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Abstract

Excited states of Bose—FEinstein condensates are considered in the large density
limit of the Gross—Pitaevskii equation with repulsive inter-atomic interactions
and a harmonic potential. The relative dynamics of dark solitons (density dips
on the localized condensate) with respect to the harmonic potential and to each
other is approximated using the averaged Lagrangian method. This permits a
complete characterization of the equilibrium positions of the dark solitons as
a function of the chemical potential. It also yields an analytical handle on the
oscillation frequencies of dark solitons around such equilibria. The asymptotic
predictions are generalized for an arbitrary number of dark solitons and are
corroborated by numerical computations for 2- and 3-soliton configurations.
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1. Introduction

The defocusing nonlinear Schrodinger equation is a prototypical model for a variety of different
settings including nonlinear optics, liquids, mechanical systems and magnetic films, among
others. In one spatial dimension, its prototypical excitation is the dark soliton, i.e. a localized
density dip on a continuous-wave background (carrying also a phase jump).

One of the major areas of application where the description of dark solitons with a
mean-field model (also known as the Gross—Pitaevskii equation) has been relevant is the
physics of atomic Bose—Einstein condensates (BECs) [16, 17]. There, the repulsive inter-
atomic interactions can be accurately captured by an effective nonlinear self-action [6]. A
considerable volume of experimental work has conclusively demonstrated the relevance of such

0951-7715/10/081753+18$30.00 © 2010 IOP Publishing Ltd & London Mathematical Society ~Printed in the UK & the USA 1753


http://dx.doi.org/10.1088/0951-7715/23/8/001
http://stacks.iop.org/no/23/1753

1754 M P Coles et al

nonlinear waveforms within harmonically confined condensates. Although in earlier works,
such coherent structures were dynamically or thermally unstable [4, 5], more recent work has
overcome such limitations [9, 18-20]. This has been achieved by working at sufficiently low
temperatures (of the order of 10nK) and for strongly confined in the transverse directions,
cigar-shaped BECs. Furthermore, in these recent experiments, the nature of the generation
process (e.g. by interference of two independent BECs [18, 20, 21] or through interaction of
the BEC with an appropriate light pulse [19]), makes it possible to produce two or more dark
solitons on the background of a localized condensate. In principle, the resulting number of
dark solitons can be chosen at will, as indicated in [20].

These recent developments prompt us to examine the dynamics of dark solitons which are
harmonically confined within localized repulsive BECs. These can be thought of as density dips
that arise in nonlinear variants of the excited states of the quantum harmonic oscillator [3, 12].
The study of the equilibrium positions and near-equilibrium dynamics of these density dips is
the principal theme of the present contribution. In particular, using a Lagrangian (variational)
approach, we compute the asymptotic dependence on the chemical potential parameter both
for equilibrium positions of dark solitons and for their oscillation frequencies around such
equilibria.

We note that the Lagrangian approach was developed for the defocusing NLS equation
without potentials in [14]. It was used for computations of stationary configurations of dark
(and bright) solitary waves in single and multiple well potentials [1, 2].

This paper is organized as follows. In section 2, we present the general mathematical setup
of the problem. Section 3 examines the single soliton case, section 4 extends considerations
to 2-solitons and section 5 generalizes the results to an arbitrary number of m-solitons for
m = 2. Section 6 compares our asymptotic predictions with numerical computations and
suggests some interesting directions for further study.

2. Mathematical setup

Let us start with the Gross—Pitaevskii equation with a harmonic potential and repulsive
nonlinear interactions

v = —Jvee + 26%0 + |v[*v — o, (1
where v(§, 7) : R x R — C is the wave function and u € R represents the chemical potential
(and is physically associated with the number of atoms in the condensate). We are interested in

localized modes of the Gross—Pitaevskii equation in the large density limit & — oo, which is
associated with the semi-classical or Thomas—Fermi limit. Using the scaling transformation,

vE ) =pPuten,  E=w' Pk T=2 2
the Gross—Pitaevskii equation (1) is transformed to the semi-classical form
icu, + &%upy + (1 — x* — Ju|®u =0, 3)
where u(x, 1) : R x R — C is a new wave function and & = (2)~! is a small parameter.
We note that the large density limit in the realm of the Gross—Pitaevskii equation (1) is
of mathematical interest, yet of somewhat limited physical importance. The one-dimensional
reduction of the three-dimensional condensates fails prior to the density reaching this limit.
Nevertheless, all the structural features that will be observed herein will be independent
of the precise form of the model and are relevant also to more elaborate non-polynomial

models [20, 21] to account for the experimental observations of dark solitons in BECs.
Let 5, be the positive solution of the stationary problem

20, (0) + (1 = x% = ()11 (x) = 0, x eR. 4)
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According to the previous (rigorous) results [8, 10, 11], for any sufficiently small ¢ > 0 there
exists asmooth solution n, € C*°(R) thatdecays to zero as |[x| — oo faster than any exponential

function. The ground state converges pointwise as ¢ — 0 to the compact Thomas—Fermi cloud
o (A=) for x| <1,
no(x) := }13}) ne(x) —{ 0. for x| > 1. (®))

Moreover, it is proved in [8] that there is C > 0 such that
7 — nollL= < Ce'’. (6)

We shall consider excited states of the Gross—Pitaevskii equation (3), which are non-

positive solutions of the stationary problem

e2ul (x) + (1 — x* — u?(x))u. (x) =0, x eR. (7)
The excited states can be classified by the number m of zeros of u.(x) on R. A unique solution
with m zeros exists near € = &, by the local bifurcation theory [15], where ¢, = 1/(1 + 2m),
m € N. Because of the symmetry of the harmonic potential, the mth excited state u.(x) is
even on R for even m € N and odd on R for odd m € N. The mth excited state is continued for
& < &, numerically [22], based on the technique of numerical continuations from the linear
states [3, 12].

In our work we shall apply variational approximations [14] to study relative dynamics of
dark solitons (localized solutions with nonzero boundary conditions on the background of the
positive ground state 7, ) with respect to the harmonic potential and to each other. In particular,
we obtain results on the existence and spectral stability of the excited states from analysis of
equilibrium positions of dark solitons and their oscillation frequencies near such equilibrium.
To enable this formalism, we use the well-known product representation for vortices on the
ground state [10, 11] and substitute

u(x, 1) =n:(x)v(x, 1)
to the Gross—Pitaevskii equation (3) and find an equivalent equation

iengv + &> (nZvy) + (1 = [vHv = 0. 8)
Excited states are solutions of the stationary equation

82% (n2(x)V,,(x)) + 12 () (1 = V2 (x)) Vi (x) = 0, x e R, 9)
which have exactly m zeros on R and satisfy the boundary conditions

xgrjl;loo Vin(x) = (£D™, m e N.

Solutions of the stationary Gross—Pitaevskii equation (9) are critical points of the energy
functional

AQ) = ¢? / n?(xnmzdaml / ne (o) (1 — Jv]?)*dx. (10)
R 2 Jr

in the sense of §A/§v|,~y, = 0. The time-dependent Gross—Pitaevskii equation (8) follows
from the Lagrangian function L(v) = K (v) + A(v), where

K@) = %E/Rng(x)(vﬁ, — #v)dx, (11)

by means of the Euler—Lagrange equations
L déL

80 drsv,
In what follows, we obtain variational approximations for time-dependent solutions near the
excited states V,, (x) form = 1, m = 2, and in the general case m > 2. We also compare these
approximations with numerical results for m = 2 and m = 3.
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3. 1-soliton (m = 1)

Let us consider the dark soliton

vi(x, 1) = A(t) tanh (sle(t)(x — a(t))) +1b(1), A>0, B>0, aeR, beR,
(12)

as an ansatz for the Lagrangian L(v). The motivation for this choice originates from the fact
that (12) is an exact solution of (8) if n, = 1 under the constraints

1
A=+1-p2, B:E 1 — b2, a=ayg+~2bt, b=bhy,

where ag € R and by € (—1, 1) are arbitrary ¢-independent parameters. In view of the relation
o> = A% + b* — A%sech?(e ' B(t)(x — a(?))),

it is clear that a is a centre of the dark soliton, b is its speed, A determines its amplitude and
B determines its width. If the dark soliton is placed inside the confinement of the compact
Thomas—Fermi cloud (5), then the constraint a € (—1, 1) has to be added.

When n, # 1, the trial function (12) is no longer an exact solution of (8) but it
becomes the best approximate solution in the corresponding class of functions if parameters
(A, B,a,b) are chosen from the Euler-Lagrange equations of the averaged Lagrangian
Ly(A, B,a,b) = L(vy). This variational method provides a useful qualitative approximation
to physicists for understanding the dynamics of dark solitons under perturbations [14]. Unlike
the work of [14], we do not need to renormalize the Lagrangian function L(v) thanks to the
rapidly decaying weight function 773 (x) under the integration sign in (10) and (11).

Let us choose A = +/1 — b? and b € (—1, 1) to satisfy the boundary conditions

lim |vi(x,0)| =1 forall r € R.
x—=+00

Substitution of ansatz (12) to L(v) and integration in R results in the effective Lagrangian

b
V1 =52
—¢b 1—b233*1/ng(x)zsechz(z)dﬁ(l —b2)32/ n?(x)sech*(z)dx

R R

L(v)) = / n?(x) tanh(z)dx + by/1 — b2Ba / n?(x)sech?(z)dx
R R

1
+ 5(1 - b2)2f n#(x)sech(z)dx, (13)
R
where z = ¢! B(x — a). Note the pointwise limits
lim tanh(z) = sign(x — a), lim sech’(z) =0, x € R\{0}, (14)
£—> e—

which show that lim,_,¢o L(v;) = 0. The asymptotic behaviour of L(v;) as ¢ — 0 is computed
in the following lemma.

Lemma 1. Assume that B > 0, a € (—1,1), and b € (—1, 1). Then,

L) b 1 5 2
Ll.—ll_rf(l) e = m(a 3a +bv1—>b*(1 —a)a

2 2 2 1 282 252
+3 (=@ =B)B+ (1= a1 = 7).
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Proof. Thanks to the limit (5), the pointwise bound (14) and the dominated convergence
theorem, we have

1
2
lim/ ng(x) tanh(z)dx = / (1 - xz)sign(x —a)dx = —2a + =a’,
e—0 R —1 3
To compute the remaining four integrals in (13), we use the change of variables x — z, so that

8_13/ n*(x)sech?(z)dx = / n? (a +ezB~") sech’(z)dz
R R

Tt
= / ng (a +ezB") sech®(z)dz + &'/ f R p..(z)sech?(z)dz,
z R

where z1. = ¢! B(£1—a) and the remainder term satisfies the uniform bound || Repallie <C
for some C > 0, thanks to the bound (6). As a result, the second term does not contribute to
the limit ¢ — 0. To deal with the first term, we decompose the integral into three parts

T+ pa 2+
(1-d%» / sech’(z)dz — 2eaB™! / zsech?(z)dz — szB’zf z%sech?(z)dz.
- .

Z—

We recall that the integral

[o.¢]
/ ZFsech?(z)dz, k>0
ag~!

is exponentially small in € if @ > 0 is e-independent. As a result, the second and third terms
do not contribute to the limit ¢ — 0, while the first term gives

liII(l)S_IB/ n?(x)sech?(z)dx = (1 — az)/ sech?(z)dz = 2(1 — d?).
E—> R R

The remaining three integrals in (13) are computed similarly to the second integral in (13) and
give

lime™'B / n?(x)zsech?(2)dx = (1 — a?) / zsech?(z)dz = 0,
R R

e—0
4
lim 8"3/ n?(x)sech*(z)dx = (1 —az)/ sech*(z)dz = =(1 — a?),
e—0 R R 3
4
lim e_lB/ ng(x)sech4(z)dx =(1- az)z/ sech*(2)dz = = (1 — a®)%.
e—0 R R 3
Combining all individual computations gives the result for L. [ ]

Since B is absent in Ly :=L(a, b, B), variation of L| with respectto B gives an algebraic
equation on B with the exact solution fora € (—1, 1):

B:%\/l—azvl—bz.

Eliminating B from L(a, b, B), we simplify the effective Lagrangian to the form

24/2 , 1
Li(a,b) = T‘/_(l —a®? (1 = b¥? =21 - b2 (a — §a3>

d 1
+ —|(a—=d®|bv1-02],
dt 3

where the last term is the full derivative. Since adding a full derivative does not change the
Euler-Lagrange equations, the last term can be dropped from L;. Variation with respect to a
and b gives the following system of equations

. : V2a(1 — b?)
azﬁ\/l—azb, b= ———+—"—- T
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which is equivalent to the linear oscillator equation
a+2a=0.

The critical point (a, b) = (0, 0) corresponds to the solution V; of the stationary equation
(9). Oscillations near the critical point with frequency ~/2 correspond to the oscillations of
the dark soliton V; relative to the positive ground state 7, in the limit ¢ — 0; see, e.g., [13]
and references therein. This frequency was found to be the smallest nonzero frequency in the
spectrum of the spectral stability problem associated with the first excited state, see figure 2
in [15].

4. 2-solitons (m = 2)

Let us now consider a superposition of two dark solitons
vo(x,t) = [Al(t) tanh (s_lBl(t)(x — al(t))) +ib1(t)]
X [Az(l) tanh (e_le(t)(x — az(t))) + ibz(t)] , (15)

where we shall use the relations for the individual dark solitons

Aj=,/1-03, B,:%E,/l—af,/l—b{ j=12,

foraj € (=1,1)and b; € (-1, 1).

Although the exact solution for two dark solitons exists for the defocusing NLS equation
without potentials, the variational approximations become computationally more difficult when
the exact solution is used. Instead, we will use the product solution (15), which is only an
approximate solution of the defocusing NLS equation if the separation distance between the
dark solitons is large. Therefore, we shall later add the assumption (equation (16)) that the
two dark solitons are located far away from each other compared with their widths as ¢ — 0,
although both of them are located close to the centre x = 0 of the harmonic potential.

In-phase oscillations of two dark solitons are very similar to the oscillations of one dark
soliton and have the same frequency +/2 [20] (this point is shown in section 5 for a general
case of m > 2 dark solitons). Therefore, we shall consider the out-of-phase oscillations of
two dark solitons and choose

a) = —da, a =da, b1 = —b, b2 = b,

witha € [0, 1) and b € (—1, 1). Substitution of v, to A(v) gives
Av) = A2B2/ 0z (x) [sech*(z.) + sech®(z_) — 2b*sech®(z,)sech?(z_)
R
— Asech®(z,)sech?(z_) (sech®(zy) + sech?(z_) — 2 tanh(z,) tanh(z_)) ] dx

1
+ EA4 / 1p(x) [sech*(z,) + sech*(z_) + 2sech?(z4)sech®(z_)
R

—2A%sech?(z)sech?(z_) (sech2 (z+) + sech?(z_ )) + A*sech®(z,)sech* (z,)] dx,

where 7+ = ¢! B(x £ a). The integrals that only depend on z, or z_ are computed similarly
to the case of 1-soliton in section 3. The overlapping integrals that depend on both z, and
z_ are computed under the a priori assumption

a<Ce'ls, e~ B < Che?|log(e)], (16)

for some Cy, C, > 0 and sufficiently small ¢ > 0. As we will see later, the a priori assumption
allows us to recover the equilibrium state of two dark solitons and to study perturbations near
the equilibrium.
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After simplifications, one can write

 Aw)

Ay = e =Ac+A_+ onerlapv

where
A2 BZ A4
Ay = / ng(x)sech“(zi)dx + —/ ng(x)sech4(zi)dx
2¢ R 4e Jr

and

A232 2 2 2
onerlap = - e ne (x)sech”(z4)sech”(z_)

R

x [2b* + A? (sech®(zy) + sech®(z_) — 2 tanh(z,) tanh(z_)) ] dx

A4
+ - / ne (x)sech?(z,)sech?(z_)
4¢ R
x [2-247 (SeChz(Z+) + sechz(z,)) + A4sech2(Z+)sech2(Zf)] dx.

The terms A are the potential energies of the individual dark solitons and the term A gyeriap
contains overlapping integrals. By lemma 1, we have

A =220 —a®2(1 -2+ 0.
The overlapping integrals for small ¢ are computed in the following lemma.
Lemma 2. Assume that a € (0, 1) satisfies (16), b € (—1, 1), and
A=1-p, B=1J1-a/i-p.
Then,
Aovertap = —8v2(1 — a®)*2(1 = b?)¥? e74Ba=" (1 + O(s1%)) .

Proof. To compute the overlapping integrals, we use the symmetry of the integrand and the
change of variables x — z_. The first overlapping integral in Aoyeriap 1S given by

¢ 'B / ng (x)sech?(z,)sech?(z_)dx
R

o0
= 2/ n? (a +ezB~") sech’(z)sech?(z + 2Bas ™ ")dz,

Bag™!

where z = z_. Similarly to the proof of lemma 1, we break the integral into four parts

B(1—a)e™!
2(1 —a?) / sech?(z)sech?(z + 2Bag~")dz

Bag™!

B(l—a)e™!
—4aeB~! / zsech?(z)sech®(z + 2Bas1)dz

Bag~!

B(1—a)e™!
—2¢?B7? / z?sech?(z)sech®(z + 2Bas~")dz

Bag~!

[e ]
+2e!/3 / R B4 (z)sech?(z)sech’(z + 2Bae ~)dz,
—Bag™!
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where the remainder term satisfies the bound ||R; g 4|z~ < C for some C > 0, thanks to
the bound (6). The first part gives the leading order of the integral according to the explicit
calculation

B(1—a)s™!
I, = / sechz(z)sechz(z + ZBae_l)dz

Bag~!
Bags™! B(1—a)e™! e—4z—4Bae"
=16 (/;Bas‘ + /Baaf‘ ) (1+ e—2z)2(1 + e—Zz—4Bae’l)2 dz

We have

0< 6721743118’] < 672Ba6’]’ 7> _Bae~!
and

e—B(l—a)s" < e—Bas’l, a< Ce'/é,
so that

1 ga—4Baz! pac ek —2Bas"! —8Bae™!
I = 16¢ /3 e (140 (e "))+ 0 (e70e)
— aEiI
= 8e7* ! 2Bas ™! — 1) (140 (720 7)).

The second part of the overlapping integral is computed from the explicit computation

B(1—a)e™!
I, = aa/ zsechz(z)sechz(z + ZBasfl)dz

Bag—!

Bae™! B(1—a)e™!
=ae / +/ zsech?(z)sech?(z + 2Bas~")dz
- B

Bag—! ag~!
— 0@+ 0 (aﬁBM”) — 0.

The last two parts of the overlapping integrals are computed similarly and yield

B(1—a)e™!
I; = &* / z%sech?(z)sech?(z + 2Bas~")dz = O(a*1,),

Bag™!
o0
Iy = 81/3/ RE,B,u(z)sechz(z)sechz(z +2Bas NHdz = 0@ 1)).
—Bag™!

Under assumption (16), we have
e 284" = O(e|log(e)|'/?) and a® = 0",

so that we finally obtain

s_lB/ n?(x)sech?(z,)sech?(z_)dx = 16(1 — a®)e 8% (2Bas™ — 1) (1 + O(s'/?)).
Similarﬂfy, we compute the other overlapping integrals in Aoyeriap as follows:

¢ 'B /]1; nsz(x)sech2(z+)sech2(z_) (sechz(z+) + sechz(z_)) dx

64 ]
=S (1 —ahe 1+ 0@,

¢ 'B / n?(x)sech?(z,)sech?(z_)tanh(z,)tanh(z_)dx
R

— 32(1 _ a2)e—4Ba£71 (_Bag_l + l) (1 + 0(81/3))
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and

-1 11
8713/ 12 (x)sech?(z4)sech? (z_)dx = 512(1 — a?)?e#54¢ <Bae91 - E) (1+0@E'"?).
R

Combining these computations together, we obtain the expression for Agyerap- [ |
Variations of A;(a, b) define critical points that correspond to the solution V,(x) of the
stationary equation (9). Since A, is even in b, the set of critical points includes the points with
b = 0. Note that vy (x, t) in (15) is real if b = 0, which agrees with V,(x) being real-valued.
Since A, + A_ is even in a and the overlapping integral is small under assumption (16),
variation of A;(a, 0) in a gives a root finding problem

—4v28a (1+0(') +32¢7 V2 (14 0(e'%)) = 0, (17)

where we recall that a> = O(¢'/?). The asymptotic analysis of the roots of the nonlinear
equation (17) in the following lemma shows that the a priori assumption (16) is indeed satisfied.

Lemma 3. For sufficiently small ¢ > 0, there exists a simple root of the nonlinear equation
(17) in the neighbourhood of 0, which is expanded by

o= % (— log(e) — %log |og(e)| + %10g(2) + 0(1)> ase — 0. (18)

Proof. Taking a natural logarithm of the nonlinear equation (17), we obtain
2v2a + g log(a) = —¢log(e) + S log(2) + O(e*?).
Leta = — \/%e log(e)U and rewrite the problem for U:
_ log@) _ |, logllog(e)| 3log(2)
2log(e) 2log(e) 2 log(e)

By the implicit function theorem applied to equation (19), existence of a unique root U (¢)
in a one-sided neighbourhood of ¢ > 0 is proved, where U (¢) is continuous in ¢ > 0 and
lim, o U (e) = 1. To estimate the remainder term for |U (¢) — 1], one can further decompose

(1+0(@'7)). (19)

log |1
U =14 0202@]
2log(e)
and rewrite the problem for V:
log (1 + (log |1 21 1+V 3log(2
y _ log(1+ (og|log(®)|/2l0g@)(1+ V) _ _ 3106 | iy )
log [log(e)| log [log(e)]

By the implicit function theorem applied again to equation (20), existence of a unique root
V (¢) in a one-sided neighbourhood of ¢ > 0 is proved, where V (¢) is continuous in ¢ > 0 and

3log(2) ) _0
log [ log(e)
Substitution of U and V back to formula for a gives (18). [ |

lim log | log(e)| (V (&) +
el0

By lemma 3, we can study temporal dynamics of two dark solitons near the bound state
that corresponds to a small root of the nonlinear equation (17).

To proceed with time-derivative terms, we substitute (15) to the kinetic part K (v) in (11)
and find that
_ K(v)

K> :
2 2e

=K, +K_ + Koverlapv
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where

b b1 —b2Ba
Ki=F ——— [ n’(x)tanh(z4)dx + —————— | n%(x)sech®(z+)d

£+=7F ZMA;%(X) anh(z4)dx % /RUE(X)SGC (z4)dx
b1 —b2B
+ - = f n?(x)zesech? (z4)dx

2B -

and

1.
Koverap = 55(1 = b/ / 02 (x) (tanh(z;)sech®(z_) — tanh(z_)sech?(z;)) dx
R

— & 'b(1 = b*)*?(Ba + Ba) / n*(x)sech?(z,)sech?(z_)dx.
R

The terms K. are the kinetic energies of the individual dark solitons and the term Koyeriap
contains overlapping integrals. By lemma 1, we have

. 1 d 1
lim(Ky +K) =41 =bb|a—=a® | +2—|(a = =d® ) bV1 = b?].
e—0 3 dr 3

The overlapping integrals for small ¢ are estimated in the following lemma.

Lemma 4. Assume that a € (0, 1) satisfies (16), b € (—1, 1), and

12 _ "2
A= VI g Yl-avi-b
NG

Then,
Koverlap = 26b(1 = b)) B~} (1 — @) (1 + O(¢'))
— 16b(1 - b2)3/2(d + BilBa)(l _ a2)e—4Ba3’1 (23@871 o 1) (l +O(8l/3)) )

Proof. Both terms in Koyer1ap are estimated similarly to the proof of lemma 2. [ |

To obtain effective dynamical equations on (a, b) valid in the domain specified by
assumption (16), we expand L, (a, b) = L(v,)/2¢ in the quadratic form in (a, b) and apply the
limit ¢ — O to all but the overlapping integrals. As a result, the reduced effective Lagrangian
L, (a, b) takes the form

La(a,b) ~ 22 (1 = 3% + a®) + O + a*)?) — 4ab (1 + OW* +a?))
. Sﬁe—Zﬁas’](]+O(b2+a2)) (1 + O(b2 +a2)).

In variables (a, b), the Euler—Lagrange equations at the leading order become

a=~2b, b= —v2a+8s e V2
or, equivalently, recover the nonlinear oscillator equation

i+2a =826 e 225
The equilibrium state is given by the root ay(e), which satisfies the asymptotic expansion (18).
This equilibrium state is a centre and linear oscillations near the centre satisfy

S+ a)(2)8 =0,
where § = a — ay(e) and

32 23 (e)e! 4\/5610(8)
—e =2+ —-
g2 &

= —4log(e) —2log|log(e)| +2+61log(2) +o(1), ase — 0, 21
thanks to lemma 3. We note that the frequency wy(e) of the out-of-phase oscillations of two
dark solitons grows in the limit ¢ — 0. This property will be further discussed in section 6.

wi(e) =2+
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5. m-solitons with m > 2

We extrapolate the results of section 4 to the case of m-solitons with m > 2. The general
superposition of m dark solitons is substituted in the form

Up(x,t) = 1_[ Aj(t) tanh ’IB ) (x —aj(t))) +ib; (t)) (22)

where

Aj=./1-b3, B,-:%E,/l—af.‘/l—b?, je{l,2,...,m}

fora; € (—1,1) and b; € (-1, 1). Under the same assumptions of

la;| < Cie'®, je{l,2,....,m}
and

e V2= < Coellog(e),  je{l,2.....m—1),
for some Cy, C, > 0, we reduce the effective Lagrangian L,, := L(v,)/2¢ to the leading
order

Ly ~ —ﬁi (a; +b7) 2Za]b — 8\/_Ze_f(“/*' e

J=1 Jj=1

where only the quadratic terms in (a;, b;) and only the pairwise interaction potentials are taken
into account. Using the Euler—Lagrange equations, we obtain

aj =N2bj, b;=—2a; — 8 (e VW _eVAama 0y ey 2 m),

(23)
where boundary conditions ag = —oo and a,,4; = oo are assumed. The centre of mass
(a) = % Z?:l a; satisfies the linear oscillator equation

(a) +2(a) =0, (24)

which recovers the frequency /2 of oscillations of one dark soliton in section 3. This frequency
corresponds to the in-phase oscillations of m-solitons.
Let us introduce the set of normal coordinates

xj =2 —aje, jefl2,....m—1},
and rewrite system (23) in the scalar form
Xj+2x; +1667% (679 — 27V 47V ) =0, jefl,2,....,m—1}, (25)

where the boundary conditions are now xo = x,, = 0o. System (25) is known as the Toda
lattice with nonzero masses, which is not integrable by inverse scattering (unlike its counterpart
with zero masses). We are only interested in existence of critical points in the Toda lattice and
in the distribution of eigenvalues in the linearization around the critical points.

Critical points of the Toda lattice (25) are defined by solutions of the system of algebraic
equations

2xj + 1672 (e —2e ™ +e7 1) =0, jef{l,2,...,m—1}. (26)
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Let the (m — 1) x (m — 1) matrix A be given by

2 -1 0 0 00
-1 2 -1 0 -~ 00
A—| 0 -1 2 1 00
0 0 0 0 .. —-12

Matrix A arises in the central-difference approximation of the second derivative subject to
the Dirichlet boundary conditions. It is strictly positive and thus invertible. The system of
algebraic equations (26) can be written in the matrix—vector form

2 2

Ae ™" = %:c = e ® = %A‘la:. 27)

Solutions of system (27) in the limit ¢ — 0 are analysed in the following lemma.

Lemma 5. For sufficiently small ¢ > 0, there exists a unique solution of system (27) in the
neighbourhood of 0o, which is expanded by

x = —2log(e)l — log|log(e)|1 +21log(2)1 — log(Afll) +0(1), ase — 0, (28)
where1=1[1,1,..., 11T e R" 1L

Proof. Applying the natural logarithm to system (27), we rewrite the system as follows:
x = —2log(e)1 +3log(2)1 — log(A’Ia:).
Repeating the proof of lemma 3, we find the desired expansion (28). [ ]
Back to the physical variables (ay, ..., a;), the result of lemma 5 implies that the
coordinates of dark solitons are centred at (@) = 0 and distributed with nearly equal spacing

as ¢ — 0. Linearizing the Toda lattice (25) about the root of system (26), we obtain the linear
eigenvalue problem

(2 — )& — 16677 (67" E; —2e Vg +e I E; ) =0, jefl,2,....,m—1)},
(29)

where &) and &,, are not determined because the coefficients in front of & and &,, are zero.
Using the equivalent representation (27), we rewrite the linear eigenvalue problem in the form

2—0”E —2((A7'2) & — 2(A7 @) € + (A7 '@);1&5-) =0,
je{l,2,....,m—1}. 30)

Squared frequencies w? of oscillations of m-solitons are analysed in the limit ¢ — 0 in the
following lemma.

Lemma 6. For sufficiently small ¢ > 0, (m — 1) eigenvalues of the linear problem (30) are
expanded by

w? =2+ (—4log(e) — 2log | log(e)| + 4log(2)) 2% + O(1), (31)
where Q? € {1,3,6,...,m(m — 1)/2} and m > 2.

Proof. The matrix eigenvalue problem (30) with the asymptotic expansion (28) can be written
in the form

(2 — w)E; + (4log(e) +21og | log(e)| — 4108(2)) (vj41&j41 — 20;&; +vj1§j-1)
+2(w_,-+1§j+1 —2wj§j+wj,1$j,1)+o(l) =O, as & — O, (32)
where v = A™'1 e R" ! and w = A~ ! log(v) € R™" 1.
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Let Q? be eigenvalues of the reduced eigenvalue problem
QP+ v — 20jE +v;_1E_1 =0, jefl,2,...,m—1}. (33)

We will show that all eigenvalues of the reduced eigenvalue problem (33) are simple and given
explicitly by Q? e {1,3,6,...,m@m — 1)/2}. If this is the case, the regular perturbation
theory for the perturbed eigenvalue problem (32) implies that

|w? — 2 + (41og(e) + 2 log | log(e)| — 41og(2)) Q%] = O(1), ase — 0,

for each eigenvalue Q.

To obtain the exact distribution of eigenvalues of the reduced eigenvalue problem (33),
we will find the vector v explicitly. The components of v satisfy the Dirichlet problem for
second-order difference equations

2vj—vj+1—vj_1=1, je{l,Z,...,m—l},
subject to vo = v,, = 0. The exact solution of this problem is obtained by substitution
v, = 1j(m— j), jefl,2,...,m—1)}.

Letk=j— (m/2),sothatk € Z,, ;= {—(m/2)+1,—(m/2)+2,...,(m/2) — 1}. Note that
Z,, includes integer values for even m and half-integer values for odd m. Denote ¢ = &; and
X = 27 and rewrite the reduced eigenvalue problem (33) in the following explicit form:

2
Al = <mT - kz) 2%k = Cke1 — Sk—1) + 2k (Crs1 — Cx—1) + (Cpw1 + Li—1) k €1,.
(34)

First, we consider problem (34) for all k € Z with a fixed m > 2 and prove that there exists
a basis of eigenvectors ¢ € {P,},en, in the space of analytic functions on Z for an infinite
set of eigenvalues A € {(n + 1)(n + 2)},en,, Where Ny := {0, 1,2, ...}. The corresponding
eigenvector { = P, for each eigenvalue A = (n + 1)(n + 2) is given by the polynomial P, (k)
in the form

Go=Pyk) =K' +c k" ek P+, keZ, (35)

with uniquely determined coefficients (cy, ¢3, ..., ¢;). To show this, we note that if { € P,,
where P, is the vector space of polynomials of degree n, then the vector field of the eigenvalue
problem (34) belongs to P,. This follows from the fact that if { € P,, then

(28k — Skt — Gk—1) € Pu—a, (Cks1 — Ck—1) € Pt (Sk+1 + Sk—1) € Pa. (36)
Substituting representation (35) to the linear eigenvalue problem (34), we collect coefficients
in front of k” to find that A = (n + 1)(n + 2) and the coefficients in front of k"', k*=2, ..., k°
to find a lower triangular system of linear equations for ¢y, ¢, ..., ¢,. The lower triangular
coefficient matrix is invertible (non-singular) because, if this is not the case, a homogeneous
solution would exist to give a polynomial of a lower degree for the same eigenvalue A. This
contradicts the fact that the set {(n+1) (n+2)},en, includes only simple eigenvalues. Therefore,
aunique valuefor (cy, ¢, . . ., ¢,;) exists fora given n. All eigenvectors are linearly independent
since polynomials of different degrees defined on Z are linearly independent. The set of all
eigenvectors gives a basis of eigenvectors in the space of analytic functions on Z.

Next, we will prove that the basis of eigenvectors for the linear eigenvalue problem (34)

on Z,, with m > 2 is given by {Py, P, ..., P,_»}, which corresponds to the first (m — 1)
eigenvalues A € {2,6,12,...,m(m — 1)}. This follows from the fact that each polynomial
P; is nonzero on Z,, for j € {0, 1, ..., m — 2} in the sense of

PRIAGIEA je{0.1,...,m—2}. (37)

ke,
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Suppose for a contradiction that condition (37) is false, that is P;(k) has (m — 1) roots on R.
However, j < (m — 1) and by the fundamental theorem of algebra, P;(k) = 0 forall k € Z,
which gives us the contradiction. Therefore, condition (37) is satisfied. Furthermore, since
polynomials {Py, Py, ..., P,_»} correspond to distinct eigenvalues, these eigenvectors are
linearly independent and form a basis of eigenvectors on Z,,. This implies that all other
polynomials in the set {P;};>,—; are linearly dependent from {Py, P, ..., P,_»} on Z,,
which means, in view of different degrees and distinct eigenvalues, that P; are identically zero
onZ, forall j > m — 1. Therefore, the basis of eigenvectors for the linear eigenvalue problem
(34) on Z,,, withm > 2 is given by { Py, Py, ..., P,_2}. [

We note that the polynomial P, (k) in (35) is even in k € Z for even n and odd in k € Z
for odd n. This follows from the parity transformations of operators in (36) and the explicit
form of the linear eigenvalue problem (34). For example, let m = 4 so that 7, = {—1, 0, 1}
and compute eigenvectors and eigenvalues of (34) explicitly:

A=2: &= Po(k) =1,
A=6: b= Pi(k) =k,
A=12: &= Py(k) =k* — 1.

For the same case m = 4, P3(k) = k(k* — 1) so that P3(k) = O for all k € Z;. This example
illustrates the general case in the proof of lemma 6.

We finish this section with the explicit asymptotic approximations for 3-solitons (m = 3).
By the symmetry of system (26) with m = 3, we understand that

X1 =X = V2ae™! Sa=—a, a=0, a=a,
where a is a root of equation
_ _ -1
a — 42" TeV2ae =0,

which is expanded asymptotically as
&
V2
Comparison with the asymptotic expansion (28) shows that v = 1 and w = A~!log(v) = 0.
Therefore, the perturbed eigenvalue problem (32) for m = 3 has no O(1) term related to w and
the asymptotic distribution (31) becomes accurate with O(1) replaced by o(1). As a result,
we find the explicit asymptotic expansions of the two squared frequencies of the out-of-phase
oscillations of 3-solitons:
w* =2+ (—4 log(e) — 21og|log(e)| +41og(2)) + o(1),
w*=2+3(—4 log(e) — 2log|log(e)| +410g(2)) + o(1).

These asymptotic results will be tested numerically in section 6.

a =

(—21log(e) — log|log(e)| +21og(2) + 0(1)), ase —> 0. (38)

(39)

6. Numerical results

We now compare the asymptotic results with direct numerical results for the existence and
spectral stability of 2- and 3-soliton configurations. We identify the relevant branches of
stationary solutions by solving the ordinary differential equation

— L"E) + 1E0E) + 0 ) — nuE) =0, £ eR. (40)

A fixed point method (Newton—Raphson iteration) is used to solve a discretized boundary-
value problem, after a centred-difference scheme is applied to the second-order derivatives
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Figure 1. Left: the equilibrium position of the two dark solitons versus the chemical potential si.
The solid line shows the direct numerical result and the dashed—dotted line represents the asymptotic
approximation (18). Right: the solid line shows the numerical solution v (&) for u = 17, while the
dashed line represents the corresponding variational ansatz.

with a typical spacing of A& = 0.025. The resulting solutions v (&) are obtained starting from
the corresponding linear eigenfunction (with 2- or 3-nodes at the linear limit) and continuation
over the values of the chemical potential parameter w is used in order to extend the branch
to the large values of p. Similar numerical techniques were used in [12,22]. Note that the
existence and spectral stability of the 1-soliton configuration were examined in our earlier
work in [15].

Once the stationary solution is obtained for each value of w, we linearize around it, using
an ansatz of the form

v 1) = v(®) +5 (a@)e™ +hE) ), (1)

where § denotes a formal (small) parameter. The admissible values of A (eigenvalues) are
found from the condition that (a, b) € L?*(R) is a solution of the linear eigenvalue problem
—3d"(§) + 3&%a(§) — pa(€) + v*(§)(2a(§) +b(§)) = ira(é),
—3b"(€) + 36b(§) — ub(§) + v (§)(a(§) +2b(§)) = —irb().
Using again a discretization of the differential operators on the same grid, we reduce (42) to
a matrix eigenvalue problem which can be solved through standard numerical linear algebra
routines.

Our main results are summarized in figures 1 and 2 for the 2-soliton configuration and
figures 3 and 4 for the 3-soliton case.

Figure 1 compares the numerical result (solid line) for the location of zeros of v(£) with
the asymptotic expansion (18) (dashed—dotted line), where the scaling transformation (2) has
been taken into account to translate the results from ¢ to i by € = (2u)~'. One can see that
the asymptotic expansion yields a highly accurate approximation of the numerical result. This
is also evidenced by the right panel of the figure comparing the numerical solution v(&) for
u = 17 (solid line) with the variational ansatz (dashed line).

Figure 2 shows the smallest eigenvalues of the linear eigenvalue problem (42) obtained
numerically (solid line). The resulting eigenvalues can be classified into two groups. The first
one consists of a countable set of pairs of purely imaginary eigenvalues that give frequencies
of oscillations of the ground state. The frequencies of oscillations of the ground state 7, are
found in the limit &¢ — O as follows [7]:

lirr(l)a)n(s)z\/Zn(n+l), n>=l.
e—

Note that w; (¢) = 2 is preserved for any ¢ > 0 thanks to the symmetry of the Gross—Pitaevskii
equation with a harmonic potential [15]. Using the scaling transformation (2), we conclude

(42)
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Figure 2. Left: solid lines indicate the frequencies of linearization around a 2-soliton solution as
a function of the chemical potential ;. The dashed lines show the asymptotic limits (43) for the
frequencies around the ground state. The dashed—dotted lines indicate the asymptotic predictions for
the in-phase (lower frequency) and out-of-phase (higher frequency) oscillations of 2 dark solitons.
Right: real part of the unstable eigenvalue in a finite instability band near the linear limit.

that these frequencies satisfy the asymptotic limit

NoIoES|
lim ImGy = Y20+ n>l.
H—> 00 \/E

The asymptotic limits (43) are shown in figure 2 by dashed lines.

The second group of eigenvalues consists of only two pairs of eigenvalues and is associated
with the relative motions of the dark solitons [20]. One pair of eigenvalues corresponds to
the in-phase oscillations with frequencies Im(1) ~ % aspu — oco(orw~ ~2ase — 0
in notations of the linear oscillator equation (24)). The other pair of eigenvalues corresponds
to out-of-phase oscillations and it is characterized by the asymptotic expansion (21). The
asymptotic predictions for these frequencies are shown by the dashed—dotted lines.

The right panel of figure 2 shows the real part of the eigenvalues close to the limit of local
bifurcation at u = % The instability, which was studied in [22], is caused by the resonance
between the out-of-phase 2-soliton oscillations and the quadrupolar oscillation mode of the
ground state. However, the instability interval is finite and the 2-soliton excited state is linearly
stable for sufficiently large values of the chemical potential i (only small values of © were
considered in [22]).

We note, however, that the frequency w(¢) of the out-of-phase oscillations of two dark
solitons given by the asymptotic expansion (21) grows as e — 0. Asaresult, this frequency will
coalesce with other frequencies w, (¢), n > 3 associated with oscillations of the ground state as
& — 0. Coalescence with the frequency ws(g) does not produce an instability, because of the
different parity of the corresponding eigenfunctions. However, coalescence with the frequency
w4(g) will produce the instability again and it will happen roughly at ¢ ~ ¢~'°. This value of
¢ is too small to be confirmed by our numerical results in figure 2. This secondary instability
of the 2-soliton excited state is anticipated in a tiny interval near ¢ ~ e~'°, after which the
neutrally stable frequency wg(¢) will reappear until further such coalescence occurrences arise
with frequencies wg(€), wsg(€), etc.

Figures 3 and 4 illustrate similar characteristics but for the 3-soliton state. Once again
the variational prediction given by the asymptotic expansion (38) provides a highly accurate
estimate of the numerical inter-soliton distance ¢ = az — a; = a, — a;.

On the other hand, in this case, there exist three frequencies associated with the relative
motions of three dark solitons, whose values can be seen to be in very good agreement with the
asymptotic expansion (39). Close to the linear limit u = % there exist two resonances between
out-of-phase motion of three dark solitons and the corresponding frequencies of oscillations

(43)
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Figure 3. Similar to figure 1 but for the 3-soliton case. The left panel again shows the equilibrium
inter-soliton distance (solid: numerical results; dashed—dotted: asymptotic approximation), while
the right panel shows the numerical prediction (solid) and variational ansatz (dashed) of the 3-soliton
state v (&) for u = 17.

Figure 4. Same as figure 2, but for the 3-soliton case. The left panel shows the numerical
frequencies (imaginary parts of the relevant eigenvalues) by solid line, the asymptotic limits for
the frequencies of the ground state by dashed line and the frequencies of oscillations of three dark
solitons by dashed—dotted line. The right panel illustrates the real part of the unstable eigenmodes
arising close to the linear limit.

of the ground state. The two resonances induce instabilities of the 3-soliton excited states with
two finite instability bands.

A general summary of the bifurcations observed in this system could be given as follows:
the bound state of m dark solitons possesses m frequencies associated with the ‘normal modes’
of the mth excited state. Of these, the lowest one always corresponds to the in-phase oscillations
of the dark solitons and is always below the unit frequency associated with the p-independent
oscillation of the ground state. Hence, this frequency does not lead to any resonances or
collisions with other frequencies. However, generically all remaining m — 1 frequencies
associated with the mth excited state lead to resonances with other frequencies in the vicinity
of the linear limit. These resonances will cease to exist at some critical x; however, for larger
values of u, further such resonances arise, because the frequencies grow logarithmically with
larger values of p.

The above results provide a relatively complete understanding of the statics and near-
equilibrium dynamics of multi-soliton states within BECs at least within the large density limit.
This characterization is especially relevant presently given the recent experiments of [20, 21]
enabling the observation and robust time-following for large timescales (of the order of hundred
milliseconds or more) of such states. However, there would be a multitude of directions in
which it would be relevant to generalize these results, if possible. On the one hand, extending
them (analytically) to non-polynomial variants of the Gross—Pitaevskii equation accounting
for the confinement of the condensate across tranvserse directions would be a challenging
theoretical task. Another equally interesting direction would involve attempting to generalize
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relevant notions in trying to characterize the dynamics of vortex solitons in higher dimensional
settings. These directions are presently under consideration and new results will be reported
in future publications.
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