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Abstract: We consider the focusing (attractive) nonlinear Schrodinger (NLS) equation
with an external, symmetric potential which vanishes at infinity and supports a linear
bound state. We prove that the symmetric, nonlinear ground states must undergo a sym-
metry breaking bifurcation if the potential has a non-degenerate local maxima at zero.
Under a generic assumption we show that the bifurcation is either a subcritical or super-
critical pitchfork. In the particular case of double-well potentials with large separation,
the power of nonlinearity determines the subcritical or supercritical character of the
bifurcation. The results are obtained from a careful analysis of the spectral properties
of the ground states at both small and large values for the corresponding eigenvalue
parameter.

We employ a novel technique combining concentration—compactness and spectral
properties of linearized Schrodinger type operators to show that the symmetric ground
states can either be uniquely continued for the entire interval of the eigenvalue parameter
or they undergo a symmetry—breaking pitchfork bifurcation due to the second eigenvalue
of the linearized operator crossing zero. In addition we prove the appropriate scaling for
the LY, 2 < g < oo and H'! norms of any stationary states in the limit of large values
of the eigenvalue parameter. The scaling and our novel technique imply that all ground
states at large eigenvalues must be localized near a critical point of the potential and
bifurcate from the soliton of the focusing NLS equation without potential localized at
the same point.

The theoretical results are illustrated numerically for a double-well potential obtained
after the splitting of a single-well potential. We compare the cases before and after the
splitting, and numerically investigate bifurcation and stability properties of the ground
states which are beyond the reach of our theoretical tools.
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1. Introduction

Over the past few years, there has been aremarkable growth of interest in the study of non-
linear Schrodinger (NLS) equations with external potentials. This has been fueled, to a
considerable extent, by the theoretical and experimental investigation of Bose-Einstein
condensates (BECs) [26,28]. Localized waveforms emerge within the atom-trapping
potentials in such ultracold systems [5]. Another major area of applications for NLS
equations is nonlinear optics, in particular photonic crystals and optical waveguides
[15,20].

One generic type of the external potential for the NLS equation that has drawn con-
siderable attention is the symmetric double-well potential. This is due to its relative
simplicity which often makes it amenable to analytical considerations, but also due to
the wealth of phenomenology that even such a relatively simple system can offer. Such
potentials in the atomic physics setting of BECs have already been experimentally real-
ized [1] through the combination of routinely available parabolic and periodic (optical
lattice) potentials. Among the interesting phenomena studied therein were Josephson
oscillations and tunneling for a small number of atoms, or macroscopic quantum self-
trapping and an asymmetric partition of the atoms between the wells for sufficiently
large numbers of atoms. Double well potentials were also examined in the context of
nonlinear optics, e.g. in twin-core self-guided laser beams in Kerr media [4], optically
induced dual-core waveguiding structures in a photorefractive crystal [16], and trapped
light beams in a structured annular core of an optical fiber [25].

In the present work, we address the NLS equation with a symmetric potential as the
prototypical mathematical model associated with the above experimental settings. For
simplicity we will focus on the case of one space dimension. We write the equation in
the normalized form

iy = —tyy + VOu +olul*u, (1.1)

where u(x,t) : R x R — C is the wave function, p > 0 is the nonlinearity power,
o € R determines the defocusing (repulsive), respectively focusing (attractive), char-
acter of the nonlinearity when o > 0, respectively o < 0, and V(x) : R — R is an
external real-valued, symmetric (even in x) potential satisfying:

(H1) V(x) € L*(R),
(H2) Timy) o0 V(x) =0,
(H3) V(—x) = V(x) forall x € R.

Hypothesis (H1) implies that — 83 +V (x) is a self-adjoint operator on L2(R) with domain
H?*(R). We will make the following spectral assumption:

(H4) Lo = —d2 + V(x) has the lowest eigenvalue —E( < 0.

It is well known from the Sturm-Liouville theory that all eigenvalues of L are simple,
the corresponding eigenfunctions can be chosen to be real valued and the one corre-
sponding to the k + 1! eigenvalue has exactly k zeroes, and, because of the symmetry
(H3), is symmetric (even in x) if k is even and anti-symmetric if k is odd. We can choose a
normalized eigenfunction, v, corresponding to the eigenvalue — E(, which will satisfy:

=Y (xX) + V(@) Yo(x) + Egpo(x) =0, vo(x) >0, Yo(—x) = ¢o(x),
xeR, ol =1. (1.2)
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We are interested in understanding properties of stationary, symmetric and asymmetric
states of (1.1), i.e. solutions of the form u (¢, x) = e’E’qb(x), where ¢ satisfies the sta-
tionary NLS equation

—¢"(X) + V() (x) +0lp ()PP (x) + Ep(x) =0, xR, (1.3)

and E € R is an arbitrary parameter. We recall the following basic facts about solutions
of the stationary NLS equation in one dimension.

(i) Via standard regularity theory, if V (x) € L*°(R), then any weak solution ¢ (x) €
H'(R) of the stationary equation (1.3) belongs to H 2(R).
(i) All solutions of the stationary equation (1.3) in H 2(R) — C!(R) are real-valued
up to multiplication by ¢’?, 6 € R.
(iii) If E > 0, all solutions of (1.3) in H*(R) decay exponentially fast to zero as
|x] = oo.

Numerically we will focus on a one parameter double well potential V = Vi con-
structed from splitting the single-well potential Vy(x) = —sech? (x):

Vi(x) = Vox +5)+ Vo(—x +5), s>0. (1.4)

The general theory of bifurcations from a simple eigenvalue of the linearized operator
[23] implies that solutions with small H? norm of the stationary equation (1.3) exist for
E near Eg. The symmetry hypothesis (H3) implies that these solutions are symmetric
(even in x). Variants of the local bifurcation analysis near E = Ej, including the fact
that E > Epifo < 0, and E < Ej if o > 0, have already appeared in [27,31], as
well as in many recent publications. We review this analysis in Sect. 2 to give readers a
complete picture.

Orbital stability [32] of the stationary state e/ £/¢ (x), ¢(x) € R, is closely related to
the linearization of the time-dependent NLS equation (1.1) at the stationary state, which,
in the direction ¢'E'[u; (x, 1) + iua(x, 1)), is given by:

s 0 L_4.E)][u
"Nur |~ | —L+(¢, E) 0 uy |’
where L are self adjoint linear Schrodinger operators with domains H 2(R) c L*(R) :

[L+(¢,E) =2+ E+ V(@) +0Qp+D|$Lr(x), 05

L_(¢,E)=—3>+E+V(x)+0|p|*P(x).

Sufficient conditions for orbital stability and orbital instability, which we will use
throughout this paper, were obtained in [9,10,32].

Definition 1. If (¢, E) solves (1.3) and zero is the lowest eigenvalue of L_(¢, E) we
call ¢ a ground state of (1.3).

Remark 1. Note that, for any solution (¢, E) of (1.3), zero is an eigenvalue of L_ (¢, E)
with eigenfunction ¢. Via standard theory of second order elliptic operators the above
definition is equivalent to the one requiring a ground state to be strictly positive or strictly
negative.
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In particular it is known that solutions (¢, E) of the stationary NLS equation (1.3)
with |E — Eg| and ||¢|| 1 small are orbitally stable ground states, see Sect. 2. We remark
as a side note that, for critical and supercritical nonlinearities, p > 2, and more restrictive
hypotheses on the potential V (x), one can show asymptotic stability of these solutions
in the space of one dimension [7,22]. For subcritical nonlinearities asymptotic stability
is proven only in dimensions higher than one, see [18,19].

Kirr ef al. [17] showed that the symmetric ground states undergo a symmetry—
breaking bifurcation at E = E, > Ey, in the focusing case o < 0, with p = 1, or other
cubic like nonlinearities, provided the first two eigenvalues of Ly = —8)%+ V (x) are suffi-
ciently close to each other. In particular, the result is applicable to double-well potentials
such as (1.4) for sufficiently large separation parameter s between the two wells. Fur-
thermore the authors show that the symmetric states become unstable for £ > E,, and,
a new pair of orbitally stable, asymmetric ground states exist for £ > E.. The proofs
rely on a Lyapunov-Schmidt type projection onto the two eigenvectors corresponding
to the lowest eigenvalues of Lg, which exists for small ||¢]| 71, combined with a normal
form analysis of the reduced system valid to all orders. Marzuola & Weinstein [21] used
a time dependent normal form valid for finite time to extract interesting properties of
the dynamics of solutions of the NLS equation (1.1) near the bifurcation point E = E..
We also mention that [30] uses a similar finite time, normal form technique to study
the solutions and predict bifurcations of the first excited (anti-symmetric) state for the
defocusing NLS equation (o > 0) with a symmetric double well potential which is
essentially brought in the large separation regime by passing to the semi-classical limit
and assuming o \( 0 at a specific rate.

To our knowledge there are very few results for bifurcations of NLS stationary states
in non-perturbative regimes. Rose & Weinstein [29] use variational methods to show
that the stationary NLS equation (1.3) with o < 0, and potential satisfying (H1), (H2)
and (H4), has at least one solution for any E > Ej. Jeanjean & Stuart [12] prove that
for o < 0, the symmetric states bifurcating from the lowest eigenvalue of L can be
uniquely continued for all £ > Ej, hence there are no bifurcations along this branch,
provided V (x) is monotonically increasing for x > 0, and C' in addition to satisfying
(H1)—-(H4). In particular, the result applies to the potential (1.4) if s < s,, where

1
Sy = zarccosh(Z) = arccosh(«/g/\/z) ~ 0.6585, (1.6)

because forx > 0and 0 < 5 < sy:

Vi(x) = Vi(x —s)+ Vy(x +5)

sinh(2x) 2
= 3 3 [2 + cosh(2x) cosh(2s) — cosh”(2s)] > 0.
cosh’(x — s) cosh”(x + )

Results on continuation of branches of stationary states in the defocusing case o > 0,
but without reference to existence or non-existence of bifurcation points can be found in
[13,14]. In [2] the authors rely on variational techniques to deduce symmetry—breaking
of the ground states in Hartree equations. Their method can be adapted to our problem
and implies the emergence of asymmetric, ground state branches in the focusing case
o < 0provided the nonlinearity is subcritical, p < 2, and V (x) is continuous, bounded,
and has at least two separated minima. In particular, assuming p < 2, asymmetric ground
state branches will appear for the potential (1.4) as soon as it becomes a double well, i.e.,
for s > s, but the method cannot tell whether the asymmetric branches are connected
to the symmetric branch of ground states bifurcating from the lowest eigenvalue of L.
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Jackson & Weinstein [11] use a topological shooting method for the case p = 1 and
Dirac type double-well potential, i.e. Vp(x) = &(x) in (1.4), to show that the asymmetric
branches emerge from the symmetric ones via a pitchfork bifurcation and they all coexist
past a certain value of E.

Our main result extends the ones in [17] to non-perturbative regimes and the ones in
[2] to critical and supercritical nonlinearities, p > 2, while proving that the asymmetric
ground states emerge from the symmetric ones via a pitchfork bifurcation. The main
theorem is formulated as follows.

Theorem 1. Consider the stationary NLS equation (1.3) in the focusing case o < 0,
with V (x) satisfying (H1)—(H4). Then the C' curve E — ¢ = YypeH?, E > Ey,
YE(x) > 0 of symmetric, real valued solutions bifurcating from the zero solution at
E = Ey, undergoes another bifurcation at a finite E = E, > Ey, Y, € HZ?, provided
V(x) has a non-degenerate maxima at x = 0, and

(H5) xV'(x) € L®(R).

The bifurcation is due to the second eigenvalue M\(E) of L+(V g, E) crossing zero at
E = E.. Moreover, if p > 1/2, and the following non-degeneracy condition holds:

dx

then the bifurcation is of pitchfork type: the set of real valued solutions (¢, E) € H*> xR
in a neighborhood of (Y, , E.) consists of exactly two orthogonal C Ucurves: the sym-
metric branch E +— ¢ = g which continues past E = E., but becomes orbitally
unstable, and an asymmetric branch (¢ (a), E(a)):

E(a) = E. + %az +0(a?), ¢p(a) =Yg, +ags+ 0>, a € R, |a| small,

where ¢, is the eigenfunction corresponding to the second eigenvalue of L4 (VE,, Ey),
and Q can be calculated from Y, and ¢, see (3.35). The asymmetric solutions are
orbitally stable if Q > 0 and ||¢p(a)||12 is increasing as E(a) increases, but they are
orbitally unstable if ||¢ (a)| ;2 is decreasing with E(a) or if Q < 0.

In particular, the result applies to the potential (1.4) for s > s, = arccosh(v/3/+/2)
because

V/(0)=V(s) — Vi(s) =0, V/(0)=2V{ (s)=12sech*(s) —8sech’(s) < 0, s > s,

and implies that a pitchfork bifurcation occurs along the branch of symmetric states.
Recall that for s < s, this branch can be uniquely continued for all £ > E( due to the
result in [12], see (1.6). Moreover, in the large separation limit s — oo, the branch of
asymmetric states is orbitally stable near the pitchfork bifurcation if p < p,, where

1
Pi=3 (3 + JT3) ~ 3.3028, (1.7)

and orbitally unstable for p > p,, see Corollary 2. The threshold power p. of the
nonlinearity was predicted in [30] but we justify this result with rigorous analysis.

We emphasize that Hypotheses (H1) and (H5) can be relaxed to V(x), xV'(x) €
L9(R) for some g > 1, at the expense of slightly complicating the proofs in this paper.
Moreover, our results extend to more than one dimension x € R”, n > 2, and other
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symmetries in R”, provided that the symmetries still prevent the solutions to concentrate
at |x| = oo, see Remark 7. Note that for classifying the bifurcation, we will have to
assume that the second eigenvalue of L. (Y, E) is simple. To completely remove any
symmetry assumptions, or the spectral assumption (H4), or the simplicity of the second
eigenvalue of L, are much more difficult tasks which we plan to solve in a future paper.

The proof of the main result relies on Theorems 2, 3, 5, and 6 which, viewed individ-
ually, are important themselves. Properly generalized they could completely describe
the set of all solutions of the stationary NLS equation (1.3) for any dimension, arbitrary
potentials and more general nonlinearities in terms of the critical points of the potential.
In Sect. 2 we prove the following dichotomy: the branch of stationary solutions (Y g, E)
bifurcating from the lowest eigenvalue — E of —83 + V(x) can either (a) be uniquely
continued forall E > Ej or (b) there exists a finite E, > E( such that zero is an accumu-
lation point for the discrete spectrum of the linearized operator L, (Y, E),as E /' E..
The result essentially eliminates the possibility that || £ || 52 diverges to infinity as E
approaches E, with ||L} ! (YE, E)|l12., 2 remaining uniformly bounded, and relies on
the differential estimates for the mass (charge) and energy of the NLS equation (1.1).

In Sect. 3 we use a novel technique combining concentration—compactness, see for
example [6], and the spectral properties of the linearized operator L, to show that, in case
(b), the states 1 must converge in H> to a nonzero state yr g, for E = E,. By continuity
we deduce that the linearized operator L. (V'g,, E,) has zero as a simple eigenvalue, then
we use a Lyapunov-Schmidt decomposition and the Morse Lemma, see for example [23],
to show that a pitchfork bifurcation occurs at (Y g, , E4). The symmetry hypothesis (H3)
implies that g (x) are even in x which is essential in showing that the limitlimg ~g, Vg
exists. Without assuming (H3) {r may drift to infinity as E approaches E,, i.e. there
exists yg € R, limg »g, yg = £00, suchthatlimg g, Y (-— yg) = Y¥E,, Wwhere Vg,
is now a solution of the stationary NLS equation (1.3) with V(x) =0and E = E,.

In Sect. 4, we obtain new, rigorous results on the behavior of all stationary states in
the focusing case o < 0, for large E. In Theorem 5 we combine Pohozaev type iden-
tities with differential estimates for mass, energy and the L>7*? norm of the stationary
solutions to prove how the relevant norms of the solutions scale with E as E — oo. In
particular, we obtain the behavior of the L? norm of the symmetric states, which was
numerically and heuristically predicted in [29]. Moreover, by combining these estimates
with our novel concentration—compactness/spectral technique we show that, modulo a
re-scaling, the symmetric branches of solutions, along which L. has only one negative
eigenvalue, converge to a non-trivial solution of the constant-coefficient stationary NLS
equation,

—¢"(x) +0lp(X) PP (x) +d(x) =0, ¢ € H*(R). (1.8)

Since the set of solutions of the latter in dimension one is well known, we adapt and
extend the bifurcation analysis of Floer & Weinstein [8] to our problem and obtain
detailed information on all stationary solutions, which, modulo a re-scaling, bifurcate
from a non-trivial solution of Eq. (1.8). We show that such solutions can only be local-
ized near a critical point of the potential V (x), and they are always orbitally unstable for
supercritical nonlinearities, p > 2. If the critical point is a non-degenerate minimum,
respectively maximum, then there is exactly one branch of solutions localized at that
point, and these solutions are orbitally stable if and only if we are in the critical and
subcritical regimes, p < 2. We note that compared to the semi-classical analysis in [8],
completed with orbital stability analysis in [ 10, Example C], we are forced to make a pre-
cise analysis up to order four, instead of two, in the relevant small parameter. In addition,
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we prove non-existence of solutions localized near regular points of the potential V (x),
uniqueness of solutions localized near non-degenerate minima and maxima, and we
recover the stability for the critical nonlinearity p = 2. All these results can now be
extended without modifications to the problem studied in [8].

In Sect. 5, we illustrate the main theoretical results numerically for the potential
(1.4), subcritical nonlinearity p = 1 and supercritical nonlinearities p = 3, p = 5in
the focusing case 0 < 0. Wenote that p = 3 < p,and p =5 > p,, where p, is defined
by (1.7). We will show that both subcritical and supercritical pitchfork bifurcations occur
depending on the value of p. For this potential we will also show numerically that the
ground state branches, which emerge from the pitchfork bifurcation predicted by our
main result, do not undergo other bifurcations, a result beyond the grasp of our current
theoretical techniques.

In what follows, we shall use notations O(g) and o(¢) as € — 0 in the sense

A=0() < 1in%s—1A(s) =Ax €R and A =o0(s) < 111%5—11\(5) =0.
E—> E—>

We will denote e-independent constants by C, which may change from one line to
another line. We will also use the standard Hilbert space L?(R) of the real valued square
integrable functions on a real line and the Sobolev space H>(R) C L?(R) of the real
valued functions on R which are square integrable together with their first and second
order weak derivatives.

2. Local Bifurcations of Symmetric Ground States

In this section we trace the manifold of symmetric ground states of the stationary prob-
lem (1.3) from its local bifurcation from the linear eigenmode of Lo = —83 + V(x) near
E = Ey up to its next bifurcation. We will show that the symmetric state exists in an
interval to the right of Eg if 0 < 0 and in an interval to the left of E¢ if o > 0. In the
case of o < 0, we will further find necessary and sufficient conditions for the symmetric
state to be extended for all values of E > E or suffer a symmetry—breaking bifurcation.
Let us rewrite the stationary equation (1.3) for real-valued solutions ¢ (x) as the
root-finding equation for the functional F(¢, E) : H*(R) x R > L?>(R) given by

F(¢,E) = (=02 +V(x)+ E)p+a|p|*P¢. 2.1

We recall the following result describing the existence of symmetric ground states
near Eg.

Proposition 1. Let —Ey < 0 be the smallest eigenvalue of Lo = —83 + V(x). There
exist € > 0 and § > 0 such that for each E on the interval I., I = (Eog — €, Ey) for
o > 0,7 = (Eg, Eg +€) for o < 0, the stationary equation (1.3) has exactly two
nonzero, real valued solutions £\g(x) € Hz(R), satisfying | Vel g2 < 8. Moreover

1
lVEllg: < CIE — Ep|?»,

for some C > 0, the map E — Y is c! Jfrom I, to H? and YE(x) = YE(—x) for
eachx e Rand E € T.
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Proof. We sketch the main steps. For any p > 0, the functional F : H>(R) x R >
LZ(R) is C!, i.e. it is continuous with continuous Frechet derivative

DyF(¢, E) = =32+ V(x)+ E+ (2p + D)o|p|*P.

We note that Dy F(0, E) = Lo + E. Let v be the L2-normalized eigenfunction of
Dy F (0, E) = Lo + Eg corresponding to its zero eigenvalue. Then Dy F (0, Eg) is a
Fredholm operator of index zero with Ker(Ly + Eo) = span{/9} and Ran(Ly + Egp) =
[Ker(Lo + Eo)]*. Let

Py¢ = (Yo, d) 20, Prd =& — (Yo, @) 290

be the two orthogonal projections associated to this Lyapunov-Schmidt decomposition.
Then F(¢, E) = 0 with ¢ = avo + ¢, where a = (9, ¢) and ¢ = P, ¢, is equivalent
to two equations

Pi(Lo+E)P g+ Playy +¢|*F (ayo +¢) = 0, (2.2)
(E — Eg)a +a (Yo, layo + ¢|* (ayo + ¢)) = 0. (2.3)

Since P; (Lo + E) P, has a bounded inverse for any E near Eg, the Implicit Function
Theorem states that there exists a unique C' map R? 5 (a, E) — ¢ = ¢y(a, E) € H?
for sufficiently small |a| and |E — Ey| such that ¢ solves Eq. (2.2) and

3C>0: lgs(a, E)ly2 < Cla]**.

Hence (2.3) becomes a scalar equation in variables (a, E) € R?2 given by

a(E — Eo) +0 (Yo, layo + ¢|*F (@ +¢)) 2 = 0. (2.4)

Dividing (2.4) by a and invoking again the Implicit Function Theorem for functions,
we obtain the existence of a unique continuous map R 5 a — E = E.(a) € R for
sufficiently small |a| such that E solves (2.4) and

3C > 0: |Es(a) — Eo+0 Yol arnlal®?| < Clal*”.
Therefore, E > Epifo < 0and E < Epifo > 0. Moreover, the mapa +— E.(a)is c!
and invertible for ¢ > 0, rendering the map E +— Vg 1= ayo + ¢s(a, E«(a)) tobe C!.
The negative branch —g is obtained from the negative values of a. Moreover, since
for any solution g (x) of (1.3) we have that ¥/ (—x) is also a solution, uniqueness and
continuity in a imply that Yy g(—x) = Yg(x). O

Remark 2. A result similar to Proposition 1 can be obtained for the anti-symmetric state
of the stationary equation (1.3), which bifurcates from the second eigenvalue —E of
Lo = —Bf +V (x), if the second eigenvalue of L exists. Moreover, (0, E) € H2(R) xR
is the only solution of the stationary NLS equation (1.3) in a small neighborhood of
(0, E,) € H*(R) x R for any E, > 0, if —E, is not an eigenvalue of L.

Let us introduce operators L and L_ along the branch of symmetric states (Y g, E)
according to definition (1.5) with ¢ = . Since they depend C' on E € Z, and contin-
uously at Eo, their isolated eigenvalues depend C! on E € Z, and continuously at E.
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Since L_1yg =0and L_ = Lo+ Eq for E = Ey, 0 is the lowest eigenvalue of L_
for all E € Z,. On the other hand, we have

Ly —L_=02pyy’.

Hence, Ly < L_if o < 0, while Ly > L_ if ¢ > 0, and, via eigenvalue comparison
principle, the lowest eigenvalue of L is strictly negative if o < 0 and strictly positive
if o > 0. Consequently, O is not in the discrete spectrum of L, nor in the essential
spectrum for E € Z.. The latter follows from V(x) € L*(R), lim|y|—oo V(x) = 0,
and |y g|?? € L*(R), since Yy € H>(R) — L4(R) for any 2 < g < oo. Together
they imply that L, — E is a relatively compact perturbation of —83, hence, via Weyl’s
theorem, the essential spectrum of L. is the [E, co) interval.

The following result shows that we can continue the branch of symmetric states
(YE, E) as long as 0 is not in the spectrum of L.

Lemma 1. Let Y, (x) € H 2(R) be a real valued solution of the stationary equation
(1.3) for E = E| and assume 0 is not in the spectrum of L(Vg,, E1). Then there exist
€ > 0and 6 > 0 such that for each E € (E| — €, E1 + €) the stationary equation (1.3)
has a unique, real valued, nonzero solution yg (x) € H*(R) satisfying

1VE — VE g2 <6.
Moreover the map E +— Y is lemm (E1—€,E1+¢e)to H2.

Proof. The result follows from the Implicit Function Theorem for F(¢, E) = 0 at
(val ’ El ) o

Combining the proposition and lemma, we get the following maximal result for the
branch of symmetric modes bifurcating from the point Ey. For definiteness, we state
and prove this result only for the focusing case o < 0.

Theorem 2. If 0 < 0, then the branch of solutions (Vg, E) of (1.3) which bifurcates
Jfrom the lowest eigenvalue — E of L can be uniquely continued to a maximal interval
(Eo, Ey) such that either:

(a) Ex = o0;
or

(b) Ex < oo and there exists a sequence {E,},en C (Eo, Ey) such thatlim,, . E,, =
Eyand Ly(Yg,, E,) has an eigenvalue )\, satisfying lim,_. oo A, = O.

n’

Proof. Define:

E,= sup{E . E> Ey, Er—> Ypisa C! extension on (Eo, E) of the map in Proposition 1,

for which 0 is not in the spectrum of L, }.

Proposition 1 and the discussion following it guarantees that the set above is not empty.
Assume neither (a) nor (b) hold for E, > E( defined above. Then we can fix any
Ei, Ey < E| < E, and find that, for E € [E|, E,), the spectrum of L, (¥ g, E) (which
is real valued since L. is self-adjoint) has no points in the interval [—d, d] for some
0 < d < Ej. Indeed, as discussed after Proposition 1 the essential spectrum of L. at
E is [E, 00), and if no d > 0 exists, there must be a sequence of eigenvalues 1, for
Ly at E, € [Eq, E) such thatlim,,_, 5 A, = 0. But [E, E.] is compact since (a) does
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not hold, hence there exists a subsequence E,, of E, converging to E> € [Eq, E4].
However, E> # E, because we assumed that (b) does not hold, so E> € [E|, E,) and
by continuous dependence of the eigenvalues of L. on E € [Eq, E,) we get that O is an
eigenvalue of L, at E; < E, which contradicts the choice of E,.

Consequently L L. L*(R) — L?*(R) is bounded with uniform bound K = 1/d on
[E1, E,). Moreover, by differentiating (1.3) with respect to E we have:

Lidpye =Yg = dpye =—Li'We, E € (Eo, Ey), (2.5)
hence

I0evEl 2 < KllVElL2, E €[E1, Ey), (2.6)

and, by Cauchy-Schwarz inequality:

d
d—Equniz =20V, Vi) < 2K|1VEl?,, E €[E1 Ey.
The latter implies
ell72 S Ve ll72€ Y 1, Ey), .
IWel?, < 1We 7.2 KE-EV E e [E, Ey) 2.7)

which combined with E, < oo and bound (2.6) gives that both dgyg and g have
uniformly bounded L? norms on [E], E,). By the Mean Value Theorem there exists
¥E, (x) € L*(R) such that

EII/HI}: Ve —Y¥E N2 =0. (2.8)

We claim that ¥, (R) € H I(R) is a weak solution of the stationary equation (1.3)
with E = E,, hence it is in H2(R) since V € L®(R). Indeed, consider the energy
functional

o

£(E) = /R Ve () 2dx + /R Ve () 2dx + /R e () [2P2dx. (2.9)

p+1

Note that because, {g is a weak solution of the stationary equation (1.3) for any E €
(Eg, E,) we have

d&

TE = —2E(YE, OEVE) L2 (2.10)

and, via Cauchy-Schwarz inequality:

d&é
ﬁ < ElVEl210eYEllL2.

Hence, from the uniform bounds (2.6) and (2.7), the derivative of £(E), and hence
E(E), is uniformly bounded on [E}, E,). On the other hand, from the weak formulation
of solutions of (1.3), we get

2p+2
||V1//E||§z+/RV<x)|wE(x)|2dx+a||wE||Lé’:+z+E||w||iz=0. (2.11)
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Subtracting the latter from (p + 1)€ we get that there exists an M > 0 such that

<M, forall E € [Ey, Ey). (2.12)

‘ PIVYEN. +p/IR V() YE ()] *dx

From Holder inequality we obtain:

S IVIlze Vel 2.

’ / V) lye()Pdx
R

Using the inequality in (2.12) we deduce that | Vg2 has to be uniformly bounded.
Consequently, there exists M > 0 such that

WElg <M, forall E € [Ey, Ey). (2.13)

Because of the embedding of H L(R) into L (R) and the interpolation

2 1-2
Iflze < IFIEXNFI7 g =2,

bound (2.13) together with convergence (2.8) imply that as E 7 E, we have:

Ve — Y, inL*(R)
vE — YE,, in H'(R)

Now, by passing to the limit in the weak formulation of the stationary equation (1.3),
we conclude that g, (x) € H I(R) is a weak solution. Moreover, the linearized operator
L, depends continuously on E on the interval [Eq, E,]. By the standard perturbation
theory, the discrete spectrum of L, depends continuously on E. Since O is not in the
spectrum of L, for E € [Eq, E,) and we assumed that (b) does not hold we deduce
that O is not an eigenvalue of L, at E,. Moreover, since the essential spectrum of L.
is [E, 00), 0 is not in the spectrum of L, at E = E,. Applying now Lemma | we can
continue the C! branch (YE, E) past E = E, which contradicts the choice of E,.

The theorem is now completely proven. O

= 1//E — wE*, in Lq(R), q = 2.

Remark 3. Let 0 < 0 and L, be computed at the branch points (Yg, E) for E €
(Eo, Ex), where E, is given by Theorem 2. Then, L, has exactly one (strictly) neg-
ative eigenvalue. This follows from the fact that the eigenvalues of L, depend C! on
E € (Ep, E,), 0 is not in the spectrum of L, and for E near Eg, L, has exactly one
strictly negative eigenvalue, see the discussion after Proposition 1.

3. Symmetry-Breaking Transitions to Asymmetric States

In this section we show that, in the focusing case 0 < 0, the second alternative in
Theorem 2 occurs if and only if the second eigenvalue of L;, A(E) crosses the zero
value at E = E,. Moreover, at E = E,, under the generic assumption of A'(E,) # 0,
the branch of symmetric states suffers a symmetry—breaking bifurcation of pitchfork
type with a new branch of asymmetric states emerging. The new branch consists of solu-
tions of (1.3) that are neither even nor odd in x. Depending on the sign of the quantities
Q and R, see Theorem 4, which can be numerically computed, the asymmetric solutions
are either orbitally stable or orbitally unstable with respect to the full dynamics of the
NLS equation (1.1). For double well potentials with large separation, e.g. (1.4) with
s — o0, the orbital stability of the asymmetric branch is determined by the power of
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the nonlinearity, see Corollary 2. Regarding the branch of symmetric states, it continues
past the bifurcation point but it is always orbitally unstable.

Note that sufficient conditions for the symmetry-breaking bifurcation at £, were pre-
sented by Kirr et al. [17] under the assumption that £, was sufficiently close to Ey and
l¥Ell 1 was small for all E € (Eo, E.). Moreover, only the case of cubic nonlinearity
(p = 1) was considered. We now present a generalization of this result which allows
large values of |E — Eol, large norms || £ || 1, and any power nonlinearities p > 1/2.

Remark 3 showed that, in the focusing case o < 0, the operator L. on the branch of
symmetric states has exactly one negative eigenvalue. We first show that this eigenvalue
cannot approach zero as E approaches E,.

Lemma 2. Let 0 < 0 and consider the branch of solutions (Vg, E) of (1.3) which
bifurcates from the lowest eigenvalue — Eq of L. Let (Eq, E) be the maximal interval
on which this branch can be uniquely continued. If Ao(E) is the lowest eigenvalue of L
along this branch then there exist §, d > 0 such that:

rM(E)<—d<0, forall E € [E.—§8,E,)if Ex <00, orforall E>Ey, if Ex=00.

Proof. Assume the contrary, that there exists a sequence E, ' E, such that Ao(E,) /
0. From the min-max principle we have for all integers n :

. 1
rM(Ey) = inf (¢, L4§) < ————(VE,, L+VE,)
geH?, |£],2=1 1YE, ||
2p+2
1 e, 1724
— (W, LVE, +2p oYE, PP YE,) = 2p o — L2 <,
IIWEnII Ve, 7.

where we used the definitions (1.5) and L_yg = O for all E € (Ep, E,). From the
above inequalities and Ao(E,) /' 0 we conclude that:

2p+2
||K[fE,, ||L2p+2 _

1m 3
=0 |y, 112,

But (Yg,, En) solves the stationary NLS equation (1.3). Plugging in and taking the L?

scalar product with — we get:
uvf HLZ
2p+2
1VE, I} 2p VE VE,
~Ey—o o —< L (SO V() > ~E,
1WE, 17, IVE, Il Ve, N2
where the last inequality follows from — E( being the lowest eigenvalue of Lo = —8)% +

V (x). Passing to the limit when n — oo we get the contradiction Eg > E,. O

Lemma 2 combined with the concentration compactness method and the spectral the-
ory of Schrodinger type operators enables us to deduce the following important result
regarding the behavior of g for E near E,.

Theorem 3. Let 0 < 0 and consider the branch of solutions (Y g, E) of (1.3) which
bifurcates from the lowest eigenvalue —E of L. Let (Eq, E) be the maximal interval
on which this branch can be uniquely continued. Denote

N(E) = |ell;..  E € (Eo, Ey).
If E. < o0, then:
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(1) N(E) is bounded on [Ey, E.), Ny :=limg_, g, N(E) exists, and 0 < N, < 00;
(i1) there exists Yg, € H 2(]R) such that (Y, , E.) solves the stationary NLS equation
(1.3) and

li — =0.
ELH}E* Ve — Ve g2

Proof. For part (i) denote &9 € H*(R), ||€2]l;> = 1 the normalized eigenfunction of
L, corresponding to its lowest eigenvalue, Ao (E). We use the orthogonal decomposition:

Ve = (EY, VE) Ep + Y, where (E2, YF) =0, E € (Eo, E).

Then
1dN B 1 O ER ) L1,
37g = W devE) =~ L V) = T g, Ly ¥E)
0 2
_ &g el - N(E) ’ 3.1)
—Ao(E) —Mo(E)

where we used (2.5), Lo(E) < 0, and the fact that L, > 0 on the orthogonal complement
of ég, see Remark 3. The above inequality implies that

E _dE
N(E) < N(El)efEl “+@®  forany Eg < E| < E < E,.

Using now the bound }AO < dl, E € [E. — 6, E,) given by Lemma 2, together with
the fact that N (E) is continuous on [Ey, E, — §], see Proposition 1 and Theorem 2, we
deduce that there exists N > 0 such that:

O0<N(E) <N, forall E € [Ey, E,).

To show that N (E) converges actually to a finite value as E 7 E, we go back to the
bound (3.1) and integrate it from E; = E, —§toany E, E1 < E < E,. We get

E _ E &Y, vg)? 1 1
i 1., 1 _ NSE> VE/T - _
/E1 (wE,L+ 1//E)dE = /E1 —ro(E) dE + 2N(E1) 2N(E)

N 1
< —8+=-N(E)). (3.2)
d 2

But the integrand on the left hand side is non-negative, hence the uniform bound implies
that the integral on the left hand side converges as E ' E,. Since the same holds for
the integral on the right hand side, we deduce from (3.2) that N (E) must converge to a
finite limitas £ 7 E,.

Moreover, since both integrals in (3.2) are now convergent on [E1, E,) we deduce
that the derivative of N(E) is absolutely convergent on the same interval, see (3.1),
consequently the derivative of the energy functional, see (2.9) and (2.10), is abso-
lutely convergent and the energy functional remains uniformly bounded on [E{, E).
By repeating the argument in the proof of Theorem 2 we get uniform bounds in H'
norm, see (2.13), i.e. there exists M > 0 such that:

WElg <M, forall E € [Eq, Ey). 3.3)



808 E. Kirr, P. G. Kevrekidis, D. E. Pelinovsky

Now, if limg_, g, N(E) = 0, then, equivalently, limg_, g, ||¥E|;2 = 0. Because
of the bound (3.3), Sobolev imbedding and interpolation in L9 spaces, we get
limg_ g, |¥EllLe = 0, ¢ > 2. Hence L, depends continuously on E € [Ej, E],
and L, at E, becomes Lo + E.. Then the eigenvalues of L, should converge to the
eigenvalues of Lo+ E, as E /' E,, so 0 is an eigenvalue of Lo + E,, because we are in
case (b) of Theorem 2. Equivalently —E, < —Ej is an eigenvalue of Lo, which leads
to a contradiction.

Part (i) is now completely proven. For part (ii) we will use the following lemma.

Lemma 3. Under the assumptions of Theorem 3, if there exist a sequence on the branch
(YE,. Ey) and a function Yg, € H'(R) such that

E, /" Ex, (3.4)
Hl

Ve, = VE,, (3.5)

Vg, 5 Ye, forall2 <q < oo, (3.6)

1
then Y, N VE,. Moreover, Y, is a solution of (1.3) and:
EILHII:"* Ve — Vel g2 = 0.
Proof. Equation (1.3) satisfied by the elements on the branch can be rewritten:
VE, = (=97 + E)) " [=V(@YE, @) — o [YE, )P ¥, ], (3.7)
and, from (3.6), we have

2
W, )P vE, 5 e, ()Y, .

To show that V (x)vy g, (x) also converges in L%(R) we use the following compactness
argument. Fix € > 0 and choose R > 0 sufficiently large such that

€
am’

where M > 01is a bound for the sequence ||V, || 1, and such a bound exists because the
sequence Yg, is weakly convergentin H '(R). Then, by Rellich’s compactness theorem,

IV o qixi=rp <

Jim 1Ve, — Vel <ry =0,

hence there exists ng such that

€

I1VE, — VENL2((x1<r) < for n > no,

2VilLeom)

and, consequently,

IVVE, — VWE*”LZ(]R) = ||V||L°0(R)||¢E,, - 1ﬂE*||LZ({\x|<R})

IVl qxi=ry 1VE, — VEN 2R)
€ €

< —+—2M <€, for n > nyo,
2 4M
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which proves Vg, ii Vg, . Now both terms in the bracket of the right hand side of
(3.7) converge in L2(R), and (—32 + E,)~! — (=82 + E,)~! in the space of bounded
linear operators from L?(R) to H?(R), we obtain YE, convergentin H 2(R). But HX(R)
is continuously imbedded in L7 (R), for2 < g < oo, hence the limitof ¢ g, in H? should
be the same as its limitin LY, 2 < ¢ < oo. Therefore, (3.6) implies that /g, converges
to ¥, in H?(R). Moreover, by passing to the limit in (3.7), we get

Ve, = (=02 + E) " [=V)¥E, (x) — o |YE, (X)*PYE,],

or equivalently, (g, , E.) is a solution of the stationary NLS equation (1.3).

In addition, the eigenvalues of L calculated at (Y, , E,) will converge to the eigen-
values of L, calculated at (Yg,, E). In particular, at (Y, , E.), L+ will have the lowest
eigenvalue strictly negative, followed by 0 as the second eigenvalue, see Lemma 2 and
case (b) in Theorem 2. By Sturm-Liouville theory 0 is a simple eigenvalue with corre-
sponding eigenfunction being odd. Hence L, at (Y'g,, Ex) is invertible with continuous
inverse as an operator restricted to even functions. The implicit function theorem applied
to (1.3) gives a unique C!lin H2(R) branch of symmetric (even in x) solutions in a neigh-
borhood of (Vg, , E+). By uniqueness, this branch must contain (Y g, E), E € (Ey, E).
In particular:

lim — 2 =0,
Jim 1 = el

and Lemma 3 is completely proven. O

We now return to the proof of Theorem 3. Based on (3.3) and on the weak relative
compactness of bounded sets in the Hilbert space H'(R) we can construct a sequence
E, /' E.and Y, € H'(R) such that (3.4) and (3.5) are satisfied. It suffices now to
show that at least for a subsequence (3.6) is satisfied. Define

VE,

= VB 3.8
1YE,llL2 G:8)

v,
and the concentration function:
y+t ) ’
p(g,t) = Sup/ lp(x)|7dx, ¢ € L(R),
yeR y—t
see [6, Sect. 1.7] for its main properties. Let

= lim liminf p(\¥,, t).

t—>00 n—00

Then, from (3.3) and part (i) of Theorem 3, the sequence W, is bounded in H'(R)
and normalized in L?(R). According to the concentration compactness theory, see for
example [6, Sect. 1.7], we have the following three possible cases.

1. Vanishing: if @ = 0, then there is a subsequence W, convergent to zero in
L9(R), 2 < g < o0, and, using (3.8) and part (i):

Vg, 50, forall2 <g < oo.
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Via Lemma 3 we now get
H2
Ve, — 0,

which contradicts the fact that limg_, g, [|[VE, ||i2 = N, # 0, see part (i) of the
theorem.

Splitting: if 0 < u < 1, then thereis a subsequence W, , the sequences v, wg, zx €
H 2(R) all of them bounded in H!, the sequence y; € R and the function v, €
H'(R) such that:

VE, = IVE, IL2Wn, = vk +wi + 2k, (3.9)
supp vx N supp wg = @, klim dist(yg, supp wy) = 00, (3.10)
— 00
H! Ld
V(- = Yk) = sy k(- — Vi) = Vs, 2 =g <00, (3.11)

Ioalze = N > 0, lim Jluglz, = (1= N> >0, (3.12)

Hl
250, 220, 2<q <. (3.13)

If, in addition, the sequence y; € R is unbounded, then, by possible passing to a sub-
sequence, we have limy_, o yx = £00. Both cases can be treated exactly the same,
so let us assume limy_, o yx = oo. Fix a compactly supported smooth function
¢ € Cgo (R). Then, from the weak formulation (1.3) we have:

0=(¢'(), (r+wi+zi) C—y))+H P (), (V= yi)+En) (v + wi + k) (- — yx))
+0 (P (), ok + wi + 25 2P (v + wi + 20) - — ye))-

By passing to the limit when k& — oo, the terms containing v; will converge to
Uy, see (3.11), the terms containing wy respectively z; will converge to zero due to
(3.10) respectively (3.13), and the term containing V (- — yi) converges to zero due
to lim|y |0 V (x) = 0. Hence

(@', V}) + (¢, Exvi) + 0 (9. 4] v,) =0,
and vy, € H'(R) is a weak solution of
— 0! + By + 0|04 *Pv, = 0, (3.14)

therefore a strong, exponentially decaying solution, with v, also exponentially
decaying. Let

Vi (X + Y1) — Vs (=X + yi)

2Ny

&r(x) is obviously odd in x, and the exponential decay of v, and its derivative
implies:

&(x) =

Jim (v, (X + i), v (=X + 1)) = 0, (Vs (x + Y1), Lyvs(—x + y1)) =0,

lim
k— 00
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where L, is calculated at E,,, . Consequently:

I =1
Jim. (179 2
. [
lim <$k7 L+Sk> = lim <U*(x + )’k), L+U*(-x + )’k)),
k—o00 WUNy k—o0

where we also used (3.12) for the first identity, and the fact that L, is invariant under
the transformation x — —x because both xpEnk (x) and V (x) are even in x, see also
(1.5). Employing again the splitting (3.9), the convergence (3.11), (3.13), and the
separation (3.10) we have:

Jim (G 90, Lo+ 30)) = (s, =0 + Exva+ Qp + Do, *v)
=2p o/ v 2P (x)dx < 0,
R
where we also used (3.14). All in all we have

2
;ng /]R 02272 (x)dx < 0,
3

Jim (&, L+&i) =

which together with & odd implies that for k sufficiently large the second eigenvalue
of L, at E,, must become strictly negative, in contradiction with Remark 3.

If, on the other hand, the sequence yx € R is bounded, then, by possible passing
to a subsequence, we have limy_, o Yk = y« € R. Let v = v, (- + y,). We will now
rename v to be v, and we get from (3.11),

H! L4
Vg = Uy, U —> Uy, 2=<¢g <00, (3.15)

and (3.12) remains valid. As before the convergence implies that v, satisfies weakly,
then strongly:

—U;’+V(x)v*+E*v*+a|v*|2pv* =0, (3.16)
hence, both v, (x) and v, (x) decay exponentially in x. Consider

4 = lim liminf p(wg, 1), where 0 < i < (1 — ) Ns.
>0 k—o0

If i > 0 then wy splits:

wk = Uk + Wy + Zk,
where the sequences vy, Wi, zx € H 2(R) have properties (3.10)—(3.13). In partic-
ular there exist 7, € H'(R), ||D]| 12 = i and the sequence y; € R such that

- _ o H! - L9 .
k(- — Vi) = Vs, Up(-— Yk) —> Vs, 2 < g < 00.

But now, the sequence y is definitely unbounded since y; € supp wy and yg is
bounded, see (3.10). Using

Us (X + 1) — Us (=X + 3i)

& (x) = N .
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we get as before

2
lim (&, Lo&) = 22 / 15,2772 (x)dx <0,
k—o0 y2 R

which contradicts the fact that the second eigenvalue of L, should remain non-
negative, see Remark 3.
If, on the other hand, ft = 0 then, by possibly passing to a subsequence, we have

H! L4
wr —0, wy—0,2<gqg <o0.

Moreover, from (3.9), (3.13) and (3.15) we get

H! L4
VE, — Vx, VE, = Vs 2<q <00,

which, via Lemma 3, implies limy_, oo ||¢Enk — Vs || g2 = 0. The latter is in contra-
diction with

2 .
lvelly2 = uNw < Ny = lim [[Yg, |2
k— 00

3. Compactness. If u = 1 then there is a subsequence 1//Enk, a sequence yy € Randa
function ¥, € H'(R), || ¥4]l2 = Ns such that:

H! L?
Ve, (= y) = ¥s. VYE, (=) = Yx, 2 =g < 00.

But the sequence y; must be bounded, otherwise, by possibly passing to a subse-
quence, limy_, », yx = 00. Both cases are treated in the same way, so let us assume
limy_ oo Yk = 00. Then, by the symmetry of 1//Enk we have:

VE, (X)+VE, (=X) L2 Y x + 30 + Yra (X + 1)
2 2

and we get the contradiction:

Y, (1) = = (),

T 2 * _
Ne= lim |[g, (17, # = =

lim 2,
5 = Jim &7,

where the last identity is a consequence of limg_, oo (Wi (X + &), ¥ (—x + y)) = 0.
So, the sequence y; € R must be bounded, and, by possible passing to a subse-
quence, we have limg_, oo Y = Y+, and

H! L4
Ve, — VE. VYE, > VE,2=q =0,

where ¥k, (x) = Y. (x + y,). Therefore the hypotheses of Lemma 3 are verified and
part (ii) is proven.

Theorem 3 is now completely proven. O

Remark 4. The proof of Theorem 3 can be greatly simplified if one knows apriori that,
with the exception of the two lowest eigenvalues, the spectrum of L, is bounded away
from zero.
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Indeed, in this case only the second eigenvalue of L, can approach zero, see Lemma
2. Hence L. restricted to even functions is invertible with uniformly bounded inverse.
In particular

e = —L7'We, 19evEl2 < KIVEl 2.

The argument in Theorem 2 can now be repeated to show directly that {¢ has a limit in
L9, g > 2, and the proof is finished by applying Lemma 3.

Corollary 1. Under the assumptions of Theorem 3 we have

(1) the second eigenvalue of Ly (Y, E), E < E., denote it by A(E), and only the
second eigenvalue approaches 0 as E /' E.;
(1) ifin addition p > 1/2 and the derivative of the second eigenvalue of L satisfies:

MN(Ey) = i ‘“‘(E);éo
* _Einllf* dE ’

then the set of real valued solutions of (1.3) in a H* x R neighborhood of
(VE,, Ex) consists of exactly two curves of class at least C 2r1=1 jntersecting
only at (Yg,, Ey).

Proof. For part (i), Theorem 3 part (ii) implies that L, depends continuously on E €
[Eo, E«], hence its isolated eigenvalues will depend continuously on E. In particular,
at E,, L, will have the lowest eigenvalue strictly negative, followed by 0 as the second
eigenvalue, see Lemma 2 and case (b) in Theorem 2. If any other continuous branch of
eigenvalues of L, approaches zero as E ' E,, then 0 becomes a multiple eigenvalue
for L, at E, in contradiction with Sturm-Liouville theory.

Part (ii) is a standard bifurcation result which uses the Lyapunov-Schmidt decompo-
sition and the Morse Lemma, see for example [23]. More precisely, we continue working
with the functional F (¢, E) : H 2R)xR — L2(R) given by (2.1) which has the Frechet
derivative:

DyF(¢, E) = =32+ V() + E+Q2p + 1)a|¢*? = L(, E).

For p > 0 the functional is C' while for p > % it is C2. By part (i) Dy F(YE,, Ex)
has zero as a simple eigenvalue. Let ¢, be the L>-normalized eigenfunction of L, =
Dy F(YE,, Ex) corresponding to its zero eigenvalue. Then L is a Fredholm operator
of index zero with KerL, = span{¢,} and RanL, = [KerL*]L. Let

Py = (@s, d) 1205, PLdp = ¢ — (Dx. P)20x

be the two orthogonal projections associated to the decomposition L?> = KerL,@®RanL.
By the standard Lyapunov-Schmidt procedure, see for example [23], we get the following
result.

Lemma 4 (Lyapunov-Schmidt decomposition). There exists a neighborhood W € H?*x
R of (YE,, E+), a neighborhood U C R? of (0, E,.), and an unique C' map h : U >
L2 N {¢s ) such that for any solution (¢, E) € W of F(¢, E) = 0 there exists a unique
a € R satisfying:

(@ E)yeU, ¢=vyE, +ap.+h(a,FE)
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and
Fy(a, E) = (¢, F(Yg, +ap«+h(a, E), E)) =0. (3.17)

In addition, for all (a, E) € U we have:

h(, E,) =0, (3.18)
%(a, E)= —(PLLy) ' P Lygs, (3.19)
oh
5@ B = —(PLL)T P [YE, + 1, (3.20)

where Ly = L,(YEg, +ags +h(a, E), E).
Moreover, if p > % then h is C* and for all (a, E) € U we have:

3%h i dh
m(a, E)=—(PLLy)” P1(04Ly) | ps + 32 | (3.21)
9%h oh oh
(@, E)=—(PLL)~'P, [— + @als) 7 } , (3.22)
dadE
82h( E)=—(P Ly)"'P oh +(dpL )3h (3.23)
aEz a, - 1Lt 1 BE EL+ ) .
where
daLs = Cp+ D2po|YE, +ag, +h|P~ sign(YE, +ads +h) | p«+ — ).
a
(BEL+)% = S—h +2p+1)2po|YE, +ap. + h| 2p- 1s1gn(1/fE* +agpy +h) (32) .

So, the solutions of (1.3) in W are given by the solutions of (3.17). From (3.18) and
F(WE,, E+) =0 we have F| (0, E,) = 0. Differentiating (3.17) we get:

0F oh
” T @ B) = ($r. Lulgu+ 1. (3.24)

aF” E)= (¢ vape+h+L ah) + (s, L ah) (3.25)
SOFE *s wE* aPx +8E =a D) +3E .

In particular, from (3.19)—(3.20), L«¢, = 0, and L, self adjoint, we have
3FH
— (0, Ey) =0, (3.26)
da
Gl 0, E,) =0 (3.27)
oE TV T ’

Since the gradient of F at (0, Ey) is zero, the number of solutions of (3. 17) ina

small neighborhood of (0, E) is determined by the Hessian at (0, E%). For p > 5 we
can calculate:
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O’ F 2p—1 . dh »
—— (a, E)=(¢«, 2p+1)2po|yYE, +ag, +hl sign(Vg, +agy + h)(d« + 5)
+L 82h>
+aa2 )
BZFH

(a, E) =1+ (s, Qp+1)2po|Vr, +apy +h*P " sign(p, +agy +h)

x (¢ +8h)ah)+<¢ L P
7 9a’ OE N a0 E

dadE

)

9 dl dh 2p—1
3E2( JE) = (¢*, +(2P+1)2PU|WE*+0¢*+}1| sign(Yg, +ads +h)
2 >2+L 82”)
X(— —_— ).
o TOE?

In particular

82F 9%h

T3 0 E) = (b Qp+ 120V~ 62) + (s Luz—) =0, (3.28)
a2F,| B zp | dh 9%h
m(oy E.) =1+ (¢, Cp+ I)ZPC”/I ¢*_) + (Px, L*aaaE)

2p 1 zdh
— 1+(2p+1)2p0/ Vi 0550, Edx, (3.29)

3 Fy B dh 21,0 ?h
3E2 0, Eyx) = (s, _> (o (2P+1)2PO—¢E (8 ) )+ (s, L 8E2>—0,

(3.30)

where we used (3.18)—(3.20), the fact that g, is even while ¢, is odd, the fact that # and
its partial derivatives are in {qb*}i, and the fact that L, is self adjoint with L,¢, = 0.
‘We next show:

0, E)d AL 0, E,). (3.31)
W= SaaE T

2p—1
x(E*)—1+<2p+1>2po/1/f ¢*dE

The second eigenvalue of L, (£, E) along the C! symmetric branch (¢, E) satisfies
the equation

L (Y. E)pp = ME)¢E, |¢El 2 =1

Differentiating with respect to E, we get:

1dYE dog dog

¢r +Q2p+1)2pay” e L = M ()b + M(E)—

and, by taking the scalar product with ¢, we obtain

1+(2p+1)2p0/ ) dwE dx = V' (E). (3.32)
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Using the continuous dependence of the spectral decomposition of L, (¥, E) with
respect to £ € (Eg, E4], we have limg »g, ¢ — ¢«ll g2 = 0. Moreover, from (2.5)
and (3.20) we have

dh
lim [[—— — —(0, E = lim |L7'yg - L;! =0.
Jim e = TEO Bl = lim 1L e — L Wk e
Passing now to the limit £ ' E, in the identity above we get (3.31).

From (3.28)—(3.31) we have

0 A (Ey

Since by hypothesis A"(E) # 0, the Hessian of Fj is nonsingular and negative definite
at (0, E), hence by the Morse Lemma, see [23, Theorem 3.1.1 and Corollary 3.1.2],
the set of solutions of Fjj(a, E) = 0 in a neighborhood of (0, E,) consists of exactly
two curves of class CI?P1~1 intersecting only at (0, E,). This finishes the proof of the
corollary. O

Unfortunately, for 1/2 < p < 3/2, the corollary does not guarantee that the two
curves of solutions are C? which turns out to be necessary for determining their orbital
stability with respect to the full dynamical system (1.1). However, using the fact that
the ground states along these curves have no nodes and satisfy certain upper and lower
exponential decay rates, we can recover the C? regularity of the curves and the stability
of the ground states along them:

Theorem 4. Let 0 < 0, p > 1/2, and consider the symmetric (even in x) branch of
solutions (Y, E) of (1.3) which bifurcates from the lowest eigenvalue —Eqy of L.
Let (Eg, E) be the maximal interval on which this branch can be uniquely continued.
Assume E, < 0o, and

d
V(Ey) = lim —(E) # 0, .
(Ex) El/rré*dE( ) #0 (3.33)

where A(E) is the second eigenvalue of Ly (VE, E). Then, the set of real valued solu-
tions (¢, E) € H* x R of the stationary NLS equation (1.3) in a small neighborhood of
(YE,, Ey) € H? x R consists of exactly two C* curves intersecting only at WE,, Ev):

(1) the first curve can be parameterized by E +— ¢ = Yg, E € (Ego, Ex + €) for
some small € > 0, itis a C? continuation past the bifurcation point E = E,, of the
symmetric branch, it has Vg even for all E and orbitally unstable for E > E.;

(ii) the second curve is of the form (¢ (a), E(a)), a € R small, where the parameter
can be chosen to be the projection of ¢ — Yg, onto ker L, = span{¢,}i.e. 3¢ > 0
such that for |a| < €

E=E(a) = E, + %az +o0(a®), ¢(a) =Yg, +ag. +h(a), (3.34)

where h(a) = O(a?) € {¢s}*, and

_ 2p(2p+1)(72 2p—-1 , 2p-2 .2
T T (EY ( 30 Ve diL

—2pQ2p + 1) éf‘lﬁ,L;lwéf‘%i)Lz) (3.35)
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with Ly, = L. (VE,, Ey), along this curve ¢ is neither even nor odd with respect
to x, and is orbitally stable if

0>0, and R>0
and orbitally unstable if
0<0, or Q>0and R <O,
where

. dligllz. _ S V(E)
E—-E, dE

+N'(Ey), N(E)=|yel;.. (336)

Proof. We continue to rely on the Lyapunov-Schmidt decomposition described in
Lemma 4, but we remark that g, = limg ~g, ¥g given by Theorem 3 is even, since
YE, E < E,, were even. Hence the Frechet derivative of F (i, E) with respect to i at
(I/IE* 1) E*) :

Dy F(Y,, EDl@] = Lilpl = (=07 + V + E.)p + 2p + DIYE, 779,

transforms even functions into even functions. By Corollary 1 part (i), O is the sec-
ond eigenvalue of L,, hence its eigenfunction ¢, is odd via Sturm-Liouville theory.
Consequently

Lleven : HZ,, > L2

even even

is an isomorphism. Implicit function theorem for F (v, E) = O at (Y g,, E,) implies that
the set of even, real valued solutions of (1.3) in a neighborhood of (Y, , E.) consists
of a unique C!curve, E — Y. Moreover Y g > 0, because ¥ is also the eigenvector
corresponding to the lowest eigenvalue of

L_=—-3+V+E.+yg,|?,

and, consequently, F(E) = F(yg, E) becomes C? even for p = 1/2. Hence Ly =
Dy FisC Uin E along this curve. Differentiating once F (yg, E) = 0 we get:

dve

(7 -l
E = (L) VE,

and the curve E +— Y is C? because the right hand side is C!. Moreover, the second
eigenvalue of L, along the curve, A(E), is C'in E, and, because:

ME,) =0 ‘M(E) 0
*x) — ) dE * < )

see Corollary 1, part (i) and (3.33), we deduce that A(E) < 0, E > E,.

For E > E, we now have that L, has two strictly negative eigenvalues while L_
has none along the symmetric (even in x) branch of solutions of (1.3). These imply that
exp(i Et)y g is an orbitally unstable solution of (1.1), see [9], and finishes part (i) of the
theorem.

For part (ii) we will rely on the curve of solutions discovered in part (i) to do a
sharper analysis of Eq. (3.17) compared to the one provided by the Morse Lemma.
Note that a direct application of Crandall-Rabinowitz Transversality [3, Th. 8.3.1] to
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15(1//, E) = F(y,E) — F(YEg, + h(0, E), E) would guarantee that the second curve
of solutions is C! provided the power of the nonlinearity satisfies p > 1/2. In what
follows we show C? regularity and recover the case p = 1/2 by using two classical
results for the lowest eigenfunction of linear elliptic operators: absence of nodes and
upper/lower exponential decay estimates. The solutions (Y g, E) of (1.3) discovered in
part (i) satisfy a = (¢«, ¥vg) = 0 because ¢, is odd while g is even. Consequently
one set of solutions of (3.17) is given by a = 0, in particular:

Ve =YE, +h(0,E) >0, (3.37)
F|(0,E) = (¢«, F(Yg, +h(0, E), E)) = 0. (3.38)

Hence, “a” can be factored out in the left hand side of Eq. (3.17), and, solutions a # 0
of this equation satisfy:

where
Fy(a,E)—F;(0,E) ifa #0
ga.By=1,. "° ’ (3.40)
a—a”(O, E), ifa=0.

We will show that:

(a) g(os E*) = 07
(b) gis ClinaR xR neighborhood of (a = 0, E = E.),
(©) 22(0,E) =(Ey) #0, 35(0,E,) = 0.

Implicit function theorem will then imply that the set of solutions of (3.39) in a neigh-
borhood of (0, E,) consists of a unique C! curve: a > E(a), |a| < € for some € > 0,
with E(0) = E, and
dE B0.E)
da (0. Ey)
Then we will show that the curve a — E(a) is C2 with
o= o (3.41)
da? i ’
where Q is given by (3.35). Hence the nonsymmetric solutions of (1.3), are given by:
at (¢(a), E(a)) with:
E=E()=E,+ %cﬂ +o0(a®), ¢(a) =Yg, +apy +h(a, E@) >0 (3.42)
anda — ¢(a)is C? (from R with values in H?) because from (3.42) and (3.18):

Wy =g+ Py B = PLLy)'Pi[Lsgs+E h
da (61)—¢*+%+ (a)ﬁ—qb*_( LLy) L[L+¢s + E"(a)(¢s + h)],
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and the right hand side is C linabecause E, hare C!, and L, is also C! when calculated
along (¢ (a) > 0, E(a)). The orbital stability of this curve of solutions follows from the
theory developed in [9,10] and:

ri(a) = =M (Ex) Qa® + 0(a?), (3.43)
1
@7, = N(E,) + 5 (2 (E) + ON'(Ey) a*+o(a®), (3.44)

where A1 (a) is the second eigenvalue of L, (¢(a), E(a)). Indeed, for Q < 0, (3.43)
shows that L, has two strictly negative eigenvalues while we know that L_ has none,
hence the result in [9] implies ¢ (a) is orbitally unstable. For Q0 > 0, L, has exactly
one strictly negative eigenvalue, L_ has none, and the result in [10] implies that ¢ (a)

is orbitally stable if 19112 > 0 and unstable if 212 < 0, which via (3.44) and (3.42)
is equivalent to R > 0, respectively R < 0, where R is defined by (3.36).

Now (3.44) follows from (3.42), (3.31) and properties (3.18)-(3.23) of h(a, E),
while (3.43) follows from the same relations by differentiating twice the equation for

the second eigenvalue:

Li(YE(a), E(a)[d1(a)] = i(a)p1(a),  [p1(@)l2 =1

It remains to prove (a)—(c) and (3.41). (a) follows from (3.40) and (3.26). For a # 0
(b) follows from F being C'. For a = 0 it suffices to prove:

: dg , , dg 0> F)

lim —(a, E) exists, and lim —(a,E) = ———
a#0 da a#0 oE dEda
a—0,E—Ey a—0,E—Ey

(0, Ep).

Note that %(0, Ey) exists and it is continuous in E( because the partial derivative
with respect to E of the right hand side of (3.24) is the derivative along the symmetric
branch g = ¥, + h(0, E) > 0 which we already know is C2. We will prove that
the first limit exists, the argument for the second is similar. In what follows we use the
shortened notation:

Li(a,E)=Ly(YE, +aps+h(a,E), E) =Dy F(Yg, +aps+h(a, E), E).

For a # 0 we have
3 1
(@, E) = =5 (¢u. F(VE, +ads+h(a E). E) = F(Yg, +h(0, E). E))
1 dh
+— (P, Li(a, E)[¢s + —(a, E)]).
a da
We add and subtract 1 (¢, L.(0, E)[¢s + 22(0, E)]) to get

0
lim —g(a, E)
da

aaiOO,E—>E0
_ g _f1@B) = O, E) +algs, L0 E)g. + 20, E))
- a#0 a2
a—0,E—Ey
. (b, Li(a, E)pu+5%(a, E)]—L4(0, E)[¢y+32(0, E)])
+ lim = L+1.

a#0 a
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The differential form of the intermediate value theorem gives:

oL (e L@ B)igit 8h(a', E)] — L4 (0, E)[¢s + 340, E)])
= 2 a0 a’ ’
a—0,E—Ey
where a’ = a’(a, E) is between 0 and a. So I} = —%12 provided I exists.

For the limit />, when p > 1/2 we can use F is CZ hence L, is C! and & is C? to
get:
oh 8%h
I = {¢x, 0,L+(0, Eo)[¢p« + 5(0, Eo)]+ L+(0, Eo)ﬁ(O, Ep)) =0,
see (3.21) for an explicit expression for both d, L+ and %, and notice that they are both
even at (0, Eg) while ¢, is odd. When p = 1/2 we rewrite I as two limits:

(¢s, (Lia, E) — Ly (0, E)[¢s + 2L(a, E)])

I, = lim
a#0 a
a—0,E—Ej
(@, L0, E)[ZE(a, E) — 220, E)))
+ lim “ . =L+
a#0 a
a—0,E—Ey

But
(L+(a, E) — L+(0, E)[v] =20 (|YE, +ads + h(a, E)| — [¥g, +h(0, E)|)v

and by —|a — b| <|a| — |b] < |a — b| and foreachx e R :

aoh
|h(a, E) — h(0, E)|(x) = a—(a’, E)(x)| lal, for some |a'| < |al,
a

we get that the integrand in the expression for the limit /3 is bounded by:

¢+ (X)(Ls(a, E) — L4 (0, E))[¢s + 52 (a, E)](x)
a

oh oh
< ¢ (0) +] | (x) 2@ B) () | + 2—(a, B))|,

where the right hand side can further be bounded by an integrable function, since
h(a,E) € H*isC'ina neighborhood of (0, E).

In addition, since (a, E) — h(a, E) € H*(R) — L*®(R) N C(R) is continuous
and Y, +h(0, Eg)) > 0, see (3.37), we get that for each x € R there existsa§(x) > 0
such that Y, +a¢y + h(a, E)) > 0, for |a|, |E — Eo| < 8. So, we have the pointwise
convergence:

[VE, +a¢s +h(a, E)|(x) — |[YE, +h(0, E)[(x)

lim
a#0 a
a—0,E—Ey
—  im ag«(x)+(h(a, E)—h(0, E))(x) :¢*(x)+%(0, Eo)(x) Vx € R,
a#0 a da

a—0,E—~E
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which combined with the Lebesgue Dominated Convergence Theorem implies
oh 2
I3 = (¢x, 20(Ps + 5(0, Ep)") =

since ¢, is odd and (¢ + %(0, Ep))? is even.
Similarly, from (3.19) we get the pointwise convergence:

Jim 0a )'(x)a OB o P GuL) e (0, E)l(x) ¥ € R,
a—0,E—Ey

and, again by Lebesgue Dominated Convergence Theorem:

oh
Iy = =20 (s, L+(0, E)(PLLy) Py g+ -0, Eo)?) =

since ¢, is odd while the other factor is even.
In conclusion, for p > 1/2 we have

2

. g 1 oh 0°h
lim = (a, E)=5(¢«, 9aL+(0, Eo)[¢«+—-—(0, Eo)]+L+(0, E0) — (0, Ep)) =0.
a,-éoo bk da 2 da da

a—U,LE— L

A similar argument shows

I ( E)= L] —L(0, Ep),
1im o

a#0 d0Eda

a—)O,E—)Eo
where
3% F) 2ol dh dh
——(0, E0)=1+Q2p + 1)2po (¢s, (YE,+h(0, Eg))""~" (¢p«+—(0, E9))— (0, Ep)
dEda da OF

92h

+Ly—— (0 Eop)).

OE
So, g(a, E) is C! with
g(0,E,) =0, and

98 0.E,) =1 2p-
B_E( L E) =1+Q2p+1)2po I/f (0, Ex)dx = M (Ey) #0,

1
¢*8E

see (3.31) and (3.33). Hence the set of solutions of g(a, E) = 0 in a neighborhood of
(0, E) consists of a unique C! curve a — E(a) with E(0) = E, and

98

dE e

E(O) = _E(O’ E,) =0.
9E

The curve is in fact C2, because fora # 0, p > 1/2 we have that g(a, E) is C2 while for
a #0, p=1/2, asimilar argument as the one above involving pointwise convergence
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to Ye(a) = YE, +ags + h(a, E(a)) > 0 can be employed. For a = 0 we have from
definition of the derivative:

p - #@ Ew@) 1
E”(0) = lim — =— (a E(a)),
e aaE (a, E(a)) T —M(E,) 117&0 ada

where

10 2p—2
l;g ;—(a E(a)) = —(2p+1)2p(2p— 1)a<¢*,xlf ¢2)

a—0
—@p+12@p) (Y 2 LTy 62,

The last identity follows from the same argument as for lim,—0 £— £ %(a, E) with
the only difference that for 1/2 < p < 1 Lebesgue Dominated Convergence Theorem
requires:

|V, +ade+ hia, E@)PP72|g.| € L2 (L.

But since both ¢, and Y g (a) = Yk, +a¢s+h(a, E(a)) > 0 are solutions of the uniform
elliptic equations:

Ly¢px=0, L_yp(a)=0,

we have via upper and lower bounds for uniform elliptic equations:
[¢+(x)| = C(8) exp(—v Ex — 8|x]), foré >0, and

YE(a) > C(e)exp(—+v Ex +€|x|), fore > E(a) —
Hence, for 1/2 < p < 1 we get:

[WE@P72[¢:] (x) < C exp(—€|x])
for any € > 0O such that:
E,
2-2p°
This finishes (a)-(c) and (3.41), consequently Theorem 4. O

E,+¢e <

We note that Theorem 4 shows that the branch of symmetric states goes through a
pitchfork bifurcation at (g, , E4), which is classified, based on stability analysis, as
supercritical when Q > 0 and R > 0, and subcritical when either Q < Oor Q > 0 and
R < 0. We do not have a general result determining which one occurs except for the
double-well potentials with large separation, e.g. (1.4) with s large:

Corollary 2. Consider Eq. (1.3) with o < 0 and potential of the form:
V=Vix)=Wx+s)+ Vo(—x+s), xeR, s>0.

Assume Vy satisfies (H1), (H2) and (H4). Then there exists s, > 0 such that for all
s > s, the branch of real valued, even in x solutions (Vg, E) bifurcating from the
lowest eigenvalue of —A + Vs undergoes a pitchfork bifurcation at E = E,, where
limg_, 5 Ex = Eo. Moreover, the asymmetric branch emerging at the bifurcation point

is orbitally stable if p < py = M and orbitally unstable if p > ps, while the

symmetric branch (Y g, E) contmues past the bifurcation point but becomes orbitally
unstable.
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Remark 5. We remark that the case p = 1 has already been obtained in [17]. In what
follows we present a more direct argument to obtain the same result for all p > 1/2. The
argument can be easily adapted to higher space dimensions, and to the case o > 0 in
which we can rigorously show that a pitchfork bifurcation occurs along the first excited
state (the branch bifurcating from the second lowest eigenvalue of — A + V). This result
has been predicted in [30].

Proof. Under hypotheses (H1), (H2) and (H4) for Vjp, it is known that the spectrum X
of —8)% + V; has the lowest eigenvalues —Eg ; < —E| ; satisfying

lim |Eg,—Eo|=0, k=01, and 3s.,d>0dist(Eo,, T\ (Ers))=d Vs=zs..
N
(3.45)

Moreover, the normalized eigenfunctions v s, V1 s corresponding to these eigenvalues
satisfy:

. Yol +9) +Yo(—x +9) |
Slggo H Yo,s (x) — NG e 0, (3.46)
Tim. Hms(x) ~ Yolx +5) :/%ﬂo(—x +5) B _o. (3.47)

where v is the eigenfunction of —8)% + Vj corresponding to its lowest eigenvalue — Ey,
see [17, App.] and references therein. Proposition 1 shows that for each s > 0, a unique
curve (Y, E) of real valued, nontrivial solutions of

—¢" +Vip+Ep+0lp|*P¢ =0,

bifurcates from (0, Ep) and can be parametrized by a = (Y s, YE), i.e. there exists
& > 0, such that for |a| < & we have:

2p+2
|E—Eo—ollyo.sll o lal? | < Cilal*?, (3.48)
lve — avo sl < Calal?*. (3.49)

Moreover, ¥ g (x) is even in x. We will rely on the fact that the distance between the two
lowest eigenvalues of 83 + Vi converges to zero as s — 00, see (3.45), to show that there
exists s, > 0 such that for each s > s, the second eigenvalue A(a, s) of Ly (Yg, E)
must cross zero at a = a, = ax(s), where 0 < a, < &, and

Slgglo a,(s) = 0. (3.50)
Moreover, for each s > s, we have
di

ﬁ(a*, s) <—p<0. (3.51)

Hence the hypotheses of Theorem 4 are satisfied and a pitchfork bifurcation occurs at
E. = E(a,) for each s > s,. We will also calculate Q = Q(s), R = R(s) at these
bifurcation points and show they are continuous on the interval s € [s,, 00) with

2-p
T @p+ D+ DIlvoll %, (3.52)

20(—=p%+3p+1)
2p+2
—o2p+ 1)(p+ Dpliol b

lim a3 (9)0(s) = —o

lim_ 2P 2 ($)R(s) = (3.53)
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Therefore, by choosing a larger s, if necessary, we have Q(s) > 0, for all s > s, and,
if p<pe= %ﬁ, then R(s) > O, for all s > s, while if p > p,, then R(s) < 0, for
all s > s,. The proof of the corollary is now finished.

Itremains to prove (3.50)—(3.53). They follow from rather tedious calculations involv-
ing the spectral properties (3.45)—(3.47), and bifurcation estimates (3.48)—(3.49). We
include them for completeness. First we note that there exists s, > 0 such that the
estimates (3.48)—(3.49) are uniform in s > s,, i.e. the constants Cy, C, can be chosen
independent of s > s... The reason is that the estimates rely on the contraction principle
applied to the operator K (¢, E, s) : H> — H? given by:

K(¢p, E,s) =1— (=82 + Vi + Eo5) ' PLy(—=32+ Vi + E+ (2p+ Do|p|*P),

where P, denotes the orthogonal (in L?) projection onto WOLS. Since the spectrum of
(—8% + Vs + Eo ) Py ¢ restricted to even functions remains bounded away from zero
for s sufficiently large and Vy : H?> + L? is uniformly bounded, we can choose the
Lipschitz constant for K, hence the constants C, C» above, independent of s.

Now, if A(a, s) denotes the second eigenvalue of L, (g, E), then we have:

dx
Ma,s) = Eos = Evs + 25 (0,5)(E — Eos) + O(E - Eos[), (3.54)

where the constant hidden in the O(|E — Ep ¢ |?) term can be chosen independent of s
for large s. Using now (3.32) we get:

dh
E(O’ 5) = lim [1 +(2p+1)0/ ¢>E—|1/fE|2de}

2 1
P / w2 0w (0dx,

” 1/IO,X ||L2p+2

=1-

where we relied on the expansions (3.48), (3.49), and on the continuous dependence
with respect to a of the spectral decomposition of L, which implies that the eigenfunc-
tion ¢ corresponding to the second eigenvalue of L, converges to 1 ;. Moreover,
using the fact that the expansions of {g, ¢ are uniform in s for large s, we get from
(3.46)—(3.47):

§—>00 Lq+2k ’
a—0

lim a—q/ Y ()P (x)dx =2' K12y |28 forall g=0, and k=1,2, ...,
R

(3.55)

which in particular implies

li dk( )=-2 0 (3.56)
lim JE a,s)=—-2p <0. .
a—0

From (3.45), (3.54) and (3.56) we now have
lim A(a,s) = 0+2pa2 || oll?2 % |l + O(al*P).
§—> 00

L2p+2

Hence, because o < 0, there exists s, > 0 and € > 0 such that:

di
M, s) <0, and E(a,s) <—p<0, foralls > s,and |a] <€, a #0.
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Using now A(0,s) = Eos — E1s > 0, s > 0 we infer that for each s > s,, A(a, s)
changes sign exactly once in the interval a € [0, €] at

P Eos — E1s

=W VT

Hence (3.50) and (3.51) hold.
We now compute Q and R in the limit s — 00, relying on (3.50). In formula (3.35)
which defines Q we have already showed:

di
lim X (Ey) = lim — (a, s) = —2p, (3.57)
§—>00 §—>00 dE
a—0
and
Tim (¢, Y 72¢7) = lim o> / U0k (dx = 27|yl o,
a%O

see (3.56) and (3.55). For the remaining scalar product we use

2p+l
Ly, = Ly(VE,. EQVE, = o2py",
which for even functions is equivalent to:

1

L_1 2p+1
Ve "~ 2po

VE,.

We note that from (3.55) we have

2p+1
pr 1¢* 1//2p 1|:w—§*+(¢f_ wé* ):|_ WP+ +0(l)’
S

Ve, 112, e l? )|~ el
hence
(¢2p l¢ ’ L 1ﬁ2p l¢ ) _ (w2p+l’ 1p2p+l)
: : ||wE*||
2 Lo 2p+1 2p if 2 ‘plé*
NI ARG (¢* el )
Vi Vi
2p—1 2 E. 2p—1 2 E,
HVE, (¢* ||wE*||22)’ V! (¢* ||wE*||§2))
_ 2p+2 d
2po||¢E*|| / Pe. ()

v
2 E* d
panqﬁE*n / vi (¢* Ve I2 )

W v
2p .2 E. 2p 1 2 E,
W (¢* Ve, ||iz)’ Ve (¢* Ve, ||iz)>'
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Passing to the limit when s — oo and using (3.55) we have:

2.2
hma P
— 00

2p—1 21,2, 277 2p42
(VE, ¢ Ly W ¢7) = Zp—alllﬁollepu

" hm a2 2]1(1#2[7 1 ¢2 . wé* L Ip2p 1 ¢2 B w%* )
LAY A B N[

Because the first two and only the first two eigenvalues of L, approach zero as s — oo
we need to expand the quadratic form in the last limit in terms of the associated spectral
projections. Since the quadratic form involves only even functions and the eigenfunction
corresponding to the second eigenvalue of L, is odd we only need to worry about the
projection onto the eigenfunction &, corresponding to the first eigenvalue Ag(E,) of L.
We have:

m@%ﬂlwnﬁL, i (-5 )
C e, C YN,

|W”@%w&)m2

Ve, 12
= lim a2 2p L?
§—>00 Ao (Ey)

The latter can be calculated via L’Hospital where, as in (3.56),
. . dig
lim Ap(Ey) = lim —(a,s) = —2p <0,

and the derivative of the denominator converges to zero. All in all we get (3.52).
Finally, to compute lim;_, o, R we use the definition (3.36). We have

dvg -1 2a, + O (|ay|*P+)
N/(Ey) =2(—= y (d ) JYE,) = ;p+2 2p—1 4p—1y’
a a _0-2p||1ﬁ‘0’v||L2p+2a* + O (Jay|*P~)

where we used (3.48)-(3.49). Consequently

2P
lim a2PTINY(E,) = ——
—oplvoll;2pa

which combined with (3.36), (3.57) and (3.52) gives (3.53). O

4. Behavior of the Symmetric and Asymmetric States for Large E

In this section we show that if the branch of symmetric states (g, E) bifurcating from
(0, Ep) can be uniquely continued on the interval E € (Ep, 00), i.e. case (a) in Theo-
rem 2 holds, then, modulo re-scaling, this branch must bifurcate from a nontrivial, even
solution of the constant—coefficient NLS equation:

— ul (x) + 0 |Uoo| P thoo (X) + Uoo(x) =0, s € H'. (4.1)
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Since the above equation has exactly one such solution:

1
2p
oo () = (1 +p) " sech? (px), 4.2)
we infer essential properties of the branch (Y g, E) via bifurcation theory. In particu-
lar we show that when V (x) has a non-degenerate local maximum at x = O then L.
computed at (Y g, E) has two negative eigenvalues for E large, contradicting Remark
3. This finishes the proof of our main theorem.

However the arguments developed in this section tell much more about all solu-
tions (Yg, E) of the stationary NLS equation (1.3) for large E. Certain scaling of the
Vel 2, 1YE| 20+ and [V E| 2 norms for large E emerges from Theorem 5. Com-
bined with the concentration compactness arguments, these norms imply that the station-
ary solutions either bifurcate from solutions (4.2) translated to be centered at a critical
pointof V (x), or centered at infinity, see Remarks 7 and 8. The stationary solutions bifur-
cating from a finite translation of (4.2) are localized near a critical point of V (x), and
if the latter is non-degenerate the orbital stability of these solutions can be determined,
see Theorem 6 and Remark 6.

Theorem 5. Let o < 0, and consider a C' branch of stationary solutions (Wi, E) for
E € (E1, ). If V(x) satisfies

V(x) € L), lim V(x)=0, xV'(x)e L*(R), 4.3)

|x]—00
then

(1) there exists 0 < b < oo such that

2p+2
o WIS w
E—o0 E2+7
l E|| —op+2
im 1Y L_TIPTe, (4.5)
E—o0 EE*Q 2 p+1
IVyels —
1—1L2 I b, (4.6)
E—o00 E§+; 2 p+1
and, after the change of variables:
up(x) = RYPyp(Rx), R= ! (4.7)
' JE+V(0)’
ug satisfies:
lim |ug||y =—0b >0, (4.8)
E—oo

—up(x) + R2(V(Rx) — V(O)ug(x) + up(x) + olug[*Pup(x) = 0. (4.9)

(1) if in addition Vg (x) is even in x and Ly computed at (Y g, E) has exactly one
negative eigenvalue for all E € (E1, 00) then ur defined above converges:

lim |ug — ool g2 = 0, (4.10)
E—o0

where us, # 0 satisfies (4.1) and is given by (4.2).



828 E. Kirr, P. G. Kevrekidis, D. E. Pelinovsky

Before we prove the theorem let us note that it implies that, for the case (a) of Theo-
rem 2, the branch of symmetric states, under the re-scaling (4.7): (Vg, E) — (ug, R),
bifurcates from the solution (ug = us, R = 0) of Eq. (4.9), where u, is given by
(4.2). This bifurcation can be analyzed in detail:

Theorem 6. Consider xo € R, the equation:
Gw,R)=—u"+R* (V(Rx +x0) — Vxo)u+u+olul*’u=0,  (4.11)

and the solution (u = uso, R = 0), with use given by (4.2):

(1) IfV isdifferentiable at xo but V' (xg) # 0, then the set of solutions of G(u, R) = 0
in a neighborhood of (s, 0) € H' x R is given by R = 0 and translations of

Uoo:
{(Uoo(- —5),0) : s € R}

(i1) If V is twice differentiable at xo and xo is a non-degenerate critical point of V,
ie. V'(xg) = 0, V'(xo) # 0, then the set of solutions of G(u, R) = 0 in a
neighborhood of (s, 0) € H' x R consists of two orthogonal C' curves:

{(Uoo(- —5),0) : s € R} and {(ugr,R) : R € R, |R| small},

where

1 3
luglss = llucoll72 + (5 — Z) V" (x0) [xuco (0|7 R + 0(RY).

Moreover, if xq is a local maximum (respectively local minimum) for V then L,
computed at (ur, R) has exactly two (respectively exactly one) negative eigen-
values.

‘We now outline a few remarks.

Remark 6. The last two theorems combined with Remark 3 finish the proof of our main
theorem. Moreover, for the generic potential (1.4) with s > s, which has exactly two
non-degenerate local minima at x = =£xo and one non-degenerate local maximum at
x = 0, the above theorem gives two more branches of asymmetric states:

E=R72—V(tx), p()=R rug (x q;xo) (4.12)

localized near the two minima. Both branches are orbitally stable for p < 2 and orbitally
unstable for p > 2. This is because the operator L, (g, E) has exactly one negative
eigenvalue, see part (ii) of Theorem 6, and, according to the general theory in [10], the
sign of dg [|[VE ||i2 determines the orbital stability. Using (4.12) we have

5 11 1.3 | 1o 2
ElVEN; . = > 2 (E+V(£xo)? 2llurlly> — E(E + Vi(xx0))» “orllurll;,

1_3 1 1 2 _1
=Evr > 2 lucollz2 + O(E™2) |.
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Hence dg |¥£l|7, > 0, for p < 2, implying stability, g |¥£)7, < 0, for p > 2,
implying instability, while for p = 2 we have

1
1VElg: = lurlg: = lusclz: = 5 V" (Fx0) s (N7 R + 0(RY),

ie. |[VE ||%2 is increasing with E ~ R~2, implying stability.

Remark 7. The proof of Theorem 5 part (ii) shows that in the absence of hypothesis ¥
even, the re-scaled u g may concentrate at £00, i.e.

dyr € Rsuchthat lim yg =400 and Ilim |ug(- — YE) — usclly2 = 0.
E—o00 E—o00

This possibility prevents us to claim that, for the double well potential (1.4) with s > s,
the two branches of asymmetric states concentrated near its two minima, which exist
for large E via Theorem 6, are in fact the continuation of the two branches of asym-
metric states emerging from the pitchfork bifurcation along the symmetric branch at
E = E, < oo, via Theorem 4. Numerical simulations strongly support this claim but a
proof of Theorem 6 which includes the case xg = =00 is needed for a rigorous resolution
of the problem. Note that, for usual potentials V with limy| o V(x) = 0, xo = £o0
is actually a degenerate critical point, i.e.

I dkv() 0, k=123
im ——(x) =0, =1,2,3,....
dxk

x—£o0

Remark 8. Moreover, in the absence of the spectral hypothesis that L, (g, E) has
exactly one negative eigenvalue, the proof of Theorem 5 part (ii) shows that u g may split
in two or more functions, depending on the number of negative eigenvalues of L., which
concentrate at points further and further apart, i.e there exist u }5, u%, R ug € H?, and

YEs Ve, oo, YN € Rsuch that:

lim |yl —yk|=ocoforj #k, lim [luf;(-—y&)—uooll 2 =0, fork=1,2... N,
E—o0 E—o0

and

n
uE=Zu'f5+vE, where lim |vg| s =0, forall2 < g < oo.
= E—o0

Such multi-lump solutions are known to exist in the semi-classical limit [24] which
is closely related to our E — oo limit. We plan to analyze these solutions and their
implications to the global bifurcation picture in a future paper.

We now proceed with the proofs of the above theorems.
Proof of Theorem 5. Recall from (2.9):

o

£ = [ VirwPdrs [ ver@Pdre 2 [ popris,

p+1
and from (2.10),
d& _ dN

dE ~ T dE’
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where N (E) = |£|3,. Also, from (2.11):

2p+2
Vel +/R V@ We) Pdx + o |[Yell opn + ElVEel;, = 0.

which can be rewritten:

||wE||2P+2 = —EN(E).

L2p+2 —

5(E)+

Differentiating the latter with respect to E we get:

d 2p42 p+1
- = N. 4.13
el p (4.13)

[2p+2

Now, from g a weak solution of (1.3) using xyr 1’9 (x) as atest function and integrating
by parts we get the Pohozaev type identity:

2p+2 2
IWEll5m =—EIVEl;,

(4.14)

— ||wE||iz+/<V<x)+xV’(x>)|¢E(x>|2dx+ d
R p+1

which added to (2.11) implies:

2EN + /R QV(x) +xV'(x)|Ye () Pdx = —ai—:fnwni’;ﬁ.
The integral term in the identity above can be bounded via the Holder inequality:
—QlIViiLe +llx - VV]L=) N < /RQV(X) +x V' () [ () Pdx
< 2IViiLe + 1xV'llz) N,
hence, for C = 2|V ||z~ + |x V||, we have:

2p+2

+2
2(E—-C)N(E) < _UﬁHWE“Lzmz <2(E+C)N(E). (4.15)
Plugging (4.15) in (4.13) and using the notation Q(E) = ||V g ||i[;:+2 we get:
Pr20E) _dQ o p+2 OF)
2p E+C ~ dE -~ 2p E-C’

Fix E> > max{C, E1} and integrate on [E», E]:

O(E>)

o =\=2) _ 1/2+1/p
(Ez +C)l/2+l/p (E C) ’

N Q(Ey)
(E+O)/*r < 9(E) < GO

hence:

2p+2

Q(E») _ IVEN 2pr - O(E2)
(E2+C)1/2+1/p - El2+1/p — (EZ_C)1/2+1/p’
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which implies (4.4) since
O(E)
(EZ_C)1/2+l/p

E O(E)
27700 (E2+C) /2175

Now, (4.5) follows from dividing (4.15) by E 1/2+1/P and passing to the limit £ — oo,
while (4.6) follows from dividing (2.11) by E'/%*1/P and passing to the limit E — oo.

Note that (4.7) and the fact that ¥ g solves (1.3) already implies (4.9). Moreover (4.7)
combined with (4.4)—(4.6) shows that:

2p+2 142 2p+2 E—o0
R™YP |y b,

||uE||L2p+2 - L2p+2 -
E—)oo o p +2
u R2/p 1 2 e b,
lugll IVEl;- YT
o p
Vugl?, = RYPH | vyg|2, P23 2 L
IVuglly, IVYEL;. 2p+1

Adding the last two we get (4.8). Part (i) is now completely proven.
For part (ii) we use concentration compactness:

1. Vanishing, i.e. img_. |lug|lrs =0, 2 < g < oo, cannot happen. Indeed, assum-
ing the contrary, from (4.9) we get:

ug = (—A+ D7H=R*(V(Rx) = V(O)ug — o lug|*ug). (4.16)

Hence, using that (—A + D112 HZis unitary, we have:

2p+1
LAp+2°

lugllyz < RPIV(Rx) = VOl llugll 2 + ol ugl
. . . E—oo
Since the right hand side converges to zero we get ||ug|ly1 < |ugllygz — O
which contradicts (4.8).

2. Splitting cannot happen. The argument is a slight adaptation of the one we used to
exclude splitting in the proof of Theorem 3 part (ii) and relies on the hypothesis that
L. (Y g, E) has exactly one negative eigenvalue for all £ € (Eq, 00).

3. Compactness is the only case possible and implies that for any sequence E,, — 00
there exists a subsequence E,, and y; € R, itoc € H 1 such that:

lim Jlug, (- — yk) — thooll g1 = 0.
k— 00

As in the compactness part of the proof of Theorem 3 the symmetry of u g, implies
that yx € R must be a bounded sequence. By possibly choosing a subsequence we
have lim;— 0 yx = Yoo € R, hence

lim lug, — oo (- + Yoo)ll g1 = 0.
k— 00

By plugging u g, in (4.16) and passing to the limit k — oo we infer that us (- + yoo)
is an even H! solution of (4.1), hence uoo (- + Yoo) = Uoo given by (4.2).

We have just showed that for each sequence E,, — oo there exists a subsequence
E,, such that

lim ||ug, —ucollyr =0.
k—o00
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Since the limit is unique we have:

lim |lug —usollgr =0,
E—o

and (4.16) now shows that the convergence is in H 2,
Theorem 5 is now completely proven. O

Proof of Theorem 6. Since the Frechet derivative with respect to u of G(u, R) :
D, G(u, R)[v]=L4u, R)[v]=—v"+R*(V(Rx+x0)—V (x0))v+v+(2p+1)o|u|*Pv

at U = U, R = 0 has kernel spanned by u/,, we could use the standard Lyapunov-
Schmidt decomposition with respect to L (¢, 0) to reduce (4.11) to finding the zeroes
of a map from R? to R. However the latter will have zero gradient and Hessian at (0, 0)
because G(0, R) = O(R?) in case (i) and G(0, R) = O(R*) in case (ii). A general-
ization of the Morse Lemma and calculations of derivatives up to order four will be
required to fully analyze the reduced problem. In particular V (x) will need to be C# or
in W4 (RR) to be able to carry on the analysis. We avoid this unnecessary complication
by using a decomposition similar to the one in [8]:

Lemma 5. There exists €,8 > 0 such that for any u € L* with ||lu — uso ;2 < € there
exists a unique s € R, |s| < 8§, with the property that

U=ue(-—s)+v, v Lul(—s).
Moreover the map u > s is C% from L? to R and there exists C > 0 such that
Is| = Cllu — ucoll 2.

The lemma follows directly from applying the implicit function theorem to the prob-
lem of finding the zeroes of the C?> map F : L x R > R given by

Fu,s) = (uy(- — ), u — oo (- — 5))
in a neighborhood of (1, 0), because
oF
5y (o, 0) = = (U, thoo = too) + {1, ) = U 72 # 0.

Returning now Eq. (4.11) we note that (uso(- — 5), 0), s € R is the set of all solu-
tions when R = 0. To find other solutions in a H! x R neighborhood of (1, 0) we
decompose them according to the above lemma:

Ux) = too(x —s) +v(x), vLu/OO(~—s), “4.17)
and rewrite (4.11) in the equivalent form:

Gi(v,R,s) = ="+ PL(s)R*[V(Rx +x0) — V(x0)[ttoo(x — 5) + V] + v

+2p+ 1o Py (s)|uco(x — s)|2pv + P (s)N(s,v) =0, (4.18)
G(v,R,s)= (ugo(-—s), RZ[V(Rx+x0)—V(xo)][uoo(x—s)+v]+N(s, v))=0,
4.19)

where P (s) is the projection onto the orthogonal complement of u_ (- — s) in L?, and

N(s,0) = 0l (- — 8) + V1?7 (Jttoo (- — 8) + V) — 0 lttoo(- — )| too(- — 5)
—@2p+ Dolus(- — 5)[*Pv. (4.20)
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Note that, for all x € R and some 0 < ¢ < 1, we have:
IN (s, v1)(X) =N (s, v2) (1) < 2p+1)2plo| (Juoo (x —s)| +max{|v1 (x)], [v2(x)[H> !
x[tvr(x) + (I = DHva(x)] i (x) — va(x)],
hence
IN (s, v1) = N(s, v2)ll 2 < 2p + 1D2plo| (ool +max{[|vi |z, [[v2llzo))*P ™!
x max{llvi | zee, vzl }llvi — v2llp2,
in particular, if we assume ||v1 2|/ g2 < 1 then we can find a constant C; > 0O such that:
[N(s,vi) = N(s,v2)llp2 = Cy max{ljvill g2, o2l g2}llvi —v2llg2 - (4.21)
and
INGs, D)2 < Cnllville. (4.22)
Using now the notation
Loo()[v] = Ly(ao(- — ), 0)[v] = =" + v+ 2p + D)o |use(- — $)|*Pv
we can rewrite (4.18) in the fixed point form:
v=—L(s)PL()R[V(Rx +x0) — V (x0)|ttoo(- — 5)
~LI@PLE [RA(V(Rx +30) = V(xo)v + N5, v
= vo(s, R) + Ky r(v), (4.23)
where

o L) :L?>n{uly(-—s)}t = H?>N{ul(- — s)}* is linear, bounded, with bound
independent on s € R;

o PI(S)RY)[V(Rx+x0)— V(xo)]: H> — L?*nN {ulo (- — $)} is linear and bounded
by 2R?||V ||z uniformly for s € R;

e Pi(s)N(s,): H*— L?N {ulo(-—s) }+ is locally Lipschitz with Lipschitz constant
independent on s € R, Lip(r) < Cyr in the ball of radius < 1 centered at origin
in H2, see (4.21).

The contraction principle can now be applied to (4.23) in the ball:
B(O.r)={veH* : vl <1},

provided ||vo(s, R)|| g2 < r/2 and Kj g is a contraction on B(0, r) with Lipschitz con-
stant Lip < 1/2. Based on the above estimates it suffices to require » < 1 and:

27 -1
2R L N 2s w2 IV [ Loe ool g2

IA

N = N>

1L 2y g2 QR V |l + Cr)

IA

which can be accomplished by choosing:

r=min{l, QL 20 g2Cn + 1/ lucoll g2) ™'},

R < \Jr@IL N2 g2 IV I oo oo |l g2) ' = Ro.
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Hence (4.23), and consequently (4.18), has a unique solution v = v(s, R) in B(0, r) for
each s € Rand 0 < R < Ry. This solution depends C! on s and R since (4.23) is C!
in these parameters. v(s, R) can be obtained by successive approximations:

vo(s, R), vi(s, R) = vo(s, R) + K r(vo(s, R)),
v2(s, R) = vo(s, R) + K r(vi(s, R)), ... z: v(s, R).

Moreover, from the contraction principle we have:

Lip
lv(s, R) —vils, B)llg2 < .
1—Lip

1L 20y g2 QR IV Il Lo + Cllvoll g2) lvoll g2

lvi — vollz2

IA

In what follows we will show that for |s| < 1 we have:

O(R3) if V/(xg) #0

O(R*Y if V/(x9) =0, 424

llvo(s, R) Ml 2 = |

where in the second case we assume V is twice differentiable at xo. Consequently:

O(R>) if V/(xg) #0

O(R®) if V/(xg) = 0. (4.25)

v(s, R) = vo(s, R) + [

For (4.24) we use the definition (4.23) of vg :
lvoll g2 < RILo 20 g2 1TV (Rx + x0) — V (x0) Ttoo (- — )l 12,

and
IV (Rx + x0) — V (x0) oo (- — $)[172 = /R [V (Rx +x0) — V (x0)Puzy (x — 5)dx
- / u, (X)[V(Rx + Rs + x0) — V (x0)]%dx.
R

Since V (x) is differentiable at x = xo and bounded for almost all x, there exists C; > 0
such that almost everywhere: |V (x) — V (x9)| < Ci|x — xo|. Moreover if V (x) is twice
differentiable at x = xo with V'(xg) = O then there exists C, > 0 such that almost every-
where: |V (x) — V(x0)| < Ca|x — xo/|*. Plugging in above and using f]R |x|”u§o(x)dx <
oo, n=0,1,2... due to the well known exponential decay of u,, we get (4.24).

Since (4.11) is equivalent with the system (4.18)-(4.19), and (4.18) has the unique
solution v(s, R) in a neighborhood of zero for all s € R, 0 < R < Ry, all solutions of
(4.11) in a small neighborhood of (#~,, R = 0) will be given by the solutions of (4.19)
with v = v(s, R) and (s, R) in a small neighborhood of (0, 0) :

Gi(s,R) =G (v(s,R), R, s) = <“:>o(' —5), RZ[V(Rx +x0) — V(x0)]uso(- — 5))
+(u:>o(- —5), RZ[V(Rx +x0) — V(xg)]v(s, R) + N(s, v(s, R))) = 0.
(4.26)

Note that by the estimate (4.24)—(4.25) we have, for V/(x¢) # 0 and |s| < 1:
(oo (- — 5), RP[V(Rx +x0) — V(x0)]v(s, R) + N(s, v(s, R))) = O(R®),
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while
(U (- — ), R*[V(Rx +x0) — V (x0) oo (- — 5))

= R2/ ugo(x)uoo(x)[V(Rx + Rs +x0) — V(xo)]ldx
R

R3 2 1
=-7 ug (x)V'(Rx + Rs + xo)dx
R

V' (x0) lluooll?
— —#1@ +0(R%),

where in the last step we used limg_o V/(Rx + Rs + xg) = V'(xp) and the Lebesgue
dominated convergence theorem. Hence, for V/(xg) # O and |s| < 1 :

V' (x0) lucoll?,
2

which has only the R = 0, s € R in a small neighborhood of (s, R) = (0, 0). However,
for V/(x9) =0 and |s| < 1, we have

0=G(s,R) = — R +o(RY),

(Ul (- =), RALV (Rx +x0)— V (x0) oo (- —s)>=—1;3A%WWWHRHXOW
:_MR“/uﬁo(X)(xﬂ)dxw(R“)
2 R
- _R* V//;x()) lusoll? s +o0(RY),
hence
V" (x0)

Gi(s. R) =R *G|(s.R) = — luooll72s +0(1) =0

2

for which the implicit function theorem can be applied at (s, R) = (0,0), where

8,G(0,0) = —Y"E|lug|2, # 0. Note that the o(1) term is differentiable with
respect to s because v(s, R) is and it remains o(1) in R.
The estimate

1 3
lurlly2 = luol7 + (5 — Z) V" (x0) R*[[Xttoo (X) |17 2 + 0(RY)

can be obtained from ug = uso (- — s(R)) + v(s(R), R), see (4.17), which implies
g7 2= N3 2 + 2{tos (- — 5), v) + V175 =lluco 7> + 2{uco(- — 5), v0) + O(R®).
From (4.23) we have:

(oo (- = 8), v0) = —(LJ U (- = 8), R*[V (Rx +x0) — V (x0) oo (- — 5))

— _%R“V”(xo) / (x +5) oo (X)L oo )dx + 0(RY),
R

and the integral term can be computed using —Lgol (U] = ﬁuoo + %xugo
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The main part of the theorem is now finished. It remains to prove the spectral prop-
erties of the linear operator:

Li(R)[¢] = D,Gu(R), R)[$]
= —¢" + R*(V(Rx +x0) — V(x0))p + ¢ + 2p + Do |u(R)[*P ¢,

where u(R) = usxo (- — s(R)) + v(s, R). It is well known that

Ly(0)[¢] = Loo(0)[p] = —¢" + ¢ + (2p + D)o |uoo| P .,

has exactly one, strictly negative eigenvalue which is simple and zero is the next eigen-
value which is also simple with corresponding eigenvector u/,,. Since u(R) depends
continuously on R, L. (R) is continuous with respect to R in the resolvent sense, hence
the isolated eigenvalues and eigenvectors depend continuously on R. To establish the
sign of the second eigenvalue we use the following expansion for its eigenvector:

¢(R) = (1 +a(R)uy(- = s(R) + @(R),  P(R) Lug(-—s(R),
and the eigenvalue equation:
Li(R)[¢(R)] = L(R)p(R)
which is equivalent to

MR)G(R) = Loo(s)p(R)
+[ RV (Rx +.30) = Vo)) + @p + 1D2p0 luso (- = )PP o(s, B $(R)

V(s,R)=0(R)
+DN(R)¢p(R),

where

DN(R) = @p + Do (luco(- =) + v, R = luoo(- = )|

— 2pluce(- =) u(s, R))
v(s,R) ifp=1/2
=] OR®) if12<p<1
O(RY ifp=>1.

We project the eigenvalue equation onto u/, (- — s(R)) and its orthogonal complement
in L? to obtain the equivalent system of two equations:

[Loo(s) — A(R) + P (s)V (s, R)+ P (s)DN(R)] ®(R)
=—P (s)[V(,R)+ DN(R)] (1 +a(R))ucc(- — ),

AR +a(R)llubo |72 = (b (- — s(R)), Vs, R)p(R)) +o(RY).

As before, from the first equation we deduce ®(R) = O(R*), while replacing now in
the second one ¢ (R) = (1 + o(1)u, (- — s(R)) + O(R%), we get

MR) = lubo 12l - = ). Vs, Ryl (- = 5)) + 0(R*).
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To calculate

(U (- = 8), V(s, Rul, (- — ) = (upg (- — 5), R?[V(Rx + x0) =V (x0)Jul, (- — 5))
+Hulo (- — ), 2p + 1)2po|uce(- — $)*P " u(s, R)uly (- — 5)). 4.27)

we use v(s, R) = vo(s, R) + O(R®) and the equation satisfied by v, see (4.23):
Loo(s)vo = —PL(s)R*[V (Rx +x0) — V (x0)lutoo (- — 5).
Taking its space derivative:

Loo($)v) + 2p + D2po s (- — )PP~ ul (- — $)vo

= —R3V/(Rx + x0)ttoo (- — 5) — R*[V(Rx + x0) — V (x0)Juls, (- — 5)
+ul (- — 8), RI[V(Rx +x0) — V(x0) oo (- — $))ule (- — 5),

then its scalar product with u/_(- — s) we get

(U - = ), 2p + D2pouco (- — )PP vo(s, Rl (- — 5))
= —R3(uf>o(‘ —5), V/(Rx + x0)ttoo (- — 5))
—R*(uly (- — ), [V (Rx +x0) — V (x0)Juby (- — 5)),

which plugged into (4.27) leads to

(o (- = 5), V(5. Ry (- = 9)) = =R (uge (- = 5), V/(Rx +x0)ttoo (- — 5)) + O(R®)
R* ” 2 4
= 5 V"0 lusollz + o(R.

All in all we have
1
MR) = 5V (x)R* + 0o(RY),

which shows that the second eigenvalue of L, (R) becomes negative (respectively pos-
itive) if xq is a local maxima (respectively local minima) for the potential V (x). The
theorem is now completely proven. O

5. Numerical Results

To illustrate the results and further investigate the behavior of the ground state branches
we have performed a series of numerical computations on the equation

1 1
—EW/(X) VY - [ )PPy (x) + Evr(x) =0,

which is equivalent with (1.3) with o = —2 if one regards the eigenvalue parameter E
in this section as being half the parameter used in the previous sections. The potential
V = Vj is given by (1.4). When s < s, =~ 0.6585, the potential is a single well but it
becomes a double well for s > s,.. We alsorecall that p = p, &~ 3.3028 is the theoretical
threshold power for the nonlinearity that separates different pitchfork bifurcations in the
regime s — 00, see Corollary 2. The principal conclusions of our investigations for
p =1, p=3,and p =5 can be summarized as follows:
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1. When the potential is a single well (thatis s < s.), the symmetric ground state exists
for all E > E( and the operator L. at this state has a single negative eigenvalue for
all E > Ey. There are no bifurcations along this branch which is consistent with the
result in [12].

2. When the potential is a double well (that is s > s,), the symmetric ground state
exists for all £ > E( and the second negative eigenvalue of L, along the branch
of symmetric states emerges for £ > E,, where E, depends on s and E, > Ey.
The asymmetric states bifurcate at £ = E, and exist for all £ > E,. The second
eigenvalue of L, along the branch of asymmetric states is positive for all £ > E,.
The numerical results are in agreement with Theorem 1. Furthermore they show that
there are no other bifurcations along these branches past E, that, as E — 00, one
asymmetric state localizes in the left well while the other localizes in the right well,
and, modulo re-scaling, they both converge to the NLS soliton localized in the left,
respectively right, minima of the potential, see Remark 6.

3. When p < p,, the pitchfork bifurcation is supercritical and the branch of asym-
metric states has bigger L? norm than the one for the symmetric state at E = E,.
When p > p,, the pitchfork bifurcation is subcritical and the branch of asymmetric
states has smaller L2 norm for E ; E. than the one for the symmetric state at
E = E,. The numerical results are consistent with Corollary 2 but also suggest that
the separation between wells does not have to be large, i.e., as soon as the potential
has two wells, the supercritical/subcritical character of the bifurcation is controlled
by the nonlinearity.

The conclusions are showcased in the following five figures. Figure 1 illustrates the
casesof s = 0.6 and s = 0.7, for p = 1, that straddle the critical point s, &~ 0.6585. The
top panel presents the dependence of the squared L? norm of the symmetric state on E,
while the bottom panel presents the second eigenvalue of the operator L. as a function
of E. It is clear that for s < s,, the second eigenvalue of L, tends asymptotically to
0, without ever crossing over to negative values (solid line), while for s > s, such a
crossing exists (dashed line), occurring for E, =~ 10.68. On the other hand, to examine
whether a secondary crossing may exist for larger values of E, we have continued the
s = 0.7 branch to considerably higher values of E in the bottom right panel of the figure,
observing the eventual convergence of the eigenvalue to A = 0, without any trace of a
secondary crossing to positive values.

Figure 2 further clarifies the bifurcation structure of the asymmetric states for s =
0.7 > s4, p = 1. As arelevant diagnostic, we monitor the location of the center of mass
of the solution

 JrxlvelPdx

M WP

We can clearly see from the top left panel that beyond the critical threshold of E, =~
10.68, two asymmetric states with xcy # 0, corresponding toa < 0 anda > 0 in
Theorem 1, bifurcate out of the symmetric state with xcps = 0, with the latter becom-
ing unstable as per the crossing of the second eigenvalue of L. to the negative values.
For the asymmetric branches with xcps # 0 emerging past the bifurcation point, the
second eigenvalue of L, is shown in the top right panel of the figure, with its positivity
indicating the stability of asymmetric states. These panels corroborate the supercritical
pitchfork bifurcation scenario Q > 0, R > 0 in Theorem 4. The bottom panel shows
both symmetric and asymmetric states for £ = 15.
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Fig. 1. The top panel shows the dependence of the squared L2 norm of the symmetric state on the parameter
E for p = 1. The bottom left panel shows the trajectory of the second eigenvalue of L., for the cases of
s = 0.6 < s4 (blue solid line) and s = 0.7 > sy (red dashed line). The bottom right panel shows an expanded
plot of the second case for considerably larger values of E

The relevant computations are repeated for higher values of p. The corresponding
numerical results for p = 3 are shown in Fig. 3. Again illustrating the cases s = 0.6 < s,
and s = 0.7 > s,, we observe that a crossing of the relevant eigenvalue occurs in the
latter but not in the former. Notice that in the latter case of s = 0.7, as shown in the
bottom left panel of Fig. 3, the second eigenvalue crossing occurs for £, ~ 7, i.e., for a
smaller value of E than in the p = 1 case. Generally, we have found that the higher the
D, the earlier the relevant crossing occurs and also the more computationally demanding
the relevant numerical problem becomes, as the solution narrows and it becomes chal-
lenging to appropriately resolve it even with a fairly fine spatial grid for large values of
E. This is clearly illustrated in the bottom right panel of Fig. 3, where it can be seen
that in the absence of sufficient resolution (dashed line for larger spacing of the spatial
discretization), a spurious secondary crossing is observed for the second eigenvalue of
L. This secondary crossing is eliminated by finer discretizations (solid line).

It should be pointed out that the symmetric states become unstable in the supercritical
case p =3 for E = 095, s = 0.6 and E =~ 0.85, s = 0.7, due to the change of the
slopeof N(E) = |V ||i2 (see the top panel of Fig. 3). Therefore, the asymmetric states
bifurcating from the symmetric ones at E, ~ 7 will also be orbitally unstable, because
Q0 > 0,M(Ey) <0, and N'(E,) < 0 will imply R < 0 in Theorem 4. However, as
s becomes larger, the value of E, becomes smaller and E, — Ep as s — 00, see
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Fig. 2. The top left panel shows the pitchfork bifurcation of asymmetric states for s = 0.7 > s4 and p = 1.
Two asymmetric (xcps # 0) states emerge for E > Ey ~ 10.68. The second eigenvalue of L for such asym-
metric states is positive as shown in the top right panel. The bottom panel shows symmetric and asymmetric
states versus x for £ = 15

Corollary 2. Figure 4 shows the dependence of the squared L? norm for the symmetric,
asymmetric, and anti-symmetric stationary states for p = 3 and s = 10. The pitchfork
bifurcation occurs while the slope of || g ||i2 is still positive and leading to orbitally
stable asymmetric states and a change of stability along the symmetric states from stable
for E < E, to unstable for £ > E, as stipulated in Corollary 2. Note that the numerical
simulations suggest that the asymmetric branches can be continued for all £ > E,,
hence the slope of their > norm square will change for large E and they will become
unstable, see Fig. 4 and Remark 6.

The numerical results for p = 5 > p, and s = 4 > s, are shown in Fig. 5. In this
case, the subcritical pitchfork bifurcation occurs at E, ~ 0.196 at the positive slope
of |VE ||i2 with respect to E. The top panels show the behavior of squared L? norms
for symmetric, anti-symmetric, and asymmetric stationary states. The blowup on the top
right panel shows that the asymmetric states have decreasing L? norm for E, < E < E*,
corresponding to the case O > 0, R < 0in Theorem 4, and in agreement with Corollary
2. However, their L2 norm becomes increasing for £ > E*, where E* ~ 0.202, hence
the asymmetric states are orbitally stable in this regime. The bottom panels show the
squared eigenvalues of the stability problem associated with the symmetric (left) and
asymmetric (right) states. The symmetric state is unstable for any £ > E, (because of
the second negative eigenvalue of the operator L.). It becomes even more unstable for
E > E,, where E, ~ 0.32, when another unstable eigenvalue appears (because of the
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Fig. 3. The top and bottom left panels are similar to Fig. 1, but now for p = 3. The blue solid line corresponds
to the case of s = 0.6 < sy, while the red dashed to s = 0.7 > s4. The bottom right panel shows the
importance of sufficiently fine discretization in resolving this second eigenvalue for large E. Here the red

dashed line corresponds to a spatial grid spacing of Ax = 0.025, while the solid blue line is obtained for
Ax =0.0125

2
Iyl
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Fig. 4. The graph shows the dependence of the squared L2 norm of the stationary states on the parameter E

for p = 3 and s = 10. The left most (blue solid) line are the anti-symmetric (excited) states emerging from

zero at the second lowest eigenvalue £1 = 0.191042. Almost on top of it is the (blue solid) line of symmetric

ground states emerging from zero at Eq = 0.191046. The latter bifurcates at Ey g Ej into the dashed red

line (symmetric states) and the right most blue solid line (asymmetric states). At E =~ 0.5908 the slope of the

L2 norm becomes negative for all branches.The solid lines denote linearly stable branches, while dashed ones
denote unstable branches
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Fig. 5. The top panels show dependence of the squared L2 norm of the stationary states on the parameter £
for p =5, s = 4, where the right panel is a blowup of the left panel. The leftmost branch is the anti-sym-
metric (excited) states and the other branch corresponds to the symmetric ground states which bifurcate into
asymmetric states. The bottom panels show the squared eigenvalue of the linearization spectrum associated
with the symmetric (left) and asymmetric (right) branches. The insert on the bottom right panel gives a blowup
of the figure to illustrate instability of asymmetric states near the subcritical pitchfork bifurcation. The solid
lines on the top panels denote linearly stable branches, while dashed ones denote unstable branches

negative slope of the L norm). The asymmetric state is unstable for E, < E < E*
(because of the negative slope of the L? norm) and stable for E > E*. We note that the
asymmetric state becomes unstable past £ & 0.32 because of the negative slope of the
L? norm, similarly to the branch of symmetric states and consistent with Remark 6.

While the results presented herein formulate a relatively comprehensive picture of
the one-dimensional phenomenology in the context of double wells, some questions
still remain open for future investigations. One of them, raised in Remark 7, is associ-
ated with states of the form of u ., spatially concentrated at +00. Our numerics for the
potential (1.4) has not revealed such states presently, but it would be relevant to lend
this subject separate consideration. Additionally, we have not seen the case Q < 0 in
Theorem 4, i.e. the eigenvalues E are decreasing along the asymmetric branch. Another
important question concerns the generalization of the results presented herein to higher
dimensional settings. There, the bifurcation picture is expected to be more complicated
when the eigenvalues crossing zero are not simple.
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