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Abstract

We present a comprehensive study of an NLS with additional quadratic potential
and general, possibly highly nonlocal, cubic nonlinearity. In particular this equation
arises in a variety of applications and is known as the Gross-Pitaevskii equation in
context of Bose-Einstein condensates with parabolic traps or as a model equation
describing average pulse propagation in dispersion-managed fibers. Both, global and
local, bifurcation behavior is determined showing the existence of infinitely many
symmetric modes of the equation. In particular our theory provides a strict theoretical
proof of the existence of a symmetric bi-soliton which recently was found by numerical
simulations.
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1 Introduction and main results

In this paper we consider the nonlinear Schrédinger equation (NLS) with additional
quadratic potential
iut—i—um—xzu:F(u), r€eR, t>0, (1)

where F'(u) is a cubic, possibly nonlocal, nonlinearity satisfying some assumptions given
later in this paper. Nonlocality of the nonlinearity is an important factor in many appli-
cations, often approximated by a simpler local nonlinearity.

Equation (3) models a variety of phenomena and is known as the Gross-Pitaevskii (GP)
equation in context of Bose-Einstein condensates (BEC) with parabolic traps. Assuming
a higly anisotropic trap Kishvar et al. [9] derived the one-dimensional GP-equation (1)
with F(u) = +|u|*u as model equation for the macroscopic dynamics of cooled atoms
confined in a three-dimensional parabolic potential created by a magnetic trap. Using an
approximation technique they explain the existence of infinitely many nonlinear modes
of the equation. In the present paper we rigorously prove the existence of such modes
identifying them as bifurcating solutions from the eigenvalues of the linear harmonic oscil-
lator. Moreover, the shape of the mode is determined by the corresponding Gauss-Hermite
eigenfunctions.

*This file is a preprint and differs from the submitted version.
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Our main interest, however, lies in the context of nonlinear fiber optics. Modern optical
transmission systems succesfully use the so-called dispersion management (DM) technique.
The idea of DM is to use a dispersion-compensating fiber to overcome the dispersion of the
standard monomode fiber which causes dispersive broadening of a pulse. If the residual
dispersion is small the signal should evolve nearly periodical, this situation is called strong
DM. Numerical and experimental results show that the corresponding pulse, the so-called
DM-soliton, is stable over hundreds of periods. Using the so-called lens transformation
and an averaging technique suggested by Zharnitsky et al. [22] we have shown in [12] that
the master equation can be transformed into equation (1) with nonlocal nonlinearity of
the following form (after normalization)

Flu) = — /0 510 <ﬁ|5(z)u|25(z)u> dz, 2)

with S(2) := U(R*®(2)) where U(z) denotes the group generated by the harmonic oscilla-
tor, T'(z) is a characteristic pulse width and R°f(2) is the effective residual dispersion (for
details see section 3 below).

Regarding equation (1) we notice that the linear part is nothing else than the harmonic
oscillator which has the well-known basis of Gauss-Hermite eigenfunctions. The presence
of the quadratic potential will help us to overcome the problems due to the unboundedness
of the underlying spatial domain.

It is natural to seek for standing wave solutions, the corresponding ansatz u(t,z) =
exp(—At)v(z) results in the standard eigenvalue problem

—Ugy + 22U+ F(u) = u, (3)

where we have required F'(exp(if)u) = exp(if)F (u) to derive the equation. The natural
space to consider equation (3) is the weighted Hilbert space [8, 11]

X :={uec H'(R)| /]R:c2|u|2dac < oo} (4)

with inner product (u,v)x = (ug,vs) + (zu,zv) where (-,-) denotes the standard inner
product in L2(R) and corresponding energy norm

lullk = /]R [ual® + 2®uPdz = [lug |3 + [|lzull3. ()

The main conditions on the nonlinearity are

(F1) F:X — L*(R): F(exp(if)u) = exp(if)F(u) and u: R - R=Fou: R — R.
(F2) There exist 0 < a < 7/2,3 > 4 — « such that
el ey 1/2 3/2
15) — F@)I3 <C (Sl + o5 ol5) e — ol {2 - ol v, € x.

(F3) F is sufficiently smooth,i.e. ' € C1(X,L?).

In virtue of assumption (F;) we have

(F(u),u) e RVue Xg={ue€ HI(IR,(D)|/ 22 |ul?dz < oo}
R
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and hence we consider throughout the paper only real-valued functions and consequently
X instead of X¢. Assumption (F2) is a general growth condition for a cubic nonlinearity
which appears quite natural resulting in F(u) = O(||ul|3) for u — 0. (F3) is a minimum
smoothness condition which will later be replaced by some stronger condition in order
to determine the local bifurcation behavior. Necessary for the validity of the variational
approach is the potential property of F. Hence we require the following assumption:

(F4) There exists G € C'(X,R) with G(0) = 0 such that G'(u)v = (F(u),v)Vu,v € X.

Later we will restrict ourselves to the practical relevant case, where ground states exist. In
order to determine the direction of bifurcation one has to fix the sign of the nonlinearity,
that is to consider only “focussing” nonlinearities with an additional technical assumption,
i.e.

(F5) G(u) < 0Vu € X\ {0} and (F(su),u) > s®(F(u),u) for 0 <s < 1 and 6 > 1.

Moreover, we are interested in the symmetry of the solutions. Thus we consider at some
stage only symmetric potentials

(F6) G(u(z)) = Gu(=z)) and G(u(z)) = G(-u(-)).

The above assumptions allow it to determine the direction of bifurcation and orbital sta-
bility of the solution. It should be noted that in our applications G(u) is nothing else than
(F(u),u)/4 which is typically of one sign, but much more general nonlinearities can be
treated as well.

Note that the nonlinearity F(u) = o|u|?>u with o < 0 satisfies assumptions (F)-(Fg).
Equation (3) with standard cubic nonlinearity was investigated by several authors in the
past: Existence and stability of the solutions of equation (3) was discussed by Fukuizumi [4],
Oh [16] and Zhang [23]. Kishvar et al. [9] observe the existence of infinitely many nonlinear
modes of (3), but they did not give a theoretical explanation. The NLS with quadratic
potential is also discussed in the book of Cazenave [1]. Both, global and local, bifurcation
results are obtained by Kunze et al. [11]. Moreover, the corresponding solutions decay
very fast, i.e. Gaussian-like and there exists a positive solution [5, 8.

Allowing the nonlinearity to be nonlocal we will explain in this paper that some results
and methods can be adapted, whereas other properties of the solutions are lost, e.g. the
Gaussian decay. The main result of this paper can be summarized as follows: In each
eigenvalue of the harmonic oscillator bifurcates an unbounded branch of localized solu-
tions in the sense of the global bifurcation theorem of Rabinowitz which give rise to the
existence of infinitely many nonlinear modes. Under slightly more restrictive conditions
on the nonlinearity the bifurcating solutions can be characterized as minimizers resp. sad-
dle points of the corresponding energy functional. Moreover, there exist infinitely many
even resp. odd solutions. Furthermore, stability and decay properties of the solutions are
discussed. This assertions can be visualized in a bifurcation diagram as shown in Figure 1,
the direction of bifurcation depends on the sign of the nonlinearity.

In the context of fiber optics the DM-soliton is characterized as the ground state of the cor-
responding energy functional, the other branches correspond to modes of arbitrary order.
Our method guarantees the uniqueness (up to a phase factor) of the DM-soliton close to
the bifurcation point for fixed energy and shows that it is even. This is a new theoretical
result, well-supported by numerical simulations. The DM-soliton as a ground state of a
macroscopic quantum oscillator as (3) has recently been studied by Schéfer et al. [20] ,
but they consider only reduced models and consequently our results are a verification of



Infinitely many modes of a nonlocal NLS 4

their approximation method.

Of great practical interest is the theoretical verification that DM-systems support the
bi-soliton in addition to the well-known single-soliton. The bi-soliton was recently numer-
ically observed by Maruta et al. [14], see also the paper of Pare et Belanger [18]. It is
a promising candidate for the improvement of todays systems and will help to increase
transmission rates by using new encoding schemes.

[v]l2
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Figure 1: Bifurcation diagram of —v,, + z?v + F(v) = Av.

2 Analysis of the Gross-Pitaevskii equation

In this section we present the analysis of the Gross-Pitaevskii equation (3) and state our
main results. Thereby the developed theory is sufficiently general to cover both appli-
cations, Bose-Einstein condensates and dispersion-managed optical fibers. However, our
main goal is to generalize the bifurcation result of Kunze et al. [11] to nonlocal nonlineari-
ties and to characterize the bifurcating solutions more precisely by variational arguments.
In order not to bother the reader with too many technical details some of the proofs are
postponed in an appendix.

2.1 Bifurcation analysis

In this subsection we investigate the bifurcation behavior of equation (3). We strongly
rely on the paper by Kunze et al. [11]

2.1.1 Preliminaries

The key property of the space X is the following [23]

Lemma 2.1. The embedding X — L(R) is compact for 2 < q < oo.

Next we consider the linear problem corresponding to (3), i.e.
—Ugy + 22U — u = 0. (6)

The following properties of the linear harmonic oscillator are well-known [11]:
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Lemma 2.2. Let A, =2n+ 1,n € Ny and

1 2
Up(x) := ——=exp(—z*/2)H,(x),
) = (D )
where H,, is the n-th Hermite polynomial
dn

Hy () i= (—1)" exp(a?) 7 exp(—a?)

(i) \n are exactly the eigenvalues of (6). They are simple and the corresponding eigen-
functions are given by u, € X.

(ii) The eigenfunctions u, of (6) form a complete orthonormal system of L?(R).

2.1.2 Global bifurcation behavior

In this section we apply the global bifurcation theorem of Rabinowitz [19] to equation (3).
The proof is similar to the one by Kunze et al. [11]. Due to the potential property of F'
we can define a weak solution. Let

Sp:={(\u) ER x X :u#0 is a weak solution of — 1y + x?u+ F(u) = Au}

denote the set of all nontrivial solutions of (3) and S = S_O]RXX its closure. It is clear that
u € X C HY(R) implies u € CJ(R), the set of continuous functions on R vanishing for
x + 0o. Using a bootstrapping argument it follows then that u € C*°(R), cf. [22] and
consequently a weak solution is a classical solution.

Our global bifurcation result then reads as follows

Theorem 2.3. Let F' satisfy assumptions (Fi)-(Fs). Then for all n € Ny, (0,\,) is a
bifurcation point. Let C,, denote the component of S with (0, A,,) € C,. Then the following
alternative holds: FEither

(i) Cy, is unbounded in R x X or

(i1) Cy, is compact and there exists m # n such that (0, ;) € Cy.

Proof. Using the Green’s function g(z, &) the problem is transformed to an integral prob-
lem, see [11] for details. To apply the global bifurcation theorem of Rabinowitz the re-
sulting nonlinearity should be compact and of higher order. Roughly speaking, this is
guaranteed by the growth condition together with the compact embedding. In particular,
assumptions (Fz), (F3) yield the assertions of Lemma 5 in [11], the proof then is along
the lines of [11]. O

Usually the second alternative is ruled out by nodal arguments, see [11] for details. These
arguments are no longer valid for nonlocal nonlinearities. However, in the next section we
will show by variational arguments that the bifurcating branches are unbounded.

2.1.3 Local bifurcation behavior and orbital stability

In order to determine the local behavior in the vicinity of (0,\,) we introduce a non-
degeneracy condition on the nonlinearity

(F?) F € C3(X, L?) with (03F(0)[un]3, un) # 0

Note that in virtue of (F2), (F3) the first derivatives of F' vanish, i.e. dF(0)[u,] = 0 and
§2F(0)[un]? = 0. The local bifurcation behavior then can be determined as follows:
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Lemma 2.4. Let F satisfy (F1), (F2), (F3). Then there exists € > 0 such that (A, u) €
Crn NUc( Ay, 0) implies

A=y +A(S), u=su,+ sv,(s),
where 0 < |s| < € and A(0) =0, X(0) =0 and

sgn (A”(0)) = sgn ((6°F(0)[un]?, un)) - (7)
Moreover, v,(0) = 0 with (v,(s),un)x = 0.

Proof. The assertions follow by standard Ljapunov-Schmidt theory since the eigenvalues
are simple. O

Thus, the direction of bifurcation is determined by the sign of A”(0). In the case of negative
sign the bifurcating solutions from the first eigenvalue are orbitally stable by the method
of Rose and Weinstein, otherwise they are unstable. Instead of discussing this in detail
we refer to the next section where the solutions are characterized as ground states of the
energy functional in the situation where the nonlinearity is focussing.

2.2 Variational calculus

In this section we characterize the bifurcating solutions by variational arguments and
identify them as minimizers or saddle points of the corresponding energy functional.

Considering the energy functional corresponding to equation (3)
Lo
I () = Sllullx + Gw), (8)

we are in position to state our main theorem which characterizes the bifurcating solutions.
In particular, it shows the existence of infinitely many nonlinear modes of arbitrary energy.

Theorem 2.5. Suppose (F1)-(Fs) are satisfied and w > 0 is given. Then there exists an
unbounded sequence {u%}nen C X of critical points of J with ||ul|3 = w and corresponding
Lagrange multipliers A < X\, with the following properties

1. ug s the ground state of the energy functional, it is even and orbitally stable. More-
over, (ug,\§) € Co.

2. uY is odd and minimizes J among all odd functions. Furthermore, we have (u§,\{) €

C1.

3. The u¥ with n > 1 are saddle points with (u%, ) € C,. Morever, ugy is even and
Uok+1 1S odd.

In case of a simple nonlinearity F(u) = —|u|?u it is shown that the ground states are
positive [5] using Kato’s inequality and maximum principle. Moreover, the solutions of
the simpler equation decay like a Gaussian and are unique. However, all these arguments
need informations about nodal properties of the solutions which are not at hand for the
nonlocal nonlinearity we have in mind. In fact, the DM-solution is not positive and decays
exponentially fast with a Gaussian core.

In particular the second alternative of the global bifurcation theorem can be ruled out by
the above theorem:
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Corollary 2.6. 1. C, is unbounded in both, u and A.
2. CoNCpy =0 for n #m.

For some applications it may be of interest to fix the wave-number. Due to the direction
of bifurcation we have

A

n-

Corollary 2.7. For all A € R equation (3) has infinitely many solutions u

Remark 2.8. Requiring ||ul|, < |G(u)| for some p > 2 one can verify that the sequence
{u)} is unbounded in X [13].

3 Applications

In this section we explain the meaning of the derived results in the context of dispersion-
managed optical fibers and discuss their practical relevance.

From a mathematical point of view the model equation describing pulse propagation in
optical fibers with dispersion management is given by the cubic nonlinear Schrédinger
equation (DM-NLS) with periodically varying coefficients

iAL(2,t) + D(2) Ay (2,1) + c| Az, 1) 2 A(z, ) = 0. 9)

Here, A is the complex envelope of the electric field, ¢ is retarded time, z is propagation
distance, D is the dispersion coefficient and ¢ > 0 is representing loss and influence of
the amplifiers and is assumed to be constant (loss-less model). The dispersion profile D
is periodic with normalized period 1. In the case of strong dispersion management the
residual dispersion (D) is small compared to local dispersion, i.e. (D) << D, where (-)
denotes averaging over one period. Equation (9) is mostly studied for dispersion profiles
having the form of a symmetric two-step map:

D(Z) = Dloc+<D> =

DV:0<z<Ll—-L<z<1
{ d+(D):0<z<L, <2< (10)

—d+(D):L<z<1-1L

with (Djoc) = 0. Throughout the paper we restrict ourselves to the case of positive residual
dispersion, i.e. we require (D) > 0. In a series of papers Turitsyn and Gabitov, cf. [21],
suggest to apply the following transformation to equation (9) which is known as lens
transformation or pseudo-conformal transformation

_NQEHTE) (2 M)
A(z,t) = N e p(trnd>. (11)

Here (T, M) is a periodic solution of the so-called nonlinear T'M-equations which arise in
the context of lens transformation (see [12, 21] for details):

T'(z) = 4D(2)M(z),  T(0)=Tp >0, (12)

» 2
tﬁ;l—?%ﬁ,Mm):O (13)

M'(2)

Thereby, Ty has to be determined in such a way that for a given N? the corresponding
solution is periodic or vice versa. 1" and M have the physical meaning of pulse width and
chirp, N? is the pulse energy. In [12] it was shown that after applying lens transformation
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to the (strong) dispersion managed NLS (9) with a two-step map as in (10) and averaging of
the resulting equation one arrives at a Schrédinger-type equation with additional quadratic
potential, i.e.

1 N2
ity + Qg — briu —i—/ S71(z) <T( )|S(z)u|25(z)u> dz=0, 2> 0, z € R, (14)
0 z
where
—cos(4Ref
o =(f) - N (=g,
cos(4Rf
b= () - NP (HEE),

In equation (14), S(z) is defined as S(z) = U(R(2)), where R°" has the physical meaning
of accumulative effective dispersion, i.e. Rf(z) = foz Dyoc/ Tfn Furthermore, Tj;, is the
periodic solution of the linear T'M-equations

—

Tin(2) = 4Dioc(2)Miin(2), Tiin(0) = Tp > 0
Dioe(2)
M. = X Mpn(0) =0
lln(Z) Ein(z)37 hn( )

which is explicitly known. U(z) denotes the group generated by the harmonic oscillator,
i.e. U(z) = exp(iAz) with Au = Au—x?u. It is essential for the whole approach that S(z)
is 1-periodic since (Djoc/ Tfn> = 0. Equation (14) describes averaged pulse propagation in
a strong dispersion-managed system after lens transformation. In the region of moderate
energy values N? < N2((D)) we have shown by numerical simulations in [12] that

a,b>0

in contrast to former discussions of the problem (see cf. [21] for details) and hence the
potential is attracting. In order to transform (14) to the standard bifurcation problem (3)
we consider steady-state solutions of the following form

1/4
u(x, z) = ¢p(yz) exp(—ivabz), with v = <g> .

In the new variable £ = vz we have —¢¢¢ + £2¢ + F(¢) = A with

2 1
F@) =~ [ 57 (ﬁwwr?sw) &z, (15)

Writing again u instead of ¢ and x instead of £ we end up at (3) with a highly nonlocal
nonlinearity which can be expressed in terms of Mehler’s kernel and satisfies all the as-
sumptions (F7) throughout (Fg), see appendix. Hence we can apply the theory developed
in the previous section.

Since N2 in the nonlinear T'M-equations has the physical meaning of pulse energy, we are
interested in unit-norm solutions of the DM-NLS after lens tranformation. Accordingly
we apply our main theorem with w = 1 to obtain

Theorem 3.1. There exists a sequence {un, A\, } of solutions of the averaged equation (14)
having the form

un(xv 2) = ¢n(€) eXp<_i\/%>‘z)a § =z,
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where ¢oi s even and ¢o11 is odd. Moreover, there exists C' > 0 such that

14,
[un@)] + [y (2)] < Cexp (— (2) %) .

Proof. 1t remains to verify the exponential decay, see appendix. Thereby, the well-known
Gaussian decay which occurs for F(u) = —|u|?u is lost due to the nonlocal properties of
F which prevents nodal arguments or a maximum principle. O

Thus we have shown the existence of infinitely many even resp. odd solutions of the equa-
tion (3). Note that symmetry of the DM-soliton was not rigorously proven up to now.
Kunze [10] considered only the case of two spatial dimensions, but in context of nonlinear
optics space and time variables are interchanged and hence the one-dimensional case is of
practical interest.

Before discussing the relevance of our results to dispersion-managed solitons, we add some
comments on the mathematical differences to the original problem and the relevant publi-
cations. Due to the lens transformation the continuous spectrum of the DM-NLS becomes
discrete. Therefore we have been able to apply standard bifurcation theory to our prob-
lem. With this method uniqueness of the DM-soliton in the vicinity of the bifurcation
point is at hand in contrast to the original equation, where only variational arguments
are used to ensure the bifurcation from the essential spectrum. However, for the original
problem the solutions are of the following form

2
N2
2 _

|A(z,1)| ) S(z) {exp(irAz)u(t/T(z))} exp <zt2%iz)>

)

where u decays exponentially fast. Note that the ground state obtained by Zharnitsky
et al. [22] was only shown to be in H!(R). The relevance of our theoretical results is
summarized in the following concluding remark

Remark 3.2. e The ground state ¢y corresponds to the DM-soliton; we have shown
that it is an even function at least for small input energies. This is a new theoretical
result already known from numerical simulations.

e Moreover, it is shown that the DM-soliton decays exponentially fast and has a Gaus-
sian core. Numerical simulations show the ezistence of an “optimal” energy N2,
where vy and accordingly the decay rate is maximized [13].

o Uniqueness of the DM-soliton is still an open question, reduced models indicate that
the DM-solitons form a one-parameter-family. We have shown in the present paper
the uniqueness of the DM-soliton close to the bifurcation point (that is for small
energies), but there could exist a secondary (symmetry-breaking) bifurcation.

e The odd solution ¢1 corresponds to the bi-soliton which was first observed by Maruta
et al. [15] by numerical simulations, see also the work of Pare et Belanger [18].
It minimizes the energy functional with respect to all odd functions and is hence
stable against odd perturbations. It is a promising candidate for the reduction of
intra-channel interactions which play an important role in todays multi-channel sys-
tems. Numerical simulations [14] show that the bi-soliton propagates stable over long
distances and the bit rate is increased significantly by a new encoding scheme.
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o Furthermore, we have verified the existence of modes of arbitrary order, a fact which
was unknown up to now. Similar to the basis of Gauss-Hermite functions for the
linear oscillator there exists a family of nonlinear modes with shape close to the
corresponding eigenfunction. Maruta et al. [14] also observed a tri-soliton which
corresponds to solutions on the third branch in the bifurcation diagram. They con-
jectured the existence of a periodic pulse of arbitrary order which is guaranteed by
our result.

o A very effective way to derive approxmiations of the DM-soliton is to use a Hermite-
Gaussian ansatz in the lens-transformed equation, cf. [20]. From the results derived
in this paper it is now clear why this method works. We have shown that the DM-
soltion in the averaged equation is close two the first eigenmode. In [20], u is ex-
panded in terms of the Gauss-Hermite eigenfunctions, the expansion is truncated
after a few modes. Bearing the bifurcation result in mind it is now obvious that
the error is small although infinitely many modes are omitted. With this method it
should also be possible to obtain approximations for the solutions bifurcating from the
other eigenvalues by considering the corresponding eigenfunction and its neighbors
as perturbations.

A Proofs of the main theorems

In this section we will give the proofs of the main theorems. Since the ground states of
the equation correspond to the DM-soliton in our application they are of fundamental
importance and we will discuss them first. Define T'u as T'u(z) = u(—z). Due to the
symmetry in equation (3) we can conclude that, if u is a solution, then also I'u and hence
the functional J is invariant under I', see [10] for a similar result. With Xr = {u €
X|T'u = u} the following lemma holds

Lemma A.1 (Characterization of the ground state). For allw > 0 the minimization
problem

Jit - =min{J(u)|u € Xr, [|ulf=w} (16)

has a nontrivial solution u® € Xr which corresponds to a weak solution of (3). Moreover,

u® is orbitally stable as the ground state of the equation, that is

J(u®) = min{J(u)|u € X, ||u]|3= w}. (17)
Furthermore, {(u®, \*)|w € (0,00)} C Cp.

Proof. The proof relies on the principle of symmetric criticality [17] which allows us to
reduce the problem to even functions, i.e. a minimizer of problem (16) is a critical point
for the whole problem. At first we need to verify the following

Lemma A.2. For u,v € X the following estimate holds with o := a/2 +1/4 < 2 and
B =p/2+3/4

G(u) = G)| < C(ull¥ + 1) ull; + [ol5 )l = vll2. (18)
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Proof. We calculate as follows
1 d 1
Gu) — G)| = | / £ Glsu+ (1~ s)oyds| = | / G (su+ (1 — 8)v)(u — v)ds|
0 0

1 1
_ / (Fsu+ (1 — s)0), u)|ds < c/ 1F(su+ (1 = s)o)allu = v]lods
0

e / s+ (1 =)ol 57w+ (1= )oll5* T u = v]2ds
< Cul% + 101 Ul + l[olld ) — o)
=~ X X 2
which is the assertion of the lemma. |

The above lemma together with assumption (F3) shows
1
J) = glullx +Gu) > —||U||X Cllul§ w1/ (19)

which is bounded from below since a’ < 2. Making use of the fact that the embedding
Xr CcC LP(R) is compact for p > 2 we are able to show that a minimizer on Xt exists:
Let {u,} be a minimizing sequence, that is ||u,||3 = w and J(u,) — J& which implies
that J(uy) is bounded, say J(u,) < M, and using equation (19) we conclude that w,, is
bounded in X. Passing to a subsequence we may assume that u,, — u weakly in X and
U, — u strongly in L?(R) which yields ||u||3 = w. From (18) we obtain

|G (un) = G(w)] < Cllu = vll (20)

since uy,u are bounded in X. Finally it follows J(u) < lim, . J(u,) = J{¥ and accord-
ingly u € Xt is the desired minimizer. The principle of symmetric criticality then reveals
that w is a critical point of J and, consequently, a weak solution of equation (3) with
Lagrange-multiplier A“.

— Y, + 22U 4+ F(u®) = \u. (21)
Next we show lim,,_.g A = Ay, where )\g is the eigenvalue of the harmonic osillator corre-
sponding to ug.

Therefore we take the inner product of the Euler-Lagrange-equation (21) with u* to obtain

w |2 F w, w
||u“’||§( +(F(u*),w) = A*w, hence \* = HuwHX + ( (uw) 4 ) (22)

Note that Ag can be characterized by the Rayleigh quotient as follows

2 2
Ao = [luo|) = inf{ ‘|||“||||>2< lu€ X,u 0} = inf{ |‘||“||||>§ lu€ Xr,u # 0},
uji2 ujl2

where the last equality holds since ug is even. Accordingly since 5’ > 3/4

F w w F w

P i BN ]
w \/5

> o — | ]l 7 > Mg — w2V L N for w — 0.
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On the other hand G can be written as

1

1 1
0>G(u) = /0 (F(su),u)ds > /0 sYds(F(u),u) = o

(F'(u), u)
which shows in particular (F(u),u) < 0. By definition of J“ we can write

I = Gl | (Fu)w) _ oI (Vo) |, (F(u).w) = 26(u)
| 26(/Gug) = 26(u) + (F(u?),u?)

< g4 W) —DF), ) < o

Y= 2

= o

Thus we have shown A\ — A¢ for w — 0 which means that the u* are bifurcating from
the first eigenvalue. Moreover, due to A“ < Ag the direction of bifurcation is determined.
In a similar way to the argument of Zhang [23] it follows that the bifurcating solutions are
orbitally stable.

The uniqueness of the bifurcating solutions from the global bifurcation theorem(up to
phase translation) and the fact that the same arguments apply for the (possibly non-
symmetric) ground state a“ lead to u¥ = u* at least for small w and hence the ground
states are even. In addition the solutions u®“ exist for arbitrary w > 0 and consequently the
branch is unbounded in L?(R) and hence also in X which rules out the second alternative
of the global bifurcation theorem. O

Next we will show that the solutions bifurcating in the second eigenvalue Ay (which cor-
respond to the bi-solition) are odd. It should be noted that the bifurcating solutions are
somewhat orbitally stable among all odd functions which yields their practical relevance.
In order to find odd solutions we introduce the action I'ou(z) = —u(—=z) and the corre-
sponding space X1, of fixed points of I's and apply the principle of symmetric criticality
again to obtain

Lemma A.3. For all w > 0 the minimization problem
Jr, = min{J(u)|u € X, [|u 3= w} (24)

has a nontrivial solution u* € Xp, which corresponds to a weak solution of (3) Further-
more, {(u*, \)|w € (0,00)} C C;.

Proof. The proof of the existence of a minimizer can be adapted by replacing Xr with
Xr, from Lemma A.1. It remains to verify the behavior for w — 0. Note that A; can be
characterized as

el
)‘1 = ||U1Hg( = ll'lf{ HUH)Q( |u € sz?u 7& 0}
2

and using (22) it follows

A > A = ellI¥ ety TP > A - w2 for w — 0,

In the same way as in (23) we then can verify the direction of bifurcation, i.e. A“ < Aj.
Hence A\ — \j. |
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Next we show the existence of infinitely many modes of the equation which correpond to
saddle points of the energy functional J. Obviously this includes the previously discussed
situations, but the proof is more technical and we have therefeore discussed the previous
cases separately.

Lemma A.4. For arbitrary w > 0 there exists an unbounded sequence of even (odd)
solutions u, € X of equation (3) with ||ul||3= w

The proof relies on the following result [7] which is a generalization of the theorem of
Ljusternik-Schnirelmann for infinite-dimensional Hilbert spaces:

Theorem A.5. Let X be an infinite-dimensional Hilbert space, J,K € C'(X,R) with
K@) #0Vv € X —{0} and S := {v € X : K(v) = 0}. If J|g is even, bounded
from below and satisfies the Palais-Smale condition on S then there exist infinitely many
critical values, that is ¢, € R with limg_.oo ¢ = 00 and for all k € N there exists a pair

(vg, Ak) € S X R with J(vg) = ¢ and J' (vg) — MK (ug) = 0. Moreover, cj — oo.

Proof of Lemma A.4. We apply the theorem with K (u) = ||ul3 — w and J(u) defined as
n (8) for X = Xr resp. X = Xr, separately. It suffices to show that J satisfies the
Palais-Smale-condition on S. Let (uy,, A,,) be a Palais-Smale sequence, that is

J(un) — ¢ € R, J (un) — M K'(up) — 0 in X/,

where X’ denotes the dual space of X. We have to show the existence of a strongly
convergent subsequence. As in the proof of Lemma A.1 we can extract a subsequence still
denoted as (un, \p) with u, — u weakly in X and u,, — u strongly in X. It remains to
show wu,, — u strongly in X. Therefore we calculate

(' (un) = J'(w)) (un = u) = (F(un) = F(u), tn — u)
< O (un)llxr + 17" (w) (= w)| + | F (un) = F(u) 2] un — ull2

< O (un) | x + 1 (@)t — )] + Cllun — ul| Y — ]y

lun = ull%

Thus, it follows u,, — v in X and from (22) it follows

Ao =A< luali = ullX] + 1F (wn), un) = (F(u), )l
< llunli = Il [+ 1 (un) = F(u), )|+ [(F (), un = w)

which together with (F2) and u, — u € X yields the desired convergence. O

We still have to show (A, u¥) € C,. Instead of discussing this in detail we refer to the

n? n
characterization of the critical values as
w J(u)

¢ = inf max 25
" AEB, ueA w (25)

where B, is a certain family of sets A, cf. [7]. Using (22) and calculating as in (23) gives
A2 < 2¢¥. The assertion then again follows from G(u) < 0 combined with the min-max
characterization of the eigenvalues, i.e [3]

2 2 9
wf mea KX — e WX el

AeB, veA ||u||2 Xn71CXu€Xn71 ||U||% _Xn71CXueX#71 ||u||% n

Again, this implies Ao < lim,,_0 A < \,,. Hence A\¥ must converge to an eigenvalue which
must be A, by induction.
It remains to show Corollary 2.7:
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Proof. Since all the branches are unbounded in both, u and A, the existence of infinitely
many solutions u,, with fixed wave-number A is obvious. Note that due to Ay < A, we
have \¢¥ — —oo for w — oo. O

B Verification of assumptions

In this section we show that F' as in (2) satisfies assumptions (F;) to (Fg). The same
holds obivously for the nonlinearity F(u) = o|u|?u with o < 0.

(F1): By definition we have S(z) = U(R®(z)), where U(t) denotes the group of the
harmonic oscillator. Using

together with —R*%(2) = R* (2 + 1/2) implies

S(z)u = U(R(2))u = U(=R(2))u = U(RE(z +1/2))u.

Hence, by S™1(2) = U(—-R(2))):

Sl(z)<ﬁ|5(z)ﬂ]25(z)ﬂ> =571z + ) <ﬁ|5(z+ DSz + S >

Due to symmetry T'(z) = T'(z + 1/2) we can conclude

P = /s z+1/2< = 1/2)1 (z+1/2>uyzs(z+1/2)u>dz

= [ (7 18tns ) d: = ),
1/2 T(z)

where the last equality holds due to the 1-periodicy of S and T which gives the
assertion for real-valued u.

(F2): Due to [|ullr10,1)<[[w|lr2(0,1) We can estimate in the following way

2

1F-F1E < o [([Is G 0sEursEn - 1sEsen i)
g/(/\s (2)u|*S(2)u — |S(2)v]*S(2) |dz>dx
- /0 1SS (2)u — (oS ()]} d-.
Making use of the inequality ||a[?a — [b|?b| < 3(|a|* 4 |b|*)]a — b| which holds for

a,b € C and the Cauchy-Schwarz inequality we conclude

1S (=)ul*S(2)u = |S(2)vl*S (2)v]13

C | (IS(z)ul® +1S(2)vl?) [S(2)u — S(2)] |3

C (S(ul® +1S(2)v*)? 21l 1S (=) (w = ) [* |12

C (1S )ul*[l2 + 1S (=)v[* 1l2) [1S(2)(u = v)* |12
|

C (IIS)ulls + 115(=)vlls) 1S(=)(w = v) 3 -

ININ TN
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From Oh [16] it is known that S(z) is a bounded operator from LP(R) to L%(R),
where ¢ = p/(p—1). Since X is compactly embedded in LP(IR) for all p > 2 we have
S(z)u € LY(R) for all ¢ > 2. Estimating the terms separately we interpolate

1S (2)ulls< Il S(2)ull3] S (=)ully™,

where

1/8 —1/q
1/4—1/q

Using the estimate of Sobolev type |[v|| < C|lvg|l2]|v]|3 we obtain

A:

IS()ulls < CUIS()us 2l S)uld)* || S(=)uli

A4 by 3\/4 1-3\/4 3\/4
< Clluly Ml 5l = Ol 3.
In the same way it follows
1/2 3/2
1S (2)(w = v) |3< Cllu — o]\ [lu — v]}3/.
Hence by collecting all the terms
_ 1/2 3/2
17 () = F) 13 C (Iall i + 1ol 1ol ) lle = ol 3l - ol

We still have the freedom to choose ¢. In order to satisfy a = 4 — 3\ < 7/2 we need
A > 1/6 which holds for ¢ > 10. Note that a choice ¢ = 16 would give a = 3,5 = 1.

: Tt is easy to observe that F' € C3(X, L?) with §F(0)[u,] = 0, 62F(0)[u,)? = 0 and

§BF / s (—)|S( )un|2S(z)un> dz. (26)
For a normalized eigenfunction (|| u, ||2= 1) we have

(53F(0)[ ]3 Up)z = —6f0 ( <T(z |S(z )un|25(z)un) ,un>L2 dz
— 6 7 1SR li dz <o.

: Defining G(u) = (F(u),u)/4 gives

1
Glu) = —1 | gz lsuie:

with G’ (u)v = (F(u),v).

: This assumption is fulfilled with v = 3.

: With T'u(z) = u(—x) we have to show G(u) = G(T'u). This is true since S(z) and T’

commute which is shown as follows: Let v(z) := I'S(z)u, then v(0) = I'u holds and
with Au = uy, — 22w one can observe that

v, =il (iRT(2)AS(2)u) = —R°T(2) ATS(2)u

which gives the assertion for I' and the same arguments apply for I's.
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C Exponential decay of the solutions

In this section we prove the exponential decay of the solutions of equation (3) with non-
local nonlinearity (2). Note that for the simpler nonlinearity F(u) = o|u|?u the decay is
Gaussian-like [8]. The proof is similar to Theorem 8.1.1 in [1], where exponential decay is
verified without potential.

Proof. For € > 0 define the function

fe(x) = exp(

)

x
1+ ex
which has the following properties [1]

e f€is bounded Ve > 0

o filz) < f(x)
e lim._,o f(x) = exp(x)

Multiplication of (3) with f€u and integration gives in the real part

/R (22 — \) f|ultde = 1-%( /R ux(feﬂ)ggdx). (27)
[ < / / 51 <—\S( )u|25(z)u> ffadzdx) (28)

At first we bound the left-hand side from below. Defining Ry := /|A| + 1 we find
[ @ =N Pde 2 [ @ = NPl + (B = A) fop, e (29)
which due to R? — A\ > 1 implies the inequality

/ felul?dz < /(mQ—)\)fE|u|2dac—/ felul?dz. (30)
|z|>R1 R |z|<R1

Next we estimate the right-hand side: The second term is bounded in ¢, whereas for the
first term regarding (27) and using f$ < f<

%( /R ux(fW)xdw) %( /R felux\2+f§uxﬂdar> > /R Flual? = flulluglda
1/2 1/2
€ 2 € 2 € 2
[t (| rmeu) ([ o)
€ 2 _l €],,12 € 2
> /Rf\ux]dm 2</Rf]u\dm+/Rf\ux\dx>.

Hence, by collecting all the terms and splitting the last integral we can conclude that

1
/f upPde + [ feJulda g[-/ (@ = N fulde+= [ fluPde
|z|> R 2| <Ri 2 J|z1<R,

Y
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and it remains to estimate I. Splitting the integral into |z| < R and |z| > R with R > R,
to be determined later the following is true due to f€u € X for all € > 0:

/01 /|$|>RS_1(Z) <ﬁ!5(2)u!25(z)u> Feudzdz

gﬁﬁ(H;&55@ﬁM@w@>m>LA{A>RSQM¢%@(ﬁUMwh

1
= max | —— Szu2oox >/ lul?d.
s (i 15l o) [ 5

Since S(z)u € L?(R) in particular S(z)u(z) — 0 for z — 4o0. Accordingly there exists
Ry > Ry with

1 ) 1
RN (T(z) 15 (Z>“|L°°<m>Rz>> <1
Using

1 1 1
Z/ felul?dx < 5/ felul|?dx — Z/ félul?dx
‘:B‘>R2 ‘:B‘>R1 |m|>R2

the following estimate holds
1 € Zd 1 € 2d < 2 € 2d 1 € Zd
3 Rf [u|*de + 3 |$|>R2f|u| 2 < = [l @ = N flulde + 5 [ g, flulPde

* |85 (g 8PS ) defeul.

On the right-hand side the limit ¢ — 0 is finite due to the boundedness of the domain of
integration. Hence

/ exp(\x!)\u(x)]zdx < oo and / exp(]a:|)|ux]2dx < 00
>R R
which implies
/R6Xp(|»”6|)(\U(fU)|2 + Jug (z)]*)d < oo. (31)

Using the Lipschitz continuity of u we then are able to derive exactly as in [1] the existence
of a C' > 0 with

exp(|z))(Ju(@)]* + |uz(2)]*) < C Vo € R

which gives the desired decay estimate. O
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