.13) holds for the solitary waves of
gKdV for all p € (1, 4). For p fixed, we note that 4 is an eigenvalue of 0,L,. if and
only if 4/c’? is an eigenvalue of 9,L,. (This is due to a dilational symmetry admitted
by the gKdV equation, but can easily be checked using (1.4).) It follows that the
property in (1.13) does not depend on c. What we can prove is the following:

Theorem 2. The set E, of values of p with p > 0 such that the operator 0,L. has
a nonzero eigenvalue in L?, is a discrete set. In particular, EN[1, 4] is a finite
set (which does not contain the values p =1 or p = 2).

We conjecture that E is empty, in fact. There is strong numerical evidence to this
effect, see the remarks concluding Sect. 3 below. But at this time, except for p = 1
and 2, we are unable to prove that any particular p € [1, 4] lies in E or not.

Our main stability result concerning gKdV solitary waves is as follows.
We are interested in treating real values of p near p =4, the transition to
instability. Since for noninteger p, the nonlinearity f () is not smooth, the
results of Kato [K3] do not immediately yield the global existence of solutions.
In Appendix A, we show that the method of Kato does yield global existence for
3 < p < 4 (where f is C*): given u(-, 0) € H?> N H}, the solution u € C([0, o),
H*NH}), and e*u € C ([0, 0o), HS/) for any s’ < 4. In particular, the solution is
classical: For t > 0, d,u and 0>u are continuous.

Theorem 3. Let u.(x —ct+7y), ¢ > 0,y € R, be a solitary wave solution of
the gKdV equation (1.2). Suppose 3<p < 4, and assume that (1.13) holds, i.e.
pé¢E Let 0 <a< \/Z‘ﬁ Then there exists C > 0 and b, 0 < b < a(c — a?),
such that if ¢ > 0 is sufficiently small, we have the following: Consider the initial
value problem for gKdV with the data in (1.8). Assume that vy € H* N H}, with
0o llg1 + 1o llyr < e Then there exist ¢y > 0, y4 € R, such that |c—cy |<

Ce, |y —y4 | < Ce, and for all t=0 we have

”u(.s t)_uC+(' _c+t+'))+)||H1 §C£ 5

|- +cpt —yi, ) — U, (+) ”H,,l §C3€_bt . (1.14)

The conclusion of this theorem differs from that of Theorem 1 regarding the rate
of exponential decay obtained in the weighted norm. In both Theorems 1 and 3,
the local decay rate —b satisfies —a(c — a*) < —b < 0, but now it may be further
restricted. The difference arises from the character of the spectrum of the oper-
ator d,L, in (1.12), considered in the space L2. Studying the resolvent equation
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(A—0yLe)v = g in L2, is equivalent, after multiplying by e® and letting w = e¥'n,
h = e¥g, to studying the resolvent equation

(A—dz)w=h, with 4, =e¥0,L.e” ™, (1.15)

in the space L2. The transformation from 4y = OyL. to A, has the effect of shifting
the essential spectrum (defined to consist of all points of the spectrum which are
not isolated eigenvalues of finite multiplicity [H, chap. 5]): The essential spectrum
of Ay is the imaginary axis, but the essential spectrum of A4, lies entirely in the
left half plane Re A< — a(c — a@?) < 0. Thus, modulo a finite dimensional subspace
corresponding to point eigenvalues of A,, we expect that the linearized flow defined
by e’ is dissipative. Now, for the KdV and mKdV equations one can verify that
the entire spectrum of 4, consists only of its essential spectrum, plus the isolated
eigenvalue A = 0 of algebraic multiplicity 2. But for gKdV this may no longer be
true: In principle, the operator 4, can have isolated eigenvalues of finite multiplicity
lying in the strip —a(c — a®) < ReA<0. The property (1.13) is used to guarantee
that, for p ¢ E, the only eigenvalue of 4, on the line ReA =0 is A =0. The
additional restriction on the exponential decay rate —b in Theorem 3 arises because
b must have the property that ReA < —b whenever A lies in the spectrum of 4,
and A=0.

We remark that the restriction 0 < a < y/c/3 is imposed in Theorems 1 and

3 because the expression a(c — a?) is maximized at a = \/c/_3 Larger values of a
would restrict the initial data further, with no gain in the decay rate achieved.

The possibility that 4, has isolated nonzero eigenvalues in the strip —a(c —
a®) < Rel < 0 becomes reality for p near 4, the point of transition to instability:
For p > 4 the operator 4y = 0,L. (and also 4,) has an eigenvalue A4(p) > 0 [PW2-
3]. Having characterized A4(p) as a zero of a Wronskian-like analytic function D(4)
called Evans’ function, Pego and Weinstein showed that 14(p) is analytic in p in a
neighborhood of p = 4, with 14(p) < 0 for p < 4.

When 1x(p) < 0, it is not an eigenvalue of 4y in L. As discussed in [PW2-3],
it is instead analogous to a resonance pole in quantum scattering theory [RS4]: It
is a singularity arising in the analytic continuation of (A — 4g)~'f (x) (for fixed x
and f € L? with compact support, for example), as 4 moves from the right half
plane, across the essential spectrum on the imaginary axis, onto the second sheet
of a Riemann surface, above the left half plane. Such singularities of an analyti-
cally continued resolvent control radiation rates in a variety of physical problems,
accounting, for example, for the phenomenon of Landau damping in the Vlasov—
Poisson system of plasma physics [CH1-2], and for acoustic scattering in the
wave equation, where local decay occurs at rates given by scattering frequencies
[LP, V].

What we will show below is that in the present circumstances, A4(p) is a small
negative eigenvalue of 4,, when 4 — p is small and positive. The decay rate b in
Theorem 3 must then satisfy A4(p) < —b < 0, and Ag(p) — 0 as p — 4. Therefore,
the local decay rate of solitary wave perturbations, as guaranteed by Theorem 3,
must approach zero as p approaches 4. See Fig. 2, comparing the spectrum of 4,
with that of 4,, for a value of p near 4.

Finally, a word about issues arising in carrying out a priori estimates of the
perturbation about the solitary wave. A significant technical obstacle to overcome
is that nonlinear terms like v* become discontinuous when considered as functions
on the weighted space H/, because the weight e¥ is not bounded away from zero.
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Fig.2. (a) Spectrum of 0,L. for p near 4. ‘{° marks resonance pole. (b) Spectrum of 4,. ‘X’s
mark eigenvalues

(For this reason Sattinger [Sa] required his weights to remain strictly bounded away
from zero.) As an example that describes how we will overcome this problem, we
estimate || v? ||, as follows:

a

10* gy = e 0 g <l ol o lgn -

Thus if the unweighted norm || v||;1 can be shown to be small, then a quadratic
term can be controlled like a small linear term. While control of the weighted
perturbation w(y, t) = e?v(y, t) is obtained by direct estimates of an integral equa-
tion, using smoothing and decay estimates on the semigroup e“«’, control of the
unweighted norm || v(-, £) ||;n requires a different kind of analysis. The key is to
use the conserved energy functional &, originating in the work of Benjamin [Be],
for which u, is a critical point. Using this together with the local decay of the
perturbation v(-, f), we obtain the necessary bound for || v(-, ) ||1-

The paper is organized as follows: In Sect. 2, we begin the spectral analysis
of the linearized operator 0,L. in (1.12), characterizing its essential spectrum and
generalized kernel in the spaces L? and L2. Nonzero eigenvalues are characterized
as zeros of Evans’ function D(A), whose properties are recalled from [PW2] and
further developed. In Sect. 3, we exhibit D(4) explicitly for p = 1 and 2, and verify
the property (1.13). Also, we prove Theorem 2, by studying D(4, p) using analytic
continuation in p.

We study the linear equation (1.12) in Sect. 4 by semigroup methods, and obtain
certain smoothing and exponential decay estimates for later use. In Sect. 5 we justify
the representation (1.10) of the solution, and derive the equations of motion of the
new variables (c(¢), y(), w(y, t)). In Sect. 6 we obtain the estimates indicated in
Remark 1 following Theorem 1, and complete the proofs of Theorem 1 and 3.

Section 7 contains discussion of some further points, concerning, for example,
multisoliton initial data, and the influence of the resonance pole on local asymp-
totic behavior when p is close to 4. In Appendix A, the existence and regularity
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of solutions of gKdV for 3 < p < 4 is studied using Kato’s theory. Appendix B
contains the details of the calculation of Evans’ function D(4) for the KdV and
mKdV equations.

2. Spectral Analysis of the Linearized Equation

In this section we study the spectral properties of the operator 4y = J,L. appearing
in the linearized equation (1.12), in the spaces L? and L2.

2.1. Spectral Theory in L>. We consider the operator 49 = d,L. on L? with domain
H3. The properties of the spectrum of this operator were delineated in [PW2]. The
spectrum consists of discrete spectrum (isolated eigenvalues of finite multiplicity),
and essential spectrum (everything else in the spectrum). Since u.(y) — 0 at an
exponential rate as | y |— oo, the essential spectrum may be shown to agree with
the spectrum S, of the constant coefficient operator 9, (—6§ + ¢). Hence the essential
spectrum S, is the imaginary axis.

Regarding the isolated eigenvalues of 4o, the following result was proved in
[PW2].

Theorem 2.1.

(1) If 0 < p=4 (corresponding to d.N [u.]l/dc=0), then Ay has no isolated
eigenvalues. Its spectrum coincides with the imaginary axis.

(2) If p > 4 (corresponding to d N [u:)/dc < 0), then the spectrum of Ay con-
sists of the imaginary axis together with two simple, real eigenvalues A = ds(p)
> 0 and —Js(p) < 0.

In [PW2], the isolated eigenvalues of 4y were studied using their characterization
as zeros of Evans’ function D(4). Evans’ function also yields finer spectral infor-
mation, such as the location of eigenvalues embedded in the essential spectrum, and
resonance poles. This information is important in our asymptotic stability analysis.

We now discuss the definition of Evans’ function D(4) and some of its key
properties. For a more detailed development, see [PW2], also [E, AGJ]. If 4 is an
eigenvalue of 4y with L?-eigenfunction Y (), then Y is a solution of the differential
equation

K-8 +c—f MY =AY (»). @1

As |y |- oo, the coefficients of (2.1) rapidly converge to those of the constant
coefficient equation

o (=R +c)Y () =AY(y). (2.2)
This equation has solutions of the form e”’” where the exponent p satisfies
P(p) = +cu=2. (2.3)

For arbitrary A in the right half plane Re/ > 0, Eq. (2.3) has roots y; (1), j = 1, 2, 3,
which satisfy
Repi(4) <0 <Reyi(4), j=23. 2.4)

Corresponding to the solution e*” of (2.2) which decays to zero as y — +o0, Eq.
(2.1) has a solution Y*+(y, A) which is analytic in A and satisfies

Yt(y, ) ~ et asy— +oo. (2.5)



Asymptotic Stability of Solitary Waves 315

From the solution Y *(y, 1), Evans’ function D(A) may be defined, as a transmission
coefficient, with the property that

Y*(y, &) ~ D(L)e” asy— —oo. (2.6)

D(2) is an analytic function in the right half plane. If D(1) = 0 for some A with
ReA > 0, then Y*(y, ) must decay exponentially as y — —oo. In this case, 4 is
an eigenvalue of 4y with corresponding eigenfunction ¥ = Y*(-, 1). Conversely, if
A is an eigenvalue with ReA > 0 and eigenfunction Y (), then Y(y) must be a
constant multiple of Y*(y, 1) and so D(4) = 0, since Y(y) is bounded.

Theorem 2.2. For Rel > 0, 1 is an eigenvalue of Ay if and only if D(A) = 0.

The origin 4 = 0 is an eigenvalue of 4, embedded in the essential spectrum, with
eigenfunction 0,u.. Furthermore, 0.1, is a generalized eigenfunction: we have

dLedyue =0, 0,LOcu, = —0yu, . Q2.7

For the purposes of this paper, it is useful to observe that D () is naturally defined,
by the same property (2.6), on a domain properly containing the (closed) right half
plane, defined by the inequalities

Rep (1) < Rep;(A), j=2,3. 2.8)
We denote the domain defined by (2.8) by . For Rel = 0, it turns out that
Repi () < 0=Repu(4) < Reuz(4),

thus (2.8) holds in a neighborhood of the imaginary axis, i.e., {1 | ReA=0} C €.
In fact, €y is explicitly given as follows.

Proposition 2.3. D(4) is analytic in the whole complex plane, cut along the
negative real axis from —oo to A, = —2(c/3)*% That is, Qy = C\(—o0, L]

Proof. By the theory developed in [PW2], it suffices to show that the equation
2 (p) = A has a unique root of smallest real part, for all A € C\(—oo, 4.]. This
statement is true for ReA=0 because of (2.4), which is proved in [PW2]. Assume
Reld < 0 and that 2 (u) = A for distinct u; = a + ify, po = o + iff, with the same
real part. Now

A= 2(w) = alc — o)+ 3ap’ +if;(c — 30* + B7) .

We have a#0 since Red < 0. Comparing real parts, we find g2 = f83, so i =
—B2, hence p; = ;. Then comparing imaginary parts, we find that 4 must be
real, and f? =30? —c > 0. Since 4 < 0, we must have o < —/c/3, so since
A= a(80¢2 — 2¢) is an increasing function of a, 1 < —+/c/3(8¢/3 — 2¢) = A..

The only value of 1 with Red < 0 for which a double root occurs is when
P'(w) =0. ie, u=—1/c/3 and A = A.. The proposition now follows.

In principle, when Rel =<0, zeros of D(4) need not be eigenvalues of Ay, and
conversely. However, the following was shown in [PW2], using the symmetry
Y (y) — Y (—y) of (2.1) which is valid when Red = 0.
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Theorem 2.4. Suppose Rel =0. Then 1 is an eigenvalue of Ay if and only if
D(A) = 0. If A is an eigenvalue, then the eigenfunction Y (y) =Y (y, 1) — 0 at
an exponential rate as |y |— oo.

Since 4 =0 is an eigenvalue, D(0) = 0. It will turn out that A = 0 is an isolated
eigenvalue of 4y in the space L2. In order to describe the associated eigenspace and
spectral projection, we introduce the following definitions:

3

c» éz = Oclle ,

1= ayu
y
ﬁl =0 f Ocle + Oruc, 77]2 = Osu, . (2.9

—00

Here,

d - 1 (d = \ (d -
0, = <%JV[MC]> , 0 = 3 (@ _{o uc) (%W[uco , and 03 = —0; .

The functions 51 52, and 7}, decay exponentially as | y |- oo, at the rate e~ Vel
The function 7, decays like eVY as y — —o0, but is merely bounded as y — +o0.

In addition, these functions have the following properties:
ach 51 =0, achgz = —gl P
Leoyify =1, L0y, =0, (2.10)

and _

M &) =0, Jk=12, 2.11)
where (u, v) = [22 uvdx.
2.2. Spectral Theory in L?. As mentioned in the remark following Theorem 1, we
seek to prove that perturbations of a modulated solitary wave decay in a local
energy sense, captured by norms in the weighted space L2. Thus, we consider now

the spectral theory of the linearized operator d,L. in L2.
We first make a change of variables,

W) =e?Y(y). (2.12)
Then the eigenvalue equation (2.1) is transformed into the equation
AW = ed,Le™ W = (0, — a)[~(0), — a)* +c—f ()W =AW . (2.13)

The spectral theory of 4g = d,L. in L? is equivalent to the spectral theory of 4, in
L2, and from now on we refer to the latter.

We first consider the essential spectrum of 4,. Since f'(u.(y)) and 0, f" (uc.(¥))
decay to zero at an exponential rate as | y |— oo, the essential spectrum of 4, can
be shown to agree with the spectrum, S?, of the constant coefficient operator

A% = (0, — a)[—(8, — a)* + ] .

Hence, we have:
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Proposition 2.5. For 0 < a < \/c/3, the essential spectrum of A, is the set S2,
a curve parametrized by

7+ P (it — a) = (it — a)[—(it — a)* + ¢]
= i1’ —3ar® + (¢ — 3d)it — a(c — d*) , (2.14)

which lies in the open left half plane. (See Fig. 2.)

Next, we study the discrete spectrum of 4,. For 0 < a < \/c/—3, the complement
of the set S7 in the complex plane consists of two disjoint open components. One
of these components, which we denote by Q, or Q. (a), contains the closed right
half plane. Any point of the spectrum of 4, lying in € is an isolated eigenvalue
of finite multiplicity. The following result characterizes such eigenvalues as zeros
of Evans’ function D(4).

Proposition 2.6. Let 0 < a < +/c/3. Then:
(1) {4] ReA=20} C Q. (a) C Qo, the domain of definition of D(1).
(i) For 1 € Q,(a), A is an eigenvalue of A, in L* if and only if D(A) = 0.

Proof. Consider the curve in (2.14) which parametrizes S¢. The imaginary part
of 2(it — a) is a strictly increasing function of 7, since ¢ — 32> > 0. Also #(—a)
> Ay. S0 8¢ = 02, (a) and S does not intersect the cut (—oo, A.]. Thus 2, (a) C
Q.

Next, observe that for 4 € S¢, the equation 2(u) = 4 has exactly one root sat-
isfying Re 4 = —a. Because of this, and the fact proved in [PW2] that the roots
i (A) of (2.3) satisfy

=N H0( A7) as | 4] co with 1€ Qp, (2.15)
it follows that for 0 < a < 1/¢/3,

Reu(4) < —a=Rem() < Rep3(4), A€S,,
Reui(A) < —a <Rep(A), j=2,3, 1eQi(a). (2.16)

Now suppose 4 € Q. (a) is an eigenvalue of 4,. Then the differential equation (2.13)
has solution # () in L2. By standard results on the asymptotic behavior of solutions
of ordinary differential equations with asymptotically constant coefficients, W (y) is
bounded uniformly in y. Hence e W (y) is a solution of (2.1) and satisfies

e YW(y)=0(¥)asy — too.

Therefore, by Proposition 1.6 of [PW2], e W(y) is a constant multiple of
Y*(y, 4), and furthermore, since now Y1 (y, A) = O(e™¥) as y — —oo and Repu(4)
< —a for A € 2,(a), it follows that D(4) = 0. (Also see (2.6).)
If conversely, D(A) = 0, then we know from Proposition 1.6 and Theorem 1.9
of [PW2] that
O(et” as y — 4+oo,
Y+(y, l) = {Ogey*y)«i—slyl) as j)y_) —00,

whenever 0 < & < u, — Reyy, where p, = min(Re u,, Reus). Hence by (2.16),
W(y)=e?Y"(y, A) satisfies (2.13) and decays exponentially as |y |— oco. So 4
is an eigenvalue of 4,. T
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Proposition 2.6 implies in particular, since the closed right half plane {4 |

Rel 20} C Q for 0 < a < 1/c/3, that eigenvalues of 4, in the closed right half
plane must be zeros of D(A). We know that A =0 is an eigenvalue of 4y, and
that D(0) = 0. Hence A = 0 is an eigenvalue of 4,. In Sect. 3, we prove that for
1 <p=4, except for values p € E (a finite set), D(1)+0 for all nonzero 4 in the
closed right half plane. (See Theorem 3.6.) Therefore, we have:

Theorem 2.7. Let 0 < a < +/c/3 and assume p=1 or 2, or 1 < p<4 with
p & E. Then the only eigenvalue of A, in the closed right half plane is 1 = 0.

We shall require a detailed characterization of the generalized eigenspaces of 4, and
its adjoint 4; = —e~¥L.0,e?. The dimension of these eigenspaces is determined by
the fact that 0 = D(0) = D' (0)+D" (0) for p=+4, proved in [PW2]. (The fact that
0 =D(0) = D'(0) is associated with the existence of a two-parameter continuous
family of solitary waves, obtained by translation and changes in wave speed.) For
an operator 4 defined in L?, define

ker(4) = {w € dom(4) | Aw = 0}, kery(4) = | ] ker(4*) .
k=1

Propesition 2.8. (Spectral projections for the zero eigenvalue) Assume d A [u.]/dc

*0(p+4)and 0 < a < \/c/3. Then /. =0 is an eigenvalue for A, with algebraic
multiplicity two, and

ker, (4,) = ker(43) = span{¢,, &}, ker, (4;) = ker (43%) = span {1, n2} , (2.17)

where & = e"yfj and nj = e Vij; for j =1, 2, ie.,
& = eayayuc‘a & =eY0uc ,

y
m=e ¥ (91 [ Ocuc + 92uc> , Mm=e Yhu., (2.18)

where 0y, 05, 03 are as in (2.9). In addition, the & and ny are biorthogonal, with
(&, nk) = O for j, k =1, 2. Thus the spectral projection P for A,, associated with
the eigenvalue A =0, and the complementary spectral projection Q, are given by

2

2
Pw=Y (wn)&, Ow=U-Pw=w->_ (w )&, (2.19)

k=1 k=1

for w € L?. These projections satisfy PA.w = A,Pw, QA,w = A,0w, for w €
dom(A4,).

Proof. Because of (2.10), zero is an eigenvalue of 4, of algebraic multiplicity at
least two, with

Al =0, A48 =&,
Agm = —ny, Azm=0. (2.20)

We must show that the algebraic multiplicity is not greater than two; then the
formula (2.19) for the spectral projection P follows. But there is a general relation
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between the algebraic multiplicity of eigenvalues of 4, and the order of vanishing
of D(A), see [E], [AGJ]. We have the following.

Lemma 2.9. Assume 0 < a < +/c/3 and A € Q4 (a) with D(X) = 0. The algebraic
multiplicity of A as an eigenvalue of A, equals the order of J. as a zero of D(A).

Proof. Assume 4 is a zero of D(A) of order k+ 1, k20, so 0=D(A)=...=
D (2)+D¥ D (). By [PW2], Propositions 1.2 and 1.21, in this situation the deriva-
tives 9] Y+ (y, ) satisfy

iyt _JoE"t®)y  asy— +oo,
Y (A= {O(Qu*yﬂlyl) as y — —oo,

for any ¢ > 0, forj =0, ..., k. Here y, = min(Re pp, Re y3) > —a by (2.16). De-
fine W;(y) = e®0d] Y*(y, A). Since

(OyLe — D)LY (y, ) =jo] ' Yy, 2)

for j=1,2,..., we have that ;(y) decays exponentially as |y |— oo for j =
0,...,k and

AWy =0, AWy =jW,_y, forj=1,... k.

Hence 4 is an eigenvalue of 4, of algebraic multiplicity at least k£ + 1; the functions
Wy, ... Wi form a Jordan chain.

To prove that the algebraic multiplicity is not greater than £ + 1, it remains to
show:

(a) ker(4,) is one dimensional, and (b) the equation 4,W = W} has no L? so-
lution. That (a) is true is a consequence of the proof of Proposition 2.6. To prove
(b), suppose that W is an L?-solution of 4,W = (k + 1)W;. Then W(y) is bounded.
Put Y(y)=e @W(y) - &VY+(p, 1). We have 9,L.Y =0, Y(y) = O(e™®) as
y — +o0. It follows that Y(y) is a constant multiple of Y*(y, 1). Hence, we find
that

YT (), N =0(e™®) as y — —o0, (221

forj =0, 1, 2. But Proposition 1.21 of [PW2] gives a formula that implies that since
DD (7) %0, the 3-vector 8%V (v, Y+, ¥*") has exact order e" as y — —oc.
Since Rey; < —a, the bound (2.21) contradicts this and implies D**+D () = 0.
Hence (b) is true, and this finishes the proof of the lemma.

We conclude this section by describing how a resonance pole of the operator 4o,
present for p near 4, yields an eigenvalue of 4, near 0. In [PW2] (see also [PW3]),
we showed, for p less than but near the critical value p., = 4, that D(A) has a real
and negative zero, Au(p) < 0, with Z4(p) — 0 as p — 4. Associated with 14 (p) is
the solution & (-, p) = Y™ (-, A« (p)) of (2.1), which for p < 4 decays exponentially
as y tends to +o0, and grows exponentially as y — —oo since . (Ag) < O:
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Fig.3. D(A) vs. Aforp=3,c=3

~ wy (A4)y —

&(,p) = {ggy*w)y; o i o (2.22)

The transition to instability of the solitary wave, as p increases from values less

than p. = 4 to values larger than 4, is marked by the passage of A4(p) through the

origin and becoming positive for p > 4. For p > 4, the function &(y, p) is now

in L? since p.(4¢) > 0, and so A4(p) > 0 is now an unstable eigenvalue of Aj.
Now consider the function &x(y, p) = e¥ &, p). By (2.22) we have

_ Jo(ettm )y as y — oo,
&u(y,p) = { O(e(a+,u*(1#))y) as y — —00 . (2.23)

Since As(p) — 0 as p — 4, we have u.(A4(p)) — 0. Hence, for p sufficiently near
4 and p < 4, we have & (y, p) € L?, and so Jy(p) < 0 is an eigenvalue of A,.
This eigenvalue (which is also a resonance pole of d,L.) is indicated in Fig. 2.

An analogous construction can be carried out for the adjoint operator —L.0,.
Summarizing these results we have:

Proposition 2.10. Let 0 < a < +/c. Let p be less than and sufficiently near pe; =
4. Then

(@) 24 (p) < 0 is an L? eigenvalue of A, with corresponding exponentially de-
caying eigenfunction &4 (y, p).

(b) u(p) is an L?* eigenvalue of A} with corresponding exponentially decaying
eigenfunction nu(y, p).

We can choose &u(y, p) and nu(y, p) to satisfy the normalization (Eu(p),
ny(p)) = 1.

Remark . There is strong numerical evidence suggesting that no resonance pole is
present for 1 <p <2 while there is a resonance pole for all p with 2 < p < 4. In
Fig. 3, we plot numerically computed values of D(1) vs. 4 for p = 3 with ¢ = 3, for
A between 0 and the endpoint of the cut (—oo, 4,.] where A, = —2, cf. Proposition
2.3. A zero, corresponding to a resonance pole of 4y, is apparent at the approximate
value Ax(3) = —1.6.
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3. Absence of Nonzero Embedded Eigenvalues

The results of this section will prove Theorem 2, establishing that for p = 1(KdV),
p =2 (mKdV), and for all but a possibly finite set of values of p € E with
p € (1,2) U (2,4), the linear operator d,L. has no nonzero eigenvalues in L?. By
Theorems 2.3 and 2.4, this implies that D(1)=%0 for nonzero A with ReA=0, and
hence that the operator 4, has no nonzero eigenvalues in the closed right half plane
(except possibly when p € E). This proves Theorem 2.7. The proof of Theorem 2
relies on: (a) the explicit calculation of D(4) for the KdV and mKdV equations
(p =1and 2), and (b) an analytic continuation argument in p, using a result of
[PW2] which implies the simplicity of any nonzero embedded eigenvalue of 0,L..
This argument does not depend on the explicit form of the nonlinearity f'(«, p), and
could be used for other analytic families of nonlinearities that contain the KdV case

f ) =/2.

Theorem 3.1. Let A €y (see Proposition 2.3). (a) For the case of the KdV
equation (p =1, i.e., for the eigenvalue problem

OyLY = 0y(—3> +c—3c sechz(%y\/E))Y =Y, (3.1)
Evans’ function is given explicitly by
md)+ \/E> ?
DA =|—"——=] , 32
0= (G 2

where py () is the root u of smallest real part of equation (2.3), 1> — cu+ A =0.
(b) For the case of the mKdV equation (p = 2), i.e, for the eigenvalue problem

0yLeY = 8,(—02 + ¢ — 6¢ sech®(y\/c)) Y = 1Y, (3.3)

Evans’ function is also given explicitly by (3.2).

Corollary 3.2. For the cases p=1 and p =2,
(a) A =0 is the only eigenvalue of 0,L..
(b) A =0 is the only eigenvalue of A,, for 0 < a < +/c/3.

To prove the corollary, note that if D(L) = 0, then y; (1) = —/c, hence A =0
by (2.3). The proof of Theorem 3.1 is given in Appendix B.
Next, we study the eigenvalue problem for d,L. for p ¢ {1,2}:

OyLY = 8,(—0} +c— )Y =AY , (3.6)

where 12 (y) = Le(p + 1)(p + 2) sech*(Jyp\/©).

Lemma 3.3. If A is a nonzero purely imaginary eigenvalue of (3.6), then 1 is
simple and D' (1) =+0.

Proof. Recall from [PW2, Theorem 3.6] that if 2 = iff is an eigenvalue of (3.6)
with 0+ p real, then the eigenfunction Y (y) = Y*(y,1) decays exponentially as
y — £o00. Moreover, the eigenspace is one dimensional (by [PW2, Proposition 1.6]
any eigenfunction must be a multiple of Y*(y,4)). Furthermore, with Y;" (y) =
0,Y*(,4), the following ordinary differential equation is satisfied:
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(L = DY) =Y"(). (3.5

Suppose D’(X) = 0. Then from Propositions 1.2 and 1.21 of [PW2] we find that
since Reu, (4) =0, for £ =0,1,2 we have

Eot — 0 exponentially as y — +o00,
6yY i ») _ elyl
=o(e?V)asy — —o0, foralle > 0.
Therefore, when we multiply (3.5) by L.Y*(y) and integrate by parts, we are as-
sured that the integrals involved converge and boundary terms vanish. We find

(Y*,LY*) = f Y*L. Y dy = f (OyL. — MY} LY *dy

— 00

= f LY;AY vdy — f AY;L Y dy =0,

— 00 —00

since A+ A = 0 and L, is real and formally self adjoint. It follows (Y+,L.Y+) = 0,
and one has also

MYT, LYYy = [ Q,L.YTLY dy=0.

From these considerations, we have that % = span{Y* (-, 1), Y*(-,4)} is a subspace
of L? (complex valued functions) that satisfies

(Leu,v) =0 for all u,v € ¥ .

Furthermore, % Nker (L.) = {0}. Since L. has only one negative eigenvalue, which
is simple, it follows that dim % <1. (This follows from Lemma 3.3 of [PW2], but
is also easy to show directly.) But this contradicts the fact that dim % = 2. Hence
D'(2)=*0.

We also claim that A is simple, i.e., there is no L?-solution of (8,L. — DY =Y If
indeed there were, then from standard results on the asymptotic behavior of solutions
of ordinary differential equations [CL, C], we find that ¥ (y) (and its derlvatlves)
decay to zero exponentially as |y| — oco. From this it follows that Y- —Yisa
constant multiple of Y, and hence Y;"(y) (and its derivatives) decays exponentially
as |y| — oo. But this 1mphes that D’ (1) = 0; see Proposition 1.21 of [PW2]. This
finishes the proof of Lemma 3.3. [

One consequence of Proposition 3.3 concerns how the zeros of D (1) depend on
p. Considered as a function of A and p, Evans’ function D(4,p) is analytic in both
A and p, as remarked in [PW2]. So we have the following:

Corollary 3.4. If for some positive By, po it happens that D(ifo,po) = 0, then there
is an analytic function ly(p), defined for p in some neighborhood of py, such that
Ao(po) = iPo, and D(Ao(p),p) =0, and such that, for every (A,p) in some small
neighborhood of (ifo,po) with D(A,p) = 0 one has A = Ao(p).

Our next result will be used to confine any zeros of D(4) to a compact set in
the plane.

Lemma 3.5. D(A) — 1 as |A| — oo with A € Qo, uniformly for p in any compact
set of (0,00).
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Proof. 1t was proved in [PW2] that D(4) — 1 as |4 — co with Re 4 > —¢, for
some ¢ > 0, for p fixed. But an examination of the proof, in Sects. 2b (iv) and 1g
of [PW2], reveals that the stronger statement above is true, as a consequence of the
following facts:

m Tl +10, @y

is uniformly bounded for p in any compact set of (0,00), and also
(2) The roots y;(4) of Z(u) =4 in (2.3) do not depend on p, and satisfy (2.15),
hence

|1/ 2 ()] = O(|A]717) as |4] — oo with 2 € Qo ,

for I =0,1 and any j, k.

The second fact was proved in [PW2], but the point is that it does not mat-
ter that Re(u; — up) can become arbitarily small for A € ©, as A approaches the
boundary. I

Theorem 3.6. The set E, of values of p in (0,00) such that D(A,p) =0 for some
nonzero imaginary A, is a discrete set. In particular, EN[1,4] is a finite set, which
includes neither the value 1 nor the value 2.

Proof. Assume that E has an accumulation point py > 0. From Lemma 3.5, we
may conclude that there is a real sequence f; > 0 and distinct p; > 0 such that
D(iBj,p;) = 0, and that as j — oo, p; — po and B; — o =0.

We claim 8y > 0. If instead fy = 0, a contradiction is obtained as follows. The
value 4 = 0 is known to be a zero of D(4) of order exactly two for all p+4, three
for p = 4 [PW2]. Since D(%ifi,p;) = 0 for all j, we infer that if ; — 0 then A =0
is a zero of D(4,po) of order at least four, contradicting known facts.

Now since fy > 0, we have D(iffip,po) =0. So from Corollary 3.4 there is
an analytic curve 1 = Ao(p) of zeros of D(4,p), defined for p near po, such that
ifi; = Ao(py) for j sufficiently large. Since p; — po, we may be conclude that Ay(p)
is purely imaginary for real p. (Consider the Taylor series of ilg(p).) Hence the
analytic continuation of Ay(p) will remain purely imaginary for all p in the maximal
real interval of existence that contains py.

Now, the function Ay(p) may be analytically continued to be defined on the
entire half line p > 0. This is a consequence of the results 3.3-3.5 above, the
implicit function theorem, and the fact that ImAg(p) > 0 for all p (which is proved
as we proved fy > 0 above).

We conclude that for p =1 in particular, D(A) =0 for A = A¢(1), which is
purely imaginary with positive imaginary part. But by inspection of the explicit
formula (3.2), no such zero of D(4) exists for p = 1. This is a contradiction, and
proves that E is discrete. We note that Theorem 2 is a corollary.

Remarks.

1. Although we have fixed the wave speed c¢ in the above discussion, the set E
does not change with c¢. This is due the the scaling satisfied by the the eigenvalue
problem (3.6): A is an eigenvalue (resp. zero of D(A)) for d,L. if and only if ¢c=%21
is, for 0,L;.

2. We cannot prove that D(4,p) =0 for purely imaginary 220, for any particular
p > 0, except p =1 and p = 2. But for any particular value of p, strong numerical
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Fig. 4. Log-log plot of |D(it)| vs. ¢, forp =4

evidence is easy to obtain to decide whether it is so. For example, in Fig. 4, for
the case p = 4 at which transition to instability occurs, we present a log-log plot of
|D(it)|vs. log t. Note that for small ¢, the graph is approximately linear, with slope
3. Correspondingly, for p = 4,4 = 0 is known to be a zero of order 3 of D(4). The
numerical evidence is strong for the following conjecture, which is significant for
our study of the influence of a resonance pole on the decay rate of solitary wave
perturbations when 4 — p > 0 is small. See the remarks following Theorem 4.2 and
the concluding Sect. 7 below.

Conjecture 3.7. The value p =4 ¢ E. Le., for p = 4,D(A1)*0 for imaginary 2=+0.

4, Decay and Smoothing Estimates

In the introduction, we remarked that dispersing radiation, for the gKdV equation
linearized about a constant state, moves to the left. One manifestation of this is
that in a weighted space, with spatial weight decaying exponentially as x — —oo,
the dynamics are dissipative. In this section, we develop the analysis of the linear-
ized evolution equation (1.11), for solitary wave perturbations in such a space, the
space L2.

After the substitution

w(y,t) =e?v(y,t), a >0, 4.1
the linearized evolution equation (1.11) becomes
Oow = Agw, with 4, = e¥0,L.e” ™ . 4.2)
As |y| — o0, the coefficients in (4.2) converge to those of the free evolution equation
ow = A’w, (4.3)
where

A = (0, — a)(—(8y — a)* + ¢) = —0; + 3ad} + (c — 3a%)d, — a(c — a*) .
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Indeed, A, = 4% + (0, — a)f’ (u.). Equation (4.2) is a dissipative evolution equation
for 0 < a < \/c/3. As is easy to see using the Fourier transform, initial data in L?

for (4.3) yield solutions which are C*° for ¢ > 0 and decay exponentially to zero
as t — 00

Proposition 4.1. For any integer n=0, and 0 < a < +/c/3, there exists C =
C(n,a) such that, for any w € L* and for all t > 0,

o5 st wllp < Cem2e oDt a5

Proof.
2
6;‘eA2’ = e[—5;+(c—3a )3y]te—a(c—a2)ta;e3a6)2,t )

The group exp (—6)3, + (¢ — 3a?)0,)t is unitary on L?. Therefore, we find that
2a(c——a2)t " Agt 2 o 3ad%t 2 w 2n —3a¢‘21 ~ 2d
e l[oye’e' Wil = (|85 Y wllz2 = [ [¢["e™* W (&)|"d¢
—00
pu— 2 -—
= sup (Je7e ) Il €l

The main result of this section is a decay and smoothing estimate for the semi-

group e, of the type above satisfied by the free semigroup e’ Since 1 =0 is
an eigenvalue of 4,, however, the estimate we seek will hold only on the invariant
subspace range (Q) complementary to the generalized kernel of A,.

Theorem 4.2. Assume that 0 < a < \/(:/_3 and that . =0 is the only eigenvalue
of A, in the closed right half plane, with associated spectral projection P. Let
Q =1—P. Then A, is the generator of a C° semigroup on H® for any real s,
and, for any b > 0 such that the L*-spectrum a(4,) C {A|Red < —b} U {0}, there
exists C such that for all w € L* and t > 0,

e Owl|g, <Ct~ e |wly, . (4.4)

Remark. The smoothing-decay estimate (4.4) will be used in the proofs of Theorem
1 (KdV and mKdV) and Theorem 3 (gKdV). For KdV and mKdV (p =1 or 2),
Corollary 3.2 (b) implies that for 0 < a < \/c/—3, A, has no eigenvalues in the
open left half plane. Therefore, we can take —b, the exponentially rate of local
energy decay, to satisfy —a(c —a?) < —b < 0.

For general p, we can deduce from the results of Sect. 3 that if p & E, then
there is a number b > 0 for which the L?-spectrum o(4,) C {A|Red < —b} U {0}.
Furthermore, if 4 € E, and 4 —p > 0 is sufficiently small, then Proposition 2.10
ensures the existence of a negative eigenvalue of 4,, Ax(p), with A4(p) — 0 as — 4.
We then have for p less than and sufficiently near 4, that b is constrained by the
inequality

le(p) < —b < 0.

Therefore, the location of the resonance pole, Ax(p), here dictates the exponential
rate of decay of the perturbation’s local energy.

The proof of Theorem 4.2 relies on perturbation arguments. The property that
A, generates a C° semigroup on H* will be used below for s = 0,1 and —3. To
establish the estimate (4.4), we begin by studying the free resolvent (A — 4%)~!,
which is defined for 4 not on the curve S? in (2.14). It is convenient to estimate
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this resolvent in regions of the form Q, («) for 0 < a < a; the boundary of Q,(«)
is the curve S%, which will be a convenient contour to use for representing e”a’Q
as a contour integral.

Lemma 4.3. Let 0 < o < a < \/c/3. Then there exist Cy,Cy such that for A €
Q. (o) with |42 Co,

105(AI — AP~ < C1A "B, for n=0,1. (4.5)

Here and below, ||-|| denotes the operator norm in L2.

Proof. First, we note that the inequalities (2.16) imply that Q,(«) C Q,(a) for
0 < o < a < +/c/3. Also note that (49 — Al)e® ¥ = 0 if and only if 2 (u) = A
The action of the resolvent is given by convolution with the Green’s function K, (y)
for the resolvent equation (A/ — A% =w, ie., (Al — 4%~ 'w = K, * w. Provided
that u,(A) = us3(A), we claim that the Green’s function is given explicitly by

(ur+a)y f 0
_ ae ory > 0,
Kﬂ (Y) - { _aze(uz+a)y — a3e(ﬂ3+a)y fory < 0, (46)

where
aj=aj(A)=1/TT(w — m) .
k+j

To see this, we need to see that (1 — 42)K; = 4, i.e., that with [v] = v(0+) — v(0—),
we have
[K]=0, [Kj]=0, [Ki]=1.

But this follows from a computation: Put v; = y; + a, then

(v2—=v3) = (v =v3)+(vi —v2)
1 —v)(vi —v3)(v2 —v3)
Vi(a = v3) = Va1 —v3) + s —v2) _ 0
(v1 = v2)(v1 — v3)(v2 — v3) ’

Vi(v2 — v3) — V3(vi — v3) + Vi(vi —v2)

2 2 2
via; + vsap + viazy = =1
SRR (1 = v2)(v1 — v3)(v2 — v3) ’

a,+ax+az = 0,

viai + vaa; + vias

Now for A large, it is true that u, #u3 by (2.15). To prove the lemma, since
(A — AD)~'w = 03K, x w, it suffices to estimate ||07K;||,1 and use Young’s in-
equality. From (4.6) we obtain the estimates
|,uj +al” 1
Repy; + al i |1y — el

105Kl éZl
j

From (2.15) we have 1/|p — w| = O(|A]713) as |A] — oo, and since A € Q (),
from (2.16), Rey;(A4) + a=a — o for j = 2,3. From these facts and (2.15), one may
also check that Rey; — —oo as |4 — oo with 1 € Q, (o). Hence we obtain the

estimates
Kl = OUA™),  [[8,Kall = O(IA[~'7),

as |4| — oo with 1 € Q, (). The lemma follows.
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Lemma 4.4 Let 0 < o < a < \/c¢/3. Then there exist Cy,Cy such that for A €
Q. () with |A| = Cy, we have A € p(4,) and

[07[(A — Aa)™" = (AL =AD" SCLIAI™*3, n=0,1. @.7)

[02(AI — )" | S CIA"2R, n=0,1. (4.8)

Proof. That A € p(4,) if A€ 2, (x) is sufficiently large follows from Lemma 3.5
and Proposition 2.6. Now, if 4 and B are operators with the same domain, and
A € p(4) N p(B), then we have the resolvent identity

(M =B =L =A)" = -4 B - A —4)"!
X [I — (B —A)YA —A)~'17L (4.9)

We may take 4 = A%, B = 4, in this identity, so B — A4 = (3,/"(u)) + /' (uc)
(0y — a). Since f'(u.(»)) and 9,/ (u.(y)) are bounded, from Lemma 4.3 we have

1B ~ YA — A)~"|| = ||(da — 4L ~ 47" = O(AI77)

as |A| — oo with 1 € Q, («). From this we easily obtain (4.7), which together with
Lemma 4.3 implies (4.8).

Proof of Theorem 4.2. Postponing for a moment the proof that 4, is a generator
of a C° semigroup on H*, we complete the proof of (4.4). Let b > 0 be such that
0(4,) C {A|Red < —b} U {0}. Then by Lemma 4.4, we may choose «,0 < o < a,
so that the nonzero spectrum of 4, lies to the left of the curve S2%,ie.,Q,(a) C
p(4,) U {0}. We may choose o so — b < —a(c — &?), so that the curve S* intersects
the line Red = —b, at two points £ (Lity — «) for some unique 79 > 0 see (2.14).

We define the contour I” to consist of the leftmost portions of the curve S& and
the vertical line Red = —b. I' may be parametrized by:

P(it—oa) if|t|210,

4.10
—b+ifyt if ‘Tilé‘to. ( )

T A7) = {
where fy = ImP(itg — a)/t9 > 0.
Now, since O =1 — P, where P is the spectral projection for the eigenvalue
J =0, the operator-valued function 1+ (A — 4,)~'Q is analytic on and to the
right of I', with only a removable singularity at A = 0. Because of estimate (4.8),
standard results in semigroup theory [P] imply that we have the representation

Aatry __ _1. 7 — -1
Q= 5 [ A~ 407 0d2
= eMQ 4 S MG — A) — (AT — 49)110dA.
2niy

From Lemma 4.4, we obtain the following estimate for n = 0, 1. (Here, C denotes
a generic constant, whose value may change from instance to instance.)
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[ e*O51(A — Aa)™" — (A — AQ)~"1QdA|| < C [€<¥|2] 2P |da]
r r

<Ce™ + Cfe““(c‘“z)te““fz’l@(ir — )| 72| P (it — a)|de .
70
But |2'(it — a)||2(it — a)|"¥3 £ C, so the above is bounded by

Ce——bt + Ce—a(c—ozz)t Te—&xrztd,c
70

éCe—bt + Ce-a(c—a2)te-3ar(2)t/\/; — Ce—bt(l + t—1/2) ,

since ReP(itg — o) = —3a13 — afc — o) = —b.
Now, in this argument, b can be replaced with a slightly larger value &’ > b.
So we may bound the above by

Ce'(1+ 172 <C'e 12, forallt > 0.

Combining this estimate with Lemma 4.1, the estimate (4.4) follows.

It remains to prove that in H*, for any real s, 4, (with domain H*3) is the
generator of a C° semigroup. Now, 4 = AY is the generator of a contraction semi-
group on H¥; this is easy to check using the Fourier transform as in Proposition 4.1.
We claim that, on H, the operator B = A4, — 4 = (0, — a)f'(u.) has the following
properties (the terminology is taken from Kato [K2]):

(i) B is A-bounded with relative bound 0, i.e., for any ¢ > 0,

[Bulls < éelldullms + C(&)|lullms,  u € dom(d); (4.11)
(ii) B is quasi-accretive — it suffices to prove
|(Bu,u)prs| S CllullFys, u € C§°. (4.12)

By a standard result in perturbation theory [K2, p. 502], these properties imply that
A, 18 the generator of a Cy semigroup on H°. (Here, the inner product in H® is
given by (u,v)ys = (A°u, A°v), where A = (I — 32)!/2)

Property (i) is straightforward to prove, based on the two facts that: (a) f”(u.(+))
is smooth and all its derivatives decay exponentially, so it lies in A* for all s; and
(b) by standard interpolation estimates, for j = 0, 1,2, the operator J; is 6;-bounded
with relative bound 0.

The proof of (ii) is based on a classic procedure of obtaining energy esti-
mates and commutator estimates. Let g(y) = f'(uc(»)), then clearly (Bu,u)ys =
(g0yu,uh s + O(||ul|%s). Now with the notation [4,B] = AB — BA,

(A°g0yu, Au) = (g0, A*u, A°u) + ([A°, g0y u, Au) .

The first term equals —1 (g’ A*u, A°u) = O(||u|}s). To bound the second term, we
claim that v = [A°, g0, ]u satisfies ||v]| = O(]|A°ul|). To prove this, we write (&) =
(14 &%)2, then

KO = J 9~ (&Y — i = T K(Em(on)*atn
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where K(&, 1) = g(& — n)((&)° — (n)*)in/(n)*. Now, to show that ||v]|,» C||A*u]| 12,
it suffices to show that

sup T 1K mldn + sup [ |K(E n)ldE < oo (4.13)
—00 n

To estimate |K|, we make use of the inequalties |n| = (1) and

max ((&)/(n), D= (&) — (M +1=2(E—m) .
We consider two cases. If s=1, then
(€Y — (m)*|/{m)*~" s max(((€)/(n), I '|& —n| <527 (E—n)*.
Hence  [K(EmISCIGE—mI(E—n)*.  Since  [77[G(ON(E)dEZCllg] s,
(4.13) holds for s=1 If s < 1, then
(&) — (m)*1/(n)*~" < Islmin((&), ()" /(m)*~" & —n
= |sjmax((n)/(€), )' *|& — n| |s[2! (& —n)* .
From this, (4.13) similarly follows.

Remark. Tt follows from the fact that 4, is a generator of a C° semigroup on H',
that for w € H',
le?wll <Clwlly, 0=r=<1.

Hence (4.4) implies also

e« Owl| 1 < Ce ¥ ||lwll1, £20. (4.14)

5. Decomposition of the Solution

We seek to represent solutions of the initial value problem (1.2), (1.8) for the gKdV
equation in the form

u(x, 1) = ucn(y) + v(y, 1) (5.1
with

y=y(x,t) =x— bf c(s)ds + y(¢) .

Given the initial data in (1.8), fix ¢y = ¢ and yp = y to avoid a conflict of notation.
In order to achieve exponential decay for the perturbation v(y,?) in the weighted
space Ha‘, we wish to impose the constraint that

w(y,t) = e?v(y,t) € range(Q) = ker(P), (5.2)

where P is the spectral projection associated with the zero eigenvalue of the oper-
ator 4, = e¥0,L,e”?. This requirement corresponds to the two scalar constraints
(wymi) = 0,k = 1,2,cf(2.19), which we will satisfy by modulating the parameters
$(#), c(?) in a time-dependent fashion. An alternative point of view is that the change
of variables u(x, ) — (y (), c(t),v(y, 1)) is one for which the family of solitary waves
becomes a manifold of equilibria (corresponding to y,c¢ constant, v = 0), and the
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representation (5.1) arises from the use of (time-dependent) tubular coordinates in
a neighborhood of this manifold.

In this section, we first establish the existence of the decomposition (5.1) locally
in time, for u(-,0) close to u., (- + y9). We also establish a continuation property
for this decomposition: it should persist as long as v remains small and c¢(¢) remains
close to ¢g. Finally, we establish the validity of evolution equations for y(¢),c(?) and
v(y,t) which arise from the constraints on w. The d priori estimates carried out in
Sect. 6 will be used to obtain the global continuation of the decomposition, and to
prove the results on asymptotic behavior asserted in Theorems 1 and 3.

Proposition 5.1. (Local existence of the decomposition). Let 0 < a < /co/3. Let
s be real, and t, =20. Then there exist 69,01 > 0 such that. For any real v, if
u(x,t) is such that

e®u € C([0,1,], H®) with sup [le®“ " (u(-,t) — uy(- — cot + o)), < do, (53)

0=t

then there exists a unique function t — (y(2), c(2)),

(:6) € CO0.0LIE) with sup [y()) =l +1e0 = ol < 61, (54)
such that
Tl O) =aer — | [ 1) — e 0)]e® (s = 0., (5.5)

for k=12, 0Zt=<t, where y = x — fot c(s)ds + y(t). The number 6y may be cho-
sen as a decreasing function of t,. The map u — (y,c), from the set defined in (5.3)
to that defined in (5.4), is analytic, and moreover, if e*u € C™([0, t,), H®) for some
integer m > 0, then (y,c) € C™([0,;), R?).

Proof. The idea is to use the implicit function theorem [Ni] to solve (5.5) for the
functions (y(#),c(?)) in terms of u. First, from (1.4) and (2.18) we see that #; and
its spatial derivatives decay exponentially at infinity, so 7, € H~* for all real s. In
fact, one can check that #;(x) is analytic in a strip |Im x| < ¢ for some ¢ > 0, so
the map y — ni(- + y) from R to H~* is analytic. Also, the map (y,c) — u.(- +7)
from R x R* to HS = {v|e®™v € H*} is analytic. Then it is not hard to verify
that the map (u,y,¢) — I = (7 1,7 2) defined in (5.5) is analytic, where J maps
a neighborhood of the function ¢ — Up(¢) = (uc,(+ — co?),0,¢c0) in C([0,4], H) X
C([0,#,1,R?) to C([0,1,],IR?). (Note that it suffices to consider the case yy = 0, by
a simple translation.)

In fact, 7 [Up] = 0. To compute the Fréchet derivative of J~ with respect to the
pair (y,c) at Uy, observe

Teluy,c(O) = — [ uCe O + | ey,

—0Q

where 7,k = 1,2 are defined in (2.9). Then we find, for (8y,d¢c) € C([0,4],R?),
since y = x — cot for (u,y,c) = Uy,
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a 7 [ee]
A0 = = [ (= co ()00

= [ o 0I-0) = { O,
0T * 0 I
%[Ug](éc)(z) = L u(x, )0, 7, (y)dx- Of de(s)ds + {o Octiey (V) (y)dy-0e(?)

= —_f Oythe, (y)ﬁk(y)dy'({ dc(s)ds + _ofo Octico ()i (¥)dy-Oc(t)

_ =[5 dc(s)ds fork =1,
oc(t) for k = 2.
Hence the Fréchet derivative with respect to the pair (y,c¢) may be written in block
form as 07 [ug]/0(y,c) = (I) }B ,where (Bc)(t) = fot c(s)ds for c € C([0,1,],R).
This block operator is clearly invertible (replace —B by B to get the inverse). Hence
the implicit function theorem can be applied, proving the main conclusion of the
Proposition, and establishing the analytic dependence of (y,¢) on u.

Since I [u,y,c](t) depends only on values of (u,7,c)(s) for 0 <s<t¢, one can
follow the proof of the implicit function theorem to see that if a value §p in (5.3)
works for some value of #; = #;(dg) > 0, then it works for smaller values of ¢;. So
d9 may be chosen to increase as f; decreases.

Finally, if u € C"([0,1)), H)),then if 0 < #, < ¢#, the curve T — u(x, ¢ + 1) with
values in C([0,%,],H3) is a C™ curve for 0=t < #; — f,. Since the map u — (y,¢)
is analytic, and u(-,t+ 1) +— (p(t + 1) — for c(s)ds, c(t + 1)), it follows that (y,¢) €
Cm([(), t2]7 ]RZ)

Propesition 5.2. (Continuation principle). There exist 89,51 > 0 such that, for any
t>0,if
e”u € C([0,10), H*) with sup ||e”v(-,1)||ns =00/3, (5.3)
011

where v(y,t) = u(x,t) — ey (¥),y =x — fotc(s)ds + (), and if

(,¢) € C([0,],IR?) with sup |c(f) — co| <6, (5.6)
0§t§[0

and I [u,y,c](t) = 0 for 0=t =<t,, then a unique extension of (y,c) in C([0,to + t.],
R?) exists for some t, > 0, with T [u,y,c](t) = 0 for 0<t <ty + t.. Moreover, if
e™u € C"([0,00), H®), then (y,c) € C™([0,ty + t.), R?).

Proof. Let 0y be given by Proposition 5.1 for some # > 0, and suppose J; is
such that [[ue, — uey||gs £ 60/3 for |c — co| £01. Put a(x,2) = u(x,t + 1) ,and yo =
— fot"c(s)ds + 9(ty). Then by (5.5) and the choice of §; we have

“ea('+70)(g(., 0) — uco(° + ?0))“Hx =
lle® (-, t0) — tetay WD s + [ltdeqag) — the |l s £200/3

where y =x — fot"c(s)a’s + (%) = x + yo. It follows that @ satisfies the hypo-
theses of Proposition 5.1 for some sufficiently small #; = ¢, > 0. From #(x, ) one
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obtains (7(¢),¢(¢)), which must satisfy ($(0),¢(0)) = (yo,c(%)). Then the extension
may be defined by (y(2),c(?)) = (7(z — to) — yo + v(t0), &(t — t0)) for fo =t <ty + 1.
The uniqueness and differentiability of (y,c) may also be proved using the local
result in Proposition 5.1. [

At this point, let us begin the proof of Theorem 1 and 3. Assume p =1,2,3
or 3 < p < 4. As discussed in Appendix A, the solution u(x,?) of the initial value
problem (1.2) — (1.8) satisfies, for any 7 > 0,

ue C(I0,TLH)NCY0,TL,H™Y), e ue C(0,T],H)YNC'([0,T,H™?). (5.7)

Moreover, u is a classical solution of (1.2) for # > 0. Given the initial data in (1.8),
if [[volln is sufficiently small, it follows from Proposition 5.1 (taking s =1 and

s = —3) that the decomposition (5.1) exists locally in ¢, with (y,c) € C'([0,#), R?)
for some # > 0.

We now derive evolution equations for y(¢),c(¢),and v(y,¢), which are valid
pointwise for 0 < ¢ < #;. Substituting (5.1) into (1.2), we have

0=0u+ 6,3,u+ 0y f(u)
= [0 + (5 — c(1))dy + 8 )ueqry + v) + 0y (f (tteqry + v))
=[0; — co0y + 6}3,]0 + 0,(f" (e, )0)
+ (€0c + Y0y )ucry + 0y[(F + c(t) — co)v + h(uc(r, v)v],

where
1
h(uc(ry, v)v = Of U (ueqey + w0) = [ (tey)1dT 0 = f (the(sy + 0) — f (tery) — [ (e J0 -

Thus v(y,?) satisfies

Y :achOv — (Cac -+ ')35},)1,{0(,)
= Oy[(y + () — co)v + Auc(r), v)v] .-

Now w(y,t) = e?v(y,t) satisfies (recall 4, = e?0,L,e™?)
ow=A4A,w — F, (5.8)
where we write
F (1) = e¥(c0c + ¥, ucry + 7e¥ 0 Pw + 9(1)
G(t) = eV 0,[c(t) — co + h(uc, v)]e” Pw . 5.9)

Equation (5.8) holds pointwise, but also in C([0,¢#), H~3) due to (5.7). The con-
straint w € range(Q) in (5.2) now yields the following system of evolution equa-
tions for (w,y, ¢), given v:

ow=Agw+ OF, PF =0. (5.10)

Written as an integral equation, the initial value problem for (5.10) becomes:

w(t) = e?'w(0) + fteA“(’“S)Qflf’(s)ds . (5.11)
0
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This equation is initially justified in C([0,¢,), H>), but also holds in C([0,2),L?),
since all terms lie in this space. The equation P# = 0 yields equations for j,¢ as
follows. Introduce the notation

ei(y,t) = eay(ayuc(t)(y) - 6y“co(y» 5

e(y,t) = eay(acuc(t)(y) - acuco(y)) p

and note that ((e?dye”®w,nx) = —(v,0,7;) for k = 1,2, by integration by parts.
Then by (2.18), the condition P# = 0 is equivalent to

0= +e+ (@ —aw+cilte)+%m), k=1.2. (5.12)

Using the biorthogonality relations (¢;,7x) = dj, we obtain a system of equations
for y(¢) and c(¢):

P\ _ (% m) _ (1 em) — (0diy)  (e2,m)
&{(t)<c.> - ((g’ ’12)) )= < (e1,m2) — <v,0yﬁ2>1 1+ <€2,112>) '
(5.13)
The matrix /() satisfies

A () =1+ O0(le(t) — ol + |[vll2) s |e(®) — col + vl 2 = 0. (5.14)

Summarizing, we have that on some time interval [0,¢#], the solution u(x,¢) of
(1.2) can be decomposed as in (5.1) — (5.2), where w(y,?), the weighted perturbation
about the solitary wave, and c(¢), y(¢), the modulating speed and phase, satisfy the
coupled system of equations (5.11), (5.13). Finally, from (5.12) or (5.13) it can be
seen that the equations for c¢(¢) and y(#) do not depend on the weight parameter a;
that is, (5.12) can be expressed entirely in terms of c,y,v(+, ), and u..

6. A Priori Estimates and Asymptotic Behavior

In this section we complete the proof of Theorems 1 and 3. What remains is
to establish @ priori estimates from the evolution equations in (5.11), (5.13). The
a priori estimates will be seen to imply that the decomposition of solutions to (1.2),
(5.1)—(5.2), persists for all time, with v(y, t), the perturbation, remaining small in
H' and decaying exponentially as ¢t — oo in H.

Let 0 < b < a(c — a?) so the conditions of Theorem 4.2 are satisfied. (b is
arbitrary for p = 1 or 2, and in general, Red < —b for nonzero A € 0(4,).)

Proposition 6.1. There exist 6, > 0, g > 0, C > 0 such that, if the decompo-
sition (5.1)—(5.2) exists for 0t <T and satisfies

Nw®) g + le(®) — col + [[o(-, O]l S8, 0St<T, (6.1)

and if {[voll 1 + llvollzy < eseo in (1.8), then

' lw® |l + le(®) — col + lv(-, O)|l;n <Ce, 0<t<T. (62)
Proof. The proof is broken down into two types of estimates:

(1) Local energy decay estimate, i.e. estimates of the weighted perturbation,
w(y, ) = e?v(y, t), in H', via the integral equation (5.11), and the modulation
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equations (5.12). Here we use the linear semigroup estimates of Theorem 4.2, which
are valid provided p ¢ E, i.e., provided d,L., has no nonzero eigenvalue.

(ii) H! estimate. Here, a Lyapunov functional (for which the solitary wave is
a constrained minimum) is used, together with local decay estimates to control

oG Dlan-

() Local Decay Estimate: If 6, is sufficiently small, then /() in (5.13) has
bounded inverse, so we may estimate (5.13) to find

PO+ 1e@OI=CIg O], - (6.3)
From (5.9), using that e?”d,e~% = J, — a, we obtain the estimates
17Ol =CAIA + lIwlig) + el + 1%, =CA+ Wz 1¥]2
1Ol =C (e — col + [[oll ) Wl = Coullwllp -

Now, we may choose b’ with b < b’ < a(c — a?), such that &, as well as b, satis-
fies the conditions of Theorem 4.2. The remarks following the statement of Theorem
4.2 indicate how b is constrained for the case of KdV and gKdV. We may then
estimate (5.11) as follows, for 0<¢<T:

W (@)l < Ce™lw(0) |1 + C{ (t — )27 9| F (5)]| o ds
<Ce ! lw(0)||41 + C f(t — )" Y291 4 5,15, ||w(s)|| ;1 ds . (6.4)
0

Now define
M, (T) = sup e”[[w(®)z -
0<t<T

Then from (6.4) we find, for 0t <7,

!
(@) [l SCIW(O) g1 + COM,, (T) [ (¢ — 5)~ 2™ @' =09 g
0
ZClw) || g1 + COM,(T) .
Taking the supremum over 0 <¢<T, we find that if J, is sufficiently small, then

Mu(T) = sup W@l =Clw (Ol - (6.5)
Next, we estimate |c(f) — ¢p|. Using (5.13) and (6.3) we find
0 = el Sle© = el + [16 | Z[e(O) = ol + [l mas ¢ o
=1e(0) — co| + C8.My (T) = 1c(0) — co| + Co|lw(O) [l 1 -
(i) H' Estimate: We make use of the conserved quantity

Elu] = Hul + coNul = | %(axu)2 — F(u) + %couz dx ,

—00
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where F'(u) = f (u), see (1.7). This is the Lyapunov functional used in the H'
orbital stability results mentioned in the introduction. A key property of & is that
u, is a critical point. The key step in the Lyapunov stability analyses was to show
that . is a local minimizer of & subject to the constraint of fixed L? norm. This
requires a careful spectral analysis of the second variation of &. Equipped with
our local decay estimates v = e~%w, the H! estimate is now considerably simpler.
Since u,, is a critical point of the functional &, we have for any z € H L

Bluey +71~ 8] = | 5@ + 5o~ ()7 = gluq, D7 s, (67)

where

A — %" (ug, + 12)dr 2>
0

N[ =

1
g(uC()» Z)Z3 = f
0

= Flteg +2) = Flteg) ~ ()2 ~ 51" ()2

Now, we take z = uc() (¥) + v(p, 1) — ey () = u(x, t) — u,, (y) above, and observe
that 669 = &[u] — &[uc,] is constant in time. We estimate (6.7) as follows. Note
lue ey — they || 1 S Cle(t) — co| for 8, sufficiently small. Then for some & > 0,

1 1
J 5(3yz)2 + 50022 dyZki||vlZ; — Cle(®) — cof* .

—00

Since |f” (uc, (¥)| £ Cucy () and a < /c, e[’ (uc,(¥)) is bounded in y. So we
may estimate

| [ f! (ue)2* dy| <suple™® £ (uey )] 1212 1€?2]] 2
—00 y
SC(le@® — col + vl 2) (e (®) = col + ||Wllz2)

1
< ghlbliz + Cle® = col® + [wl) »

where we have used the estimate ab <da® + C(6)b* for a suitably small . Finally,
since [z]y1 £ C(Je) — ol + o]l S Co..

| [ 9(ey, 2)2° dy| S Cllz|f}s S Co. (e (1) — co” + [Jvll7) -
Hence, if 0. is sufficiently small, (6.7) yields, with (6.5)—(6.6),

—;-kl ol <060+ Clle@ = cof* + [wl72) 860 + C(le(0) — col® + [wO)IF0) »

or
o]l g1 SC (V380 + |c(0) — co| + [[w(0)]| ;1) - (6.3)
To finish the proof, it suffices to bound the right-hand side of (6.8) by
C(llvollzr + llvollz1)- Using (1.8) and z = vo in (6.7) we have

660/ = Cllvoll3: -
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To estimate the remaining terms, observe from (1.8) and (5.1) that
u(x, 0) = ue, (x + y0) + 00 (x) = uc() (x +7(0)) + v(x +7(0), 0) .

Applying Proposition 5.1 with #; = 0, we find that for ||e® ]|, sufficiently small,
the- map u(-, 0) — (y(0), c(0)) is smooth on H}, for u(-, 0) near u, (- + 7). In
particular, this map is locally Lipschitz, and u, (- + y0) = (70, co), S0

[(0) = yo| + |(0) — co| S Cllvol 71 -
From this it also follows
e?v (-, Ol = WOl §C||1’0”Ha1 :

This completes the proof of Proposition 6.1.

We now complete the proof of Theorems 1 and 3. Let #, be as in Proposition
5.2. First note that there is an ; > 0, such that if ||vg||z1 + [lvoll ;1 < €1, then for
a
some #; > 0,

e®ue C([0, 1], HY) with sup [[e®* 0 (u(-, 1) — uqy (- = cot +y0))llg < o

0=t

Therefore, by Proposition 5.1, the decomposition (5.1)—(5.2) exists on the time
interval [0, #]. Since the function ¢ — [[u(?)||g1 + 4@l is continuous, &, can
be chosen so that in addition (6.1) holds with 7' = ¢;.

We denote by Tnax the supremum of the set of all positive real numbers 7,
for which the solution u(x, ¢) has a decomposition (5.1)—(5.2) for ¢ € [0, T] and
such that the estimate (6.1) holds. By the previous remark, 0 < Tpux <00. The
proofs of Theorem 1 and Theorem 3 will be complete if we establish that T =
4+00. If Thax < 400, then we let Cgy = %min{50/3, 01, Ox, €1}, Where Jg, Oy, O,
and C are as in Propositions 5.1, 5.2 and 6.1. Then, for ||vo||;1 + ”U()”Hal < eZey,
Proposition 6.1 implies that

P w®) |l + le@ — col + [[oC-, Dl SCeo, 0= Troax - (6.9)

The choice of 9 and Proposition 5.2 implies that the decomposition can be contin-
ued to yield a solution defined on the interval [Tiax, Tmax + ¢« ]. By the definition of
€9, we have that the sum on the right-hand side of (6.9) is dominated by J./2. By
continuity of ||w(#)|| g1, c(¢t) and |[v(+, £)||;1, (6.1) holds with T replace by Trmax + 7,
for some 7 with 0 < 7. This contradicts the definition of Ty, and s0 Tyax = +00.

Continuing, we then have from (6.3), the estimate below it on ||%(¢)|| 2, and the
bound on ||w(#)||y: implied by (6.9), that |¢(¢)] < Cee . Hence c = lim,_ooc(f)
exists, and |c(?) — ¢, | < Cee™. Similarly, |y (¢)| < Cee™, and so

Y+ = ’1_1)11010 <)’(t) — [(c(s) - C+)d3>
0
exists, and, defining 7(¢) = y(¢) — fot (c(s) — cy)ds — y4,

[7(0] = y(®) — [e(s)ds + it —y | <Cee ™.
0
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We claim finally that the estimates (1.9) hold. Indeed,
ux + et = Py, 1) = ey (%) = ve(e) (x + §(2)) — e, () +0(x +7(2), 1) .
Now we have the estimates

ey (- + F (@) = ey, Mgy SC e @) = e | + [F(@O)) S Cee™
“U(‘ + ?(t)’ t)“H; éC”W(' > t)”H‘ écge—bt .

These estimates, together with the estimate |[v(-, #)||;1 £Ce from (6.2), imply the
estimates (1.9). This finishes the proof of Theorems 1 and 3.

7. Further Discussion

In this paper we have studied solitary wave stability with respect to small perturba-
tions in initial data, which are constrained to decay exponentially in space ahead of
the wave, having small norm in H' N H}. With such data, the solution asymptoti-
cally approaches a nearby solitary wave, at an exponential rate in the “local” sense
implied by the norm in H). While the result in Theorem 1 is far less general than
results achieved via inverse scattering by Schuur [Sc], concerning the emergence
of any number of solitons from general initial data, the method involved makes
minimal use of the Hamiltonian structure of the system, meaning that it may be
more broadly useful.

One restriction that arises from our technical constraints on the initial pertur-
bation concerns the possibility of small solitons emerging behind the main wave,
in addition to any “dispersive radiation.” In particular, consider the explicit N-
soliton solutions of the KdV equation. In the large time limit, an N-soliton solution
approaches a superposition of 1-solitons, arranged from left to right by order of in-
creasing speed and amplitude, ¢; < --- < cy. One may ask: if N — 1 of the wave
speeds are sufficiently small, can the N-soliton be regarded as a small perturba-
tion of a dominant 1-soliton to which Theorem 1 applies? The answer apparently
must be no, for the following reason: If an N-soliton solution uy (x, ) corresponds
asymptotically to 1-solitons with speeds ¢; < -+ < cy, then the spatial rate of de-
cay of the solution is dictated by the amplitude of the smallest 1-soliton it contains:
In fact, uy (x, £) ~ a(t)e”V* as x — +oo (cf. [GGKM2]). Thus, when we fix a in
Theorem 1, this imposes a minimum size on the amplitude of the smallest wave in
the combination, since we must have ,/c; > a. But then there is no guarantee that
the ordinary H' norm of the perturbation is small enough to meet the conditions of
the theorem, since the constants involved do depend on a. We do, however, believe
that by tracking the dependence of these constants on a, one ought to be able to
improve the results to handle such initial data.

We have mentioned that the issue of existence of an asymptotic (or scattered)
state is not addressed by the existing H' orbital stability theory, which asserts only
that the solution remains close to some (time-varying) translate of the unperturbed
wave. Recently, Bona and Soyeur [BSo] have improved this theory, for a large class
of equations including (gKdV) and nonlinear Schrédinger equations, showing that
the “wave speed” of the perturbed solution remains close to that of the unperturbed
wave. For (gKdV), they identify this speed as the rate of change of the phase shift
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7. (¢) which minimizes the L2-distance from the solution to the solitary wave orbit,
satisfying

s ) = e =@z = inffJut, ) —ue- =Nz -

They do not show that the wave speed becomes asymptotically constant, but it may
be that this is not true for all perturbations small in A I After all, such perturbations
can decay slowly enough that the Schrodinger operator —82 + uq associated with the
initial data can have an infinite number of discrete eigenvalues. In inverse scattering,
this corresponds to the solution containing an infinite number of solitons. (The
construction of such solutions has recently been announced by Gesztesy, Karwowski,
and Zhao [GKZ].) Perhaps a 1-soliton may be perturbed by an “infinite” number
of small solitons, so that the wave interactions cause the phase of the main wave
to drift forever, and fail to converge.

Finally, we discuss two points connected with the decrease in the local decay
rate e~? as guaranteed by Theorem 3, when p approaches 4 (assuming 4 ¢ E, as
is supported by numerical evidence, see Sect. 3). As discussed in the introduction,
for gKdV this rate is constrained by the inequality

—a(c—a*) < () < b <0,

where Ay(p) is a resonance pole of the operator 49 = J,L., and an eigenvalue of
A,, which approaches 0 as p — 4. Indeed, in [PW2] it was proved that A4(p) is
analytic in p near p = p., = 4, and has the following expansion, for some constant
B > 0:

A (p) = BN [uc)/de + O((p — per)?) -

(Here d A [u.]/dc depends implicitly on p.) Thus, the quantity d.4"[u.]/dc, which
arose in the H' orbital stability analysis as the quantity whose sign determines the
stability of the wave, is also seen to have quantitative significance close to the
transition to instability: It is proportional to the growth rate of the instability in
the unstable regime p > 4, where Ax(p) > 0 is an eigenvalue of 0,L., and it is
proportional to the maximum local decay rate in the stable regime p < 4.

Lastly, we believe that A4 (p) does represent the true rate of local decay of the
solitary wave perturbation when p is close to 4. Although the associated “eigenfunc-
tion” f# (») (described in Sect. 2) is not bounded as y — —oo0, it is plausible that
the “typical” perturbation may be asymptotically approximated, in the local sense
of the norm in H/, by an expression of the form

u(y + it =74, 1) = tie, (y) = P& (y) + 0(e™) ast— oo

While the profile of f# (») is unbounded, nevertheless we expect the shape of the
perturbation to better approximate the shape of &, (y) in the limit of large time on

compact sets in y, as the amplitude decays exponentially to zero.
Appendix A. Existence Theory for Solutions

For the KdV equation, it is well known that the initial value problem is globally
well posed in H* for s=2, cf. [BSm, BSc, K3]. For gKdV with f/(u) =u?, p =
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1, 2, or 3, global well posedness in H®, s=2, follows from the results of Kato
[K3]. Kato also establishes well posedness in the space H*® N L2, where L2 is the
exponentially weighted space L2 = {w|e®*w € L?}, a > 0. Kato showed that initial
data in H*N L2 yield solutions of KAV which are C* in x and ¢ for ¢ > 0. For
recent results on the well posedness of gKdV, see [KPV].

For the results in this paper, we require some variations of earlier existence
results. First, we must study solutions in H* N H}; this is only slightly different
from the case H® ﬂL?, studied by Kato. But also, we are interested in treating
f'(u) = u” when u > 0, for noninteger values of p near 4, because of the influ-
ence of resonance poles as the transition to instability is approached. Because such
nonlinearities are not smooth (f is only C* and not C° for 3 < p < 4), some care
ought to be taken to determine for which s one obtains an H* N H] existence the-
ory. We will obtain such a theory for s =2 only, for p > 3 only; we collect the
arguments necessary for this in this appendix.

Our strategy is to: (1) use Kato’s abstract existence theory to establish local well
posedness in H? for f € C*, in particular when f” (1) = u? for u > 0, where p=>3 is
real; (2) obtain global existence for 3<p < 4 via standard d priori estimates (which
are justified through regularization of f); and (3) remark that Kato’s arguments
in2 [K3]1 apply to obtain a solution u € C([0, 00), H>*NH)), for f' € C?, up €
H"NH,.

(1) Local well-posedness in H?. First, we recall Kato’s abstract existence and well
posedness theorem in the form we will use, cf. [K3, CS]: Consider an abstract
quasilinear equation of evolution

fi—ttl—i—A(u)u:O, 120, u(0)=ug. (A1)

Let X, Y be real Hilbert spaces (with norms ||-||x and |||y respectively), and assume
Y C X is dense with continuous injection. Assume S : Y +— X is an isomorphism
of Y onto X.

(H1) Assume A(y), defined for y € Y, is a linear operator on X with domain
D(A(y)) D Y, and 4(y) is quasi-m-accretive, uniformly for ||y||y bounded, i.e., given
R > 0 there exists f such that for ||y||y =R,

(A, v)xz — Bllvlly  forall v e DAY,
and the range of A(y) + A is X for some (equivalently all) 1 > .
(H2) Assume that for any R > 0, there exists ¢4 such that

@) —A@)vllx Scally — zlx o]y (A2)
for all y, z, v € Y with |ly|ly, |lz|ly R

(H3) For y € Y, SA(»)S~! D A(») + B(y), where B(y) : X — X is a bounded linear
operator, bounded uniformly for ||y||y bounded.

(H4) For any R > 0, there exists cg such that

1B(»)v — B2)vllx cslly — zlly|lvllx (A3)
for all y, z, v € Y with ||y|ly, |lz]|ly R
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The result of Kato is the following.

Theorem A.l1. Assume (H1)—(H4). Then for any R > 0, there exists T =
T(R) such that for any ug € Y with |luolly <R, there exists a unique solution
u of (A.1) with uc C([0, T1, Y)NC'([0, T, X). Also, the map ug+— u from
Yto C([0, T, Y) is continuous.

In our application of this result to gKdV, we will follow Kato and take
Y=H*withs =2, X =H3=H"! and § = A% where A = (I — 3*)"?. Fory €
Y, A(y)v is defined for v € Y = D(4(y)) by

Ay = v+ 1 ()0 . (A4)

We are interested in the case that f is C” with » =4 only (corresponding to f” (u) =
uP for u > 0 when p=3 is real), and proceed to verify hypotheses (H1)—(H4) in
this case:

1. To verify (H1), we follow Kato [K1]. Since the operator 4> in X with domain
Y is skew-adjoint, by a perturbation theorem it suffices to show that for ||y||y <R,
the operators f'(y)d, are uniformly quasi-accretive in X. It suffices to show

AT ()0, A7 0)| SBIA 0|7, v € H, (A5)

for some B depending on R. Here (-, -) denotes the inner product on L? (real
valued functions). To verify (A.5), let z = A~ 'v € H?. Then, with the notation
[4, B] = AB — BA, we have

(A7 (00 Az, 2) =(AT'Lf' (), 0z, 2) + (A7 f ()42, 2)
= — (5, A@f GNA™'2) = (' (), Az, 0:47'2)
1
+ §<(axfl )z, z) .
It is clear that the first and third terms are bounded by ||0xf’ ()|l ||z|]i2 That the

middle term is bounded by the same quantity is a consequence of the following
lemma.

Lemma A.2. Let b € L™ with 0,b € H'. Then
16, Azll2 SCl|ocbllgp 2l 2 2 € L
Proof. Let p =[b, Alz and (&) = /1 + 2. Then
PO = [((n) — (ENB(E — n)E(m)dn .

Since |(n) — (&)| =< — n| and || |€]f" 0 g(O)llz, Cl|0xf" (W, by Young’s in-
equality it follows that ||p||;2 S C||0xf" W)l ||zl 2-

To complete the proof of (A.5), observe that for ||y||;2<R, we have
ID:f! (D)t SC(R) since £ is C.

2. In order to verify (H2), it suffices to show

| (F' @) = f @) 0svllg—1 Scally — zllg-1 vl 2, v € H? (A.6)
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for |[y||lg2, Izllg2 SR. We estimate the H~! norm by duality: Let 2 € H' with
|4l ;1 £1. Define

LD ey
R
T {f”(yy) ify=2z.
Then
KU ) = @)oxv, h)| = [{y — z, r(y, 2)(3x0)h)]|
Sy =zl llr (v, 2) 050l
S|y =zl l10x0ll g1 Ul s 2)l|zee + 1027 (1, 2)]I12) -

Now (A.6) follows from the following lemma.

Lemma A3. If f'is C?, and ||y|;1, 2|l SR, then
llr s Dlizoe + 1057 (3, 22 =Cr -
Proof. Use the representation r(y, z) = fol (1 = 1)z + wy)dr.
3. In order to verify (H3) it suffices to show that
IS, Aellx £ Calizlly, ze€S7'Y,
since ™'Y = H® is dense in Y. Thus we must show
LA, £ D0zl g1 SCllzllp, z € H . (A7)

Since for f”in C2, ||y||;2 <R implies ||0,f" ()|lgn SCr, (A.7) follows from this
lemma:

Lemma A.4. Let b € L™ with 0,b € H'. Then
I[A3, B1ozlly—1 SCllacb |l 10ez g1, 2 € H?.
Proof. Let h € H' with ||h||;1 <1. Then
[([43, b10yz, h)| = |((A[A%, b] + A[b, A1A + [A?, b]A)dyz, h)|

<42, Blocz| 2 + (b, A1Aduz]|2 + [(Adsz, (42, BlA))|
< Cloblli |10zl »

where we have used Lemma A.2 to estimate the middle term.

4. In order to verify (H4), it suffices to check

1A%, 7' () = 1" @10xzll -1 S Cally =zl llzll 2 -

By Lemma A4, this follows if we prove that for |[y||,2, ||z]|y2 SR,

N0 (f () = f" @)l ECrlly — 2|2 -

But since f” is C3, this is easily checked. (Note that when f’(u) = u? foru > 0
with 3 < p < 4, f"is C* but not C*))

This completes the verification of hypotheses (H1)~(H4) of Theorem A.1, yield-
ing local well posedness for gKdV in H? with f/ in C3.
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(2) Global existence in H?. In order to deduce from Theorem A.1 that solutions
of (A.1) exist globally in ¢, when f/ (1) = u? foru > 0 with 3 < p < 4, it suffices
to show that

lu@l 2 =C(T), 0=t=T, (A8)

for any T > 0. This d priori estimate follows from Kato’s arguments in [K3], which
are based on the following energy identities for solutions of (1.2):

Ju? (x, ydx = [uf(x)dx , (A9)

HTu(®)] = f%(axu)2 — F(w)dx = #Tuo] , (A.10)

Falu() = [ — 31 @@ dn
= o) + [ [ 35S0 @ +1 )" ()0 dvde . (A1)
0

We must establish the validity of these identities for the solutions u with u €
C ([0, T], H*), given by Theorem A.l. Kato’s strategy for the proof of the energy
identities (A.9)—(A.11) is to regularize the initial data, and to work with solutions
which have sufficiently many derivatives, so that the formal derivation of (A.9)-
(A.11) is valid. We are unable to proceed directly in this manner due to the fact
that £ is only C*. We therefore regularize the nonlinear function f as well. That is,
we approximate (1.2) by a sequence of approximate problems

o™ + 0 f" (") + Bu" =0, (A.12)
u"(x, 0) = up(x) ,

where /7 € C* and u}} € H* for all s, with ||f" — f||c+ — 0 and |ju§ — uol|;2 — 0
as n — oo.

From [K1, Theorem 7], it follows that the problems (A.12) are locally well
posed in H? uniformly in #n, in the following sense.

Theorem A.5. There exists T' > 0 such that for all n, problem (A.12) has a
unique solution u" € C([0, T'], H?). Moreover,

u" () — u(t) in H* uniformly for t € [0, T'] . (A.13)

In order to verify the hypotheses of Theorem 7 in [K1], it is necessary to verify
that (H1)—(H4) hold uniformly in »n (i.e., the hypotheses hold with constants not
depending on #), and in addition:

A" () —AO))|lx — 0 forallve?Y, (A.14)

|(B"(») —B(G))|lx — 0 forallvelX. (A.15)
To prove (A.14) it suffices to check that

1" ) = f' (No:vllg—1 — Oasn — oo

This follows easily by duality.
The proof of (A.15) is similar to the proof of (H4). One need only check that
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10 (f™ ) = f" W)l — O as n — oo, fory € H* .

But this is true because /" — f in C*.

In fact the approximating solutions #" of (A.12) are smooth, with u € C ([0, T'],
H®) for all s [K3, Theorem 4.1]; in particular 7’ is independent of s. It follows
that the identities (A.9)—(A.11) hold for ", with F, f, replaced by F", f". We
now let n tend to infinity, and use (A.13) to conclude that (A.9)—(A.11) hold for
the limit, u.

From these considerations and Kato’s arguments in [K3], the d priori estimate
(A.8) follows, and global existence of solutions in H? is proved.

(3) Solutions in H?>N H]. Kato, in [K3], demonstrated that (1.2) is well posed
on HSN L2 for any s=2, assuming f” is C*°. Furthermore, a smoothing property

holds: If uy € H* N L2, then u € C([0, 00), H* N L2), and e*u € C((0, o), H*) for
any s’ < s+ 2. These results were obtained by starting with the given solution
u € C([0, 00), H®) and studying the properties of w = e**u, which is shown to lie
in L? and satisfy the integral equation

w(t) = U, (t)e™ug + ftUa @t —nrf w@) (0, — aw)dr, (A.16)
0

where U, (¢) = exp(—(0x — a)’¢).
If we fix s =2 and assume only f’ € C3, Kato’s arguments remain valid. Thus
for ug € H? N L2, we obtain a solution

u € C([0, 00), HXNL2), withw = e™u € C((0, 00), H')

for all s < 4. In particular, u is a classical solution of (1.2): Both d,u and du are
continuous in x, ¢ for ¢t > 0.

As a final remark, we note that if, in addition, e®uy € H!, then w = e™u €
C ([0, 0o), H'). This may be proved from (A.16) using the smoothing properties
of U,(#) and a bootstrap argument. Consequently, it is easy to see that the second
term in (A.16) is in C ([0, 0o), L?), and hence by standard arguments of semigroup
theory [P], w € C! ([0, 00), H™3).

Appendix B. Evans’ Function for KdV and mKdV

Consider the Korteweg—de Vries equation

Ou + udu+ u=0, (KdV)
and the modified Korteweg—de Vries equation

Ou+udu+du=0, (mKdV)

In this section we prove Theorem 3.1, which gives an explicit formula for Evans’
function, D(4), associated with the linear eigenvalue problem

OLY =2Y, Lo=-0,+c—ub(y), (B.1)
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in the cases p = 1 (KdV) and p = 2 (mKdV) (see (1.2)). Since D(4) is analytic, it
suffices to establish the formula in Theorem 3.1 for Re A > 0, where we know that
the roots of u® — cpu + A = 0 satisfy

Reu(4) <0 <Rey;(4), j=23.

The main tools used in this section are:

(1) the relationship between solution of the linearized KdV equation and the
Jost solutions of an associated second order stationary Schrodinger equation
[GGKM2],

(ii) the complex Miura transformation [M], which maps solutions of mKdV (p = 2)
to solutions of KdV (p = 1), and

(iii) a trick of Darboux (1882), which gives a way of constructing solutions of a
second order Schrédinger equation with potential #(x), given solutions of some
other such Schrédinger equation with potential u(x). (See [T, Ke], for example.
We thank R. Krasny for pointing this tool out to us.)

In order to construct D (4) we must study the behavior, as y — —oo, of Y1 (y, 4),
the solution of Eq. (2.1) with maximal decay as y — oo (see Sect. 2). Our object
in this section is to show that for KdV (p = 1) and mKdV (p = 2), the construction
of Y*(y, A) can be reduced to finding the solution of a second order Schrddinger
equation,

1
B0 R+ (g2 = R (B =0, (B2)
with the asymptotic behavior
e M f(y, k) — lasy — 400 . (B.3)

A solution of (B.2) satisfying the asymptotic condition (B.3) is called a Jost solution
[RS3].

Lemma B.1. Let z(x — ct) be a traveling wave solution of KdV, ie. z satisfies
z(y) — 0 as y — oo and the second order nonlinear ordinary differential equation

—cz+ %z2 -Z"=0. (B4)

Let f(y, k) denote a (Jost) solution of the Schridinger equation (B.2) with the
asymptotic behavior (B.3). Let u = 2ik and 1 = cu — i3, and suppose that Rel. >
0 > Rep. Then,

(=8 +c—2)0,V =V, (B.5)
where V (y, k) = f (y, k).
Remark . This proposition allows z to be real or complex valued. Our application to

KdV will involve choosing z equal to the real solitary wave profile #.. For mKdV
we shall apply Proposition B.1 with z given by a complex solitary wave of KdV.

Proof. An explicit calculation gives

(-3 - L k) p

__2 — —
< 2f( Prc—-29V|=0.
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Therefore .
d(y) = ]—,(—6§ +c—2)0V =af (» k) +bg(»),

where a and b are constants, and g is a solution of (B.2) which is linearly inde-
pendent of /. Now, by the theory of asymptotic behavior of solutions of ordinary
differential equations, z(y) — 0 as y — +o00, and g(») is unbounded, being asymp-
totically proportional to e~ as y — +oo0. Since it is also true that

Of (3, k) ~ (iKY e™ asy — +oo for j=0,1,2,3,
we find that . .
d () ~ e * (—Qik)? + 2ik)e*™ = jetV .
It follows that b = 0 and a = A, from which (B.5) follows. [

Differentiation of (B.5) yields the following for Rel > 0. (For general A, use
analytic continuation.)

Corollary B.2. Let 1 € Qp = C\(—00, ] (see Sect. 2), and let u; (2) denote the
root of 3 — cu+ A = 0 with smallest real part. Then,

Yr, A =m D)7 (v m (/20T

At this stage we can complete the proof of Theorem 3.1(a), by determining
D(2) explicitly for KdV. For KdV we have z(y) = 3¢ sechz(%\/Ey). Corollary B.2
implies that we need to solve the scattering problem

1 1 .
~03f — yesech’ GV =KL ¢Sy k)~ Lasy — 400, (BS)
for k = py (1)/2i. The solution of (B.6) is well-known to be

f (3, k)= Ae® [3\% - tanh(%%éy)] , (B.7)

1
where the constant 4 = ) has been chosen to satisfy the asymptotic

2ik
= —1
c
condition in (B.3). (For a derivation of this result see the remark concluding this
appendix.) Part (a) of Theorem 3.1 now follows from examining the expression for

Y*(y, A) given in Corollary B.2, in the limit y — —oo, namely

(B.8)

w - etanh (3 v\’
i — /¢

Y, A) = _1_ay ety <
1231

The reduction to a second order Schrodinger scattering problem for mKdV is
more involved and requires the complex Miura transform, as originally given by
Miura [M].

Lemma B.3. Let p(x, t) be a solution of mKdV. Then Y (x, t) is a solution of
KdV, where

¥ =—ivV6dip + p* . (B.9)
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Proof. By explicit calculation, Y, + Yy + Yy = (—ivV60; + 2p) (p; + p2px +
Prx). L
If, in particular, we choose p(x, ¢) to be a solitary wave solution of (mKdV),

po(x, £) = V6csechy/c(x — ct) (B.10)

then we have:

Corollary B.4. The KdV equation admits the complex solitary wave solution

Yo (y) = 6¢(sech?/cy + i sechy/cy tanh \/cy) (B.11)
where y = x — ct, for any ¢ > 0.

To calculate D(4) for mKdV, we argue as follows, to reduce the problem to
one for the complex KdV equation. Let Red > 0, and let Yt (y, 1) be the solution
of

oy (= +c—pp) YT =2Y", (B.12)

satisfying Y+ (y, 1) ~ e/ as y — +oo. Recall that then D(4) = lim,—, oY (y, 1)
e 7. We relate Y™ to a solution W™ of the linearized complex KdV equation via
the linearized Miura transformation, as follows.

Lemma B.5. Let W*(y, 1) be defined by

~iVou ()W (y, 1) = =iV63,Y* (5, D +200)YH (2 D). (BI3)

Then
Oy (=0 +c— oWt =awT, (B.14)

and we have
Wt(y, ) ~e" asy — +oo, W' (y, })~DA)e'” asy — —oo.  (B.15)
Proof. By explicit computation, with « = —i+/6 we find
(3 — 0y (c— o)+ DaW™ = (ady +2p0) [0, — 0y (c — pg) + A]Y .

The behavior in (B.15) follows since 0,Y" ~ et (resp. D(A)ue*?) as y — +oo
(resp. —o0), cf. [PW2].

The significance of Lemma B.5 is that Evans’ function D(4) for the linearized
mKdV equation (B.12) is the same as the corresponding Evans function for the
linearized complex KdV equation (B.14). To determine the latter, we will find the
Jost solutions of the associated Schrodinger equation with complex potential, and
apply Lemma B.1 and Corollary B.2 to identify W™ (3, A).

The associated Schrddinger equation we must study is

—aif — c(sech®\/cy + i sechy/cy tanh \/cy)f = K2f . (B.16)

The Jost solutions of this equation can be explicitly computed using a trick of
Darboux (1882). Darboux observed that if y(x) is the general solution of

Y+ K —ux)y =0, (B.17)

and w denotes a particular solution with k> = f, satisfying
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w +(B—-u@x)w=0, (B.18)
then the general solution of an equation with different potential, namely
2"+ (k= u(x) +2(Inw)" )z =0, (B.19)
is given by
z=y —yw'jw. (B.20)

To solve (B.16), take u(x) =0 in (B.17)—(B.19), and observe that if w(x) =
¢* +ie™, then (Inw)” = 2(sech®2x + i sech 2x tanh 2x). With this choice, (B.19) be-
comes

2" + [k + 4(sech®2x + i sech 2x tanh 2x) ]z = 0 . (B.21)
By now taking y(x) = (ik — 1)~ !e** in (B.20), we obtain a solution of (B.21) given
by

z(x) = (ik — 1)~ 'e** [ik — tanh 2x — isech 2x] . (B.22)

This is easily related to the Jost solution of (B.16), via the change of variables
x = \/cy/2. This yields

2ik L [2ik .
fO, k)= (% ~ 1> ey l% — tanh \/cy — zsech\/Ey] . (B.23)

Now from Corollary B.2, we infer that the function W™ in Lemma B.5 is given
by

; 2
1 -
W+ (y, /’{) — ___ay e/_tly (:ul \/E(tanh \/Ey +1 SeCh\/Ey) ) ) (B24)
251 M1 — \/E
By examining this expression in the limit y — —oo, we conclude that
2
D(A) = (/41 +\/<_3> .
i — /¢

This completes the proof of Theorem 3.1.

Remark. Darboux’s trick can also be used to solve the scattering problem (B.6)
which yielded, via Corollary B.2, D(4) for KdV. In this case we choose u(x) =0
and w(x) = cosh(x). The expression (B.7) for the Jost solution now follows easily
after scaling.
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