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Inertia law for spectral stability of solitary waves
in coupled nonlinear Schrodinger equations
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Spectral stability analysis for solitary waves is developed in the context of the
Hamiltonian system of coupled nonlinear Schrodinger equations. The linear eigen-
value problem for a non-self-adjoint operator is studied with two self-adjoint matrix
Schrodinger operators. Sharp bounds on the number and type of unstable eigen-
values in the spectral problem are found from the inertia law for quadratic forms,
associated with the two self-adjoint operators. Symmetry-breaking stability analysis
is also developed with the same method.
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1. The problem

This paper addresses spectral stability of solitary waves in the system of N coupled
nonlinear Schrédinger (NLS) equations,

-8¢n 62¢n 2 2
0 0, T W P =0, n=1 N, (1)
where ¥, (z,7) : Ry xR — C, f, : RY — R and d,, € R. We assume that d,, > 0,
fn(0,...,0)=0,n=1,...,N and
0 frn 0 fm
= , n,m=1,...,N. 1.2
TP~ Obal? (2)

The system (1.1) has the following properties.

+dn

(i) The linear spectrum of (1.1) with f,, = 0 is uncoupled:

(2, 1) = / (o @ Fretwn(kn)2) qp, (1.3)

— 00
where w,, = —dnki <0.

(ii) Any solution of (1.1) is invariant with respect to N phase rotations:

Un(z,x) = e, (z,2), 0,€R, n=1,...,N, (1.4)
which are associated with IV conserved charge functionals,
Qi) = [ WP s, ¥ e L2(R), (15)
R
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784 D. E. Pelinovsky
(iii) Any solution of (1.1) is invariant with respect to space translation:
Un(z,2) = Yp(z,2 —s), seR. (1.6)
(iv) Any solution of (1.1) is invariant with respect to Galileo translation:
Un(2,2) = Yy (2,2 — 2Uz)eid;1(w7“2z), v eR. (1.7)

(v) Under the condition (1.2), the system (1.1) conserves the Hamiltonian:

H[w]—/ﬂg[idn

where f,, = OU/0|1,,|?, and the momentum associated with the symmetry (1.6)
is given by

2
% —U<lw1|2,~-,|wzv|2>]dx, ¥ e H'(R), (18)

P[] —ié[i<¢na(;in —wna(,;i”)] da. (1.9)

n=1

Under the condition (1.2), the system (1.1) takes the Hamiltonian form in canonical

variables u = (ug,...,uy)T and w = (wy,...,wy)T:

d uw\ _ 1 / o ON IN
& <’UJ) - 5"7H [u,w}, J = (_IN ON) ) (110)

where (u,w)" : Ry x R — R?*N | Ty and Oy are identity and zero matrices in R,
JT = -7 and the Hamiltonian H[u, w] follows from H[¢] with ¢, = u, + iw,, and
djn:un_iwn, n = 1,...,N.

2. The formalism

Stationary solutions of the coupled NLS equations (1.1) are defined by the standard
ansatz:

Yn(z,2) = @n(:v)ew”z, (2.1)

where @,, : R — R. Components ®,,(x) satisfy the system of equations

d*®,,
= @+ [u(P7,...,0%)Pr =0, lim &,(z)=0. (2.2)

d

Throughout the paper, we assume that the existence problem has a solution with
the following properties.

Assumption 2.1. There exists an exponentially decaying solution ®(x) =
(D1,...,2n)T € RN, & € HY(R) in an open domain B = (f1,...,8nx)T € BC RY.
The stationary solution is not degenerate, such that @, (x) = 0 only in a finite num-
ber of points x € R, n =1,..., N. The functions H[®] and Q,[®], n =1,...,N are
C' on B € B.
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Spectral stability of solitary waves in coupled NLS equations 785

Exponentially decaying solutions of (2.2) may exist only if 3, > 0 (assuming
d, >0),n=1,..., N, when components ¢, (x) decay asymptotically as

lim |®,(z)e™®l —cf| =0, a,= 1/%(> 0), (2.3)

r—Fo00

where ¢ are some non-zero constants. The constraint 3, > 0 is related to the con-

straint w, < 0 in the linear spectrum (1.3). The spectrum of exponentially decaying
stationary solutions (2.1) is isolated from the linear spectrum (1.3), when 3, > 0.
Otherwise, as for other systems of coupled NLS equations (Pelinovsky & Yang
2002), the exponentially decaying solutions become embedded into the linear spec-
trum (embedded solitons). Such solutions are semi-stable due to nonlinearity-induced
radiative decay, even if they are linearly stable (Pelinovsky & Yang 2002). We note
that the algebraically decaying solutions may also exist in the system (2.2) for 3,, = 0
and they are embedded into the edge of the linear spectrum at w,, = 0. We do not
consider algebraically decaying solutions in this paper.

Definition 2.2. Families of stationary solutions @(x) are classified by the nodal
index 4 = (i1,...,in)"T, where i, is the number of zeros of @, (z) for z € R. The
stationary solution @(z) with ¢ = 0 is called the ground state.

Lemma 2.3. Stationary solutions ®(x) are critical points of the Lyapunov func-
tional

N
A[TP] = H[l/)] + Z Bnthb]a (2'4)

where Q,[¥] and H 1] are given by (1.5) and (1.8).

Proof. The first variation of A[t] vanishes if ¢ = ®(x) satisfies the system (2.2).
|

Let A4(3) be the energy surface of the stationary solutions,

N
A(B) = Hy(B) + > BnQus(B), (2.5)

n=1

where Hy(B) = H[P] and Q,s(8) = Q,[P]. The Hessian matrix U of the energy
surface As(B) is a symmetric matrix with the elements

02 A
0Bn0Bm

Lemma 2.4. Let assumption 2.1 be satisfied. Matrix elements of the Hessian
matrix U are continuous functions of 3 in B, computed as

U, = Qs _ 2< 0P > (2.7)

Unm = (2.6)

T R ST

Matrix U has N real bounded eigenvalues in the domain 3 € B.
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786 D. E. Pelinovsky

Proof. By lemma 2.3, we have

N

oL oH, DOms
55 = Qnat <8ﬂn + 3 o ) — Q. (2.8)

By assumption 2.1, the second derivatives of As(83) are continuous in 3 € B. There-
fore, U is a matrix with bounded eigenvalues in 3 € B. Since U is symmetric, all
eigenvalues of U are real. ]

Let n(U), z(U) and p(U) be the numbers of negative, zero and positive eigenvalues
of U, respectively, such that n(U) + z(U) + p(U) = N.
Linearization at the stationary solutions (2.1) is defined by the expansion

Un(z,2) = [Pp(x) + Up(z,z) +iW, (2, x)]eiﬁ”z, (2.9)

where (U, W,)T € R? are perturbations functions. Neglecting nonlinear terms, we
find that the perturbation vectors U = (Uy,...,Ux)T and W = (Wy, ..., Wx)7 sat-
isfy the linearized system in Hamiltonian form,

% (g,) = L7n' U, wl, (2.10)

where the linearized Hamiltonian h[U, W] is the second variation of the Lyapunov
functional (2.4),

h= <U, £1U> +<W,,COW>, (2.11)
and Ly and £; are matrix Schrodinger operators with the elements
d? 2 2
(Colnn = (s + = 1@ 00 o (2.12)
d? 2 2 Ofn
(L1)nm = <_d"dx2 + Bn — fu(P7, ... ,@N))(Sn’m — 28@271@”@"1. (2.13)

The diagonal operator Lg is a composition of N scalar Schrodinger operators. The
matrix operator £; is symmetric in the Hamiltonian case (1.2). Both quadratic forms
in (2.11) are real valued. The linearized problem (2.10) reduces to a linear eigenvalue
problem after separation of variables: U = u(z)e*?, W = w(x)e**. Eigenvalues A
are defined by the spectrum of the non-self-adjoint operator A:

A (;‘J) =\ <Z)> . A= (?gl é;) . (2.14)

The operator A is defined on L?(R), equipped with the inner product

(f.g9) = A(i fn(x)gn(x)> dz. (2.15)

We use standard definitions of eigenvalues of A from (Hislop & Sigal 1996, defini-
tion 1.4).
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Spectral stability of solitary waves in coupled NLS equations 787

Definition 2.5. The value ) is an eigenvalue of A if ker(A — \) # {0} in L?(R),
such that there exists a non-zero vector function (u,w)? € ker(A — \) called an
eigenvector of A. The dimension of ker(A4 — A) is called the geometric multiplicity
of .

Definition 2.6. The discrete spectrum of A, oqis(A), is the set of all eigen-
values of A with finite algebraic multiplicity which are isolated from the contin-
uous spectrum of A, o¢on(A). The embedded spectrum of A, cemp(A), is the set
of all eigenvalues with finite algebraic multiplicity which belong to the continu-
ous spectrum of A, including the boundary points. The essential spectrum of A
is Oess(A) = Toon(A) U 0emp (A) and the point spectrum of A is 0,(A) = ogis(A) U
Temb(A). The total spectrum of A is 0(A) = 04is(A) U Tess(A) = 0p(A) U 0con(A).

Remark 2.7. The continuous spectrum oo, (/A) may contain resonances, corre-
sponding to bounded non-decaying eigenvectors, and semi-eigenvalues, corresponding
to eigenvectors, which are decaying at one infinity and bounded at the other infinity.
Definitions of resonances and semi-eigenvalues will be given in terms of the scattering
matrix for the problem (2.14) (see definition 7.1).

The non-self-adjoint linear eigenvalue problem (2.14) is formulated as a coupled
system for two symmetric matrix Schrodinger operators £y and £1. The spectrum
of these operators is reviewed in the following statements.

Lemma 2.8. Let £ be a symmetric matrix Schrédinger operator, either Ly or L.
The continuous spectrum of £ has N branches located at

oeon(L)= | J {NER:A=38,}. (2.16)

1<nEN

The discrete and embedded spectrum of L has a finite number of eigenvalues located
at

ais(L) = J{Am : Am € R,A < Bin}, (2.17)
Temb(£) = [ J{Am : Am € R, Bin < A < Bunax}» (2.18)

where fin = min;<,<n(6n) and Bmax = maxi<n<n (Bn). The algebraic multiplicity
of eigenvalues coincides with their geometric multiplicity and is at most N.

Proof. The matrix Schrodinger operator £ has exponentially decaying potentials
and becomes a diagonal differential operator in the limit |x| — co. As a result, the
continuous spectrum of L is defined by the Weyl criterion and the point spectrum
of L is finite dimensional (Hislop & Sigal 1996, theorem 7.2). Furthermore, since £
is self-adjoint, the algebraic multiplicity of eigenvalues always coincides with their
geometric multiplicity (Hislop & Sigal 1996, theorem 6.7).

Exponentially decaying solutions of the spectral problem Lu = Au are superposed
in the limit |2| — oo over a basis of N vector functions e,e~*Il, n = 1,... N,

where
/Bn - /\
by =\ ——.
dy
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788 D. E. Pelinovsky

For A < Bmin, all vector functions are exponentially decaying and there exist no
more than N linearly independent eigenvectors u(x) for some (isolated) values of
A. This contributes to eigenvalues of the discrete spectrum (2.17). For A > fax,
all vector functions are non-decaying and no embedded eigenvalues may exist. For
Bmin < A < Bmax, some components u, () are decaying, while the other components
un(x) are non-decaying. Let N7 be the number of non-decaying components. Then,
there exist N7 branches of the continuous spectrum of £ at this value of A\, and an
embedded eigenvalue (if it exists) corresponds to at most N —Nj linearly independent
decaying eigenvectors. [ ]

Lemma 2.9. Let assumption 2.1 be satisfied. The kernel of Ly has a basis of N
eigenvectors {®,,(x)e, })_,. The kernel of L1 has at least one eigenvector &' (z).

Proof. The eigenvectors of the kernels of Ly and £; are generated by the rotational
and translational invariance (1.4) and (1.6), respectively. By assumption 2.1 and
lemma 2.8, the set of non-empty eigenvectors {®, (z)e,}N_; forms a basis in the

kernel of L. [ |

Definition 2.10. Denote the number of negative and zero eigenvalues of oqi5(L)
as n(L) and z(L), respectively. The Morse index for stationary solutions is

n(h) =n(Ly) +n(Ly). (2.19)

Lemma 2.11. Let assumption 2.1 be satisfied. The negative index of Lg is

N
n(Lo) =Y in, (2.20)

where i, is the number of zeros of ¢, (x) for x € R. The negative index n(Ly) and
the nodal index i = (i1,...,iyx)T remain fixed in the open domain 3 € B.

Proof. Since Ly is a diagonal composition of scalar Schrédinger operators, the
Sturm oscillation theorem applies. Each operator (L), has a zero bound state
&, (), such that n((Lo)n,n) = in. By assumption 2.1, the set of non-empty eigenvec-
tors {@,,(z)e, }Y_, forms a basis in the kernel of Lo in B € B. Therefore, the index
n(Ly) remains fixed for any continuous deformations of @(z) in 3 € B. [ |

We finish this section with some general properties of the eigenvalue prob-
lem (2.14).

Lemma 2.12. If ) is an eigenvalue of (2.14), so are (—\), A, and (—\).
Proof. This standard result for linear Hamiltonian systems follows from the fact

that, if (u,w) is the eigenvector of (2.14) with A, then (u, —w), (u,w), and (u, —w)
are eigenvectors of (2.14) with (—\), A, and (—\), respectively. [ |

Definition 2.13. The stationary solution (2.1) is spectrally unstable if there exists
at least one eigenvalue A such that Re(\) > 0. It is weakly spectrally stable if all

eigenvalues A\ are zero or purely imaginary.
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Spectral stability of solitary waves in coupled NLS equations 789

Spectral instability occurs when the eigenvalue problem (2.14) has a pair of real
eigenvalues (\, —\) or a quadruple of complex eigenvalues (\, A, =\, —\). Weak spec-
tral stability does not yet guarantee strong spectral stability, since there may exist
eigenvalues of higher algebraic multiplicity with Re(A) = 0, which lead to nonlin-
ear instability of stationary solutions (Comech & Pelinovsky 2003). We shall study

here the generic case, when no structurally unstable eigenvalues exist in the problem
(2.14).

Assumption 2.14.

(1) oess(A) does not include semi-eigenvalues or embedded eigenvalues;

(i) 0ais(A) does not include non-zero eigenvalues of higher algebraic multiplicity;
(iii) 2(L£1) =1 and z(U) = 0.

Bifurcations in the spectrum of A may occur when assumption 2.14 is violated.
Bifurcations in the eigenvalue problem (2.14) will be studied elsewhere.

Lemma 2.15. Define the constrained function space X.(R) = Xc(u) P Xc(w), where
XMW ={ueL’R): (Pren,u)=0, n=1,...,N}, (2.21)
X = {w e L}(R) : (&', w) = 0}. (2.22)
Eigenvectors (u,w)? in the problem (2.14) for A\ # 0 belong to the space X.(R).
Proof. The linear eigenvalue problem (2.14) is written as a coupled system:
Liu = —\w, Low = \u. (2.23)

The constraints in (2.21), (2.22) follow from the Fredholm alternative theorem
applied to (2.23) for A # 0, since the kernel of £y has the set of eigenvectors
{®,(z)e,}N_; and the kernel of £; has the eigenvector &' (x). [

Lemma 2.16. Let assumptions 2.1 and 2.14(iii) be satisfied. The geometric mul-
tiplicity of the null eigenvalue of A is exactly (N + 1) and the algebraic multiplicity
of the null eigenvalue of A is exactly (2N + 2).

Proof. The null space of A is spanned by at least (N + 1) eigenvectors:

()= {{ (o) 1 (50} 224

The generalized null space of A includes at least (N + 1) generalized eigenvectors:

O-HEEIY i)} o

where D is a diagonal matrix of (dy,...,dy). By lemma 2.9, the (N +1) eigenvectors
(2.24) form a basis for null space of A, when z(£1) = 1. Fredholm’s alternative the-
orem applied to the first N generalized eigenvectors in (2.25) fails when z(U) = 0.
The Fredholm theorem always fails for the last generalized eigenvector in (2.25). W

Corollary 2.17. When z(£y) = 1 and z(U) = 0, the generalized eigenvectors
(2.25) do not belong to the constrained space X.(R), defined by (2.21), (2.22).
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3. Main results

Stability of solitary waves in NLS equations has been studied extensively in the recent
past. The first stability—instability theorem for a scalar NLS equation (1.1) with
N =1 was proven by Shatah & Strauss (1985) and Weinstein (1986). Only positive
stationary solutions (ground states) were considered in one, two and three spatial
dimensions. Ground states have the nodal index i = 0 and the Morse index n(h) = 1.
A single negative eigenvalue of h does not necessary lead to spectral instability in the
linearized problem (2.14) because of the constraints in (2.21), (2.22). If p(U) = 0, the
stationary solution @(x) is spectrally unstable and the linearized problem (2.14) has
a single real positive eigenvalue \. If p(i/) = 1, the solitary wave is weakly spectrally
stable and all eigenvalues A are purely imaginary (Shatah & Strauss 1985; Weinstein
1986).

A more formal and general analysis was developed by Grillakis et al. (1987, 1990)
by using multi-dimensional Lie groups and spectral decompositions. The following
theorems were proven for an abstract Hamiltonian system with symmetries, which
includes the system of coupled NLS equations (1.10).

Theorem 3.1 (Grillakis et al. 1990). Let z(U) = 0. Then p(U) < n(h). A
stationary solution (2.1) is weakly spectrally stable if n(h) = p(U) and it is spectrally
unstable if n(h) — p(U) is odd. The linearized problem (2.14) has at least one real
positive eigenvalue X if n(h) — p(U) is odd.

Theorem 3.2 (Grillakis et al. 1990). The linearized problem (2.14) has at
most n(h) unstable eigenvalues A\ such that Re(\) > 0.

Theorem 3.3 (Grillakis et al. 1990). The linearized Hamiltonian h in con-
strained space X (R) has the negative index n(h|x.) = n(h) — p(U) — z(U) and the
null index z(h|x.) = z(h) + z(U).

Theorem 3.1 is the main stability—instability theorem in Grillakis et al. (1990).
Theorem 3.2 is formulated in Grillakis et al. (1990, theorem 5.8) for a quadrant:
Re(A) < 0, Im(A) > 0. The method of the proof can, however, be applied to the left
half-plane Re(\) < 0, or equivalently, to the right half-plane Re(A) > 0. Theorem 3.3
is formulated in Grillakis et al. (1990, theorem 3.1) as a more general statement,
which is equivalent to theorem 3.3 under assumption 2.1 (zg = 0 in the notation of
Grillakis et al. (1990)).

Theorem 3.1 generalizes stability—instability theory in finite-dimensional Hamilto-
nian systems with symmetries (Maddocks 1985). Since the positive ground state (2.1)
with N =1 always has indices n(£1) = 1 and n(Ly) = 0, its stability and instability
are uniquely described by theorem 3.1. However, many examples showed insufficiency
of theorem 3.1 for complete stability—instability analysis. For instance, a scalar NLS
equation in two dimensions has radially symmetric excited states with the nodal
index ¢ > 0 and the Morse index n(h) > 1 + 2i (Jones 1988a). When p(if) = 1 and
n(h) — p(U) > 2i is even, theorem 3.1 cannot be applied.

While a simple application of theorem 3.1 to the case of multi-component station-
ary solutions (2.1) with N > 1 is given in Grillakis et al. (1990, theorem 9.1), we
note that theorem 9.1 in Grillakis et al. (1990) derives a scalar stability criterion,
computed from the minimal value Bpin = mini<,<n(5y). The scalar criterion gen-
erally fails for N > 1, since the Morse index n(h) of the stationary solution (2.1) is
not necessarily one, unlike the assumption used in Grillakis et al. (1990).
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More special instability theorems were found by Jones (1988a,b) and Grillakis
(1988, 1990) for the scalar NLS equation (1.1) with N = 1. Jones (1988a,b) used
topological and shooting methods of dynamical systems theory. When n(£1)—p(U) >
n(Ly), theorems in Jones (1988a,b) predict an unstable eigenvalue, no matter whether
n(h) is odd or even. The results apply to instability of radially symmetric solutions
with nodal index ¢ > 0 in two spatial dimensions (Jones 1988a), as well as to stability—
instability of symmetric and antisymmetric solutions in the NLS equation with -
dependent nonlinear function f = f(x;[]?) (Jones 1988b).

Theorem 3.4 (Jones 1988a,b). The linearized problem (2.14) with N = 1 has
a real positive eigenvalue A if [n(L1) —n(Lo)| > 1.

Grillakis (1988, 1990) used the theory of linear operators, orthogonal projections
and quadratic forms and proved some general results for the linearized problem
(2.14). In this context, the problem (2.14) is reformulated as a generalized eigenvalue
problem for operators £; and L 1 When n(Ly) = 0, unstable eigenvalues A may
occur only as real positive eigenvalues (Grillakis 1988). When n(h) — p(U) > 1 and
n(Ly) # 0, complex unstable eigenvalues A may also occur in the linearized problem
(2.14) (Grillakis 1990).

Theorem 3.5 (Grillakis 1988). Let n(£1|X<u>) and n(£0|X(u>) be the negative
indices of operators £1 and Lo in X" (R). The linearized problem (2.14) has at least
In(L1|y ) = n(Lo| yow)| real positive eigenvalues A. If n(Lo| y () = 0, the linearized
problem has exactly n(£1|X<,, ) real positive eigenvalues \.

Theorem 3.5 is formulated in Grillakis (1988, theorem 1.2). The theorem is more
precise and general than theorem 3.4; the latter takes the worst case, when p(U) = 1
for N = 1. It remains unclear how theorem 3.5, which exploits a special structure of
the linearized problem (2.14), is related to general theorem 3.1 for an abstract Hamil-
tonian system. It also remains unclear how the bounds on the number of unstable
eigenvalues can be extended in the case of complex eigenvalues in the linearized
problem (2.14).

We shall revisit here the problem of spectral stability of stationary solutions (2.1)
in the coupled NLS equations (1.1) with N > 1. We develop two new methods of
analysis: (i) negative eigenvalues of a constrained spectral problem are counted from
matrix analysis; (ii) the negative subspace of a linear differential matrix operator
with positive continuous spectrum is proved to be invariant in two block-diagonal
representations. The first method develops the matrix variant of the Vakhitov—
Kolokolov method, previously studied in Pelinovsky & Kivshar (2000). The second
method develops Sylvester’s inertia theorem for quadratic forms associated with
finite-dimensional (matrix) operators (Gelfand 1961), applied to finite-dimensional
Hamiltonian systems in Maddocks (1988). The new methods of analysis are used to
prove the following main results.

Theorem 3.6 (negative index of constrained operators) Let assump-
tion 2.1 be satisfied. Operator L in constrained space X (R) has exactly

n(£1|X5u)) =n(L1) — pU) — 2(U)
negative eigenvalues and

(L] g ) = 2(L£1) + 2(U)

Proc. R. Soc. A (2005)



792 D. E. Pelinovsky

zero eigenvalues. Operator Ly in the constrained space XC(“)(]R) has exactly
n(Lo|yw ) = n(Lo) negative eigenvalues.

Corollary 3.7. Let z(U) = 0. Then p(U) < n(Ly).

Theorem 3.8 (closure relation for negative index). Let assumptions 2.1
and 2.14 be satisfied. Let N,e,1 be the number of real positive eigenvalues A of the
problem (2.14), 2Ncomp be the number of complex eigenvalues A\ with Re(\) > 0, and
2N, 0 De the number of purely imaginary eigenvalues A with (u, L1u) = (w, Low) <
0. The dimension of the negative subspace of the linearized Hamiltonian h in X.(R)
is invariant as

n(hlx,) =n(L1) — pUU) + n(Lo) = Nreal + 2Ncomp + 2N, (3.1)

imag"

Theorem 3.9 (bounds on unstable eigenvalues). Let assumptions 2.1 and
2.14 be satisfied. The linearized problem (2.14) has Nunst = Nyeal + 2Ncomp unstable
eigenvalues A with Re(\) > 0, such that

(i) [n(L1) = pU) = n(Lo)| < Nunst < (n(L1) —pU) +1(Lo)),  (3.2)
(ii) Nical 2 [n(L1) = p(U) — n(Lo)|, (3.3)
(iii) Neomp < min(n(Lo),n(L1) — pU)). (3.4)

Corollary 3.10. Let z(U) = 0. When n(Ly) = 0, the linearized problem (2.14)
has exactly Nyea1 = n(L1) — p(U) real positive eigenvalues \. If both n(Ly) = 0 and
n(L1) = p(U), the stationary solution (2.1) is weakly spectrally stable.

Theorem 3.6 decomposes general theorem 3.3 in the case when h is a sum of two
quadratic forms for £; and Ly as in (2.11). As a result, the upper bound on p(i)
of theorem 3.1 is improved as p(U) < n(Ly1) < n(h), as in corollary 3.7. Also the
stability criterion of theorem 3.1 decomposes into two conditions: n(L£;) = p() and
n(Ly) = 0, as in corollary 3.10.

Theorem 3.8 gives a precise statement of the closure relation between indices n(Ly),
n(L1) and p(U) on one side and Nycal, Neomp and N, imag OLL the other side. This
theorem generalizes earlier results for

(L) = (Lol )

formulated in Grillakis (1988, theorem 1.3) (when Neomp = Ny, = 0) and in Gril-
lakis (1990, theorem 2.3) (when Nyeal = N, = 0).

Theorem 3.9 is a corollary of theorems 3.5, 3.6 and 3.8. The lower bound in (3.2)
is identical to that in theorem 3.5 in view of theorem 3.6. The upper bound in
(3.2) improves theorem 3.2. Theorem 3.9 also agrees with the instability criterion of
theorem 3.1. Let z(U) = 0 and m = n(Ly)—p(U)+n(Ly) be odd. Then |n(Ly)—pU)—
n(Lo)| = |m — 2n(Loy)| > 0 and Nypst > 0. Therefore, theorem 3.9 also guarantees
instability for odd m, as theorem 3.1. Corollary 3.10 of theorems 3.8 and 3.9 is
equivalent to the second statement of theorem 3.5.

When £, and Ly are finite-dimensional operators, theorems 3.6-3.9 reduce to
stability—instability theorems for critical points in finite-dimensional Hamiltonian
systems with symmetry constraints (Maddocks 1985, 1988). When n(Ly) = 0,
the quadratic form (W, LoW) in (2.11) is equivalent to a positive-definite kinetic
energy, while the quadratic form (U, £,U) in (2.11) is equivalent to a sign indefinite
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Spectral stability of solitary waves in coupled NLS equations 793

potential energy. The Morse index of £; under constraints (2.21) is n(£1|X<u>) =
n(L1) — p(U) — 2(U). When n(Ly) = 0, the Morse index defines uniquely the unsta-
ble subspace of the linearized system according to corollary 3.10. When both £y and
L1 are not positive definite, complex instabilities may occur and they are defined by
theorems 3.8 and 3.9.

In the end of this section, we show that the constraint (2.22) does not appear in
theorems 3.6-3.9, due to the Galileo invariance (1.7). A general family of stationary
solutions is defined as

Un(z,2) = U, (x — 20z — 5)e!@n=Hi0n, (3.5)

The general stationary solutions (3.5) are critical points of the Lyapunov functional
in the form:

N
Alp] = HRpl + Y wnQn[tp] + vP[3], (3.6)

where Q,,[¢], H|[v] and P[] are given by (1.5), (1.8) and (1.9). The general Hessian
matrix Uy has the structure

u 0
U = , 3.7
"7 loQr op, 37
ov ov

where Qs = (Q1s,...,Qns)T, Qns(w,v) = Qu[¥] and Py(w,v) = P[¥]. It follows
from the Galileo invariance (1.7) that a transformation,

U, (z) = Bp(2)e™ ¥ Wy =B+ —, (3.8)

9Qns & 20 0Qums
op. N o9 Y a2 OQms
5 (w,v):f;df z::z:: Zm o7 (B). (3.10)

As a result, the quadratic form for & € CV*! transforms to a quadratic form for
yecCV as

N
2Qns
o Uigwlons = twttglor = (327 Jlowal® (3.11)
where 5
UYn = Tp — d—va_i_l, n=1,...,N,

and (a,b)cn = ij:l Gnb,. The additional eigenvalue for xy 1 is always negative,
such that p(Uy) = p(U) and z(Ug) = z(U). Therefore, stability theorems are not
affected by the constraint (2.22), due to the Galileo invariance (1.7).
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4. Eigenvalues of constrained spectral problems for £; and Ly

Here we prove theorem 3.6 by counting eigenvalues of constrained spectral problems
for £1 and Ly from matrix analysis. This method was first used in Pelinovsky &
Kivshar (2000). Constrained spectral problems were also considered in Buslaev &
Perelman (1993) and Grillakis (1988).

Given the spectrum of £; and Ly in L?(R), we study the spectrum of operators
£y and Lo in X (R), defined by (2.21). The constrained space x{™ (R) is an orthog-
onal complement of the kernel of £y in L?(R). The spectrum of £; and Ly is complete
in X (R), due to the abstract result in Hislop & Sigal (1996, proposition 2.7).

Proposition 4.1 (Hislop & Sigal 1996). Let M be a closed subspace of a
Hilbert space H and M~ be the orthogonal complement of M in H, such that
M+t ={zeH: (x,m)=0Vm e M}. The subset M+ is a closed subspace of H and
is therefore a Hilbert space.

Proposition 4.2. Let negative eigenvalues of Ly in x™ (R) be defined by the
problem

Lou = u, ueXW(R), A<0. (4.1)
Then, n(Lo| ) = n(Lo).

Proof. Eigenvectors of Ly for negative eigenvalues A are orthogonal to the eigen-
vectors {®,,(z)e,}Y_; of the kernel of £y. Therefore, they belong to xt (R). =

Proposition 4.3. Let z(£,) = 1. Let negative and zero eigenvalues of Ly in
xM™ (R) be defined by the problem

N
Liu = u — Z U@ (2)em, we XM (R), A<0, (4.2)

m=1

where vy, ..., vy are Lagrange multipliers. Then, n(L1| ) = n(L1) — p(U) — 2(U)
and z(L1] yw) =1+ 2(U).

In order to prove proposition 4.3, we introduce some notation. We denote negative
eigenvalues of £1 in L?(R) as A_j with orthonormal eigenvectors u_(z), accounting
for their multiplicity. We order negative eigenvalues from the minimal eigenvalue
A_n(z,) to the maximal eigenvalue A_; < 0. We also write spectral decomposition
in L*(R) as a sum of three terms, >, o, Yoy ,—o and >\ ., where >3, ¢
denotes n(L1) terms from the negative discrete spectrum of L1, >, | _, denotes
the z(£1) =1 term from the kernel of £, and ), ., denotes infinite-dimensional
positive spectrum of £1, which includes isolated and embedded eigenvalues and N
branches of the continuous spectrum.

When ker(£; — \) = {0} in L?(R), the constrained spectral problem (4.2) has a
solution only if there exists a non-zero solution of the homogeneous linear system for
Viy...,VUN:

N
> (Bnen, (A= L1) ' Dpen)vm =0, n=1,..., N. (4.3)

m=1
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By spectral calculus (Reed & Simon 1978), the linear system (4.3) is equivalent to
zero eigenvalues of the matrix A()) with the elements

<¢nen7u7k><u7ku mem @ enauk uka¢m6m>
Anm) = ) A— Ak - Z =\ (44
A_k<0 Ar>0

where we have used that
(' (1), Dren) = 0.

When there exists a zero eigenvalue of A(\), there exists a solution u € x (R),
which is represented with the spectral decomposition in L?(R):

N
@) = um[ S lmtnenly gy 0 Wanenly, ) )

m=1 A_p <0 Ar>0

The following results follow from analysis of eigenvalues of A(\).

Lemma 4.4. The matrix eigenvalue problem A(A)v = a(A)v, A € R has N real
eigenvalues ay(A), ..., an(X), which are meromorphic functions of A for A < 0.

Proof. The matrix A(X) has N real eigenvalues «(A), since it is Hermitian
for A € R and A < 0. Coefficients of A(X) have pole singularities at A = A_j, for
A <0, unless (P,e,,u_t) =0, n = 1,...,N. Since &, € L*(R), u € L*(R) and
(Ppen,u) < oo, the series for A, ,,,(\) are bounded and converge for A # A_;. In
the limit A — —o0, A, m(X) converges to zero uniformly. As a result, all eigenvalues

an(A),n=1,..., N are meromorphic functions for A < 0, which may have only pole
singularities at A = A_. |
Lemma 4.5. Eigenvalues a1(\),...,an(A) are decreasing functions of A in the

domain D = {A < 0: XA # Mg, k=1,...,n(Ly)}. All eigenvalues a,(\), n =
., N are negative for A < A_,,z,)-

Proof. For Hermitian matrices, the set of eigenvalues {a,(\)}\_, corresponds
to the set of orthonormal eigenvectors {v™}N_, such that (") LMy =6, s
where (f,g)cn :ij L fngn. We construct quadratic forms associated to the
eigenvalue-eigenvector pairs (o, v™), n=1,...,N:

an(A) = @™, ANV M)en, an(A) = @, A/ )en. (4.6)
Computing the derivative of A’(\), we rewrite the second equality in (4.6) as

2. A2 )\ +Z O — Ak >——<u<">,u<">><o, (4.7)

A_k<0

a0 =—(

where u(™) is given by (4.5) with v = v(") and

2

by = ‘ Z B, usr)v| = 0. (4.8)
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As a result, all eigenvalues a,,(\), n =1,..., N, are decreasing functions of A in the
domain D. In order to prove that all eigenvalues a,,(A\), n = 1,..., N, are negative
for X < A_,,(¢,), we find from (4.3) and (4.4) that
/\lim ()\Amm()\)) = <¢nen7¢mem> = Qnsdn,m; (49)
——00

where Qns(8) = Qn(P) is defined by (1.5). It follows from the first equality in (4.6)
and (4.9) that
lim Aa,(A) =Qns(B) >0, n=1,...,N,
A——o00
such that limy_,_ a,(A) = =0, n =1,..., N. Since eigenvalues () are continuous
and decreasing for A < A_,(£,), they remain negative for all values of A < A_,(.,).

Lemma 4.6. Let A_; be a negative eigenvalue of £; in L?(R) with multiplicity

q—k, such that at most q!k linearly independent eigenvectors u_g(z) belong to the

constrained space x (R) and ¢t = q_i, — q!k. There exist (N — g+, eigenvalues
() that are continuous at A = A_j, and q*, eigenvalues ., (\) that have infinity
discontinuities, jumping from negative infinity for A = A_; — 0 to positive infinity

for A= A_j +0.

Proof. In the limit A — A_g, we find that

Q

—k

Im (A= A_p)Anm(A) = (Pren,u_g, )(u_g, , Pmem)
A=Ak

1
Il
—

I+

Q
Eal

(Pren, u_g Y{u_k , Pmem). (4.10)

r=1

Denote B_j = limy_,x_, (A — A_)A(A). The quadratic form (v, B_v)cn~ is diago-
nalized in normal variables,

I
1=

Ty (U_k,, Pm€m)Vm,
such that
ats
W, B_w)er =Y |,
r=1

Therefore, the matrix B_j has exactly ¢*, positive eigenvalues and (N — ¢*,) zero
eigenvalues. Positive eigenvalues of B_j correspond to ¢, eigenvalues oy, (\) jump-
ing from negative infinity for A = A_p — 0 to positive infinity for A = A_; + 0. Zero
eigenvalues of B_j, correspond to (N — ¢t ) eigenvalues v, ()) that are continuous
and have convergent Taylor series at A = A_y. |

Lemma 4.7. At A = 0, there exist p(U) positive, z(U) zero and n(U) negative
eigenvalues o, (0), n =1,...,N.
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Proof. At A = 0, the constrained eigenvalue problem (4.2) has an exact solution
in L?(R):

N
0P(x) ,
ur—o(z) = mZ::l Um, 5, + co®P'(x), (4.11)
where ¢g is not defined and
0P
Substituting (4.11) into (2.21), we find that A(0) = iU, where U is defined in (2.7).
[ |
Proof of proposition 4.3. We consider eigenvalues a,,(\), n = 1,..., N, as mero-
morphic functions of A for A < 0. Starting with small negative values at A — —oo,
eigenvalues o, (\), n = 1,..., N, decrease as \ increases toward n(L;) pole singular-

ities at A = A_j. At each pole singularity, qJ_-k eigenvalues a(A\) jump and pop up to
the positive half-plane. The total number of jumping eigenvalues for A < 0 is

Z qJ—_k'

Ak <0

Only jumping eigenvalues may cross the value a(\) = 0, which corresponds to a neg-
ative eigenvalue \ of the constrained problem (4.2) in space Xéu)(R). By lemma 4.7,
the total number of zeros of a(\) for A <0 is

Z g2y, — pU).

A_<0

At each A = A_j, there are q!k eigenfunctions u_j(z) that lie in the constrained
space x™ (R). Therefore, the total number of eigenvalues A in x (R) for A < 0 is

ot — o)+l = g — pU) = n(Ly) - p).
Ak Ak

Ak

The lemma is proved by subtracting the number z(U) of zero eigenvalues for A = 0.
|

Proposition 4.8. Let assumption 2.1 apply. The kernel of £1 in L?(R) lies in
x (R) for any 1 < 2(£1) < N.

Proof. By lemma 2.4, the Hessian matrix I/ has only bounded eigenvalues. Suppose
there exists an eigenvector ug () of the kernel of £1 in L?(R) such that ug ¢ x (R).
By lemma 4.6, there exists an eigenvalue «,(\) that diverges at A — —0. The
eigenvalue contradicts lemma 4.7 since all eigenvalues of U/ are bounded. |

Theorem 3.6 is proved with propositions 4.2, 4.3 and 4.8. Using theorem 3.6 and
proposition 4.1, we formulate the following main result of this section.
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Proposition 4.9. Let £ be a symmetric matrix Schrédinger operator, either Lg
or Lq. There exists L-invariant decomposition in x (R), such that

Vu e X(MW(R), wu(z)= zc: A U, (T) + i: bt () + u't (), (4.13)
m=1 m=0

where u,,(x) are eigenvectors of L in XC(")(R) for negative and zero eigenvalues,
nc:n(ﬁlx(u>)7 ZCZZ(E‘X(M)? <u+,Eu+> >c<u+7u+), c>0.
The quadratic form for L is diagonalized as follows:

n(Ll (w))
(u,Lu) = Y Aplan|* + (uT, Lu'). (4.14)

m=1

5. Eigenvalues of the linearized problem for A

Here we study the spectrum of the non-self-adjoint linearized problem (2.14) with
the simultaneous block-diagonalization of two self-adjoint operators £; and Ly. A
similar generalized eigenvalue problem for £; and £5* was used in Grillakis (1988,
1990). We analyse this problem in order to establish the inertia law for spectral
stability. The inertia law was not considered in Grillakis (1988, 1990).

Lemma 5.1. There exists a mapping v = —A? of the non-zero spectrum of A in
X.(R) to the non-zero spectrum of the problem

Liuw=7Ly u, we X(R). (5.1)

Proof. Eigenvectors {®,,(z)e,}N_; form a basis in the kernel of £y. The operator
Ly is invertible on the subspace u € X (R). Tt follows from (2.23) that w = ALy 'u
for any A # 0, such that the problem (2.23) is equivalent to (5.1) for any v # 0. Two
eigenvectors (u, w)T and (u, —w)T of A in X (R) corresponds to a single eigenvector
u of the problem (5.1) in X (R). |

Corollary 5.2. Let vy = ,, be a non-zero eigenvalue of (5.1) with the eigenvector
U = Uy, (T) in Xc(u)(R), such that

(Ui, L1Up) = Yo (Wi, Ealum>. (5.2)
FEigenvalue v, is real if either L1 or Ly is positive definite.

Problem (5.1) is a classical problem of simultaneous block-diagonalization of two
self-adjoint operators £; and L ! Each operator can be orthogonally diagonalized
due to proposition 4.9. However, the orthogonal diagonalization (4.14) is relevant
for the problem (5.1) only if the operators £; and £;' commute, such that there
exists a common basis for (u, £Lu) and (u, L5 u) (Gelfand 1961). Since operators
Ly and L 1 do not commute, eigenvectors of £4 and L Lin Xéu) (R) are not related
to eigenvectors of problem (5.1). Moreover, complex eigenvalues and multiple eigen-
values with higher algebraic multiplicity may generally occur in problem (5.1).
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Lemma 5.3. The spectrum of (5.1) is real if &(x) is the ground state with ®,,(x) >
0Vx € R,n=1,...,N. Moreover, the positive-definite operator Lq can be factorized
as Lo = StS~, where S* are diagonal operators with the elements

Sim = V(3555 2 ) 5:3)

Proof. The factorization formula (5.3) follows from explicit computations:

@// d2
Stusin = (5 - gz) = @b

2
Using the transformation u = Stv, we rewrite (5.1) in the form
STL1STv = .

Since S™L£1ST is a self-adjoint operator, all eigenvalues ~ are real. It is also clear
from (5.3) that the kernel of S* is empty, such that the transformation u = St is
invertible. L

Lemma 5.4. Let v = 7, = Rk + iv1x be a complex eigenvalue of (5.1) such that
YRk Y1k 7 0, with a complex-valued eigenvector uy(x) = urk(x) + iugg(z). A linear
combination of two real-valued eigenvectors u(x) = axugrg(x) + bpuik(z) diagonal-
izes the quadratic forms (w, £iu) and (w, Ly u) with respect to Jordan blocks,

(u, Lyu) = aE‘yklAkak, (u, Eglu> = aElAkak, (5.4)

where ay = (ag,br)7,

e () e ) o

and
R = <uRk,£51uRk> = 7<u1k,£51u1k>, (5.6)
I = <u1k,£51uRk> = <uRk,£51u1k>. (5.7)

Proof. Since the quadratic forms (uy, Liuy) and (uy, Ly ug) in (5.2) are real
valued, the eigenvalues 7, can be complex only if

<uk, £1Uk> = <uk, Eo_luk> =0. (58)
The zero inner product (5.8) for £5 ! results in relations (5.6) and (5.7). The Jordan
blocks (5.4) and (5.5) follow from direct computations. [

Lemma 5.5. Let v = ';m be a real eigenvalue of (5.1) with a single real-valued
eigenvector u,,(x) in X " . The eigenvalue v = ~,, is a multiple eigenvalue of
higher algebraic mult1pl1c1ty 1f and only if

lm = (W, Lo ') = 0. (5.9)

Proof. The eigenvalue v = 7, is a degenerate eigenvalue of higher algebraic mul-
tiplicity if and only if there exists a solution of the derivative problem:

Liul, = ym Ly ul, + Lo, ul, € XM(R). (5.10)
The condition (5.9) follows by the Fredholm alternative theorem. |
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A complex eigenvalue v = v, = Yk + i1k, such that yrg, y1x # 0, with a single
complex-valued eigenvector wu(z) = urk(z) + iug(z) is a multiple eigenvalue of
higher algebraic multiplicity if and only if lgy, = l;x = 0 in (5.6) and (5.7). According
to assumption 2.14(ii), we consider the generic case when non-zero eigenvalues of
higher algebraic multiplicity do not occur in the problem (5.1).

Lemma 5.6. Let assumption 2.14(ii) be satisfied. Eigenvectors w,,(x) for real
eigenvalues 7, and (urk(x),uix(z)) for complex eigenvalues v = gk + iy are
orthogonal with respect to operator L b

<um’7Lalum> = lm(sm’,ma (511)
and
(urp, Lo ure) = —(ur, L5 i) = RSk g, (5.12)
(urpr, Lo ' urg) = (urir, Lo wik) = bk g, .

where l,,, # 0 and |lgg|? + |lix|? # 0.

Proof. Orthogonality relations (5.11) and (5.12) for eigenvectors of the problem
(5.1) follow from the identity

(Yo = o) (s L b)) = 0. (5.13)

By assumption 2.14(ii) and lemma 5.5, coefficients I,,, and |Irx|? + |l1x|? are non-zero,
since v, and vx = YRk + V1% are not eigenvalues of higher algebraic multiplicity. W

Corollary 5.7. The set of eigenvectors u,,(x) and (ugg(x), uk(x)) is also orthog-
onal with respect to operator L.

We shall also consider the quadratic forms (u, £1u) and (u, £ 'u) for eigenvectors
of the continuous spectrum of the problem (5.1). Let us introduce the A-invariant
decomposition of x (R) into the discrete part for o,(A) and the continuous part

v (A) for ocon(A):

i
XO® = 3 NA-NeYIW, YW= T -]
A€o (A) A€oy, (A)

(5.14)
where A* is the adjoint operator and o,(A*) = 0,(A). According to assumption
2.14(i), we consider the general case, when oess(A) does not include semi-eigenvalues
nor embedded eigenvalues.

Proposition 5.8. Let assumption 2.14(i) be satisfied. The quadratic forms
(w, L1w) and (u, Ly u) are strictly positive in Y{"(A), such that

Yul € YC(“)(.A) s (ut Liu) > e (ut ut), <u+,£51u+> > co(u™,u™),
(5.15)
where ¢1 > 0, ¢cg > 0.

Proof of proposition 5.8 is given in §7 with the use of wave functions of the
problem (2.14). Wave functions of A with N = 1 were introduced in Buslaev &
Perelman (1993), where orthogonality and completeness relations between the wave
functions were derived by spectral analysis.
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Remark 5.9. By assumption 2.14(iii), lemma 2.16 and corollary 2.17, the zero
eigenvalue is simple in u € X\ (R).

Combining lemmas 5.4 and 5.6 and proposition 5.8, we formulate the following
main result of this section.

Proposition 5.10. Let assumption 2.14 be satisfied. There exists A-invariant
decomposition in xW (R) such that

Vu e XM(R): w(@) =) [axure(x) + beun(x Zcmum ut(z), (5.16)
k

where wu,, () are eigenvectors for real and zero eigenvalues 7, (urk(x), uig(x)) are
eigenvectors for complex eigenvalues

Yk = YRE + 11k,

and ut € Y (A), such that (5.15) holds. The quadratic forms for £, and Ly ' are
simultaneously block-diagonalized as follows:

(u, Liu) = Zak Aulpar, + va mlem)? + (u™, Liut), (5.17)
(u, Ly u Zaklkak+21m|0m|2 +,£51u+>, (5.18)
where ay, = (a,bi)T and the Jordan blocks 4; and I, are defined by (5.5).

6. Proof of theorems 3.8 and 3.9

Eigenvalues v of the diagonalization problem (5.1) correspond to three different types
of eigenvalues A of the linear stability problem (2.14). When v = ,, > 0, the linear
problem (2.14) has two purely imaginary eigenvalues A, which are weakly spectrally
stable. When v = ~,,, < 0, the linear problem (2.14) has two real eigenvalues A, which
include an unstable positive eigenvalue. When v = v, = yrx + iy1x is complex, the
linear problem (2.14) has four complex eigenvalues A, which include two unstable
eigenvalues with Re(A) > 0. We trace the unstable eigenvalues A of the stability
problem (2.14) from negative and complex eigenvalues  of the diagonalization prob-
lem (5.1), according to the following proposition.

Proposition 6.1. Let £ be a symmetric matrix Schrédinger operator, either £
or L5*. The negative index n(£|X(u>) of the quadratic form (u, Lu) in Hilbert space
Xe o (R) remains invariant in the diagonal representation (4.14) and the block-diag-
onal representation (5.17), (5.18).

Proof. By proposition 4.9, operator £ has the basis
S.=FE, NEgANE],

where E is the negative subspace spanned by eigenvectors {um}%ll such that A\, =
(W, L) < 0, Ey is the kernel of £ in X{™ (R), and E; is the positive subspace of £
in X" )(]R) The negative index of (u, Lu) is nu(£|X(u>) = M,. By proposition 5.10,
operator £ has also another basis

S, =ESNE; NEgANE],
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where E is the real negative subspace spanned by eigenvectors {vm}m 1, such
that 1, = (v, Lv,) <0, ES is the complex subspace spanned by eigenvectors
{ka,UIk}k , such that le = (Vrk, LURk), lix = (Vik, LURK), and E is the posi-
tive subspace of £ in X" )(R) The Jordan block /i in (5.5) has one positive and one

negative eigenvalue
+l = £/ 1, + 13

The eigenvectors vry(z) and v, () can be orthogonalized with respect to operator
L in the linear combination

’Uki = llk’URk(ZL‘) + (ﬂ:lk — le)’UIk(:L’).
The negative index of (u, Lu) is ny(L| ) = M, + K,. We will prove that
nu(Lly o) = no(Llyw).

We assume that (M, + K,) > M, and show that this is false. The case (M, + K,) <
M, can be treated similarly. Consider a function g, (x) given by

K'u
r) =Y apvy (z) + Z CmUm () + ug + ut (z). (6.1)
k=1

The eigenfunctions v, (z) and v, (x) can be decomposed over the basis of 9,,:
M'U/

v, (z) = Zakj"j(fv) + wok () + uyf (z), (6.2)
(@) = Z gt () + o () + s (). (6.3)

Therefore, the function g, (z) is decomposed as

M, ,K, M,
= ; (Z agjag + Z: ymjcm> u;(z)
<u0(3: + Zaku()k - Z Contom (T )
+ <u+(a:) + Z aru) (z) + Z cmu;;(x)>. (6.4)
k=1 m=1

Consider a particular case g, () = 0. Since the set S, is complete, then

K, M,
Zakjak+z/7mjcm:07 j:]-a"'zMua
k=1 m=1
M,
+ Z apuok () + Z CmUom (x) = 0, (6.5)
m=1
K, M,
x) + Z apuy () + Z Cmu) (1) =
k=1 m=1
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The linear homogeneous system (6.5) is under-determined, such that at least (M, +
K, — M,) unknowns are arbitrary. Therefore, there exists a non-zero solution of (6.5)
such that a non-zero vector s, () is defined by (6.1) with g, (z) = 0:

Su(x) = Zvakv,; (x) + ZU ConVm (1) = —ug(z) —ut(2).
k=1 m=1

Therefore, the quadratic form (s, £s,) can be bounded in two contradictory ways:

v

M,
(80, L80) = — 3 213 + l}@( 2, +12 + sz) x>+ Y lnlem|? <0,
m=1

(84, L8,) = (u™, Lut) > 0.
The contradiction is resolved if and only if (M, + K,) = M,, when
(L] g ) = no(Ll x )
|

Corollary 6.2. Let Neomp be the number of complex eigenvalues in the problem
(5.1). Let n(Lo|yw ) and n(L1] ) be the numbers of negative eigenvalues in the

: x¢
problems (4.1) and (4.2). Then
Ncomp < min(n(£0|Xc<u) ), TL(E1 ‘X(Eu) ))

and there exist (n(L1]yw ) — Neomp) eigenvectors wm,(x) in problem(5.1) such
that (w,,, Liu,,) < 0 and (n(Lo| yw) — Neomp) eigenvectors w,,(x) such that
(W, Lo ) < 0. ‘

Proposition 6.1 generalizes Sylvester’s inertia theorem for finite-dimensional oper-
ators (Gelfand 1961). Using this result, we prove theorems 3.8 and 3.9, which define
sharp bounds on the number of negative and complex eigenvalues of the problem
(5.1) from the numbers of negative eigenvalues of £; and L in x{ (R).

Proof of theorem 3.8. Tt follows from corollary 6.2 that
n(£1|Xé“)) = Ncornp + #<0(7mlm)a (66)
n(£0|X§U)) = Ncomp + #<0(lm)a (67)

where #-o(l,,) is the number of negative values of [,,,. Taking the sum of (6.6) and
(6.7), we find that

n(La] ) +n(Lol y ) = 2Neomp+#<0(Ymlm) +#<0(lm) = 2Ncomp+2N; 05 +Nrcal:

By theorem 3.6, the latter identity gives the closure relation (3.1). [ |
Proof of theorem 3.9. Taking the difference of (6.6) and (6.7), we find that
[n(L1] x ) = (Lol x ) = [#<0(Ymlm) = #<0(lm)| < Nrear < Nunst,

which are the lower bounds (3.2) and (3.3). The upper bound in (3.2) is a corollary
of theorem 3.8. The bound (3.4) is given by corollary 6.2. [
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Remark 6.3. The constrained problems (4.1) and (4.2) have a common set of
eigenfunctions if and only if operators £1 and £y commute. Assume that this is true.
Let A = &, be an eigenvalue of (4.1) and A = 7, be an eigenvalue of (4.2), with the
same eigenvector u,,(z). There exists an eigenvalue v = ~,, of the problem (5.1),
such that
<uma £0um> _ <um7 um>

<u’myum> m(um,ﬁo_lumy
This formula is used in Pelinovsky & Kivshar (2000) to approximate A\? = —~,, from
the given solution of the constrained problem (4.2) in the case when L is positive
definite in X" (R). Since the operators £1 and Ly do not commute for any & # 0,
the approximation formula (6.8) does not give an exact relation between 7, and 7,,.

7. Proof of proposition 5.8

We introduce wave functions of the spectral problem (2.14), similarly to analysis in
Buslaev & Perelman (1993) for N = 1. Since operators Ly and £, in (2.12) and (2.13)
are diagonal differential operators with exponentially decaying matrix potentials,
there exist 2/N branches of the continuous spectrum, located symmetrically at

geon(A) = | J {A€iR:|[Im(\)]| > B} (7.1)
1<ngEN

Using a transformation, A — if2, u — u, w — iw, we rewrite the problem (2.14) as

Liu = Qw, Low = u. (7.2)
We use the order

P <P2<-- < PN (7.3)
and denote the number of end points (, to the left of a given value {2 by K,
Ko < N.Let 25 ={01,...,0n}. We introduce a set of continuous parameters k,, €
R, n=1,...,N, where k, parametrizes the nth positive branch of the continuous

spectrum:
Q2 =p,+d,k2, n=1,...,N, (7.4)

such that

2= Pn )1/2. (7.5)

ki = kn(£2) = ( .

Since the point {2 = (3, is a branch point in a two-sheet Riemann surface, we fix the
argument of {2 by considering the sheet with k, > 0 on {2 > 3,,. The set of wave
functions ut (2) = ul (z;k(£2)) is defined for 2 # 2, according to the asymptotic
values at infinity:

+

n

Hhnt a5 1 — 400, ky > 0, (7.6)

where e,, is the nth unit vector in C¥. The set of scattering coefficients is defined
from asymptotic values of u (k) at the other infinities:

ur () = epe

Ko
u, (2) — Z elfan (2)e F% b, (2)e*]  as x — +oo,

=1

o (7.7)
wl (02) — Z el[A,1(2)e™” + B, (2)e "] as x — —o0,

=1
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where k; > 0, l=1,...,Kpn, 2 # 2g. It follows from the system (7.2) that the
components w: (§2) have the same asymptotic representation (7.6), (7.7) for 2 > 3,,.

Definition 7.1. When the eigenvector of (7.2) with £2 > (31 is exponentially decay-
ing as |z| — oo, {2 is called an embedded eigenvalue of gemp(A). When the eigen-
vector of (7.2) with 2 > (31 is exponentially decaying at one infinity and bounded
at the other infinity, {2 is called a semi-eigenvalue of o¢on(A). When the set of wave
functions

{u, ()}2, Ko< N

n=1

is linearly dependent on the set of wave functions

{uf (2)},2

n=1>
{2 is called a resonance of ocon(A).

According to assumption 2.14(i), we assume that no semi-eigenvalues of ocon(A)
nor embedded eigenvalues of gemp(A) exist for 2 > (.

The existence of wave functions was shown in Buslaev & Perelman (1993) for
N =1, where all fundamental solutions of the linear system (7.2) were considered
with Volterra integral equations, including exponentially decreasing and increasing
solutions. Exponentially decreasing terms are neglected in the asymptotic represen-
tations (7.6), (7.7). The existence of the wave functions ugtm)(ﬁ) follows from the
following lemma.

Lemma 7.2. Let assumption 2.14(i) be satisfied. The wave functions ut(2),
n =1,...,N exist and have unique asymptotic representations (7.6), (7.7), where

coefficients ay, ;(£2), b, 1(£2) are all bounded for any 2 > [3,, 2 # (2.

Proof. For (2 > (3,, besides a set of 2K oscillatory functions, K < IV, there
exist sets of 2N — K, exponentially decaying and 2N — K, exponentially growing
solutions at each infinity x — to0o. When {2 # (25, all functions are uniquely defined
by standard theorems on solutions of linear differential equations with exponentially
decaying coefficients (Coddington & Levinson 1955). In order to define u;(£2), we
construct a linear combination of 2N — K, exponentially decaying functions at x —
+00 with the oscillatory function e,e**»* and uniquely define the coefficients of the
linear combination from 2N — K conditions that exponentially growing functions
are removed in the limit x — Foo. If semi-eigenvalues and embedded eigenvalues
do not exist for 2 > (3,,, the non-homogeneous linear system for the coefficients of
the linear combination always has a unique solution. Therefore, the wave functions
u;F (£2) are uniquely specified by the asymptotic representations (7.6), (7.7) for any
2> (3, 2 # 2§ and the coefficients a,, ;(£2), b, 1(£2),l =1,..., K are all bounded.

[ |

We define a ‘scalar’ Wronskian between two solutions of the system (7.2) with
QleandQ:QQby

N
Wi u®) = 3 d, uOu — ' 1 uDu® —wu®), (78)
n=1
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such that

N
d

il (1) 4,2 (1) (2)

de[u ,utY] = E )+ wl ). (7.9)

n=

If 2, = 25, then W[uW) u?] is constant in x € R. Using asymptotic values (7.6),
(7.7) for Wlu,, (2),u;}(2)] and Wa,, (2),u’(§2)], we derive the linear relations
between the scattering coefficients:

knd knd

Aan:ﬂmnﬁa Ban:_nn
() = P (@), B () =

Using asymptotic values (7.6), (7.7) for Wa,, (2),u, (£2)] and W[a;} (2),u} ()],
we derive the quadratic relations between the scattering coefficients:

—_

b (£2). (7.10)

Zkzdz Gt ()17, (2) = bt ()b ()], (7.11)
Loo1 _
0= 2 g o (D) = b (D)) (7.12)

We use the scalar Wronskians (7.8) to study the behaviour of wave functions at the
end points and to derive the orthogonality relations between the wave functions.

Lemma 7.3. No resonances may occur for any {2 > (51, 2 # (.

Proof. By definition 7.1, {2 is a resonance, if there exists a non-zero eigenvector

u(z) such that
KQ KQ
=) cpu, ()= ctuf(0). (7.13)
n=1 n=1

Computing Ww, u] in the limits © — +o0, we have

Ko
S dukallen | + et ) = 0. (7.14)
n=1

When §2 # g, all k,, > 0, such that all ¢- = 0. Therefore, no eigenvector u(z) exists
for 2 #£ (p. ]

We define the symplectic inner product as

(1) 4,2 u® (2)y alDw® OMC)
Tu®,u®) = 27U<  Ju / Z +oMu®Ydz.  (7.15)
The Dirac function 6(k) has the properties
1 oikL
— i 1
o= (710

and |a|d(ak) = d(k), o # 0. Using standard computations of the symplectic inner
products (7.15), we derive the orthogonality relations between wave functions u;” (£2),
n=1,...,N.
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Lemma 7.4. Let assumption 2.14(i) be satisfied. The set of wave functions
{ur(2)})_, satisfies the orthogonality relations for §2 # 2p:

I [, (92), uy ()] = amn (£2)0(02 = £2), (7.17)
It (2), i (£2')] = B (2)8(2 = 12), (7.18)
Ty, (92),uy (2)] = 0, (7.19)
where
Kg Kgq 1
U (2) =4 kidiam 1 (2)an(2),  Bnn(2)=4) %al,m(mam(m.
- . (7.20)

Proof. We integrate the Wronskian relation (7.9) as

Ju,,

(7.21)
The second term in (7.21) is computed with the use of (7.4), (7.6) and (7.16) as
Om,n0(ky, — k). The first term in (7.21) is computed with the use of (7.4), (7.7) and
(7.16) as

Ko ) Ko )
> (G 1@t + b abn)(ky = k) + > (@ ibnt + b ian1)6 (ki + k),
=1 =1

where we have suppressed the arguments of a,;(£2) and b, ;(£2). Since k; > 0 and
k; > 0 in the representation (7.7), we understand that d(k; + k;) = 0 and

5(ky — K]) = 2kydy5(02 — £2').

Using (7.11), we derive (7.17). The other relations (7.18) and (7.19) are derived
similarly, with the use of (7.10) and (7.12). [

Lemma 7.5. The coefficient matrices
[O‘m,n(ﬂ)]lém,nélﬁz and [ﬂm,n(0>]1<m,n<Kn

are strictly positive for §2 # (2.

Proof. We consider a quadratic form in CK<:

Ko Kgq Ko Ko 2
Z Z T O (2) ), = 42 kid, Z an 1 (2)x,| = 0. (7.22)
m=1n=1 =1 n=1

Since all k; > 0,1 =1,..., K, for {2 # (2g, the equality would mean that the deter-
minant of the matrix [, (£2)]1<m,n<ko i zero, which contradicts lemma 7.3.
Therefore, the quadratic form in (7.22) is strictly positive for {2 # 2. Similar com-
putations hold for the matrix [ n(£2)]1<m n<ko- [ |
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We define the normalized set of wave functions e, ({2), such that

1
kndy,
e, (2)=e (N2)= o Un (12), kn < 0.

It follows from (7.11), (7.12) and (7.20) at m = n that a,, ,(£2) > 0 and 3, ,(£2) > 0.
By lemma 7.4, the wave functions {e,({2)}_, satisfy the orthogonality relations

T[em(£2), en(2)] = pmn(2)8(2 — ), kn €R, (7.23)
where 5
()= m.n . kn >0,
Pinon(€2) N oo ey ey
P (£2) = (7.24)

[ kmkndmdy,
Pm n(n) = Qmyny kfn < 0.
’ Qm mOn,n

By lemma 7.5, the matrix [pm, »(2)]1<m, n<i,, is positive for any 2 € oeon(A).
We define the projection operator

S: XM(R) = Y (A),

according to the standard formula (Buslaev & Perelman 1993)

N oo
Vu e XWR), ut e VWA : ut=8Su= Z p.v./ Un(82)e, ($2) dky,
n=1 -

(7.25)

where ‘p.v.” stands for the principal-value integral to exclude possible singularity at
kn, = 0 in the case when {2 = 3, is a resonance of o¢on(A). Coefficients i, ({2) in the
projection formula (7.25) are uniquely defined by the orthogonality relations (7.23),
since the matrix [P, n(£2)]1<m.n<k, is positive definite for any 2 € ¢on(A). Using
(7.4), we can rewrite (7.25) in the form

al ° 40 NS
ut(z) = T;p.v. /ﬁn o d. (@ (el (92) +a, (2)e, (2)), k, > 0. (7.26)

With this construction, we finally prove proposition 5.8.
Proof of proposition 5.8. Using (7.2) and (7.15), we find that
P (£2)0(2 = 2) = Jem(£2), en(£2)]
(em(42), Lren(12)) | (Liem(£2), en(£2))
= . 2
2 (Y + 22 (7.27)

Integrating by parts and using quadratic relations (7.11), (7.12) for asymptotic rep-
resentations (7.6), (7.7), we confirm that

(L1em(2),e,(02")) = (en($2), L1e,(2')). (7.28)
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As a result, we have the simultaneous orthogonality relations
(em(2), L1€,(2")) = TRpm.n(2)5(2 — '),

7.29
(em(92), Ly en(£2)) = %pm,n((z)(g((z - ). (7.29)
A simple calculation of the quadratic form (u*, Liu™) for u™ € v (A) with the
use of the spectral representation (7.26) and the orthogonality relations (7.29) leads
to the formula

(ut, Liu™)
o~ s Ko Ko + A4 ~ 4 — 2~ ~
P (12)57, (£2)077 (82) + pry o (02) U, (£2) 07, (£2)
:p.V./ (ZZ T 70240,
1 m=1n=1 m'vn“mtn
(7.30)
By lemma 7.5, we have (u™, £;u™) > 0, and therefore, (u*, £y u®) > 0. [

8. Symmetry-breaking stability analysis

Stability analysis based on simultaneous block-diagonalization of two linear operators
can be applied to other Hamiltonian dynamical systems. We show here that similar
analysis is applied also to symmetry-breaking instabilities of stationary solutions of
coupled NLS equations.

Symmetry-breaking instabilities may occur when the stationary solutions in (z, x)
are perturbed in another spatial dimension, say in y (Kivshar et al. 2000). The system
of coupled NLS equations (1.1) in three spatial dimensions (z,x,y) takes the form

O, Pihn | 0
"0z +dn<5‘x2 * 0y?

We assume the same conditions on f, and d,, as apply below (1.1). Linearization of
the stationary solutions (2.1) is defined by the expansion

wn(zv x,y) = [{pn(qj) + Un(za x,y) + iWn(Zv x7y)]ei,3n2’ (82)

where (U,, W,,)* € R? are perturbation functions. Separating the variables (z, z,y)
as

>+fn(|¢1|27-~-7¢N|2)¢n20, n=1,...,N. (8.1)

U = u(x)e Py, W = w(z)e** Py,
we arrive at the linear eigenvalue problem,
(L1 + p*D)u = —\w, (Lo + p*D)w = \u, (8.3)
where (u, w)T € R?V, p € R, and D is a diagonal matrix of (di, ..., dy). Eigenvalues

A and eigenvectors (u,w)T of the linearized problem (8.3) depend on parameter p.
Lemma 8.1. There exist exactly n(L1,9) negative eigenvalues A of the problem
L1 ou = \Du, u € L*(R), A <0. (8.4)

Proof. Since D is positive definite, all eigenvalues X in (8.4) are real. By proposi-
tion 6.1, the negative index of quadratic forms (u, £1 ou) in Hilbert space L*(R) is
invariant in two diagonal representations, one with respect to (u,, u,) and the other
one with respect to (w,, Du,) > 0. [
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We define negative eigenvalues A of the problem (8.4) for £1 as A = —{A? n}"(ﬁl)
and for Lo as A = —{A3 , }n(_EO). We split the domain p? € R, into sub-domains:

Diymg = (0* €Ry 2 AT, <p” < AT (4105 A8 g < PP < MG (i) s (8.5)
where 0 < n; < n(El) 0 < ng < n(Ly), such that

/11 0= 0 =0 and Ai(n(ﬁﬂ‘i‘l) = A(zJ,(n(Eo)-l-l) =

Lemma 8.2. In the domain D,,, ,,,, there are exactly (n(£1)—n1) negative eigen-
values of the problem

(L1 +p°D)u =, wuweL*R), <0, (8.6)
and exactly (n(Ly) — no) negative eigenvalues of the problem:
(Lo +p*D)u = u, uc L*R), A <O0. (8.7)

Proof. The result follows from continuity of eigenvalues A of the uncoupled prob-
lems (8.6) and (8.7) with respect to parameter p? in the domain 0 < p* < co. Each
negative eigenvalue A = A(p?) of operator (L1 + p?D) is an increasing function of
p? if D is positive definite, since

(u, u)
(u, Du)
When p? increases, eigenvalues \(p?) pass through the zero value at the boundaries
between domains D,,, ,,, in (8.5), and the number of negative eigenvalues of (8 6),

(8(7) re)duces according to the multiplicity of eigenvalues A = —Ainl and A = — A2 o
n (8.4).

N(p?) =

> 0. (8.8)

Proposition 8.3. Let assumption 2.14(i)—(ii) be satisfied for the problem (8.3) in
the domain D,,, . The linearized problem (8.3) has Nunst = Nyeal + 2Ncomp unsta-
ble eigenvalues A = \(p) with Re(\) > 0, such that

(1) [n(L1) —n(Lo) —n1 + nol < Nunst < (n(L1) +n(Loy) — n1 —no), (8.9)

(ii) Nyeal = |n(£1) — n(ﬁo) —ni+ n0|, (810)

(iii) Neomp < min(n(Loy) — no, n(Ly) — ny). (8.11)

Proof. The linearization problem (8.3) can be rewritten in the form of a diago-
nalization problem,

(L1 +p*D)u = (Lo +p223)—1u, u € L*(R), (8.12)

where v = =A% If p* > 0 and p® # A3 ,,, ,n(Lo), the operator (Ly + p*D)
is invertible in L?(R). By lemma 8. 2 we have n(L‘l +p*D) = n(Ly) —ny and
n(Lo + p*D) = n(Ly) — ng in the domain Dy, n,- Proposition 8.3 is then equivalent
to theorem 3.9. |

Proposition 8.4. Let assumption 2.14 be satisfied for the problem (2.14). Let
Nunst be the number of unstable eigenvalues in the problem (2.14). There exists
p2 > 0 such that the 11near1zed problem (8.3) has exactly Nunst unstable eigenvalues
in the domain 0 < p? < p?, where Nunst = N unst + p(U). The new p(U) unstable
eigenvalues \ are all real and positive.
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Proof. By lemma 2.16, the linearized problem (2.14) has N + 1 double zero eigen-
values in L?(R). The symmetry-breaking perturbation with p? > 0 split these double
eigenvalues into pairs of real or imaginary eigenvalues A\(p) of the linearized prob-
lem (8.3). We show that p(U/) double eigenvalues split into pairs of real eigenvalues
A. Expanding solutions of (8.3) into power series of p, we have the following pertur-
bation series expansions:

N
ob
u = p>\1 Z Cnﬁ -+ ()(1)3)7
n=1 n
. (8.13)
w = Z Cn¢n<l‘)en +p2w2<‘r) + O(p4))
n=1

where A = pA; + O(p?®). The function ws(x) satisfies the non-homogeneous linear

problem

By -

N
_\2
EO'UJQ = /\1;0"675" —

Using the Fredholm alternative theorem, we find that ¢ = (cy,...,cy)T satisfies the
generalized eigenvalue problem,

Cndn®p(T)e,. (8.14)
1

MUc = 2DQc, (8.15)

where Qj is a diagonal matrix of (Q1s, ..., Qns)" and U is the Hessian matrix (2.7).
Since DQy is positive-definite, Sylvester’s inertia theorem suggests that the linear
system (8.15) has exactly p(Uf) positive eigenvalues and n(Uf) negative eigenvalues
A2. Therefore, positive eigenvalues of U are related to new unstable (real and positive)
eigenvalues A = A\(p) in the linearization problem (8.3) for sufficiently small values
of p? > 0, in addition to Ny, unstable eigenvalues \(p) existing in the limit p? — 0
with Re(A) > 0. [ |

Remark 8.5. Proposition 8.4 agrees with proposition 8.3 for n; = 0 and ng = 0.
We also notice that the (N + 1)th double zero eigenvalue with the eigenvector
(®'(x),0n)T always splits into a pair of imaginary eigenvalues for p?> > 0. This prop-
erty is due to the Galileo invariance (1.7), since the translational symmetry (1.6)
does not change the index p(Up).

The author thanks G. Perelman for collaboration on the results of §7.

References

Buslaev, V. S. & Perelman, G. S. 1993 Scattering for the nonlinear Schrodinger equation: states
close to a soliton. St Petersburg Math. J. 4, 1111-1142.

Coddington, E. A. & Levinson, N. 1955 Theory of ordinary differential equations. Malabar, FL:
Robert E. Krieger Publishing Company.

Comech, A. & Pelinovsky, D. 2003 Pure nonlinear instability of standing waves with minimal
energy. Commun. Pure Appl. Math. 56, 1565-1607.

Gelfand, I. M. 1961 Lectures on linear algebra. New York: Dover.

Grillakis, M. 1988 Linearized instability for nonlinear Schrédinger and Klein—Gordon equations.
Commun. Pure Appl. Math. 41, T47-774.

Proc. R. Soc. A (2005)



812 D. E. Pelinovsky

Grillakis, M. 1990 Analysis of the linearization around a critical point of an infinite dimensional
Hamiltonian system. Commun. Pure Appl. Math. 43, 299-333.

Grillakis, M., Shatah, J. & Strauss, W. 1987 Stability theory of solitary waves in the presence
of symmetry. I. J. Funct. Analysis 74, 160-197.

Grillakis, M., Shatah, J. & Strauss, W. 1990 Stability theory of solitary waves in the presence
of symmetry. II. J. Funct. Analysis 94, 308-348.

Hislop, P. D. & Sigal, I. M. 1996 Introduction to spectral theory with applications to Schréodinger
operators. Springer.

Jones, C. K. R. T. 1988a An instability mechanism for radially symmetric standing waves of a
nonlinear Schrédinger equation. J. Diff. Eqns 71, 34-62.

Jones, C. K. R. T. 1988b Instability of standing waves for nonlinear Schrédinger-type equations.
Ergod. Theory Dynam. Syst. 8, 119-138.

Kivshar, Yu. S. & Pelinovsky, D. E. 2000 Self-focusing and transverse instabilities of solitary
waves. Phys. Rep. 331, 117-195.

Maddocks, J. H. 1985 Restricted quadratic forms and their application to bifurcation and sta-
bility in constrained variational principles. SIAM J. Math. Analysis 16, 47—68.

Maddocks, J. H. 1988 Restricted quadratic forms, inertia theorems and the Schur complement.
Linear Alg. Applic. 108, 1-36.

Pelinovsky, D. E. & Kivshar, Yu. S. 2000 Stability criterion for multicomponent solitary waves.
Phys. Rev. E 62, 8668-8676.

Pelinovsky, D. E. & Yang, J. 2002 A normal form for nonlinear resonance of embedded solitons.
Proc. R. Soc. A 458, 1469-1497.

Reed, M. & Simon, B. 1978 Methods of modern mathematical physics. IV. Analysis of operators.
Academic.

Shatah, J. & Strauss, W. 1985 Instability of nonlinear bound states. Commun. Math. Phys. 100,
173-190.

Weinstein, M. 1. 1986 Liapunov stability of ground states of nonlinear dispersive evolution
equations. Commun. Pure Appl. Math. 39, 51-68.

Proc. R. Soc. A (2005)



