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Abstract

The dynamics of Bose—FEinstein condensates in a double-well magnetic
trap is studied using the Gross—Pitaevskii equation (GPE) and a two-mode
approximation. The self-trapping instability occurs when a sufficiently high
potential barrier is formed in the centre of the trap. Close to the instability
threshold, the GPE is reduced to a simple amplitude equation. In the case
where weakly dissipative effects are taken into account, the condensate exhibits
aperiodic oscillations which can be described by the Lorenz thermal convection
model.

1. Introduction

At low enough temperatures, Bose—Einstein condensates (BECs) of trapped gases [1-3] can
be described by the Gross—Pitaevskii equation (GPE) [4]:
K22
iho, ¥ = —
2

U+ g| U2+ V)W, 60
m

where W (7, t) is the condensate wavefunction, g = 4nha /m and m is the atomic mass. The
role of interactions between atoms is accounted for by the s-wave scattering length a which
can be positive (for repulsive species: Na, Rb, H) or negative (for attractive species: Li). It
is possible to vary a (and to reverse its sign) during an experiment by using magnetic-field-
induced Feshbach resonance [5].

In what follows, we will consider a thin cigar-shaped condensate. If the radial confinement
is strong enough, we can neglect the transversal dynamic and the condensate can be described
by a one-dimensional version of the GPE. In one dimension, the GPE can be rescaled to the
non-dimensional form

W =32 W+g|W[*W+ V(x)V, )

where x is measured in units of the healing length £ = (4man)~'/2, t is rescaled by the trapping

frequency w; = 4mhan/m and W is normalized by the square root of the density, n. This
equation will be referred to as the nonlinear Schrédinger equation (NLSE) although it includes
the additional potential term.
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Figure 1. Sketch of the effect of nonlinearity on the ground state and the black soliton.

Stationary solutions of the NLSE are written as W, = ug(x)e™ . The shape of a

condensate formed in a harmonic magnetic trap is the ground state of the NLSE. When nonlinear
effects can be neglected (¢ = 0), the ground state is Gaussian. For a fixed number of atoms
in the condensate, a negative scattering length tends to increase the density and decrease the
spatial extension of the condensate. A positive scattering length has the opposite effect. In
addition to the ground state, we will also consider the first excited state [6] (also called a black
soliton or kink). This corresponds to the stationary solution with a single node. The effect
of nonlinearity due to interactions is to decrease the characteristic size of the ground state
(respectively, the first excited state) in the case of attractive interactions (respectively repulsive
interactions). In what follows, this effect will be referred to as nonlinear localization (figure 1).

A widely tunable double-well potential has been realized experimentally by focusing a
far-off-resonant laser sheet into the centre of the magnetic trap [7]. The laser power and
the width of the sheet are widely tunable. The barrier, which tends to repel atoms from the
centre of the trap, competes with the nonlinear localization. This competition gives rise to the
self-trapping instability [8—10].

The NLSE describes ideal BECs that conserve mass and energy. Condensates, as
observed experimentally, are weakly dissipative and decay over time [11]. In what follows,
when irreversible effects are considered, we will also assume the existence of a process that
continuously brings the atom into the condensed state'. Although there is no completely
established theory of such dissipative effects, we will consider a weakly dissipative version of
the Gross—Pitaevskii model in order to describe the dynamics of BECs near the self-trapping
instability.

The goal of this paper is to describe the self-trapping instability in the reversible case
and when small irreversible effects are taken into account. Reduced-dimensional amplitude
equations and direct numerical simulations of the NLSE are used to explore the dynamics. In
particular, it is shown that the quasi-reversible dynamic of the BECs near self-trapping can be
described by the Lorenz equations [12].

This paper is organized as follows: for pedagogical reasons, in the first part we discuss
the two-mode model while the full analysis of the GPE is performed in the second part. In
both parts reversible and weakly irreversible dynamics are discussed.

2. The two-mode model

2.1. Weakly interacting Bose—Einstein condensate
The two-mode model for a BEC [9,13] in a well separated two-well trap reads
1A = glAIIPAr — k Ay, 3)

! Although we are not aware of the existence of such a process in actual experiments, it will be an important step for
the realization of an atom laser.
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Figure 2. Sketch of a BEC in a double-well trap.

iA) = g|As*As — KA. )

A; is the amplitude of the linear ground state in each well (figure 2), | A;|> measures the
number of atoms in each well and the nonlinear eigenfrequencies g|A;|? represent the effect of
atomic interactions in the BEC. The parameter g can be positive (repulsive species) or negative
(attractive species). The tunnelling term k A ; describes the weak interaction between the two
wells.

The two-mode model is accurate in describing a BEC with a weak interatomic interaction,
i.e. with a low number of atoms or a low scattering length and a strong potential barrier such
that the interaction between the atoms in each well is weak [14]. It is a natural nonlinear
extension of the two-mode model that describes the ammonia maser [15]. We propose, in
appendix A, a simple derivation of this model.

The parameter g can be rescaled to +1 for repulsive species or —1 for attractive species.

2.2. Stationary solutions of the two-mode model
The first step is to compute the stationary solutions of the two-mode model. We write
Al = ,Oleiiwl, Ay = ,()267@2, (5)

where p; are positive real numbers and ¢; are real numbers. Using the variables m = pf + ,0%,
5= p% - pf and ¢ = ¢, — ¢ we have the equations

m =0, (6)
§ = —2kv/m? — §%sin g, @)
, 25

(p=g8+KmCOS(p. 8)

The quantity m is conserved. This follows from the conservation of mass of the condensate.

From equation (7), it follows that the stationary solutions are either in phase (¢ = 0) or
out of phase (¢ = ). There are two obvious stationary solutions with § = 0 and either ¢ = 0
or 7. Both solutions exist for any values of g and m. They are the nonlinear continuations of
the classical linear in-phase and out-of-phase solutions.

However, the interesting feature of the nonlinear two-mode model is that there exists
trapped asymmetric solutions for which § # 0. It follows from equation (8) that

gvm? — 82 +2¢E =0, ©

where £ = cosp = %1.

Equation (9) shows that trapped solutions exist only when g and £ have opposite signs.
That means that the trapped solution is in phase for the attractive condensate (g < 0) and out
of phase for the repulsive condensate (g > 0).

Trapped solutions are a result of the competition between nonlinearity and dispersion
induced by tunnelling. They exist if

lg|lm > 2k. (10)
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Figure 3. Bifurcation diagram of the two-mode model of an attractive condensate when m increases.

The existence of such non-symmetric states comes from the quasi-classical approximation
that underlies the derivation of the NLSE [16]. They actually represent long-lived metastable
states such as have been observed in the vibration of dihalomethane molecules [8], for example.

A small amount of energy given initially to one of the oscillators will tunnel to the other one
through resonant interaction. Self-trapping occurs because larger intensities lead to nonlinear
oscillations far from resonance. A simple classical interpretation is the following: equations (3)
and (4) can be seen as the amplitude equations of the small oscillations of two weakly coupled
nonlinear oscillators (appendix A).

2.3. The self-trapping instability

As shown in [10] the existence of the trapped solution is the result of a symmetry breaking
bifurcation (pitchfork bifurcation) of the in-phase solution (respectively the out of phase
solution) for the attractive (respectively repulsive) condensate. The bifurcation diagram
presented in figure 3 shows the equilibrium position as a function of the bifurcation parameter.

In order to capture the dynamic of the condensate near self-trapping, the two-mode model
is reduced to simpler amplitude equations using standard asymptotic techniques. We will focus
on the instability of the in-phase solution (¢ = 0) that occurs when the condensate is attractive,
i.e. g < 0. Werescale 8 = —g6 and m’ = —gm such that g no longer appears in equation (8)
and is replaced by —1. The " will be omitted.

Let us introduce m as a reference mass of the condensate and write m = mg + 0.

The in-phase solution is then ¢ = 0, § = 0, 0 = 0 and its stability is given by the
linearized equation of the matrix

d(° 0 0 0 o
a(S):(O 0 —2Kmo><8>. (11D
© 0 —1+2k/mg 0 7]

The instability occurs when the two non-trivial eigenvalues of this matrix vanish, i.e. for
k = k. = mp/2 and the in-phase solution loses its stability when k < . since decreasing x
increases the potential barrier.

We introduce the small parameter u = (k. — k) /. which measures the distance from the
instability threshold.

As usual, close to a bifurcation pitchfork, the variables scale as o ~ O(u), § ~ O(/]])
and ¢ ~ O(yu) and they depend on a slow timescale d/dt ~ O(y/[u]). At leading order we
get
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Figure 4. Phase space for equations (7) and (8) for « = 1.15, m = 2.2 (left) and m = 2.4 (right) .

6 =0, (12)

§ = umys + mood — 18°, (13)
or, with Q = moo, X = §/+/2 and i = um?

0 =0, (14)

X=aX+0X-X. (15)

These two equations describe the reversible self-trapping bifurcation. When the parameter
W grows, i.e. when the potential barrier increases, the instability threshold is reached and the
phase plane of the dynamical system exhibits non-symmetric oscillations. Increasing the mass
of the condensate can also lead to the same instability. On the phase plane of equations (7)
and (8) (figure 4), for u© > 0, we can identify the equilibrium points (or stationary solutions),
the non-symmetric oscillations and large symmetric oscillations. These two types of behaviour
are separated by a double homoclinic loop which acts as a separatrix between symmetric and
non-symmetric oscillations. The oscillations have been described in terms of the Jacobian
elliptic function [13].

2.4. Quasi-reversible two-mode model

Irreversible effects (like two- and three-body recombinations, interactions with the thermal
cloud, ...) eject atoms from the condensate. In order to compensate these dissipative
effects, we also have to consider the existence of a pump. The two-mode model can be
generalized by adding small terms which explicitly break time-reversal of the initial equations
(t > —t, A; > A;,i = 1,2). Thus
iA1= glAIPA| — kA +ir(@A; = Ba A PA + 7 Ay), (16)
1Ay = glA2l Az — KAy +ik(aA) — Bo A1 PAr + v Ag). 17
A > 01is a small parameter which measures the irreversible effects, @ > 0 models the injection
process, B2 > 0 measures the losses due to two-body recombinations? and y > 0 measures
losses that follow from diffusion and inhomogeneous dissipation processes.
The main issue under discussion is how these small irreversible terms modify the dynamics
close to the self-trapping bifurcation. From equations (16) and (17), we can deduce the
equations for the mass m, the population imbalance § and the phase difference ¢

2 82
n'z:2)»<am—,3m ; +y\/m2—82c05(p), (18)
§ = —2icy/m2 — 82 sin g + 21 (a8 — Bmd), (19)

¢ = —8+2 (20)

8 . ( 2m .
—————cos¢p — Ay| ——ssing |.
/m2 — 82 M2 — 52
2 Aterm B3] A|* A, taking into account three-body recombination, could be included without introducing fundamental
differences in our analysis.
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Figure 5. Projection of the phase space for equations (18)—(20). mo = 2.4, g = —1, € = 0.05,
a=1,=1,y =0.2. (a) For k = 1.18 Lorenz attractor, and in (b) the mapping of the successive
maxima of . (¢) k = 1.16 non-symmetric limit cycle, (d) k = 1.15 symmetric limit cycle.

Equation (18) sets the reference mass. Therefore, we choose my = 2(« + y)/B. The in-phase
solution then reads m = mg, § = 0 and ¢ = 0. In what follows we will assume (A ~ O(y/i]))
in order to keep the irreversible effects in the amplitude equation. With the same variables as
in equations (14) and (15) we get

0 =-v90—nX>, 1)
X=@w-0X—-X+0X —vxX, (22)

where 1 = 4A2y(a +2y),v9 =2A(a +y), vy = 2A(a +3y), n = L(4a + 6y).

The stimulated loss 7X? in equation (21) is at the origin of the most striking difference
between the reversible and the quasi-reversible cases. Whenever the condensate is located non-
symmetrically in the trap, it is more focused that when it is in the centre of the trap. Therefore
the losses due to two-body recombinations are stronger and so the mass of the condensate
decreases. Since equations (21) and (22) are fully three dimensional, the coupling term induces
very rich dynamics. As shown, for example, in [17], equations (21) and (22) are equivalent to
the Lorenz equations that were first obtained in the context of thermal convection [12].

Different behaviours are possible depending on the values of the various parameters. Some
typical behaviour of the original equations (18)—(20) are shown in figure 5.

3. The nonlinear Schrodinger equation

3.1. Stationary solutions of the nonlinear Schrodinger equation

In this part, we use the one-dimensional NLSE (2) to study the dynamics of the condensate
when damping and finite-temperature effects are neglected. First we study the stationary
solutions of the NLSE. To find a stationary solution, we have to fix the mass of the condensate
M = fjﬁ: |W|?dx = 1. The potential that takes into account the combination of the magnetic
trap and of the laser sheet can be written as [7]
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Figure 6. Some stationary solutions of the NLSE (equation (2)). (a) The ground state for g = —1
and b = 6. (b) The symmetric unstable ground state (dotted curve) and one of the two non-
symmetric stable solution (plain curve) for g = —1 and b = 12. (c) The kink state for g = 1 and
b = 6. (d) The symmetric unstable kink state (dotted curve) and one of the two non-symmetric
stable solutions (plain curve) for g = 1 and b = 12.

V(x) = x%+be . (23)
We numerically solve the nonlinear eigenvalue problem and find ws and u such that
wsus = V(X)us — fous + gug, (24)

where W, (x, 1) = us(x)e”’. A Crank—Nicholson scheme in time [18] is used. Some
stationary solutions for the ground state and the dark soliton state are shown in figure 6.

Once more, it is interesting to look for non-symmetric solutions. For a large enough barrier
height such stationary solutions can be found. Some examples of non-symmetric solutions are
shown in figure 6. They arise from the self-trapping instability.

3.2. The self-trapping instability

The discussion given in the section 2 as well as the existence of non-symmetric solutions
suggests the occurrence of a pitchfork bifurcation for the stationary solution. The self-trapping
instability can be started by the potential bump increase and there exists a critical value b, of
parameter b for which the symmetric solution loses stability. We performed a numerical
stability analysis of the solution us when b varies. It reveals that:

e when b is small, the ground state and the kink state are both stable,
e if g is negative, when b increases, the ground state becomes unstable for b = b, (b, = 9.14
for the values of figure 7); the kink state remains stable;
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Figure 7. The motion of the eigenvalues of L. when b increases for the first mode when
g = —1, ¢ =10 (up) and for the second mode when g = 1, ¢ = 10 (down).

e if g is positive, when b increases, the kink state becomes unstable for b = b. (b, = 9.96
for the values presented in figure 7); the ground state remains stable.

The linear operator associated with the linear evolution of a perturbation of ug is L =
—ws — 8§x + V(x) + gu? +2gu? ¢j, where ¢j denotes the conjugation of a complex number.
The spectrum of L is plotted in figure 7 and clearly exhibits a reversible static bifurcation (the
eigenfrequencies pass through zero). As we will see later, the symmetry of the eigenmodes is
the signature of a pitchfork bifurcation.

We define the bifurcation parameter as

€ =Db—b., (25)

where € is a small parameter that measures the distance from the instability threshold and p is
a parameter a priori of order 1 that can be positive or negative.
To catch the dynamic close to the self-trapping we perturb the static solution and write

Y(x, 1) = (us(x) +ulx, 1)e e WD (26)

where u(x, ) and ¢(x, t) are small and vary slowly in time. More precisely, we will use the
standard scaling associated with a reversible pitchfork bifurcation

u(x, t) = Jeuny(x, 1)+ eupy(x, v) + € 2uz (x, T) + - -, 27)
P(x, 1) = epa)(x, T) + €@y (x, T) + € 2pa)(x, T) + - - -, (28)
V() =V0]plx) +euV]i(x), (29)

where T = ./et is the slow timescale and V|y(x) = x4+ bce’c"2

At order €°, we get the equation for the stationary solution

wsly = —afxus + gug + V|ous. 30)

where u is either even (ground state) or odd (kink state).
At order /€, we have the eigenvalue problem

0= Lyug with £, = —ws — 82+ 3gu’ + V|, (31
0= L.o0) with £, = 28,39, +usd?, . (32)
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Figure 8. The eigenvectors v for the bifurcation of the ground state (¢ = —1, b = 9.14,

¢ = 10) (left) and the kink state (g = 1, b = 9.96, ¢ = 10) (right).

The linear operator £, has an obvious zero eigenvalue associated with the eigenvector
@y = 1 (or any constant). This neutral mode arises from the phase invariance of the NLSE
(U — Wei®),

Equation (31) determines the value of b.. The operator £, has a zero eigenvalue for
b = b., where b, is the value of b at the onset of instability. Thus, for the particular value b,
there is a double-zero eigenvalue and there exists a vector v such that

L,v=0. (33)

v has the parity opposite? to us (we note v @ u,). Two examples of eigenvectors v are plotted in
figure 8. Itis also worth noting that £,, is self-adjoint for the inner product (a, b) = [ j: abdx.
The first terms of the asymptotic development can be given as

Py = o(T) and U = A(t)v(x). (34)
We can continue the asymptotic expansion to catch the weakly nonlinear dynamic close to the
self-trapping bifurcation.
At order €, we have two equations for u () and ¢):
uset = Loy + 1V | 1us + 3gus(A*v?), (35)
Av = Lipe) (36)

denotes the derivative with respect to T. We can solve these equations for u () and ¢z and the
solutions are

1) (T, x) = BOwx) — ps(x) — A*(0)r ), (37)
9 (7, x) = A(T)p(x), (38)
where Low = ug, B = 00, L5 = V|jus, Lor = 3gusv?. w, s and r exist because
(v,us) =0 and (v, usv?) =0 and (v, Vjus) = 0. 39)

Moreover, the parities are w © ug, s © ug and r © us. The function p(x) that verifies £,0 = v
can be explicitly computed and is given by 9, p = u> ff o Usvdx. 3,0 1s even.

At order €3/%, we have
uspA + ABv = Louz) +puV|] Ag +6gug(Av)(Bw — us — A*r) + g(Av)? (40)
wh —2rAA = L,p@) +2AA0,v3, 0 + AAvdZ p. (41)

3 Actually v can be considered as an extension of the translational mode 0, us. v verifies L, (v — dyuts) = usdx Vli.
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To find u 3y, we have to write the solvability condition

A(v, usp) + wA(v, —V]jv +6gusvs) + AB({(v, v — 6guswv))
+ A (—g(v, v}) +6g(v, ugrv)) = 0. (42)

The problem associated with ¢3) can be written formally as £,¢3) = ¢, where
¢ =wph—2rAA —2AAd,vd,p — AAvd? p. (43)

The solution of this equation is given by d,¢3) = ug?> [* o Us¢ dx. A necessary condition to
bound the energy is then |’ j;o) us¢ dx = 0 which is written

Blus, w) + AA(ug, —2r — 20,00, p — v32,p) = 0. (44)

Equations (44) and (42) have the same form as equations (14) and (15). Equation (44)
states that there is a conserved quantity while equation (42) describes a reversible pitchfork
bifurcation. We finally make a change of variables (in appendix B) to get the classical equations
describing a reversible pitchfork bifurcation with a conserved quantity

0:0 =0, (45)
P X =pX+0X— X (46)

To understand the meaning of equations (45) and (46), it is necessary to have a physical
meaning for the two variables Q and X. As shown in appendix C, equation (45) states the
conservation of mass. Consequently, Q is simply the perturbation of the mass. Equation (46)
is related to the conservation of energy (in a less direct way). We will therefore interpret X as
the perturbation of the position of the centre of mass of the condensate.

3.3. The description of weakly open condensates

Inside the condensate, recombination occurs through two- and three-body collisions [11]. This
is amechanism of loss of atoms in the condensate. Losses in condensates are not homogeneous.
They are preferably located at the edge of the condensate. In order to feed the condensate a
pumping process is needed taking atoms from the uncondensed part and injecting them into
the condensate. This leads to a permanent non-reversible dynamics induced by the coupling
between condensed atoms and their environment.

We still use a mean field description and introduce phenomenologically irreversible terms
into the NLSE. The equation that we will use reads

1,0 = —02 W+ g|WUPW + V()W +i(n W — vy | WP + 1,02 W), 47)

where v; measures the rate of injection, v; measures the effect of two-body recombination
and vy takes into account the non-homogeneity of the dissipative processes as well as thermal
diffusion. All these coefficients will be small because the characteristic times of dissipation
remain weak compared to the frequency of the trap.

These irreversible effects set the mass of the condensate. For a given set v;, v; and
Vg, a stationary solution ¥ = use™' can be found (u is not real). One property of this
stationary solution is that the mass of the condensate should not evolve in time. The equation
3 [ |W|?dx = 0 leads to

+00 +00 +00 o
vi/ |\IJ|2dx—v1/ |\Il|4dx—vd/ 3, W, Wdx = 0. (48)

o0 (o] o0
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3.4. Quasi-reversible self-trapping

We now study how the irreversible effects can modify the dynamics of the self-trapping
bifurcation. We still use the same asymptotic approach, assuming that the dissipative terms
v;, v and v, are of order /€. In this limit, one describes the dynamics when dissipation and
injection compete with the physical effects that lead to the bifurcation.

We use the ansatz

u(x, 1) = JeAM(x) + €upy(x, t) + € uzy(x, ) + - - - (49)
@(x, 1) = Jea(r) + /epny(x, T) + €y (x, T) + €2 (x, T) +---.  (50)

The term @) is a perturbation due to irreversible effects.
At order 1, we have the same equation for ug as equation (30):
sy = —afxus + 3gu2 + V0ous. (629
As stressed before, this equation possesses a one-parameter family of solutions (ws, us). In the
reversible case, we fixed the mass in order to select one of the solutions. In the quasi-reversible

case the mass will be fixed by the irreversible effects at order /€.
At order \/€, we have

0=ALyv, (52)

0=0aLl,l+L,@q +vius —v,u3+vdafxus. (53)
Equation (52) is just the definition of v but equation (53) has a solution if and only if

v (ug, us) — vi{us, uf) — vg(us, 8fxus) =0, 54)
which is the leading order in equation (48). The amplitude of the condensate is selected by the

irreversible processes and (ws, us) is completely determined by equations (51) and (54). The
quasi-reversible terms induce a perturbation of phase and we have

LuP) = —vius + vluf — vdafxus, (55)
and @(y) is given by 0@, = (1/u) [* us(—viug + viu — v403,us) d§ and @) is even.
At order €, we have the same equations as equations (35) and (36) with additional terms

usdror = Loupy + 1V |ius + 3gus(A%?) + us(a@a)Z + v Ly @00, (56)
3, Av = L,0@) +2A8, 03, @) + Avd @) + v Av — v3u’ Av + vy AdZ v. (57)
We can solve these equations for 1) and ¢(2). The solution of equation (56) exists because
(v, us(3: 1)) =0, (v, L.pay) =0 (58)
and the solution of equation (57) exists because
(s, 308,01 + 32 9)) =0, (us, uv) =0, (us, 3% v) = 0. (59)
The solutions are
ue)(r,x) = BOwx) — pui (x) — A*(T)r(x) — i), (60)
P (T, x) = 3 A(T)p(x) — App), (61)

where L, = us(3:@(1)) +vaLu@r) and L,@0) = 20,00, @01 +v02, @) + v Av — v 3uZAv+
vy Ad? v. Moreover, the parity are i) © us and @) is odd.
At order €372, we have

UspdZ A — usd, Ago) + APv = Lyu) + 1V |1 Av + g(Av)® + Av(8,0))*

+6gu (Av)(Bw — puy — A’r — i), (62)
wd, B —2rAd; A = L, +243; Ad,vd, p + Ad, AvdZ p

+20,(Bw — puy — A*r — 123 +2A%0,v0,00)

+ A%092 00 + (Bw — puy — A*r — 12))9% 00 (63)
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To find u 3y and (3, we have to write two solvability conditions. The one associated with
¥ 18
0: Bus, w) + Ad; A{ug, —2r — 20,v0,p — vafxp)
= A (us, 20,00, 00) — 28,73, + V32 ) — rd’ P))
+ (g, =20, 1185 P1) — (U102 Pary — 20,0205 P1) — U2)02, D))
+ B us, 20, wd, @1y + W P(1y). (64)

This solvability condition includes more terms than equation (44). All the additional terms are
due to the irreversible process.
The other solvability condition reads

32 A(v, usp) + 3: A(v, —us@)) + A{v, —uV | v + 6ugusvuy — v(3,p0)* + 68UV )
+ AB(v, v — 6guswv) + A* (v, —gv> + 6gugrv) = 0. (65)

With the change of variables given in appendix B, equations (64) and (65) can be written
as

%eX = (R+ WX — X>+ 0X — vyd: X (66)
30 =vo(Qo — Q) — nX>. (67)

These equations are the normal form describing the quasi-reversible bifurcation. It includes
the reversible case (it = 0, vy = 0, vp = 0, n = 0). The dissipative coefficients vy, vy and
7 are positive.

We have performed numerical simulations of the original weakly non-reversible NLSE
equation (47) and we show some typical results in figure 9. The system clearly exhibits Lorenz-
like behaviour, with chaotic alternation of the centre of mass of the condensate between the left
and right wells. For different parameter values (but in the same range), non-symmetric limit
cycles, symmetric limit cycles, stable non-symmetric stationary solutions can be observed.

The behaviour is richer than in the reversible case and this is principally due to the coupling
term —nX? of equation (67). When the symmetry breaking occurs, the condensate moves to
one side. The coupling term —7nX? then leads to a decrease in the mass of the condensate
which renders the symmetric state as stable again.

4. Discussion

There are two candidates for manifesting the self-trapping bifurcation: the ground state of
an attractive condensate and the dark soliton of a repulsive condensate. Despite its weaker
stability [19], the attractive condensate would be a good candidate in which to observe the
self-trapping bifurcation because the self-trapping then occurs on the ground state. A careful
numerical study of the tri-dimensional GPE would be useful to determine whether the self-
trapping bifurcation can occur before the collapse of the attractive condensate. In the limit of
a thin cigar-shaped trap, this is obviously the case since there the collapse does not occur. The
variation of the scattering length from positive to negative value would also be a very good
way to observe the self-trapping bifurcation [5].

The intensity of the laser sheet which is related to u in the equations is easily tunable. Itis
possible to approach the self-trapping bifurcation and then to experimentally study the weakly
nonlinear behaviour described by the amplitude equations.

Although a complete and coherent theoretical description of irreversible effects in BECs
is not yet available, within the assumption of quasi-reversibility (i.e. in the limit where the
dissipative and forcing effects are supposed to be of the same order than the distance from the
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Figure 9. Numerical solutions of equation (47): g = —1,b=6,¢c =10, =6, =8,y =3
and € = 0.01. (a) The plot of the successive maxima of the mass j W2 dx. (b)) A density plot of
|W|? and (c) is the phase space (X = f)cl\lfl2 dx).

instability threshold) the amplitude equation takes the same form whatever the microscopic
modelling of the irreversible effects is. Irreversibility will always act as a damping of the
mass (vp), a damping of the motion of the centre of mass (vx) and stimulated mass losses
(n) will always occur. Only the numerical values of these parameters will be affected by the
modelling. In our simulations, we used realistic values of the dissipative coefficients based on
experimental observations [11]. As presented in [11], the values of the dissipative coefficient
are strongly dependent on temperature. In any case, these coefficients remain small, such that
the quasi-reversible approach is accurate for BECs.

The self-trapping bifurcation is a general feature of the competition between a potential
bump and the nonlinearity. For example, when considering a repulsive BEC in a periodic
trap, some solution with opposite phase in successive wells (which is an extension of the dark
soliton) are found to be unstable [20].

5. Summary

We have discussed the dynamics of BECs in a double-well trap. The two-mode model has
been used to describe the symmetry breaking self-trapping bifurcation in the reversible and the
quasi-reversible cases. In this latter case we showed that the BEC can experience a transition
to chaotic behaviours described by the Lorenz equations. We also used the one-dimensional
NLSE to describe the self-trapping. In that case numerical experiments as well as the reduction
to amplitude equations show that Lorenz-like chaotic behaviours can be observed.
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Figure A.1. The motion of the eigenvalues of the Schrodinger linear operator when b evolves and
some eigenmodes for different values of b and ¢ = 10.
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Appendix A. The weakly interacting limit: the two-mode model

In this appendix we construct a low-dimensional model to describe the dynamics of a weakly
interacting condensate in a double-well trap.

A.l. The linear Schrodinger equation in a double-well trap

We first recall some result on the linear Schrodinger equation
19,V = 82 W+ V(x)W. (A1)

We will only consider the case where the potential is twice differentiable and the property
V (£o0) = +00 holds.

The stationary solutions are ¥ = Ae 4y (x). The eigenmodes u,, (x) and the associated
eigenvalues €2, of the operator L = —afx + V(x) are separated (this a consequence of the
Sturm—Liouville theorem). In a harmonic potential V (x) = x2, the eigenvalues are regularly
spaced. In a double-well potential (for example, we will consider a potential of the form
V(x) = x2 + be ") the eigenvalues will not be regularly spaced, the eigenvalues move and
they gather by pairs. For example the eigenvalue associated with the ground state gets closer
to the one associated with the first excited state (figure A.1).

The two lowest eigenvalues come closer to each other than the other modes. This behaviour
suggests that some of the dynamic of the linear and the weakly NLSE could be understood
with a low-dimensional model describing the interaction between these two modes.

A.2. The one-mode model

Let consider g ~ € to be a small parameter. A simple perturbation of the first mode reads
W = [Aui(x) +€pi ()], (A2)

where u; is the fundamental mode (or any other mode) of the linear Schrodinger equation and
A is the slowly varying amplitude. u; is chosen to be normalized, i.e. | j;o) u?dx = 1. Atorder
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€0 the equation is just wu; = Lyu;, where £; = —fo + V(x) is the linear operator associated
with the linear Schrodinger equation. At order € the equation is

19; Auy + w1 p1 = Lip1 + g|AI*Au3, (A3)
where the dots and the solvability condition to have p; finite is

10, A = g|AI*A, (A4)
where g = g fjgj u‘lt dx. This equation is the classical description of a (weakly) nonlinear

oscillator which simply states that the frequency of oscillations is a function of the amplitude
of oscillations.

A.3. The two-mode model

We use the same procedure to derive the two-mode model. We consider two modes whose
frequencies are very close. Let w; and w, be the frequencies of u; and u, and we assume
W) + wy = 2w, and w, — w; = 8§, where § is small (§ ~ €). u; and u, are normalized. We
have

(wy — LDu; =0 or Lauy = 8uy, (A.5)

(wy — LDup, =0 or Ly = —buy, (A.6)
where L,, = w,, — L£;. We use the ansatz

U = [Au;(x) + Arur (x) + eple ™’ (A7)
The substitution in the NLSE gives at order €°

Lau; =0 and Lyuy =0, (A.8)
which is true at this order. At order € the two solvability conditions are

10, A1 = —8A; + gcaol A1 Ay +2gcn A1 Ay* + gen Ay A3, (A.9)

10 A2 = 8A; + geoa| A2l Az + 2gem | Ai P Az + gen AT A, (A.10)

+00 +00 +00
where cso = ("o utdx, cp = [T ujuidx and cos = [T u3 dx.

Moreover, ¢y — cos ~ € and coq4 — c40 ~ € [25]. In the two previous equations we can
write g = g%cm and we have

10, A; = —8A; + 121A11PA + 218 A1 | A + 13A A3, (A.11)
10; Ay = 8A> + 13| A2 P Ay + 2331 A P Ay + 15 ATA,. (A.12)

This can also be transformed using the two variables 25 = A| + A, and 2D = A, — A;.
After substitution in equations (A.11) and (A.12), we get

9,5 = g|S|*S + 8D, (A.13)
i0,D = g|D|*D + 58, (A.14)
which is the two-mode model. S represents the amplitude in one well, whereas D represents
the amplitude in the other well. These two coupled equations describe the interaction between
the two wells. It is an extension of the linear two-mode model of a two-level system.
The two-mode model catches the universal behaviour of two coupled nonlinear oscillators.
For example, the oscillations of two pendula coupled by a torsional spring (figure A.2) are
described by
9"1+Si1’191 =Kk(6, —6y), (A.15)
6, +sin6, = k(6 — 6,), (A.16)
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«— Torspnal
spring

Figure A.2. Sketch of two coupled nonlinear oscillators: coupled pendula.

where « measures the intensity of the restoring torque due to the spring. The weak oscillations
of the pendula can be caught by the asymptotic expansion

0,(1) = e(A;(T)e ™ + A, (T)e" +07(t, T) +-- 1. (A.17)
The solvability condition at order €3/2, with ¥ ~ € is

—2iA} — HAIPA = k(A — Ay, (A.18)

—2iA, — AP Ar = k(A) — Ad). (A.19)

Appendix B. The computation of the normal form

In this appendix we transform equations (64) and (65) into adimensionalized equations. We
work on the quasi-reversible equations because they include the reversible equations.
First we perform integration by parts to transform equation (64) into

3 Blus, w) + Adr A(=2(us, 7) + (v, v)) = (lur, o) + (), &) — Blw, o)
+ AX(—(v, L,@0)) + (r. LuPD)- (B.1)

Equation (65) can be presented as

07 A(v, usp) + 3 Ay, —us@) — A, Vv — b6gusvin) — A{v, v(3:0m)
— 6gu i) + AB(v, v — 6guwv) + A*(v, —gv® + 6gugrv) =0. (B.2)

Now, to get the adimensionalized equations (66) and (67), we use the change of variables

(v, v — 6guUwWV) [ , 1 i|
O0=——""—""|B+A (—2{us, ry + (v, v)) |, (B.3)
(v, usp) 2(us, w)
= ! |:—g(v,v3)+6g(v,usvr)
(v, pus)
1/2
— (—2{ug, r) + (v, v)){v, v — 6gusvw):| A (B.4)
2(us, w)
[L:M(U,Vllv—6gusvu1)’ (B.5)
(U, IOM§>
i (v, V(B @1)* — 6gusv@)7 (B.6)
- (U, pus)
Vo = M (B.7)

(us, w) '
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(/"L(ul’ %> + (I’T(.;)’ %>)<U’ uSIO>

Qo = — (B.8)
(w, o)) (v, v — 6gUWV)
_ {((v, L.92)) — (r, Luom ) (v, usp) _{w, o)) (v, v) — 2(us, V))}

"= {5, w) (v, v — 6gusw) (s, w))?

X { ! |:—g(v, v3)+6g(v,usvr)

(v, pus)
—1
— ;(—ZOAS, ry+ (v, v){v,v — 6gusvw)]} (B.9)
2(us, w)
by = U UsPD) (B.10)
(v, usp)

The sign of the expression under the absolute value in equation (B.4) is of prime interest.
Depending on this value, the coefficient of the X* term in amplitude equation will be %1, i.e.
the bifurcation will be supercritical or subcritical. Although we have not been able to find a
general argument, it seems to be always positive for the potential chosen here.

Appendix C. Conservation law

There are many conserved quantities associated with the NLSE. Some of them can be deduced
from the conserved quantities of the autonomous NLSE [21]. Two of them will be of particular
interest, the mass

+00
M:/ |W|? dx, (C.1)
—00
and the energy

+00
E:/ (0% + 1g|W|* + V(x)|W]?) dx. (C.2)

[o.¢]

An obvious question is whether or not these quantities are conserved by the set of the
amplitude equations. Actually, we can use the ansatz of equations (27) and (28) to rebuild the
set of two equations using the conservation laws for the mass and the energy. This provides a
better physical interpretation for the amplitude equations.

C.1. Conservation of mass

We expect the conserved quantity Q present in equation (45) to be associated with the mass.
In equation (C.1) we have

+00
M= / (us +u)? dx = M) + €Mp) + €M), (C.3)
—00
with
+00
M(o) = / M? dx
—00

+00
M) =/ 2us(Bw — puy — A%r) + A%g*dx
—00

+00
M(4) = / ZMSM(4) +2Avu(3) + (ﬂw — Uy — A2r)2 dox.

[o.¢]
Finally, equation (44) obtained by an asymptotic method is equivalent to what we get when
we write 9, M) = 0.
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C.2. Conservation of energy

Now we expect equation (42) to be associated with the conservation of energy. Inequation (C.2)
we have

+00 +00
E =/ [(Betts + 0510)” + (3,4)* (us +u)*] dx +/ (Lo +u)* + Vg +1w)?1dx  (C4)
e -
= Eq +€Eg + €’ Eq), C.5)
with
+00
Eq) = / [(3.us)* + S gui + Vou]dx
o
Ep) = / 20, us((Bw — puy — A*r)) + A*v? dx
—0Q
+00
+ / %8[4”2(,3141 — nuy — Azr) + 6u§A2v2] dx (C.6)
o
—00
= COSM(Q).

If the mass is conserved (at order €) then the energy is also conserved:

+00
Ey = / 20,usOcluy +2A0,80 1) dx

o0

+00
+ / (dsu(y + A28,r + ofdh)* + (3, A)* p?u? dx
—00

+00
+ / %g[4u2u(4) + 6uf((uu(1) + A%+ ¢>0,3h)2 +2Agu3))]dx

—00

+00
+ f Leldu(3A% g (nuey + A%r + ¢oph)] dx

oo

+00
+/ Vo[2ustay +2Agu) + (nuqy + A%r + ¢ Bh)*1 dx
—0o0

+00
+ / V1 [2us(uuay + A%r + ¢oBh) + A>g*1dx (C.7)

oo

+00
= a)SM(4) — / (/m(l) + Azr + ¢0ﬂh)£w(ﬂu(1> + AZV + ¢0/3h) dx

o0

+00
+/ +(uduqy + A%3,r + goB k) + (39, A)* p*u? dx.

oo
Finally, the combination of the conservation of mass and of conservation of energy at
order €* implies equation (42).

Appendix D. Dynamic of a soliton in a slowly varying potential

In this appendix we perform a perturbation analysis based on the dynamics of a soliton of the
NLSE without potential. We introduce the slowly varying potential as a perturbation of the
equation. There have been a large number of works related to the dynamics of solitons in
nearly integrable systems (see [22,23]). In this appendix we use the conserved quantities of
the NLSE to deduce the dynamic of the soliton in the slowly varying potential.
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We write the NLSE equation in the form

1,0+ 02 W +2|WPW = eV (x)W. (D.1)
A solution of the NLSE without potential is given by
e v
W(x, 1) = 20—, (D.2)
cosh z
where ¢ = —4n°t + ¢ and z = 2n(x — xo). In order to catch the dynamics of the soliton in

the slowly varying potential we assume that 7, xo are slowly varying functions of time.
The conservation of the mass M = ffgj |W|? dx = 47 can then be presented as

den =0, (D.3)

where 7 is the length timescale.
The Ehrenfest theorem (which holds for the NLSE [24]) can be presented as

+00 +00
afT/ x|W2dx = —/ V' (x)|W|*dx. (D.4)
—o0 —0
At leading order we get
2 ) +00 1
400z xg = —4 V' (x dx. D.5
%0 " /—oo ( )cosh2[2n(x—x0)] (D-5)

We approximate the potential with V(x) = ax? + Sx*. We then get the equation for the
position of the soliton

ch?z
We first notice than for a harmonic potential, the soliton behaves like a harmonic oscillator.

When the barrier is formed, i.e. « is negative, the central position in the trap loses stability
whenever

2 B © 7 3
0-,x0 = —| 20 + 12—2/ dz )xo — 4Bx;. (D.6)
4n” J

’3 oo Z2
4n? J_o ch?z
For the values given in figure 7 this would lead to instability for b > 0.073, whereas the
numerical simulation predicts a value b = 10.

dz. {D.7)
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