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ABSTRACT

This paper is concerned with the stability of periodic traveling waves of dnoidal type, of the Zakharov system. This problem was considered in
a study of Angulo and Brango [Nonlinearity 24, 2913 (2011)]. In particular, it was shown that under a technical condition on the perturbation,
such waves are orbitally stable, with respect to perturbations of the same period. Our main result fills up the gap created by the aforementioned
technical condition. More precisely, we show that for all natural values of the parameters, the periodic dnoidal waves are spectrally stable.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106133

I. INTRODUCTION

We consider the Zakharov system, which is the following system of coupled nonlinear partial differential equations:

1
Vit — Vax = E(|u|2)m’ (1.1)

iU + gy —uv = 0.

In particular, v is a real-valued function, while u is a complex-valued function. Problem (1.1) was introduced in Ref. 1 to describe the Langmuir
turbulence in plasma.

The problem of the stability of solitary waves for nonlinear dispersive equations goes back to the studies of Benjamin” and Bona’ (see
also Refs. 4-7). A general approach for investigating the stability of solitary waves for nonlinear equations having a group of symmetries was
proposed in Ref. 8. The well-posedness theory for the Zakharov system in the periodic setting was investigated in Ref. 9. In Refs. 10 and 11, the
existence and stability of smooth solitary wave solutions were considered; in fact, we state for reference purposes the precise stability results
of Ref. 10 below.

The goal of this paper is to consider the spectral stability of periodic traveling wave solutions of the form

{ v(t,x) = w(x—ct),

N (1.2)
u(t,x)=e fat i (x t)gb(x— ct),

where ¥, ¢ : R — R are smooth,'” ' periodic functions with a fixed period 2T and w, ¢ € R. In order to ensure that the traveling wave u above
is 2T periodic, we will require that there is an integer [ so that

c=". (1.3)
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We now construct such waves.

A. Construction of the periodic waves for the Zakharov system
Substituting (1.2) in (1.1), we obtain

(CZ _ 1)1//" _ %(¢2)//’

2 (1.4)
¢+ (w+ %)qﬁ = ¢v.
Integrating the first equation in (1.4), we get

2

-———— +ay+ box.
21-2)

1//:

By the periodicity of ¢, ¢, we immediately conclude that by = 0. For the rest, we also consider that ao = 0, as the other cases easily reduce,
without loss of generality, to this one by a simple change of parameters; see the defining equations(1.1). That is,

¢
V= 7@. (1.5)
Using relation (1.5) in the second equation of (1.4), we get the following equation for ¢:
" ¢’
-¢ +0p—- ———- =0, 1.6
R T (16)
where we have introduced the new parameter 0 := —w — %. Multiplying by ¢ and integrating once, we get
7 1 4 2\ 2
= [-¢" +40(1 - +ail, 1.7
P = sa oyl el (17)

where 4, is a constant of integration. This is Newton’s equation, which is well studied in the literature. In fact, one can construct several dif-
ferent types of solutions in terms of elliptic functions, including dnoidal, cnoidal, and even snoidal solutions. Unfortunately, our preliminary
results for the cnoidal and snoidal type waves are far from definitive, so we will restrict our attention to the dnoidal waves. The cnoidal and
snoidal waves will be a subject of a future publication.

Next, we present the construction of the dnoidal waves. Later, we will state some relevant spectral properties of the corresponding
linearized operator, as they will be essential for our considerations in the sequel.

Let 1-¢*>0 and o> 0. Assume that the quadratic equation — 40(1 - & )r—a; =0 has two positive roots ro > r; > 0, and set
$o0 =+/10 > ¢1 = /11 > 0. Clearly, there is an even and decreasing function in [0, T] periodic solution of (1.7), with

$(0) = max ¢(x) = ¢o, (1) = min ¢(x) = ¢1.

These are explicitly given, up to a translation, as follows.

Proposition 1 (Existence of dnoidal solutions).
Let 1—-¢* > 0,0 > 0. Assume that the quadratic equation r* — 40(1 — ¢*)r — a; = 0 has two positive roots, denoted by ¢3 > ¢2. Then, the
solution to (1.7) is given by

¢(x) = godn(ax, ), (1.8)
where
2 42 2 2
&= $o 2¢1 _ 2¢4 4‘72(1 c )’ o = 1 . ¢,g: o . (1.9)
$o o 4(1-¢) 2-x
In addition, the fundamental period of ¢ is
a7 = 2K,
o

We now turn our attention to the spectral stability of such solutions, in the context of the Zakharov system (1.1).
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B. The linearized problem

For the purposes of linearization, we rewrite system (1.1) as a first order in time system, in the form

vt = _an
1

Vi = —(V+ 7|u|2) , (1.10)
2 x

iU + Uxx = UV
Note that we enforce uniqueness by adding the condition [_TTV(t, x)dx = 0. Consider the perturbations in the form

u(t,x) = e Ml (met) [¢p(x—ct) +p(t,x—ct)],

v(t,x) = w(x—ct) +q(t,x - ct),
V(t,x) = ¢(x—ct) + h(t,x —ct),

where g and r are real-valued functions and p is a complex-valued function. Here, ¢ may be identified as the unique mean-value zero function,
ie, [ 1 p(x)dx = 0, satisfying

b1 2\
¢ =cy =C(1//+q;). (1.11)

Note that (1.11) is consistent with the zero order terms in (1.10) and (1.5). Accordingly, as V is mean-value zero, we must require that the
perturbation 4 is mean-value zero as well, ffT h(t,x)dx = 0.
Plugging the above-mentioned expression into (1.10) and ignoring the quadratic and higher order terms, we get the following linear
system:
qr = cqx — hx,

1= ors = gs = (9Rp) (1.12)

, ¢
Pr="Pec— | WH p+yp+¢q
Furthermore, by letting p = p, + ip,, system (1.12) takes the form

qr = ¢qx — hx,
i = chy - gx - (9P,
2

¢
Pt = —prux - (w + Z)Pz +yp2, (1.13)
2
¢
—p2t = —Pixx — (W+ Z)Pl +yp1 + Pq.
For U = (p2,p1, g, h), the above system can be written in the form
U, = g0, (1.14)
where
0 -1 0 0 Z 0 0 0
1 0 0 0 0 L ¢ 0
= , H = , (1.15)
00 0 -0 0 ¢ 1 -
0 0 -0 O 0 0 —-c 1
2 2 ¢
=0 +o+y=-0,+0- ——5. 1.16
* veTe 2(1-¢%) (1.16)
J. Math. Phys. 64, 081503 (2023); doi: 10.1063/5.0106133 64, 081503-3
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Clearly, #* = - 7, whereas #~ = #, where we associate with the operators .7, Z the following domains on the periodic functions:

D(7) = (P[-T, 7)) & (H' [T, T])?,
D(9) = (H*[-T,T])? ® [*[-T, T) ® L[~ T, T},

Note that the last component of the domain of % is L3[-T, T] = {f € L*[-T, T] : f}T f(x)dx =0} per our earlier requirement that the last
component h € Li[-T, T].
Transforming the time-dependent linearized problem (1.14) into an eigenvalue problem, through the transformation U — ¢ U, yields

U = \U. (1.17)
As we are in the periodic context, it is well known that all essential spectrum is empty, thus reducing the spectrum to a pure point spectrum,
that is, isolated eigenvalues with finite multiplicities. The standard notion of stability is given next.
Definition 1. We say that the traveling wave solution described in (1.2), (1.5), and (1.7) is spectrally stable, if the eigenvalue problem (1.17)
does not have non-trivial solutions with RA > 0. That is,

(A, U): %A >0,0%0,U e D(7%) = (H[-T,T])> ® (H'[-T, T] ® Hy[-T, T].

Otherwise, if there are such solutions, we refer to the family in (1.2) as spectrally unstable.
For orbital stability, we refer to the standard formulation; see (1.18) and (1.19).

C. Main result
The following is the main result of this work.
Theorem 1. Periodic traveling waves of dnoidal type of (1.1) are spectrally stable for all natural values of the parameters.

More specifically, the periodic dnoidal waves constructed in Proposition 1, with the respective speed, subject to (1.3), are spectrally stable
solutions of (1.10).

Remark. Recall that condition (1.20) is necessary to guarantee the periodicity of such waves.

It is worth noting that in Ref. 10, the orbital stability of periodic waves of dnoidal type for system (1.1) was proved. Angulo and Brango'’
showed that for the equivalent system (1.10), there is orbital stability, if one asks for an additional technical condition; see (1.20) below.
More precisely, they proved that for all & > 0, there exists 8 > 0 such that for any initial data (vo, Vo, ug) € L*[~T, T] x L3[-T, T] x H'[-T, T]

satisfying

lvo=vlpirry <6 [Vo-olpirmy <6 luo— gy <6 (1.18)
{infyek Iv(-+3.t) =yl <& infer|V(+38) = ¥lprp <& (1.19)

. i0 :

infg,)eo2m)xr e u(- +y,t) - ¢||H'[_T,T] <¢
if
T T
f vo(x)dx < / w(x)dx. (1.20)
0 0

This result is established by adapting the results in Refs. 2, 3, and 6 to the periodic case.

Our work is structured as follows: In Sec. I1, we provide some basic and preliminary results—about the instability index counting theory
and the relation of the linearized operators Z. to the classical Schrodinger operators arising in the elliptic function theory. In Sec. I1I, we
develop the spectral theory for the self-adjoint matrix linearized operator # and the full linearized operator %' In particular, we describe
the kernels and the generalized kernels in full detail. We also show that the Morse index # < 1. This is later upgraded in Sec. [V to n(%) = 1.
Section [V also contains the proof of the main result, namely the spectral and orbital stability of the dnoidal waves. The spectral stability is
achieved via the instability index count, while the orbital stability is obtained as a consequence of an abstract result, Theorem 5.2.11, p. 143,'°
which relates the two notions.

Il. PRELIMINARIES

We start with some facts about the instability index counting theory for eigenvalue problems of the type described in (1.17).
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A. Instability index counting

We will give some results about the instability index count theories developed in Ref. 17. These allow us to count the number of unstable
eigenvalues for eigenvalue problems of the form (2.1) based on the information about the spectrum of various self-adjoint operators, both
scalar and matrix, and some specific estimates,

ILz = Az 2.1)

Here, our standing assumption is that for appropriate Hilbert space X, #: X - X" is bounded and symmetric, and in addition, & = &*

on the appropriately defined Hilbert space X ¢ H ¢ X* and domain D(%). In addition, assume that # also has a finite number of negative
eigenvalues, n(%), a quantity referred to as the Morse index of the operator Z. In addition, 5" = —.%.

Let k- be the sum of algebraic multiplicities of positive eigenvalues of the spectral problem (2.1) (i.e., the number of real instabilities or

real modes), k be the sum of algebraic multiplicities of quadruplets of eigenvalues with non-zero real and imaginary parts, and k; = k3, the
number of pairs of purely imaginary eigenvalues with non-positive Krein signature. For a simple pair of imaginary eigenvalues +iy, y # 0,

and the corresponding eigenvector Z = | *! ), the Krein signature, either 1 or 0, is the quantity sgn ({(ZZ, 2)).
2

Also of importance in this theory is a finite-dimensional matrix &, which is obtained from the adjoint eigenvectors for (2.1). More
specifically, consider the generalized kernel of F%Z,

gKer(IZ) = span[(Ker[(F2)'], 1=1,2,...].

Assume that the dimension of the space gKer(.F&) © Ker(¥) is finite. Here, for a subspace A c X, where X is a fixed Banach space, write
B =X © A, whenever X = A @ B. Select a basis in

gKer(FZL) e Ker(Z) = span[yj, j=1,...,N].

Then, 9 € M nxn is defined via
D= {Dij}ijer: Dij = (Lnm).

Then, according to Ref. 17, we have the following formula, relating the number of “instabilities” or Hamiltonian index of the eigenvalue
problem (2.1)and the Morse indices of & and 9:

kttam 1= ky + 2ke + 2k = n(ZL) — no(D), 2.2)

where 19(2) = #{A <0: A € 0(D)} is the number of non-positive eigenvalues of .

Remark. As an easy corollary, if n( &) = 1, it follows from (2.2) that k. = k; = 0and
kr=1-n(9). (2.3)

Thus, in the case n(%) = 1, instability occurs exactly when n(2) = 0, while stability occurs whenever n(9) = 1.

B. The linearized operators Z.. in terms of the standard Hill operators

We start by introducing another classical linearized Schrodinger operator, associated with the wave ¢, namely

Py=-0: 40— ¢’

2(1-¢%)

We now consider two concrete classical Hill operators, which are related to the linearized operators £y, along with some relevant spectral
properties. These will allow us to accurately determine the negative spectrum and the kernel of the scalar Schrodinger operators, which will
be of use in the sequel.

More specifically, the Schrodinger operator

A = —8; + 6k sn? (r, k),
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with periodic boundary conditions on [0,4K(k)], has eigenvalues that are all simple. The first few eigenvalues and the corresponding
eigenfunctions are given in the following list:

Ww=2+2K -2V1-K+k' ¢o(y)=1-(1+k =V1-K +k")sn’(y,k),
vi=1+k, ¢1(y) = ecn(y, k)dn(y,k) = sn’ (3, k),

vy =144k, ¢2(y) = sn(y, k)dn(y, k) = —cn’ (3, k),

vi=4+Kk, ¢1(y) = sn(y.k)en(y, k) = =k >dn’ (3, k).

Similarly, for the operator
Ay = —8; + 2K25n2(y, x),

with periodic boundary conditions on [0,4K(k)], the eigenvalues are all simple. The first three eigenvalues and the corresponding
eigenfunctions are

€0 = K, 6o(y) = dn(y,k),
e =1, 01(y) = en(y,k),
e =1+k, 6:(y) =sn(yk).

We now relate the Schrodinger operators £, to Ay, A>. We start with the dnoidal case.

1. The operators &.,Z_ in terms of A;, Az

An elementary and classical calculation shows that

L= [A - (4+1D)], (2.4)
L =o' [A - K] (2.5)

Based on formulas (1.8) and (1.9), we can formulate the following useful spectral properties.
Proposition 2. The linearized operators £ have the following spectral properties:

o n(Z:) =1 ker (&) =span[¢'].
o L_>0, ker (ZL-) =span[d].

lll. SPECTRAL THEORY FOR 7# AND f

We now discuss some elementary spectral properties of the scalar Schrodinger operators Z.

A. Elementary properties of &,

Note that Z_ and £, have some generic properties, which can be gleaned directly from the defining equation (1.6). More precisely, we
have the following two relations:

Z[¢]=0,  Zi[¢']=0. (3.1)

Indeed, the formula Z_[¢] = 0 is nothing but (1.6), while Z.[¢’] = 0is obtained from (1.6) by differentiation in the spatial variable. We have,
thus, identified at least one element in each Ker(Z-), Ker(Z+). Clearly, per the standard Sturm-Liouville theory for Schrédinger operators
acting on periodic functions, it is possible that there might be up to one additional element in each of Ker(Z-), Ker(Z+). In our example of
the dnoidal waves, this does not happen and, indeed, it turns out that ker (£-) = span[¢], ker (£ ) = span[¢']; see Sec. II B. Interestingly,
and based on this information only, we can identify the kernel of the self-adjoint matrix operator .

J. Math. Phys. 64, 081503 (2023); doi: 10.1063/5.0106133 64, 081503-6
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B. Determination of Ker(%)

Before we start with our analysis, let us recall that the domain of the operator & is so that the last component is mean-zero. We have the
following result.

Proposition 3. The kernel of # is two-dimensional. In fact, ker (%) = span[¥1, ¥, ], where

Remark. Note that since the fourth components of both ¥, ¥, are mean-zero functions, they do belong to the domain of 7, as stated.

Proof. Let % f =0, where f = (f1, f2» f3» f1). Then, we have the following system:

2 fi=0,
L+ ¢fs=0,
¢fat fs—cfs=0,
—cfs+ fa=0.

(3.2)

Obviously, we have

Y, = cker #.

oS o o 6

From the last three equations of system (3.2), we have f4 = ¢f, and ¢f, = (¢ - 1) f5. Plugging them into the second equation of system (3.2),
we get

A P
(3_+C2_1)f2—0.

2
Npting_that L =L+ Cz‘p—_l, the last equation means that & f, = 0. Hence, and up to a constant, f, = ¢, f; = 521—1 ¢¢’,and fy = ﬁ¢¢’, and
with this, we get

0
¢I
Y, = 1 , | € ker 7.
C2 C_ 1
U
e
Clearly, this describes all the linearly independent elements in ker (%), and Proposition 3 is established in full. O

Our next task is to identify gKer(#%') © ker (), as any basis of this subspace is relevant in our stability calculation, i.e., the matrix J;
see Sec. I A.

C. Identifying ker (£ %)
We start with the elements in ker (%) © ker (%’). That is, we would like to find elements 7 so that

1 € ker (F) = span[(0,0,1,0),(0,0,0,1)]. (3.3)

J. Math. Phys. 64, 081503 (2023); doi: 10.1063/5.0106133 64, 081503-7
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Let 7j, = (0,0,1,0), where 71 = (111, 12, /13, 14). We obtain the following system:
Z 1 =0,

L1+ ¢ms =0,
N2+ i3 —cna =1,

—cn13 + 114 = 0,
which, apart from ker (£_), has the following solution:
0
1 -
fj1 = 1 _ﬁlg:gb I B
et ao et

Similarly, let %7, = (0,0,0,1), where 7> = (#21, 722, #23, #24 ). That is, we need to solve the following system:

ZL 1 =0,
ZL_nn + ¢ =0,
O + 123 = caq = 0,

—Co3 + e = L

We have the following solution:

0
Cc
. . _l_czcgll‘/’
N Pt |
2
e

1-¢& (1-6)?

We have found two linearly independent solutions of (3.3). However, it is clear that the fourth components of both cannot be mean-value
zero. In fact, in the generic case, we need to take a specific linear combination so that we can achieve mean-value zero in the last component.
To this end, we take the following linear combination:

2

2
Cc Cc

1-J

c
2
1-¢

<3§1¢,¢)) +ﬁz(2Tc+ . < 2(3:‘¢,¢)), (3.4)

ﬁlzz—ﬁ1(<1,1>+ <3:‘¢,¢>)+ﬁz(c<1,1>+ (311¢>¢>)=—ﬁ1(2T+

1-7

which clearly has the property ffTTﬁM(x) dx = 0 and, as a linear combination of 71, 72, belongs to the set described in (3.3), i.e., ﬁl e ker ()
© ker (#). We have thus established the following proposition.Our next task is to describe the generalized kernel of the linearized operator.

Proposition 4. Under the assumption that ker (Z_) = span[¢], ker (Zs) = span[¢’], the kernel ker (FI) is three-dimensional. More

specifically,
ker (F%) = ker (%) @ (ker (FH) © ker (#)) = span[¥1, V2] @ span[ij].

D. Structure of gKer(f %)

Since we have determined ker (_#9%) in Proposition 4, it remains to find the generalized eigenvectors associated with this system.
As a first step, we show that a linear combination of 71, 7j, does not give rise to any adjoint eigenvectors.

Proposition 5. Assume that (£, ¢, ¢) # 0. Then, the equation
THS = yiii + 21z (35)

does not have any solutions, unless y, =y, = 0.

J. Math. Phys. 64, 081503 (2023); doi: 10.1063/5.0106133 64, 081503-8
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Proof. Note that

0
. = = 0
Y+ yarz = (Y14 €p2) i + 92

0

1
0

Assuming that (3.5) has a solution f, we test it first against the vector g := ﬁ . We obtain

0

NED2 Gl 8Y = (7S G) = (Hf, T G) = (L fin ) = (fin L) = 0.

1-¢

This yields that y, + cy, = 0. However, then, (3.5) turns into

0
- 0
F¥f =2
0
1
As the last component on the left-hand side is an exact derivative, this clearly does not have any solutions, unless y, = 0. ]

Next, we show that the equations F#'f =¥, and f#f =¥, do have solutions, and we describe them in detail. To this end, let
FHijs = Y1, where 75 = (1131, 1132, 1133, /34 ). We have the following system:

L1 =0,
L3+ Pz = —¢,
—(=cn33 +134)x = 0,
—(¢n32 + 33 — cnza)x = 0.
Note that the first equation solves to #,, = const.¢. However, this will not contribute anything to gKer(#%') as this solution is already

accounted for in ker (). Thus, we take 775, = 0.
Integrating the last two equations yields new integration constants,

L 3+ 3z = —¢,
N33 — N34 = di,
—n32 — N33 + c3q = da.

From these three equations, we determine
0

-kZ'
i3 = k >
13 1_7’:2455?;14514{1
ck

1-¢

9L 9+ ko
where the particular form of the constants k, k1, k, depends on ¢, d1, d> but is otherwise unimportant in our analysis. Note that

0 0

0 - - =-10
iis=k(1-)in+| . | =k(1= iy + kot + &y 1

X
Y
(=]
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where again I~<1, l~cz are two constants. As 7, ﬁz e ker (F'), we can clearly take ﬁ3 = . In fact, a direct verification confirms that % 173

0
0
1
0

= —¥;. Note that as ﬁ34 = 0, it is mean-value zero in the last component. So, it is an acceptable vector in our analysis.
Finally, we consider the equation F# %4 = V>. We have the system

371141 = ¢I,
Z 32+ ¢33 =0,

*(¢T142 + 143 — CT144)x = ¢

*m(‘ﬁz)x»

—(—C1143 + 7144)x = —2(171_8)(?52)%

Note that due to the presence of the vectors 7z, 73 in our system, we can integrate the last two equations with constants of integration zero—if
non-zero, their contribution can be written in terms of span[#,#3] and, hence, safely ignored. Thus, we find the solution

Z¢]
] ¥
N e el
2 2
s s
Using that £y ¢ = — — 1-13 ¢, we get Z7'¢* = —(1 - ¢*)¢. This leads to the following representation:
Z[¢]
= 1 —Cc2 ¢
Na = 0
1
2(1-¢%) ¥

Here, it becomes clear that 744 does not have mean-value zero; hence, the solution 74 does not belong to the required D(_#%’). We formulate
our result in the following proposition.

Proposition 6. Assume that (L5 ¢, ) # 0. Then, there is only one linearly independent first generation adjoint eigenvector, namely 7s.
That is,

ker (( 7)) e ker (F) = span[ijs].

Proof. Our strategy here is as follows: we will show that
ker ((F7)%) © ker (FI) = span[ iz, i),

if we do not restrict with the condition that f;ﬁM (x)dx = 0. Then, due to this restriction, 74 is excluded, whence our claim follows.

We have, so far, proved that ker ((#%)?) © ker (%) 2 span[#s,7js]. In order to show the other direction, set the equation
JHf eker (FH) or

f%f =M¥: + 1,9, +/\3711 +/\4712-

As j%;% = -V, Fx1js = VY2, we have
f%[f+/\1ﬁ3 */\21;['4] = /13111 +/\4112.

We now apply Proposition 5 to conclude that A3 = A4 = 0. It follows that f — A1ﬁ3 — Aafjs € ker £, which is the claim. O
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Finally, we consider the possibility of second adjoint eigenvectors. Expectedly, it turns out that there are not any.We collect all the
findings of this section in the following proposition.

Proposition 7. We have
ker ((#%)*) e ker ((#%)*) = {0}.
Proof. Consider the subspace ker ((F%)*) © ker (([#%)?). That is, set up an equation
JHS = uis
for some scalar y. We test it against 7;. We obtain
u=AIX L) = <X f, Js) = 0,

as 773 = 0. This implies 4 = 0, which establishes the claim. O

Proposition 8. Suppose that (L5 ¢, ) # 0. Then,

gKer(F) & ker () = span[ij, 7).

E. The Morse index of #

We have the following proposition.
Proposition 9. For the solution ¢ given by (1.8), we have that n() < 1.

Remark: We later easily establish that, in fact, n(#’) = 1, as a consequence of the index counting formula (2.2). However, and again from
the same formula, we have the spectral stability of the waves in the case when n(%) = 0.

Proof. We begin with the observation that due to the tensorial structure of # = Z_ ® %, where

Z ¢ 0
Fi=|¢ 1 -
0 -c 1

Clearly, we have that n(%) = n(%1) + n(£-). By Proposition 2, we have that &_ > 0. Thus, it remains to prove that n(%) < 1. To this end,
consider the quadratic form associated with 1, namely

@1 (v, w) = (L, u) + 2{pu, v) + (v, v) = 2¢(v, w) + (w, w).

By the Cauchy-Schwarz inequality,
(v, v) = 2c(v,w) + (wyw) 2 (1= ) (), (3.6)

whence 1 (1, v, w) > g2 (v, w) = (L-u, u) + 2{¢u, v) + (1 - ) (v, v). We further estimate g, as follows:

g2 (1,v) = (ZLou,u) +2(pu,v) + (1= ) (v, v)

T 2 T

:(S’_u,u)+/ V1-cv+ ¢ u dx—%/ ¢ u’dx
-T V1-¢ 1-c¢"J-1

2

> ((3’_— %)u,u) (Lo, ).

3.7)

It is now easy to conclude that n(%)) < 1. Indeed, based on the fact that n(#,) = 1, taking u orthogonal to the ground state of &,
guarantees that (&, u, u) > 0. Thus,

inf (v, w) > inf @ (u,v) > inf (ZLru,u) > 0.
ulgroundstateof £, ulgroundstateof Z, ulgroundstateof £
This establishes n(#) < 1. ]
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IV. PROOF OF THEOREM 1

We apply the instability index theory, as developed in Sec. II. To this end, we need to identify first the spaces X,X*,H. To
this end, we introduce X = (Hye.[-T,T])* x (L*[-T,T])?, with X* = (Hp.[-T, T])* x (L*[-T, T])?, while clearly, we use the base
Hilbert space H = (L*[-T,T])*. Clearly, % :X — X* is bounded and symmetric, while #:D(?) = (H'[-T,T])* = X is a closed
operator.

By Proposition 8, & € #»x2, and we take on computing its elements. A direct calculation yields

0
Ky = ¢ .
1
-
0 0
Next, we compute #’ ﬁl, by using formula (3.4), and the values #7; = (1) , K iy = g , which we have by construction. We obtain
0 1
0
0
%171 = & _ .
(e Satmen)
c
(cnn+ (200
After some algebraic manipulations (note that (1,1) = 2T), we obtain the matrix & in the following form:
2 = CZ 1 1 ~1
D1 = (i) =21(27 + (090 ) (274 —(Z0.0)
2
D= D = (%ﬁl,ﬁs) = —ZT(2T+ 1 icz (311¢>¢))>
Dy = <7fﬁ3,ﬁ3) =2T.
It follows that ,
det (2) = 4T2<_9:‘¢,¢>(2T+ n ‘ 2<5£‘¢,¢>).
—-c

Recall that we have established that n(J) < 1; see Proposition 9. Due to formula (2.3), it must be that #(2) < 1). Thus, the spectral stability
is equivalent to the property n(9) = 1. In fact, due to formula (2.2), it follows that n(#) > n(9), so establishing n(2) = 1 implies n(#) = 1
as well, as announced earlier.

Next, in order to prove n(9) = 1, we shall need to show that det (2) < 0, as this guarantees that & has a negative eigenvalue. To this
end, recall that we have &, ¢>’ = 0. The function

1 ¢ @
D(x) = ¢'(x / —7—ds, =1,
W= [ s |G g
is also a solution of L® = 0. Formally, since @ has zeros, using the identities
1 1 0 cn(xx)

sn* (,%) " T dn(yx) 8y sn(y,«)

and integrating by parts, we get

1 [1-2n(ax, *1 - 2sn*(as,
o= (%K) 2 e en(oct ) f 1-2em(as) gl
a’’po|  dn(ax, k) o dn’(as,x)
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Thus, we may construct the Green function
=4 [T 1(5)ds - o) [ ¢ 6+ o),

where Cy is chosen such that Z;' f is periodic with the same period as ¢(x). Integrating by parts, we get

o gy

(L6,0) = ~(6%, @)+ (D9 @) — 5 iy

Similarly as in Ref. 18, using that ¢* = —(1 - ¢*)Z¢p and (®", ¢) = 2¢(T)D'(T) + (D, ¢"), we have the following result:

P gy

(Z16.9) =201 =E)$(D'(T) + 6 (D9 @) = 5775

Integrating by parts, we get
1
O(T)¢(T) = —[2(1 - ¥)K - (2-K)E]

(6.9) = 5 [EX) - K(9)

¢"(T)
20'(T)

_ ¢’ (1-#)[E-K]
(9. ) = 2[2(1 - «*)K - (2 - K¥*)E]

which leads to the following result:
_2(1—62) E*(x) - (1 - *)K*(x)
a  (2-kHE(x)-2(1-«)K(x)

(L', ¢9) = (4.1)

For the other term, we have

" 2 2 B()- (1=K (k)
(Zre.¢) = tx[K(K) ‘ (2 - k*)E(x) - 2(1 - 1)K (x)
(1 PO (G ORI 0K ],
Ca(2-k*)E(k) - 2(1 - k*)K(k) E* () - (1 - )K2(x) ’

2
Cc

2T +
1-¢

(2 - K)E(x)K(x) - 2(1 - K*)K*(x)

Br-(1-SKwx ¢

Altogether, det (9) < 0 and the spectral stability is established.
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