BIFURCATIONS OF SOLITARY WAVES
IN A COUPLED SYSTEM OF LONG AND SHORT WAVES
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ABSTRACT. We consider families of solitary waves in the Korteweg—de Vries (KdV)
equation coupled with the linear Schrédinger (LS) equation. This model has been used to
describe interactions between long and short waves. To characterize families of solitary
waves, we consider a sequence of local (pitchfork) bifurcations of the uncoupled KdV
solitons. The first member of the sequence is the KdV soliton coupled with the ground
state of the LS equation, which is proven to be the constrained minimizer of energy for
fixed mass and momentum. The other members of the sequence are the KdV soliton
coupled with the excited states of the LS equation. We connect the first two bifurcations
with the exact solutions of the KdV—-LS system frequently used in the literature.

1. INTRODUCTION

Coupling between long nonlinear dispersive waves and short linear high-frequency wave
packets can be modeled by using the coupled system of the Korteweg-de Vries (KdV)
equation and the linear Schrédinger (LS) equation:

Wy + Ky + out) =0, '

where «, 3,7, 0, k are nonzero real constants scaled in terms of the small parameter of the
original physical problem.

The coupled KdV-LS system was proposed to describe various physical models
including the resonant interaction of capillary-gravity waves [16], the electron propagation
coupled to nonlinear ion-acoustic waves in a collisionless plasma [23], and more recently,
the energy transport by electrons in anharmonic lattices [6]. The KdV-LS system ([1.1])
was further used for modeling of the interaction between internal and surface waves in a
two-layer stratified fluid [7, 8]. Long internal solitons are modeled by the KdV equation
and the shorter modulated surface waves are modeled by the LS equation. The interaction
provides a tool to detect internal waves from the fluid surface [7]. Further extensions of
the coupled models between long and short waves were constructed recently for the deep
water in [15].

Derivation of the KdV-LS system (1.1) was reviewed in [22], where it was pointed
out that the presence of different scales between different coefficients of the model makes

challenging the rigorous derivation of the model. See also the follow-up work [I8] for the
1
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study of well-posedness of the coupled models. By using the coordinate transformation
T — /\11’, t— )\Qt, u — )\3%7 1/} — /\4¢

with
3 2
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the original coupled system (]1.1]) can be transformed to the normalized form:

{ut + Uy + Upgr + S(|w|2>z - 07

Y

. (1.2)
“/}t + wxm + k?'Uﬂ/} = 07

where
of
k=—¢€R, and s=sgn(ay)==+L
ak
If Kk = O™, 0 =0(!) and v = O(e?) in terms of the physically relevant small
parameter € > 0 with some p € (0, 1), see [7], then £ = O(1) is independent of ¢, so that
the normalized form (|1.2)) is also independent of . Similarly, the coupled model for the
capillary—gravity waves with additional transport terms derived in [16] is transformed to
the normalized form ([1.2)) by using the Galilean transformation for the long and short
waves.
The coupled KAV-LS system (1.2)) is Hamiltonian with the following conserved quan-

tities:

aw) = [ Wids (1.3
Pluw) = [ (4 500 - ) ) o (1.4
G0 = 5 [ (0 = 3+ ol = 2P (15)

which have the physical meaning of mass, momentum, and energy, respectively.

The coupled KdV-LS system admits a family of uncoupled KdV solitons, for
which ¢ = 0. Existence of coupled solitary waves with i) # 0 was studied recently in
[2, B5]. Stability of the explicit family of coupled solitary waves was shown in [I7]. In the
case s = —1 and k < 0, stability of coupled solitary waves was shown in [I] 3] by using
versions of the concentration compactness method, from which the existence and orbital
stability of a global minimizer of H for fixed () and P follow. Within the variational
methods, it is difficult to clarify the admissible values of the wave speed and frequency,
for which the constrained minimizer of energy is realized, as well as the profile (u, ).

The main purpose of our work is to clarify the existence and stability of families of
coupled solitary waves by studying their local bifurcations from the family of uncoupled
KdV solitons for s = +1 and k > 0. This approach allows us to connect the two families
of coupled solitary waves obtained in [2] as the first two local (pitchfork) bifurcations in
a sequence of bifurcations of the family of the uncoupled KdV solitons.
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By using the Lyapunov-Schmidt reduction, not only we prove the existence of families of
coupled solitary waves within the admissible values of the wave speed and frequency, but
also we study the Morse index of the Hessian operator associated with the variational
formulation of the wave profile (u,1) as a constrained minimizer of energy for fixed
mass and momentum. As the main outcome of our analysis, we prove that the coupled
sign-definite solitary wave is a constrained minimizer of energy and the coupled sign-
indefinite solitary waves are saddle points of the constrained energy. This suggests that
the variational formulation in [, 3] picks the uncoupled KdV solitons as the constrained
energy minimizers for the zero mass and the coupled sign-definite solitary waves as the
constrained energy minimizers for the positive mass. As a part of explicit computations,
we also recover the stability conclusion for the exact solutions for the sign-definite solitary
waves obtained in [17].

It is interesting that our conclusions remain valid for both supercritical and subcritical
pitchfork bifurcations of coupled solitary waves. Based on numerical approximations, we
show that both the supercritical and subcritical pitchfork bifurcations do occur for the
first two bifurcations, depending on the parameter k£ > 0 in the system (|1.2). These results
agree with the qualitative studies of pitchfork bifurcations (among the other bifurcations)
under the presence of symmetries in the generalized NLS equation [25].

The paper is organized as follows. Section [2| presents our main results on the existence,
bifurcations, and variational characterization of the solitary waves in the coupled KDV-
LS system . We point out that the ODE system for traveling solitary waves for the
particular case of k = % is a reduction of the integrable system of Melnikov equations
[19, 20, 21]. Nevertheless, as is elaborated in Appendix we are not able to obtain
the second invariant for the system of two second-order equations, hence we are not able
to conclude that it is an integrable Hamiltonian system in the sense of Liouville [I4].
Nevertheless, the exact solutions for the coupled sign-definite solitary waves considered
in [17] (see also [2, B]) only exist for k = &. Section [3| gives details of analysis of the
uncoupled KdV solitons with precise computations of the Morse index and the sequence
of bifurcation points. Sections [4] and [5] report on the analysis of the first two pitchfork
bifurcations in the sequence. The analysis in Sections [3 [} and [5] provides the proof of
the main results presented in Section

2. MAIN RESULTS

2.1. Existence of traveling waves. We consider the traveling wave solutions of the
coupled KdV-LS system (|1.2)) in the form:

Y, t) = e (), wu(x,t)=U(), &=z—ct, (2.1)

where the profiles U : R — R and ¥ : R — C satisfy the following system of differential
equations:

(2.2)

U™ — U+ UU' + s(|9)2) =0,
U — el + KUV + wl = 0.
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Integrating the first equation of the system (12.2)), we obtain
1
U”—cU+§U2+s|\If\2 =, (2.3)

where C is an integration constant. If U(§) — 0 and |¥(&)*> — 0 as |{| — oo, then
(7 = 0. To integrate the second equation of the system ([2.2), we use the polar form
U = Ae'® and obtain

(2.4)

A"+ (w+kU)A+ 0O (c—0)A =0,
O"A+20'A" —cA' = 0.

Multiplying the second equation of the system (2.4) by A and integrating, we obtain
02 &
Ty
where Cy is another integration constant. If A(§) — 0 as || — oo, then we have to choose
C3 = 0 to avoid divergence of ©'(§) at infinity, which yields ©'(§) = §. Equation ([2.3|) and

the first equation of the system ([2.4]) are now written as the system of two second-order
differential equations for the profiles U : R — R and A: R — R:

{U” — U+ U2+ 542 =0,

(__)/

2.5
A"+ (Q+KU) A =0, (2:5)

where ) := w + %. Analysis of the exact solitary wave solutions to the system (2.5) was
developed in [2] (see also [5]). If A =0, the system reduces to the scalar equation

U" —cU + 1U2 =0, 2.6
2

which is the traveling wave reduction of the integrable KdV equation. Solving ({2.6|) yields
the uncoupled KdV soliton for arbitrary k,

U = 3¢ sech? (\/TEQ“) , A=0, (2.7)

where ¢ > 0 is assumed.
Itk = %, the system 1' is obtained from the traveling wave reduction of the integrable
(Melnikov) system derived in [19] and analyzed in [20} 21]:

(ut + Uy + u$:cw)x - Suyy + S(|¢|2)$$ - O’

Then, u(z,y,t) = U(z—ct) and ¢(z, y,t) = e A(z—ct) reduces (2.8) to (2.5) with k = ¢.
Exact solutions for the coupled solitons of the Melnikov system (12.8)) were obtained in
[21]. For k = %, the coupled soliton of the system |) obtained from 1} is given by

U = —12Q sech?(v/—Q¢),
A= /—125Q(c + 4Q) sech(v/—Q¢),

(2.8)

(2.9)
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where Q2 < 0 is assumed. The solution is well-defined if s(c+4€) > 0. If ¢ > 0, this
can be satisfied with two options:
(a) s =1: Q> —1,
(b) s=—-1: Q< 1.
In addition to and , there exists another family of exact solutions of the

system (2.5) based on [2]. This additional family is not related to the two integrable
cases. As a result, it exists for varying values of the parameter k of the system ([2.5)):

P U = 2(c — 29) sech?(y/—¢),
20 A = /2s(c +49Q)(c — 2Q) sech(v/—Q¢) tanh(v/—Q),
where ¢ > 0 and 2 < 0 are again assumed so that ¢ — 2Q2 > 0. The solution ([2.10) is
(2-9)

well-defined if s(c 4 4€2) > 0, which is the same condition as for the solution (2.9)) with
the same two options (a) and (b).

Remark 1. The ezact solutions and exist forc < 0ifs = —1 (and c—2Q > 0
for the solution ) However, we do not consider the values of ¢ < 0 since we would
like to connect the exact solutions and to the uncoupled solitons in the form
by means of local bifurcations.

Remark 2. The system enjoys the following reversibility symmetry: If U(§) and
A(&) is the solution profile, then so are U(—¢€) and £A(=E). The solution is invariant
under the reversibility symmetry if U is spatially even and A is either spatially even or
odd. The exact solutions , (@, and are all invariant under the reversibility
symmetry. Due to the translational symmetry, every solution can be translated from the
point of symmetry at & = 0 to any point of symmetry at &€ =& € R.

2.2. Variational characterization. The profile (U, V) defined by the system ({2.2) is a
critical point of the augmented energy functional:

AU, )= H(U,¥) + cP(U, V) —wQ(V). (2.11)
Indeed, applying variational derivatives to (2.11)) yields the system

_U" = LU — S| W2 + U =0,
—AY U Y e =,
which recovers (2.2) due to (2.3)) with C; = 0.

By using the representation W(§) = A(&) 5, we obtain the profile (U, A) from the

system (2.5)). The profile (U, A) is a critical point of the action functional
AU, ) =H(U,A)+ cP(U,0) — QQ(A)

(2.10)

1 1 2 2Q)
— o (U2 el — U+ D) —2sUA? - EE 2 ) g, (212)
2 3 k k
with Q = w+ <. Indeed, the representation W(€£) = A(f)e% transforms A(U, ¥) in (2.11
to the form ([2.12), variational derivatives of which generate the system ([2.5)).
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The following theorem gives the main result of this work.

Theorem 1. Assume ¢ > 0, Q <0, and s =sgn(k). If s=—1 orifs=1 and Q < Q.

with
QC:—% <\/1+48\k|—1>2, (2.13)

then the uncoupled soliton s a local minimizer of the constrained energy H for fixed
momentum P degenerate only by the translational symmetry. If s =1 and Q € (£,0),
then the uncoupled soliton 1s a saddle point of the constrained energy. Furthermore,

for |k| > % with J € N, there exist a sequence {QEJ) ‘jjzl of pitchfork bifurcations

(either super-critical or sub-critical) with

) 2
o) = —L (VI+as -2j+1), 1<j<1 (2.14)

such that new families bifurcate from the family of uncoupled solitons. The family with
7 = 11s a local minimizer of the constrained energy H for fited momentum P and mass Q)
degenerate only by the translational and rotational symmetries, whereas the families with
j=2,...,J are saddle points of the constrained energy.

Remark 3. We use s = sgn(k) to ensure that the second variation of the action functional

at the family of the solitary waves with the profile (U, A) be bounded from below
(but not from the above).

Remark 4. In the case of the local minimizers of the constrained energy, the orbital
stability of either the uncoupled soliton or the coupled solitary wave for perturbations
(w, z) in HY(R,R) x H'(R,C) follows from a general argument in Theorem 2.8 in [11].
Howewver, for the case of the saddle points of the constrained enerqy, the orbital instability
does not follow immediately unless the spectral instability can be proven, see Theorem 2.}
in [I1]. We do not have the spectral instability of the uncoupled soliton since the
KdV equation is quadratically coupled to the solution of the linear Schrodinger equation
in the KdV-LS system . Hence, we are not able to conclude on the orbital instability
of the uncoupled soliton if s=1 and Q2 € (Q,0).

2.3. Schematic illustration and the road map. Figure (1] presents the bifurcation
diagram for the three families of solitary wave solutions of the system with s = 1,
k = %, and a fixed value of ¢ > 0. The bifurcation parameter is {2 < 0. The family of
uncoupled KdV solitons in the form corresponds to the horizontal line and defines
the primary branch for pitchfork bifurcations. In Proposition [I, we show that the Morse
index n(£) (the number of negative eigenvalues of the Hessian operator constrained by
two symmetries of the KAV-LS system) for the primary branch is 0 for Q < —¢, 2 for
—c< Q< =% and 4 for —¢ < Q<0 (if k=3). For Q < —c, the family of uncoupled
KdV solitons is a local minimizer of the constrained energy H for fixed momentum P and

mass @, hence it is orbitally stable in the time evolution of the KdV-LS system (|1.2)).

Bifurcations of new secondary families of coupled solitary waves occur at 2 = —c and
Q0 = —¢ when the nullity index (the multiplicity of the zero eigenvalue of the Hessian
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operator) exceeds the number of symmetries. In Proposition [2| and Figure , we show
that the first bifurcation is a supercritical pitchfork bifurcation (if & = ). Furthermore,
in Propositions [3] and [ we show that the Morse index of the bifurcating family is 0 so
that it is a local minimizer of the constrained energy H for fixed momentum P and mass
. The exact solution gives a global continuation of this bifurcation (but in the case
k=1

Fiflally, in Proposition [5] and Figure 5], we show that the second bifurcation is a subcrit-
ical pitchfork bifurcation (if k = %) Furthermore, in Propositions |§| and , we show that
the Morse index of the bifurcating family is 2 so that it is a saddle point of the constrained
energy H for fixed momentum P and mass ). The exact solution bifurcates from
the primary branch for this exact value of k = 1 . However, it is globally extended in the
form - for different values of £ in (O, 2) that depend on the bifurcation parameter €2,
see Figure []

a
—0 ¢ =2 —</4 n(l)
FIGURE 1. Schematic bifurcation diagram for s = 1 and k = Wthh shows
how the families of coupled solitary waves generalizing ([2.9| ) and - are

connected with the family (2.7)) of the uncoupled KdV solitons. £ denotes
the Hessian operator constralned by two symmetries of the KAV-LS system
(1.2) and n(L) is its Morse index.

Remark 5. According to the reversibility symmetry in Remark [3, we obtain secondary
branches in subspaces of the Sobolev space H*(R) of functions with even and odd parities.
We denote these subspaces by HZ (R) and H2,4(R), respectively.

even

3. STABILITY AND BIFURCATIONS OF THE UNCOUPLED KDV SOLITONS

3.1. Hessian operator for the solitary waves. The variational formulation of the
solitary waves with the profile (U, A) by using the action functional relates the
system of differential equations l-) with the three conserved quantities of the KdV—
LS system given by (1.3 . 1.4)), and ( . We use this construction to define the
Hessian operator for the solitary waves. The Hessian operator plays the central role in
the analysis of stability and bifurcations of the solitary waves.
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Lemma 1. Let (U, A) € HY(R) x H'(R) be a critical point of the action functional (2.19).
The corresponding Hessian is expressed by the linear operator £ : (H*(R))? C (L*(R))* —
(L*(R))? given by

0£2—|—U—c 2sA 0
L=- 254 2 (0 +kU+9Q) 0 : (3.1)
0 0 2 (02 + kU +9Q)

Proof. Adding a perturbation (w, z) to the profile (U, ¥) in the augmented energy func-
tional (2.11)) and using the traveling wave coordinate £ = x — ct, we obtain the following
expansion:

1 1
AU+ w, ¥ +2) = / (5([]/ +w)? — 6(U+w)3 + f‘\Iﬂ + 212 — s(U + w)|¥ + 2‘2) d§

—l—c/(%(U—l—w) +ﬂ[(\1'+z)(\lf’+z) (\If+z)@’+z’)]) de¢

—%/]\Iijz\zdf.

Since (U, V) is a critical point of A(U, V), we get the expansion
1 1
AU+ w, ¥ +2)=AU,V) + §Q2(w, z) + éQg(w, z),

where Q)2 and @3 are quadratic and cubic terms in (w,z). To compute the Hessian
operator, we only collect the quadratic terms in

Qa(w, z) = / ((w’)2 — Uw? + %]2’\2 — 25U |z|? — 2sw(¥z —l—@z)) d¢

+c/<w2+%s(,§z’—zz )dg—@/\ 2de.

By using the variables
U= Ae%, z=(z+ izg)e%, (3.2)

with real A and (z1, 22), we rewrite Q2(w, 2z) in the form

Qa(w, 2) = / (( )= Uw’ + 2,:[( )7+ ()] = 25U (21 + 23) —48wA21> dg

+c/ 2d§—2—§{28/(zf+z§)d§,

where Q = w + %. Representing Q»(w, z) as a quadratic form for £ acting on (w, z1, 22)
in (L*(R))? yields the Hessian operator £ in the form (3.1)). O
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It follows from ([3.1]) that £ is block-diagonalized into a 2x 2 matrix Schrédinger operator
£, (HA(R)? C (L2(R))? — (I*(R))? given by

. L1 —2sA . L1 = —62+C—U,

k
and a scalar Schrodinger operator Ly : H*(R) C L*(R) — L*(R). Since U and A decays
to zero at infinity exponentially fast and we have assumed that ¢ > 0 and €2 < 0, Weyl’s
theorem implies that the continuous spectrum of £ is a union of the continuous spectra
of Ly and Lo, which are given by [c,00) and 2—;[\9\,00), respectively. The continuous
spectrum of L is strictly positive if and only if

s = sgn(k),

which is assumed from now on, see Theorem [I] and Remark [3]

The main task of the stability analysis by using the Lyapunov theory is to compute the
Morse index (the number and multiplicity of negative eigenvalues) and the degeneracy
index (multiplicity of the zero eigenvalue) of the Hessian operator £. To achieve the task,
we recall the following well-known result, see [10].

Lemma 2. Let T : H*(R) C L*(T) — L*(R) be the scalar Schrédinger operator given by
T = —0? — ysech®(x), ~>0.

The continuous spectrum of T is 0.(T) = [0,00), whereas the point spectrum of T depends
on v and consists of simple eigenvalues:

o,(T) = {— (%\/1—1—47—71—%) : n=0,1,2,...,N} \{0}, (3.4)

where N = |5(y/T+ 4y — 1)| with |a| denoting the floor of a positive number a.

Remark 6. If |3(v1+4y —1)] = 3(VI1+4y — 1), then 0 is the resonance of the
Schrédinger operator T at the end point of o.(T) = [0,00). It is excluded from o,(T) in

, which then consists of N negative eigenvalues. If L%(\/l +4y-1)| < %(\/1 + 4y —
1), then o,(T) in consists of (N + 1) negative eigenvalues.

3.2. Characterization of the uncoupled KdV solitons. Lemmas [I| and [2| give the
necessary ingredients to study the variational characterization of the uncoupled KdV soli-
ton with the profile (U, 0), where U is given by . Since A = 0 for the uncoupled KdV
soliton , the mass conservation () plays no role in the variational characterization.

Proposition 1. Assume c >0, Q <0, and s =sgn(k). If s=—1 orifs=1 and Q2 <,

with
0, = i(\/1+48|k|—1>2, (3.5)

16
then the uncoupled KdV soliton with the profile 1s a local minimizer of the constrained
energy H for fited momentum P degenerate only by the translational symmetry. If s =1
and Q € (Q,0), then the uncoupled KdV soliton is a saddle point of the constrained
energy.
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Proof. For the uncoupled KdV soliton with the profile (2.7]), the Hessian operator ({3.1))
is diagonal with (Lj, Ls, Ls), where L; and Lo are defined in 1’ Putting y = \/7657 we
convert L; and Ly to the form used in Lemma, [2}

Ly=¢ (—82 + 4 — 12sech’(y))
Ly = ( d7 + 4‘9‘ — 12ksech®(y ))

.

(3.6)

By Lemma , the normalized operator Ty = —0; + 4 — 12sech?(y) has three eigenvalues
—5,0, 3 isolated from the continuous spectrum on [4,00). Therefore, L; has a simple
negative eigenvalue and a simple zero eigenvalue with the eigenfunction spanned by U’
due to the translational symmetry.

If s = —1, the normalized operator Tp = —d; + @ + 12|k[sech®(y) has no isolated

eigenvalues from the continuous spectrum on [@, oo) If s = 1, the normalized operator

= -0+ 4|Q‘ — 12|k|sech?(y) has the smallest eigenvalue at

2
i?‘ _ i (VITasik —1)".
For ) < Q., where Q. is given by (3.5), it is strictly positive, whereas for Q € (€2.,0), it
is strictly negative.

We conclude that for s = —1 or if s = 1 and 2 < €2, the Morse index of the uncoupled
KdV soliton with the profile (U, 0) in is exactly 1 and the degeneracy index is exactly
1. By Theorem 2.7 in [I1], (U,0) is a local constrained minimizer of energy H subject
to fixed momentum P degenerate only by the translational symmetry if and only if the
slope condition is satisfied:

d
—P(U,0) > 0.
2P0, 0) >

This is true since
9 2
P(U,0) = = /s ch* (\f5> d¢ = 12¢3 (3.7)
R

so that £ P(U,0) > 0 and the statement is proven. If s = 1 and Q € (Q,0), the Morse
index of the uncoupled KdV soliton with the profile (U,0) in (2.7) is at least 3. By
Theorem 2.7 in [11], (U, 0) is a saddle point of the constrained energy. O

Remark 7. Operator Ly in admits zero eigenvalues at {Q( J 1, where Q 2 is given

by (2.14) with oM =Q, and J deﬁned by the largest integer such that |k| > =—. At
Q = QU the primary branch of the uncoupled KdV solitons undertakes a local b@furcatzon
and a new secondary branch of the coupled solitary waves appears. In Section [ and[5, we
study the first two bifurcations, for which the new secondary branches include the exact

solutions (2.9) and , respectively.
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1
4. BIFURCATION OF THE COUPLED SOLITARY WAVE AT QE ) = Q.

4.1. The bifurcating branch of coupled solitary waves. By Proposition [T} the first
bifurcation along the family of the uncoupled KdV solitons occurs at 2 = €., for which
the first positive eigenvalue of the Schrodinger operator Ly : H*(R) C L*(R) — L*(R) for
Q < €. passes through zero and becomes negative for €2 > .. The first eigenvalue of Lo
corresponds to the following eigenfunction:

g(&) = sech? (gf) , p=- L+ 48k| 1. (4.1)

2

Note that Q. = —§ and p = 1 if |k| = %, for which the profiles U in nd g in
coincide with the profile (U, A) of the coupled solitary wave given by (2.9)) for Q = Q..
Since s = 1 implies k = %, the solution family exists for Q € (9, 0).

The following result shows that the intersection of the branch of coupled solitary waves
with the branch of uncoupled KdV solitons at {0 = (). is not a coincidence but

the outcome of a local pitchfork bifurcation which is valid for every £ > 0 near €2 = €)..

Proposition 2. Assume ¢ > 0, Q < 0, and s = sgn(k) = 1. Let Uy be given by
and g be given by . Assume that (g%, L7 g%) # 0, where Ly is defined in @ For
every Q near Q. such that sgn(Q — Q.) = —sgn({g?, L7 %)), there exists a unique family
of solutions with the profile (U, A) € H?,. (R) x H2_ (R) satisfying

U = Upllnz < ClQ2 =, [|A]l < CVIQ—Q,
for some Q-independent constant C' > 0.

Proof. We represent the system of equations (2.5)) as the root finding problem for the
vector field

F(U,A,Q) : HX(R) x H*(R) x R — L2(R) x L*(R), (4.2)
with
(U U = JU? — s A2

where ¢ > 0 and k£ > 0 are fixed and s = sgn(k) = 1. The Jacobian of F at (U, A) is
given by the matrix Schrodinger operator £ : (H*(R)? C (L*(R))? — (L*(R))? in (3.3)).
Evaluating L£; at (U, A, Q) = (U, 0,2.) with Uy given by and using perturbation
(w, z,08) to (Up, 0, €2.) yields the expansion

_ Ly 0 w —%wQ — 522
F(Uy+ w, z,Q. 4+ 6Q) = F(Up,0,Q.) + (O Lz) (z) + (—25wz B 2_’:592 . (4.3)

where the explicit form of the Schrodinger operators Ly and L, is given in (3.6|) for Q2 = Q..
The root-finding problem for F can be rewritten in the form

Ly 0\ (w\ [ w4 sz?
(O Lg) (z) o (QSwz—i- %592 : (4.4)
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We recall that kerL; = span(U])) and kerLy = span(g), where U] is odd and g is even in
¢, To eliminate the translational symmetry, we consider the implicit equation on
the subspace of even functions (w,z) € H2, (R) x H%_ (R), for which L; is invertible
with a bounded inverse. The implicit equation is closed on this subspace, thanks
to the reversibility symmetry of the system , see Remark . Therefore, we use the

orthogonal decomposition

(Zf) —a (2) + (ff) . such that (g, z) =0, (4.5)

with @ € R being a (small) parameter defined by the orthogonality constraint with the
standard inner product {-,-) in L?(R). The implicit equation (4.4) is rewritten in the

form:
Li 0 (wr) _ Tw? + s(ag + 21)? (4.6)
0 L, 21 2swi(ag + 1) + 2—;5Q(ag +2))° '
Orthogonality of the second equation of system (4.6]) to kerL, = span(g) yields the solv-
ability condition

09allgll72 + k(g, wi(ag + z1)) = 0. (4.7)

Under the constraint (4.7)), Ly is invertible with a bounded inverse on a subspace of L*(R)
orthogonal to kerL, = span(g). This allows us to rewrite the implicit equation (4.6|) in
the final form:

wy\ (L' 0 Lw? + s(ag + 21)? i
z2) L0 L;l 2swi(ag + z1) — 2s(ag + Zl)w . (4.8)

allgll%,

even(Eg) X
HZ,..(R) to (4.8) such that (g,z1) = 0 for every (sufficiently small) a € R and the

even

mapping a — (wq,z1) is C*. Let us denote the unique solution as (wi(a),31(a)). It
follows from the principal terms of the system (4.8]) that the mapping satisfies

By the implicit function theorem, there exists a unique solution (wy,z2;) € H2

o1 (a@)llz= < Ca®, lg1(a)llz= < Clal’, (4.9)

for some C' > 0 uniformly for small a € R. For precise computations, we need the
following transformation

wi(a) = a®wy + 1y(a), ||wa(a)||g: < Ca’, (4.10)

where the a-independent function w, € H2,. (R) is given by w, = sL;'g?. Substituting

even

(to1(a), 31(a)) satisfying (4.9)) and (4.10) into (4.7]), we obtain
2 (9% Li'g®)
g1l

which shows that sgn(6Q) = —sgn({g?, L '¢?)). This completes the proof. O

60 = —|k|a + O(a*), (4.11)
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4.2. Characterization of the bifurcating branch. We first compute the Morse index
and the nullity index of the bifurcating branch in Proposition [2}

Proposition 3. Let (U, A) be the profile of the bifurcating branch for Q near Q. given
by Proposition @ Then, its Morse index is equal to 1 if (g>,L7'¢%) < 0 and to 2 if
(g%, L7'g?) > 0, whereas the nullity index is equal to 2 in both cases.

Proof. We use the construction of Proposition [2| with the profile
U=Uy+mwi(a) and A=ag+3(a), (4.12)
where ((a),3:(a)) € H%,,(R) x H_ (R) satisfy the bounds (4.9). The parameter a > 0

even even

parameterize the bifurcating branch, in particular, we have Q = Q.+ 6Q(a), where §Q2(a)
is given by the expansion (4.11) with sgn(6Q) = —sgn((¢g?, L7 *¢?)). The Hessian block
L; defined by (3.3) can be expanded by using (4.12]) as follows:

_( Li—w(a) —2s(ag + 31(a))
Ly = <_25<ag 4 31(a)) Lo — 2st0(a) — %59(@))

_ (L1 0 0 —2sg 9 —sLi'g 0 . \
— (O L2> +a (_25g 0 > +a ( 0 _2L1—192_‘_2(g”75“1229 > —0—0(& )
L

where we have used the leading—order terms for wq(a) and 6Q(a) from (4.10)) and (4.11]).

We are now looking at the eigenvalues and eigenvectors of the eigenvalue equation L v =

Av. Since 0 is a double eigenvalue of LL(JO), we are looking for the splitting of the zero
eigenvalue by using the perturbation theory. We write

v =09 +a® +a*® +0@®), \=a\¥ +a2\? + 0(a?),

U 0
0 _ 0
v c1 ( 0 ) + c2 (g)
for some (c;, cy) € R2.

At the order of O(a), we obtain

where

LOyM) 4 11,00 — £(1),,(0
Writing in the component form, we obtain

vy = (fl) . { Ly fi = 2sg(eag) = AV (1 Up),
a) Lagr — 25g(c1Up) = AV (cag).

Since even ¢? is orthogonal to U} and odd gU] is orthogonal to even g, we obtain by
Fredholm’s theory for linear inhomogencous equations that A1) = 0. This yields the
exact solution in the form

fi =2sco Lg%, g1 = 2sc1 Ly gUy,
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where L;' is uniquely defined in the space of even functions and L, is uniquely defined
in the space of odd functions. Differentiating of (—852 — Q. — kUp)g = 0 in ¢ yields
Log' = 2sUjg, which ensures that g1 = ¢1¢'.

At the order of O(a?), we obtain

LOu@ L LMy L 12,0 — 32),0),
Writing in the component form, we obtain

Y[ L= 20 - (L)) = X)),
Vg = : ~ -
2 92 Lags — 259 f1 + (—2L1 g2 + 2M> (c29) = AP(cag).

llgllF 2
Taking the inner product of the first equation with Uj € Ker(L;) and also taking the
inner product of the second equation with g € Ker(Ly), we get the linear system for

(c1,c) € R%:

—4e1(gUg, Lyt gUs) — se (U2, L' g?) = APy | UG |32,
—dey (g%, L' g?) = AP ey) 9|2

where we have used the explicit expressions for f1, g;. Since the linear system is diagonal,
we get two different solutions related to the subspaces (¢1,¢y) = (1,0) and (¢p, ¢2) = (0,1).
For the subspace (c1,c2) = (1,0), we prove that

AqU;, Ly gUg) + s((Ug)?, Li'g%) = 0, (4.13)

which yields A®® = 0. This is consistent with the fact that the zero eigenvalue A\ = 0 is
preserved along the solution branch with the profile (U, A) by the translational symmetry.

To verify , we derive from
Uy = cly — %Ug,
(Uh)? = U — SUR,
that

1
LUy = ~U} + cUy — U3 = —§U§,

2
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Hence we obtain
1
3

- L
= (LU, 9°) = (L' 97)

(Us)*, L1 g") = e{Us, Ly *g*) — 2(Us, L1 g%)

c, 1
ST - LR g
1

= C<U0792> - §<U3a92>

On the other hand, since L;'gU} = 59', we also obtain

AgUp, Ly ' gU) = 2s(gUg, ¢')
= _5< 6/7g2>
S
- —cs<U0,92> + §<U§a92>-

Substituting these computations into the left-hand side of (4.13]), we obtain the zero result.
For the subspace (c1,c2) = (0, 1), we get

RN
g]l32

which shows that A = a?A® + O(a®) > 0 if (¢%, L7'¢?) < 0 and A = a?A\® + O(a®) < 0
if (g2, L7'¢%) > 0. Since L; has only one negative eigenvalue at U = Uy, the splitting of
the double zero eigenvalue is clarified above, and the other eigenvalues of L) are strictly
positive, the continuity of eigenvalues in a implies that the Morse index of L; is 1 if
(g?, L7'g%) < 0 and 2 if (¢?, L7 g% > 0.
Referring back to the Hessian operator £ given by , it follows that the operator
2s
k

Ly = (0 + kU + Q)

admits a simple zero eigenvalue due to the rotational symmetry with Lo A = 0. The rest
of Ly at U = Uy and €) = €, is strictly positive, hence the Morse index of L, is 0 for small
a. This yields the claim on the Morse index of £. On the other hand, £ has a double zero
eigenvalue associated with the translational and rotational symmetries, and the splitting
of the double zero eigenvalue clarified above shows that the kernel of £ is exactly double
for small a. This yields the claim about the nullity index of L. U

We next clarify the constrained minimization properties of the bifurcating branch by
using information about the Morse and nullity indices from Proposition [3]

Proposition 4. Let (U, A) be the profile of the bifurcating branch for Q near Q. given
by Proposition @ If either (g?, L7'g?) < 0 or (g%, Lg% > 0, the bifurcating branch is a
local minimazer of the constrained energy H for fited momentum P and mass () degenerate
only by the translational and rotational symmetries.
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Proof. We use again the decomposition (4.12)) with Q@ = Q.+08(a), where (w0, (a), 31(a)) €
H2 .. (R) x H2_ (R) satisfy the bounds (4.9) and 6§2(a) is given by the expansion (4.11)).

even even
Hence, we compute

1 1
P(U,0) = §HU0||%2 + (Up, w1 (a)) + §||m1(a’)”%27
S

QA) =  (@’llgll7= + 2a(9,51(a)) + ll31(a)lI72) -

By using the variational characterization, we recall the action functional (2.12)) rewritten
as

AU, W) = H(U, A) + cP(U,0) + |Q|Q(A)

To incorporate the constraints of fixed momentum P and mass () in the minimization of
energy H, we consider the Hessian operator £ on the constrained subspace of (L?(R))?
with two constraints:

(Uyw) =0 and (A, z) =0,

where w is the perturbation to U and z; + 129 is the perturbation to A according to (|3.2))
in the proof of Lemma . The constrained Hessian operator is denoted by £. By Theorem

A A

3.2 in [11], the Morse index n(£) and the nullity index z(L£) are computed as

n(L) = n(L) — po — 2o,
2(L) = z(L) + 2o,

where py and zy are the number of positive and zero eigenvalues of the matrix D given by

oP(U,0)  OP(U,0)
D — dc ElY]
— | QM) 0Q(A)

dc aIQ

For the bifurcating branch, we use parameters ¢ and a? with the dependence Q = Q, +
0€2(a) expressed in even powers of the small amplitude a. Hence, we introduce the function
(¢, Q) — a? by solving the implicit equation Q = Q. + 6Q2(a) for 2 close to .. By using
the chain rule, we obtain

OP(U0) | OPWO) 9a? _ IP(U0) da?
b )
F)

o) Oa? Qa2 O
o) |, odln ot _adla) 0o
c da?  Oc da?2 0N

It follows from (4.11)) that

da’ HQH?'} dS2, 2
= @)
oc  sk(g? Li'g?) dc +0(d),
2 2
da _ ”gHL2 + O(CLQ),

00 sk{g®, Ly'g?)
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where (g2, L;'g?) # 0 is assumed. By using (3.7) and the expansion (4.12)), we obtain
oP(U,0)

T = 18\/E+ O(CLQ),
% = (Uo, ws) + O(a?),
0Q(A
W o),
0Q(A
A 2 gl + 0(a?).

Computing det D yields a simpler formula
da? [OP(U,0) 0Q(A) B OP(U,0)0Q(A)
0N 0a? dc oc da?

18 4
_ \/E”ngL? O(aQ).
k2<g27L1 g2>

detD =

If (g2, Lg% < 0, then det D < 0 for small a and D has one positive and one negative
eigenvalues. By Proposition [3| we have z(£) =2 and n(£) = 1 in this case. Since 2z =0
and py = n(L) = 1, Theorem 3.2 in [I1] implies that the bifurcating branch is a local
minimizer of the constrained energy H for fixed momentum P and mass Q).

If (g2, L7'¢%) > 0, then det D > 0 for small a and since the second diagonal entry is
positive,

Q) aat _ lglls.
0a® 00~ (g, L, g)

+ O(a®) > 0,

D has two positive eigenvalues. By Proposition [, we have z(£) = 2 and n(L£) = 2 in this
case. Since zp = 0 and py = n(L) = 2, Theorem 3.2 in [I1] implies that the bifurcating
branch is a local minimizer of the constrained energy H for fixed momentum P and mass
Q.
In either case, the local minimizer of the constrained energy is only degenerate due to
the translational and rotational symmetries of the coupled KdV-LS system (|1.2]). U

Remark 8. We have two different cases of the pitchfork bifurcation.

o If (¢?, L7'g?) < 0, the bifurcating branch exists for Q > Q. and it inherits the
minimaizer property of the constrained energy from the branch of uncoupled KdV
solitons, which becomes a saddle point of the constrained energy for Q > Q. by
Proposition [l This bifurcation is classified as the subcritical pitchfork bifurcation.

o If (g%, Lg% > 0, the bifurcating branch exists for Q < Q., where the branch of
uncoupled KdV solitons is also a minimizer of the constrained energy by Proposi-
tion [l This bifurcation can be classified as the supercritical pitchfork bifurcation,
but it differs from the standard supercritical pitchfork bifurcation in the absence of
symmetries, where the bifurcating branch is usually unstable.
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Examples of pitchfork bifurcations where both the primary and bifurcating branches can
be stable or unstable for the same parameters were given for a generalized NLS equation
in [25].

Remark 9. By using the exact solution for k = % and s =1, we compute
P(U,0) = 96|92,
Q(A) = 144(c — 4/2)[ ]2,
This yields the expression for D in

oot S\ _( o Loy (4.14)
o9l oetd 144]QY2 72|Q|7Y2(c — 16]Q]) '

Since det D < 0, D has one positive and one negative eigenvalue. At the same time,
Morse index for the exact solution (@) is equal to 1, see Lemma |5 below, hence the
(‘)

computations in the proof of Proposition |4 are in agreement with . Furthermore,
since )
1 c a
k=-: Q=—+4+—+0(a*
6 1t tOW@)
and o 6
Wz} = 22 [ Wlgpsect(y)dy = -
Ve Jr Ve
we obtain

oP(U,0) n OP(U,0) da?
Jc da?  Oc
i agreement with the first diagonal term of D in being zero.

4.3. The Hessian operator for the exact solution (2.9)). Here, we verify that the
Hessian operator £ at the exact solution for k = % and s = 1 has a simple negative
eigenvalue and a double zero eigenvalue for the entire existence interval Q € (£2,0),
where €}, = —7. Due to the exact computation of D in , see Remark @, this
suggests that the exact solution is a local minimizer of the constrained energy H
for fixed momentum P and mass () degenerate only by the translational and rotational
symmetries. This result recovers the orbital stability proven in [I7] and extends the results
of Propositions [3| and {4] beyond the local bifurcation limit along the exact solution (12.9)).

Let k£ = % and s = 1. By using , we compute the block £; of the Hessian operator

L given by (3.3) explicitly:
ro- — 02 4 ¢ — 12|Qsech?(|Q]'/%¢) —4./3|Q|(c — 4]Q])sech(|Q[*/2¢)
T\ =439 (c — 4]Q)sech(|Q]2¢) 12 (—0Z + 19| — 2|Qfsech?(|2[1/%¢)) .

The exact solution 1} exists for €2 € (—ﬁ, 0). With a change of variables

C
n= V|Q|€7 7:@7

= 18v/¢ + 3¢(Up, w2) + O(a?) = O(a?),
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we get L; = |Q|L;(7), where L;(7) is given by

(02 4y — 12sech®(n) —44/3(7 — 4)sech(n)
Li(v) = (_4 3(y — 4)sech(y) 12 (=82 + 1 — 2sech?(n)) >

The only parameter v > 4 parametrizes L;(y) and the result of Proposition |3| suggests
that for small |y — 4|, L,(7) has a simple negative eigenvalue near —5, a simple zero
eigenvalue, and at least two positive eigenvalue (one is close to 0 and the other one is
close to 3) below the essential spectrum on [y, 00) U [12, 00).

(4.15)

e
b
.
.
e,
.
e SR
.....
.....
oo

FIGURE 2. The lowest three eigenvalues of L;(7) versus .

By using the finite difference numerical method, solutions of the spectral problem

Ly(v) (‘j) =A @) (4.16)

can be approximated numerically. Figure [2| shows the first three eigenvalues of L;(7)
versus v for 4 < v < 20. The numerical approximation suggests that the Morse and
nullity indices of L;(y) do not change for all v > 4. This fact is confirmed analytically as
follows.

Lemma 3. The linear operator L;(7y) admits simple negative and zero eigenvalues for
every v > 4.

Proof. We recall that L;(7) in (4.15)) admits a zero eigenvalue for every v > 4 due to the

translational mode
£, (V) = (¢ (4.17)
J A/ 0/’ ’

which exists for every €2 € (—;E,O). To prove the assertion, we show that the zero
eigenvalue of L () remains simple for all ¥ > 4. This implies by continuity of eigenvalues
in v that £,(v) admits a simple negative eigenvalue for every > 4 since this is true for
small v = 4.

By looking at the solution of 1) with 1' for A = 0, we take w = 4,/3(y — 4)v

and rewrite (4.16]) in the equivalent form:

Ly (y)v = sech(n)z,
{ Loz = 4(vy — 4)sech(n)v. (4.18)
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where Ly (y) = =02 4+ v — 12sech®(n) and Ly = —02 + 1 — 2sech®(n) are two self-adjoint
Schrodinger operators in L?(R) with the domains in H?(R). Due to the translational
mode (4.17)), we can find one decaying solution of (4.18]) in the form

vo = tanh(n)sech?®(n), 2o = (v — 4) tanh(n)sech(n). (4.19)

The operator Ly () : H*(R) C L*(R) — L*(R) is invertible for every v € (4,9)U(9, o).
This implies that for every z € L*(R), there exists a unique v = (L;(v)) 'sech(n)z in
H?(R) so that the system (4.18) can be rewritten as the generalized eigenvalue problem

Loz = uKz, K =sech(n)(Li(y)) 'sech(n), u=4(y—4). (4.20)

The linear operator K : L*(R) — L?(R) is self-adjoint and compact due to the exponential
decay of sech(n) as |n| — oo [I3, Section 5.6]. Furthermore, L, : H*(R) C L*(R) — L*(R)
is non-negative with a simple eigenvalue at 0 for the eigenfunction sech(n). Consequently,
the generalized eigenvalue problem admits the zero eigenvalue p = 0 with the
eigenfunction sech(n). We claim that u = 0 is algebraically simple for every v € (4,9) U
(9,00). By the Fredholm theorem, the simplicity of g = 0 implies that

(Ksech(n),sech(n)) # 0, (4.21)

where

(KCsech(n), sech(n)) = ((L1(y))'sech?(n), sech®(n)).
Indeed, if v = 4, we have the explicit formula, see (4.26) below,

(L4 (4)) " sech?(n) = (rtanh(n) — Dsech?(n)

which yields

(L1 (4)) " sech? (). sech’(r)) = —.
Because
%@m-l _ —<L1<v>>-1%mewrl = (L) (L)

it follows that

i((Ll (7)) "sech?(n), sech?(n)) = —((L1(7)) " (L1(y)) "sech?(n), sech?(n))

dy
= —[[(L1(y)) " 'sech®(n)||* < 0.

Hence, (Ksech(n),sech(n)) is monotonically decreasing for v € (4,9) and remains nega-
tive. Since L (9)sech®(n) = 0, it is clear that lim, g+ (KCsech(n), sech(n)) = doc. Then,
(Ksech(n),sech(n)) is monotonically decreasing for v € (9,00) and remains positive be-
cause Lj(7) is strictly positive for v > 9. Thus, the Fredholm condition for sim-
plicity of ;1 = 0 is proven for every v € (4,9) U (9, 00).

Under the condition , the two-term decomposition

(Kzy,sech(n))

<ICS€Ch(?7),Sech(n»seCh(n)v (z1,sech(n)) =0

Z =2 —
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reduces (4.20) to the form

K h
H0L2HOZL — ,UJ]CLZL, ICLZL = ICZL — < Z1,8€ec (77)>

(Ksech(n), sech(n))

where Il is an orthogonal projection from L*(R) to L?*(R)|(secnny- Since IloLyIly is
self-adjoint, strictly positive, and invertible with a bounded inverse in L*(R) and K, is
self-adjoint and compact in L*(R), the spectrum of the generalized eigenvalue problem
(4.22)) is purely discrete and consists of real eigenvalues p # 0. Due to the translational
mode (4.19), the set of eigenvalues includes the eigenvalue po(y) = 4(y — 4) with the
eigenfunction zyp = (v — 4) tanh(n)sech(n), for which I, zg = Kz.

Each eigenvalue 4 of the generalized eigenvalue problem (4.20)) is geometrically simple,
because there is at most one linearly independent eigenfunction z € H?*(R) convergent
to a one-dimensional subspace spanned e~ as |n| — oo due to the exponential decay of
sech(n) in KC. Moreover, each eigenvalue u # 0 of with the eigenfunction z € H?*(R)
is algebraically simple since

Ksech(n) (4.22)

Kz, z) = %(ng,@ #0

since z for p # 0 cannot be spanned by sech(n), the eigenfunction of (4.20) for u = 0.
This can be checked explicitly for po(y) = 4(y — 4) by using (4.19):

(Kz0, z0) = (vg,sech(n)zo) = (v —4) /RtanhQ(n)sechA‘(n)dn = %('y —4)>0. (4.23)

Hence, the eigenvalue po(y) = 4(y—4) is algebraically simple for every v € (4,9)U(9, c0).
To include the exceptional case v = 9, we note that Ly (9)sech®(n) = 0 and Ljsech(n) =
0. By using the decomposition

v =asech®(n) + v, z=bsech(n)+z,, (sech®(n),v.) = (sech(n),z.) =0,
we obtain a and b uniquely from projections of the right-hand sides of the system (4.18))
to the orthogonal complements of the kernels of L; and Ly to obtain
(sech®(n), w.) _ (sech’(n), z1)

a (sech®(n),sech®(n))’ B <sech4(77), sech(n))

Inverting L (9) on the orthogonal subspace spanned by sech®(n), we obtain v, = II;(L;(9)) ' sech(n)z,
where II; is an orthogonal projection from L*(R) to L*(R)|(sees (s~ Substituting v to
the equation for 2z, yields a generalized eigenvalue problem

o Lollpzy = pkizy,
with p = 4(y —4) and
K1 = Hgsech(n)I;(L;(9)) ;sech(n)Il,.
The spectrum of the generalized eigenvalue problem is again purely discrete and each
eigenvalue is geometrically simple. For the eigenvalue p = 4(y — 4)|,=9 = 20, the eigen-

function zy is odd in 7, hence a = b = 0 and (K, 29, 20) = (Kz0,20) # 0 as in (4.23).
Hence, 1 = 20 remains algebraically simple at v = 9. U
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4.4. Numerical approximation of (g% L;'¢?). Here, we check numerically the value
of (g%, L7 *g?), which appears in Proposition [2|to separate the supercritical and subcritical
pitchfork bifurcations, see Remark [§]

To compute (g2, L 'g?), we use the scaling transformation

_ 4 c
Lig = dwiy, y= Y
c 2
and obtain W (y) from solutions of the linear inhomogeneous equation
— W" + 4W — 12sech?(y)W = sech®(y). (4.24)

Two solutions of the homogeneous equations are given by

1 1
W, = tanh(y)sech®(y), W, = g + Zcosh2(y) + gsech2(y)(ytanh(y) - 1)

which are computed due to the symmetry mode U] being in the kernel of L, see also
(4.17). The expression for W5 has been normalized with the Wronskian of W; and W,
being equal to 1. We obtain by using the variation of parameter formula that

Yy Yy
W(y) = Wi(y) / Wag?dy — Wa(y) / Wigtdy. (4.25)
Yo Y1

where yo and y; need to be defined from the condition that W € H2 __ (R).

even

For the first term in (4.25), since Whg? is even and W is odd, we can set 35 = 0 to
ensure that [ Wag?dy is odd and Wy [ Wag?dy is even. Moreover, for [y > 1, we have
Wiy) ~ el Wyly) ~ ¥, and g*(y) ~ e~ so that Wi(y) [ WagPdy ~ e 2l

decays to 0 exponentially.
For the second term in 1) we note that ffooo Wig*dy = 0 since W is odd and g? is

even. Hence, we set y; = —oo, which yields the exponential decay of W5 (y) f_yoo Wig*dy ~
e=?1¥l to 0 for |y| > 1. Moreover, we show that G(y) := Wa(y) [*_ Wig*dy is even since

G- =Wl-y) [ W = W) W) =y )y

Y

=y [ W)Wy = Waly) / W) W)y = Gly).

Y

Thus, W in (4.25)) is even if yp = 0 and y; = —oo. Moreover, W(y) — 0 as |y| — oo
exponentially so that W € HZ_ (R). The expression (4.25) was used for the numerical
calculation of

Ve i
/RgZWdy = 7@2, Lg%,

which is plotted in Figure Versus p. It follows from Figure that the value of (g2, L;'¢?)
is positive for very small values of p and negative for larger values of p. Due to (4.1)), the
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values of p are proportional to the values of k, where s = sgn(k) = +1 implies that k& > 0.
In the special case k = %, we have p = 1, for which we obtain the exact solution of 1)

W(y) = i(ytanh(y) — 1)sech?(y). (4.26)

Computing the integral yields [, g?Wdy = —1 for p = 1, in agreement with Figure .
The value p = 1 correspond to the minimum of (g2, Lt g*) with respect to p.

FIGURE 3. Numerical approximation of [, ¢*Wdy versus p.

2
5. BIFURCATION OF THE COUPLED SOLITARY WAVE AT Qg )

5.1. The bifurcating branch of coupled solitary waves. By Proposition [}, the sec-
ond bifurcation along the family of the uncoupled KdV solitons occurs at €2 = QEQ), see
(2.14]), which we denote as

~ 1
0. = —1_06(\/1 T8Ik -3, k] > (5.1)

The restriction |k| > % is due to the existence of the second isolated eigenvalue of the

Schrodinger operator Lo, see (3.4) and (3.6). The second eigenvalue of Ly corresponds to
the follwoing eigenfunction:

§(€) = sech? <§g) tanh (g ) g YT 428““’ =3 (5.2)

Since we require s = sgn(k) = +1, we have k£ > 0. The exact solution ([2.10]) for the
coupled solitary wave is recovered from this bifurcation if k = % for which ¢ = 1 and
Q. = —1, so that the profiles U in 1) and ¢ in 1) coincide with the profile (U, A) of
the exact solution ((2.10) for € = —7. The exact solution 1) exists for k € (0, %) at
the specific value of 2 = Qecact(k, ¢) given by

ck
32k
Because (2 is required to be in (—g, 0), the exact solution |D does not exist if £ > %
The dependence of ﬁc in 1} and Qexact(k, ) in 1' is shown versus k for fixed ¢ = 1

Qexact(ka C) = (53)
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in Figure {4 I by black and red color, respectively. The exact solution exists for
Qexact (K, ) < Qc, which suggests the subcritical pitchfork bifurcation for \k\ € (6, 5)

0

FIGURE 4. The existence curve Qexact(k, ¢) in (5.3)) (red) and the bifircation
curve €. (black) versus k € (3, 3) for ¢ = 1.

The following result describes the bifurcating branch of coupled solitary waves at {2 =

Q..

Proposition 5. Assume ¢ > 0, Q < 0, and s = sgn(k) = 1. Let Uy be given by
and g be gwen by (.) Assume that (g L7'G%) # 0, where Ly is defined in (@ For
every Q near Q. such that sgn(Q — Q.) = —Sgn((§2, L7'3%)), there exists a unique family
of solutions with the profile (U, A) € HZ2, . (R) x H?,(R) satisfying

even

U = Upllm= < ClIQ = Qf, 4] < Cy/IQ - Q,

for some Q-independent constant C' > 0.

Proof. The proof is analogous to the proof of Proposmon I but the vector ﬁelds Fin (4.2)

is now expanded near Q The operator L2 in is now defined by (3.6 with Q = Q.

and 0€) = Q — QC. The decomposition (4.5]) is performed with g replaced by g, from which
we obtain the implicit equation

L1 0 wr\ —wl + s(ag + 21) (5 4)
0 L) \z/) 2$w1(ag + 21) + 220Q(ag + z1) '
subject to the solvability condition
6Qal|g||72 + k(g,wi(ag + 21)) = 0. (5.5)

Since ker L; = span(U}) is odd and ker Ly = span(g) is odd in &, we consider now the
implicit equation on the subspace of functions (wy, zl) € HZ..(R) x H?,(R), for
which w, is even and z; is odd in &. The implicit equation (5.4)) is closed in this subspace
thanks to the reversibility symmetry of the system , see Remark 2l The solvability
condition is needed because the second equation of the system (5.4) contains Lo

acting on odd z; with odd ker Ly, = span(g).
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By the implicit function theorem for the system (}5.4)), we obtain the following solution
for the bifurcating branch

U=Uy+a*sLi'§* +wsy(a), A=ag+sla),
where (tv2(a),31(a)) € HZ,.,(R) x H2,(R) satisfy
Io2(a)llnz < Ca®,  ls1(a)llnz < Clal’.
Expansion of the solvability condition then yields
2(9% L1 '3°)
191172
which shows that sgn(6Q) = —sgn({§?, L;'§?)). This completes the proof. d

09 = —|kla +0(a"),

5.2. Characterization of the bifurcating branch. We first compute the Morse index
and the nullity index of the bifurcating branch in Proposition [5]

Proposition 6. Let (U, A) be the profile of the bifurcating branch for € near ﬁc given
by Proposition @ Then, its Morse index is equal to 3 if (3%, L' < 0 and to 4 if
(3%, L7 > 0, whereas the nullity index is equal to 2 in both cases.

Proof. Following the same steps as in Proposition [3| we find that the double zero eigen-
value of the Hessian block L; split into a simple zero eigenvalue due to translational
symmetry and a nonzero eigenvalue A = aA® + a?A\® + O(a?) with

2D =0, 2\ = _4M
191172

Due to the splitting of the zero eigenvalue of L; for small a, the Morse index of L is
2 if (3%, L7'3%) < 0 and 3 if (3, L;'3?) > 0. In addition, the Schrodinger operator Lo
has a simple negative eigenvalue and a zero eigenvalue for small a. Referring back to
the Hessian operator £ which is block-diagonalized into L; and Ly, we obtain the Morse
index of £ being equal to 3 if (3%, L;'¢%) < 0 and to 4 if (3%, L;'§%) > 0 for Q # Q,,
whereas the nullity index of £ is 2 for € # Q. due to the simple zero eigenvalue of L;
and the simple zero eigenvalue of Ly, which are preserved due to the translational and
rotational symmetries of the KAV-LS system (|1.2]). U

We next clarify the constrained minimization properties of the bifurcating branch by
using information about the Morse and nullity indices from Proposition [6]

Proposition 7. Let (U, A) be the profile of the bifurcating branch for 0 near ﬁc given
by Proposition @ If either (3%, L7'3%) < 0 or (3%, L;'3%) > 0, the bifurcating branch
is a saddle point of the constrained energy H for fired momentum P and mass Q) with
exactly two negative eigendirections and degenerate only by the translational and rotational
symmetries.
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Proof. We follow the same steps as in the proof of Proposition [4] and obtain the same
determinant formula with g replaced with g:

18v/cgll72

detD =
TR L)

+ O(a?).
If (G%, L7'G%) < 0, then det D < 0 and D has one positive and one negative eigenvalue.

Hence py = 1 and zo = 0. Since n(£) = 3 and z(£) = 2 by Proposition [6] Theorem 3.2 in
[T1] implies

n(L) =n(L)—py—2=3-1=2,
2(L) = 2(L) + 2 = 2.

If (3%, L7'3%) > 0, then detD > 0 and since the second diagonal entry of D is again

positive for small a, D has two positive eigenvalues so that py = 2 and zy = 0. Since
n(L) =4 and z(L) = 2 by Proposition [6, Theorem 3.2 in [11] implies

o

)=n(L)—po—20=4-3=2,
2(L) = 2(L) + 2 = 2.

n(

In either case, £ has exactly two negative eigenvalues so that the bifurcating branch is
a saddle point of the constrained energy H for fixed momentum P and mass () with
exactly two negative eigendirections. In addition, £ has a double zero eigenvalue due to
the translational and rotational symmetries of the coupled KdV-LS system (|1.2]). O

Remark 10. Since the primary branch of the uncoupled KdV solitons is spectrally stable
at ) = (26 (and for every ), we do not know if the bifurcating branch of the coupled
solitary waves s spectrally unstable for ) # Q.. Therefore, we cannot use Theorem 2.4
in [II] to conclude on the orbital instability of the saddle point of the constrained energy
given in Proposition[7.

5.3. Spectral instability of the bifurcating branch. Further to Remark [10] we show
here that the spectral stability problem associated with the bifurcating branch of Propo-
sition |5 admits a pair of neutrally stable eigenvalues of the negative Krein signature, see
Lemma [4| below, embedded into the continuous spectrum of the positive Krein signature.
The result holds in a range of the values of k& which include the interval [1 1} in Figure

672
and hence the exact solution (2.10) at the bifurcation point.

Remark 11. It follows from the general theory (see, e.g., [12] and [9]) that the embedded
eigenvalues of the negative Krein signature split into unstable eigenvalues in the contin-
uation of the bifurcating branch past the bifurcation point. However, to be able to claim
this splitting, we need to compute a scalar quantity for Fermi’s Golden Rule, which is
computationally complicated. We postpone further proof of the spectral instability of the

bifurcating branch near ) = Qg), and near Q = QY for any 7 > 2, for a future work.



BIFURCATIONS OF COUPLED SOLITARY WAVES 27

To formulate and prove the claim, we first derive the spectral stability problem for the
coupled solitary waves with the profile (U, ¥). We use the decomposition

w(z, t) =UE) +w(é 1), Wz, t) = e “[U(E) + 2(¢,1)]
where £ = x — ct, and obtain the linearization of the KdV-LS system (|1.2)):

wy + (UU))5 + Weee — CWe + 8(‘1/5 + \I/Z)g = 0, (5 6)
iz + zge — icze + wz + k(Uz + Yw) = 0. '
By using now the variables (3.2)), we get
wy = O¢ [Liw — 2sAz],
21t = ;—SLQZQ, (57)

2ot = —% [—2sAw + Lyzy],

where Ly and Ly are given in (3.3) with Q = w+ %. Separating the variables by using the
exponential functions e* in the linearized equations (5.7)), we obtain the spectral stability
problem:

w d 0 0 Ly —-2sA 0 w w
A 21 = 0 0 % —2sA L2 0 21 = jﬁ)\ 21, (58)
29 0 —k 0 0 0 L2 Z9 Z9

where £ is the Hessian operator in Lemma [1| and J is the skew-adjoint operator satis-
fying J* = —J in (L*(R))3. The continuous spectrum of is found from the limit
U(£),A(&) — 0 as €] — oo exponentially fast. The continuous spectrum consists of three
spectral bands: iR, i [|2], 00) and i (—oo, —|€2|]. There exists no spectral gap near A = 0
due to the KdV part of the system and there exists a spectral gap i (—[Q|, |©2]) due
to the NLS part of the system .

Lemma 4. Let (U, A) be the profile of the bifurcating branch for Q near Q. given by
Proposition[3 If k € (k_,ky), where

8 —5v/2 8 +5v2
12 12
then the spectral stability problem (@ admits a pair of eigenvalues N = +iw such that
w € (—oo, —|Q U [|Q], 00) with the corresponding eigenvector w = (w, 21, 29) € (H*(R))?
satisfying (L, W)r2 < 0.

Proof. For the uncoupled KdV solitons ({2.7)), we have A = 0 and the spectral stability
problem (5.8)) is uncoupled. The first component satisfies

Aw = 8§L1w, (510)

ko = ~ 0077, k= ~ 1.256, (5.9)

which is the stability problem for the KdV solitons. Since KdV solitons are spectrally,
orbitally, and asymptotically stable [24], then A € iR for the spectral problem ((5.10]). The



28 J. HORNICK AND D. E. PELINOVSKY

second and third components are diagonalized by the transformation z4 = z; +iz5, which
satisfy the uncoupled spectral problems

/\Zi = :F%ngi. (511)

For any isolated eigenvalue of L, in the set {\,}/_,, where J € N satisfies |k| > %,

there exists a pair of purely imaginary eigenvalues A = =iw, of the spectral problem

5.11), where w, = @)\n. The corresponding eigenvector @ = (w, 21,2) € (H*(R))3
satisfies (L, W) 2 < 0if A\, < 0 and (L, W) 2 > 0 if A, > 0.

For the bifurcating branch at €2 = (NZC, we have \; < 0, Ay = 0, and the remaiﬁ:ing

eigenvalues (if N > 3) are strictly positive. The eigenvalues A = +iw; with w; = 2')\1

belong to the continuous spectrum i(—oco, —|Q|] U [|Q], 00) if and only if A; < €. This
leads to the constraint |Q.| > 2|€.|, rewritten explicitly as

(V1 +48k —1)* > 2(V1 + 48k — 3)°.

Expanding yields
14 48k — 101 4+ 48k + 17 < 0,

5—2v2 < V1+48k <5+ 2V2.
Further expansion yields k € (k_, ky) with k_, ky given by (5.9). O

which is satisfied for

5.4. Numerical approximations of (32, L;'3?). For the numerical approximations of
(5%, L7'3?), we use the scaling transformation

L 4 - c
Li'g? = Wiy, = %é,

and obtain W from solutions of the linear inhomogeneous equation
— W 4+ 4W — 12sech?(y)W = sech® (y) tanh?(y). (5.12)
For ¢ = 1, the solution of (5.12) can be computed explicitly as

W (y) = Tgsech?(y)(3ytanh(y) — 1),

. 1
PWdy = —.
/Rg V=5

For other values of ¢, we obtain W from ((5.12) numerically by using the same represen-
tation (4.25|) with ¢ replaced by g. The numerical approximation of the integral

which yields

. N
/RgQWdy = 7(92@1 '5%)

is plotted in Figure [5| versus ¢q. It follows from Figure |5 that the value of (32, L;'§?)
is positive for ¢ < 2 and negative for ¢ > 2. This also agrees with the exact value
fR FPWdy = % for ¢ = 1 and with the type of the subcritical pitchfork bifurcation
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(Q < Q) suggested by the exact solution 1} for k € (%,%) which corresponds to
q €< (0,1).
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FIGURE 5. Numerical approximation of [, W dy versus q.

APPENDIX A. ABOUT INTEGRABILITY OF THE SYSTEM ([2.5])

It follows from the Lagrangian (2.12)) that the system ([2.5)) has the first invariant:

Lone Cro log 850 2, §2s

2(U) 2U —|—6U +k(A) +sUA” + kA =F, (A.1)
where F is constant along solutions of the system . The first invariant gives
the energy of the degree-two Hamiltonian system expressed by . If the system admits
the second invariant, then it is Liouville integrable [I4]. In particular, in the case when
k= %, the system is obtained from the integrable Melnikov system and hence
it is expected that the reduction with k = % of the integrable Melnikov system ([2.8))
is also Liouville integrable with two conserved quantities.

However, we show below, based on the generalized symmetries, that there is no second
conserved quantity in the system for all possible values of its parameters. We shall
use the following elementary result.

Proposition A. If a smooth differential expression R(x,u, v, u”, v,v’',v") can be writ-
ten as a total derivative of another smooth differential expression F(z,u, v, v,v"),

H(U, A) =

d
R(z,u, v/ u" v, 0" 0") = d—F(x,u,u’,v,v’), (A.2)
T
then we have
"r—0, Lr_0 (A.3)
Su- dv '
Proof. Assume u,v € C*(R) and consider h(x),g(z) € C°(R), smooth functions with a

compact support. If (A.2) holds, then we obtain

T o0

d
/ R(u+e€h,v+eg)dr = / d—F(u—ireh, v+eg)dr = [F(u+eh,v+e€g)]” = [F(u,v)]”
R R
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which implies that
d
— / R(u+ €eh,v + eg)dx = 0.
de Jp

On the other hand, by using integration by parts, we obtain

0= i/R(u+eh,v+eg)dx :/ iR hdm+/ iR gdx
de Jr e=0 r \ 0U r \ 0V

Since h(z), g(z) are arbitrary functions in C§°(R), we conclude that R satisfies (A.3). O

Based on Proposition A and the generalized symmetries, we show that there is only
one integrating factor for the system ([2.5)) which gives the first invariant .

Let (p(§, U, U, A, A", (§,U, U, A, A")) be an integrating factor for the system (R, S) =
(0,0), where

1
RWUU", A =U"—cU + 5U2 + 5A?,

2s
k
This means that for any functions U, A € C?*(R), we have

S(U,A, A" = ZZ(A" + (2 + kU)A).

d
o, U U A ANYRWU, U, A) + (&, U U A A)S(U, A A”) = d—gF(é, UU A A,

where FI(,U,U’, A, A') is the conservation law. By Proposition A, we have for any U, A €
C*(R),

) o
This yields

PR+ 1S)

5
= (U —¢)p+ D?¢p + 2sA) = 0, A4
T (R,$)=(0.0) =)o+ Dio+ 24y A4
O (bR +uS —9sAd+ Q1 k) + D% = 0 A5
2 (6R+0S) = 2549+ QKDY+ DR =0 (AD)

(R,S)=(0,0)

Let us introduce the prolongation of the symmetry operator X = ¢0y +1d4 to derivatives
by using

PrX = ¢y + 904 + (Ded)Or + (Det) O + (D2) Oy + (D2p)Darn + . ..
The action of prolongation of X to the system (R, S) = (0,0) is:
(PrXR,PrXS) = (¢Ry + YRa+ (Di¢)Run, ¢Sy +1¥Sa+ (D) Sar).

The symmetry condition (PrX R, PrX S) (R5)-(00) = 0 is equivalent to the equations
R,5)=(0,0

(A.4)—(A.5)) satisfied by the integrating factor (¢,v). We note that for any variational

system, integrating factors (and more generally multipliers associated with divergence
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expressions) form a subset of infinitesimals associated with the symmetries of the system

.

We have searched for the local symmetry of order one and found only one point symme-
try X = O for the system |D The characteristic form of X = 0, reads X = U'0y+A'0a.
Using the only integrating factor of the form (U’, A’), we obtain

1 2
U'(U" = U+ 5U* + s4%) + fA'(A” +(Uk+Q)A) =0,

which yields the only conserved quantity (A.1).
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