Periodic oscillations of dark solitons
in parabolic potentials

Dmitry E. Pelinovsky and Panayotis G. Kevrekidis

ABSTRACT. We reformulate the Gross—Pitaevskii equation with a parabolic
potential as a discrete dynamical system using the basis of Hermite functions.
We consider small amplitude stationary solutions with a single zero, known as
dark solitons, and examine their existence and linear stability. Furthermore
we prove, under appropriate conditions, the persistence of a periodic motion
in a neighborhood of such solutions when the parabolic potential is perturbed
by a small bounded and spatially decaying potential. Our results on existence,
stability and nonlinear dynamics of the relevant solutions are corroborated by
numerical computations.

1. Introduction

We study the Gross-Pitaevskii (GP) equation with parabolic and bounded po-
tentials in the form

1
(1.1) iUp = —§UXX+72X2U+1/V(X)U+J|U|2U,

where the solution U(X,T) : Rx R — C decays to zero as | X| — oo, the potential
V(X) is bounded and decaying, the strength constants v and v are real-valued,
and the nonlinear parameter o is normalized to 0 =1 (0 = —1) for the defocusing
(focusing) cubic nonlinearity. This equation is of particular interest in the context
of Bose-Einstein condensates, i.e., dilute alkali vapors at near-zero temperatures,
where many recent papers have addressed the dynamics of localized dips in the
ground state trapped by a magnetically induced parabolic potential, see, e.g., the
recent review [12]. The question that we study concerns whether the localized
density dips oscillate periodically near the center point X = 0 of the parabolic
potential. If the motion of a localized dip is truly periodic, the frequency of periodic
oscillations is of interest [4], while if the periodic oscillations are destroyed due to
emission of radiation, the gradual change in the amplitude of oscillations is to be
understood [17]. Numerical simulations show that solutions experience radiation
and amplitude changes if the confining parabolic potential with v #£ 0 is perturbed
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by a bounded periodic potential with v # 0, while they exhibit no radiation and
time-periodic oscillations in the case of purely parabolic confinement with v # 0
and v =0 [19].

If o =1 and v, v are small, a localized dip on the ground state of the GP
equation (1.1) is approximated near the center by the so-called dark soliton of
the defocusing nonlinear Schrédinger (NLS) equation, which is the reason why we
use the term “dark soliton” for this localized solution. In our previous paper [18]
we studied the persistence and stability of a dark soliton in the presence of an
exponentially decaying potential, where methods of Lyapunov—Schmidt reductions,
Evans functions and the stability theory in Pontryagin space were employed. These
methods can not be applied to the GP equation (1.1) with small non-zero ~ since
the parabolic potential deforms drastically the spectrum of the linearized problem:
the continuous spectral band at v = 0 becomes an infinite sequence of isolated
eigenvalues for v # 0. Therefore, we do not consider here the limit v — 0. Moreover,
we transform the GP equation (1.1) to the v-independent form

1 1
(1.2) iuy = ~ 5 laa + §x2u + 6W (2)u + olul*u,
through the rescaling transformation x = AX, t = A2T, u(x,t) = \"'U(X,T),
§ =A%, W(z) = V(A'z), and X = 21/441/2,
The substitution u(z,t) = e~ 2t~ #*¢(x) reduces equation (1.2) to the second-
order non-autonomous ODE

—50) + 3a0(0) + W (@)oa) + 06(w) = (w3 ) ote),
where ¢ : R +— R. A strong solution of the ODE (1.3) is called a dark soliton if ¢(x)
has a single zero on z € R and it decays to zero sufficiently rapidly as |z| — oo.
If § = 0, a classification of all localized solutions of the second-order ODE (1.3)
with a shooting method is suggested in recent work [2]. Construction of stationary
solutions with the Hermite-Gaussian modes is considered in [11].

We consider solutions of the GP equation (1.2) with W € L?(R) in space

(1.3)

(1.4) Hi(R) = {u € H'(R): zuec L*(R)}
equipped with the squared norm
(1.5) i = [ (w@F + &+ Dluta)) da.

Global existence of solutions of the GP equation (1.2) with W € L?(R) has been
proved in space u € Hi(R) for all ¢ € Ry (see Proposition 2.2 in [5]).

If 6 = 0, a stationary solution of the GP equation (1.2) can be extended to the
time-periodic solution using the explicit transformation

(1.6) u(, t) = PO i3m0 (g — g(t)),

where ¢ = p, p = —q, and 6 is an arbitrary parameter. The system of time-evolution
equations for (p, ¢) is equivalent to the harmonic oscillator equation G+¢ = 0, which
has the explicit solution

(1.7) q(t) = scos(t + @), p(t) = —ssin(t + @),

where parameters (s, ¢) are arbitrary. The periodic solution (1.6)—(1.7) persists for
any values of u € R, for which the stationary solution ¢(z) exists.
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Our work is devoted to the study of periodic solutions of the GP equation (1.2)
in a local neighborhood of the stationary solutions of the ODE (1.3) for parameter
values (u,d) near the point (1,0). The special value p = 1 corresponds to the
second eigenvalue of the linear Schrodinger operator

1, 1, 1
(1.8) L= 28m+2x 5
with the eigenfunction ¢(z) = exe . Here ¢ is a parameter of the family of
stationary solutions of the nonlinear ODE (1.3), which bifurcates from the small-
amplitude eigenmode by means of a standard local bifurcation [7]. We will show
that, under some assumptions on W(zx), a periodic solution (1.6)—(1.7) persists
along a bifurcation curve 6 = d.(p) near the point (i, 6) = (1,0). The period T of
the d-perturbed periodic solution is close to Ty = 27.

To formulate the main result of this paper, we introduce a linearized problem
associated to the stationary solution u(z,t) = e~ 2!~ ¢(z) of the GP equation
(1.2) in the form

—z2/2

(1.9) Liv=0w, L_w=Q,
where L4 are Schrodinger operators,

Ly = —307+52° — 5 — p+0W(x) +30¢°(2),
(1.10) { o %82 % 2_§_M+5W( )+ 0?(z),

which admit closed self-adjoint extensions in L?(R) with the domain in Ha(R),
where

(1.11) Hao(R) = {u € H*(R) : zu’ € L*(R), 2’u € L*(R)}.
Our main result is now formulated as follows.

THEOREM 1.1. Assume that W € L?*(R) N L>=(R). There exists ¢g > 0 and
do > 0, such that the ODE (1.83) admits a unique family of solutions for any e €
[0,e0) and 6 € [0, 60) with the property

(1.12) ¢ — cxe ™ %3, < Cre (64€2), |n—1]<Co(6+¢%),

for some (g,6)-independent constants C1,Cy > 0. Moreover, assuming that the
conditions (3.17) and (3.18) below are met, there exists a curve § = d.(€) in a
neighborhood of the point (,8) = (0,0), such that |5.(¢)| < C3e? for some C3 > 0,
along which the linearized problem (1.9) admits an L?-normalized solution (vg,wo)
for eigenvalue Qo =1 and the GP equation (1.2) admits a family of time-periodic
space-localized solutions in the form u(z,t) = e~ ===y (4 t) with the properties
v € Hi(R) for anyt € R, v (z,t + &) = v(x,t) for all (x,t) € R?, |Q—1| < Coe?s?
and

(1.13)  |lv(-,t) — ¢(x) — esvo(x) cos(Qt + p) + deswo(x) sin(Qt + @) |5, < Ces?,

where s € [0, s9), 0 and ¢ are arbitrary parameters, and Cy, C are (g, s)-independent
positive constants.

REMARK 1.2. Similarly to the explicit solution (1.6)—(1.7), the periodic solution
of Theorem 1.1 is parametrized by 6, ¢, and s, in addition to the small parameter
e. Parameters 6 and ¢ can be set to zero because of the two obvious symmetries of
the GP equation (1.2): the gauge invariance u(z,t) — u(z,t)e?, V6, € R and the
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translation invariance u(x,t) — u(z,t — to), Vto € R. The parameter s measures
the small amplitude of periodic oscillations.

REMARK 1.3. Theorem 1.1 holds also if 6 = 0 with vo = ¢/(z) and wy =
—z¢(x). In this case, the exact solution (1.6)—(1.7) exists and shows that the
periodic solution can be continued for any € € R and s € R. In addition, the exact
solution shows that Cy = 0, such that Q2 =1 for any ¢ € R and s € R.

Although the explicit solution (1.6)—(1.7) persists for all 4 € R, the persistence
of periodic orbits of the GP equation (1.2) with § # 0 is proved in Theorem 1.1 only
near u = 1 along the bifurcation curve 6 = d,(u). This is due to the fact that the
curve 0 = d,(p) in the neighborhood of the point (p,d) = (1,0) is the only curve
(except the line 6 = 0), where we can prove rigorously the non-resonance conditions
nQo # Qm, Vn,m € N, where Qp = 1 is the eigenvalue of the eigenmode (v, wp)
in the linearized problem (1.9) and Q,, # 1, m € N are other eigenvalues of the
linearized problem (1.9) near the point (¢, d) = (1,0). We do not have control of the
non-resonance conditions far from the point (u,d) = (1,0) and away from the curve
0 = d.(u). Although the proof of Theorem 1.1 is a modification of the proof of the
Lyapunov Center Theorem for persistence of periodic orbits in a neighborhood of
an elliptic stationary point [15, Chapter I, it is, nevertheless, complicated by the
presence of translational eigenmodes associated with the double zero eigenvalue of
the linearized problem and by the infinite-dimensional setting of the problem.

Our strategy for the proof of Theorem 1.1 is to use a complete set of Hermite
functions and to reformulate the evolution problem for the GP equation (1.2) as an
infinite-dimensional discrete dynamical system for coefficients of the decomposition
(Section 2). This technical trick is motivated by the fact that the spectrum of the
linearized problem associated with the parabolic potential is purely discrete, such
that the components of the decomposition are normal modes of the linearized sys-
tem. Existence of stationary solutions ¢(z) of the ODE (1.3) and spectral stability
of stationary solutions in the linearized problem are studied in the framework of the
discrete dynamical system (Section 3). The proof of existence of periodic solutions
of the GP equation (1.2) relies on the construction of periodic orbits in the discrete
dynamical system (Section 4). The analytical results are verified with numerical
approximations of solutions of the ODE (1.3), eigenvalues of the linearized problem
(1.9) and solutions of the GP equation (1.2) (Section 5). We would like to note that
the same results can be obtained with the PDE formulation of the time-evolution
problem, if the convergence of the series of eigenfunctions of the linearized problem
(1.9) can be proven.

Our main result is in agreement with Theorem 2.1 in [8], where the Newton par-
ticle equation is obtained in a more general context of multi-dimensional confining
potentials and arbitrary nonlinear functions of the GP equation

(1.14) i = =V + V(2)Y — ().

Newton’s equation is derived for parameters (a,b) of the solitary wave solution of
the unperturbed equation (1.14) with V(z) = 0 and it takes the form

(1.15) a=2b, b=-VV(a).
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Adopting our notations for the time variable and the potential function V(a) =
a? + §W (a), we rewrite Newton’s equation (1.15) in the explicit form

i+a= gW’(a),

which recovers the bound [ — 1] < ¢ for the frequency of the periodic solution of
Theorem 1.1. If |6, (g)| < €2, then |Q — 1| < 2, in agreement with Theorem 1.1.

There are several differences between results of Theorem 2.1 in [8] and our The-
orem 1.1. First, Newton’s equation (1.15) is valid on finite time intervals. Second,
its derivation is carried out in the limit where the localization length of the sta-
tionary solution ¢(x) is much smaller than the confinement length of the potential
V(x). Third, the exact periodicity is not guaranteed by the periodic solutions of
Newton’s equation (1.15) because of the remainder terms. In our case, the result of
Theorem 1.1 is valid for all time intervals, the localization and confinement lengths
are of the same order, and the exact periodicity is guaranteed for all times. On
the other hand, our results are valid only near the linear limit of the GP equation
(1.2).

We recall that the 2m-oscillations of dark solitons in the GP equation (1.2)
with 6 = 0 were predicted from the Ehrenfest Theorem in much earlier papers (see
references in [4] and [8]). However, it was argued that the period Tp = 27 is not
observed in numerical simulations of oscillations of dark solitons for ¢ = 1 and
small v [4, 17, 19]. It was suggested in this work (see review in [12]) that dark
solitons oscillate with a larger period Ty = 2v/27. (From a qualitative point of view,
Qo = 1 corresponds to a frequency of oscillations of the ground state supporting
a dark soliton, while ; = % corresponds to a frequency of oscillations of the

dark soliton near the center of the ground state.) Our numerical results show that

both eigenvalues o = 1 and ; = % occur in the spectrum of the linearized

problem (1.9) as y — oo but the non-resonance conditions n€2y # Q,, for n,m > 2
are violated for the frequency 2y = \% as n,m — o00. (The resonance conditions
are also violated for 29 = 1 in the limit g — oo but the existence of a periodic
solution with the frequency {2y = 1 is guaranteed by the exact solution (1.6)—(1.7).)
Therefore, at the present time, we cannot construct periodic solutions with period
T, = 24/27 in the limit W — 00.

Acknowledgement. The first author thanks W. Craig for informing him
about the results of [6], V. Konotop for useful discussions of [4], and A. Sukhorukov
for informing him about the exact transformation (1.6).

2. Formalism of the discrete dynamical system

The set of Hermite functions is defined by the standard expressions [1, Chapter
22]:

1 2
(2.1) b () = ——=H, (x)e ™ * /2, Vn=0,1,2,3, ...,

\/2mrnly/T
where H,(x) denote the Hermite polynomials, e.g. Hy = 1, H; = 22, Hy = 422 -2,
Hjz = 823 — 12z, etc. Since the Hermite functions are eigenfunctions of the linear
Schrodinger equation

(22) ~50@) + 52%0,(0) = (4 3) u(0)
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the Sturm—Liouville theory implies that the set of Hermite functions {¢,(x)}22,
forms an orthogonal basis in L?(R). The normalization coefficients in the expres-
sions (2.1) ensure that the Hermite functions satisfy orthonormality conditions

We represent a solution u(z,t) of the GP equation (1.2) by the series of eigenfunc-
tions

(24) u(xv t) = eiét Z an(t)¢n(x)
n=0

where the components (ag, a1, as, ...) form a vector a on N. When the series rep-
resentation (2.4) is substituted to the GP equation (1.2), the PDE problem is
converted to the discrete dynamical system

o0 o0
(2.5) Gy = NGy + 0 Z W m@m + 0 Z Ko ni no s Gny Gng Gng

m=0 ni,nz,n3=0

where Wym = (n, Worm) and Kyny nons = (On, Ony dnydng). Let 12(N) be a
weighted discrete I2-space equipped with the squared norm

o0

(2.6) lallf = > (1 +n)*|anf* < oo,
n=0

for some s € R. Since the set {¢,(x)}3, forms an orthonormal basis in L?(R), we
note the isometry ||ul|2, = ||la||%, so that u € L?(R) if and only if a € I?(N). The
quantity

(2.7) Q = |lull> = [lafl?

is constant in the time evolution of the GP equation (1.2) and the discrete dy-
namical system (2.5). Both systems are also Hamiltonian with the time-conserved
Hamiltonian function in the form

1
o 5/(|ux|2+x2|u|2+|u|2+25W(x)|u|2+a|u|4)dx
R
oo oo oo
= Zn|an|2—|—5 Z Wi m@nGm + o Z Ko ny mo g On Gy Gy G -
n=0 n,m=0 n,n1,n2,n3=0

The Hamiltonian function E is bounded if W € L*®(R) and v € H;(R). The
following results establish the equivalence between Hi(R) for u and [? /2(N) for a

and determine the phase space for the discrete dynamical system (2.5).

LEMMA 2.1. Let u(z) = > andn(z). Then u € H1(R) if and only if a €
m=0

B (N).
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PROOF. It follows directly that

lullz, = /R (/@) + (@ + Dlu(2)[?) do
= Y s [ 606000+ 6+ Do, (hons 0)] e
ni,na= =0
= 2> a1 ) (Gur6n) =2l
ni,n2=0
where the orthogonality relations (2.3) have been used. O

REMARK 2.2. By the same method, we can prove that u € Ha(R) if and only if
a € [3(N). A more general correspondence between H,,(R) and li/z( ) for positive
integer n was recently obtained in [20].

LEMMA 2.3. Assume that W € L*(R). The vector field of the dynamical system
(2.5) maps ll/Q(N) to 12 212(N)

ProoOF. The vector field of the dynamical system (2.5) is decomposed into
three parts represented by functions f(a), dg(a) and oh(a), where

%) oo
fn = Nan, Gn = § Wn,mama hn = E Kn,nl,ng,nganlangan3~

ni,n2,n3=0

The first part satisfies the estimate

oo

IE@IIE = (1 +n)>n2lanl? < [lalf,_.

n=0

such that f: 12, (N) — [2(N) for all se R. Ifa € lf/Q(N), then s = —3. Since

(Wom| < (IWlL2l|¢ndmllze < WllL2llénllLallédmll L4,

the second part satisfies the estimate

1
3

Hg(a)||l2§ = Zl+n Z W my Wams Gmy Gm,y
n=0

mi,ma= =0

IN

Wz <§:(1 +n) 2SII%IIm) <Z ||¢m||L4|am|>

n=0
IW1|72 <Z(1 +n)23||¢nlli4> (Z(l +m)_2(s+1)|¢m|i4> lall? |
n=0 m=0

By the main result of [6], there exists a constant C' > 0 such that

IN

log(2 +n)
Vitn '

Therefore, the beries S 0(1 +n) 2| @pl|24 and S0 (1 +m) 72D 6, |12, con-
verge for all =2 < s < —32, such that g : 12,;(N) — [2(N) for all -3 < s < —3.

(2.8) lpnll7e < C Vn € N.
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The value s = —% is a middle point of this interval. Finally, the last part of the

vector field satisfies the estimate

o o o0
Hh(a)”lzg = Z(l + n)Qs Z Z Knm,hnmnsKn,ml,mz,msanl Gy OngQmy CmyGmeg
n=0 ni,m2,n3=0mi,mz,m3=0
oo 9 oo
= D (1+n)* [(gu luf)[" < (Z(l +n>25|u¢>n|%z> il
n=0 n=0
o0
< (Z (L+n) 2§|¢5n|L4> |4,
n=0
oo
where u(z) = Zo an®n (@) and the series Y7 ((14n)% ¢y ||24 converges if s = —1.

n=
By the Sobolev embedding, we have
lullze < llullf lulle < Collullfn < Collull3, ,

for some Cy > 0. Since the norm in H;(R) for the function u(x) is equivalent to

the norm in l%/Q( ) for the vector a by Lemma 2.1, we obtain that h : l%/Q(N) —
2, /Q(N). The triangle inequality applied to the nonlinear vector field f(a)+dg(a)+

ch(a) concludes the proof of the lemma. O

THEOREM 2.4. Assume that W € L*(R). There erists a global solution a(t) €
C(R, lf/z( )) of the discrete dynamical system (2.5).

PRrOOF. By Proposition 2.2 in [5], there exists a global solution
u(t) € C'(R, H1(R))
of the GP equation (1.2) if W € L?(R). By Lemma 2.1, the trajectory u(t) € Hi(R)
is equivalent to the trajectory a(t) € lf/z( ) on t € R. By Lemma 2.3, the vector
field of the discrete dynamical system (2.5) acts on the phase space 11/2 (N) C I?(N).

The system is hence equivalent to the GP equation (1.2) due to standard orthogonal
projections in L?(R). O

3. Existence and stability of stationary solutions

Stationary solutions of the dynamical system (2.5) take the form a(t) = Ae=%#¢,
where A is a time-independent vector and u is a parameter of the solution. By

Lemma 2.1, if A € l1/2( )and ¢(x) = > Andn(z), then ¢ € Hy(R) is a stationary

n=0
solution of the GP equation (1.2), that is ¢(z) satisfies the ODE (1.3). By Lemma
2.3, the vector A is found as a root of the infinite-dimensional cubic vector field

F: l%/Q (N) x R% +— 2 1/2(N), where the n-th component of F(A;,4) is given by

(31) Fn = ( — TL -4 Z Wn mA — 0 i Kn,nl,ng,ngAn1An2An3

ni,n2,n3=0

The Jacobian operator DAF(0; i, 0) is a diagonal matrix with entries y — n and
it admits a one-dimensional kernel if ;1 = ng for any non-negative integer ng. The
corresponding eigenvector is e,,,, the unit vector in ((N). According to local bifur-
cation theory [7], each eigenvector of DaoF(0;ng,0) can be uniquely continued in a
local neighborhood of the point A =0 € 11/2(N) and (i,d) = (ng,0) € R% We are
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particularly interested in the second eigenvalue ng = 1 with the second eigenvector
e1, which corresponds to the dark soliton ¢(x) with a single zero. (Other bifurca-
tions of stationary localized solutions ¢(z) are considered in [2, 10, 11].) Details
of this bifurcation are given in the following proposition.

PROPOSITION 1. Assume that W € L?(R) and consider real-valued roots A €
l%/Q(N) of the vector field F(A;u,d). There exists €9 > 0 and dp > 0, such that

the solution set of F(A;u,d) = 0 includes a unique family of solutions for any
€ €10,e0) and § € [0,d¢) with the property
(3.2)

HA — 681”1%/2 < (Cie ((5 + 52) , |M —1—- 520'K1717171 — (5W171| < (Cy (5 + 52)27

for some (e,0)-independent constants C7,Cy > 0. Moreover, if o # 0, the solution
A is smooth with respect to p for sufficiently small (¢,d) and diu A% # 0.

PrROOF. Both F(A;u,d) and DAF(A;u,d) are continuous in a local neigh-
borhood of A = 0 € lf/Q(N) and (u,0) = (1,0) € R%. At the point A = 0
and (u,0) = (1,0), the operator has a one-dimensional kernel with the eigenvec-
tor e; € [?(N). By using the method of Lyapunov—Schmidt reductions [7], we set

A=¢ [el + A} and p =1+ [i, where (A,el) =0, that is A; = 0. The orthogonal

projection of equation (3.1) to e; gives a bifurcation equation for f

p o= 0 <W1,1 + Z Wl,mAm> + oe?

m=0

Kii111+3 Z Ki11nAn,

ni =0

+3 Z K1717n17n2A'n,1A'n,2+ Z Kl,nl,ng,n;;AnlAngAng

ni,ne=0 ni,nz2,n3=0

Let P; be an orthogonal projection to the complement of e; in [?(N). Then, the
inverse of PiDAF(0;1,0)P; exists and is a bounded operator from lz_l/Q(N) to
l%/z(N). By the Implicit~Function Theorem in space lf/Q (N) x R2, there exists a
unique smooth solution A in the neighborhood of A =0 € l% /2 (N) parameterized
by (g,d) in the neighborhood of (0,0) € R?, such that HAH@/Q < C1(6+€?) for some

C1 > 0. By the Implicit Function Theorem in R x R?, there exists a unique smooth
solution & of the bifurcation equation in the neighborhood of i = 0 for (e, d) near
the point (0,0) € R?, such that | — e20K111.1 — Wi 1| < C2(6 + £2)? for some

Cy > 0. Since |A[|%2 = &2+ O(e2(e2 +6)) and p—1 = ;;ﬂ +6Wiq 4+ O(e2 +0)2,

_ 3 . d 2
where the value K1111 = Werl computed in Table I, then du' Az # 0 near
(1,0) = (1,0) for o #£ 0. O
n=0|n=1{n=2|n=3 |n=4 n=>5
It I 3 11 47 3640 32307
n,n,n,n 21 427 642w | 256v27 | 16384271 | 65536271
I T 3 7 1 75 133
Lol | 98x | 4/8x | 16v2x | 32v/2x 256\\/_/27\' 512v/27
1 1 3v3
Kopin | 575= |0 sz |0 sayz | 0
Table I: Numerical values for Ky pnpnn = [|¢n]4: Kinna = (¢3,¢2), and

Ko11,n = (¢0n, 91).
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Spectral stability of the stationary solution e~** A is studied with the expansion
(83) a()=e " [A+(B-C)e™ + (B+C)e ™+ O(B|? + |C|)],

where the spectral parameter Q € C and the eigenvector (B, C) € 12(N, C?) satisfy
the linear problem

(3.4) L.B=QC, L_C=QB,

associated with matrix operators L. Their n-th components are defined in the
form

(LB)y = (n—p)Bn+03 7 _WamBm +30 3" VamBm,
(L_C), = (n—p)Cp+ 522’:0 WamCm + 0 Zij:o Vo.mCm,

where Vj, ;= ZOO KoomonsnsAns An,. We have used here the symmetry of

n2,n3:0
the coefficients Ky, ny ng.ns With respect to the interchange of (n1,n2,ng).

LEMMA 3.1. Assume that W € L*(R) N L*°(R) and let A € l%/Q(N) be a

real-valued root of the vector field F(A; u,0). Operators Ly and L_ admit closed
self-adjoint extensions in 1?(N) with the domain in 1?(N).

PROOF. The diagonal unbounded part of L1 maps [?(N) to I>(N). We need
to show that the non-diagonal parts of L4 represent bounded perturbations from
I2(N) to I*(N) if A € lf/Q(N) and W € L?(R) N L*°(R). This is done by using
computations similar to those in the proof of Lemma 2.3:

2

D2 WamBm| = > (6, W)l
n=0 |m=0 n=0
= [Wollz < IWF<lollfe = [W7= Y |Bal®
n=0
and

oo o) 2 [eS)

Z Vn,mBm - Z |(¢n7u27})|2

n=0 |m=0 n=0

oo
= Ju?ollZs < Jlulli=llvlZe < Cllulll, Y [Bal,

n=0

where u = Y07 Apdn(z) € Hi(R), v =" Buén(z) € L*(R), and C > 0. O

REMARK 3.2. The result of Lemma 3.1 is obvious from the equivalence between
the space Ho(R) for the function v(x) and the space I3(N) for the vector B, see
Remark 2.2. The matrix operators Ly represent the action of differential operators
L4 given by (1.10) on the basis of Hermite functions (2.1) in Ha(R).

REMARK 3.3. The linear problem (3.4) has eigenvalue Q2 = 0 of geometric
multiplicity one and algebraic multiplicity two due to the exact solution

(3.5) L.A=0, L 0,A=A,
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where the smoothness of A with respect to p near p = 1 is guaranteed by Propo-
sition 1. Eigenvectors for the double zero eigenvalue are represented by the expan-
sions

4421

3o¢e

(3.6) A =ce; +0O(e(e? +9)), O A = e; +0(e7 (2 +9)),

where € and 0 are sufficiently small. As a result, (A,J,A) = 43‘/—3_” + O(e? + ).

When A =0 and (i, ) = (1,0), the spectrum of the eigenvalue problem (3.4)
is known in the explicit form. It consists of eigenvalues 2 = 0 and 2 = +1 of
geometric and algebraic multiplicities two and simple eigenvalues 2 = £m for all
m = 2,3, .... The double zero eigenvalue persists for any ¢ and § according to the
exact solution (3.5). Let us enumerate the non-zero eigenvalues as {£2,, }5°_, such
that Qg =0y =1 and Q,, =m, m > 2 for e = 0 and § = 0. Splitting of non-zero
eigenvalues in a local neighborhood of A = 0 and (i, d) = (1,0) is described by the
following proposition.

PRrROPOSITION 2. Let A € l%/Q(N) be defined by Proposition 1 for sufficiently
small £ and § and for W € L*(R) N L>(R). Non-zero real eigenvalues {€2,,}%°_, of
the linear problem (3.4) for any € € [0,&9) and ¢ € [0, o) satisfy the bound
(3.7)

2
| —m+ %0 (K111,1 — 2Kmi1,1,0,m41) + 6 (Wig — Wing1mi1)| < C2 (€2 +6) 7,
for some (e,0,m)-independent constant Cy > 0. If § = 0, then Qp = 1 and O

satisfies the bound

2o

8v2r
for some e-independent constant Cy > 0. If Wy o # Wi 1 # Wa o, there exists a
curve ¢ = d.(g) with the property
5* (E) _ 820 3W1,1 — 2W2’2 — W()7()
8v2r (Wi — Wo0) (Wi — Wap)

such that Qg = 1 and €7 satisfies the bound

2o <1 (BWi 1 —2Wa o — Wo,0)(Woo — Wa2)
821 (W11 —Woo)(Wi1 — Wa o)

for some e-independent constants Cy, Cy > 0.

O -1+ §01€4

(3.8)

(3.9) < Coe?,

(3.10) ’Ql -1+ )‘ < Cyet

PROOF. Since the essential spectrum of the matrix operators L is empty and
the potential terms are bounded perturbations to the unbounded diagonal terms,
isolated eigenvalues split according to the standard perturbation theory for isolated
eigenvalues [9, Chapter 7]. The eigenvectors for a simple eigenvalue 2 = m with
m = 2,3, ... are expanded as follows

B:em+1—|—]§, C:em+1+c, sz—kﬁ

Projections to the component n = m + 1 gives the linear system at principal order
m (Bm+1 — ém+l) = S(Wi1— Whgt,m+1) + oe” (Ki1,11 — 3Km+1,1,1,m+1) + Q,
m(ém+l _Bm+1) = (Wi —Wm+1,m+1)+062 (Ki1,11 — Km41,1,1,m+1) +Q.

The linear system has a solution if and only if Q = o&2 CKm+11,1,m+1 — Ki1,11)+

sy ds

d (Wi+1,m+1 — Wi,1). By Lemma 3.1, the potentials of the linear operators L are
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bounded perturbations from [?(N) to [?(N). Therefore, there exists a constant
C2 > 0 uniformly in m, such that the eigenvalues {{,,}5°_, persist according to
the expansion (3.7).

The eigenvectors for the double eigenvalue 2 = 1 are expanded as follows

B=aey+fes+B, C=—aey+pPe;+C, Q=1+,

where (a, 3) are arbitrary parameters. Projections to the components n = 0 and
n = 2 give the linear system at principal order

(Bo-i—éo) = 6 (Wooa+ WoeB —Wiia)+oe” (3Ko,1,00 + 3Ko,1,1,28 — Ki1,110) + Qa,
- (Bo-i-éo) = d(Wooa—Wo208— Wiia) + oe® (Ko,1,1,0¢ — Ko,1,1,28 — K1,1,1,1) + Qa,
(Bg — C’z) = (W18 —Waoa—Wasf3)+ o€’ (K1,1,118 —3Ka21,100 — 3K2,1,1,208) + Qﬂ
- (Bz —02) = S(Wi1B+ Wapa — Wa2f) + oe® (K11,118+ K21,1,00 — Ko1,1,28) +Qﬁ
The linear system has a solution if and only if («, ) satisfies a homogeneous system
S (Wit — Woo)a+oe® (K10 —2Ko1100— Ko128) = Qa,
§ (Wao —Win)B+0e® (—Ki11168+ Kan100+2Ks11068) = Qp.

The homogeneous system for (¢, ) has a non-zero solution if and only if Q satisfies
a quadratic equation

P +0 (5(W0,0 — Wap) + 2062(K0,1,1,0 - K2,1,1,2)) + 52(WO,0 —Wi1) (Wi — Wap)
+60e? [(Wo,0 — Wi1)(K1,1,1,1 —2K2,1,1,2) + (Wi, — Wa2)(2Ko,1,1,0 — K1,1,1,1)]
+o2et [(Ki1,1,1 —2K21,1,2)(2Ko0,1,1,0 — K1,1,1,1) + Ko,1,1,2K2,1,1,0] = 0.
Using the explicit values from Table I, we rewrite the quadratic equation above in
the explicit form

Q2 +Q (5(Wo,0 — Wao) + ) + 62 (Wo0 — Wia)(Wi1 — Was)

oe?
821

2
(3.11) 4 do¢

8v2m
If § = 0, one root is zero, while the other root satisfies the asymptotic expansion
(3.8). The zero root persists for any € € R according to the exact eigenvector of
the linear problem (3.4) with elements B, = (¢n,¢') and C,, = —(¢,,xd), see
Remark 1.3. If § # 0, one root of the quadratic equation (3.11) is zero at the
curve § = 0,(¢), where J, () satisfies the expansion (3.9). Persistence of the curve
0 = d.(¢) is proved with the Implicit Function Theorem and the perturbation theory
for isolated eigenvalues. The other non-zero root of the quadratic equation (3.11)
satisfies the asymptotic expansion (3.10). O

BWh1 —2Wa o — Wyo) = 0.

COROLLARY 1. Let (B,,, C,,) be an eigenvector of the linear problem (3.4) for
the eigenvalue Q,,, € Ry, m =0,1,2,3, ... in Proposition 2. If § = 0, the eigenvalue
Qo has positive signature of (B, L1+ By), the eigenvalue 1 has negative signature of
(B1, L1+ B1), while all other eigenvalues §2,,, with m = 2, 3, ... have positive signature
of (B, L+By,). If § = d.(¢), the signature of Qg and €y remains the same if
Wii—Woo

(3.12) V2(Wy 1 — Was)

>1

and it is opposite, otherwise.
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Proor. If § = 0, the homogeneous system for («, ) has a one-parameter
2

family of solutions with 6 = —v2a for Q=0and a = —\/55 for Q = _ST/E%'
Therefore, (Bg, L+Bo) = —|a)®> + |B]2 + O(?) > 0 and (B1,LiB1) = —|af* +
|82 + O(?) < 0 for sufficiently small . For all other eigenvalues, (B,,, L+B,,) =
m+ O(e?) for m = 2,3,.... If § = 6.(¢), we obtain the solution of the homogeneous
system for («, ) in the form
5= Wii— Woo N
V2(Wi 1 — Was)
for O =0 and
_ V2(Wy 1 — Was)
8= e
Wii—Woo
for
a-_ 2o < (BWi1 —2Wa o — Wo0)(Wo0 — W2,2)>
827 (W11 —Woo)(Wi1 — Wa) '
This finishes the proof of the corollary. O

LEMMA 3.4. Let {(By,Cn)}3_, be a set of real-valued eigenvectors of the
linear problem (8.4) for the set of positive eigenvalues {Q,}5°_. If all positive
eigenvalues are distinct, the set of eigenvectors is symplectically orthogonal such
that

(3.13) (Bp/,Cp) =0, ¥m' #m (B, Cpn) #0, ¥m=0,1,2,3...

In addition, two eigenvectors {(0, A), (0,A,0)} for the double zero eigenvalue Q =
0 are symplectically orthogonal to other eigenvectors and (A,0,A) # 0 for suffi-
ciently small € and §. The set of eigenvectors

(3'14) {(Bmv Cm)}?ri):o S {(Bmv —Cm)}frfzo D {(07 A)a (8/LA7 0)}

forms an orthogonal basis in 1>(N,R?) with respect to the symplectic projections
(3.13).

PROOF. Since L. are self-adjoint in [2(N) and €, is a real eigenvalue, then the
eigenvector (B, C,,) of the linear problem (3.4) can be chosen to be real-valued.
The orthogonality relations (3.13) follow by direct computations from the linear
problem (3.4) for distinct eigenvalues Q,,, # Q,, for all m’ # m. By the Fredholm
Alternative Theorem, (B,,, C,,) # 0 if the eigenvalue ,, is simple. By Remark
3.3, (A, 9,A) # 0 for sufficiently small ¢ and §. By Proposition 2, the eigenvectors
of the set (3.14) are represented for sufficiently small € and ¢ by the standard basis
{em}S_o ® {em}_, perturbed by a bounded perturbation in [?(N) of the order
O(g% + 4). In addition
<Bma L+Bm>

Qm,
for all m > 2 and sufficiently small € and §, uniformly in m. Since no other
eigenvalues exist and the essential spectrum is empty, the set of linearly independent
eigenvectors (3.14) is complete in [?(N,R?). According to the Banach Theorem
for non-self-adjoint operators [16], the set is a basis if and only if the spectral
projections are bounded from below by a non-zero constant in the limit m —
00. The latter condition follows from the uniform asymptotic distribution (3.15).
Therefore, the set (3.14) is a basis in [2(N, R?). O

(3.15) Qp =m+0(*+6), (B, Cp) = =1+0(m (e +9)),
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LEMMA 3.5. If § = 0, the eigenvalue Qy = 1 is non-resonant with respect to
the eigenvalues {Q, }bmen for sufficiently small € in the sense that there ezists a
e-independent constant C' > 0 such that

(3.16) 1y, — n| > Ce?
uniformly in m,n € N. If § = d.(e) and
3W1,1 — 2W2’2 — W0,0

3.17 >0, Wit > Wistmet, m=2,3,4,...
( ) (W11 — Woo)(Wi1 — Way) 11 +1,m+1
and
-2 — _
(3.18) 14 (BWi1 —2Wa o — Wo0)(Wo,0 — Wa2) 20,

(Wia— W) (Wi — Wapo)
then the uniform bound (3.16) is also valid for sufficiently small €.

PROOF. If § = 0, the uniform bound (3.16) follows from the bounds (3.7) and
(3.8) if K111,1 —2Km+1,1,1,m+1 > 0 for m = 2,3, .... Indeed, the first few values

sdydy

are found from Table I to be positive and monotonically increasing, e.g.

1
K _ 9K -
1,1,1,1 3,1,1,3 v
K 2K - A
b B DT Wor
59

K — 2K = —.
1,1,1,1 5,1,1,5 56v/2n

According to the main theorem in [6], the sequence {||¢n| 14} nen is monotonically
decreasing to zero with the bound (2.8). Since Kpy1,1,1,m+1 < [|01]/24]|@mr1l24s
then

Kiaa1—2Kmi110.me1 2 161074 (I61llF0 = 2l dmeallza),  ¥m=2,3,...

Since ||¢m-+1]|%4 decays monotonically to zero as m — oo, there exists M > 2, such
that the lower bound above is strictly positive for m > M. If § = 0. (&), the uniform
bound (3.16) follows from the bounds (3.7) and (3.10) under the conditions (3.17)
since 6(W1,1 — Wint1.m+1) has the same sign as e20(K1.1,1,1 — 2Km+1,1,1,m+1). O

THEOREM 3.6. There exists g > 0, such that the periodic solution (1.6)—(1.7)
of the GP equation (1.2) with € € (0,e0) and § = 0 is spectrally stable for any
values of (s, p,0).

PRrOOF. By explicit transformation, the stability of the periodic solution (1.6)—
(1.7) with period Ty = 27 and parameters (s, ¢, 0) is equivalent to the stability of
the stationary solution e~ 2*~"#?¢(z) in the 27m-period Poincare map. The Floquet
multipliers of the Poincare map are given by the set {e>™=}, cy and they are
different from 1 and from each other for € # 0 due to the explicit values (3.7) and
(3.8). Therefore, the Floquet multipliers are simple and remain on the imaginary
axis for sufficiently small € > 0. O
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4. Existence of periodic solutions

We shall use the discrete dynamical system of Section 2 and the asymptotic

expansions for eigenvalues and eigenvectors of Section 3 to study periodic solutions
a(t+ T) = a(t) with some period T near Ty = 27. The main part of the section is
devoted to the proof of Theorem 1.1. Related remarks are formulated at the end
of the section.
Proof of Theorem 1.1: Let A € lf/Q(N) be a real-valued root of F(A;u,d) = 0
defined by Proposition 1. We use a decomposition a(t) = e~ [A + B(t) + iC(t)]
with real-valued vectors B and C to rewrite the discrete dynamical system (2.5) in
the form

(4.1) B=L_C+oN_(B,C), -C=L,B+0oN,.(B,C),

where the operators Ly are defined below (3.4) and the vector fields N4 (B, C)
contains quadratic and cubic terms with respect to (B,C). By Theorem 2.4,
the initial-value problem for system (4.1) is globally well-posed with a solution
B(t),C(t) € C'(R, l%/Q(N)). By Proposition 2, there exists a curve d = d,(¢) such
that all eigenvalues are distinct under the conditions (3.17) and (3.18). By Lemma
3.4, a solution (B, C) of the discrete system (4.1) with § = d.(¢) can be uniquely
represented by the series of eigenvectors (3.14) associated with the linear problem
(3.4):

(4.2) B(t) = Y0 _0bm(®)Bum + Y o bm(t)Bm + a(t)9, A,
' Clt) = i obm()Cm — i35 bm(t)Crm + B(D)A,

where bo(t) and b(t) = (b1,be,...) are complex-valued, while a(t) and (3(t) are
real-valued. Because of the asymptotic distribution (3.15) and the equivalence of
norms

D (1+n)Ba| ~ (B,LiB)=2) 9,(Cr,Bu)lbm|* +|al*(A,5,A)
n=0 m=0
~ )bl
neN

B e l%/z (N) holds if and only if b € l%/Q(N). The linear part of system (4.1) becomes
block-diagonal in the representation (4.2), yielding the evolution equations

(4.3) b — iQmbym = 0N (bo, b, v, 3),  Vm =0,1,2,3...
and

(4.4) & = aSo(bo,b,a,3), B+ a=0cS5(by,b,a,p),
where

<Cm, N—(Bv C)> + i<Bm7 N-I—(Ba C)>
2(Cp, Bi)

Nm(bOabaaaﬁ) =

and

A.N_(B,C))

Son b, 9) = SR ,A.N.(B.C)

Si(bo, b, a, B) = - (A,9,A)
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Using the conserved quantity @ in (2.7) and the decomposition (4.2), one can
integrate the first equation of system (4.4) in the form
_ Qa-[BI2 - [CI
2(A,0,A) ’
where Qa4 = Q — ||A||% is constant in time ¢ € R. As a result, the first equation of

system (4.4) is redundant, while the second equation can be rewritten explicitly in
the form

(4.6) §=

(4.5)

Bz +ICllz — 20(9,A, N1 (B,C)) — Qa
2(A,0,A)

We are now ready to apply the method of Lyapunov—Schmidt reductions. We
should work in the space C}.(R) of T-periodic functions by (t), b(t) € l1/2( ), a(t)
and ((t), where T is close to Ty = 2. The period T corresponds to the eigenvalue
Qo = 1 which persists for any € € R if § = 0.(¢), by Proposition 2. Let ¢ and s be
sufficiently small. We shall prove that there exist solutions of system (4.3), (4.5)
and (4.6) which are T-periodic on ¢ € R satisfying the bounds

(A7) |bo(t)] <esCo, [Ib(t)lliz,, < es°Ch, |a(t)] < e?s*Ca, [B(t)] < *5°Cp,

for all ¢ € R and some (g, s)-independent constants Cy, Cy, Co, Cg > 0. If bo(t),
b(t) € l1/2( ), a(t) and ﬁ( ) are T-periodic functions on ¢t € R satisfying the
bounds (4.7), then B(t), C(t) €

the bound

(4.8) |

i /2( ) are T-periodic functions of ¢ € R satisfying

B(t) , +|CO)ll, < Ces, Vi eR,

for some (g, s)-independent constant C' > 0. Here we recall the expansion (3.6)
for A, 0,A and the fact that the eigenvectors B,, and C,, are uniformly close to
the unit vectors e, for sufficiently small . Since N1 (B, C) is cubic with respect
(A, B, C), contains quadratic terms in (B, C), and maps lf/Q(N, R?) to 12_1/2(N, R?),
we obtain the bound

(49) INL(B(), CW)le, , < Cuc®s?,  VieR

for some (¢, s)-independent constants Cx > 0.

If 5(t) is T-periodic, then @ 4 is found from the condition

1 T

(4.10) Qa = T/o (IB[|% + [|C||7: — 20(0, A, N4(B,C))) dt.
Equation (4.10) is a scalar equation for 4, where the right-hand-side is small
because of the bounds (4.8) and (4.9). Therefore, there exists a unique solution @ 4
of equation (4.10), such that |Q 4| < Cge?s? for some Cg > 0. Under the condition
(4.10), there exists a unique T-periodic mean-zero solution 3(¢) of equation (4.6),
such that |B(t)| < e?s2Cp for some Cg > 0, which is the last bound in (4.7). The
function «(t) is uniquely defined by the explicit representation (4.5) and it hence
satisfies the bound |a(t)| < £25%C,, for some C, > 0, which is the third bound in
(4.7).

Consider now system (4.3) for m € N. By Lemma 3.5, Q,, — m = O(g?)
uniformly in m € N for sufficiently small €. By the Implicit Function Theorem in
space C}. (R, lf/z( )) x Cl..(R), there exists a unique T-periodic solution b(t) €

lf/z( ) for any T-periodic function by(¢). Because of the uniform bound (4.9) and
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the fact that 2 — 1 as s — 0, we obtain ||b(t)||l§/2 < es%C), for some C}, > 0, which

is the second bound in (4.7).
Eliminating the components b, o and § from equation (4.3) for n = 0, we
obtain a reduced evolution problem for by(¢) in the form

(4.11) i)o =iby + R(bo),

where R(bg) is a remainder term. Explicit computations of Ny(bg, b, o, 5) show
that

(412)  R(by) = ¢ [iK1 ()83 + iKa ()8 + iKs(2)[bol?] + O (Ibol, lbol b)) .

where K o 3 are real-valued constants which are bounded for sufficiently small €.
We are looking for a T-periodic function bg(t) which satisfies the evolution problem
(4.11), has the leading order by ~ es5e?®T%  where ¢ € R is arbitrary, and satisfies
the bound |bo(t)] < esCy for some Cy > 0. By the normal form analysis of the
ODE (4.11) (see [14, Chapter 3]), the quadratic terms in the remainder (4.12)
do not change the frequency 2 of oscillations of the periodic function bg(t) at
the leading order and therefore, | — 1| < Caqe?s? for some Cq > 0. Since the
Hamiltonian function of the discrete system (2.5) is constant in time, it remains
constant when the function bg(t) solves the reduced evolution problem (4.11) and
all other functions are expressed through fy(¢). By the normal form analysis of
Hamiltonian systems, there exists a two-dimensional invariant manifold of system
(4.11) filled with periodic solutions of frequencies close to 2 = 1 and parameterized

by (s, ¢). O

REMARK 4.1. Theorem 1.1 is reminiscent of an infinite-dimensional analogue of
the Lyapunov Center Theorem for persistence of periodic orbits in a neighborhood
of an elliptic stationary point (see [15, Chapter II]). However, due to the symme-
tries, a double zero eigenvalue occurs in the linear problem (3.4), and the proof
of Theorem 1.1 is complicated by the analysis of the associated two-dimensional
subspace. Similar theorems on persistence of k-dimensional tori in n-dimensional
Hamiltonian system with k£ — 1 additional conserved quantities were studied in the
theorem of Nekhoroshev (see Theorem 2.3 in [3]).

REMARK 4.2. If 6 = 0, the periodic solution (1.6)—(1.7) has the smallest fre-
quency in the focusing case 0 = —1, since ©; > 1 in the bound (3.8) for sufficiently
small €. However, the frequency ¢ = 1 is not the smallest one in the defocusing
case 0 = 1 since 1 < 1 in the bound (3.8). Persistence of the periodic solution
for the smallest frequency 7 can not be proved by a simple application of the
Lyapunov Center Theorem since the bounds (3.10) and (3.8) do not guarantee that
the non-resonance conditions n€); # 2, are satisfied for alln € Nand m = 2,3, ....
By the same reason, persistence of quasi-periodic oscillations with two and more
frequencies {0, 1,2, ...} can not be proved for small € with the same method.

REMARK 4.3. Persistence of quasi-periodic oscillations on the tori along the
Cantor set of parameter values was proved in [13, Section 2.5] for the GP equation
(1.2) with the Hartree nonlinear function and § # 0. Our main result is sharper
since the periodic orbit constructed in Theorem 1.1 is continuous with respect to
the parameter €. The periodic orbit corresponds to 2-periodic solutions of the GP
equation (1.1).
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5. Numerical Results

We illustrate the results of our manuscript through some relevant numerical
computations. We start by considering the case 6 = 0 in the GP equation (1.2).
First, we identify the relevant branch of stationary solutions of the ODE (1.3).
To do so, we use a fixed point method (Newton-Raphson iteration) to solve a dis-
cretized boundary-value problem. A central difference approximation is applied to
the second-order derivatives with typical spacings Az = 0.025 and Az = 0.1. We
are using a sufficiently large computational domain [—L, L] such that the bound-
ary conditions do not affect the approximation within the considered numerical
precision. The solutions ¢(x) are obtained, using continuation, as a function of
parameter y. The continuation of solution branches is performed from the linear
limit g = 1, both for the cases 0 = 1 and ¢ = —1. The results are shown in Figure
1, illustrating the quantity @ = ||¢||3. as a function of y. The numerical findings
are also compared to the asymptotic result (3.2) of Proposition 1 indicating the
good agreement between the two results for a fairly wide parametric window.

Once the corresponding numerical solution is identified (for a given o and p),
the linear eigenvalue problem (1.9) is approximated numerically. We use again
a discretization of differential operators on a finite grid, such that the spectral
problem (1.9) becomes a matrix eigenvalue problem that is solved through standard
numerical linear algebra routines. The relevant lowest eigenvalues are presented in
Figure 2 and are also compared with the corresponding asymptotic results (3.7)
and (3.8) of Proposition 2. The dashed lines show the limiting values

. 1 . m(m + 1)
(5.1) o=1: Qy=1, ;}Lngogl =7 ;}Lngon = V5
Once again, the good agreement offers us a quantitative handle on the relevant
eigenvalues.
Since the limit 4 — oo of the normalized equation (1.2) corresponds to the
limit v — 0 in the original GP equation (1.1), we notice that the eigenvalue Q; =

% corresponds to the frequency studied in [12, 17]. Because the non-resonance

condition n # \/m(m + 1) for all n,m € N is violated in the limit n,m — oo, the
linear eigenmode corresponding to the smallest eigenvalue ¢ = % for 0 = 1 may

, VYm > 2.

not result in the periodic solution of the GP equation (1.2) with § = 0.

We have also examined periodic oscillations of dark solitons in the numerical
simulations of the GP equation (1.2) with 6 = 0. A typical example is shown in
Figure 3 for 0 = 1 and p = 1.1 for the initial condition u(z,0) = ¢(x) + s¢’(x)
with s = 1073, The top left panel shows the space-time contour plot of |u(z,t)|?,
clearly highlighting that this is a small (imperceptible, at the scale of this panel)
perturbation of a stable stationary solution ¢(x). The bottom left panel shows
the space-time contour plot of |u(z,t)|> — ¢?(z), emphasizing the time-periodic
oscillations of the perturbation to the stationary solution. The periodic oscillations
are also visible on the top right panel where |u(zo,t)|? is plotted versus t for zg = 2.
Finally, the bottom right panel illustrates the Fourier transform of the time series
of |u(zo,t)|* (normalized to its maximum). It shows a high peak of the frequency
spectrum near the value 2 = 1. These results agree with Theorem 3.6 on stability
of the exact periodic solutions (1.6)—(1.7) in the GP equation (1.2) with § = 0.

Finally, we have considered oscillations of the dark soliton in the parabolic po-
tential perturbed by the decaying potential W (x) = sech? (x). Since Wy =~ 0.726,



PERIODIC OSCILLATIONS OF DARK SOLITONS

40

30

20

10

FiGURE 1. Branches of dark solitons versus p both for the case
of 0 = —1 (when u < 1) and ¢ = 1 (when p > 1) for § = 0.
The numerically obtained solution is shown by solid line and the
asymptotic solution (3.2) is shown by dash-dotted line.

FIGURE 2. Smallest purely imaginary eigenvalues of the linear
eigenvalue problem (1.9) versus p for 6 = 0. The numerically ob-
tained eigenvalues are shown by solid lines, the asymptotic results
(3.7) and (3.8) are shown by dash-dotted lines, and the asymptotic
results (5.1) are shown by dashed lines.
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FIGURE 3. An example of the time-periodic solution of the Gross-
Pitaevskii equation (1.2) for 0 =1, 6 =0, p = 1.1 and u(z,0) =
é(x) + s¢'(x) with s = 1073, The top left panel shows the space-
time contour plot of |u(z,t)|?, the bottom left panel shows the
space-time contour of |u(z,t)|? — ?(x). The top right panel shows
the time evolution of |u(zg,t)|? with zo = 2, while the bottom right
panel shows the Fourier transform of the time series of |u(zg,t)|?,
featuring a peak at 2 ~ 1.

Wi1 =~ 0.402, and Wy ~ 0.314, the constraints (3.17) and (3.18) are satisfied.
According to the solution of the linear system for («, 3) in the proof of Proposition
2, we set the initial condition in the form

- Wii— Woo
V2(Wy 1 — Was)

with e = 0.5 and s = 0.1. Since J.(g) ~ 0.258¢ ~ 0.065, we performed two compu-
tations with § = 0.05 and 6 = 0.15 shown on Figure 4. We can see from the figure
that evolution of the initial data leads slowly to periodic steady-state oscillations.
The Fourier spectrum of these oscillations suggest that the main frequency of the
oscillations is 2 = 1, according to Theorem 1.1. We recall from the theorem that
the true periodic solution occurs only along the one-parameter curve d = d.(¢) on
the two-parameter plane, while it remains open to prove existence of true periodic
solutions for other values of (g, §) near the curve § = d.(¢).

~ —2.603

u(,0) = g1 (x) + s (do(x) + ro2(z)),
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FIGURE 4. Same as the right panel of Fig. 3, but for the potential
W (z) = sech?(x) with 6 = 0.05 (left panels) and § = 0.15 (right
panels). The central peak of the Fourier transform occurs at Q = 1.
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