STABILITY AND INSTABILITY PROPERTIES OF ROTATING
BOSE-EINSTEIN CONDENSATES
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ABSTRACT. We consider the mean-field dynamics of Bose-Einstein conden-
sates in rotating harmonic traps and establish several stability and instability
properties for the corresponding solution. We particularly emphasize the dif-
ference between the situation in which the trap is symmetric with respect to
the rotation axis and the one where this is not the case.

1. INTRODUCTION

In this note, we consider the dynamics of (harmonically) trapped Bose-Einstein
condensates (BEC), subject to an external rotating force. Because of their ability to
display quantum effects at the macroscopic scale, BEC have become an important
subject of research, both experimentally and theoretically. In particular, the ex-
pression of quantum vortices in rapidly rotating BEC has been an ongoing topic of
interest over the last few decades, see, e.g., [1, 4, 7, 10, 12, 13, 25] and the references
therein. It is well-known that in the mean-field regime, BEC can be accurately de-
scribed by the celebrated Gross-Pitaevskii equation (GP) for v, the macroscopic
wave function of the condensate, see [22, 26, 27]. In dimensionless units, the GP
equation with general nonlinearity reads

(1) 0=~ A+ V@ +al P — (- L), o = ().

Here, a € R, 0 > 0 and (t,7) € R x R? with d = 2, or 3, respectively. The former
situation thereby corresponds to the case of an effective two-dimensional BEC,
obtained via strong confining forces, see, e.g., [23] for more details. The external
potential V(x) € R is assumed to be harmonic, i.e.,

d
1
(1.2) Viz)= §ij2-x?,
j=1

where the parameters w; € R\ {0} represent the respective trapping frequencies in
each spatial direction. As we shall see, the smallest trapping frequency denoted by
0<w= mi it
= o el
will play a particular role in our analysis.
We further assume that the BEC is subject to a rotating force along a given
rotation aris Q € R® and denote by

L=—ix AV,
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the quantum mechanical angular momentum operator. Note that in dimension
d = 2, we always have

(1.3) Q- L =—iQ (2105, — 20,,),

corresponding to the case where Q = (0,0, |Q2|) € R3.

The nonlinearity in (1.1) describes the mean-field self-interaction of the conden-
sate particles. The physically most relevant case is given by a cubic nonlinearity,
i.e. 0 =1, but for the sake of generality we shall in the following allow for more
general o > 0. We shall also allow for both attractive a < 0 and repulsive a > 0
interactions, satisfying Assumption 1 below. Vortices are generally believed to be
unstable in the former case (see, e.g., [7, 9, 25]), while they are known to form
stable lattice configurations in the latter [1, 10, 13].

In this work, we shall not be interested in the dynamical features of individual
vortices, but rather study bulk properties of the condensate, as described by (1.1).
To this end, we recall that the natural energy space associated to (1.1) is given by

Y ={uec H (R : |zju e L*(RY)},
equipped with the norm

ullg = llullZs + I VulZs + llzlulZ: .
We also impose the following sub-criticality condition on the nonlinearity:
Assumption 1. One of the following holds:

e a >0 (defocusing) and 0 < o < ﬁ, or
e a <0 (focusing) and 0 < o < 2.

Under these hypotheses, the existence of a unique global in-time solution i €
C(R¢; ¥) to (1.1) has been proved in [2]. In particular, the restriction o < 2 in the
focusing case (a < 0) ensures that no finite-time blow-up can occur. In addition,
the global solution %(¢,-) € ¥ is known to conserve the total mass, i.e.

(14) N = [ ot of de = Nw), VeeR,
as well as
(1.5) Eq(¥(t,-)) = Ea(to), VteER,

where Eq denotes the associated Gross-Pitaevskii energy:
1
(16)  Bal)= [ FIVOE+V@IP+

Note that the last term within Fq is sign indefinite.

In the following, we shall focus on various stability and/or instability properties
of solutions 1 to (1.1): Our first task will be to study the orbital stability of
nonlinear ground states associated to (1.1). These are solutions to (1.1) given by

Pt,x) =e *o(x), peR,

where ¢ is obtained as a constrained minimizer of the energy functional Eq(yp).
In [20, 26, 27], the onset of vortex nucleation is linked to a symmetry breaking
phenomenon for minimizers of Eq(y), which is proved to happen for |Q] above
a certain critical speed Q. > 0, even in the case of radially symmetric traps
V with w; = wy = w3 (see Section 3 for more details). In our first main result
below, we shall prove that under Assumption 1 and for || < w, the set of all
energy minimizers is indeed orbitally stable under the time-evolution of (1.1). In
turn, this will allow us to conclude several new results of orbital stability for a

a

T = (@ Ly da.
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class of rotating solutions to nonlinear Schrodinger equations without the angular
momentum term o< €.

The question of whether the condition || < w is only needed for the existence of
ground states, or also has a nontrivial effect in the solution of the time-dependent
equation (1.1), then leads us to our second line of investigation. A theorem based on
the Ehrenfest equations associated to (1.1), shows that in the case of non-istotropic
potentials V', a resonance-type phenomenon can occur for |2] > w. This leads to
solutions 1) whose Y-norm is growing (forward or backward) in time with a rate
that can even be exponential, depending on the choice of € and w;. Physically, this
can be interpreted as a manifestation of non-trapped solutions of (1.1) whose mass
is pushed towards spatial infinity.

The paper is organized as follows: In Section 2 below we shall prove the exis-
tence of nonlinear ground states. Their orbital stability (and several further con-
sequences) is proved in Section 3. Finally, we turn to the analysis of possible
resonances in Section 4.

2. EXISTENCE OF GROUND STATES

In this section we shall prove the existence of time-periodic solutions ¥ (¢, x) =
e~ p(x) to (1.1), which satisfy the following nonlinear elliptic equation

(21) po =~ A+ V(@) —(@-1))p+alee.

Note that if ¢ solves this equation, then so does e’ with # € R, i.e., we have
symmetry under gauge transformations.

For any given total mass N > 0, a particular class of solutions ¢ € ¥ to (2.1),
called ground states, is obtained by considering the following constrained minimiza-
tion problem:

(2.2) e(N,Q) :=inf{Eq(p): p € X, N(p) =N},

where the infimum can be replaced by a minimum whenever the energy functional

(1.6) is bounded from below. In this case e(NNV,€) > —oo denotes the ground state

energy. Note that Eq(yp) is well-defined for any ¢ € ¥, since Assumption 1 and
2

Sobolev’s imbedding imply ¥ — L2°*2 provided o < @y~ Moreover, for any

v > 0 we have
1 Y
(2.3) K¢AQ'LW4<H“?A$WMBHVMM2<§;mﬁwmwir+§ﬂVW@m

which in itself follows by rewriting Q- L = (Q A z) - V and employing Young’s
inequality.

The existence and orbital stability of ground state solutions will be proved by the
same method as in [8, 11]. To this end, we shall first show that the energy functional
(1.6) is coercive, provided the angular velocity | is less than the smallest trapping
frequency:

Proposition 2.1. Let [Q] < w and Assumption 1 hold. Then for any ¢ € X with
||<,0||2L2 = N, there is a § > 0 such that

(2.4) Ea(p) = 8|0l — Cn >0,

Moreover, ¢ — Eq(p) is weakly lower semicontinuous in 3, i.e. for {pr}e2, C 2
such that ¢, — ¢ € X, we have

Eqo(p) < liminf Eq(¢k).
k—o0
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Proof. The coercivity follows from (2.3) and the fact that V(z) > w?|z|* where
w > 0 is defined above. Thus one finds, for 0 < v < 1:

@25 Ea@) > el + & (02 ) gz, + gz
2 L2t v L2 g gL
In the case a > 0, we directly obtain
1—7 1 Q)2 N
Eo() > S Vel + § (w? - B0 ol > ool - 5

<’y<1 and we set

_ 2
5:min{12’y,;(w2—%|>}>0.

In the case a < 0, we first note from the Gagliardo-Nirenberg inequality that

where we choose v € (0, 1) such that

o 240(d—2
(2.6) lull352 < Coall Vul# ful 727,
with the optimal constant C, 4 > 0 obtained in [28], i.e
o+1
Co’,d o
QI3

where () satisfies

d?UAQ— (1 o(d - 2))Q+Q20+1

Then applying (2.6) to (2.5) and employmg Young’s inequality with

(p.a) = <d2a ﬁ)

yields the following lower bound for any € > 0:

Ea@) > 220 1vel2e — LUt el 2ine 2>+1(w2— '2) laollZ
2 Q% 2 5

1—v dolale? 9 1 ( 9 |Q|2) 9
2 (7 - ) Vol + 5 |w" — — | ||z
2 2||Q||2% H <p||Lz 2 v H (10||L2

] — )H ||
IQI7ze T+

2+40(d—2)
Tiodg

Now recall p = % > 1 and choose v € (0, 1), as above, such that IQ\

then € > 0 such that

<~vy<1,and

dolale? 1 -+

2lQIFz 4
After recalling that [¢||2. = N, we find
-y 2 1 ( 2 Q|2> 2 jal(1 = ) 2o-n
Ea(p) = — V|2 + = (w? = B0 ) a2, — 90— 2 N5
((,0) 4 || ()DHLQ ) v || 90||L2 ||Q‘ %‘;5‘1
> dll¢ll - Cla,d. o, N, |QII7%)

i {1271 (e 2P
5—m1n{ 1 ,2<w 5 .

Moreover, since the ¥-norm is weakly lower semicontinuous, the estimate (2.4)
directly implies the same holds for Fq, since its quadratic part together with a
multiple of the L?-norm forms a norm on ¥ equivalent to the usual one. O

where

To proceed further, we recall the following compactness result (see, e.g., [18, 29]).
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Lemma 2.2. For2<q< ﬁ, the embedding ¥ — L7 is compact.
Using this we can prove existence of a (constrained) minimizer.

Proposition 2.3. Let | < w and Assumption 1 hold. Then for a given N > 0,
there exists a oo € X such that |¢ss||3. = N and

EQ(‘)DOO) = glelgEQ(@) = e(Q’N)'

In addition, ¢ s a weak solution to (2.1) with p € R a Lagrange multiplier
associated to the mass constraint.

Proof. Choose a minimizing sequence {¢;}72; C X such that ||¢g||3. = N. First
we show {p}72, is a bounded sequence in ¥. From Proposition 2.1 we know that
0 < Eq(pr) < oo and the coercivity implies that any minimizing sequence {¢g}%2
is a bounded sequence in ¥. By Banach-Alaoglu, there exists a weakly convergent
subsequence {¢y; }32; C {pk}7Z; such that

Ok, = Poo 88 J —> 00,

for some ¢, € 3. The compact embedding of Lemma 2.2 implies that ¢r, — ¢

strongly (and hence in norm) in L? and in L?**+2 provided o < ﬁ. In particular

(2.7) lpoollz> = lim [lgn,[I72 = N.
Jj—o0o

By the lower semicontinuity of the functional Eq we have

Ey = inf Eq(p) < Eq(ps) < lim inf Eq(pr,) = En-.
eeL |lell3=N j—oo
Furthermore, since e(N, Q) = Eq(¢o) = limj o0 Eq(pr,), we see that ||¢, ||z —
lsolls, as j — oco. Together with the weak convergence of the minimizing sequence
this implies strong convergence to some @s, € 2.
It is then straightforward to compute the first variation (‘35%, X) = 0 to see that
a minimizer ¢, € X indeed solves (2.1) in the weak sense, i.e.

_ 1 _ _ _ o
M/Rd PooXdr = /Rd Ve - VX + V(2)BooX — Poo (2 L)X + alpoe|*" B0 x dor,
for all y € X. (]

Remark 2.4. It is straightforward to generalize all of the results in this section
to GP equations with general confinement potentials V(z) — +oo, as |z| = oo,
provided an appropriate energy space 3 is chosen.

3. ORBITAL STABILITY

The set of all ground states with a given mass N will be denoted by
(3.1) Go = {(p €3 : Eq(p) = ¢(N,Q) and N(p) = N} £ 0.

Recall that, by gauge symmetry, ¢ € Gq if and only if ey € Gq, for some 0 € R.
In the case without rotation, i.e., 2 = 0, and for radially symmetric potentials V'
with w1 = ws = ws, one can show that the energy minimizer is indeed radially
symmetric and positive on all of RY, see [18, 19] and the references therein. In
other words, in this case

(3.2) Go = {ue”, uw=u(|z|) >0, 0 € R}

Moreover, since the action of {2 - L vanishes on radially symmetric functions, any
radially symmetric ¢ € Gq is also in Gy, and hence of the form above. However, the
symmetry breaking results in [26, 27] imply that for |Q| # 0, a minimizer ¢, € Gg
is in general not radially symmetric. More precisely, it is proved in there that for
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|2 > Qeit > 0 no eigenfunction of the angular momentum operator L can be a
minimizer (and a radial function u is an eigenfunction with zero eigenvalue), even if
the GP functional is invariant under rotations around the 2-axis. This implies that
Voo i1 the case with rotation cannot be unique (up to gauge transforms), since by
rotating a minimizer one obtains another minimizer. In this context, an estimate
for the critical rotation speed Q¢ in d = 2 can be found in [20]. In summary,
these results show that Gq, in general, will be a more complicated set than Gy.
Moreover, Gg should also be distinguished from the set of rotationally symmetric
vortex solutions studied in, e.g., [17].

Our first main result is as follows:

Theorem 3.1 (Orbital stability of ground states). Let |Q| < w and Assumption 1
hold. Then the set of ground states Go # 0 is orbitally stable in X. That is, for all
€ > 0 there exists 6 = §(g) > 0, such that if Py € X satisfies

inf — < 4,
it o~ s
then the solution ¢ € C'(Ry, X) to (1.1) with 1 (0,z) = 1o € T satisfies

sup inf [[¢(t,) —plls <e.
teR PE€Ga
This theorem generalizes earlier results on the orbital stability of standing waves

in nonlinear Schrodinger equations with (unbounded) potential (see, e.g., [8, 14,
15, 18, 29, 30] and the references therein) to the case with harmonic potential and
additional rotation. Note that for Q = 0, the simple structure of Gy, given in (3.2),
allows one to rephrase the infimum over Gy as an infimum over # € R. Also note
Theorem 3.1 holds for defocusing and focusing nonlinearities satisfying Assumption
1 (see also Remark 3.2 below). In this context, we also mention the papers [14, 16],
in which the authors study various instability properties of standing wave solutions
to focusing nonlinear Schrodinger equations with potentials.

Proof. By way of contradiction, assume that the set of ground states Go # 0 is
unstable. Then there exist €9 > 0, ¢y € Gq, a sequence of initial data {¢§}k€N cX
satisfying

146 — olls = 0 as k= oo,
and a sequence of times {¢x }reny C R, such that
inf Fte, ) — > €0.
it [t )~ ol > o

Here ¥*(t,z) € C(R,X) is the unique global solution to (1.1) with initial data 5.
For simplicity set uy(z) := 9" (tg,z). From mass conservation (1.4) we have, as
k — oo:

k
lugllZs = 19" (tk, 72 = 15172 === llwoll7= = N.

Moreover, by energy conservation (1.5) it also follows that

Eo(uk) = Eo(¥*(t, ) = Ea(¥h) 27°% Eq(go) = e(N, Q).

Consequently, the continuity in time implies that uy is a minimizing sequence in 3.
By the proof of Proposition 2.3, there exists a subsequence such that ug; — poo € X
strongly, as j — co. Thus

j—o0

inf ([ () = ¢lle < llur; = @oolls =0,
peGa

which contradicts our assumption. ]
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Remark 3.2. It is possible to generalize this result to the case of an attractive
(a < 0) mass-critical nonlinearity o = 2, under the assumption that N < ||Q||2.,
see, e.g., [30, 31] for analogous results in the case without rotation. We shall not go
into further details here, but note that the associated question of a blow-up profile
as N — [|Q||2. in the case with rotation has recently been studied in [21].

Theorem 3.1 has the following interesting consequence: Recall that Q - L is the
generator of rotations around the Q-axis, in the sense that

e u(z) = u (e®x), VYue L*(RY),
where O is the skew symmetric matrix given by

0 0] 0 Q3 -
O = (|Q| 0) ford=2,and © = [ —€Q3 0 Q4 for d = 3.
Qy - 0

Clearly, this is a unitary operator on both L?(R?) and X. Tt was shown in [2] that
if (¢, z) solves (1.1), i.e., the GP equation with rotation, then

(3.3) U(t,z) = (" u(t, ) (2),

solves the following nonlinear Schrédinger equation with time-dependent potential:
. 1 -
(3.4) 10, = —imf + Wal(t,2)¥ + a| V>V, ¥, = o(z).
Here, the new potential W, is given by
Wa(t,z) == e LV(z) =V (etex) .

The global existence result for (1.1) then directly translates to the existence of
a unique global solution ¥ € C(Ry;X) to (3.4) (see also [6] for related results).
Moreover, we have that (3.4) conserves the total mass, i.e., N(¥(¢,-)) = N(tpg) for
all ¢ € R. The associated energy, however, is no longer conserved unless V(x) is
rotationally or at least axisymmetric w.r.t. Q, cf. [2] for more details.

Corollary 3.3. Under the same assumptions as in Theorem 3.1 it holds: For all
g > 0 there exists § = §(g) > 0 such that if g € ¥ satisfies

inf — < 4,
nf o~ olls
then the solution ¥ € C(Ry, X)) to (3.4) with (0,z) =1 € X salisfies

sup inf [|U(t,-) — e To()|s <e.
teR v€9a
In other words, we have orbital stability of the set e/*Gq under the dynamics
of (3.4). To the best of our knowledge, this is the only orbital stability result for
nonlinear Schrodinger equations with a time-dependent potential available to date.
In the particular situation where V' is rotationally symmetric, ie., V(z) =
1w?|z|2, one finds
Wa(t,z) =V (x), for any Qe R?,

yielding the usual Gross-Pitaevskii equation for (harmonically) trapped Bose gases
) 1 1 -
(3.5) 0,0 = — S AW+ 5w2\x|2 +alUP70, Wy =o(),

In contrast to (3.4), this equation does conserve the associated Gross-Pitaveskii
energy, Eo(¥(t,-)) = Eo(¢y), for all ¢ € R. The orbital stability result proved
above then has the following consequence:
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Corollary 3.4. Let Assumption 1 hold and V be rotationally symmetric. Then
O = Uaertjol<w) (€7 Ga),

is an orbitally stable set of solutions to (3.5).

The usual orbital stability result for ground states associated to (3.5) applies to
Go, see, e.g., [8]. Note that if, for some €, all minimizers ¢ € Gq are rotationally
symmetric, then e**LGo = Go = Gy. However, the results of [20, 26, 27] show
that, in general, ¢ € Gq is not rotationally symmetric, in which case e**LGq, does
not contain stationary solutions to (3.5) given by U (¢, z) = ®(x)e'*t. Again, to the
best of our knowledge, this is the only orbital stability result for (3.5) based on
non-stationary solutions.

4. A RESONANCE-TYPE PHENOMENON IN NON-ISOTROPIC POTENTIALS

All the preceding results are obtained under the condition || < w, which is
necessary for the existence of nonlinear ground states. However, one may wonder
(in particular in view of Corollary 3.4) if there are any qualitative changes to the
time-dependent solution of (1.1) for |Q2] > w. At least in the case of non-isotropic
potentials V(z), we will see below that this is indeed the case.

To this end, we denote for i(t,-) € X, the quantum mechanical mean position
and momentum by

X() = [ alulta)Pde, PO)=—i [ Gto)Volt)de
R R
Lemma 4.1. Let v € C(Ry;X) be a solution to (1.1), then, for all t € R:

X(¢ P(s) —QAX(s)ds
(4.1) /
/ VV(X(s)) + QA P(s)ds.

This system can be regarded as a generalization of the results in [24, Section 6],
obtained for = 0. Note that the nonlinearity does not enter in (4.1).

Proof. We shall assume that v is sufficiently smooth (and decaying) such that all
of our computations below are rigorous. A classical density argument, combined
with the continuous dependence of 1 on its initial data, then allows us to extend
the result to solutions ¢ € C(Ry; X).

We start by calculating the time derivative of X:

X = 2Re(9y), x¢)) = 2Re(i(L A% — V(2)p — alpp[*79 + (- L)), z¢))
= Re(iAy, zb) + 2Re(i(Q - L), b)) + 2Im (V (2) + aly)| >, 21))

€R

=J; + Jo.
An integration by parts then implies
J1 = Re(—=iVy, V() = Im(V), 2 V) + Re(—iVe,ypVz) = P
The term J; can be rewritten using (£2- L) = —i(QAz) -V and integration by parts

Jo = 2Re((Q A z) - Vip, z1p) = 2Re Z L(QA ) jzeb)e
l,j=1
d

:-22 (QAz)9)e; — 2Re(xp), (QAx) - Vip) = —2(1h, (Q A z)8p) — Ja,
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which implies that
Jo ==, (QAN2)Y) = QA X.

In summary this yields the following equation of motion for X:
(4.2) X=P-QAX,

which is the time-differentiated version of the first equation in (4.1).
Next, we calculate the time-derivative of P as:

P = 2Re(idyy), Vi) = 2Re(V (2)9 + ald[*¢ — 3A¢ — (Q- L), Vo))
=L+L+1I+1
For the first term, a straightforward integration by parts yields
I = —2Re(V (V) ) = —2/ VV (z)|[¢(t,z)|* de — Iy,
Rd
which implies

I = —/ VV(z)|[¢(t,z)? de = —VV(X),
]Rd

. d . :
since VV(2) = >0, w?z;. Furthermore, 5 vanishes, since

J
/ v(|w|2(o’+l)) dr = 07
Rd

and one also finds Is = —Re(Avy, Vi) = 0. Finally, we compute, using standard
vector identities

_a
Co+1

I

Iy = —2Re((Q- L)y, Vp) = —2Q A P — Iy,
which implies that
(4.3) P=—-VV(X)-QAP,
i.e., the differential version of the second line in (4.1). O

Given that (4.1) constitutes a closed system for X and P, one can study its solu-
tion independently of (1.1). As a first step, we have the following global existence
result.

Lemma 4.2. For any (Xo, Py) € R??, the system (4.1) admits a unique global
in-time solution (X, P) € C*(Ry; R24) with (X (0), P(0)) = (Xo, Py).

Proof. Denote = = (X, P) ", then (4.2), (4.3) are equal to
(4.4) E =M, E(0)=Eo,

where =y = (Xo, Py) ", and

0 9] 1 0
_ |- o 0 1 _
M2 = _w% 0 0 |Q| for d = 2,
0 —wi -9 0
and
0 Q3 —Qy 1 0 0
—Q3 0 Q4 0 1 0
] 2 - 0 0 0 1 B
Ms=1_2 o 0o o0 @ -0 ord=
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Equation (4.4) is a linear matrix-valued ordinary differential equation with constant
coefficients. Thus, (4.4), and equivalently (4.1), admits a unique smooth solution
given by:

[1]

(t) = etMazy,  for all t € R.
O

To simplify the following discussion, we shall assume that € R? is aligned with
one of the coordinate axes, say, 2 = (0,0,|Q2|)". In this way, (1.3) automatically
holds and thus the two-dimensional situation is included in what follows.

Proposition 4.3. Let Q = (0,0,|Q)) 7. Assume that
(4.5) w1 # wa and min{wy,wa} < || < max{w;, wa}.

Then for all (Xo, Py) € R%4\ H, where H = H(wy, ..., wq, ) is a linear subspace
of R%4, it holds

lim |X(¢)]= lim |P(t)] = +o0, or lim |X(¢)|= lm |P(t)] = +oo.

t—+o0 t—+4o00 t——o0 t——o0
Moreover, if both inequalities in (4.5) are strict, this growth is exponentially fast
and dimH = 2(d —1). If, however |Q] € {w1,wa}, then the growth is only linear in
time and dimH = 2d — 1.

Proof. Observe that for Q = (0,0,|Q2|)7, the matrix M3 decomposes as a direct
sum of My and the 2 x 2 matrix

0 1
A= (—wa o>'

Thus the characteristic polynomial of Mj is
det(A — M3) = det(\ — My) - det(\ — A) = det(\ — M) - (A2 4 w3).
Note that A? + w3 has purely imaginary roots, leading to bounded oscillations in

the solution of (4.1). Thus, for both d = 2 and d = 3 the characteristic polynomial
of My is the only possible source of growth in the solution. One finds that

det(\ — My) = X' +bA? 4 ¢
with
b=2(QP +wi +w; and c= (| —wi) (| - w3).
As a quadratic polynomial in A2, it has discriminant
D= (wf — w%)Q + 8|0 (w} + w3) >0,

and thus A\? € R. This implies that a necessary condition for the fact that at least
one of the two limits
lim |E(¢)| = +o0,

t—+oo
is that A2 > 0. This growth occurs on R??\ H, where H is the orthogonal comple-
ment of the eigenspace corresponding to the real eigenvalue(s) A.
Computing the roots, we find that since b > 0, the root

e R

2
A 2

< 0.

In addition, the other root satisfies

—b+Vb? —4c
=2
2

The latter is equivalent to min{ws, w2} < [ < max{wi,ws}.
Now if ¢ < 0 then A? > 0. Hence, the system has a positive and a negative
simple eigenvalue, implying exponential growth for ¢ — +oo and co-dimension of

A2 0, if and only if ¢ < 0.
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‘H equal to 2. The fact that both X and P grow individually can be seen from
computing the eigenvector V = (v1,v2,v3,v4) " associated to A. This can be done
using the block structure of My to derive a new eigenvalue equation for (vy,ve)T,

given by
T I N RN
2X|Q Q2 —w3 ) \vy ) — vy )’

In addition, one finds that

v3\ A |Q| U1
()= G 5 )
This yields the expression for V' after which a straightforward but somewhat tedious
analysis leads to the desired conclusion.
When ¢ = 0 then A = 0 is a double eigenvalue, in which case one needs to study
the dimension dy € N of the associated eigenspace. A straightforward computation
shows that if w; = ws (the axisymmetric case), then dyg = 2 is maximal and hence

the solution does not grow in t. By contrast if w; # ws, then dy = 1, and there
exists a linearly independent solution « ¢, stemming from the eigenvector V =

(13070,_|Q|)T' U
Remark 4.4. In the case without rotation, i.e. |Q =0, one finds
_w%—l—w% + ‘wf —w§|
2 2 ’
which implies A = +iwq, tiws, and thus a purely oscillatory solution.

A2 =

We are now in position to prove the second main result of this work.

Theorem 4.5 (Resonance in non-isotropic potentials). Let Assumption 1 hold and
Q= (0,0,|) 7. If condition (4.5) holds and if 1o € ¥ is such that the associated
averages (Xo, Po) € H, then the solution ¢ € C(Ry; ) satisfies

Jim [0t )ls = +oo, or Tim_[4(t, )5 = +oo.

Proof. Recall that both (1.1) and (4.1) have unique solutions. Thus, if ¢ (¢, -) solves
(1.1) with initial data ¥ € ¥ and if X = (tbo, 21po) and Py = —i(1)g, Vipg) are the
initial data to (4.1), then
X(t) = ((t,-), z(t,-),  P(t) = —i(e(t, ), Vi(t,-), VieR.
By Cauchy-Schwarz
X < llzelleblize,  [PL< (1902l V| e,
which together with the results of Proposition 4.3 and the mass conservation prop-

erty (1.4) implies the assertion of the theorem. O

Remark 4.6. The fact that there are nontrivial ¢y € X for which the associated
(Xo, Po) € H, can be easily seen by considering initial data of the form:

o(x) = ePore= (=202 gy py e RY.
In this case, Xy = 7%2zy and Py = 7%2p, and thus one obtains a growing Y-norm
of the solution 1 provided (zg,po) & H.

Indeed, the proof of Proposition 4.3 shows that if condition (4.5) holds, there
are solutions to (1.1) for which

”Vw(t’ ')HLza dej(t? ')HL2 — 00,
if t = 400, or t = —oo. In other words, these solutions develop frequencies which

are larger than those controlled by the »-norm and, in addition, their mass is
transferred to infinity, resulting in a weaker decay of 1. This is in sharp contrast to
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the case wy = wy = ws, where (1.1) is equivalent, up to the time-dependent change
of variables (3.3), to the classical NLS with harmonic trapping (3.5). The latter
conserves the energy Fo(U(t,-)) = Eop(tho), which in the defocusing case a > 0
directly yields the uniform bound

[V, )z = v )lls < Eo(to), VEeR.

Remark 4.7. The growth of (higher order) Sobolev-norms of solutions to nonlinear
Schrédinger equations with time-dependent, quadratic potentials was also studied
in [6]. One can check that (3.4) (obtained from (1.1), via the change of variables)
falls into the class of models for which exponentially growing upper bounds were es-
tablished in [6]. Theorem 4.5 shows that, in general, such exponential growth indeed
occurs, and that this is true even for linear Schrédinger equations. There exponen-
tial growth naturally occurs in the case of (even only partially) repulsive harmonic
potentials. We finally mention that very recently a somewhat similar instabil-
ity phenomenon for linear Schrédinger equations with quadratic time-dependent
Hamiltonian has been established in [3].

It is very likely that additional (in-)stability phenomena appear for general 2 €
R3, not necessarily aligned to one of the axis. However, the calculations of the roots
of the associated degree 6 characteristic polynomial become extremely involved, see
also [5]. Since our main goal was to establish an instability result for ¢) we do not
investigate the general case in full detail.

REFERENCES

1. A. Aftalion, Vortices in Bose—Finstein condensates. Progress in Nonlinear Differential Equa-
tions and their Applications vol. 67, Springer, 2006.
2. P. Antonelli, D. Marahrens, and C. Sparber, On the Cauchy problem for nonlinear Schrodinger
equations with rotation. Discrete Contin. Dyn. Syst. 32 (2012), no. 3, 703-715.
3. D. Bambusi, B. Grébert, A. Maspero, and D. Robert, Reducibility of the quantum har-
monic oscillator in d-dimensions with polynomial time-dependent perturbation. Anal. PDE
11 (2018), no. 3, 775-799.
4. W. Bao, H. Wang, and P. Markowich, Ground, symmetric and central vortex states in rotating
Bose-Einstein condensates. Comm. Math. Sci. 3 (2005), no. 1, 57-88.
5. I. Bialynicki-Birula and T. Sowiriski, Gravity-induced resonances in a rotating trap. Phys.
Rev. A 71 (2005), 043610, 8pp.
6. R. Carles, Nonlinear Schridinger equation with time dependent potential. Comm. Math. Sci.
9 (4), 937-964.
7. L. D. Carr and C. W. Clark, Vortices in attractive Bose-FEinstein condensates in two dimen-
sions. Phys. Rev. Lett. 97 (2006), pp. 010403.
8. T. Cazenave and P.-L. Lions, Orbital stability of standing waves for some nonlinear
Schrédinger equations. Comm. Math. Phys. 85 (1982), no. 3, 549-561.
9. A. Collin, E. Lundh, and K.-A. Suominen, Center-of-mass rotation and vortices in an attrac-
tive Bose gas. Phys. Rev. A 71 (2005), pp. 023613.
10. N. R. Cooper, Rapidly rotating atomic gases. Advances Phys. 57 (2008), 539-616.
11. S. Le Coz, Standing wave solutions in Nonlinear Schrodinger Equations. In: Analytical and
Numerical Aspects of Partial Differential Equations, Walter de Gruyter, Berlin, 2009.
12. F. Dalfovo and S. Stringari, Bosons in anisotropic traps: Ground state and vortices. Phys.
Rev. A 53 (1996), 2477-2485.
13. A. Fetter, Rotating trapped Bose-FEinstein condensates, Rev. Mod. Phys. 81 (2009), pp. 647.
14. R. Fukuizumi, Stability and instability of standing waves for the nonlinear Schrédinger equa-
tion with harmonic potential. Discrete Contin. Dyn. Syst. 7 (2001), no. 3, 525-544.
15. R. Fukuizumi and M. Ohta, Stability of standing waves for nonlinear Schrodinger equations
with potentials. Diff. Integral Equ. 16 (2003), no. 1, 111-128.
16. R. Fukuizumi and M. Ohta, Instability of standing waves for nonlinear Schridinger equations
with potentials. Diff. Integral Equ. 16 (2003), no. 6, 691-706.
17. C. Garcia-Azpeitia and D. E. Pelinovsky, Bifurcations of multi-vortex configurations in rotat-
ing Bose-Finstein condensates. Milan J. Math. 85 (2017), no. 2, 331-367.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

24

(IN-)STABILITY PROPERTIES OF ROTATING BEC 13

. F. Hadj Selem, H. Hajaiej, P.A. Markowich, and S. Trabelsi Variational approach to the orbital
stability of standing waves of the Gross-Pitaevskii equation Milan J. Math. 84 (2014), no. 2,
273-295.

M. Hirose and M. Ohta, Uniqueness of positive solutions to scalar field equation with harmonic
potential. Funkcial Ekvac. 50 (2007), 67-100.

R. Ignat and V. Millot, The critical velocity for vortex existence in a two-dimensional rotating
Bose—Einstein condensate. J. Funct. Anal. 233 (2006), no. 1, 260-306.

M. Lewin, P.T. Nam, and N. Rougerie Blow-up profile of rotating 2D focusing Bose gases. In:
Macroscopic Limits of Quantum Systems, Springer Verlag, 2018.

E. H. Lieb, R. Seiringer, and J. Yngvason, Bosons in a trap : A rigorous derivation of the
Gross-Pitaevskii energy functional. Phys. Rev. A 61 (2000), 043602, 8pp.

F. Méhats and C. Sparber, Dimension reduction for rotating Bose-Einstein condensates with
anisotropic confinement. Discrete Contin. Dyn. Syst. 36 (2016), no. 9, 5097-5118.

Y.-G. Oh, Cauchy problem and Ehrenfest’s law of nonlinear Schrodinger equations with po-
tentials. J. Differential Eq. 81 (1989), no. 2, 255-274.

H. Saito and M. Ueda, Split-merge cycle, fragmented collapse, and vortex disintegration in
rotating Bose-FEinstein condensates with attractive interactions. Phys. Rev. A 69 (2004), pp.
013604.

R. Seiringer, Gross-Pitacvskii theory of the rotating gas. Comm. Math. Phys. 229 (2002),
491-509.

R. Seiringer, Ground state asymptotics of a dilute, rotating gas. J. Phys. A 36 (2003), no. 37,
pp. 9755.

M. Weinstein, Nonlinear Schrédinger equations and sharp interpolation estimates. Comm.
Math. Phys. 87 (1983), 567-576.

J. Zhang, Stability of standing waves for nonlinear Schrédinger equations with unbounded
potentials. Z. angew. Math. Phys. (2000) 51, no. 3, 498-503.

J. Zhang, Stability of attractive Bose-Einstein condensates. J. Stat. Phys. 101 (2000), 731—
746.

J. Zhang, Sharp threshold for global existence and blowup in monlinear Schrédinger equation
with harmonic potential. Comm. Partial Differ. Equ. 30 (2005), 1429-1443.

(J. Arbunich) DEPARTMENT OF MATHEMATICS, STATISTICS, AND COMPUTER SCIENCE, M/C
9, UNIVERSITY OF ILLINOIS AT CHICAGO, 851 S. MORGAN STREET, CHICAGO, IL 60607, USA
E-mail address: jarbun2@uic.edu

(I. Nenciu) DEPARTMENT OF MATHEMATICS, STATISTICS, AND COMPUTER SCIENCE, M /C 249,

UNIVERSITY OF ILLINOIS AT CHICAGO, 851 S. MORGAN STREET, CHICAGO, IL 60607, USA and IN-

ST
01

ITUTE OF MATHEMATICS “SIMION STOILOW” OF THE ROMANIAN ACADEMY, 21, CALEA GRIVITEI,
0702-BUCHAREST, SECTOR 1, ROMANIA
E-mail address: nenciu@uic.edu

(C. Sparber) DEPARTMENT OF MATHEMATICS, STATISTICS, AND COMPUTER SCIENCE, M/C 249,

UNIVERSITY OF ILLINOIS AT CHICAGO, 851 S. MORGAN STREET, CHICAGO, IL 60607, USA

E-mail address: sparber@uic.edu



