SPECTRAL STABILITY ANALYSIS FOR SPECIAL SOLUTIONS OF
SECOND ORDER IN TIME PDE’S: THE HIGHER DIMENSIONAL CASE

MILENA STANISLAVOVA AND ATANAS STEFANOV

ABSTRACT. We develop a general theory to treat the linear stability of certain special solutions
of second order in time evolutionary PDE. We apply these results to standing waves of the
following problems: the Klein-Gordon equation, for which we consider both ground states and
certain excited states, the Klein-Gordon-Zakharov system and the beam equation. We also discuss
applications to excited states for the Klein-Gordon model as well as multidimensional traveling
waves (not necessarily homoclinic to zero) for general second order equations of this type. In
all cases, our abstract results provide a complete characterization of the linear stability of such
solutions.

1. INTRODUCTION

In this article, we consider second order in time evolutionary equations/systems in the form
(1) ue + Lu — f(lu>)u=0 (t,z) € R} x RY or (t,x) e R} x [—L, L]%,

where the nonlinearity f : R! — R! and the (unbounded) self-adjoint linear differential operator
L are to be made precise in each concrete example.

We will be interested in the linear stability of various special solutions of nonlinear PDEs. In
order to focus the discussion, we start with the most natural example, which fits our framework -
the standing wave solutions of (1). These objects have been studied extensively in the last thirty
years and many methods have been developed to study their stability properties. We would like
to use them as a starting example, in order to motivate our approach and the abstract results
that will address these issues.

Going back to the standing wave solutions, these are solutions in the form u(t, ) = ey, (z),
where w € R! and ¢, is real-valued. Such solutions satisfy the stationary equation

(2) Lo —wo— f¢*)p=0

In order to ease into the notion of linear stability, which will be the main focus, let us consider
the linearization of the equation (1). To that end, let u = e™!(¢,(x) + v(t,z)) and plug it into
(1). This is of course still a nonlinear equation for v. Assuming that v is small, it is reasonable
to ignore all the terms in the form O(v?). We arrive at the following linear equation for v

(3) Vit 4 2iwv; — w4 Lo — f(Hv — 202 f' (0P Rv = 0.
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Separating the real and imaginary part, with the assignment v = (Rv, Sv) yields the following
system for v,

(4) Vi + 2wJvy + Hv =0,

0 -1 L 0
=(1 ) =5 )
Ly =L—-w— f(¢?) =20 f (9%

Lo =L-w’ - f(&).

Note that if the function f is increasing, the self-adjoint operators satisfy L_ > L.

We would like to point out that the standing wave solutions are by no means the only example
that fits our theory. As we shall see below, our results are applicable to multi-dimensional traveling
waves as well as standing-traveling waves. Additional applications include the recent work by
the first named author, [40], where the stability of subsonic traveling waves for the Benney-Luke
model is completely characterized.

In order to give a definition of linear stability, we assume that the linear system (4) has global
solutions for all sufficiently smooth and decaying data. This is of course equivalent to saying that

the operator
~ 0 1
H= < —H —2wJ] >

generates a Cy semi-group on appropriate spaces, but this is sometimes hard to verify in con-
crete examples. In any case, under this assumption, we say that the standing wave e™fp,, is
linearly stable, if the solution to the linear system (4) satisfies lim;_,oo e 72| V()| = O for any
6 > 0 and for a dense set of appropriate initial data.

Similarly, we say that the system is spectrally stable, if the spectrum of H lies in the closed

left half-space. That is o(H) C {z : Rz < 0}. Note that under the standard assumption
that H generates a Cj semi-group, linear stability implies spectral stability, but not vice versa.
Under some natural extra assumptions however (which guarantee the validity of the so-called
spectral mapping theorem), the spectral stability is indeed equivalent to linear stability. We will
not explore this connection any further, but the interested reader can consult the book [6], the
excellent survey paper [7] as well as [32] and [9] .

One also has the related notion of nonlinear (orbital) stability. Basically, this means that if
one starts close to the standing wave, then the solution will stay close to the wave, modulo the
invariance of the system under consideration. The notion of asymptotic stability is the strongest
of all and it requires the difference between the two close solutions (modulo the invariance) to
go to zero as time goes to infinity. We will not pursue these issues here, except to mention that
establishing linearized stability is a prerequisite for asymptotic stability results and thus, the
results in this paper should be viewed as an important step toward accomplishing such a goal.

where

1.1. Examples. We consider the following models - the Klein-Gordon equation, the Klein-
Gordon-Zakharov system and the beam equation in the whole space contexts, although the
methods developed herein will be certainly useful for other examples and/or periodic domains.
Also, we mainly consider standing wave solutions, although towards the end of the discussion,
we offer some ideas on how to obtain stability /instability results for multidimensional traveling
waves as well, see Section 2.5.

All of these models have been the subject of an intensive investigation in the last thirty years,
with the majority of the results concerning orbital stability /instability. This was partly due to
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the the versatility of the general theory, developed by Grillakis-Shatah-Strauss for such equa-
tions/systems. We provide more specific references to these studies after our theorems, which
once again concern the linear stability of their special solutions.

We begin with some basic setup, which has dual purpose: on one hand, it will motivate our
approach to the problem at hand, and on the other, it will set the stage for the proofs in the
subsequent sections. We start with the Klein-Gordon model.

1.1.1. Klein-Gordon equation: ground states. Consider
(5) ug — Au+u — |uPtu =0
This clearly fits the profile (1), where the operator £ := —A + 1. It is well-known that in
this case, the corresponding operator H generates a C semigroup, see [30]. Let us consider
some general properties of the operators H, L+, depending on the type of solutions ¢, that one
encounters. Observe that, if we consider only decaying solutions of (2), we can conclude that
Oac(Lt) C [1—w? 00) by Weyl’s theorem. Note that by (2), L_[¢] = 0. Moreover, if ¢ does not
change sign (say, we take it to be positive), it follows by Sturm-Liouville’s theory that L_ > 0
and 0 is a simple eigenvalue. That is o(L_) C [0,00) and L_ |1 > k2 > 0.

In addition, differentiating (2) with respect to the spatial variables produces the identity

Ly[Vap] =0, whence Ker[Ly] is at least d dimensional, with eigenfunctions g—” cj=1,...,d
=
Usually, Ker[Li] = span[g—‘o :j7=1,...,d], but this is by no means automatic. Note also that
2

(Lylel @) = —(p— 1) / o (2)dr < 0,

thus guaranteeing the presence of a negative point spectrum for L. In the seminal papers
by Shatah, [35] and Weinstein, [41], most of the spectral properties for the operators Ly were
established. The full and complete analysis of the spectral properties of L1 was subsequently
given by Kwong in [24]. We also recommend the excellent paper [4] for a more contemporary
approach to these facts.

To summarize the known results in the case of power nonlinearities, for p € (1, pmax),

[t dzs
Pmax =9 oo d=1,2

we have L_ >0, L_[¢] = 0, L_|(;+ > x2 > 0, while Ly : Ker[Ly] = span[$2 : j = 1,...,d),
T
with single simple negative eigenvalue, L [¢] = —03¢ and L | (6. Vo)t = k2 >0
We now turn our attention to the problem for excited states of the Klein-Gordon model.

1.1.2. Klein-Gordon: excited states (vortices) in two dimensions. Besides the ground states solu-
tions, whose properties were described in Section 1.1.1 above, there are numerous other “excited”
solutions of (5). For example, P.L. Lions, [27] has constructed stationary solutions in even di-
mensions' d = 2k in the form

B(r1, ... rp)e MO F w0 4y o 7k

where (7;,0;),7 = 1,...,k are the polar variables corresponding to (z2j—1,22;). In the case of
two spatial dimensions, this work has been extended by Iaia and Warchal, [15], who have shown
that there are infinitely many solutions in the form gbm,k,p(r)eme . More precisely, these satisfy

1 m?

(6) —¢"(r) = —¢'(r) + —56(r) + &(r) - [o(r)P~1é = 0.

Land similar in odd dimensions, which we do not consider herein
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where the equation (6) is supplied by the natural boundary conditions lim, g4 r~™¢(r) = 0,
lim, o4 r~™1¢/(r) = ma for some o > 0 and k stands for the number of zeros of ¢, k().
In a subsequent work, Mizumachi, [29] has shown the uniqueness of the positive solutions of
(6) (i.e. for £ = 0) and in addition, he has shown the orbital stability for 1 < p < 3 (and
instability for p > 3) of the standing waves ei(“t+m9)q§m70,p(r), where these are understood as
time periodic solutions to the Schrédinger equation and the perturbations are taken to be in
the form e!@+79) 2 (r). We encourage the reader to consult the excellent paper, [4], where these
and other results are reviewed in full detail, including a number of high-precision numerical
verifications thereof.

Note that one can construct in the same manner solutions of (5) in the form e+, .. o (1),
where

¢w;m,0,p(’l”) = (1 - WQ)F’Ijei(wt+m0)¢m707p(\/ 1-— wQT),w S (—l, 1),

where ¢y,0,(-) is the unique positive solution of (6). Linearizing such solutions with respect to
the ansatz u = @) (¢, 0., (r) +v(r)) yields the linearized equation (4), where the operators
L4 act on the subspace of radial functions via the formulas

1 2
L+:—A—l-(l—wZ)—pqufl:—arr—;ﬁr—i-%—i-(l—w?)—p(ﬁffl
2 -1 1 m? 2 —1
Lo =-A+(1-w")—¢b :—&«T—;@r%—ﬁ%—(l—w ) — b

Mizumachi has showed (see Proposition 3.1, [29]) that on the subspace of radial functions, Ly
has exactly one simple negative eigenvalue, say —o? and o(Ly) \ {—0?} C (0,00), while 0 is a
simple eigenvalue of L_ (which as evidenced by (6) comes with the positive eigenfunction ¢,,) and
o(L_)\ {0} C (0,00). That is, the matrix self-adjoint operator H = ( L0+ LO > , has a simple

2 a simple eigenvalue at 0 and the rest of the spectrum is contained in

negative eigenvalue —o
(Mo, 00) for some Ay > 0.

1.1.3. Klein-Gordon-Zakharov system. Consider the Klein-Gordon-Zakharov system

utt_uxx+u+nuzo (t7$) GR_li_ XRI
ntt_nmm_%<‘u’2)xm: )

(7)

which describes the interaction of a Langmuir wave and an ion acoustic wave in a plasma. We
now describe a two parameter family of standing-traveling wave solutions, which were derived in
[5]. More precisely, let w, ¢ : w? + ¢ < 1,q = 7%. Then, the pair u(t,z),n(t,z) given by

1—c?*

{uwm = e Wy, o(z —ct)
) = ww,c(x - Ct)

where

Vi—Z =&
Puely) = %L%ﬂ—@%%h<1_azy

1— 2 2 /1_ 2 2
Vuely) = e (11;26

1—¢c2 y
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In the case of standing waves, we set ¢ = 0 (and hence ¢ = 0) and denote ¢, = ¥uw.0, Yuw = Y 0-
Linearize the problem around the special solution (e~ 1,), that is take the ansatz

u(t,r) = e N pu(x) +o(t,2)),
n(t,z) = Po(z)+w(z),

where v is complex valued, but w is a real-valued function. After dropping all terms quadratic
in v, w, we obtain the following linear system

(8) Vit — Vg — 2iwvs + (1 — w?)v + Yv + pow =0

Wit — Wgg — (@w%U>zx =0.

At this point, in order to reduce our linearized problem to (4), we introduce a new unknown
function z : w = z,. Clearly, if we show instability in the coordinates z, we would have shown
instability in the coordinates of w, by simply taking w = z,. While the reverse implication is
not so straightforward, it turns out that one can produce instability in the z coordinates, once
we have instability in the w coordinates. This is all discussed in Section 6. In any case, the last
equation becomes, in terms of z,

(Ztt — Zxx — (‘Pw%v)x)x =0

Since we are looking for z with decay at oo and since ¢,, also decays at +c0, we integrate in z
this last equation to get

Ztt — Rgx — (‘Pw%v)x =0
Next, we introduce the real and imaginary part of v as new variables v = Rv +iSv =: £ +in. We
now have the following linearize system for the triple (&, z,7),

‘ftt + 2W77t - ézz + (1 - w2)£ + @Z)wg + Puwie = 0
(9) Ztt — Zxx — (prg)w =0
Mt — 20E — Naw + (1 — W) +1hyn =0

This last expression is in the form (4), namely

§ £ 3
(10) z +2wJ | 2z | +H| 2z | =0
M) u nJ)y n
where
0 01 H A 0
J = 0 00 ) ,H=]| A" Hy O
-1 00 0 0 H
H = -9+ (1—w?) +¢; Hy=—0?

Az = Yz, A2 =—(0w2)s

In fact, in order to emphasize the analogy with the previous case, we set H, so that
Hy 0
H = , that is
0 H_

H A
(11) H+—<A* HO),H_—H.
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1.2. Main abstract result. Before we state our results, we shall make a number of key assump-
tions, which are motivated by the Klein-Gordon example that we have considered.
First, there exists a negative eigenvalue for L, and hence for H, say with an eigenvector

< (g ) ,|l¢|| = 1. It is helpful to assume, that L? = X+ @ X, so that H acts invariantly on

both X* and J : X* — XT. Moreover, both #,.J map real-valued functions into real valued
functions. Finally, we shall require that J is H-bounded in the sense that for all large enough T,
J(H +7)~! is a bounded operator.

Next, we have a number of eigenvectors in the kernel of H, denote them by g = ( g ) e X~

for < 8 LO ) and ¥1,...,1, € X for ( LO+ 8 > We shall assume that they are all orthogo-
nal to each other and L? normalized. Note here that we do not require that n = dim(ker(L_)) = d
(as is the case in most applications, but it may be difficult to check rigorously), but we do require
that L_ > 0 and L_|{LP}L > k2> 0.

In addition, observe that J¢ L v;,7 =1,...,n, since they belong to X~ and X respectively.
On the other hand that J¢ is not necessarily orthogonal to ¥g. In fact, in the case of ground
states for the Klein-Gordon equation, we have (J¢, o) = — (¢, ¢) < 0, since both ¢, ¢ are positive
functions. We collect our assumptions in the following

(12) Hu=Hu, H:X*t—>XE H =H,
(13) Ju=Ju, J:XT = XF, J'=—J VYr>>1:J(H+7)"' € B(L?
Note that as an immediate consequence of J* = —J, we get that for all real-valued functions =z,

(Jx,z) = 0. In addition to (12), (13), we assume the following for the eigenvectors of H

Ho = —52¢77‘l\{¢}¢ > 05040 (H) C ["62,00)7 k>0
(14) KeT[H] = 3pan[¢0,¢17 cee 7w’n]7 H%H = 17.7 = 07' <N
¢0 € Xﬁ;{(badjlw'wwn} € XJr; <wl7¢]> = 07] 7é k?

Note that in our assumptions, we require that the spectrum of H has a spectral gap from zero.
This is always problematic in other index counting theories and one has to resort to approrimation
arguments to deal with this issue, whenever it arises. We can however relaz that assumption to
allow 4.0 (H) = [0,00) under some extra requirements, see Theorem 1.

Next, we require

(15) <wj,J¢0>:0, j:1,...,7’l,.

This will guarantee that the operator H~1[Jiy] is well defined since Jiy | Ker[H]. Note that
(15) does not follow from the other assumptions (say from some orthogonality argument), since
both vectors belong to X and in fact, this needs to be verified in each specific instance. On the
other hand, we do not have an example when (15) is not satisfied, but we certainly are not aware
of any general result in this direction. For example, in the case of ground states for KG, we have
<¢ja J7/10> = - <aj907 90> = 0.

Based on the concrete problem (3), we consider the following more general problem

(16) M)+ 22AJ 0 + Hap = 0.

Namely, given a real number z # 0, and operators J and H as above, we are asking whether
there is a solution (A, %) to (16). More precisely, we have the following
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Definition 1. We say that the pencil associated to (z,J, H) is unstable, if there exists A : RA > 0,
and a function 1 € D(H) C L2, so that (16) is satisfied®. In such a case, \ is called an unstable
eigenvalue for the pencil. Otherwise, we say that the pencil (z,J,H) is stable.

The following theorem is the main result of this paper.

Theorem 1. Assume (12), (13), (14) and (15) hold. Then,
e the pencil (z,J, H) is unstable if
(H [ Jo), Jabo) > 0
e (z,J,H) is unstable, if (K [Jvo], Jiho) < 0 and

1
S T T T
e (z,J,H) is stable, if (H™[Ju), J¢0> <0
B 1
2 T T

Remark: We can relax the spectral gap assumption o (H) C [k2,00) to 04 (H) C [0,00)
by additionally requiring that the operator H is invertible on the subspace
S = span{P>o[J¢], P>o[Jtbo], P>o[J¥1], ..., Pso[J¢n]},
where the projection Psq is defined via Pso[h] = h — (h,¢) ¢ — > 7_ (h, ;) ;. Note that we
already have that S L Ker(H), since P projects away from Ker(H). However, if the a.c.
spectrum touches the origin, this Fredholm condition, by itself, is insufficient to guarantee the
invertibility of H on this subspace.

In order to state the result precisely, set Ps to be the orthogonal projection onto the n + 2
dimensional space S. Thus, replacing (14) by

Ho = —52¢,H‘{¢}L > 0;04.c.(H) C [0,00),
(17) Ker[H] = span[to, Y1, ..., ), [l = 1,5 = () )

Yo € X {,¢1, ..., ¢} € X (Y, 005) = 0,7 # k;

PsHPg : S — S is invertible
we have that Theorem 1 holds under the assumptions (12), (13), (17) and (15). Morally, if the
a.c. spectrum touches the origin, we need to require that the expressions <7—[;(1)[J hal, [J h2]> makes
sense whenever hy, ho € {¢,v0,...,0n}.

Theorem 1 provides a complete characterization of the stability of the pencil (z, J,H). We

have the following equivalent formulation, which introduces the index z*(H).

Corollary 1. Under the assumptions of Theorem 1, the pencil (z,J,H) is stable if and only if
+oo <H71[J¢0], J1/10> >0
1 -1

There are various works that study in some way the stability of eigenvalue pencils, see for
example [1], [28] as well as [31]. We now discuss some more recent and relevant results in the
literature and how they compare to Theorem 1. The result is certainly reminiscent to the GSS
theory, [12]. In fact, one can formally reduce the quadratic pencil eigenvalue problem (16) to

2| = 2*(H) :{

2Note that the case z = 0 is trivial, since the pencil is unstable. In fact, we can pick ¥ := ¢ and A := 4.
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a standard eigenvalue problem appearing in the Grillakis-Shatah-Strauss framework. Namely

setting J := < IOd _jd > L= < 7(_)[ ?. > one can recast (16) as

JLu = M.

Note also that J* = —7,L* = £ making it somewhat similar to what one needs to apply the
GSS theory. This approach however will not work, at least for some of the applications that we
have in mind. Indeed, even in the most recent and sophisticated versions, namely the instability
index counting formulas in [2, 18, 16, 17], there is a requirement that the operator J has bounded

J Id
—Id 0
that in order for the more classical theories to work, one needs J to be a bounded operator. While
this is certainly true in the case of standing waves, it fails to be true for the cases of traveling
and standing-traveling waves (because J will contain d,). We should point out that in the recent
paper [2], the authors have found a nice way to circumvent this difficulty in the case of periodic
perturbations, but this does not seem to carry over to whole space problems, roughly due to the
appearance of continuous spectrum.

inverse, at least on a finite co-dimension subspace. Clearly, since, J ' = , it follows

2. APPLICATIONS

We list below a number of applications, which fall under the scope of Theorem 1. Note that
for most of them, we are able to verify rigorously the requirements (12), (13), (14), (15). We
also present some further possible applications open ended. That is, we generally describe the
scheme, under which linear stability may be established, without supplying the full details - this
is either because we are unable to verify analytically all conditions in Theorem 1 or because we
deal with a very general situation, where we don’t even know whether the waves themselves exists
(and what their properties are etc.), but some authors will hopefully find useful in their future
investigations.

2.1. Klein-Gordon: classical ground states. Our first application regards the linear stabil-
ity /instability for ground states for the Klein-Gordon equation (5). Before we state our results,
let us take the opportunity to review the current state of affairs. First, to the best of our knowl-
edge, Theorem 2 below is the first linear/spectral stability result for ground states of the KG
equation. Next, there exists quite an extensive list of papers, dealing with the orbital stability
of such waves. We have the following (possibly incomplete) list of results on orbital stability for
the Klein-Gordon equation (2).

Regarding orbital instability, Grillakis, [10], [11], (see also Grillakis-Shatah-Strauss, [12]) es-
tablished sufficient conditions, when one restricts to radial perturbations. Shatah, [35] proved
orbital instability, when d > 3 and 1 + % <p<l+ %. Around the same time, Shatah and
Strauss, [36] have shown orbital instability, when d > 3 and 1 <p <1+ %, lw| < wp g, or when
p>1+ %, where w), 4 is defined in Theorem 2 below.

For orbital stability, Shatah, [34] has shown that it holds for radial perturbations, provided
d>3and 1 <p<1+ %, wpd < |w| < 1. Our result presents a complete characterization for the
linear stability for all values of p > 1, all dimensions d > 1 and all values of w € (—1,1).

Theorem 2. Let p > 1, d > 1 and p,,w € (—1,1) be the unique radial ground state solution of
(5). Then

o If1+ ﬁ >p>1+ %, then @, is linearly unstable for all w € (—1,1).
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e Ifl<p<l+ %, Yw 18 linearly unstable for

0< |w] < p_1 _.
Sy T

e fl<p<l+ %, Yw 18 linearly stable in the complementary range
1> |w| > wpg.
Note that, if 1 <p <1+ %, then wy q € (0,1).

Note that this result matches exactly the corresponding results for the orbital stability and
instability, whenever they exist, possibly with the exception of w = fw, 4, where one has linear
stability, but it may have secular orbital instability.

Note that the requirement p < 1 + ﬁ is imposed only for the purposes of existence of such
unique ground states. It is well-known that such solutions may exists in the range p > 1 + ﬁ,
although they are usually not of finite energy.

2.2. Klein-Gordon: 2D excited states. We now focus our attention to the 2D vortex solu-
tions, described in Section 1.1.2. The result looks almost identical to Theorem 2 for the case
d=2.

Theorem 3. Let d =2, p > 1. Consider the unique “excited” standing wave solutions
e““’”me)qbw;m,o,p, w e (—1,1). Then,

o If p > 3, these waves are linearly unstable?,
o If1 <p <3, these waves are still linearly unstable, if
—1
0<|w| < L,
S5—p
° If 1 < p < 3, these waves are linearly stable, if the perturbations are in the form
e!wWttmd) 2 (1), provided
-1
1> |w| > /2.
>5—p
2.3. Klein-Gordon-Zakharov system: standing waves. Our final application concerns the
stability of the standing wave solutions (e=*“%p,, 1) of the KGZ system. More precisely, we
have

Theorem 4. Let (e~ “'p,,,1,),w € (—1,1) be the standing wave solution described in (5). These
waves are linearly stable if |w| € [@, 1) and unstable for |w| € [0, @)

We should note that the stability results in Theorem 4 match the orbital stability results of

Chen, [5]. Note that the orbital instability in the regime |w| < % is an open problem, which is
likely to follow in a straightforward fashion from the linear instability, established in Theorem 4.

wt+mo)

3In fact, the eigenfunction corresponding to the unstable mode has the same equivariant form el n(r).
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2.4. The beam equation: standing waves. We outline here the results for the beam equation,
which have been studied recently by various authors (mainly in the framework of GSS theory for
orbital stability /instability). More precisely, we consider the model

(18) ug + A%u 4 u — [ulP~tu =0,

which was studied by Levandosky, [26] (see Section 7). It is shown in this paper that one can
find a standing wave solution e“!¢,,(|z]),w € (—1,1) of (18), for

. B o d=1,2,3,4

Following the linearization procedure similar to the Klein-Gordon model, we arrive at the form

beam Llfam 0
(4), where H = 0 [beam

Llfam _ AZ + (1 o w2) —ptpf,_l
L = A% 4 (1 —w®) — b

Assuming the spectral information needed for the application of Theorem 1, we have the following

> , and the self-adjoint operators L% take the form

Theorem 5. Assume that for some Ag > 0
o L™ has a simple eigenvalue at 0, with eigenvector ¢, o(L¥*™)\ {0} C (Ag, 00)
. Ll_’fam has a simple negative eigenvalue —og, Ker(Ll_’fam) = span{01Qw,...,04pu,} and
o (L™ \ {~0,0} C (Ao, 00)
then, the standing wave et (|z|) is unstable, exactly when pmax > p > 1+ %,w € (—-1,1) or

8 _p—1 . beam
l<p<1+ d and 0 < |W’ < A—(p-1)(E-1) Wpd -

Note:

(1) The spectral assumptions in Theorem 5 have been verified numerically in [8], at least in
the one dimensional case.

(2) The results of Theorem 5 mirror those obtained by Levandosky, [26] for the orbital stability
of the same waves®. It should be noted however that the formulation of the results in

[26] is slightly confusing, as the author states the instability region as p > 1 + % or
p <1+ 725, |w| < wbs™. However, if 1+ 5§ <p <1+ 725, wb®™ > 1, and thus, one still
has instability (according to the inequalities listed in [26]), since |w| < 1 < wp 4.

2.5. Further applications: multi-dimensional traveling waves. In this section, we present
an approach to obtain linear stability/instability results for multidimensional traveling wave so-
lutions. Rather than stating formal theorems, we will organize our presentation as a road map for
such results. More precisely, we will be interested in multidimensional traveling waves for Hamil-
tonian models in the form uy + Lu — N'(u) = 0, (t,z) € RL x R4, d > 2, where £ is assumed to
be a constant coefficient operator, whose symbol depends only on the radial Fourier variable |¢|.
Such waves have been constructed in various situations, but for the sake of the argument, we will
restrict our attention to the case of the beam equation®, (18). In fact, some of these constructions
were carried over for traveling waves, which are not necessarily homoclinic to zero®, but we will
sidestep this issue, with the hope that the situations can be easily reduced to the homoclinic to
Zero waves scenario.

4

beam
p,d

Swhere we might consider more general nonlinearities AV (u), instead of the standard |u|? " u
Ssee for example [38], [33], which construct traveling waves for Swift-Hohenberg nonlinearity homoclinic to 1

except at the natural point |w| = w , where one has orbital instability, but linear stability
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More precisely, for the beam equation (18) solutions in the form ¢(x — ¢), which are radial in
the 2/ = (x9,...,x,) variable have been constructed by a variational argument (see [26]). More
general nonlinearities have also been considered in the literature, for example by Smets - van
den Berg, [38], Santra-Wei, [33] and Karageorgis-McKenna, [21]. It is easy to see that by the
invariance under rotation, one may reduce matters to solutions in the form p(x; —ct, xa, ..., z4).
For the record, these radial in 2’ and even in 1 solutions satisfy

Lo+ o+ N(p) =0.
Linearizing around those solutions by u = ¢(z1 — ct,2’) + v(x; — ct,2’) yields the linearized
problem
(19) Vit — 2V, + (L + 207 + N (p)v =0

It is conceivable that under some general assumptions, the self-adjoint operator H = L + c20? +
N'(p) will have a single and simple negative eigenvalue, with an eigenfunction ¢ (which is radial
in 2/ and even in 1) corresponding to it, as well as d dimensional kernel, spanned by the vectors
{01, ...,04p}. On the other hand, J = —0,, will be a skew-symmetric operator.

This puts us in a favorable situation with respect to Theorem 1, as long as we can identify the
spaces X+, so that (12), (13), (14) hold true. Set

X+ = {f : Rd — Rl : f(xla'x/) = f(_xla'x/)}v X~ = {f : Rd — Rl : f(xlvx/) = —f(—ﬂj'l,ill'/)}

and observe that H : X — X* 4y := 91/]|01¢| is odd in x1, while
o, 01 = 0o/ ||02¢]]; - - - Ya—1 := Da/||0asp|| are even in x;. In addition, (15) holds as well, since

c 9 c .
(5, Jabo) = REEIEE (050,07 p) = Torelliosel (0j019,010) = 0,5 =2,...,d.
Thus, Theorem 1 applies and in fact, it yields
-1 1 2 1 2 aledl

(R T, Jibo) = REEEE (Ocp, Oip) = W@[HBWH | = Zlonell

Hence, according to Theorem 1 instability occurs whenever ¢18.[[|01¢]]] > 0 or else, if
1
lef <

~oullore]
2\/ = ol

2.6. Comments and open problems. We would like to point out a few open problems, which
should be tractable through the methods developed here. First, while Theorem 4 gives a complete
answer for the stability of standing waves (i.e. ¢ = 0) of the KGZ system, it does not address
the same question for the general case of standing-traveling waves (¢u ¢, ¥w,). Note that the
traveling waves case (i.e. w = 0) was considered in our earlier paper, [39]. The difficulty in
applying Theorem 1 stems from the complicated structure” of the operator .J, which does not
satisfy the requirements needed to perform the spectral analysis.

Another problem, in the whole space context is to study the stability of excited standing
waves, which do not necessarily have the good spectral properties of ground states - for example
Ly may have more than one negative eigenvalue. As we showed in Theorem 3 above, it is
possible to draw some conclusions in some special situations (equivariant solutions, perturbed by
equivariant functions), but in general this remains a hard question to address.

Another line of research, for which Theorem 1 has proved itself useful, is the issue for linear
stability of spatially periodic standing waves for the same models. Note that in collaboration
with Hakkaev, [13] we have used the companion results in [39], to characterize the stable traveling

Tand for example does not allow the splitting L2 = X T @ X~
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wave solutions of the Boussinesq equation and the Klein-Gordon-Zakharov system. This paper
is currently under submission.

The paper is organized as follows. In Section 3, we prove the instability claims of Theorem
1. In Section 4, we show that the stability occurs in the complementary set. The last two
sections contain the proofs of the applications to the Klein-Gordon equation and the Klein-
Gordon-Zakharov system.

Postscriptum: After this paper was finished, Hakkaev, [14] has used the results obtained
herein to completely characterize the stability of standing waves for the quadratic Klein-Gordon
equation.

We should mention here the paper [2], which has been posted some time after we have prepared
the final version of this paper. In it, the authors generalize some of the conclusions of Theorem 1,
most notably in the case when H has more than one negative eigenvalue. It should be noted how-
ever that these results are achieved under the assumption of an absence of an essential spectrum,
which essentially reduces the applicability to the cases of spatially periodic waves. In addition,
the case of the equality in alternative three in Theorem 1 (which is a stable configuration accord-
ing to it) cannot be handled, due to a technical assumption in [2]. The interested reader should
consult [2] for further details.

3. PROOF OF THEOREM 1: THE CASES OF INSTABILITY

Since we assume that H has a simple and single negative eigenvalue, the operator ‘H will have
a co-dimension one subspace on which it is non-negative. Denote the corresponding orthogonal
projection by Psq := X(0,00)(H)[L?], which can be written as Psof = f — (f,$) .

Thus, we will be looking for a solution to (16) in the form A # 0 real and ¢ = ¢ + v, where
v=P>pv € PZO[LQ} is the projection onto the stable subspace and ¢ is the unstable eigenvector.
Plugging this in (16) yields

(20) (A2 4 2200 + H)v + (A = 6%)p + 22AJp = 0

Since by our spectral assumptions we can decompose L? = {¢} & P>o(L?), it follows that (20)
holds if it holds along ¢ and after applying the projection P>g. Thus, the equation (20) is satisfied,
if and only if the following pair of equations are both satisfied

)\2 _ 52
21 —
(21) (v, Jo) = —
(22) (A% + 22AP50J P> + PsoHPso)v = —22AP>o[J¢)].

Here, we have used the fact that (¢, J¢) = 0, which was established before. Introduce the notation
HZO = PZOHPZO7 H>0 = P>0HP>0, etc.

In the equation (22), we may in fact solve for v, since the operator H>g + A2 + 22\ J>¢ :
Pso[L? — Pso[L?] is invertible. This follows from the following proposition, which appears as
Theorem in [3].

Proposition 1. Assume that A is a closed, densely defined (not necessarily self-adjoint) operator
on a Hilbert space, which is bounded from below (inf,cp(ay:|ju|=1 (Au,u) > —00). Define its self-
adjoint part H = RA = J[A + A*]. Then

inf{RA: A € 0(A)} > info(H).

In particular, if H > 0, then A is invertible.
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Applying Proposition 1 to A = H>o + A2 + 22A\J>g (note that its self-adjoint part H =
H=o + A* > 0) implies the invertibility and hence v = —22A(Hxo + A2 + 22AJ>0) L [P>0J ).
Thus, as a consequence of (21) and (22), we will have a solution of (16), if the following function
A\ — 52
422027
has a root in (0,00). Indeed, suppose G(\g) = 0, for some Ay > 0. Take then
vo = —22X0(H>0 + A2 + 2200J50) "H[P>0(J9)] € Pso[L?]. This clearly satisfies (22) with A = Ao.
Next,

22)\0 <?)0, J¢> = 22)\0 <?)0, on(t](ﬁ)) =
= 4220 ((H>0 + A + 22X070) ' [P>0(J9)], P>o(J9)) = A§ — &%,
where in the last identity, we have used G(A\g) = 0. Thus,
A — 52
</U07 J¢> - 22)\0

and hence (21) is satisfied as well. Thus, we have shown that (16) holds with 1) = ¢+ vy, A = Ao,
provided that the function G vanishes somewhere in (0, 00).
Our next lemma states the intuitively clear statement that G is jointly continuous on Rﬁr X Ri.

(23) G(A) = ((Hz0+ X + 22AJ50) [P0 J 8], Ps0J ) +

Lemma 1. Consistent with the discussion above, define the function

A2 — 52

422)\2 7

For any sequence (zp, A\n) — (20, No), S0 that z,, 2o, An, Ao € R}H we have
thln g(Zn; >\n) = g(207 )\0)

G(zA) = ((Hzo + A% +22AJ50) ' [J], Jo) +

The statement and the proof are identical to Lemma 1, [39], so we omit it.

We will prove our instability claims, by showing that the function G changes sign in (0, o),
under the conditions specified in Theorem 1. This fact, together with the continuity of G will
guarantee the existence of a root and hence the proof of Theorem 1 will be complete. Thus, we
will consider the behavior of G at A = co and A = 0.

3.1. Behavior of G()\) at A = oco. Clearly limy_, % = & > 0. Next, we will show that

Mmoo ((H0 + A2 + 22AJ50) " [P0 J¢], P>0J¢) = 0, which will imply that
1
li = — .
=i
We need the following proposition, which is very similar to Proposition 3 of [39].

Proposition 2. For every A\ > 0, we have H>q + A2 + 22AJ>q : P>o(L?) — Pso(L?). In this
co-dimension one subspace, the operator has an inverse, which obeys the estimate

(24) H(HZO + )\2 + 22)\J2())71”PZO(L2)_)PZO(L2) S )\72

Proof. We have already checked the invertibility. Let g € P>o(L?) be an arbitrary real-valued
function and f = (H>o + A2 4+ 22AJ>0) "[g] € P>o(L?), so that

(HZO + )\2 + 22)\J20)f =4d.
Note f is real valued as well. Taking dot product with f yields (noting (J>of, f) = (Jf, f) =0)
NAFIZ < ((Hso + N, £) = ((Hao + X2 + 220150 f. £) = (£.9) < | £l
whence ||(H>o + A2 + 220J>0) gl = | f]] < A72|g]|, as stated. O
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Based on Proposition 2, we clearly see that
limsup | {(Hzo + A + 22AJ>0) " [P0 9], P>oJ¢) | < limsup A\™?|| PsoJ¢||* =
A—00 A—00

which completes the analysis near A = co.

3.2. Behavior of G close to A = 0. The behavior close to A = 0 is a more complicated matter.
Let us set A = ¢, where 0 < ¢ << 1. Clearly
2 _ 52 2

o) )

- ¢ 1)

422¢2 422¢2 +00)
Now, we would like to study the Laurent expansion at zero for the function

— (M0 + €+ 22eJ>0) " [P>0J ], P>0J$). Let z € P>o(L?) be such that

(HZO + g2 + QZEJZQ)Z = PZO[J(M

Represent 2z = agto + a1 + ...ann + q, where ag,...a, are scalars and ¢ € Pso(L?). In
particular ¢ L span{to,...,n, ¢}. We have

(25) 62(a01/10 + . ..antn) + 2ze(aoS>00 + - . . anJ>otn) + (H>0 + e? + 2zeJ>0)q = P>o[J ).

Take a dot product with g, ..., %, in (25). Clearly (Jv;,¢x) = 0 = (J¢, 1), whenever j, k €
[1,n], because Jyj, Jp € X, ¢, € X~,XT L X~. Finally, (Jipo, 1) = 0 by assumption. We
get the equations

(26) age® — 2z¢ (g, Jbo) = (Jo, o)

(27) are? — 2ze (q, JUy) =0; k=1,...,n,

while applying the projection Psq yields the equation for ¢

(28) (Hso 4 €% 4 226 J50)q = PsolJ @] — 226 PsolagJ o + . . . anJiby).

Now, we have required in (14) that H-o > x? > 0, which implies that H;(l] < k2 =0()in
terms of . Thus,
(Hso + €+ 2zed50) " = HI + O(e),

in the sense of operator norms. Thus, we may write from (28)

(29) = —2z¢ Z ak’H>0 JYg] + O(e Z lak|) + O(1

k=0
From (27) however, we have for [ > 1,
(0)  w= g T = 45 Zak ST, T + 0 S Jagl) + O(=Y).
Note however that <7—[;(1)[Jw0], J¢l> = 0, since Jipg € X, Jyy; € X~ and hence H;[l)[on] L JyYy.
Thus, the first sum above runs only on £ > 1. Thus, we get a linear system for aq,...,a,, of the
form

(e larl) + O™
k=1

where
= Id + 42> {(HZ[Twe), T}, > 1d,
by the positivity of the matrix {<’H>O Jg] ,J1/11>}kl. Thus,

ar, = O(elag]) + O(e™), ke [1,n].
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Going back to (29) and based on the last identity, we have that
(31) q = —2zeag (HZ§[ o), Jibo) + O(e%ag) + O(1).
Now, from (26) and (31), we conclude that
ape?® + 4z%%ag (HZg[To], Jbo) = (Jb,%0) + O(e) + O(ape®),

which implies

1 (S, o)

1 ~1
21 + 422 (HZp[Jbo), Jebo) ™)

(32) ag =

In particular, from (31), ¢ = O(¢™1). Clearly then the function of interest becomes

(M0 + €% + 2zeJ50) H[Ps0J @], P>0J¢) = ao (o, PsoJ¢) + O(e ™) =

1 J ¢, o)’
— < ¢71¢0> +O(€_1)
€21 4 422 (HZo[Jvo], Jebo)
Thus,
1 b, Jio)> E
G(e) = & {6, 750) ) voeE
€ 1+4z <H>0[J¢0], J1/J()> 4z
Thus, it is clear that if
2 2
d
(33) i, o) - <o,
1+ 422 (HSo[Jwo), Jo) 42
we have limsup, ., G(¢) = —oo and hence G has a root in (0,00). In order to analyze (33), we

write it in the equivalent form

2
4z° (W = (H=ol 00, on>) <1

Note that

2
TS ) i) = — (M ] )

Thus, (33) is equivalent to
—42 (H™ o, Jipo) < 1.

The last inequality is satisfied for all z, if <7—[ [ o], J ¢0> > 0. It is also satisfied if

i o
(R [Teol, Jeo) <0, if |2] < WA= TR This was exactly the claim in Theorem 1.

4. PROOF OF THEOREM 1: THE CASES OF STABILITY

In this section, we prove the stability of the standing waves, under the conditions of Theorem
1. In fact, our proof follows almost step by step the proof of the corresponding result for traveling
waves, that we have obtained earlier in [39]. Of course, there are some technical details in the
standing wave case that are different and we address them herein.

Since Theorem 1 addressed the case of <7—[ [Jvol, J ¢0> > 0 assume that <7—[ [ o], J ¢0>

Furthermore, the case |z| < z*(#), where z*(H) = Ware 1[Jw o Was shown to be unstable
0 0
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as well. Define the sets of reals

Aunstable . £ (2, J, 1) is unstable}

Astable .— £ (2, J, M) is stable}

We have shown in Section 3 that (—z*(H),2*(H)) C Avtabe. Thus, the stability claims in
Theorem 1 is that A% = {7 : |2| > 2*(H)} and this is what we will prove in this Section.

First, we need some results from the Shkalikov’s theory for stability of quadratic pencils,
presented in [37], see also the exposition in [39].

4.1. Shkalikov’s theory for stability of quadratic pencils. We follow almost verbatim the
presentation of Shkalikov’s theory in our earlier paper, [39]. We are especially interested in his
index formula, which relates the number of unstable eigenvalues of H with the number of unstable
eigenvalues of the pencil defined in (16).

Shkalikov, [37] introduced a (more general) quadratic operator pencil in the form

AN) = N2F + (D +iG)A + T,
where the coefficients F, D,G,T are operators on a Hilbert space H, satisfying the following
conditions

(i) F - bounded, invertible and self-adjoint
(ii) (T, Dom(T)) - is self-adjoint and invertible
(iii) D > 0,G are symmetric; Dom(D), Dom(G) C Dom(T) and D, G are T—bounded oper-
ators,

where we have used the notion of T— bounded operator, which is the following

Definition 2. We say that an operator M is T'—bounded, if
(T~ 2M|T| 2 € B(H)
We say that € is in the resolvent set, i.e. £ € p(A), if A(§), with domain Dom(T') is invertible.

Note that in the cases of interest to us D = 0!
Introduce the associated quadratic pencil

AN == NE + AND +iG) + 1

where F' = |T|"Y2F|T|~'/2, G = |T|~'2G|T|""/?. We will be also interested in the spectrum
with respect to a smoother space. Namely, introduce the space H_; with a norm

lzllzy = IT17 2|1

It is shown in [37] that the spectrum of A in H_; coincides with the spectrum of A considered
on the space H. Note that in Definition 1, we only consider smooth enough solutions 1 anyway.
Thus, we need to count the number of “unstable” eigenvalues of A.

The following result is an immediate corollary of Theorem 3.7 in [37].

Theorem 6. (Theorem 3.7, [37]) Suppose the coefficients of the pencil A, F,D,G,T satisfy
conditions (i) — (iii) above. Suppose that the numbers of negative eigenvalues of F and T, v(F)
and v(T') respectively are finite.

Then, the spectrum of A(X) in the open right-half plane C, = {z : Rz > 0}, considered upon
the space H_1, consists of eigenvalues only. Moreover, the total algebraic multiplicity of all
eigenvalues lying in C, satisfies

k(A) < v(T) 4+ v(F).



SPECTRAL STABILITY ANALYSIS FOR SPECIAL SOLUTIONS OF SECOND ORDER IN TIME PDE’S 17

In our approach, we will be interested in the case F' = Id, D =0, G = —2ziJ, T = H. Note
that they all satisfy conditions (i) — (ii7) , except that the operator T' = H is not invertible. This
case is also covered by Shkalikov, see Theorem 4.2,[37] under our assumption (12). We provide a
brief sketch of the proof, based on Theorem 6.

Indeed, since Ker(H) # {0}, one needs to consider H, := H + 7Id for 0 < 7 << 1, so that
Ker(H,;) = {0}. In order to apply Theorem 6, we need to check that F' = Id,G = —2izJ are
H., bounded. This amounts to showing that |H,|~Y/2J|H,|"Y/? € B(L?). But J is a bounded
operator by assumption, hence H, bounded as well.

We can now apply Theorem 6 to A, to conclude

k(A;) < v(H,) +v(Id) =1,
for all small enough 7 > 0. Since the eigenvalues depend continuously on 7 (see [22], Chapter 7),
we take a limit as 7 — 0+ to get the desired inequality k(A) < 1.
To recapitulate, we have shown that for fixed real z and under (12), the equation
(34) N2+ 2029 + Hp =0, (A, ¢) € RL x L?

has at most one solution with RA > 0.

Finally, we show that in this case, any solution A\ must be real. Indeed, suppose A # X is an
eigenvalue for the pencil. That is, there is 1 € D(H) : A2¢ +2\2Jv +Hp = 0. Taking a complex
conjugate and in view of H1p = Hap, Jip = J1), we see that

Np 4+ 20z J ) + Hip =0

Thus, (),v) is another solution to (34),with RA > 0 and hence k(A) > 2, in contradiction with
the inequality k(A) < 1. Thus, A must be real and we have established

Corollary 2. For z € R, the equation N2y + 22AJy +Hyp = 0, A € C,+p € D(H) has at most
one solution (A, ) with RA > 0. Moreover, such a pair will have X\ real, A > 0.

Thus, we have proved that for instabilities to occur, we need to have a solution (\,%) of the
problem (16), so that A > 0,1 € D(H).

4.2. The positive zeros of G are exactly the unstable eigenvalues of the pencil. The
analysis of this section is pretty similar to the one performed in the previous section. Of course, in
Theorem 1 we were only looking for instabilities, whereas now we need to show that if G(Ag) =0
if and only if A\g is an unstable eigenvalue for the pencil.

Proposition 3. The positive number Ao > 0 is an unstable eigenvalue for (z, J,H) if and only if

the function
52
G(2:A) = (Hz0 + A + 22\ J20) " [J8], ) + 42202

vanishes at Ng. In view of Corollary 2, the pencil (z,J,H) is unstable if and only if G(z,\) =0
for some \ > 0.

Proof. The first observation is that if (A, ) solves
(35) (H + X3+ 2200])¢) =
then (1, ¢) # 0. Assume otherwise, that is ¢ L ¢. It follows that
(H>0 4+ A2 4 2200J50)1) = 0
and Hso + A3 + 2200J50 : {¢}- — {¢}+. Apply Proposition 2 to this operator. Since Jig =

—J>0, it follows that the self-adjoint part is H>o + A3 > A2Id and hence invertible. Thus,
H>o + A3 + 22X0J>0 is invertible on {¢}+ and hence ¥ = 0, a contradiction.
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Since solutions of (35) are up to a multiplicative constant, we can write ¢ = ¢ +v,v L ¢,v €
P>o(L?) and hence

(36) (H 4 A2+ 22000)v = (62 — A2)¢p — 2220] 0.

Based on that, we derive the pair of equations (21), (22). The difference is that now, we have
started with a solution (Ao, ) of (35) and concluded (21) and (22). As in the proof of Theorem 1,
we derive from (22) that v = —22(H>0+ A3 +22A0J>0) "}[J¢], which then in view of (21) implies
G(z;A0) = 0. The reverse implications is clear as well and so, Proposition 3 is established. O

4.3. Proof of (—oo, —2*(H)) U (2*(H), 00) C AS'e, This is really similar to Section 3.3 in [39].
We have already established that for fixed z : |z] > 2*(H),

1
1' = — l‘ =
lim G(z,\) o i G(z,A) = 400

By the continuity of the function A — G(z, A), we have three alternatives
(1) G(z,A) >0 for all A € (0,00).
(2) There are 0 < A\; < A2 < 00, so that G(z,A\1) =0 = G(z, A\2)
(3) G(z,A) >0, but G(z, A\g) = 0 for some A\g > 0, i.e. A\g is a double root for G.

The alternative (1) above is what we need to prove, so we proceed to refute options (2) and (3).
In fact, option (2) is easily seen to be impossible due to Proposition 3 and the Shkalikov’s theory.
Indeed, assuming two separate zeros of G implies that (34) will have different solutions (A1, 1),
(A2, 12), in contradiction with the Corollary 2 of the Shkalikov’s theory.

Now, it remains to show that option (3) is impossible as well. Indeed, assuming that Ag > 0 is
a double root, construct H, :=H — p? (-, ¢) ¢. Clearly, the operator H,, 0 < p << 1 satisfies all
the assumptions in our theory and therefore, it should be that the corresponding function Gy,
will have no more than one root in (0, 00). However since P>oH,P>o = P>oHP>0 = H>0

2 _ 52 2 2

A0 Gz, \) — 2

422)2 422)2
Moreover, since z > z*(H), it follows that z > 2*(H,,) for all 4 << 1 (by the obvious continuity
of 2*(H,) with respect to u). Thus, we still have limy 04 G, (2, A) = +oo for all p << 1.

Now, if G(z, Ag) = 0, clearly Gy, (2, Ao) < 0 for all © << 1, implying the existence of at least
two zeros A\i(u) < A < Ag(u) for Gy, a contradiction with Corollary 2 applied to #H,. This
leaves only the first alternative, whence we have a complete proof of our claim

(—o0, —z*(H)) U (2" (H), 00) C Astable,

G, (2,2) = (Hzo0 + A\ 4+ 220J50) "' [J 4], J¢) +

4.4. Proof of z*(H) € A*'@¥e, This is an intuitively clear statement, if one believes in the
continuity of the pair of eigenvalues £\(z) as a function of z. Indeed, the following scenario takes
place: for z € (0, 2*(H)) corresponds to A(z) - real and as z approaches z*(#), the corresponding
A(z) turns into zero as z = z*(H) and then A(z) turns into purely imaginary for z > z*(H). Thus,
we expect A(z*(H)) = 0.

Regarding the formal proof, we proceed similar to [39]. We start with

Proposition 4. For any z > 0, the function ¢ — €2G(z,¢) is real analytic in a neighborhood of
zero. In fact G has the Laurent expansion

(37) G(z,6) = 2D _o(2) + io: Dj(z)aj,

Jj=-1



SPECTRAL STABILITY ANALYSIS FOR SPECIAL SOLUTIONS OF SECOND ORDER IN TIME PDE’S 19

where

- (6, Jibo) _&
(38) D) = T ), ey 42

In addition, the functions {Dj(z)} are smooth functions of z and the radius of analyticity r(z)
can be chosen so that

inf >rap > 0.
ze[a,;]nC(O,oo)T(Z) = Tab

That is, whenever [a,b] C (0,00), one has common nontrivial radius of analyticity for all functions

{g(zv 5)}z€[a,b} .

The proof of this proposition follows closely the similar Proposition 4 in [39], so we omit it.
We would like to point out however, that the computation yielding the formula for D_s(z) was
already needed in the course of the proof of the instability claims in Section 3, see for example
the derivation of (32).

Denote for the rest of this section zg = z*(#H) > 0. The first thing that one observes from (38)
is that D_2(29) = 0 and D_2(z) > 0 for z > zp, while D_5(z) < 0 for z < zp. Thus, consider the
expansion

g(ZO,E) = D72(20)6_2 + Z Dj(Zo)&j = Z Dj(Z0)€j

j=—1 j=—1

By the analyticity and since G(zo, ) is non-trivial, there must be a k € [—1, 00), so that Dy(zp) #
0. Let

/{0 = mln{k > —1: Dkz(zO) 7'5 0}

We will show that Dy (z9) > 0. To that end, take z; — 2o : z; > 2zp. Since z; € Astable e have
that G(zj,e) > 0 for all € > 0. Letting 0 < e < r(zp), we have

0 < limsupG(zj,€) = G(20,€) = DkO(Zo)ekO + O(ehothy,
j

This clearly implies that Dy, (2z9) > 0, since otherwise we have Dy, (29) < 0 and a limit as ¢ — 0+
will yield a contradiction.
Finally, knowing that

lim G(zp,\) = 400, lim A™G(29, \) = Dy, (20) > 0,
A—0+

A—00

implies that zyp € A€, Indeed, otherwise there will be A\g > 0, so that G(zp,\g) = 0. By
the fact that G(z,-) is positive close to zero and at infinity (which was just established), it will
follow that A — G(z0,A) has a double zero at Ay (by the impossibility for more than one zero,
due to Proposition 3 and Corollary 2). But this leads to a contradiction, as we have argued in
the previous section. Indeed, consider the function® A — G, (20, A) for all sufficiently small p.
We will have at least two zeros 0 < A1 < A\g < A9 < 0o and hence a contradiction with Corollary
2 of the Shkalikov’s theory. The proof of Theorem 1 is complete.

8Note here that zo = 25 (H) # 2" (Hu)!
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5. PROOF OF THEOREM 2, THEOREM 3 AND THEOREM 5

The proof of Theorem 2 consists of direct verification that the conditions of Theorem 1 are met
for the linearized operator and then computing the appropriate index w*(#). First, note that, as
was pointed out in Section 1.1.1, the relevant operator H that we need to consider is in the form

(5 2)e(3 )
Li = —A+(1—w?)—pg!
L. = A+ (1-w?) —eP?

Next, the operators L1 have the behavior postulated in Theorem 1, as it was shown by Weinstein,

[41], Shatah, [35] and Kwong, [24]. Thus, it remains to compute the index w*(H).
Noting that 1y = |l¢u | ! gDO > we have
w

(H™1 T4, ko) = ol ™ (LT pur ) -
On the other hand, the defining equation for ¢,, is
(39) —Ap, + (1 —w)p, — P =0.
Taking a derivative in w yields immediately L. [0,p.] — 2w, = 0, which implies that
J_rlSOw = iaw@w- Thus,

(H T, Jubo) = 2.

1
OuPur, Pu) = 7”2@;“%
w

L
2ol I

By scaling considerations and the uniqueness of the radial ground states, it follows that ¢, (x) =

1
(1 —w?)»Tp(v/1 — w?z). Hence,

2 4
lewllze = (1= w?)P=172 oI

All in all,
1 _d
H L Tpg, Jobg) = — 2L 24
( Yo, Jbo) (1—o?)
According to Theorem 1 then, we have instability, whenever ﬁ — % <0, that is, when p > 1+ %.

If on the other hand, 1 <p <1+ %, introduce

p—1
“’p’d:ﬁ—(p—w(d—l) o

as in the statement of Theorem 2. According to Theorem 1, we have stability exactly when
1 V1 — w?
wl = =

2\/— (H Ly, Jio) \/Z% — 4

Solving this last inequality for w yields exactly |w| > w4, which was the claim. Theorem 2 is
proved.

As far as Theorem 3 is concerned, the proof follows an identical argument as Theorem 2.
Indeed, the only extra ingredient is the Mizumachi’s result (see Proposition 3.1, [29]) that the
operator H satisfies the requirements of Theorem 1, namely the simplicity of its unique negative
eigenvalue.
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Regarding Theorem 5, we follow along the scheme of the proof of Theorem 2. Under the
spectral assumptions made in Theorem 5, we can apply Theorem 1. We compute in the same
fashion that

-1 _ 1 2

It is easy to see that the scaling arguments imply that ¢, (z) = (1 — wQ)Pfllgoo((l —wW)Y4z), see
(7.5), [26]. Thus,

(H™' Ty, Jibo) = —F—+

whence instability always occurs for p > 1+ % or else, if

p_l beam
wl > =w .
| "\/4—@—1)(3—1) P

6. PROOF OF THEOREM 4

Before we start looking at the stability /instability of the KGZ system, let us settle a question
that we have left open in Section 1.1.3, namely that that instability in the variables w and z
(recall w = z;) is equivalent. In fact, it is obvious that instabilities in z produces instability in
w, by simply setting z = eMZ, w = e*Z’. Conversely, suppose we have constructed an unstable
solution in terms of w, that is w = eMW,v = eMV| solve (8). In particular, W satisfies

()‘2 - &m)W = (@wg%v)a:x

see (8). Thus W = (A2 — 0pz) 1 0sz (¢ RV), since A? — 92 is invertible. Thus, if we set

Z = (A% = 0p2) 102 (puRV), so that W = Z’, whence v = eMV, z = e\ 7 is unstable in the sense
that it satisfies (9). Thus, the instability of the KGZ system is equivalent to the instability of
(9) and we concentrate on that.

We have already outlined the construction of the operators J,H in Section 1.1.3. Thus, in
order to apply Theorem 1, we need to verify that the conditions (12), (13), (14), (15) are met,
after which we will compute the index w*(#H). Note that (12) and (13) are obvious by inspection.
It thus remains to verify (14) and (15).

We now turn to the properties (14) and (15), which need to be verified. This is accomplished
in the following propositions. We start with H_

Proposition 5. The operator H_, defined in (11) has a simple eigenvalue at zero, with eigen-
vector ¢,,. Moreover H_|(, 11 > k2> 0.

The statement of this Proposition lists the well-known properties of L_, the operator that
arises in the linearization around the standard KdV soliton , so this is all well-known, see for
example [41]. Indeed, one only needs to observe that since 1), = —%gpi,

1
H_ = -0, +(1- w2) + Yy = =0z + (1 — w2) — 5(,03,

Next, we tackle H.

Proposition 6. The self-adjoint operator Hy defined in (11) has one simple eigenvalue at zero,
/
with eigenvector ( QO;Z ) and one stmple negative eigenvalue.
T2
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We postpone the proof of Proposition 6 for the subsequent section, and we concentrate on
the rest of the proof of Theorem 4. Based on Propositions 5 and 6, we conclude that the
requirements of Theorem 1 are met. In fact, (14) is contained in the statements of the two

0 Ly
Propositions. Moreover, note that 1y = ||¢u| ™" 0 |, while ¢y = ¢ _§ and hence
Puw 0

clearly (11, Jio) = C (pw, ¢.,) = 0, so (15) is satisfied as well.
It remains to apply the result. We have

(H Tebol, Jebo) = [l wll 2 <H+1 < 98“’ ) , < %w >>

Thus, we are led to solve
2l / _ [ Puw

From the second equation, we have — (¢, f) — ¢” = 0, whence ¢’ = —¢,, f. Inserting this in the
first equation yields
3
(10) (08 + (1%~ S2)f = oo,
Recall now the basic defining equation of ¢,
1
(41) g+ (- ) — 6 =0

Taking a derivative with respect to w in (41) yields
3
((_ai +(1- w2> - 5903)8(4)90 = 2wy,
Thus, the solution to (40) (which we know is unique, since Jipg L Ker(#) ) is f = %£. Thus

2w
2
] T = ol 2 (7o) = {u29) _ ulliul
< [ wO] ¢0> ”‘10 H <f 2 > QWH(PUJHQ 4wH‘PwH2

From the formula for ¢, (y), we compute ||, ||? = 2v1 — w? [ sech?(z)dz, whence
1
4(1 — w?)’

This is clearly negative for all w € (—1, 1), and hence we always have stability for some values of
w. More precisely, the stability region is the solution of the following inequality
1
lw| > =1 -—w?

2/ — (H=Jeo], Jubo)

The solution to the last inequality is 1 > |w| > Y2 as is the statement of Theorem 4.

(H [ Tabo], Jabo) = —

6.1. Proof of Proposition 6. First, we show the uniqueness of the eigenvalue at zero and we

compute the eigenvector. We have H < g ) = ( 8 ) Thus

(O + (1 -u?) = %
—(Swa)/—g”:O
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From the second equation, we find (after integration in x) that ¢’ = —p,, f. Inserting this in the
first equation yields

(0% + (1= %)~ Sg2)f = 0.

This is exactly the equation L [f] = 0, which again appears in the linearization of KdV around the
standard soliton. It is well-known that the only solution to it (as can be seen by just differentiating
the defining equation (2) in ) is f = ¢/,. Turning back to g, we find that ¢’ = —¢,¢,,, implying
/
g = —%. Thus, H has an unique eigenvector at zero, namely < :5 ) .
T2

We now show that there is a simple negative eigenvalue for H,. We use the approach of the
proof in Proposition 9 in our previous paper [39]. We need to show that there is an unique a > 0,
so that the eigenvalue problem

e (1)-(1)

has an unique (up to multiplicative constant) solution < g > and for all other values of a, (42)

has only the trivial solution. Writing (42) in detail,
"+ (=W f = 50°f + g = —d*f
—g" — (pf) = —d’g
From the second equation, we conclude g = 8,(a® — 92) "¢ f]. Thus,
g = 03(a® = 07) 7 [of] = —of + a*(a® — ) [ f].
Plug this in the first equation to obtain

(43) —f"+ (1 +a®—w)f - ;so2f +a’p(a® = 92) efl=0

To recapitulate, we have shown that the eigenvalue problem (42) is equivalent to the solvability
of (43). Introduce the self-adjoint operator

3
M, = —83 + (1 + a’® — wz) — §<p2 + a2g0(a2 — 85)71[90'].

We need to show that there exists an unique ag, so that 0 € o(M,,) and moreover, the eigenvalue
zero is a simple eigenvalue for M,,. Before we proceed with the proof of this, let us establish the
following

Claim 1. Let a > b > 0. Then My > My, + (a® — b*)Id > M,,.
Proof. (Claim) Since
Mof = Myf = (a® = 0°)f + a®p(a® = 7)o f] = b2 (b” — 32) e f]
The inequality easily reduces to checking that for all test functions f and for a > b > 0,
> ((a® = 92) e fl of) = 02 (0 = ) Mefl o f) -
Setting h = ¢f, and by using the Fourier transform representation of (a? — 92)~!
2 2
(@~ B eflel) = [ o hOPE 2 [ nlhe Pl =
= (" =) [efl.of)

a? b2
a? T 4n2e? > D21 4m2e2” U

where we have used the elementary inequality
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Now that we have established the Claim, we are ready to show that there exist an unique ay,
so that 0 € 0(M,,). To that end, define

No(@) = inf o(M;) = inf (Mo f).

This is clearly a continuous function, which is also increasing by Claim 1. It is also immediately
clear that lim,_, Ao(a) = co. Indeed, note that ¢ is a bounded function and

la*p(a® — 92) el 22 < [[@llf- Regarding Ao(0), consider My = —03 + (1 — w?) — 3¢,
Recall that this is exactly the operator L., which has one negative eigenvalue, Ag(0) in our
notations. Hence \p(0) < 0.

By our analysis of the function A\g(a), we can conclude that there is an unique ag > 0, so that
Xo(ap) = 0. That is, by the equivalence of (43) and (42), there is unique ap, so that the eigenvalue
problem (42) has a non-trivial solution. It now remains only to show that the eigenvalue 0 in
the spectrum of M,, is simple. This may be shown in a number of ways, but here is an outline.
Recall that My = L4 has a single simple negative eigenvalue, corresponding to an eigenvector
say ¢p. Thus, M| {¢o}+ = 0. By Claim 1 and the Courant maxmin principle, we have that the
second eigenvalue \;(M,,) satisfies

M (Mgy) =sup  inf  (Mgou,u) > inf (Mgyu,u) > a3 + inf (Mou, u) > a.

240 wull=1lulz T wull=1ulgo w:||u||=1,uL o

Thus, A\1(Mg,) > a2 > 0 and Ag(ap) = 0 is simple. Theorem 4 is proved.
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