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Abstract

We reformulate the Gross—Pitaevskii equation with an external parabolic potential as a discrete
dynamical system, by using the basis of Hermite functions. We consider small amplitude stationary
solutions with a single node, called dark solitons, and examine their existence and linear stability.
Furthermore, we prove the persistence of a periodic motion in a neighborhood of such solutions.
Our results are corroborated by numerical computations elucidating the existence, linear stability
and dynamics of the relevant solutions.

1 Introduction

We address the Gross-Pitaevskii (GP) equation with an external parabolic potential
1
iU = —5Uxx + XU + o|UPU, (1.1)

where U(X,T) : R x Ry +— C is decaying to zero as |x| — 0o, € € R is the strength of the external
potential and ¢ = 1 (¢ = —1) is normalized 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 dynamics of localized dips in the ground state trapped by the mag-
netically induced, confining potential V(X) = ¢2X? is studied in many recent papers, see review in
[11]. A question of particular interest concerns whether the localized density dips oscillate periodically
near the center point X = 0 of the potential V' (X). If the motion of a localized dip is truly periodic,
the frequency of periodic oscillations is to be found [5], while if the periodic oscillations are destroyed
due to emission of radiation, the gradual change in the amplitude of oscillations is to be followed for
sufficiently small € [16]. Numerical simulations show radiation and amplitude changes if the confining
parabolic potential is perturbed by a periodic potential while no radiation and time-periodic oscillations
in the case of purely parabolic confinement [I§].

If o = 1, a localized dip on the ground state of the GP equation (LI]) in the formal limit e — 0
represents the so-called dark soliton of the defocusing nonlinear Schrédinger (NLS) equation, which is
the reason why we use the term ”dark soliton” for a localized solution. Persistence and stability of
a dark soliton of the defocusing NLS equation in the presence of an exponentially decaying potential
V(X) was studied in our previous paper [17], where methods of Lyapunov—Schmidt reductions, Evans
functions and the stability theory in Pontryagin space were employed. These methods can not be
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applied to the potential V(X) = €2X? since the potential deforms drastically the spectrum of the
linearized problem: the continuous spectral band at ¢ = 0 becomes an infinite sequence of isolated
eigenvalues for € # 0. Therefore, we do not use here the limit ¢ — 0. Moreover, we transform the GP
equation (II) to the e-independent form

1
iuy = —3laa + §:E2u + olul?u, (1.2)
by the scaling transformation = = AX, t = A>T, and u(z,t) = \"'U(X,T) with \ = 21/4¢1/2,

i

Substitution u(z,t) = e~ 217" ¢(z) reduces equation (L2)) to the second-order non-autonomous ODE

- 50"@) + 30(a) + 00 (w) = (-+ 3 ) o) (1)

where ¢ : R — R. A strong solution of the ODE (L3]) is said to be a dark soliton if ¢(x) is odd on
x € R, has no zeros on = € Ry, and decays to zero sufficiently fast as |z| — oo. A classification of
all localized solutions of the second-order ODE (.3]) and their construction with a rigorous shooting
method is suggested in recent work [3].

Substitution of u(z,t) = e~ atint [p(z) + v(x,t) + iw(z, t)] reduces equation (L2) to the PDE system

vy = L_w+20¢(x)vw + o(v? + w?)w,
{ —w; = Liv+ op(x)(3v? +w?) + o(v? + w?)v, (1.4)
where (v,w) : R x R — R? and L4 are self-adjoint Schrodinger operators in L?(R)
Ly = —3024 322 — 1 — p+30¢%(2),
{ A ¢ i o B G 125) (15)
Solutions of the PDE (L2]) are considered in space
Hi(R) = {uc H'(R): 2uc L*(R)} (1.6)
equipped with the norm
lull?, = /R (I (@) + (2* + Du()[?) d. (1.7)
Similarly, the domain of operators £4 in (L3 is defined in space
Ho(R) = {u € H*(R) : z%u € L*(R)}. (1.8)

The PDE system (L4)) is a Hamiltonian system with the standard symplectic structure and the
Hamiltonian function in the form

1 1
H= 3 (v, Lyv) + 3 (w, L_w) + o(¢pv,v* +w?) + %(v2 + w?, v + w?), (1.9)
where (-,-) denotes a standard inner product in L?(R). The Hamiltonian function H is bounded if
v,w € H1(R) and is constant in time t. Due to the gauge invariance of the PDE (.2]), there exists an
additional quantity
Q = 2(6,0) + (v,0) + (w,w), (1.10)

which is constant in time ¢. Global existence of solutions of the initial-value problem associated with
the PDE (L2) in space u € H1(R) for all ¢ € Ry has been proved (see Proposition 2.2 in [6]).



Considering the linear part of the PDE system (L.4]), one can separate the variables in the form
v(z,t) = v(x)eN, w(z,t) = w(r)e* and obtain the linear problem

Liv=—- w, L_w=Nv (1.11)

for the spectral parameter A € C and the eigenvector (v,w) € L*(R,C?). Fix u € R such that a
stationary solution of the ODE (3] exists and ¢ € H;(R). Then, the linear problem (LII]) admits an
exact solution

A=+i: v=¢'(z), w=Fizd(x), (1.12)

and (v,w) € L*(R,C?). Additionally, for any p € R, for which the stationary solution ¢(z) is smooth
with respect to parameter pu, the linear problem (LII]) admits another exact solution for zero eigenvalue
A = 0 of geometric multiplicity one and algebraic multiplicity two:

Lod@)=0,  L18,0(x) = —d(x). (1.13)

The main part of this work is devoted to the study of periodic solutions of the PDE system (.4)) for
values of p near p = 1. This special value corresponds to the second eigenvalue of the linear Schrodinger
operator
145 1
—x°— = 1.14

with the eigenfunction ¢(x) = exe™®"/%. Here the parameter ¢ is arbitrary in the linear problem and
it parameterizes the corresponding family of stationary solutions (i, ¢(z)) of the nonlinear ODE (L.3)),
which bifurcates from the small-amplitude eigenmode [3].

— 1 2
L=—502+

x2/2

A periodic solution of the PDE system (L.4)) bifurcates from the linear eigenmodes v(x) = §e'" ¢/ (x)
and w(z) = Fide’" z¢(x) corresponding to the eigenvalue pair A = +i of the linear problem (LII)). Here
0 and T are two real-valued parameters, which are arbitrary in the linear problem and parameterize the
corresponding family of periodic solutions (v, w) of the PDE system (I.4]). An additional parameter «
comes from the projection of the solution (v,w) to the geometric kernel of the linear problem (LIT])
with the eigenmode v(z) = 0 and w(z) = a¢(z). Using this construction, the main result of our paper
is described by the following theorem.

Theorem 1 Let e and d be sufficiently small and let a, 7 be arbitrary. There exists a unique family of
solutions of the ODE ({1.3) such that

30e2

V321

for some e-independent constants C1,Co > 0. There exists a family of time-periodic space-localized
solutions of the PDE system (1.J]) such that (v,w) € H1(R,R?) for all t € R,

< Cyet, (1.15)

¢ — eme™ 2|}y, < C1e®, ‘M —1-

v <x,t + 2%) =v(x,t), w <a:,t + 2%) =w(x,t), V(z,t) € R?, (1.16)

with the bounds
Hv(-,t) — 8¢/ (x) COS(Qt—l—T)HHl < (Csed?, (1.17)
[w(-,t) = 0 [zd(z) sin(Qt + 7) + ap(x)][ly, < Cyed?, (1.18)

and |Q — 1| < C5e26? for some (e, 6 )-independent constants Cs, Cy, C5 > 0.



The periodic solution of Theorem [I] has four free parameters (e, d, 7, a) which are associated with
projections to the four eigenmodes ([LI2]) and (ILI3]) of the linear problem (III]). Parameters 7 and
a can be set to zero due to two obvious symmetries of the PDE ([2)): the gauge transformation
u(z,t) — u(x,t)e’®, Vo € R and the reversibility transformation u(z,t) — @(x, —t), Vt € R.

Although the eigenmodes (LI2]) and (LI3]) persist for all p € R, existence of periodic orbits of
the GP equation (L.2) is only proved near p = 1. This is due to the fact that the non-resonance
conditions n # Im\,,, Vn,m € N are proved to be satisfied only in this domain, where )\, denote other
isolated eigenvalues of the linear problem ([IT]) with ImA\,, > 0 which are different from A = i. Thus,
resonances do not occur near the value y = 1. The construction of the periodic orbit is complicated
due to the existence of translational eigenmodes associated with the double zero eigenvalue A = 0 of

the linear problem (LIT]).

Our main result is in agreement with Theorem 2.1 in [9], where the Newton’s law of particle dynamics
is obtained in a more general context of multi-dimensional confining potentials and general nonlinear
functions of the GP equation i) = —V2¢) + V(z) — f(¢). The Newton’s law is derived for parameters
(a,p) of the solitary wave solution of the unperturbed equation with V(x) = 0 and it takes the form

a=2p, p=-VV(a). (1.19)

Adopting our notations for the time variable and the potential function of the GP equation (L2]), we
rewrite the Newton’s law (LI9)) in the explicit form @ + a = 0, which recovers the frequency Q = 1 of
the periodic solution of Theorem [l in the linear approximation § — 0.

There are several differences between results of Theorem 2.1 in [9] and our Theorem [Il First, the
Newton’s law (L.19) is valid on finite time intervals and in the limit when the localization length of
the stationary solution ¢(x) is much smaller than the confinement length of the potential V(z). This
situation corresponds to the original GP equation (I1]) in the limit ¢ — 0. Second, the exact periodicity
is not guaranteed by the periodic solutions of the Newton’s law (I.I9]) because of the remainder terms.
Lastly, the frequency Q2 = 1 of the Newton’s law is independent of the nonlinear function f(¢) and the
nonlinear corrections in (a,p). In our case, the result of Theorem [ is valid for all time intervals, the
exact periodicity is guaranteed, and the frequency ) changes with parameters §. On the other hand,
our results are valid in the limit g — 1, which is far from the limit ¢ — 0 of the GP equation (L).

Note that the oscillations of the dark solitons in the GP equation (L2]) with the frequency Q2 = 1 were
predicted from the Ehrenfest Theorem in much earlier works (see references in [5] and [9]). However,
it was argued that this frequency is not observed in numerical simulations of the original GP equation
(LI) with 0 = 1 for sufficiently small e [5], 16, [18]. It was suggested in these works (see review in
[11]) that dark solitons oscillate with a smaller frequency Q2 = % We will show that both frequencies

occur in the spectrum of the linear problem (I.IT]) in the corresponding limit but the non-resonance
conditions are not satisfied for either frequency in this limit.

Our strategy for the proof of Theorem [I is to use a complete set of Hermite functions and to
reformulate the evolution problem for the PDE (L2]) as an infinite-dimensional discrete dynamical
system for coefficients of the decomposition (Section 2). Existence of stationary solutions ¢(x) of the
ODE (L3) and spectral stability of stationary solutions in the linear problem (L.I1]) are studied in the
framework of the discrete dynamical system (Section 3). The proof of existence of periodic solutions of
the PDE system (I.4)) relies on construction of periodic orbits in the discrete dynamical system (Section
4). The analytical results are verified with numerical approximations of solutions of the ODE (I.3]),
eigenvalues of the linear problem (I.IT]) and solutions of the GP equation (L2)) (Section 5). Distribution
of eigenvalues of the linear problem (L.IT]) in the limit 4 — oo for 0 = 1 is also analyzed with formal
asymptotic methods (Appendix A).



2 Formalism of the discrete dynamical system

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

bn(x) = éHn(;p)e—ﬁ/?, Vn=0,1,2,3,.., (2.1)

Vv 2mnl/m
where H,(z) denote the Hermite polynomials, e.g. Hy = 1, Hy = 2x, Hy = 42? — 2, H3 = 82% — 12z,
etc. Since the Hermite functions are eigenfunctions of the linear Schrédinger equation

- %qb;;(x) + %ngbn(x) = (n + %) oOn (), Yn=0,1,2,3,..., (2.2)

the Sturm-Liouville theory implies that the set of Hermite functions {¢,(x)}52, forms an orthogonal
basis in L?(R). The normalization coefficients in the expressions (2.1]) ensure that the Hermite functions
have unit L?-norm, such that

(¢n7 ¢m) = 5n,ma Vn,m=0,1,2,3,.... (23)

We represent a solution u(z,t) of the GP equation (L2)) by the series of eigenfunctions
. o
u(a,t) = e 2> an(t)gn(x) (2.4)
n=0

where the components (ag, a1, as,...) form a vector a on N. When the series representation (2.4)) is
substituted to the GP equation (L2]), the PDE problem is converted to the discrete dynamical system

iin =nan+0 Y Kpnyngng@ny Gnylng,  Yn=0,1,2,3, ..., (2.5)

(n1,n2,n3)

where Ky, ni nomns = (Pns Gny GnyPny). We shall use a convention to avoid specifying the range of non-
negative integers (ni,n2,n3) and n in the summation signs of the dynamical system (Z.5). Let I2(N)
be a weighted discrete [2-space equipped with the standard norm

[e.e]

lallz = (14 n)*|an|* < oo, VseR. (2.6)
n=0
Since the set {¢y,(x)}22, forms an orthonormal basis in L?(R), we note the isometry |[ul|7, = ||al|%, so

that « € L2(R) if and only if a € [>(N). On the other hand, we need an equivalence between the space
H1(R) for the function u(x) and the space [2(N) for the vector a. In addition, we need to determine
the domain and range of the vector field of the discrete dynamical system (Z.5]). These results are
described in Lemmas [ and 2

Lemma 1 Let u(z) = Y an¢n(z). Then u € Hi(R) if and only if a € l%/z(N).

m=0

Proof. It follows directly that
lullf, = /R(IU'(:U)|2+($2+1)IU($)|2)dZL"

5



= 2 3wt [ [0, @00, @) + @+ )0y (@60 ()] d

n1=0mn2=0

= 2 Z Z anldn2(1+n2)(¢n17¢n2)

n1=0mn2=0
o
_ 2 _ 2
= 230l = 20el
n=

where the orthogonality relations (2.3]) have been used. O
Remark 1 By the same method, one can prove that u € Ha(R) if and only if a € I3(N).

Lemma 2 The vector field of the dynamical system (2.3) maps l%/z(N) to 131/2(N).

Proof. The vector field of the dynamical system (23] is decomposed into the linear f(a) and nonlinear
og(a) parts, where

fn=mnay, gn= Z Ky nimoms@ny GnyGng,  Yn=0,1,2,3, ...
(n1,m2,n3)
The linear unbounded part satisfies the estimate

o0

If@IZ = 301+ n)Pntlanf® < s, (27)

n=0

such that f : 12 {(N) — I?(N) for all s € R. If a € l%/z(N), then s = —. The nonlinear vector part
satisfies the estimate

[e.e]

||g(a)‘|l2§ = Z(]‘ + n)25 Z Z Kn,nl,nz,ngKn,ml,mz,mganl C_anang(—lml amgamg
n=0 (n1,m2,m3) (M1,m2,m3)
0o ) 0o
= D (1 +n)*[(¢nu, [u?)|” < (Z(l + n)stwnI!%z) [ ul| 74
n=0 n=0
o)
< (Z(l +n)2sll¢nlli4> [l G4,
n=0

where u(z) = > an¢n(x) and all ¢, (x) are real-valued. By the main theorem of [7], there exists a

n=
constant C' > 0 such that

log(1+n)

W SC0—=——, VYn=0,1,2,.. 2.8
H(anL‘l = m ’ [t it ( )
Therefore, the series >°0° (14 n)%|¢y[|24 converges for all s < —2. The value s = —1 belongs to this

interval. Finally, by the Sobolev embedding and Poincare inequality [2], there are constants C, C>0
such that ) .
lullzs < Cll(u?) (172 < 4CullFoo v/ [I72 < Cllullzn < Clully, -



Since the norm in H;(R) for the function u(z) is equivalent to the norm in /2 /2 (Z) for the vector a by
Lemma [l the estimate for the nonlinear vector field is completed by

2 6 ~ 6
lg@I:, | < Collulls < Collal . (2.9)

for some Cy, Cy > 0. The interpolation argument for the bounds (7)) and (ZJ) concludes the proof
that the nonlinear vector field f(a) 4+ og(a) maps i?,,(N) to i?, ,(N). O

1/2 —-1/2

Theorem 2 The discrete dynamical system (2.3) is globally well-posed in the phase space a € l%/z(N).

Proof. By Proposition 2.2 in [6], the GP equation (I.2]) is globally well-posed in the phase space
u € Hi(R). By Lemma[Il the trajectory u(t) € Hi(R) is equivalent to the trajectory a(t) € l%/z(N)
on t € R. By Lemma [, the vector field of the discrete dynamical system (23) is well-defined on
12 /2(N ) C I2(N), where it is equivalent to the vector field of the GP equation (IL2]) by virtue of standard
orthogonal projections. O

3 Existence and stability of stationary solutions

Stationary solutions of the dynamical system (Z3]) take the form a(t) = Ae™ ™! where A is a time-

independent vector and y is a parameter of the solution. If A € {2 /2(N ) and ¢(x) = Zo Apon(x), then

¢ € Hi(R) is a stationary solution of the GP equation (L2), that is ¢(x) satisfies the ODE (T3). The
vector A is found as a root of the infinite-dimensional cubic vector field F : 12 /2(N) xR 12 /2(N),
where the n-th component of F(A, ) is given by

Fo=(-nAn—0 > KpnimomsAm AnyAny =0, ¥n=0,1,2, ... (3.1)

(n1,n2,n3)

The Jacobian operator DAF (0, 1) is a diagonal matrix with entries 4 — n and it admits a one-
dimensional kernel if ;1 = ng for any non-negative integer ng. The corresponding eigenvector is ey,
the unit vector in [?(N). By the local bifurcation theory [8], each eigenvector of DAF(0,n0) can be
uniquely continued in a local neighborhood of the point A = 0 € lf /2(N) and u = ng € R. We are
particularly interested in the second eigenvalue ny = 1, which corresponds to the dark soliton ¢(x) with
a single zero (node) at = 0. (Other bifurcations of stationary localized solutions ¢(x) are considered
in [3].) Details of this bifurcation are given in the following proposition.

Proposition 1 Consider real-valued roots (A, ) of the vector field F(A, ) such that A € l%/z(N).
There exists a unique family of solutions near p =1 parameterized by € such that

30e2

V32w

for some e-independent constants C,Co > 0 and sufficiently small €. Moreover, if o # 0, the solution
(A, p) is smooth with respect to € for sufficiently small € and %Q(A) # 0, where Q(A) = [|A|%.

I|A — aelHl%/2 < (43, 'u -1- < Coet, (3.2)

Proof. Both F(A,u) and DAF(A,pu) are continuous in a local neighborhood of A = 0 € l%/z(N)
and g = 1 € R. At the point A = 0 and pu = 1, the operator has a one-dimensional kernel with



the eigenvector e; € [?(N). By using the method of Lyapunov-Schmidt reductions [§], we set A =
€ [el + A} and p = 1+ fi, where A is an orthogonal complement of e; in [2(N) such that A; = 0. The

orthogonal projection of equation ([B.I]) to e; gives a bifurcation equation for fi

i=o0e® | Kiina +3) KA +3 ) KivnmeAndn, + D KingngmaAny AnyAng | |

ni (n1,n2) (n1,m2,n3)

where the index for (nj,ng,ng) in the summation signs runs on the set {0,2,3,...}. Let P be an
orthogonal projection from /2(N) to the orthogonal complement of e;. Then the inverse of PDAF(0,1)P
exists and is a bounded operator from [? /2(N) to 12 /2(N). By the Implicit Function Theorem, there

exists a unique smooth solution A in the neighborhood of A = 0 € I2(N) such that HAH@/2 < Oy

for some Cy > 0. By the Implicit Function Theorem, there exists a unique smooth solution f of the
bifurcation equation in the neighborhood of ji = 0 such that |z — 520’K171,171| < Cye* for some Cy > 0.
The value K1 11,1 = [|¢1][74 = ﬁ is computed in Table I. Since Q(A) = [|A[|%, = ¢ + O(e*) and

u—lz\?’/‘;)‘;—i+0(€4),then %Q(A)#Onear,uzlfora#O. O
n=0|n=1|n=2|n=3 |n=4 n=>5
K T 3 11 147 3649 37307
R | far 4\/27 6427 | 256v2r | 1638427 | 65536271
K T 3 7 1 75 133
Lrnnd | 557 | 4/2x | 16v/2x | 32v2x 256\/\/2? 512v/27
1 1 3v/3
KO,l,l,n 2m 0 NG 0 NG 0

Table I: Numerical values for K, p nn = ||¢n||‘i4, Kipni= (¢2,92), and Ko11.n = (PoPn, ??).

Let (A,p) be a real-valued root of the nonlinear vector field (3] such that A € 12 /9 (N). Spectral
stability of the stationary solution is studied with the expansion

a(t)=e " |A+ (B -C)e¥ + (B+C) e~ 4 o(IBI2 + ICI?)], (3.3)
where the spectral parameter ) € C and the eigenvector (B, C) € I2(N, C?) satisfy the linear problem
L:B = QC, L_C = 0B, (3.4)

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

{ (L+B)n = (n - N)Bn + 30 an Vn,nanlv

Vn=0,1,2,3, .., 3.5
(L-C)p = (n—w)Cn+03 0 Vi Cni, (3:5)

where Vi, i = D" Kponynons Ano Ans. We have used here the symmetry of the coefficients Ky, n; no.ns
(n2,m3)
with respect to the interchange of (n1,n9,n3).

Lemma 3 Let (A, ) be a real-valued root of the vector field F(A, u) such that A € l%p (N). Operators
Ly and L_ admit closed self-adjoint extensions in 1?(N) with the domain in [3(N).

Proof. The diagonal unbounded part of Ly maps I2(N) to I?(N). We need to show that the non-diagonal
part of L represents a bounded perturbation from I?(N) to [2(N) if A € l%/z (N). This is done by using

8



the same ideas as in the proof of Lemma

o 2 o0
Z Z Vn,nanl = Z Z Z Kn,nl,nz,ngKn,ml,m27m3An2AngAmzAmg By, Bml
n=01| n1 n=0 (nl,ng,ng) (ml,mz,mg)
= > (¢n, )] = [uPvll72 < [lullielvlF2 < CHlulld, Y IBal?,
n=0 n=0
where u(z) = > 7 Apon(x) and v(z) = > 07 ) Bpgn(z). O

Remark 2 The result of Lemma [3] is obvious from the equivalence between the space Ho(R) for the
function v(z) and the space I?(N) for the vector B, see Remark [l We recall that the differential
operators L4 given by (LH]) are defined on the domain Hs(R) and the matrix operators Ly given by
(B5) represent the action of differential operators on the basis of Hermite functions in Ha(R).

The linear problem (3.4)) has eigenvalue Q2 = 0 of geometric multiplicity one and algebraic multiplicity
two due to the exact solution
L_A =0, Li0,A=A, (3.6)

where the smoothness of A with respect to pu near = 1 is guaranteed by Proposition [II

When A = 0 and p = 1, the spectrum of the eigenvalue problem (B.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 () = +m for all m = 2,3, .... The double zero eigenvalue persists for any ¢ according to the
exact solution (3.0)), stemming from the underlying U (1) invariance of the system. Splitting of all other
eigenvalues in a local neighborhood of A = 0 and p =1 is described by the following proposition.

Proposition 2 Let (A, pu) be defined by Proposition [1 for sufficiently small €. Non-zero eigenvalues
of the linear problem (37)) form a set {£Q}20_ of simple real symmetric eigenvalue pairs, such that

2
Qo — 1| < Cye?, O -1+ < Chet 3.7
fo-1 Gt |m-1e S2f <6 (37)
and
|Qm —m + 620' (K171,171 — 2Km+1,1,1,m+1)‘ S Cm€4, Vm = 2, 3, (38)

for some e-independent constants Cy, C1, Cyp, > 0.

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
regular perturbation theory [10]. The formal power series expansion for a simple eigenvalue 2 = m =
2,3, ... is defined by

B = emt1 + 62]~3 + 0(64)7

C emi1 4 e2C + 0(eh), (3.9)

Q = m+eXQ+0().

Projections to the component n = m + 1 lead to a linear system at the leading order O(£?)

m(Bmi1 — Cmi1) = o[Ki111 —3Kmi111.me1] +Q
(3.10)

m(Cmt1 — Bmt1) = o0[Ki111 — Kms11,0,m+1] + Q.



The linear system has a solution if and only if Q = o (2K m41,1,1,m+1 — K1,1,1,1). Persistence of the

eigenvalue by the perturbation theory results in the expansion (B.8]). The power series expansion for
the double eigenvalue 2 = 1 is defined by

B = aeg + ﬁeg + €2B j— 0(64),
C = —aey+fPex+ e2C + 0O(e%), (3.11)
Q = 1+2Q+0(e),

where (o, 3) are arbitrary parameters. Projections to the components n = 0 and n = 2 leads to a
linear system at the leading order O(&?)

Bo+Co) = o[3Ko1100+3Ko11208— Ki1110] + Qa
- C:'o + 1?0 = o0 [Koi,00 — Koi,120 — Kii1,10] + Qoz~ (3.12)
By —Cy) = o[Ki11,108—3Ke1,1,00 —3K31,1,208] + Q8
Cy—By) = o[Ki11110+ Ko1100— Ka11208] +Qa
The linear system has a solution if and only if (a, 3) satisfies a homogeneous system
{ o (Kipa1a—2Ko1100 — Kop1268) = Qa, (3.13)
o(=Ki11118+ K100 +2K211208) = Q8.

The homogeneous system for («, 3) has a non-zero solution if and only if Q) satisfies a quadratic equation,
roots of which are given by

Q=0 <K2,1,1,2 —Koii0* \/(Kl,l,l,l — Kor10— Ka112)® - K§,1,1,2> : (3.14)

It follows from Table I that \/(K1,171,1 — K071’170 — K2’171’2)2 — Kg,1,1,2 = ﬁ and KQ,LLQ _KO,LLO =

—ﬁ. Persistence of the eigenvalues by the perturbation theory results in the expansion 7). O

Corollary 1 Let [B,,,C,,)7 be an eigenvector of the linear problem (3.4) for the eigenvalue €2, € Ry
for any m = 0,1,2,3... in Proposition [4.  For sufficiently small e, the eigenvalue Qg has positive
signature of (Bo, L1By), the eigenvalue Qy has negative signature of (By, L1B1), while all other eigen-
values Qp, with m = 2,3, ... have positive signature of (By,, LyB,,), where (-,-) denotes a standard
inner product in [*(N).

Proof. In the case Q = 0, the homogeneous system (BI3) for («, ) has a one-parameter family of
solutions with 3 = —v/2a;, such that (Bo, LyBg) = —|a|? + [8]? + O(e?) > 0 for sufficiently small e.
In the case Q # 0, the homogeneous system (3I3) for (o, 3) has a one-parameter family of solutions
with o = —/23, such that (By, L. B1) = —|a|? + |B]> + O(e?) < 0 for sufficiently small e. In the case
of other eigenvalues, it is obvious from the proof of Proposition B that (B,,, L1B,,) = m + O(g?) for
m=23,.... ]

Remark 3 The double zero eigenvalue is associated with the expansions

A =ce; +0O(e), I A = ;erel + O(e), (3.15)

where ¢ is sufficiently small. As a result, (A,9,A) = ¥22L + O(e?).
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Lemma 4 Let ¢ be sufficiently small. Let {[By,, Cim|T}5°_, be a set of real-valued eigenvectors of the
linear problem ([37)) for the set of positive eigenvalues {0y, }>°_. The set of eigenvectors is symplecti-
cally orthogonal such that

(B, Cr) =0, Ym/ #m (Bim,Cm) #0, Vm=0,1,2,3... (3.16)

In addition, two eigenvectors {[0, A]T,[0,A, 0|7} for the double zero eigenvalue Q = 0 are symplecti-
cally orthogonal to other eigenvectors and (A,0,A) # 0. The set of eigenvectors

{Bu, Conl" bio ® {[Bum, —Cuil " }rzo @ {[0, A]", [9,A, 0]} (3.17)

is a basis in 12(N,R?) which is orthogonal with respect to the symplectic projections (3.10).

Proof. All eigenvalues {2, }5°_ are positive and simple for sufficiently small € by Proposition[2l Since
L are self-adjoint in (?(N) and Q,, is a real eigenvalue, then the eigenvector [B,,, C,,|7 of the linear
problem (B4]) can be chosen to be real-valued. The orthogonality relations (B.I6]) follow by direct
computations from the linear problem (3.4 for distinct eigenvalues Q,,/ # ., for all m’ # m. Values
of (B,,,C,,) are proportional to the values of (B,,,LB,,) for ©,, # 0 and they are non-zero for
sufficiently small € by Corollary [Il The value of (A,0,A) = %diQ(A) is non-zero for sufficiently small
¢ by Proposition [l By the proof of Proposition 2] and Remark Ei], the eigenvectors of the set (B.I7) are
represented for sufficiently small ¢ by the standard basis {e,, }7°_, @ {en }ro_, perturbed by a bounded
perturbation in I2(N) of the order O(¢?). Also

<Bm7 L+Bm>

Qo =m+ 0(52), (Bm, Cp) = o

=1+0(m™1e?), vm=23, .., (3.18)
for sufficiently small €, uniformly in m. Since no other eigenvalues exist, the set of linearly independent
eigenvectors (B.I7) is complete in I2(N,R?). According to the Banach Theorem for non-self-adjoint
operators, 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 — oo, which follows from the uniform asymptotic distribution (B.I8]).
Therefore, the set (3.17) is a basis in I2(N, R?). O

Lemma 5 Fiz ¢ # 0 sufficiently small. Simple positive eigenvalues of the set {Qpy}0°_ lie in the

intervals
c>0: Q=1 and m—C,e?<Qp, <m, VmeN (3.19)

and
c<0: Q=1 and m<Q, <m+Che?, YmeN (3.20)

for some e-independent constants CL > 0.

Proof. The eigenvalue 2y = 1 persists for any ¢ € R due to equivalence of the linear eigenvalue
problems (LII) and [34) for ¢ € H1(R) and A € {3 /o(N) and the existence of the exact solution (L.I2)

of the linear eigenvalue problem (L.II]). The corresponding eigenvector (B, C) of the linear eigenvalue
problem (B.4) is found from the series representation

¢(x) = Bupn(z),  —wd(x) =) Cudn().
n=0 n=0

11



The eigenvalue Q; satisfies the bounds (BI9)-(B.20) due to the explicit bound ([B.71). We use the
bound (3.8]) to prove the bounds (B.19)-(3.20) for eigenvalues €, for all m = 2,3,.... The values of
Ki111— 2Km+1.1.1,m+1 are positive for the first values of m = 3,4, ... as follows from Table I, e.g.

IR ] IR ]

1 21 59
K11 —2K3113=—=, K111 —2Ki10=——, K111 —-2K5115=——.
1,1,1,1 3,1,1,3 16\/% 1,1,1,1 4,1,1,4 12821 1,1,1,1 5,1,1,5 25621

Note that the positive numerical values are monotonically increasing. According to the main theorem
in [7], the sequence {||¢n| 14 }nen is monotonically decreasing to zero with the bound (28]). Since

Kmt11,1,m+1 < [|011|74/|@ms1 1|34, then
Kiia1—2Km+110m1 > [01154 (H¢1||%4 - 2H¢m+1||%4) ; Vm =2,3,...

Since |]¢m+1|]%4 decays monotonically to zero as m — oo, there exists M sufficiently large, such that
the lower bound above is strictly positive for m > M. O

4 Existence of periodic solutions

Let (A, i) be a real-valued root of the nonlinear vector field F(A, i) such that A € l%/Q(N). 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

B=L_C+0oN_(B,C), —-C=L,B+0N,(B,C), (4.1)

where the operators Ly are defined by (8.5 and the vector fields N4 (B, C) contains quadratic and
cubic terms with respect to (B, C). By Theorem 2] the initial-value problem for system (4.]) is globally
well-posed and the solution set (B, C) € I /2(N ,R?) is equivalent to the solution set (v,w) € H; (R, R?)
of the PDE system ([.4]). The discrete dynamical system (4.I]) inherits the Hamiltonian function (L.9))

in the form

1 1
H = (B,LiB)+-(C.L.C)+o > KnnynamsAny (Bay By + CoyChy) Br
(n,m1,n2,n3)
g
+ g > Knmnymams (Bny Bry By By + 2By, BnyCryCp + Cryy Criy Cy Chn) (4.2)

(n,n1,m2,n3)
and the conserved quantity (LI0) in the form

Using Lemma [d], we represent a solution (B, C) of the discrete system (4.1 by the series of eigenvectors
(BI7) associated with the linear problem (B.4):

(B = Sacobm®Bn + S gbnBn + 505 4
Ct) = 13amobn(t)Cm — 1 ey bu()C + (DA, |

where by(t), b(t) = (b1,be,...) are complex-valued and §(t), v(t) are real-valued. The linear part of
system (4.1]) becomes block-diagonal in the representation (4.4)), yielding the evolution equations

by — iQmbm = o Ny (bo, b, 8,7), ¥m =0,1,2,3... (4.5)

12



and

B =0aSo(bo,b,B,7), ¥+ B=0S1(bo,b,5,7), (4.6)
where
_ <Cm,N_(B,C)> +Z<Bm,N+(B,C)> _
Ny (bo, b, 8,7) = 2(Cr B , Ym=0,1,2,3, ...
and
Solbo,b, B,7) = AN-BC) g 5y = — A N(B.C))

(A,0,A) (A,9,A)

Using conservation of @ given by (4.3]) and the decomposition (4.4]), one can integrate the first equation

of system (4.0)) in the form

5 Q=B ~Cl%
2(A,0,A)

where @ is constant in time ¢t € R. As a result, the second equation of system (4.6) is rewritten
explicitly in the form

(4.7)

. _ Bl + lIC1% — 20(9,A, N (B,C)) - Q
7 2(A, 0,A) ‘
We are now ready to apply the method of Lyapunov—Schmidt reductions to the proof of Theorem [l

(4.8)

Proof of Theorem[It The vector space (B, C) € l%/2 (N, R?) is equivalent to the vector space b € l%/2 (N)
because of the asymptotic distribution ([B.I8]). For instance, one obtains that

Z(l +n)|By| ~ (B, L1B) =2 Z Qm<CmaBm>|bm|2 + |ﬁ|2<A,6“A> ~ Z(l + n)|bn|2
n=0 m=0 neN

We should work in the space of T-periodic functions by(t), b(t) € l%/z(N), B(t) and v(t) on t € R,
where T is close to 2w. This period corresponds to the eigenvalue Qg = 1 which persists for any ¢ € R.
By Lemma [ all other eigenvalues of the linear problem (B.4) satisfy the non-resonance conditions
n # Qm, Yn,m € N for any fixed ¢ # 0 sufficiently small. As a result, we define periodic functions b(¢),
B(t) and 7(t) in terms of the periodic function by(¢), which solves a reduced evolution problem. Let &
be sufficiently small. We shall prove that there exist solutions of system (45]), (£7) and (@8] which
are T-periodic on ¢t € R satisfying the apriori bounds

[bo(t)] < 26Co, [Ib(B)llz , < e62Cy, |8(t)] < €%0°Cy, |y(t) — da| < 26*C,,, VtER, Va € R, (4.9)
for some (e, 6)-independent constants Cy, Cy, Cg, Cy > 0. If by(t), b(t) € l%/z(N), B(t) and ~(t) are T-

periodic functions on t € R satisfying the bounds (4.9), then (B(t),C(t)) € l%/2(N’ R?) is a T-periodic
function on ¢ € R satisfying the bound

Bz, + ICOIz, <Ce8,  VEeR VacR, (1.10)

for some (g, 6)-independent constant C' > 0. Here we recall the expansion ([B.13]) for A, 9,A and the
fact that (B, C,,)7 are close to the unit vectors e,, for sufficiently small e. Since N1 (B, C) is cubic

with respect (A, B, C), contains quadratic terms in (B, C), and maps l%/z(N,Rz) to 131/2(N,R2), we
obtain the bound
INAB().CO)le,, < Co'?, VR Vack (1.11)
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for some (e, §)-independent constants Cy > 0. By the Implicit Function Theorem to the right-hand-
side of equation (L8]), there exists a unique constant ) in the interval |Q] < CQE252 for some Cg > 0,
such that the periodic function in the right-hand-side of equation (4.8) has zero mean on t € R. In this
case, there exists a periodic solution v(t) = da + J(t) of the differential equation (L8], where ¥(¢) is
a uniquely defined varying part and da is an arbitrary mean part. The varying part 5(t) satisfies the
last bound in the list (£9]). The function 3(t) is uniquely defined by the explicit representation (4.7))
and it hence satisfies the third bound in the list ([£3]).

Consider now system (5 for m € N. Recall that Q,, —m = O(e?) for m = 1,2, ... uniformly in m € N
for sufficiently small . By the Implicit Function Theorem, there exists a unique solution b(t) € l% /2 (N)
defined by the periodic function by(t) and parameter o € R for sufficiently small ¢ provided that the
distance [€2,,, — m| # 0 and the frequency  of the periodic function by(t) is such that Q@ — 1 as § — 0.
By the bound (@I and the distribution €, —m = O(e?) for all m € N, the function b(t) satisfies the
second bound in the list ([£3]).

Eliminating the components b, 3 and ~ from equation (£5]) for n = 0, we obtain a reduced evolution
problem for by(t) in the form

i)o =1iby + R(bo; Oé), (4.12)
where R(bp; ) is a remainder term. Explicit computations of Ny(bg, b, 3,7) show that
R(bo; Oé) = £ [iKl (€)bg + ZKQ(&)B% + iK3(€)|b0|2 + iK4(€)52()é2 + K5(€)50460]
+O(\bolg,5262a2\b0],5\b0]”bH) ) (4.13)

where K 2345 are real-valued constants which are bounded for sufficiently small e. We are looking
for T-periodic functions by(t) which satisfy the evolution problem (ZIZ), have the leading order by ~
£6e™T where 7 € R is arbitrary, and satisfy the first bound in the list (£3). By the normal form
analysis of the ODE (4I2]) (see [14]), the quadratic terms in the remainder (ZI3)) do not change the
frequency 2 of oscillations of the periodic function by(t) at the leading order and therefore, |2 — 1| <
Cqe?6? for some Cq > 0. Since the Hamiltonian function (@2)) of system (&I is constant in time, it
remains constant when the function bg(t) solves the reduced evolution problem (£12)) and the functions
b(t), f(t) and ~(t) are constructed above. By the normal form analysis of reversible systems, there
exists a two-dimensional invariant manifold of system (4.12]) filled with periodic solutions of frequencies
close to £ = 1 and parameterized by (d, 7) in addition to parameter (e, ). O

Remark 4 Theorem [ is reminiscent of an infinite-dimensional analogue of the Lyapunov Theorem
for persistence of periodic orbits in Hamiltonian systems (see Chapter II, Section 45 on pp. 166-180
of [15]). However, due to the symmetries, a double zero eigenvalue occurs in the linear problem (B.4)),
and the proof of Theorem [I]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 Nekhoroshev—Kuksin Theorems (see Theorem 2.3
on p. 4 of [4] and Theorem 1 on p. xiii of [13]).

Remark 5 The periodic solution of Theorem [Mlhas the smallest frequency in the focusing case o0 = —1,
since ©; > 1 in the bound (B.20) for sufficiently small . However, it is not the smallest frequency in
the defocusing case o = 1 since €; < 1 in the bound (3.I9]). Persistence of the periodic solution for
the smallest frequency €2; can not be proved by a simple application of the Lyapunov Theorem since
the bound (BI9]) does not guarantee that the non-resonance conditions n{2; # €, are satisfied for all
n € Nand m = 2,3, .... By the same reason, persistence of quasi-periodic oscillations on the tori with
two and more frequencies {1,, 9, ...} can not be proved for small e.
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Remark 6 Persistence of quasi-periodic oscillations on the tori along the Cantor set of parameter
values was proved in Section 2.5 on p. 33 of [13] for the Hartree nonlinear functions and a perturbation
of the parabolic potential V(z) = %3:2 by a localized potential Vj(z). Our main result is stronger
than this application of the main theorem in [I3] since the periodic orbit is continuous with respect to
parameters of the PDE problem rather than along the Cantor set of parameter values.

5 Numerical Results

We illustrate results of our manuscript with some numerical approximations. First, we identify the
relevant branch of stationary solutions of the ODE (L.3). To do so, we use a fixed point method
(Newton-Raphson iteration) to solve a discretized boundary-value problem. A centered-difference
scheme is applied to the second-order derivatives with a typical spacing Az € [0.025,0.1]. We are
using a sufficiently large computational domain = € [—L, L] such that the boundary conditions do not
affect the approximations within the considered numerical precision. The solutions ¢(x) are obtained,
using continuation, as a function of parameter p. The continuation of the solution branches is per-
formed from the linear limit y = 1, both for the cases ¢ = 1 and ¢ = —1. The results are shown
in Figure [l illustrating the quantity Q = H(bH%z as a function of u. The numerical findings are also
compared to the asymptotic result ([8.2]) of Proposition [I] indicating the good agreement of the latter
prediction with our computational results for a fairly wide parametric window.

Once the corresponding numerical solution is identified (for a given o and p), the linear eigenvalue
problem (LTI]) is approximated numerically. We use again a discretization of differential operators on
a finite grid, such that the spectral problem (IL.II]) 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 ([B.7)—(B.8]) of Proposition
2l The dashed lines show asymptotic results (A.7)-([A.8) of Appendix A derived in the limit g — oo
for ¢ = 1. Once again, the good agreement offers us a quantitative handle on the relevant eigenvalues.

Finally, we have also examined periodic oscillations of dark solitons in the numerical simulations of
the GP equation (2. A typical example is shown in Figure Bl for o = 1 and p = 1.1 for the initial
condition u(x,0) = ¢(z) + d¢'(x) with 6 = 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 ¢(z). The bottom left panel shows the space-time contour
plot of |u(x,t)|? —¢?(x), 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(zq,t)|? is plotted
versus t for o = 2. Finally, the bottom right panel illustrates the Fourier transform of the time series
of |u(zg,t)|? (normalized to its maximum). It shows a high peak of the frequency spectrum near the
value 2 = 1, in agreement with the results of the main Theorem [11

Acknowledgement. D.P. thanks to W. Craig and V. Konotop for useful discussions related to the
project. D.P. is supported by the Humboldt and EPSRC fellowships. P.G.K. is supported by NSF
through the grants DMS-0204585, DMS-CAREER, DMS-0505663 and DMS-0619492.

A Asymptotic distribution of eigenvalues

Let us consider the case ¢ = 1, when the solution ¢(z) of the ODE (L3) bifurcates to the interval
i > 1 (see Proposition [Il and Figure [I). We are interested in the distribution of eigenvalues of the
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Figure 1: Branches of dark solitons versus u both for the case of 0 = —1 (when u < 1) and 0 = 1
(when g > 1). The numerically obtained solution is shown by solid line and the asymptotic solution
[B2) is shown by dash-dotted line.

Figure 2: Smallest purely imaginary eigenvalues of the linear eigenvalue problem (I.IT]) versus p. The
numerically obtained eigenvalues are shown by solid lines, the asymptotic results (3.7)-(3.8)) are shown
by dash-dotted lines, and the asymptotic results (A 7)—(A.8]) are shown by dashed lines.
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Figure 3: A typical example of the robust time-periodic solution of the Gross-Pitaevskii equation (L2I)
for o0 = 1, p = 1.1 and u(x,0) = ¢(x) + ¢'(x) with 6 = 1073, The top left panel shows the space-time
contour plot of |u(x,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 z¢9 = 2, while the bottom right panel shows
the Fourier transform of the time series of |u(wg,t)[?, featuring a peak at  ~ 1.
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linear problem (L.IT]) as u — oo, assuming that the solution ¢(z) persists in this limit. It follows from
the scaling transformation below equation (L2]) that the limit ;4 — oo of the normalized equation (L2])
corresponds to the limit € — 0 in the original GP equation (I.I]). We shall replace p + % = [t and drop
tilde notations for the sake of simplicity. We report here formal results based on asymptotic methods.
Rigorous justification of these results is beyond the scope of our work.

Denote the ground state of the ODE (IL3)) by ¢o(x) such that ¢g(z) is even and positive on = € R
and it decays to zero as |x| — oo sufficiently fast. Using the substitution ¢g(x) = \/uq(§) and § = \/qu’
we obtain an equation for ¢(&),

1 d?

which is solvable with the nonlinear WKB series [I2]. The main result of the formal WKB theory is
that there exists a classical solution ¢,(§) of the ODE (Al for sufficiently large p > 1 such that

g=1-6+

_&2 Y
= {15 V3]

The linear problem (LII) associated with the ground state ¢o(z) for o = 1 and p+ 4 — p can be
written in variables v = V(&), w = W(§) and A\ = pA for sufficiently large > 1. In new variables, it
takes the form

L.V =AW, L_W =AV, (A.3)
where 2 2
1 1
Ly = -1 o L_= -1 E s A4
Eliminating V(z), we close the linear problem (A3) at the fourth-order ODE
LyL_.W=TW, T =-A% (A.5)
By using the WKB theory (A.2]), we consider the auxiliary eigenvalue problem
1 iv (1 — 52)
W0 = oSS = TW (), e [-11], (A.6)

16p4 21

for W € L?([-1,1]). The entire spectrum of the problem (A.6]) is defined by a set of polynomial
solutions W = P, (&) = €™ + amm—2™ 2 + ... + amkﬁk, Vm € N, where k=1 if m is odd and k¥ =0
if m is even. The balance of the largest term in the ODE (A.6]) shows that the eigenvalue I' = T'y,, is
found explicitly as I';;, = m(;z 2_1), while all coefficients {am,m_gk}gi/lz] are uniquely defined. Converting
the values of ' to the values of A\, we have found that the linear problem (I.I1]) associated with the
ground state ¢g(z) has a set of simple purely imaginary and symmetric eigenvalue pairs {£i{, }men,

such that

lim Q,, = M7
f00 V2

in addition to the double zero eigenvalue A = 0.

Vm €N, (A7)

Finally, the dark soliton ¢(z) of the ODE (I3]) is obtained asymptotically from the ground state
¢o(z) by the factorization ¢(x) = ¢o(z)1(x), where ¥(z) is odd on = € R, positive on x € R} and may
approach to the constant values as |x| — oo [16]. Using this factorization and the formal asymptotic
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analysis, it was shown in [16] that the spectrum of the linear problem (LI1]) associated with the dark
soliton ¢(x) admits a pair of simple purely imaginary eigenvalues +i€)y, such that
lim Qo = — (A.8)
im =—. .
oo 0 V2
Although the analysis of [16] was directed to the original GP equation (L)) in the limit of small e
and the eigenvalue pair was found to be A — =ie, the scaling transformation to the normalized GP

equation (L2)) implies that A = ﬁ -+

Numerical computations (see Figure[2) suggests that the entire spectrum of the linear problem (L.1T])
associated with the dark soliton ¢(x) is a superposition between an infinite set of eigenvalues (A7) of
the linear problem (L.I1]) associated with the ground state ¢o(x) and the additional pair of eigenvalues
(B.3).

Note that the linear eigenmode corresponding to the smallest eigenvalue ¢ = % may not result

in the periodic solution of the nonlinear PDE system (LL4]) because the non-resonance condition n #
vm(m—+1) for all n,m € N is violated in the limit n,m — oco. Similarly, the linear eigenmode
corresponding to the second eigenvalue €27 = 1 may not result in the periodic solution of the PDE

v m(m+1)
V2

least for n = 6 and m = 8. In both cases, the Lyapunov Theorem for persistence of periodic orbit in
Hamiltonian dynamical systems can not be applied [15].

system (L4) because the non-resonance condition n # for all n,m = 2,3, ... is violated at
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