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Abstract

We consider linear instability of solitary waves of several classes of dispersive long wave models. They
include generalizations of KDV, BBM, regularized Boussinesq equations, with general dispersive opera-
tors and nonlinear terms. We obtain criteria for the existence of exponentially growing solutions to the
linearized problem. The novelty is that we dealt with models with nonlocal dispersive terms, for which the
spectra problem is out of reach by the Evans function technique. For the proof, we reduce the linearized
problem to study a family of nonlocal operators, which are closely related to properties of solitary waves.
A continuation argument with a moving kernel formula is used to find the instability criteria. These tech-
niques have also been extended to study instability of periodic waves and of the full water wave problem.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

We consider the stability and instability of solitary wave solutions of several classes of equa-
tions modeling weakly nonlinear, dispersive long waves. More specifically, we establish criteria
for the linear exponential instability of solitary waves of BBM, KDV, and regularized Boussinesq
type equations. These equations respectively have the forms:

1. BBM type

oru + dyu + 0y f (u) + 0, Mu = 0; (1.1)
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2. KDV type

it + 8y f(u) — 3, Mu = 0; (1.2)

3. Regularized Boussinesq (RBou) type
02u — 82u — 82 f (u) 4+ 9> Mu = 0. (1.3)

Here, the pseudo-differential operator M is defined as

(Mg)" (k) = a(k)§ k),
where g is the Fourier transformation of g. Throughout this paper, we assume:

() fis C' with £(0)= f/(0)=0, and f(u)/u — .
(i) alk|™ < a(k) < b|k|™ for large k, where m > 1 and a, b > 0.

If f(u) = u? and M = —8%, the above equations recover the original BBM [11], KDV [28],
and regularized Boussinesq [49] equations, which have been used to model the unidirectional
propagation of water waves of long wavelengths and small amplitude. As explained in [11], the
nonlinear term f () is related to nonlinear effects suffered by the waves being modeled, while
the form of the symbol « is related to dispersive and possibly, dissipative effects. If «(k) is a
polynomial function of k, then M is a differential operator and in particular is a local operator. On
the other hand, in many situations in fluid dynamics and mathematical physics, equations of the
above types arise in which « (k) is not a polynomial and hence the operator M is non-local. Some
examples include: Benjamin—Ono equation [8], Smith equation [45] and intermediate long-wave
equation [29], which are of KDV types with a(k) = |k|, +/1 +k% — 1 and k coth(kH) — H™,
respectively.

Below we assume «/(k) > 0, since the results and proofs can be easily modified for cases of
sign-changing symbols (see Section 5, (b)). Each of Egs. (1.1)—(1.3) admits solitary-wave solu-
tions of the form u(x, ) = u.(x —ct) forc > 1,¢>0and ¢? > 1, respectively, where u.(x) — 0
as |x| — oo. For example, the KDV solitary-wave solutions have the form [28]

ue(x) = 3csech?(v/cx /2)
and for the Benjamin—Ono equation [8]

4c

Ul =137

For a broad class of symbols «, the existence of solitary-wave solutions has been established
[10,12]. For many equations such as the classical KDV and BBM equations, the solitary waves
are positive, symmetric and single-humped. But the oscillatory solitary waves with multiple
humps are not uncommon [5,7], especially for the sign changing o (k). In our study, we do not
assume any additional property of solitary waves besides their decay at infinity. We consider the
linearized equations around solitary waves in the traveling frame (x — ct, ) and seek a growing
mode solution of the form e*u(x) with ReA > 0. Define the operator Lo by (2.2), (4.4), and
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(3.5), and the momentum function P(c) by (2.23), (4.8), and (3.6), for BBM, KDV and RBou
type equations, respectively.

Theorem 1. For solitary waves u.(x — ct) of Egs. (1.1)—(1.3), we assume
ker Lo = {ucy}. (1.4)

Denote by n—(Lo) the number (counting multiplicity) of negative eigenvalues of the opera-
tors Lo. Then there exists a purely growing mode e*u(x) with A > 0, u € H™(R) to the
linearized equations (2.3), (4.2) and (3.2), if one of the following two conditions is true:

(1) n=(Ly) is even and dP /dc > 0.
(i) n=(Ly) isodd and dP /dc < O.

Note that the operators L are obtained from the linearization of elliptic type equations sat-
isfied by solitary waves, and P(c) = Q(u.) where Q(u) is the momentum invariant due to
the translation symmetry of the evolution equations (1.1)—(1.3). For example, for KDV type
equations Q(u) = % f u?dx. The assumption (1.4) can be proved for M = —8)% and for some
non-local dispersive operators [1,3]. It implies that the solitary wave branch u.(x) is unique
for the parameter c. More discussions about the spectrum assumptions for L are in Section 5,
part (a).

Let us relate our result to the literature on stability and instability of solitary waves. The first
rigorous proof of stability of solitary waves was obtained by Benjamin [9], for the original KDV
equation. Benjamin’s idea is to show that stable solitary waves are local energy minimizers under
the constraint of constant momentum. This idea was already anticipated by Boussinesq [16] and
had been extended to prove stability results in more general settings [2,4,13,22,48]. In particular,
it was shown in [15,46] that for KDV and BBM type equations, the solitary waves are orbitally
stable in the energy norm if and only if d P /dc > 0, under the hypothesis

ker Lo ={uc}, and n= (Lo = 1. (1.5)

For power like nonlinear terms and dispersive operators with symbols « (k) = |k|*, the function
P(c) can be computed by scaling and thus the more explicit stability criteria was obtained (see
[15,46]). The stability criterion d P/dc > 0 in [15,46] was proved by a straight application of
the abstract theory of [22], and this was also proved in [48]. The instability proof of [22] cannot
apply directly to KDV and BBM cases. In [15,46], the proof of [22] was modified to yield the
instability criterion d P /dc < 0 under the assumption (1.5), by estimating the sublinear growth
of the anti-derivative of the solution. A less technical way of modification (introduced in [31])
is described in Appendix A for general settings. Applying Theorem 1 to the KDV and BBM
cases under the assumption (1.5), we recover the instability criterion d P /dc < 0 in [15,46], and
furthermore it helps to clarify the mechanism of this instability by finding a non-oscillatory and
exponentially growing solution to the linearized problem. We note that the nonlinear instability
proved in [15,46] is in the energy norm H™/? and there is no estimate of the time scale for the
growth of instability. The linear instability result might be the first step toward proving a stronger
nonlinear instability result in the L? norm with an exponential growth.

When M = —8)%, Pego and Weinstein [41] studied the spectral problem for solitary waves of
BBM, KDV and RBou equations by the Evans function technique [6,21], and a purely growing
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mode was shown to exist when d P /dc < 0. Since for the case M = —3? it can be shown that
ker Lo = {uce} and n™ (Lg) = 1 (see Section 5(a)), the result of [41] is a special case of The-
orem 1. The novelty of our result is to allow general dispersive operators M, particularly the
non-local operators, for which the spectral problem cannot be studied via the Evans functions.
More comparisons with the Evans function technique are found in Section 5 (c). Moreover,
our instability criteria for cases when n~(Lg) > 2 appear to be new, even for the relatively
well-studied BBM and KDV type equations. The situation n~ (Lp) > 2 might arise for highly
oscillatory solitary waves (i.e. [5,7]). Even for single-humped and positive solitary waves, it is
not necessarily true that n~ (Lp) = 1 since there is no Sturm theory for the operator £y with a
general dispersive term M. One important example is the large solitary waves of the full wa-
ter wave problem. In [34], a similar instability criterion is derived for solitary water waves, in
terms of an operator Lo with o (k) = kcoth(kH), for which n™ (Lg) grows without bound [43]
as the solitary wave approaches the highest wave even if all solitary water waves are known to
be single-humped and positive.

Let us also discuss some implications of our result for solitary wave stability. The solitary
waves of regularized Boussinesq equations are known [41,44] to be highly indefinite energy
saddles, and therefore their stability cannot be pursued by showing energy minimizers as in the
BBM and KDV cases. More interestingly, solitary waves of the full water wave are also indefinite
energy saddles [14,27] and thus the study of stability of RBou solitary waves might shed some
light on the full water wave problem. We note that energy saddles are not necessarily unstable.
Indeed, it was shown in [42] that small solitary waves of the regularized Boussinesq equation are
spectrally stable, that is, there are no growing modes to the linearized equation. So far, we do not
know any method of proving nonlinear stability for solitary waves of energy saddle type. Their
spectral stability is naturally the first step and our next theorem might be useful in such a study.

Theorem 2. Consider solitary waves u.(x — ct) of Egs. (1.1)—(1.3), and assume ker Lo = {ucy }.
Suppose all possible growing modes are purely growing and the spectral stability exchanges
at cg, then P'(cp) = 0.

For the original regularized Boussinesq equation, it was shown in [41, p. 79] that P'(c) > 0
for any ¢?> > 1. By Theorem 2 and the spectral stability of small solitary waves [42], it follows
that either all solitary waves are spectrally stable or there is oscillatory instability for some soli-
tary waves. So the spectral stability of large solitary waves will follow if one could exclude the
oscillatory instability, namely, show that any growing mode must be purely growing. For BBM
and KDV type equations, when n™ (L) > 2, the solitary waves are also of energy saddle type
and their stability cannot be studied by the usual energy arguments. Above remarks also apply to
these cases. We note that for KDV and BBM equations, under the hypothesis (1.5) the oscillatory
instability can be excluded as in the case M = —8? [41, p. 79], by adapting the arguments for
finite-dimensional Hamiltonian systems [39].

We briefly discuss the proof of Theorem 1. The growing mode equations (2.4), (3.3) and (4.3)
are non-self-adjoint eigenvalue problems for variable coefficient operators and rather few sys-
tematic techniques are available to study them. Our key step is to reformulate the eigenvalue
problems in terms of a family of operators A", which has the form of M plus some non-local
but bounded terms. The idea is to try to relate the eigenvalue problems to the elliptic type prob-
lems for solitary waves. The existence of a purely growing mode is equivalent to find some A > 0
such that A* has a nontrivial kernel. This is achieved by a continuation strategy to exploit the
difference of the spectra of .A* for A near infinity and zero. First, we show that the essential spec-
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trum of A" lies in the right-half complex plane and away from the imaginary axis. For large A,
the spectra of the operator A" is shown to lie entirely in the right-half complex plane. So if for
small A, the operator A* has an odd number of eigenvalues in the left-half plane, then the spec-
trum of A* must go across the origin at some A > 0 where a purely growing mode is found. The
zero-limit operator A” is exactly the operator L. Since the convergence of A" to Ly is rather
weak, the usual perturbation theories do not apply and we use the asymptotic perturbation theory
of Vock and Hunziker [47] to study perturbations of the eigenvalues of L. To count the number
of eigenvalues of A* (A small) in the left-half plane, we need to know how the zero eigenvalue
of Ly is perturbed, for which we derive a moving kernel formula. The instability criteria in The-
orem 1 and the transition point formula in Theorem 2 follow from this moving kernel formula.
One important technical issue in the proof is to use the decay of solitary waves to obtain a priori
estimates and gain certain compactness.

The approach of using non-local dispersion operators .A* with a continuation argument to
find instability criteria originated from our previous works [30,32,33] on 2D ideal fluid and 1D
electrostatic plasma, which have been extended to study instability of galaxies [24] and 3D elec-
tromagnetic plasmas [36,37]. The consideration of the movement of ker A° was suggested in
[33, Remark 3.2]. The techniques developed in this paper have also been extended to get stability
criteria for periodic dispersive waves [35], and to prove instability of large solitary waves for the
full water wave problem [34]. This rather general approach might also be useful for studying
instability for higher-dimensional problems or coupled systems of dispersive waves, which have
been much less understood.

This paper is organized as follows. In Section 2, we give details of the proof of Theorem 1
for the BBM case. Section 3 treats the RBou case, whose proof is rather similar to the BBM
case. The KDV case has some subtle difference with the previous two cases and is discussed
in Section 4. In Section 5, we discuss some extensions and open issues. Appendix A gives an
alternative way of modifying the nonlinear instability proof of [22] for general dispersive long
wave models.

2. The BBM type equations

Consider a traveling solution u(x,t) = u.(x — ct) (c > 1) of the BBM type equation (1.1).
Then u, satisfies the equation

1 1
Mu, + (1— —)uc— —f(uc)=0. (2.1)
c c
We define the following operator Lo : H™ — L? by the linearization of (2.1)
1 1,

The linearized equation of (1.1) in the traveling frame (x — ct, t) is

(3 — ) + Mu) + 05 (u + ' (ue)u) =0. (2.3)

For a growing mode solution e’ u(x) (Re A > 0) of (2.3), u(x) satisfies
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(A — cd) (u + Mu) + 0x (u + f'(ue)u) =0, (2.4)
which can be written as

Ox

— cOy

Mu+u+)\ (u+ f'(uc)u) =0.

This motivates us to define a family of operators A* : H™ — L? by

0
A X /
A M—Mu+u+)\_cax(u+f(uc)u).

The existence of a growing mode is reduced to find A € C with Re A > 0 such that the operator A*
has a nontrivial kernel. Below, we seek a purely growing mode with A > 0. We use a continuation
strategy, by exploiting the difference of the spectra of the operators A* for A near infinity and
zero. We divide the proof into several steps.

2.1. The properties of A*

Define the following operators

A
D=cd d &h*F=_——"_,
€ox an P

Then the operator A* (A > 0) can be written as
A 1 A,— /
A:aM+1—EO—8’)O+fma)

Throughout this paper, for a sequence of operators P, and P : L?(R) — L*(R) we say that P,
converge to P strongly in L? when n — +o0, provided that P, converge to P in the strong topol-
ogy of operators in L?(R). That is, for any u € L%(R), || Pyu — Pull 2gy — 0 when n — +o0.

Lemma 2.1.

(a) For A > 0, the operators EMFE are continuous in A and

[ PR 2.5)
[1—€4F] 2 <1 (2.6)

(b) When » — 0+, EF converges to 0 strongly in L.
(c) When . — 400, EMF converges to 1 (the identity operator) strongly in L?.
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Proof. We have

A .
Hgk’id’”;:/’kiick‘ ‘d’(k)‘zdkg/'(p(k)mk:”d)”iz
R R

and (2.5) follows. Similarly, we get (2.6). By the dominated convergence theorem,

A
<0132 = [| o] Wo0P at 0.
R

1197

when A — 0+. Thus % — 0 in the strong topology of operators in L2(R). The proof of (c) is

similar and we skipit. O

Corollary 1. For A > 0, the operator A* converges to Lq strongly in L> when A — 0+, and

converges to M + 1 strongly in L* when \ — +00.

The following theorem states that the essential spectrum of A* is to the right and away from

the imaginary axis.
Proposition 1. For any A > 0, we have

1 1

Oess (A*) C {z ) Rez > 5(1 — —> > o},

C

The proof of Proposition 1 is based on the following lemmas.

Lemma 2.2. Consider any sequence
{un) e H"(R), Nunl2=1, suppuy C {x||x| >n}.
Then for any complex number z with Re z < %(1 — %), we have

1 1

Re((A* — 2)itm, 1) > Z(l - —),

Cc

when n is large enough.

Proof. We have
Re((.AA — z)un, un)
= (M + Dup,uy) —Rez — Re(%(l — gkv—)(l + £ (ue))un, un)

= (M + Dun,uy) —Rez — %Re((l + fWe))un, (1= E4F)uy)

2.7)
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>1-— %(1 — l) — l(1 + max}f’(uc)|)”(1 —5k’+)”n Hz

c C |x|=n

1 1\ 1 /
> 5(1 — ;) - ggﬂf (uc)| (by Lemma 2.1(a))

1 1
> 1 (1 — —), when n is big enough. O
c
To study the essential spectrum of A", first we introduce the Zhislin spectrum Z(A*) [25].
A Zhislin sequence for A* and z € C is a sequence

{un} e H", Nluyl2 =1, SuppunC{x||X|>n}

and || (A* — 2)u,|lo = 0 as n — oo. The set of all z such that a Zhislin sequence exists for A"
and z is denoted Z(A"). From the above definition and Lemma 2.2, we readily have

Z(A}‘)C{ze(C‘Rez>%<l—l>}. (2.8)

c

Another related spectrum is the Weyl spectrum W (A*) [25]. A Weyl sequence for A* and z € C
is a sequence {u,} € H™, |lun|l2 = 1, u, — 0 weakly in L? and ||(A* — 2)u, |2 — 0 as n — oo.
The set W(A*) is all z € C such that a Weyl sequence exists for A* and z. By [25, Theo-
rem 10.10], W(A*) C 0ess(A*) and the boundary of oes(A*) is contained in W(A*). So it
suffices to show that W(A") = Z(A*), which together with (2.8) implies (2.7). By [25, Theo-
rem 10.12], the proof of W (A*) = Z(A*) is reduced to prove the following lemma.

Lemma 2.3. Given A > 0. Let x € C{°(R) be a cut-off function such that x|(x|<ry = 1, for
some Ry > 0. Define xq = x(x/d), d > 0. Then for each d, xq(A* —z)~! is compact for some
z € p(AY), and that there exists C(d) — 0 as d — oo such that for any u € Cy°(R),

|[A% xa]ul, < C@([[A*ul, + ull2). (2.9)
Proof. We write A* = M + 1 + K*, where
Kr = 1(1 — &)1+ f(ue)) : L* — L? (2.10)
C

is bounded. So —k € p(A*) when k > 0 is sufficiently large. The compactness of x4 (A* + k)1
is a corollary of the local compactness of H" (R) — L2(R). To show (2.9), we note that the

graph norm of A* is equivalent to || - || z=. Below, we use C to denote a generic constant. First,
we have
[K*, xa] = —E[SA’_, xa](1+ f'(ue)) = —EL[D, Xd] (1+ f'(ue))
c cA—D A—D

1
_ @g%—x’(x/d)gkv—(l + f'(ue))
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and thus

C
1" xall o2 < 55 2.11)

Ad
Let [ = [m] to be the largest integer no greater than m and 6§ = m — [m] € [0, 1). Define the
following two operators

1+ (4! if 1 #2 mod 4,

(2.12)
1— (4! ifl =2mod 4.

1:

and M, is the Fourier multiplier operator with the symbol

a(k) .
—— 1f [ %2 mod 4,
n(ky={ T (2.13)

2 ifl=2mod 4.

Then M = M» M and

M, xal = Ma[Mi, xal + M2, xalM;.

We study [M>, x4] in two cases. When § = 0, that is, when m is an integer, for any v € Cgo (R)
we follow [19, pp. 127, 128] to write

M2, xalv= —(27r)_% /ﬁ(x — W (xa(x) = xaM)v(y)dy

1
=— //(Zn)‘%(x —Wix =Y xs(px —y)+ y)v(y)dydp
0
1

= / Apvdp,

0

where A, is the integral operator with the kernel function

Ky y)=—Q2m) 2 (x — y)it(x — s (oG — y) + ).

Note that B(x) = x7i(x) is the inverse Fourier transformation of in’(k) and n’(k) € L? when
[ =m,so B(x) € L. Thus

//\Kpu, WP dxdy=2m f/ BPG— 9| x40 = y) + y) dxdy
e f/|ﬁ|2<x>\x;\2<y>dxdy=2n||ﬂ||%2 2

2
=~ IBIL, 1 I 72
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So
C
| (Mo, Xd]”L2—>L2 ST
d2
and
C C
[IM2, xalMiu| > < —lllellL2 d—lllullmu
2 2

When § > 0, we define two Fourier multiplier operators M3 and My with symbols 1 + |k|® and
ni(k) =n(k)/(1 + |k|®), respectively. Then M»> = M3.My and

(M2, xal = My M3, xal + [May, xalM3.

Since n} (k) € L?, by the same argument as above, we have

“ [M4’ Xd] ”L2—>L2 <

el Ko

By [40, Theorem 3.3, p. 213],

[IM3, xal| 2, 12 S CO®] 1D’ xal

where |D|° is the fractional differentiation operator with the symbol |k|? and || - ||« is the BMO
norm. By using Fourier transformations, it is easy to check that

(1D X)) = 7 L(pp x)(Z)

So

2
1P xall, <2l1PPxal oo < 5 [1PP x|

and therefore

C

” [M3a Xd]HL2—>L2 < ﬁ

Since || Mgl 2_, ;2 is bounded, we have
[IM2, xalMu | 2 < [ MalM3, xalMiul| 2 + |[[IMa, xalIMasMul

1 1
—||M1u|| 2+—||M3M1M|| : < C ( + )||u||Hm
d’ L d% L d’ d

So in both cases,
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| IM2, xalMuu||,» < C@)|ullgm,  with C(d) — 0asd — oo. (2.14)
Since
i i I—
dlxq d'=7 d’ xq d™/
! _ !
[Mi, xd] ZC, dxi dii—i " ;CJ dx/ dx'=i’
and
Pya, 1 p(\_ 1 o
oo V=) =
we have

(I[M2 X(])] CDN o F x| Mau= 7).

Ll
| Mol M, xalu||, < Zd_]

By similar estimates as above, when § =0,

. . C
el P P P
d? d:

and when § > 0,

. ‘ 1
T P P P e
2

1

+ —]>|Iu||Hm.
d2

Thus

|MalMi, xalu|, < C@lullgm, with C(d) — 0asd — oo.

Combining above with (2.11) and (2.14), we get the estimate (2.9). This finishes the proof of the
lemma and Proposition 1. O

To show the existence of growing modes, we need to find some A > 0 such that A" has a
nontrivial kernel. We use a continuation strategy, by comparing the behavior of .4* near 0 and
infinity. First, we study the case near infinity.

Lemma 2.4. There exists A > 0, such that when A > A, A* has no eigenvalues in {z | Rez < 0}.
Proof. Suppose otherwise, then there exists a sequence {A,} — oo, and {k,} € C, {u,} €
H™(R), such that Rek, <0 and (A" — k,)u,, = 0. Since || 4* — M—1| = ||[K*|| < M for some
constant M independent of A and M is a self-adjoint positive operator, all discrete eigenvalues

of A* lie in

Dy = {z|Rez>—M and |Imz| < M}.
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Therefore, k;, — koo € Dy with Reky < 0. Denote e(x) = (f/(uc))z, then e(x) — 0 when
|x| — oo. We normalize u, by setting ||u, ||Lg = 1, where

lull 2 = (/e(X)Iulzdx)z- (2.15)

[E7% ||H% < C, fora constant C independent of 7. (2.16)

We claim that

Assuming (2.16), we have u,, — u,, weakly in H™. Moreover, we claim that us, # 0. To show
this, we choose R > 0 large enough such that max ;> g e(x) < % Then

1

1
f e(x)|up|* dx < oc il < 3

lx|=R
Since u, — U strongly in L2({|x| < R}), we have

1
/ e(x)luoolzdx = lim / e(x)lunlzdx > —
n— 00 2

lx|<R [x|<R
and thus u, # 0. By Corollary 1, A* — M+ 1 strongly in L?, therefore A* u,, — (M + Do

weakly in L? and (M + Do = koolino. Since Re koo < 0, this is a contradiction. It remains to
show (2.16). From (A" — k,)u, =0, we get

0> Rekylun 13 = (M + Ditn, 1) — %Re(un, (1= £ )uy)

— % Re(f' (ue)un, (1 —E*F)uy).

By our assumption on the symbol «a (k) of M, there exists K > 0 such that «(k) > a|k|™ when
|k| > K. So for any ¢, § > 0, from above and Lemma 2.1, we have

0> (=8l +a [l ac+s [ Jadof dk
lk|=K lk|<K

= ~lnlige =~ lunll g2l 2
>(1—6)||un||iz+mm{%,a}f|k|"1|ﬁ<k>\2dk—%nunniz
= ellual}z = a2
. 2 € 2
>mm{1 —-—b-e ﬁ,a}nunnﬁ = ozl

The bound (2.16) follows by choosing §, ¢ > 0 small. O
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2.2. Asymptotic perturbations near . =0
In this subsection, we study the spectra of A" for small A. When A — 0+, A* — £ strongly
in L2, where Lo is defined by (2.2). Since the convergence of A* — L is rather weak, we
could not use the regular perturbation theory. Instead, we use the asymptotic perturbation theory
developed by Vock and Hunziker [47], see also [25,26]. To apply this theory, we need some
preliminary lemmas.
Lemma 2.5. Given F € C;j°(R). Consider any sequence A, — 0+ and {u,} € H™ (R) satisfying
[ At |, + Nt 12 < My < 00 (2.17)

for some constant M. Then if w-lim,_, 5 u,, = 0, we have

lim ||Funl2=0 (2.18)
n—oo
and
Jim [[[A% Flu, |, =0. (2.19)

Proof. Since (2.17) implies that ||u,||g» < C, (2.18) follows from the local compactness of
H™ < L?. To prove (2.19), we use the notations in the proof of Lemma 2.3. We write A* =
M 414 K. Note that

M, F]=[MaMy, F]= MMy, F1+ [Ma, FIM;,

where M and M, are defined in (2.12) and (2.13). Let G € C{°(R) satisfying G = 1 on the
support of F. For any ¢ > 0, we have

l . _
¢! d/F d'=(Guy)
Tdx)  dx!—J

[EMy Flun [, = My, FIGua|, =

J=1
S Cllunll g1 < ellunllgm + CellGupll2.

Since ¢ is arbitrarily small and the second term tends to zero by the local compactness, it
follows that ||[[M, Fluy|2 — 0 when n — oo. Since n’(k) — 0 when |k| — oo, by [19, The-
orem C] the commutator [M>, F]: L?> — L? is compact. Since [|Miu,|2 < |luyllgm < C and
u, — 0 weakly in L2, we have Mu,, — 0 weakly in L2. So ||[[M2, FIMu,|» — 0 and thus
I[M, Flunlla — 0. We write

1
[KC*, Flun = _2[5%—, F](1+ f/(ue))un
1 1
= —ng"’_F(l + f/(uc))un + EFSA"’_(l + f/(uc))un = Pn+qn

and denote v, = (1 + f'(uc))u,. From the uniform bound of ||u, || =, we get the uniform bound
for ||v, || gm. Therefore, by the local compactness,
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[ pnll2 < ClIFvpll2 — 0,  whenn — oo.

. . . 2. m
Since the operator ||€*7||;2_, ;2 < 1 and for any A > 0, £*~ is commutable with (1 — dd?) 7,

we have ||E% || gm_ gm < 1. So denoting ¥, = £* ~v,, we have the uniform bound for ||,, || gm
and thus

I pnll2 < CIFo,ll2 — 0, whenn — oo.
This finishes the proof of (2.19). O

Lemma 2.6. Let z € C with Rez < %(1 — %), then for some n > 0 and all u € CG°(|x| = n), we
have

1 1
[ (A" = 2)u], > 1(1 - ;) Julz, (2.20)

when ) is sufficiently small.

Proof. The estimate (2.20) follows from

Re((A" — 2)u, u) > i<1 - %)llu”%, (2.21)

which can be obtained as in the proof of Lemma 2.2. 0O

With above two lemmas, we can apply the asymptotic perturbation theory [25,47] to get the
eigenvalue perturbations of A" to .4* with small A.

Proposition 2. Each discrete eigenvalue ko of A° with ko < %(1 — %) is stable with respect to
the family A* in the following sense: there exists A1, 8 > 0, such that for 0 < A < A1, we have

(i) B(ko; 8) ={z |0 < |z —ko| <8} C P(A*),
where

P(A)‘) ={z | R*(z) = (A)‘ — z)_l exists and is uniformly bounded for . € (0, A1) }.
(i1) Denote

P = ?g R*(2)dz and Py= f R(2)dz
{lz—ko| =8} {lz—kol =}

to be the perturbed and unperturbed spectral projection. Then dim P, = dim Py and
lim; 0 [[Pr — Poll =0.

It follows from above that for A small, the operators .4* have discrete eigenvalues inside
B(kg; 8) with the total algebraic multiplicity equal to that of k.
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2.3. The moving kernel formula and proof of Theorem 1

To understand the entire spectrum of A* for small A, we need to know precisely how the zero
eigenvalue of A? = £0 is perturbed. For this, we derive a moving kernel formula. Let 1,8 > 0
be as in Proposition 2 for kg = 0. By our assumptions ker A% = {u,}, dim Py = 1 and thus
dim P, = 1 for A < A1. Since the eigenvalues of A* appear in conjugate pairs, there can only
exist one real eigenvalue k; of A* inside B(0;8). The following lemma determines the sign
of k., when A is sufficiently small.

Lemma 2.7. Assume ker L0 = {u.}. For A > 0 small enough, let k;_ € R to be the only eigenvalue
of A* near the origin. Then

kj. 1dP

lim — =——— 2 2.22
)\—l)rg—i— )\'2 c dC /”uCX”LZ’ ( )
where the momentum function
1
P(c)= E((M+1)uc, ). (2.23)

By the same proof of (2.16), we get the following a priori estimate which is used in the later
proof.

Lemma 2.8. For A > 0 small enough, consider u € H" (R) satisfying the equation
(.AA - z)u =,
where z € C with Rez < %(1 — %) and v € L%. Then we have the estimate
ol < C(llullg2 + vl 22), (2.24)
for some constant C independent of \. Here, the weighted norm || - || L2 is defined in (2.15).
Assuming Lemma 2.7, we prove Theorem 1 for BBM type equations.

Proof of Theorem 1 (BBM). We only prove (ii) since the proof of (i) is the same. Assume
that n~ (L) is odd and dP/dc < 0. Let k , ..., k;” be all the distinct negative eigenvalues of
Lo. Choose § > 0 small such that the [ disks B(k; ; §) are disjoint and still lie in the left-half
plane. By Proposition 2, there exists A; > 0 and § small enough, such that for 0 < 1 < A;, A*
has n™ (Lg) eigenvalues (counting multiplicity) in Ule B(k; ;8). By Lemma2.7,if dP/dc <0,
then the zero eigenvalue of A° is perturbed to a positive eigenvalue 0 < kj < & of A* for small A.
Consider the region

2 ={z]|0>Rez>—2M and |Imz| <2M},

where M is the uniform bound for ||[K*| = || A* — M—1||. We claim that: for A small enough,
A* has exactly n~ (L) + 1 eigenvalues (with multiplicity) in
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s = {z ‘ 2§ >Rez > —2M and |[Imz| < 2M}.

That is, all eigenvalues of .A* with real parts no greater than 28 lie in Uf: 1 B(k; 5 6) U B(0;6).
Suppose otherwise, there exists a sequence A, — 0 and

[
{u,} € H"(R),  z, €82\ (UB(k;; 5) U B(0; 5))

i=1

such that (A — z,)u,, = 0. We normalize u, by setting ||un||LZ = 1. Then by Lemma 2.8, we
have ||u, ||H% < C. By the same argument as in the proof of Lemma 2.4, u;,, — uo, 7# 0 weakly

in H7 . Let

l
lim 7, =200 € 2\ (UB(k;;a) U B(0; 5))

i=1

then £% o = Zooltoo, Which is a contradiction. The claim is proved and thus for A small enough,
A” has exactly n~ (L) eigenvalues in £2.

Suppose Theorem 1(ii) is not true, then .A* has no kernel for any A > 0. Define ng (1) to be
the number of eigenvalues (with multiplicity) of .A* in £2. Since by 2.7, the region £2 is away
from the essential spectrum of A*, n (1) is always a finite integer. In the above, we have proved
that no (M) =n~ (L) is odd, for A small enough. By Lemma 2.4, there exists A > 0 such that
ngo(A) =0 for A > A. Define two sets

Sodd = {k >0 | ngo(A)is odd}, Seven = {A >0 ‘ ngo(A)is even}.

Then both sets are non-empty. Below, we show that both Syq3q and Seven are open sets. Let Ag €
Sodd and denote ki, ...,k (I < ng(ip)) to be all distinct eigenvalues of A* in £2. Denote
ihy,...,ih, to be all eigenvalues of A% on the imaginary axis. Then |h;| < M, 1< j < p.
Choose § > 0 sufficiently small such that the disks B(k;;d) (1 <i </) and B(ih;;6) (1 <
J < p) are disjoint, B(k;; 5) C £2 and B(ihj; §) does not contain 0. Note that A* is analytic in
A for A € (0, 4+00). By the analytic perturbation theory [25], if L — X¢| is sufficiently small, any
eigenvalue of A" in £2; lies in one of the disks B(k;;8) or B(ih ji8). So ng(A) is the number
ng (Ao) plus the number of eigenvalues in Ule B(ih; ) with the negative real part. The second
number is even, since the complex eigenvalues of .4* appears in conjugate pairs. Thus, ng (1) is
odd when |A — Ag] is small enough. This shows that S,qq is open. Similarly, Seven 1s open. Thus,
(0, +00) is the union of two non-empty, disjoint open sets Soqq and Seyen. This is a contradiction.

So there exists A > 0 and 0 # u € H™(R) such that A*u = 0. Then e*u(x) is a purely
growing solution to (2.3). O

It remains to prove the moving kernel formula (2.22).

Proof of Lemma 2.7. We use C to denote a generic constant in our estimates below. As de-
scribed at the beginning of this subsection, for A > 0 small enough, there exists u; € H"(R),
such that (A* — k;)u; = 0 with k, € R and limy 0+ kx = 0. We normalize u, by setting

||MA||Lg = 1. Then by Lemma 2.8, we have ||uA||H% < C and as in the proof of Lemma 2.4,
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u); — uo # 0 weakly in H7 . Since A% = Louo =0 and ker Lo = {ucy}, we have ug = coltey
for some ¢y # 0. Moreover, we have |u; — u0|| p = = 0. To show this, first we note that
lup — uoll 2 — 0, since

e

2
s, — uoll?, < f e()lr = uol? dx + max () s = woll,
/

IXISR

and the second term is arbitrarily small for large R while the first term tends to zero by the local
compactness. Since

(A* — k) (us — uo) = kruo + (A° — A)uo,

by Lemma 2.8 we have

s, = woll - < € (llwr = w0l + Kallluoll3s + | (A° = AMJuo|[ ) = 0,

when A — 0+4. We can assume ¢y = 1 by renormalizing the sequence.
Next, we show that limy o+ I% = 0. From (A" — k;)u; =0, we have

A 40
TM:AO%JF%W. (2.25)

Taking the inner product of above with u.,, we get

k A — A0
%(u)w Uey) = (Tuka ucx) =:m(A).

We have

I —

1 1 / |
e = (c/\ D(1+f(u6))uk’ucx):E((1+f(uc))uw,\+pucx>

1 1
= (O S (1= ) > (1 F 0 e )

—f ( +F<uc>>dx=o,

where F(u) = [, f'(s)s ds and in the above lim;_, o1 E*F =0 is used. So

ky m(\)
Im —= lim ——=0.
A—=0+ A A—=04+ (Up, Ucy)

We write u; = c)uce + Avy, where ¢; = (U, Uex)/(Uex, Uex). Then (vy, uey) =0 and ¢ — 1
when A — 04. We claim that [|v, ||;2 < C (independent of 1). Suppose otherwise, there exists
a sequence A, — 0+ such that vy, ||eLz > n. Denote vy, = vy, /|lv, |l ;2. Then ||y, |l;2 =1 and
v, satisfies the equation ’ ’ ’
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N 1 ky, AP — AV
A)»n — n _ - . 2.26
O 10, 1l 2 (kn B T, MCX) (220
Denote
Ak —AO
wy (x) = T”cm
then
W (x) = ——— (14 f'(ue))uex = ;i((/\/l—i-l)u )
& ch—D T N —Ddx ‘
1 D 1
=M Due=— (47 = M+ Due,

where we use the equation

1 1
Lotexy = Muey + (1 — E)ucx — ;f’(uc)ucx =0.
By Lemma 2.1, ||w; ||;2 < C (independent of A), and

w), (x) — —%(M + Duc = C%(uc + fue)) (2.27)

strongly in L? when A — 0+. So by Lemma 2.8, we have |7, ||H% < C. Then, as before,

Ky 1
An o
n M0l 2

some c1 # 0. But since (vy,, ucx) = 0, we have (vg, uc,) =0, a contradiction. This establishes
the uniform bound for ||v; || L2- The equation satisfied by v, is

vy, = Vo # 0 weakly in H? . Since — 0, we have A% = 0. So 99 = cjucy for

N ky, A — A° ky,
.A V), = X_MA - CATMCX = )L—M)L — C W),.
n n

Applying Lemma 2.8 to the above equation, we have ”U)‘”H% < C and thus v) — vy weakly
in H?. By (2.27), vy satisfies

1
Ay = Lovg = ~(M+ Due.
Taking o, of (2.1), we have

1
LoOcue = —;(/\/l + Duc. (2.28)
Thus Lo(vo + dcue) = 0. Since (vg, Ucy) = limy 04 (vy, ucy) =0, we have

2
Vo = —0cUe +douex, do= (0cl¢, Ucyx) / [lecx ||Lz-
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Similar to the proof of ||u); — uo||H% — 0, we have ||v) — v0||H% — 0. We rewrite

Uy = Crllex + AV) = Cplbex + AV,

where ¢, = ¢, + Ady, vy, = v) — doucy. Then ¢;, — 1, v) — —0.u.,when A — 0+.
Now we compute limy o+ I;—é From (2.25), we have

A 0
0 u .A .A _ kA
A ﬁ’LT(x +) e
Taking the inner product of above with u.,, we have

k; A+ — A0 A — AV _
AZ(MA’MCX)_C)\' Tucxaucx + fv)uucx = 1 + b.

For the first term, we have

A+ — A0 wy (X) 1 D
I = (Tuwmucx) = ( 5 Mcx) = ;(m(/\/l + Due, ”cx>

_ l(#(/\/l + D, um) — i((/\/l + Dute, tex)

A—D

_ 1
p ((g)\’ — 1)(M + l)uc, Mc) - CZ_)»(MC + f(uc)’ ucx)

1
2

1
2

For the second term, we have

A — A° 1/ 1
L = (fv)u Mcx) = ()» D(1+f (”C))v)u Mcx)

1 D 1 ~ / ]
- _i((1 + f'(ue))dctte, uc),  when i — 0.
c?
Thus
kyn i+ I
lim — AT e

A—0+ )\2 A=>0+ (Up, Ucy)

1 1
= | S5O+ D) = S50+ w0 ) e

1 1dP
__((M + 1)ocuc, uc) =———,
c c dc

—=((E" = )M + Duc, uc) — iz((M + Duc,uc), when i — 0+,
c C

1209
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since by (2.28)
M+ Due — (1 + f/(uc))acuc =—c(M +1)ocu.. U
3. Regularized Boussinesq type

Consider a solitary wave u(x,t) = u.(x — ct) (c2 > 1) of the regularized Boussinesq (RBou)
type equation (1.3). Then u, satisfies the equation

/\/luc-l—(l—ciZ)uC—cizf(uc):O. (3.1)
The linearized equation in the traveling frame (x — ct, t) is
(3 — ) (u + Mu) — 82 (u + f'(uc)u) =0. (3.2)
For a growing mode e’ u(x) (ReA > 0), u(x) satisfies
(A —cd)*(u + Mu) — 33 (u + f'(uc)u) =0. (3.3)

So we define the following dispersion operator A* : H™ — L? (1 > 0)

2
A u=Mu+u-— ( ) (u+ f(uc)u)

X
)\._cax

and the existence of a purely growing mode is reduced to find A > 0 such that A" has a nontrivial
kernel. Since when A — 0+,

& D 1

r—cdy A=D ¢

1

(€%~ =1)— —— strongly in L?, (3.4)
C

the zero limit of the operator.4* is

1y 1
Lo=:M+ (1 - —2> — = fue). (3.5)
c c

The proof of Theorem 1 for RBou case is very similar to the BBM case, so we only give a
sketch of the proof of the moving kernel formula.

Lemma 3.1. Assume ker L0 = {u.}. For A > 0 small enough, let k;. € R to be the only eigenvalue
of A* near zero. Then we have

kj. 1dP

lim —= = ——— /luex|?,
=0+ A2 ¢ dc /Nexlz

where

P(c) = c((M+Duc, uc). (3.6)
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Proof. For A > 0 small enough, let

u); € H"(R), k), € R, Iim k), =0,
A—0+

such that (A4* — k;)u; = 0. We normalize u; by setting ||uy ||L§ = 1. Then as in the BBM case,
we have ||u )‘”H% < C and uyp — ucr in H 2 by a renormalization, under our assumption that

ker Lo = {ucy}.
First, we show that lim)_, o+ I% = 0. As in the BBM case, we have

A
— Uy, Uex) =

AA_AO
e = (5

Uy, U =:m(A),
Py A cx) ()

where

2 A /
(A—D B (A—D)2>(1+f (ue))

‘We have

m(A) =

2 A ,
|:)»—D - (X_D)z](1+f(”c))uk,ucx)
2 A

=2 <(1 AR (A DG +D)2)””)

1 o (25 22 )
A+D  (A+D)?

(14 £/ @e))us. (1= ) (2 — £4F)ue)
3 ((1 + f/(uc))ucx, Mc) =0,

and thus

.k : m(})
Iim —= lim ——— =0.
A—=0+ A 2—=0+ (Uy, Ucy)

Similarly to the BBM case, we can show that u) = ¢ ucy + Avy, with ¢, — 1, vy — —0dcuc in
H?2 when A — 0+. In the proof, we use the facts that

A+ — A0 1( 2 A

wy(x) = Tuc‘x = C_2 " —D - (h— D)z)(l + f,(uc))ucx

2 A 1/ 2D 2D
- (A—D N (A—D)Z)(MJFI)MCXZE(k—D N (A—D)2>(M+1)”C

= l(Sk»— —1)2 =&)Y M + Due — “2(M+ e, when & — O+
c c
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and
2 2
Lodcue = _C_3(Mc + f(”c)) = _;(M + Due. (3.7)

Next, we compute lim;_, o+ ])% by using
kj. (A=A A — A _ _
ﬁ(u)\.’ Ucx) = Cy Tucx, Uex | + f”ka ucx | =crl + .

For the first term, we have

(A)‘ — A ) (wk(x) )
I = Uex,Ucx | = » Uex
A2 A

1 2D
- E([(A—D)A_(A—D)z
1 2D? D?

- _ﬁq(x—p)x_ (A — D)2

](M + Due, ucx)

:|(/\/l + l)uc,uc)

1
= —Z((EH = 1) M+ Dug, ue) + CZ—A(D(M + D, )
+ %((5“ — 1) (M + Due, uc)

N %((M + Duc,ue), when A — 0+,
c
since £~ — 0 and
1
(D(M + Due, Mc) = C(ucx, (M + 1)MC) = E(Mcx, Uc + f(uc)) =0.

For the second term, we have

A+ — AV 1 2 A

= ( r ””) B c_2<(k D G- 17)2)(1 AR ucx)
1(( 2D D o
= ——3(()\’ _D — ()\’ _'D)2>(1 +f (uc))v)qu)

(" =12 =)L+ £/ (ue)) v, ue)

(1 + f'(ue))dcuc,ue), when — 0+.
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Thus

.k o+ I
Iim —= lim ————
A0+ A2 A0+ (uy, Uey)

3 2
= [6—2((/\/1 + Dute,ue) = = ((1+ f/(e)) e, uc)] / e 172
1 2
= |:—C—2((/\/l + Duc,ue) — ;((M + 1)dcuc, uc)] / ||ucx||i2
1dpP
= T2 de / ””cx”iza

since by (3.7)

(1+ f'(ue))deue = A M + Dideue +2¢(M + Due. O

As a corollary of the above proof, we show Theorem 2 for the RBou case. We skip the proof of
Theorem 2 for the BBM and KDV cases, since they are very similar. Theorem 2 (RBou) follows
from the next lemma.

Lemma 3.2. Assume ker Lo = {ucy ). If there is a sequence of purely growing modes e’ u, (x)
(An > 0) for solitary waves u., of (1.3), with A, — 0+, ¢, — co, then we must have P’(cp) = 0.

Proof. The proof is almost the same as that of Lemma 3.1, so we only sketch it. The only
difference is that now the computations depend on the parameter ¢,. Denote E,f = )»:é#’

then by the same argument as in the proof of Lemma 2.1, we have s-lim,,_, » Eni = 0. Then the
operator

2
A — M 41 — (a—xa) (1 + f/(ucn))

)\n_cn

converges to

1 1
Lo= M+ (1 — _2> - _zf/(uco)
&0 o
strongly in L?. We have A*‘ny, =0 and we normalize u, by ||un||L3 =1, where ¢, =
|f’(ucn)|2. As before, it can be shown that ||un||H% < C (independent of n) and u,; — ucy

. m - — — — . m
in H?2. Moreover, we have u, = cyu¢,x + AyVy, where ¢, — 1 and v, - —0cucle, in H?2.
From A*-¢ny, =0, it follows that

B A)»n,Cn _ AO,C,, A)L,l,cn _ AO,cn B B
0=cy 52 Uc,x,Uc,x | + Y Up, Uc,x | = cnlh + I,
n

n

where
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1 1
0,¢, __ !
A% = M+ (1 - —Cz) -5 ).

n n

By the same computations as in the proof of Lemma 3.1,

2 1
= = (& = )M+ Due,ue,) + (6 = 1) M+ Dug, 1)

o2
Cl’l n

3

— —2((M + Dy, uco), when n — 00,
c
0

and
2 /
I, — _0_3((1 + f (uco))acuclco, uco), when n — oo.
0
Thus
o 1dP
0= lim (&1 + 1) = = ——(c0)
n—o0 CO dc

and the lemma is proved. 0O
4. KDV type

Consider a solitary wave u(x, t) =u.(x — ct) (c > 0) of the KDV type equations (1.2). Then
u. satisfies the equation

Mu, +cue — f(uc) =0. 4.1)
The linearized equation is
(8 — cOx)u + O (f' (ue)u — Mu) =0 (4.2)
and for a growing mode solution e* u(x) (Re > 0), u(x) satisfies
(h — cdo)u + O (f (ue)u — Mu) =0. (4.3)
We define the following dispersion operator A* : H” — L? (Re > 0)

COy

)\._Cax

AMu=cu+ (f/(uc)u —/\/lu)

and as before the existence of a purely growing mode is reduced to find A > 0 such that .4* has
a nontrivial kernel. When A — 0+, A* converges to the zero-limit operator

Lo=M+c— f(ue). (4.4)
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The proof of Theorem 1 for KDV is similar to the BBM and RBou cases. So we only indicate
some differences due to the different structure of the operator .A*. To prove the essential spectrum
bound

1
Oess (AY) C {z |Rez > 5c}, (4.5)

we need to establish analogues of Lemmas 2.2 and 2.3. First, we note that, for any u € H™ (R),

o, _ —ick A2
Re(_k_caxMu,u)_Re/A_icka(k)‘¢(k)} dk

(ck)? A2
:/moz(k)|¢(k)| dk > 0. (4.6)

So by estimates as in the proof of Lemma 2.2, for any sequence
{un} € H"R), lunllz=1. suppun C {x [ |x|>n},

and any complex number z with Re z < %c, we have

Re((A)‘ — z)un, un) >

¢,

1
4
when 7 is large enough. Since

[A* xa] = (1= EF7)M, xal + [T, xa](f (we) — M),

the conclusion of Lemma 2.3 still holds true by the same proof. Thus the essential spectrum
bound (4.5) is obtained as before. The non-existence of growing modes for large A is proved in
the following lemma.

Lemma 4.1. There exists A > 0, such that when . > A, A* has no eigenvalues in {z | Rez < 0}.
Proof. Suppose otherwise, then there exists a sequence {A,} — +o0o, {k,} € C, and {u,} €

H™(R), such that Rek,, <0 and (A" — k,)u, =0.Let K > 0 be such that «(k) > a|k|™ when
|k| > K. For any §, ¢ > 0, and large n, we have 61, > K and

0> Re(A)‘”un, un)

k ’ k » / ax
%(ac(k))z|un(k)|2dk+c||un||iz—max|f(uc)|||un||L2 )bcwun )
n n X L
k)2a(k . '(u, 2 k)2 A
> %M(k)lzdwr(c—s)llunlliz - max'{;g(u d /kzgc_()ck)2|un(k)|2dk
(ck)>a(k) . max| f'(u,) 2 (ck)a(k) |
= )»,21 + (ck)? |Ltn(k)|2dk + (c— 8)““11”%2 — —4861(8)%)’" / )erl PR |un(k)\2dk

k| =82,
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/ 2.2¢2
5
 maf e ok
&£
k| <8
max| f'(u¢)|* (ck)?au(k) | . 2 max | f/(uc)|*c*8?
> (1- c . i dk+ (e — e - < |3
dea(5r,)™ A; + (ck) 4e

>0, when n is large enough,

by choosing ¢, § > 0 such that
max| f” (ue)| 252
p— 8 J—

> 0.
4e

This is a contradiction and the lemma is proved. O

The eigenvalues of A* for small A are also studied by the asymptotic perturbation theory.
The required analogues of Lemmas 2.5 and 2.6 can be proved in the same way. The discrete
eigenvalues of A? = £ are perturbed to get the eigenvalues of A* for small A, in the sense
of Proposition 2. The instability criterion in Theorem 1 can be proved in the same way, by
deriving the following moving kernel formula: for A > 0 small enough, let k; € R to be the only
eigenvalue of A" near zero, then

1 L= , 4.7
Jim 5= == /e 7 @4.7)
where
1
P(c) = E(uc’ Ue). (4.8)

We sketch the proof of (4.7) below. First, similar to Lemma 2.8, we have the following a priori
estimate:

For A > 0 small enough, if (A* —)u=v,zeC withRez < %c and v € L?, then
leell e < C(llull 22 + vl 2), (4.9)
for a constant C independent of A.
To prove (4.9), we note that for any ¢ > 0
e(Au ) = Zellullg <l 2 vl 2 < ellully + o0l

and for any § > 0, when A < cK,
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(c)?a(k) .
Re(Ahuu) > [ 57— slatof dk+ clulzy = lul 2l
a R 2 1
> ¢ f K™ a2 d + cllull2 — ellul2, — — full2,
2 48 e
k1=K

. fa o mlao 2 1
>mm{§,ﬁ}/lkl |t (k)| dk+(C—3—8)||M||iz—E”””ig-

Thus by choosing §, € to be small, we get the estimate (4.9).

To prove (4.7), we follow the same procedures as in the BBM and RBou cases. Let u; €
H™(R) be the solution of (A* —k;)u; = 0 with k; € Rand limy _, o+ k) = 0. We normalize u; by
setting ||uy || 2= 1. Then by (4.9), we have ||u; ||H% < C and as before, after a renormalization

uy — ug =ueyx in H2. We have limy _, o+ ]% =0, since

k A — A0 1
%(uks Uey) = (Tu}” ucx) = (m(f/(uc) - M)u)w ucx)

1 D
— ;((f/(uc) — M)M)L, P Duc>
1
= == (o) = Muer. ue) = —(tex, ue) =0

Similarly as before, we can show that u = cyucy + Avy, with ¢, — 1, v = —dcuc in H%,
when A — 0+. In the proof, we use the facts that

A _ A0
w;. (x) = u”cx = #(f/(”c) - M)”cx

= U, —> —u., wheni— 0+,

and Lod.ue. = —u.. Now

ky, (A=A A — A0 _
ﬁ(”)\aucx):c)\ Tucx’ucx + Tv)uucx =c 1+ 1

and

w; (x) 1 ,
I = ( 2 ) ucx) = (m(f (ue) — M)ucxa ucx)

A
1 , 1 ,
(m(f (e) — M)ucm uc) + c_)\((f (uo) — M)Mcx, uc)

1
c
1
c

((5k’_ — l)uc, uc) — l(uc, Ue),
c
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AA_AO_ 1 D , _
() (s

g _%((f/(uc) - M)acuc, MC) = _%(Cacuc + Ue, l/lc),

SO

) ) ol + 1 2
Iim — = lim —— = —(0,uU,, u Uex, Uex) = —— [ ||lu .
)\-—>0+ )\‘2 A 0+ (I/l)",ucx) ( ctc C)/( cX C)C) dC /” cx||L2

5. Discussions

(a) About the spectral assumption for £o. When M = —dd7, the assumption (1.4) that
ker(Lo) = {ucy} is true because the second order ODE Ly = 0 has two solutions which de-
cay and grow at infinity respectively, and thus u., is the only decaying solution. Moreover, the
solitary waves in such case can be shown to be positive and single-humped. Thus by the Sturm—
Liouville theory for second order ODE operators, n~ (L) = 1 since u., has exactly one zero.
The proof of (1.4) for non-local dispersive operator M is much more delicate. In [1,3], (1.4)
is proved for solitary waves of some KDV type equations, such as the intermediate long-wave
equation [29] with

fw)=u> and «(k)=kcoth(kH)— H™'.

The assumption (1.4) is related to the bifurcation of solitary waves, more specifically ker Lo =
{ucy} implies the non-existence of secondary bifurcations at c, that is, the solitary wave branch
u-(x) is locally unique. Even in cases of multiple branches of solitary waves, (1.4) is still valid
in each branch. We note that ker £y also monitors the changes of n™ (L) with respect to ¢. For
example, when (1.4) is valid in a certain range of ¢, n~ (Lo) must remain unchanged in this range.
Since otherwise, by continuation there is a crossing of eigenvalues through the origin at some c,
which will increase the dimension of ker £y.This observation has been used in some problems
[3,34] to get n~ (L) for large waves from small waves for which n~ (L) is computable. At
secondary bifurcation and turning points, the increase of ker(Lg) signals the increase or decrease
of n~(Lp) when these transition points are crossed. One such example is the solitary waves for
full water wave problem [34], for which the existence of infinitely many turning points leads
n~ (Lp) to increase without bound by a result of Plotnikov [43].

The assumption (1.4) is required in all existing proof of nonlinear orbital stability [15,22,48].

(b) The sign-changing symbol. We assume «/(k) > 0 in our proof of Theorem 1. The proof
can be easily modified to treat sign-changing symbols. Let —y = infa(k) < 0. Consider solitary
wave solutions of KDV, BBM, and RBou type equations with

1 1
c>y, 1_E>V and I—C—2>y, (5.1)

respectively. The condition (5.1) on c is to ensure that the essential spectrum of L lies in the
positive axis, which seems to be necessary to get decaying solitary waves, such as in [7] and [5]
for fifth order KDV and Benjamin equations with (k) = —k> + 8k* and —|k| + 8k, respec-
tively. Denote M to be the multiplier operator with the nonnegative symbol & (k) = a(k) + y.
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The proof of Theorem 1 remains unchanged, by replacing M with M — y and using the
nonnegative symbol & (k) in all the estimates. The same proof still go through because of the
condition (5.1). However, for sign-changing symbols the solitary waves might be highly oscil-
latory in some parameter range [5,7]. It is conceivable that such oscillatory waves are energy
saddle with n™ (L) > 2, whose stability cannot be studied by the traditional idea of proving
energy minimizers. Theorem 1 gives a sufficient condition for instability in such cases.

(c) Comparisons with the Evans function method. In [41], Pego and Weinstein used the Evans
function technique to obtain the instability criterion d P /dc < 0O for the case M = — ﬁ. In their
paper, the eigenvalue problems (2.4), (3.3) and (4.3) are written as a first order system in x,
depending on the parameter A. The Evans function D(1) is a Wronskian-like function whose
zeros in the right half-plane correspond to unstable eigenvalues, and it measures the intersection
of subspaces of solutions exponentially decaying at 400 and —oo. This method was first intro-
duced by J.W. Evans in a series papers including [21] and was further studied in [6]. In [41], it

was shown that D(A) > 0 when A > 0 is big enough, D(0) = D’(0) =0 and

D" (0) =sgndP/dc. 5.2)

IfdP/dc <0, then D(A) < 0 and a continuation argument yields the vanishing of D()) at some
A > 0, which establishes a growing mode. A similar formula as (5.2) was derived in [17], for
problems that can be written in a multi-symplectic form. However, there are several restrictions
of the Evans function technique: (1) Only differential operators, that is, those with polynomial
symbols, can be treated by this method, in order for the eigenvalue problems to be written as
first order ODE systems. (2) The solitary waves must have an exponential decay. Moreover,
certain assumptions for eigenvalues of the asymptotic systems are required in constructing the
Evans function [41, (0.6), (0.7)]. Such assumptions need to be checked case by case, and their
relations to the properties of solitary waves are not very clear. By comparison, our approach
applies to very general dispersive operators, in particular, non-local operators. We impose no
additional assumptions on the solitary waves. For example, we can allow slowly decaying or
highly oscillatory solitary waves. Our only assumption (1.4) is closely related to the bifurcation
of solitary waves, and it appears to be rather natural in the stability theory. Moreover, the Evans
function method can only be used for the one-dimensional problems, since otherwise the first
order system cannot be written. Our approach has no such restriction and might be used in the
multi-dimensional settings.

(d) Some future problems. We mention some open issues related to our study.

(1) When the instability conditions in Theorem 1 are not satisfied, the stability of the soli-
tary waves was proved only for the KDV and BBM type equations [15,48] when n™(Lo) = 1.
However, when n~ (Lg) > 1 such solitary waves are energy saddles with an even Morse index,
and their stability is a very subtle issue and not well understood even for the finite-dimensional
Hamiltonian systems. For regularized Boussinesq type problems, the solitary waves are always
highly indefinite energy saddles. Moreover, this issue of studying stability of energy saddles also
arise in the full water wave problem [14,34] and Boussinesq systems [42]. A natural first step
is to study the spectral stability of these solitary waves, for which Theorem 2 about transition
points of stability might be useful as discussed in Section 1. Lastly, we note that for the critical
case with d P/dc = 0, the nonlinear instability of solitary waves was recently proved [18] for
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_d_
dx?"

the generalized KDV equation with M = —
linearized growing modes.

(i) Can we get nonlinear orbital instability with an exponential rate from the linear instability,
particularly in the L? norm? This problem is open, even in the KDV and BBM cases where the
nonlinear instability in the energy norm has been proved [15,23]. This problem is also relevant
to full water waves and some other problems for which the blow-up issue is concerned. The L?
instability results would be useful to distinguish the large scale instability of basic waves from
the local blow-up instability.

However, such an instability is not due to the
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Appendix A

In this Appendix A, we describe a different approach from [15] and [46] to prove nonlinear
instability for some dispersive wave models. In [15] and [46], the Liapunov functional method of
[22] was extended to show nonlinear instability of solitary waves of KDV and BBM type equa-
tions, under the assumptions d P /dc < 0 and (1.5). For the KDV case, the Liapunov functional
constructed in [15] is of the form

A(t):fY(x—x(t))u(x,t)dx, (A.1)

where Y (x) = f f ~ Y(2) dz and y(x) is an energy decreasing direction under the constraint of the
constant momentum Q («). By using the fact that the solitary wave considered is an (constrained)
energy saddle with negative index one, it can be shown [22] that A’(¢) > § > 0 in the orbital
neighborhood of the solitary wave. The nonlinear instability would follow immediately if A(z)
is bounded, as considered in the setting of [22]. However, A(t) defined by (A.1) is not bounded
because the function Y (x) is not in L? if f ydx # 0. To overcome this difficulty, in [15] it was
shown that A(#) < C(1 + ¢") for some n < 1, then the nonlinear instability still follows. Such
an estimate was obtained by showing that the maximum of the anti-derivative of u(x, ) has
a sublinear growth. The same approach is used in [38,46] and [20] for other dispersive wave
equations, and the sublinear estimates are usually highly technical to prove. Below, we show that
such an estimate can be avoided by using another approach, which was first introduced in [31]
for a Schrodinger type problem.

The idea in [31] is to make a small correction to the (energy) decreasing direction y(x) used in
constructing the Liapunov functional A(#). The new direction, still decreasing, has the additional
property that its integral over R is zero. Then the new anti-derivative Y (x) € L? and thus A(?) is
bounded which implies nonlinear instability. The correction is by the following lemma, which is
a generalization of [31, Lemma 5.2].

Lemma A.1. For any r(x) #0 € L?>(R), c € R and m > 1, there exists a sequence {y,} in
H™(R) such that
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1
(+xhmwer'®.  [rwdr=c

yo — 0in H2 (R) and (y,,r) =0.
Proof. We choose ¢(x) € C3°(R) such that f ¢(x)dx = c. We claim that there exists ¢ (x) €
C° (R) such that (¥, r) # 0. Suppose otherwise, for any ¥ (x) € C§° (R1), we have (¢, r) =0.

Then r, = 0 in the distribution sense and thus » = constant. But r € L%, so r =0, which is a
contradiction. Define

1 X
yn=—¢| =) —an¥x(x),
n n
with

[ ae)rx)dx
B (anr) .

n

Then (y,,r) =0 and

Lo o) 207l 1
nl < ——= =0\ — 0,
anl S o (ﬁ) ~

when n — oo. Let ¢, (x) = ¢(5,), then
()
_(p p—
n' \n

where in the above we use the scaling formula

m 1 m X
|D[Z gn(x) = —m<|D| 2 <ﬂ) (—)
n:2 n

as in the proof of Lemma 2.3. Therefore, y,, — 0 in H? R), (1 + |x)y, € L' and

/yn(x)dXZ/%w(%)dXwa(x)dx:c.

The lemma is proved. O

2 1 1y m 2 1 1 mo 2
= —llolg:+ 5 [1D1Z @a 2 = ~lloll7: + —= [1D1Z o]

m
2

H

— 0, whenn — o0,
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We start with an (constrained) energy decreasing direction y(x) with (1 + |x|)y(x) € L', that
18,

(Hy,y) <0 and (y, Q'(u.)) =0,

where H is the second order variation of the argumented energy functional, for which the solitary
wave is a critical point. Let H 2 to be the energy space, that is, m is the leading power of the
operator H. Choosing ¢ = [ ydx, r = Q'(u,) in the above lemma, we get a sequence {y,} € H™
with the properties listed in the lemma. Defining y,, = y — y,, then we have

(L k)Fa €L, (u P'ue)) =0, fyn dx =0

and (Hyy,, y») < 0 when n is big enough. Thus for large n, the function y, is a new (con-
strained) energy decreasing direction with zero integral. The Liapunov functional A(?) is defined
as in (A.1) by using this new direction y,. By [15, p. 409], Y (x) = ffoo yu(2)dz € L2, thus
A(t) is bounded and the nonlinear instability results. Above approach has the following physical
interpretation: if a solitary wave is not an energy minimizer under the constraint of constant mo-
mentum, neither is it even under the additional constraint of constant mass. This rather general
idea could be useful in proving nonlinear instability of (constrained) energy saddles with Morse
index one, for other similar dispersive wave problems.
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