Instabilities of Multihump Vector Solitons in Coupled
Nonlinear Schrédinger Equations

By Dmitry E. Pelinovsky and Jianke Yang

Spectral stability of multihump vector solitons in the Hamiltonian system
of coupled nonlinear Schrédinger (NLS) equations is investigated both
analytically and numerically. Using the closure theorem for the negative index
of the linearized Hamiltonian, we classify all possible bifurcations of unstable
eigenvalues in the systems of coupled NLS equations with cubic and saturable
nonlinearities. We also determine the eigenvalue spectrum numerically by the
shooting method. In case of cubic nonlinearities, all multihump vector solitons
in the nonintegrable model are found to be linearly unstable. In case of
saturable nonlinearities, stable multihump vector solitons are found in certain
parameter regions, and some errors in the literature are corrected.

1. Introduction

The coupled nonlinear Schrodinger (NLS) equations have wide applications in
the modeling of physical processes. For instance, such equations with the cubic
nonlinearity govern the nonlinear interaction of two wave packets [4] and optical
pulse propagation in birefringent fibers [23] or wavelength-division-multiplexed
optical systems [1, 15]. Similar equations with the saturable nonlinearity
describe the propagation of several mutually incoherent laser beams in biased
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photorefractive crystals [11, 16]. Various types of vector solitons including
single-hump and multihump ones have been known to exist in these coupled
NLS equations [2, 3, 9, 10, 11, 14, 16, 25, 33, 34, 36], and they have been
observed in photorefractive crystals as well [6, 7, 24].

Linear stability of vector solitons in the coupled NLS equations is an
important issue. Fundamental single-hump vector solitons are known to be
stable [26, 29, 37]. Stability of multihump vector solitons (which have one or
more nodal points in one or more components) is more subtle. For the cubic
nonlinearity, it was conjectured in [36] based on the numerical evidence that
multihump vector solitons were all linearly unstable. If the multihump solitons
are pieced together by a few fundamental vector solitons, then their linear
instability has been proven both analytically and numerically in [38, 40]. The
linear instability for other types of multihump vector solitons has not been
proven yet. For the saturable nonlinearity, multihump solitons have been shown
to be stable in certain parameter regions [25, 26], but the origins of their
stability and instability have not yet been fully analyzed.

From a broader point of view, the theory of linear stability of vector
solitons in coupled NLS equations was recently developed with the use of
the closure theorem for the negative index of the linearized Hamiltonian
[18, 27]. However, there are not many applications of the general theory to
particular bifurcations of unstable eigenvalues [17, 41], because the general
theory excludes nongeneric bifurcations. It is desirable to further develop
a perturbation theory to the eigenvalue bifurcations, so that the origin of
instability becomes more apparent in the context of the closure theorem.

In this paper, we investigate the linear stability of multihump vector
solitons in the general Hamiltonian system of coupled NLS equations both
analytically and numerically. Using the closure theorem for the negative
index of the linearized Hamiltonian as well as the perturbation technique,
we classify all possible bifurcations of unstable eigenvalues in two physical
models with cubic or saturable nonlinearities. In the first model, we show
that multihump vector solitons near the points of local bifurcations are always
linearly unstable, in agreement with numerical results in [36]. In the second
model, the situation is more complicated. Our results show that the first
family of multihump vector solitons is indeed linearly stable near the local
bifurcation boundary, in agreement with numerical results in [26]. However,
for the second family, we discovered a new oscillatory instability near the
local bifurcation boundary, which was missed in [26]. Due to this oscillatory
instability, the stability region of vector solitons for the second family is
drastically reduced from that reported in [26]. Numerically, we track the unstable
eigenvalues of multihump solitons and reveal various scenarios of eigenvalue
bifurcations away from the local bifurcation boundaries. We also map out the
correct stability regions of multihump vector solitons in the entire parameter
space. Furthermore, the number of numerically obtained unstable eigenvalues
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agrees completely with that predicted by the negative index of the linearized
Hamiltonian.

Our paper is structured as follows. The main formalism and the closure
theorem for the negative index of the linearized Hamiltonian are described in
Section 2. Analysis of unstable eigenvalues in the coupled NLS equations
with cubic and saturable nonlinearities is developed in Sections 3 and 4,
respectively. Section 5 summarizes our results and open questions. Appendix
A reviews bifurcations of unstable eigenvalues by the perturbation method.

2. Main formalism

We consider a general Hamiltonian system of coupled NLS equations in the
form

0 Y 1%

i oy +d, 2 +8Wn|21//n—0, n=1,..., N, e
whereze R, x e R, ¢, € C,d, e R,and U = U(|y %, ..., |¥n]?) € R. We
assume that U(0) = U’'(0) = 0, and d, > 0 for all »n. In optical fibers
(photorefractive crystals), the function v, (z, x) is the envelope amplitude of the
nth channel (beam), z is the propagation distance along the fiber (waveguide),
and x is the retarded time (the transverse coordinate) [11, 15, 16, 23].

Following the recent work in [27], we study the linear stability of vector
solitons

%(Z’ x) = an(x)eiﬂnZ7 (2)

where ¢, : R — R, and B, > 0 for all n. We assume that none of the
components &, (x) vanishes identically on x € R. Linearization of the coupled
NLS equations (1) follows from the expansion

(2, %) = {@u(x) + [un(x) + 1w ()] + [i1n(x) + 1D, (x)]* P2, (3)

where ||u,], lw,|| < 1, and the overline denotes the complex conjugation. The
linearized equations for (u,, w,) are the following non-self-adjoint problem in
L*(R, C?M):

Liu= —Aw, Low = Au, 4

where A € C is an eigenvalue, (u, w)' : R — C?" is the eigenvector, and £,
and £, are the matrix Schrodinger operators with elements

d? AU
L n,m — _dn— n T Ao 8nmv 5
Coun = (~dgez + 52— 355 ) . )
d? U 92U
L n,m = _dn_ n T N nm —cbnq)m- 6
Lo, ( a2 TP acbg> : 90292 ©
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Because the eigenvalue problem (4) is a linearization of the Hamiltonian
system, the values of A occur as pairs of real or purely imaginary eigenvalues,
or as quadruplets of complex eigenvalues. Eigenvalues with Re(1) > 0 lead to
spectral instability of vector solitons (2). We denote the number of eigenvalues
in the first open quadrant as Ncomp, the number of positive real eigenvalues as
Nreal, and the number of purely imaginary eigenvalues with positive Im(})
as Nimae. The continuous spectrum has N branches, located at the positive
imaginary axis for Im(A) > 8,, n = 1,..., N. Zero eigenvalue A = 0 has
geometric multiplicity of at least (N + 1) and algebraic multiplicity of at least
(2N + 2), in the assumption that none of the components ®,(x) vanishes
identically on x € R [27].

Furthermore, we denote the number of negative and zero eigenvalues of
operators Ly in L?>(R,CV) as n(Lo1) and z(Lo,), respectively. We also

assume that the solution ®,(x) depends smoothly on (81,...,By) in an open
nonempty set of RY and introduce the Hessian matrix I/ with elements
90,
un,m = Q s (7)
9Bm

where O, = O0,(B1, ..., Bn) = fR ®2 dx. We denote the number of positive
and zero eigenvalues of matrix U/ as p(Ud) and z(Uf), respectively. Finally,

we introduce the linearized Hamiltonian (“energy”) of the eigenvalues A in
H'(R, C*):
hlu, w] = (u, Liu) + (w, Low), )

where (-, -) is the standard inner product in L>(R, CV). The negative index of
the linearized Hamiltonian is the number of negative eigenvalues of £; and £
in L2(R, C").

Several assumptions are imposed on the linearized problem (4) in a general
case [27]:

1) z(Ly) =1,z(Ly) = N;

(i) z(U) = 0;
(iii) no eigenvalues X € iR exist with A[u, w] = 0;
(iv) no embedded eigenvalues A € iR exist with |Im(A)] > B, Where

,Bmin = min(ﬂl,. . .,,BN).

CLOSURE THEOREM [27]. Assume that (i)—(iv) be satisfied. Let N be the

number of eigenvalues A € iR, with h[u, w] < 0. Then, e
(1) Nreal + 2Nc0mp + ZNi;ag = n('cl) - p(u) + I’l(ﬁo), (9)
(i) Nreal = [n(L1) — p(U) — n(Lo), (10)

(i) Neomp < min(n(Lo), n(L1) — pU)), (11)
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such that
In(L1) — pU) — n(Lo)l < Nunst < n(L1) — p(U) + n(Lo), (12)

where Nunst = Nrcal + 2N comp IS the total number of unstable eigenvalues in
the problem (4).

This theorem was originally proved for the coupled NLS equations (1)
in one dimension [27] and then generalized to a three-dimensional NLS
equation [8] and to an abstract Hamiltonian dynamical system [18]. It allows
us to analytically trace unstable eigenvalues under parameter continuations,
starting with the particular limits, where all eigenvalues A of negative energy
h[u, w] are known. Examples of such parameter continuation are recently
reported in [17, 41] in the context of the coupled NLS equations.

Bifurcations of unstable eigenvalues may occur in the linearized problem
(4), when operators £; and £, change according to a continuous deformation
and one of the assumptions (i)—(iv) of the Closure Theorem fails. Bifurcations
are reviewed in Appendix A. In what follows, we apply parameter continuation
and bifurcation analysis to the system of coupled NLS equations (1) with
cubic and saturable nonlinearities.

3. The coupled cubic NLS equations

We consider the system of coupled cubic NLS equations [4, 15, 23]:

Y1z + Vi + (W1 12+ x1¥212) ¥ =0,
iVo: + Yoex + (X 1V 2 + [¥2*) Y2 = 0,

where x > 0. The system is a particular example of (1) with N =2, d; =
d, =1, and

(13)

U =31y l* + x v Pyl + 5lval*. (14)

The system (13) has a countable infinite set of families of vector solitons
®(x) = (P, P,)", classified by different nodal index i = (i1, i)', where i, is
the number of zeros of ®,(x) on x € R [9, 14, 36]. We consider here families
of vector solitons with nodal index i = (0, n)', n € N, which are locally close
to the NLS soliton, ®xrs(x) = (®©, 0)T, where ®©(x) = /2B sech(/B1x).
We let 81 = 1 and B, = B for convenience and introduce scalar Schrodinger
operators:

2

d
Ly=——— + 1 —2sech’(x), (15)
dx?
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d2

Ly =——— 41— 6sech’(x), (16)
dx?
d2 2 2

Ly = ——— 4+ A, (x) — 2x sech”™(x), (17)
dx?

where

14+8y — (2 1
M = A CNED (18)

The scalar operators Lo, L, L define the matrix operators Ly and £, at e = 0:

Eo = diag(Lo, LS), El = diag(Ll, LS).

We define the perturbation series expansions of vector solitons ® = (®;, ®,)":

O 1(x) = PO(x) 4+ 2P (x) + O(e%),

(19)
Dy (x) = €edD(x) + 3D (x) + O(ed),

and
B =22(x) +€2Cu(x) + O(eY). (20)
Corrections of the perturbation series (19) and (20) satisfy the linear equations:
LoV =0, 1)
L1d® = x oV (o), (22)
Ly®® = —C,()DV 4 2 QoD@ 4 (p1))3, (23)

The problem (21) has a decaying solution @ = ®{"(x) (see [14, 36]). When
n = 0 and x > 0, the solution CDE)I) = sech®(x), s = Ao(x) is a ground state.
When n > 0 and x > x, = n(n + 1)/2, the solution (IDSll)(x) is an excited state
with exactly » nodes on x € R. The problem (22) also has a decaying solution
®@)(x), because the right-hand side x ¢(O)(¢£,l))2 is orthogonal to the kernel of
the operator £;, which is ®©’(x). By the Fredholm Alternative Theorem, the
problem (23) has a decaying solution if and only if the right-hand side is
orthogonal to the kernel of L, which is d>§11)(x). The orthogonality condition
defines the parameter C,(x) in the form

(04" 0082 + (01)')
el

The condition C,(x) # 0 gives the sufficient condition of continuation of
the perturbation series expansions (19) and (20). Thus, for x > x, and

Ca(x) = (24)
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Cu(x) # 0, there exists some R, > 0, such that the nth family of vector
solitons ®(x) = (P, ®,)T with the nodal index i = (0, n)T bifurcates from
Bnis = (DO, 0)T in the one-sided domain B,,:

By ={B:0<|B=21(x)| < Ru sign(B —22(x) =sin(Ca(x))}. (25)

These results for the first three families » = 0, 1, 2 were analytically obtained
and numerically verified in [36]. We investigate stability of the nth family of
vector solitons in the one-sided domain B, below.

3.1. Analytical results

We trace unstable eigenvalues using the Closure Theorem. We consider a generic
case C,(x) # 0 in the one-sided open domain 5, and show that the left-hand
and right-hand sides of the closure relation (9) are equal to 2n for small € > 0.

Operator Ly in (15) has one bound state for zero eigenvalue, operator L in (16)
has two bound states for negative and zero eigenvalues, and operator L in (17)
has (n 4+ 1) bound states with n negative and one zero eigenvalues. Therefore,
ate =0,wehave n(Ly) =0+n=n,z(Ly)=1+1=2,n(Ly) =1+ n, and
z(L£y) =14 1 = 2. It follows from the Sturm Nodal Theorem that

n(Lo)=n, z(Lo)=2, Ye=>D0.

Because z(L£;) = 2 > 1, we have the bifurcation case z(L£;) > 1 for e = 0 (see
Appendix A.1). It is however a degenerate bifurcation case, because it occurs
on the boundary of the existence domain B,, such that 8 € 5,. We trace the
zero eigenvalue of £ for € # 0 by the regular perturbation series,

T e, of 0 1O (26)
S %) R B R PETE) R

and
A =€2h + O(e?). (27)

Corrections of the perturbation series (26) satisfy a set of linear nonhomogeneous
equations:

L =2x 0O (o)’ (28)

Lu® = (2 = GO +2x 0PN () + 0?) +3(V)°. (29)

It follows from (22) and (28) that ") = 2&?). By the Fredholm Alternative
Theorem, decaying solutions of (29) exist if and only if the right-hand side
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of (29) is orthogonal to <I>£,l)(x). Using (24), we find that 1, = —2C,(x).
Therefore, we have

n(Ly) =1+0Cu(x)+n, zL)=1, €>0,

where ©(z) is the Heaviside step-function. We trace the zero eigenvalue of I/
from (7) and (19):

) de?
Uy, = 901 =2+ 2(0®, c1><2)>i + O(e?),
aﬂl Bi=1 aﬂl Bi=1
9 de?
U > = 9O = 2(0©, ¢<2>>i +O(ed),
B2 |g -1 B2l =1
i) 0e?
UZ,I — & — <(D£zl)’ cDg[U)i 4 0(62),
B 1p=1 B g1
) 0e?
Uy, = 902 = (@O, <I>§,1))i‘ + 0.
2 1p,=1 B2 | g1
It follows from (20) that
de? 1
— = + O(€?) (30)
8/82 Bi=1 Cn(X)
and, due to the symmetry of U,
detUf) = "1+ O(?). (31)
Cu(x)

Therefore, we have

pU)=14+0(C,(x)), zU)=0, €=>0.

We conclude that the bifurcation case z(L£;) > 1 on the boundary of the
existence domain 8 € 9B, does not result in bifurcation of any eigenvalue A
of the stability problem (4), such that n(L,) — p(Uf) + n(Ly) = 2n is valid
everywhere in 8 € B, U dB,. It follows from the Closure Theorem that the
ground state with n = 0 is spectrally stable in 8 € 5, while the nth excited
state with » > 1 may have at most N,y unstable eigenvalues, where 0 <
Nunst < 2n. We show that Nynse = 2Ncomp = 21 in B € B, in a generic case.
At € = 0, the stability problem (4) can be decoupled as follows:

L]Lll = —Awl, L0w1 = )\Lll (32)
and

Ls(uz + iU)z) = :I:i)u(uz + iwz). (33)
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The first problem (32) has the continuous spectrum for Re(A) = 0 and
[Im(A)] > 1 and the zero eigenvalue A = 0 of algebraic multiplicity 4 and
geometric multiplicity 2. The second problem (33) has the continuous spectrum
for Re(A) = 0 and |Im(})| > A2(x), zero eigenvalue A = 0 of geometric
and algebraic multiplicity 2, and 2n isolated eigenvalues in the points A =
:I:i()\ﬁ — )»ﬁ), where k =0, 1,...,n — 1. It follows from (18) that for x > x,:

M=M= 2L+ -] >m—k*>1, 0<k<n (34

Therefore, 2n isolated eigenvalues of the problem (33) are embedded in the
continuous spectrum of the problem (32). These embedded eigenvalues have
negative energy A[u, w], because at € = 0:

(e, L1ug) = (Wi, Lowe) = —(AF = 22)(@, @), 0<k<n,  (35)

where u; = (0, QDE{I))T and w;, = (0, :FiCDS))T at ¢ = 0. By Appendix A.4, all
2n embedded eigenvalues of negative energy /4[u, w]| bifurcate in a general
case of nonzero I', see Equation (A.29), to complex unstable eigenvalues
A, € C,Re(1) > 0 for € # 0, such that Nyea + 2N comp + 2Ni:nag = 2Ncomp =
2nin B € B,.

3.2. Numerical results

For € # 0, the linearized problem (4) satisfies the assumptions of the Closure
Theorem. Therefore, all unstable eigenvalues Ny = 2Ncomp = 27 are
structurally stable for larger values of €, until new bifurcations occur in
the parameter continuations. We study numerically the locations of unstable
eigenvalues in the linearized problem (4) related to the vector solitons ¢ =
(@, ®,)" with nodal index i = (0, n)T, » = 1, 2. Our numerical algorithm is
based on the shooting technique in the complex A-plane. We also determine the
indices n(Ly), n(L), and p(If) by a numerics-assisted procedure as described
in [39], and relate them to the number of unstable eigenvalues by using the
closure relation (9).

Figure 1 shows the first family of multihump vector solitons with the
correspondence: u = ®(x), v = ®,(x), and w = 4/B. For w < 1, this family
exists between x1(8) < x < x2(B8), where x = x2(B) is the local bifurcation
boundary, and x = x1(8) is the nonlocal bifurcation boundary [9]. Hence, the
one-sided domain B € B is located to the left of the local bifurcation curve,
and sign(C1) = 1 in (25). When parameter w = 0.6 is fixed, we readily find
that y; = 0.28 and x, = 2.08. When xy moves from y, to i, the distance
between the two pulses in the v component grows. It diverges to infinity at the
nonlocal bifurcation boundary (near point a in Figure 1).

Figure 2 shows unstable eigenvalues of the linearized problem (4) for w =
0.6 and x; < x < x»2.Inthe domain 8 € By, there is a pair of unstable complex
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Figure 1. Vector solitons of the first family in the cubic model (13) at 8 = 0.36 and three

[T3RL)

x values marked as “x” in the upper left figure. Here, o = /B and (u, v) = (®;, ®,).

eigenvalues A = Re(o;) £ ilm(o,), which bifurcates from the embedded
eigenvalues A = %i(A2 — 1}); see Equation (34).

When x — 1%, the complex eigenvalues A = Re(o;) & ilm(o;) approach
the imaginary axis and become embedded eigenvalues A = +i(1 — w?). The
case x = 1 corresponds to the integrable Manakov system, when the linearized
problem (4) has the following exact solution

uo=<_q)2> Wo=:|:i($2), A= £i(l — o). (36)

D, 1
2 //
3
= 1.5
©
g - Im(oz)
C 1 -
(0]
2 .
() 01 T -
0.5 S
" Re(o,) \ Re(o,)
0
0.5 1 1.5 2

Figure 2. Eigenvalue spectrum of the first family of vector solitons in the cubic model (13)
at B = 0.36. The solid (dashed) lines are the real (imaginary) parts of the eigenvalues.
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This exact solution is generated by the additional polarizational-rotation
symmetry in the potential function U = U(|yr|> + |1/2]?) at x = 1. Embedded
eigenvalues A = £i(1 — w?) have negative energy A[u, w], because

(o, Liug) = (wo, Lowo) = —(1 — @")((Py, P1) — (P2, P2)) <0,  (37)

where the last inequality is confirmed numerically from integration of the
exact solutions [34]:

V1 — w?coshwx
Di(x) = - - , (33)
cosh x cosh wx — w sinh x sinh wx
wv'1 — w?sinhx
Dy(x) = — (39)

coshx coshwx — wsinh x sinh wx’

in the entire domain of existence: 0 < w < 1. Because embedded eigenvalues
A = +i(1 — w?) at x = 1 have negative energy 4[u, w], they bifurcate to the
complex plane for x % 1 when the polarizational symmetry is destroyed. This
is indeed the case as shown in Figure 2, in agreement with Appendix A.4.

There is an additional instability bifurcation at y = 1. This bifurcation
comes about because at this x value, the first family of vector solitons ® =
(@1, ®;)" can be generalized to asymmetric solutions with an additional free
parameter [3, 14, 36]. As a result, the derivative of the asymmetric vector
solitons with respect to the free parameter is an eigenvector in the kernel of
the operator £, such that z(£;) = 2 at x = 1. When x # 1, the integrability
of the Manakov system is destroyed, and a pair of real or purely imaginary
eigenvalues is generated, in agreement with Appendix A.l. Indeed, Figure 2
shows a pair of purely imaginary eigenvalues A = +io; for x > 1, which
merges to the end points A = Fiw? of the continuous spectrum at x = 1.185,
and a pair of real eigenvalues A = +o, for x < 1.

Now, we relate the results of Figure 2 to the closure relation (9). For
this purpose, we have determined the indices n(L;) and p(Uf) by the
numerics-assisted procedure in [39] (we note that n(Ly) = 1 everywhere in the
existence domain of the first family of vector solitons). For w = 0.6, we have
found numerically that

4, 1,
(L) = K=X=5 puUy=2forall yi < x <y, (40)
3, l<x<xs

such that

3, x<yx<l,
w(E) o) = pa =13 10T (41)

On the other hand, Figure 2 shows that
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Figure 3. Vector solitons of the second family in the cubic model (13) at 8 = 0.36 and three
x values. Notations w, u, and v are the same as in Figure 1.

I, xi<x<l1

Neomp = 1 forall x1 < x < x2, Nical = { (42)

0, 1<yx<x
and the closure relation (9) is thus satisfied.

Figures 3 and 4 show similar results for the second family of multihump
vector solitons. When parameter w = 0.6 is fixed, the local bifurcation boundary
is x» = 4.68 and the nonlocal bifurcation boundary is x; = 1.68. Again,
the one-sided domain S8 € B, is located to the left of the local bifurcation
boundary, such that sign(C,) = 1. However, such solitons exist on both sides

Re(o)

Figure 4. Eigenvalue spectrum of the second family of vector solitons in the cubic model
(13) at B8 = 0.36. The solid (dashed) lines are the real (imaginary) parts of the eigenvalues.
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of the nonlocal bifurcation boundary x = x;. As x moves leftward from
X = X2, it first crosses the nonlocal bifurcation boundary x = i, then turns
around, and approaches the nonlocal bifurcation boundary from the leff side
(see point @ in Figure 3). This behavior has been explained both analytically
and numerically in [9].

Using the same shooting algorithm, we have obtained the unstable eigenvalues
of the linearized problem (4) and displayed them in Figure 4. In the domain
B € B,, there exist two pairs of unstable complex eigenvalues, such that the
pair A = Re(o4) % iIlm(o4) bifurcates from the pair of embedded eigenvalues
A = £i(A} — A3), while the pair A = Re(o3) & ilm(o3) bifurcates from the
pair of embedded eigenvalues A = +i(A} — A3). Figure 4 also shows that the
pair A = Re(o3) & ilm(o3) approaches the imaginary axis and becomes a pair
of embedded eigenvalues at y = x, & 2.49, but then reappears as a pair of
complex unstable eigenvalues for x < y,, in agreement with Appendix A.4.

There are two more instability bifurcations in Figure 4. At x = x, ~ 2.44,
the zero eigenvalue bifurcates into a pair of imaginary eigenvalues A = %io,
for x > x, which then merges into the end points A = %i? of the continuous
spectrum at x & 2.72. When x < yx, this zero eigenvalue bifurcates into a pair
of real unstable eigenvalues A = 0 ,. At yet another point y = x. = 2.17, the
zero eigenvalue bifurcates into a pair of imaginary eigenvalues A = +io)
for x > x., which merges into the end points A = Fiw? of the continuous
spectrum at x ~ 3.01. When x < x., this zero eigenvalue bifurcates into a
pair of real unstable eigenvalues A = +o7.

To relate the numerical results of Figure 4 to the closure relation (9), we
have again determined the indices n(L;) and p({/) by the numerical algorithm,
while n(Ly) = 2 everywhere in the existence domain of the second family of
vector solitons. For @ = 0.6, we have found numerically that

L X1 <X < Xes
pU) = { 5 (43)
9 XC < X < X29

n(Ly) = S0 X1 <X < Xb
T4 o <x < xe

such that
6, X1 <X <JXe
n(Ly)+n(Lo) — pUU) =15, Xe <X < X, (44)
4, X <X < X
On the other hand, Figure 4 shows that
2, X1 <X < Xes
Neomp =2 forall x1 < x < x2, New=31L Xe <X < Xbs 45)
0, Xx»<x<x-

Hence, the closure relation (9) is satisfied. In particular, the instability bifurcation
at x = x, is due to a jump in the index n(L;) (similar to the first family),
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while the instability bifurcation at x = x. is due to a jump in the index p(i).
These two bifurcations occur in agreement with Appendices A.1 and A.2.

Although our results were obtained here for a particular value w = 0.6,
we expect that similar results hold for other values of w, when 0 < w < 1.
We conclude that the first and second families of multihump vector solitons
in the coupled cubic NLS equations are all linearly unstable (except for the
integrable Manakov system x = 1, where the first family is neutrally stable).

It is remarkable that the main features of instability bifurcations for the first
family of multihump vector solitons are repeated for the second family of
vector solitons, irrelevant whether the coupled NLS equations are integrable or
not. This allows us to conjecture that a similar pattern of unstable eigenvalues
persists for a general nth family of multihump vector solitons, with more
unstable eigenvalues and additional instability bifurcations appearing as n
increases.

4. Two coupled saturable NLS equations

We consider the system of two coupled saturable NLS equations [11, 16]:

| WP el

W et G+ e 46)
2 2

W 4 4 — TR

L+ s(1y112 + [¥2?)

where s > 0. This system is a particular example of (1) with N =2, d; =
d, =1, and

1 1
U= (0l +1P) = Slog (1 +s(al +1v2l). @7

We consider again the nth family of vector solitons ® = (®;, ®,)! with nodal
index i = (0, 7)", n € N, and convenient parameterization 8; = 1 and 8, = B.
The nth family bifurcates from the scalar solution ® = (&g, 0)", where ®¢(x)
satisfies the ODE:

3

d — d cI)0 =0 48
0o 0+1+Sq)%_ . ( )

The local bifurcation occurs at 8 = ,(s), when there exists a n-nodal bound
state ®,(x) in the linear eigenvalue problem:

P3P,

¢//_ q) + —
n = Pn®n 1+s®}

(49)
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Vector solitons in the nth family disappear at the nonlocal bifurcation boundary.
The domain of existence for the first three families » = 0, 1, 2 has been
obtained numerically in [9, 26]. We trace analytically unstable eigenvalues and
show that Nyeal + 2N comp + 2N, = 2n for small |8 — B,(s)| < 1. At B =
Bn(s), the stability problem (4) can be decoupled as follows:

L]Lll = —)\,U)1, L()U)] = )»Z/ll (50)
and
LS(M2 + iwz) = :tik(uz + in), (51)
where
d? o2
Lo=———+1-— 0 . 52
‘ dx? 1+ s®f 52)
d? ®2(3 + s D2
L1=__2+1—°(7§), (53)
dx (1 + s ®3)
2 2
L, = M . 54
+ﬁ (s) — ey q>2 (54)

The first problem (50) is the linearized stability problem in the scalar saturable
NLS equation (46) for ®y(x). Based on numerical data in [25, 26], we assume
that the bound state ®¢(x) is spectrally stable in the scalar saturable NLS
equation and the problem (50) does not have any eigenvalues of negative
energy s[u, w]. It has the continuous spectrum at Re(A) = 0 and |[Im(A)| > 1,
the zero eigenvalue A = 0 of algebraic multiplicity 4 and geometric multiplicity
2, and possibly isolated eigenvalues A € iR of positive energy.

The second problem (51) has the continuous spectrum at Re(A) = 0 and
[Im(X)| > B,(s), zero eigenvalue A = 0 of geometric and algebraic multiplicity
2, and 2n isolated eigenvalues A = +i[8i(s) — Bn(s)], where k =0, 1,...,n —
1. By the Sturm Nodal Theorem, eigenvalues S(s) (k = 0, ..., n) are ordered
in the decreasing order and are characterized by eigenfunctions ®;(x) with k&
nodes, such that the ground state ®((x) corresponds to Bo(s) = 1 and the nth
excited state ®,(x) corresponds to ,(s). The 2n eigenvalues have negative
energy /[u, w], because

(ug, Lyug) = (Wi, Lowe) = —[Bi(s) — Bu($)( Py, i) <0, 0=k <n,
(55)
where u; = (0, &)" and w; = (0, Fi®;)" at f = B,,(s). Therefore, 2Ny, .. = 2n
at 8 = B,(s). Because the zero eigenvalue has the generic algebraic mult1p11c1ty
6, no negative eigenvalues of £; and L, arise from the zero eigenvalue, such
that we have Nycal + 2N comp + 2N, = 21 for |B — B,(s)| < 1 by continuity

imag
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of the negative index n(%). The ground state with n = 0 is therefore spectrally
stable in the existence domain (whichis 8 = 1, s > 0 for n = 0).

We show that the nodal bound state with » > 1 may have at most Nug
unstable eigenvalues, where 0 < Ny < 2n — 2. The number of unstable
eigenvalues is reduced by two, because there are two eigenvalues A = £i(1 — )
of negative energy, which exist for all vector solitons with » > 1 due to the
polarizational-rotation symmetry in the potential function U = U(|y{)* +
|¥2]?). This pair of eigenvalues is similar to the one that occurs in the
coupled NLS equations (13) with x = 1, such that the stability problem (4)
has exactly the same solution (36) for B = w’. These eigenvalues have
negative energy /[u, w] due to (37), where the inequality remains true in the
entire existence domain, as follows from numerical data in [26]. If 8 < 1/2,
these eigenvalues A = +i(1 — B) are embedded in the continuous spectrum
of the problem (4), but never bifurcate off the continuous spectrum as the
parameters vary. Therefore, 2N i:nag >2and 0 < Nyt <2n — 2 forn > 1. As
a result, the first family of vector solitons is spectrally stable when g is near
the local bifurcation boundary 8 = B,(s).

When 8 = B(s), the eigenvalues A = +i[81(s) — B2(s)] are embedded into
the continuous spectrum if 8,(s) > 28,(s), and are isolated from the continuous
spectrum if 81(s) < 282(s). In the first case, the embedded eigenvalues bifurcate
generally to complex unstable eigenvalues for 0 < |8 — B2(s)| < 1, according
to Appendix A.4. In the second case, the isolated eigenvalues do not bifurcate
to complex unstable eigenvalues for 0 < |8 — Ba(s)|] < 1. Because these
eigenvalues have negative energy [see Equation (55)], the number of unstable
eigenvalues Ny is then 0. In other words, vector solitons of the second family
near the local bifurcation boundary with 8(s) < 28,(s) are spectrally stable.

We compare the above theoretical results with numerical results in [26],
where unstable eigenvalues in the linearized problem (4) were obtained for the
first and second families (see Figures 2 and 3 in [26], where (X, 8) correspond
to our parameters (8, ¢)). It was shown in [26] that the first family of vector

solitons is stable in the domain B;(s) < 8 < ,ngb(s), in agreement with our

prediction of linear stability near the first local bifurcation boundary g =
Bi(s). At g = ,ngb(s), the bifuf::)ation z(U) = 1 occurs, which generates a pair

of real eigenvalues for B > B, (s) and a pair of imaginary eigenvalues for
B < /3(1) (s), in agreement with Appendix A.2. Therefore,

stab

3, ,BS“a) < B <,
n(Ly) + n(Lo) — plh) = { b o (56)
2’ 131 < ,3 < IBStab’
and
Nipge = 1 forall B, Ny = sta o (57)
O’ /31 <IB<IBstab‘
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Figure 5. Eigenvalue spectrum of the second family of vector solitons in the saturable model
(46) at B = 0.16. The solid (dashed) lines are the real (imaginary) parts of the eigenvalues.

For the second family, the eigenvalues A = +i[8,(s) — B2(s)] are embedded
when 0.646 < s < 0.857 and isolated when s > 0.857. According to our
prediction, the embedded eigenvalues should bifurcate to the complex unstable
eigenvalues for 0 < |8 — Ba(s)| < 1. However, it was claimed in [26] that
vector solitons in the second family were stable near the local bifurcation
boundary 0 < |8 — Ba(s)| <« 1 for all values of 5. To resolve this discrepancy,
we have numerically determined the eigenvalue spectrum for vector solitons in
the second family by the shooting method. Figures 5 and 6 present numerical
results for B = 0.16 and B = 0.49, respectively.

For B8 = 0.16, the local bifurcation boundary of the second family occurs at
s = 0.785 and the eigenvalues A = +i[Bi(s) — Ba(s)] are embedded, such
that a pair of unstable complex eigenvalues A = Re(o,) £ ilm(o;) bifurcates
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Figure 6. Eigenvalue spectrum of the second family of vector solitons in the saturable model
(46) at B = 0.49. The solid (dashed) lines are the real (imaginary) parts of the eigenvalues.
The right figure is a zoom-in of the left figure.
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for s < 0.785. These complex eigenvalues indicate the oscillatory instability
of vector solitons near the local bifurcation boundary |8 — Ba(s)| < 1 for
B = 0.16. Thus, the claim in [26] on the stability of second family vector
solitons anywhere near the local bifurcation boundary is incorrect. Note that
the complex eigenvalues . = Re(o;,) & ilm(o;) persist throughout the entire
existence domain of the second family, which is 0.513 < s < 0.785 at 8 = 0.16.

Furthermore, a pair of purely imaginary eigenvalues A = =i|o| bifurcates
from the end points A = £i 8 of the continuous spectrum at s = 0.763, merges
into the origin at s = 0.696, and then bifurcates into a pair of real eigenvalues
A = Foy for s < 0.696. This exponential instability induced by the real
eigenvalue A = o has been reported in [26]. Because it was claimed in [26]
that z({/) = 0 in the entire existence domain of the second family of vector
solitons, we conclude that the instability bifurcation at s = 0.696 falls into the
scenario of Appendix A.1 with z(£;) = 2. In the interval 0.513 < s < 0.696,
the oscillatory instability is overshadowed by the exponential instability from
the eigenvalue A = o. However, in the interval 0.696 < s < 0.785, this
oscillatory instability is the only instability experienced by vector solitons.
Because Re(o,) is less than 0.011 in the interval 0.696 < s < 0.785, it may
explain why this oscillatory instability was missed in the numerical results of
[26].

For 8 = 0.49, the local bifurcation boundary of the second family occurs
at s = 0.894, and the eigenvalues A = +i[Bi(s) — PBa(s)] are isolated,
such that vector solitons near the local bifurcation boundary are spectrally
stable. This is indeed confirmed in Figure 6, where the spectrum diagram is
displayed for all values of s. It is seen that at the local bifurcation boundary
s = 0.894, there are two pairs of isolated imaginary eigenvalues. The pair
A = Fi[Bi1(s) — Pa(s)] = £0.292i has the negative energy, while the pair
A = £0.310i has the positive energy. The second pair corresponds to the
positive eigenvalue of L, in (54). As s moves leftward from the boundary
point 0.894, these two imaginary eigenvalues move toward each other. At
s = 0.891, they coalesce and create a quadruple of complex eigenvalues, in
agreement with Appendix A.3. However, this instability persists only in a tiny
interval 0.882 < s < 0.891, and it is very weak, with growth rates below 0.01.
At s = 0.882, these complex eigenvalues coalesce and bifurcate back into two
pairs of purely imaginary eigenvalues again. When s decreases further, one pair
of these imaginary eigenvalues (denoted as o in Figure 6) always remain
imaginary, but the other pair of imaginary eigenvalues (£o, in Figure 6) move
toward 0 and become real for s < 0.80, in agreement with Appendix A.l.
There is one more eigenvalue (o3) in Figure 6, which bifurcates from the edge
of the continuous spectrum at s = 0.718, and always stays imaginary. The
pattern of Figure 6 differs from that of Figure 5 in that complex instability is
not set in at the local bifurcation boundary § = B,(s), and, once it is set
in, it is confined in a narrow interval of s. Similar to the 8 = 0.16 case
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Figure 7. Regions (shaded) of exponential and oscillatory instabilities of the second family
of vector solitons in the saturable model (46).

above, this narrow interval of oscillatory instability was missed in [26], but the
exponential instability was captured there.

Finally, we have mapped out the regions of exponential and oscillatory
instabilities in the entire domain of existence for the second family of vector
solitons. The results are shown in Figure 7. The almost-straight boundary lines
show the local and nonlocal bifurcation boundaries [9]. The large domain of
exponential instability away from the local bifurcation boundary corresponds
to the one computed in Figure 2 of [26]. The domain of oscillatory instability
consists of two subdomains. The larger subdomain originates from the local
bifurcation boundary for s < 0.857, where the eigenvalues A = +i[B,(s) —
Ba(s)] are embedded. The smaller subdomain originates from the local
bifurcation boundary for s > 0.857, where the eigenvalues A = £i[B(s) —
B2(s)] are isolated but bifurcate to complex eigenvalues away from the local
bifurcation boundary 8 = B,(s). Both subdomains of oscillatory instability
were missed in [26].

5. Summary

We have applied the Closure Theorem for the negative index of the
linearized Hamiltonian to multihump vector solitons in the general coupled
NLS equations (1). Unstable eigenvalues of the linearized problem (4) are
approximated with the perturbation series expansions and found numerically
with the shooting method. Not only the numerical results are in excellent
agreement with the closure relation (9), but also the closure relation (9)
shows that all unstable eigenvalues are recovered with the numerical shooting
method. These analytical and numerical results establish that all multihump
vector solitons in the nonintegrable coupled cubic NLS equations are linearly
unstable, while multihump vector solitons in the coupled saturable NLS
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equations can be linearly stable in certain regions of the parameter space. In
the latter case, we have also discovered a new oscillatory instability that was
missed before. This oscillatory instability significantly reduces the stability
domains of vector solitons.

We note that the Closure Theorem is applied differently in Sections 3 and 4.
For coupled cubic NLS equations, we compute the closure relation (9) from
the right-hand side n(L;) — p(U) + n(Ly) at the local bifurcation boundary
and then match it with the number of unstable eigenvalues of the linearized
problem (4). For coupled saturable NLS equations, we compute the closure
relation (9) directly from the left-hand side Nicat + 2Ncomp + 2N i:nag at the
local bifurcation boundary and continue it in the entire existence domain.

While the negative index theory is well understood in [27] and well illustrated
in [17, 18] and this paper, the following problem still remains a challenge:
“How do we understand the stability of vector solitons in sign-indefinite
coupled-mode equations, such as the nonlinear Dirac equations?” The Closure
Theorem is obviously invalid for the Dirac equations as the continuous spectrum
has both positive and negative energies. Thus, a generalization of the Closure
Theorem to such systems is highly desirable for future advances.
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Appendix: Bifurcations of unstable eigenvalues

Here, we classify the four special cases, when one of the assumptions (i)—(iv)
of the Closure Theorem fails. We derive sufficient conditions, when new
unstable eigenvalues with Re(X) > 0 bifurcate in the linearized problem (4)
from eigenvalues with Re(A) = 0. For the clarity of notations, we use an
equivalent form of the spectral problem (4):

Liu=yLy'u, ue XY(R), (A.1)

where y = —12 and X"(R) is the constrained subspace of L2(R):
XY ={uel’: (Dyeu)y=0,n=1,...,N}. (A2)
Here, ey, ..., ey are unit vectors in R" and none of the components ®,(x) is

assumed to vanish identically on x € R. Operator £, is always invertible in
Xf;”) (R), because eigenvectors {®,(x) e, }_, form a basis in the kernel of L.
In the domain D, = {A € C: |A| > €} for any € > 0, there exists a relation
between u(x) and w(x):

w=1Ly'u, AeD, (A.3)
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such that two eigenvectors (u, w)* and (u, —w)" of the linearized problem (4)
for A and (—X) correspond to a single eigenvector u(x) of the problem (A.1)
for y = —A2.

A.1. Zero eigenvalues of L and L

The kernel of £ has a basis of N eigenvectors {®,(x) e, }_,. Therefore, the
existence domain of the vector solitons (2) is confined by the boundaries,
where ®,(x) = 0 for some n = 1,..., N. Let B be an open simply connected
domain in the parameter space (81,...,8xn), where the vector solitons (2)
exist. No bifurcations of zero eigenvalues of £y occur in 3 € B.

The kernel of £; has always the eigenvector ®'(x). When z(L£;) = 1, this
is the only eigenvector in the kernel of £;. When z(L;) > 1, additional
linearly independent eigenvectors ug(x) exist in the kernel of £, such that
the geometric multiplicity of A = 0 in the linearization problem (4) exceeds
(N + 1). Under parameter continuation, the zero eigenvalue A = 0 generally
moves either to the real or purely imaginary axes of A. We study this bifurcation
in the case when z(L£,) = 2,z(U4) =0, and 3 € B.

PrROPOSITION A.1. Let € be the bifurcation parameter and, at € = 0, there

exists a nonzero eigenvector Uy € Xﬁ“) (R), such that Liuy =0 and uy is
linearly independent of ®'(x). Assume that L,(€) and Lo(€) are C'-functions
at € = 0, such that ly = (uy, Eal(O)uo) # 0 and 8§, = (ug, L1(0)ug) # 0.
Then, there exists €y > 0 such that the linearized problem (4) has a real
positive eigenvalue A in the domain:

D.={e:0 < |e| <€y, sign(e)= —sign([ydl,)}.

Proof: We expand solutions of (A.1) in power series of €:
u(x) = up(x) + eu;(x) + O(€?), y =€y, + O(e). (A.4)
The function u;(x) solves the nonhomogeneous problem in Xﬁ”)(R):
L1(0)u; + L£;(0)ug = 1Ly " (0)uo. (A.5)

Using the Fredholm Alternative Theorem, we find from (A.5) that §/; = y1/o.
If§ly #0, 1y # 0, and sign(e) = —sign(/(8/,), the eigenvalue y is negative in
the first order of €, such that A = +./—y are real. [ |

COROLLARY A.l. Let Ly be positive definite, such that ly > 0. A new

negative eigenvalue p(€) of L1 as € # 0 results in a new negative eigenvalue
y(€) of the problem (A.1), such that
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14 (ug, ug)

lim=-=——"—"—. (A.6)
=01 (llo, L, 1(O)llo>

Bifurcation z(£;) > 1 may occur only if N > 1 in the system (1). Analysis of
this bifurcation with the Lyapunov—Schmidt reduction method is reported in a
similar content in [17, 18, 30].

A.2. Zero eigenvalues of U

When z(U) > 0, algebraic multiplicity of A = 0 exceeds (2N + 2). Under a
parameter continuation, the zero eigenvalue A = 0 generally moves either to
the real or purely imaginary axis of A. We study this bifurcation in the case
when z(U) =1,z(L;) =1,and 3 € B.

PROPOSITION A.2. Let € be the bifurcation parameter and, at ¢ = 0,
there exists a nonzero eigenvector v € RN, Uv = 0, such that the eigenvector

u € Xéu)(R) solves the problem:
N
Liug=— 1, Py(x)e,. (A.7)
n=1

Assume that Li(€), Lo(€), and U(e) are C'-functions at € = 0, such that
Iy = (uy, [Zal(O)uo) # 0 and Su = (v, U'(0)v) # 0. Then, there exists €y > 0
such that the linearized problem (4) has a real positive eigenvalue A in the
domain:

D.={e:0 < |e| <€y, sign(e)= —sign(lodu)}.

Proof: If there exists v € RY, such that 2(0)v = 0, then the eigenvector
uy(x) for the problem (A.7) is given explicitly as

N
P
w) = v, 8@;“. (A.8)
n=1 n

Using £,0®/08, = —P,e, and LD, e, = 0 for any €, we obtain the following
derivative relations:

2®'0) ., 9%
£1(0) %, +£1(0)8ﬂn = — @ (0)e,, (A.9)
Lo(0)®'(0)e, + L§(0)D,e, =0, (A.10)

where ®'(0) stands for derivative of ®(¢) in €. We expand solutions of (A.1)
in power series of €:

u(x) = uo(x) + eu;(x) + O(€?), y = ey + O(e). (A.11)
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Because the eigenvector ug(x) solves the nonhomogeneous problem (A.7), the
relation between u(x) and w(x) is modified as follows:

1 N
w= ALy u+ < ; V@, (x)ey. (A.12)
As a result, the function u;(x) solves the nonhomogeneous problem:
N
L1(0)u; + Li(0)uo = Ly (Oug — Y v, @, (0)ey, (A.13)

1

n

subject to the constraints:
(®,(0)e, up) + (P, (0)e,, ug) = 0. (A.14)
Using the Fredholm Alternative Theorem, we find from (A.13) and (A.14) that

N
(uo, £1(0)ug) = y1(uo, L5 (0)ug) =2 " v, (®},(0)es, uo). (A.15)
n=1
As a result,
_ al 3 AP () 1 )
yi(uo | £5 (0)uo) = ;; b <d>m<e)em, W> _ = uom),

(A.16)

such that du = 2y/o. When §u # 0, [y # 0, and sign(e) = —sign(/odu), the
eigenvalue y is negative in the first order of ¢, such that A = +.,/—y are
real. [ ]

COROLLARY A.2. Let Ly be positive definite, such that ly > 0. A new

negative eigenvalue u(e) of U as € # 0 results in a new negative eigenvalue
y(€) of the problem (A.1).

Bifurcation z({/) > 0 was analyzed in [28, 31] with power series expansions
of the problem (4) near A = 0 and in [5, 19] with Taylor series expansions of
the Evans function.

A.3. Multiple nonzero eigenvalues of zero energy

When the problem (4) has a multiple eigenvalue A = Xy € iR of zero energy,
the corresponding eigenvector (ug, wo)' satisfies the conditions of the Fredholm
Alternative Theorem: (ug, Liug) = 0, (wo, Lowo) = 0, such that ~[ug, wo] = 0
and /y = (ug, £, 1uo) = 0. Under parameter continuations, multiple eigenvalues
are generally destroyed and new complex eigenvalues A may arise in the problem
(4). We study this bifurcation in the case, when a multiple eigenvalue A = A
has algebraic multiplicity 2 and geometric multiplicity 1, while 3 € BU dB.



132 D. E. Pelinovsky and J. Yang

PROPOSITION A.3. Let € be the bifurcation parameter and, at € = 0, there

exist nonzero eigenvectors W, U;, € Xﬁ”)(R) for vop e R and y¢ < ﬁfnin, such
that
Liug = poLy 'ug, (A.17)
Liuy = yoLy uy + Ly ap, (A.18)

and ly = (wg, L, 1uo) = 0. Assume that Li(€) and Lo(€) are C'-functions
at € = 0, such that )= (ug, L' (0)uy) #0 and 8h = (uo, (L}(0) —
YLy V(0))ug) # 0. Then, there exists €q > 0 such that the linearized problem
(4) has two complex eigenvalues ). with Re()) > 0 in the domain:

D ={e:0 < |e| <€y, sign(e) = —sign(/ydh)}.

Proof: We expand solutions of (A.1) in power series of €!/%:
u(x) = ug(x) + €'Apup(x) 4 eup(x) + O(e?), (A.19)
Y =1+ €y + ey + 0. (A.20)

The function u,(x) solves the nonhomogeneous problem in X, El‘)(]R):
L1(0)u; + L1 (0)ug = 1oLy (0)uz + yoLy " (0)ug
+ v Ly 0y + 2Ly (0)uy. (A.21)
Using the Fredholm Alternative Theorem, we find from (A.21) that 84 = y 3.

Because (y — yo)* = ey] + O(e*/?), the eigenvalues y bifurcate into the
complex plane if [y # 0, 84 # 0, and sign(e) = —sign(/yéh). [ ]

CoroLLARY A.3. Let Iy # 0 and §h # 0. There exists €y > 0 such that the
problem (A.1) has two real eigenvalues y in the domain:

D ={e:0 < |e| <€y, sign(e) = sign(ljoh)}

with oppositely signed quadratic forms
(u, £5u) = 2€'2115 + OCe).

When 0 < y¢ < Bmin, multiple eigenvalue A = A¢ is purely imaginary, and
the bifurcation of Proposition A.3 is the instability bifurcation. When yo < 0,
the eigenvalue A = A is purely real and is thus already unstable. Characteristic
features of bifurcation of multiple eigenvalues were analyzed in [12]. This
bifurcation is generic when purely imaginary eigenvalues of positive and
negative energies A[u, w] coalesce, according to Corollary A.3 [32]. General
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results on the collisions of purely imaginary eigenvalues of different energies
and the concept of so-called Krein signatures can be found in [22].

A.4. Embedded eigenvalues

When the problem (4) has an embedded eigenvalue A = Ay € iR with
[Im(Ao)| > Bmin, it is generically unstable under parameter continuation [12,
20, 21]. When it has a positive energy, it disappears from the continuous
spectrum, while when it has a negative energy, it bifurcates as complex unstable
eigenvalues with Re(}) > 0 [8]. We study this bifurcation in the case, when an
embedded eigenvalue has the geometric and algebraic multiplicities 1, while
BeBUIB.

PROPOSITION A.4. Let € be the bifurcation parameter and, at € = 0, there
exist a nonzero eigenvector Uy € Xﬁ”)(R) for vo € R, yo > B2, such that

min’
Elll() = yoﬁ(;lll(). (A22)

Assume that Li(¢) and Lo(€) are C'-functions at € = 0, such that
lp = (uy, E(;](O)uo) <0and T #£ 0 in (A.29). Then, there exists €y > 0 such
that the linearized problem (4) has two complex eigenvalues A with Re()) > 0.

Proof: For embedded eigenvalues, we use the linearized problem in the
original form (4). Consider perturbation series expansions near the embedded
eigenvalue A = Xg, with Im(Ag) > Bin:

u(x) = uo(x) + eu;(x) + €2uy(x) + O(e?), (A.23)
w(x) = Wo(x) + ew (x) + €2wy(x) 4+ O(€?), (A.24)

and
A= Ao+ €r + €2 + O(€). (A.25)

Corrections of the perturbation series (A.23) and (A.24) satisfy linear
nonhomogeneous equations following from the linearized problem (4):

Li1(0)u; + 2ow; = —L1(0)ug — 21wy,
(A.26)
Lo(0)w; — dou; = —Ly(0)wo + Aquo,

and
L1(0)uy + oWy = —L(0)u; — 3L7(0)ug — Aywi — AaWo,

l (A.27)
Lo(0)wy — doup = —Lb(O)Wl — E,Cg(O)Wo + Aug + Aoug.
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Bounded solutions of the problem (A.26) exist only if the right-hand side is
orthogonal to the eigenvector (ug, wp). The solvability condition results in the
equation:

A1 ({Wwo, ug) — (ug, wo)) = (uo, £](0)ug) + (wo, L(0)wo),

such that Re(A;) = 0. Because the eigenvalue A = Ay belongs to the continuous
spectrum of the problem (4), the correction terms (u;, w;) have nonvanishing
tails in the limit [x| — oo. Assuming that 8; < B8, <--- < By, we add the
Sommerfeld radiation conditions to uniquely determine the correction terms
(uy, wyp):

K)LO

u + € Fikjx
(Wl) — ;gj (iej) eFkiv x> 4oo, (A.28)

where g are some constants, kj = \/ (Im(X) — B,)/d;, and Kj, is the number
of branches with k; € R. It follows from (A.26) that

Im((uy, £ (0)ug) + (wi, LH(0)Wo) + A1 (uy, wo) — A1 (Wi, ug))

1
= _E(<ul7 Liag) + (wy, Lowi) — (Liag, uy) — (Lowy, Wi))

K}‘O

= 23 dik (/| + e [)
j=1

r<o. (A.29)

Again, bounded solutions of the problem (A.27) exist only if
A2({wo, up) — (ug, Wo)) + A1({Wo, uy) — (ug, Wi))

= (uo, £}(0)u;) + (Wo, Ly(0)wy) + 3 (o, L/(0)ug) + 3 (wo, LG(0)Wo),

(A.30)
such that
Re(hz) = Im({u;, £3(0)uo) + (w1 L5(0)Wo))
: 2Im(%o)(uo, Ly o)
B Ky djkj(ig}wz + |g/_|2) (A,31)

= Im(ko)(uo, ﬁalllo> .

When I # 0 and [y = (ug, £, 1(O)uo) < 0, the embedded eigenvalue A = X
becomes a complex unstable eigenvalue A with Re(A) > 0. [ |

COROLLARY A.4. The linearized problem (4) does not have complex or
embedded eigenvalues A if ly = (ug, L, L0)yup) > 0 and T # 0.
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Proof: The formal computation in (A.31) predicts that Re(A;) < 0, when
I' # 0 and I, > 0. However, the correction terms (u;, wi)' in (A.28) grow
exponentially in x, because k;(1) = \/ (Im(A) — iRe(A) — B;)/d; implies that
Im(k;) > 0. The embedded eigenvalue A = A, becomes a resonant pole with
Re()) < 0. [ |

Characteristic features of bifurcations of embedded eigenvalues were
analyzed in [8, 12]. This bifurcation is generic for multihump vector solitons
at the boundaries of the existence domain 3 € 48 [35].

Summarizing, there exist four bifurcations, which may lead to unstable
eigenvalues in the spectral problem (4): (i) z(£y) > 1, (i) z(U) > 0, (iii)
multiple eigenvalue Ag € iR, |Im(X)| < Bmin, and (iv) embedded eigenvalue
Ao € IR, [Im(Ag)| > PBmin. Let ny(h) be the negative index of the linearized
Hamiltonian in the constrained space Xﬁl‘)(R), i.e., the number of negative
eigenvalues of £; and £ in X (R). It is known from [13] (see also [27, 28]) that

nx(h) =n(Ly) — pU) + n(Lo). (A.32)
The closure relation (9) gives then:
nx(h) = Nreat + 2Ny + 2Neomp- (A.33)

It is clear from (A.33) that bifurcations (i) and (ii) change the negative index
ny(h) due to a change in N, while bifurcations (iii) and (iv) do not change
the negative index ny(h) due to an exchange in N, and Ncomp.

imag
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