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Scissors modes of a Bose-Einstein condensate in a synthetic magnetic field
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We study the scissors modes of a harmonically trapped Bose-Einstein condensate under the influence of a
synthetic magnetic field, which induces rigid rotational components in the velocity field. Our investigation
reveals that the scissors mode, excited in the plane perpendicular to the synthetic magnetic field, becomes
coupled to the quadrupole modes of the condensate, giving rise to typical beating effects. Moreover, the two
scissors modes excited in the vertical planes are also coupled together by the synthetic magnetic field, resulting
in intriguing gyroscope dynamics. Our analytical results, derived from a spinor hydrodynamic theory, are further
validated through numerical simulations of the three-dimensional Gross-Pitaevskii equation. These predictions
for the condensates subject to a synthetic magnetic field are experimentally accessible with current cold-atom
setups and hold promise for potential applications in quantum sensing.
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I. INTRODUCTION

Superfluidity is one of the most extraordinary conse-
quences of Bose-Einstein condensation (BEC). In the usual
condensates, superfluidity is manifested in various remarkable
rotational phenomena such as a reduced moment of inertia
relative to the rigid-body value and the vanishing of angular
momentum in the absence of quantized vortices and in the
presence of isotropic trapping [1,2]. Both effects are directly
linked to the constraint of irrotationality, a peculiar feature
of the usual superfluids. In vortex-free BECs, superfluidity is
often probed by exciting the so-called scissors mode, which
corresponds to an angular rotation around the symmetry axis
of an anisotropic trap [3]. This technique has proved invalu-
able in discerning the superfluid nature of diverse systems,
including Bose [4] and Fermi gases [5] as well as elongated
dipolar atomic gases [6,7].

The experimental realization of synthetic spin-orbit cou-
pling (SOC) has offered novel opportunities for exploring
topological condensed matter physics with ultracold neutral
atoms [8—10]. Synthetic SOC substantially impacts the super-
fluid properties of condensates due to the breaking of Galilean
invariance and irrotationality [11-23]. For instance, in BECs
with an equal superposition of Rashba and Dresselhaus SOC,
the superfluid fraction associated with the flow along the SOC
direction vanishes near the transition point between the plane-
wave phase and the zero-momentum phase [21]. Furthermore,
introducing a position-dependent detuning along the direction
orthogonal to the SOC direction generates new intriguing
features in the phase diagram [15]. Figure 1 shows that, as
a function of the position-dependent detuning, the two spin
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components of spin-orbit-coupled BEC can overlap, exhibit
vortices, or be fully separated. Vortices have been actually
observed experimentally for values of the detuning gradient
larger than a critical value [11]. While there exist many works
relating to the superfluid properties of spin-orbit-coupled con-
densates (see, for example, the review articles [24,25]), the
effects of the synthetic magnetic field on the superfluid dy-
namics have been vastly unexplored [26]. Recently, it was
found that a vortex-free BEC, in the presence of position-
dependent detuning, exhibits a rigid-like rotational velocity
field and possesses a finite angular momentum even when the
system is confined in an isotropic harmonic trap [22]. Due
to spin-orbit coupling the position-dependent detuning actu-
ally brings the system into an effective noninertial rotational
frame, leading to the Foucault-like precession of two dipole
modes in the rotating plane [23].

In this paper, we extend the spinor hydrodynamic theory
developed in [22] and [23], accounting for position-dependent
tuning effects to investigate the precession of the scissors
modes of a BEC subject to a rotational velocity field in-
duced by a synthetic magnetic field. Our findings indicate that
the synthetic magnetic field induces a coupling between the
scissors modes and the other collective modes of quadrupole
nature. Specifically, the scissors mode in the horizontal plane
perpendicular to the synthetic magnetic field becomes coupled
to the three quadrupole modes related to the shape oscillation
of the condensate. Moreover, the two scissors modes in the
vertical planes are coupled together, giving rise to intriguing
gyroscope dynamics.

II. SPINOR HYDRODYNAMIC THEORY

We begin by considering a BEC with a Raman transition
induced equal-Rashba-Dresselhaus synthetic SOC along the x

©2023 American Physical Society
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FIG. 1. (a) Phase diagram of the condensate in a synthetic mag-
netic field as a function of the atom number N and the relevant
parameter 7 fixing the position dependence of the detuning (see
text). The two spin components can be overlapped, exhibit vortices,
or be separated, depending on the value of the relevant n and N.
(b) A typical distribution of the condensate obtained by numerically
solving the GP equation for n = 0.005, 0.01, 0.013E, at N = 10°.
Note that there are two vortices at y = 0 for n = 0.01E,.

direction. In the spin-rotated frame, the single-particle Hamil-
tonian is given by

1 . h<2
Hy=—(p— hkOUzex)z + Vtrap — ——o0, — nkoyoy, (D
2m 2

where m is the atomic mass, fiky is the recoil momen-
tum, €2 represents the Raman coupling strength, Vi, =
m(w?x? + a))z,y2 + wfzz) /2 denotes the harmonic trapping po-
tential with angular frequencies w, ,,;, and 1 is the coefficient
of the y-position-dependent detuning. The mean-field inter-
action energy of the condensate is characterized by Vi, =
[dr Zaﬂ 8aphanp/2 where n, is the particle density of the

ath component and gup = 4nh2aaﬂ /m are the interaction
constants in different spin channels with a,g the correspond-
ing s-wave scattering lengths. In this work, we focus on
isotropic interactions by assuming g,s = g. The last term
in Eq. (1) induces a synthetic magnetic field Bsy, along the
vertical z direction [Fig. 2(a)]. When 7 is larger than a critical
value 7., vortices will appear which has been demonstrated in
the pioneering experiment [11].

For simplicity, we shall focus on the zero-momentum
phase where hQ > hQ, = 4E,, with E, = i’k /2m repre-
senting the recoil energy. When the detuning gradient 7 is
small, vortices do not appear, and the total density of the con-
densate can be approximated using the Thomas-Fermi (TF)
distribution. Under this condition, the quantum pressure term
can be ignored in the application of the hydrodynamic theory.
Additionally, due to the large Raman energy gap, the relative
phase between the two spin components is locked in the
low-frequency oscillations. In this regime the hydrodynamic
equations for the two spin components can be simply reduced
to the following equations:

on
— + V. (nv) =0, 2
o T (nv) 2
ap 1 , 1,1, Q
5 + Em*vx + Emvy + Emvz =+ M — E = 0, (3)
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FIG. 2. (a) Illustration of a spin-orbit-coupled BEC in the pres-
ence of a position-dependent detuning &(y) = nkoy, which induces
a synthetic magnetic field By, along the z direction and a rota-
tional velocity field in the horizontal plane. (b) Dependence of the
quadrupole modes eigenfrequencies on the Raman coupling strength
for n = 0. The three red curves are the eigenfrequencies correspond-
ing to the width oscillation of the condensate [Eq. (5)] and the
blue curve corresponds to the oscillation frequency w,,/2m of the
scissors mode in the horizontal plane. The trapping frequencies are
(wy, wy, ;)2 = (50«/5, 50, 35)Hz. At the two points indicated by
the green star and cyan dot, the scissors mode frequency w,, and
one of the three hybrid quadrupole modes are degenerate. In this
work, we shall focus on the green star point at 2 = 6E, where the
degeneracy condition Eq. (6) is satisfied.

denoting the physical superfluid velocity and m* = m(1 —
Q./2)7! the effective mass in the zero-momentum phase. It
is worth pointing out that the second term of v, arises from
the spin density s,/n which becomes nonzero for finite 5.
This term plays an important role in generating the rotational
velocity field, the finite angular momentum, and the coupling
among different collective modes. In Eq. (3), we introduce the
chemical potential it = ng + Virap — % m*nQ2y> /1?92 where
the last term results from the antitrap effect of the synthetic
magnetic field and renormalizes the trapping frequency along
the y direction. Since it is proportional to »?, this term is
neglected in the following analysis.

At equilibrium, the total density and absolute phase are
determined as no = (1 — Virap)/g and ¢ = axy, respectively,
with o = 2nkjw?/Qw?, where w,, = Voim/m* + a)g is the
frequency of the scissors mode in the horizontal plane in
the absence of detuning gradient. Consequently, the ve-
locity field becomes vy = (—wes), wgffx, 0) where wefr =
N/ — hia/m*, oy = ha/m. Such a rigid-like rotational
velocity field causes a coupling of various collective modes,
including the two dipole modes in the horizontal plane [23]
and the quadrupole modes discussed in this work.

A. Without synthetic magnetic field (y = 0)

In this case the quadrupole modes of a trapped BEC in-
clude three scissors modes excited by the operators xy, xz,
and yz and corresponding, respectively, to the angular rotation
of the condensate around the z, y, and x axes, and other
three modes excited by the operators x?, y?, and z2, which
correspond to the shape oscillations of the condensate. The
oscillation frequencies of the three scissors modes are given

by 0y = Vol (m/m*) + o}, o = Vol(m/m*) + o2, o, =
Y, a)% + wf, respectively.
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The frequencies of the quadrupole modes related to the
shape oscillations are instead given by the solution of the
equation [2]

m m m
@® =30t —? + 0 + 0? | + 80* [ —wl0? + —wlw?
m* ! ¢ A T

+ a)}%wf) - 20%(1)3%2,603 —0. (5)
Figure 2(b) illustrates how the three eigenfrequencies related
to the shape oscillations and the scissors mode oscillation
frequency w,, depend on the Raman coupling strength. It
shows that the degeneracy between the scissors mode xy and
one of the shape oscillation quadrupole modes takes place
for two values of the Raman coupling. In the following we
will focus on the case indicated with the green star point
at Q@ = 6E,, corresponding to the degeneracy condition [27]
(for the more general case, and detailed information on the
derivation of the equations of motion for the collective modes,

see the Appendixes)
,/ﬂwx = w,, (6)
m*

which actually coincides with the condition that the two dipole
modes in the horizontal x-y plane be degenerate.

B. With synthetic magnetic field (y # 0)

In the presence of a position-dependent detuning, the six
quadrupole modes discussed above are further coupled to-
gether by the synthetic magnetic field, leading to interesting
beating phenomena that can be induced through distinct exci-
tation methods.

1. Sudden rotation of the harmonic trap by a small
angle ¢, in the x-y plane.

This excites the scissors mode in the horizontal plane,
characterized by the operator xy. Due to the influence of the
synthetic magnetic field, this scissors mode becomes coupled
to the three quadrupole modes x*, y?, and z2, related to the
shape oscillations of the condensate. The ansatz for the fluc-
tuation of the total density and absolute phase can be written
as

Sn ~ €1xy + e2x* + €3y* + €42°, @)

S ~ ayxy + a2x2 + a3y2 + a4zz. (8)

Substituting them into the linearized spinor hydrodynamic
Egs. (2) and (3), we obtain the coupled differential equa-
tions for the variables €; and «; (j=1,...,4) (see the
Appendix). By seeking solutions of the form €;(¢) ~ ¢~ and
a;(t) ~ e~ the collective frequencies are found to satisfy
an equation of the form w® + c30°® + c;0* + cjw? + ¢y = 0.

Under the degeneracy condition [Eq. (6)], these coupled
differential equations can be further simplified as the scis-
sors mode xy is only coupled to a mode associated with
condensate deformation in the horizontal plane, excited by
the operator Q = %‘fxz — Z)T:yz. Introducing the convenient

variables \/;fw, = oy =@y and et = Wy = Wy, a
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FIG. 3. (a), (b) Time evolution of the scissors mode xy in
the horizontal plane and the quadrupole mode characterized by
the operator Q = (w?/w?)x* —y* in the presence of a detuning
gradient n = 0.001E,. The trapping frequencies are (fs, fy, f;) =
(504/3, 50, 35) Hz and the Raman coupling strength is Q = 6E, to
meet the degeneracy condition Eq. (6). The dynamics is excited by a
sudden rotation of the harmonic trap by a small angle ¢, = 3° in the
x-y plane.

straightforward calculation, which includes only effects linear
in 1, yields (see the Appendix)
2

dr?

2

%(Q) + (205 — 40,)(0) + Swnj—tuy) =0.  (10)
Consequently, the two modes excited by the operators xy
and Q exhibit a beating effect with a frequency splitting
Aw = 4w,. The other two modes, excited by the operators
2:x? + 20y and 2%, remain coupled but they do not depend
on the detuning gradient (see the Appendix). A representative
numerical solution of the beating effect exhibited by the xy
and Q modes is shown in Figs. 3(a) and 3(b).

To validate our theoretical hydrodynamic analysis, we
perform a numerical simulation of the time-dependent three-
dimensional Gross-Pitaevskii (GP) equation. For our numer-
ics, we chose a total particle number of N = 10° and a recoil
momentum ky = 27 /A with A = 782 nm. Our results reveal
excellent agreement between the hydrodynamic predictions
and numerical GP results. We note that the coupling between
the scissors mode in the horizontal plane and the quadrupole
modes was experimentally demonstrated in the context of a
superfluid Hall effect by LeBlanc ef al. [26]. Our theoretical
framework enables a detailed discussion of the consequence
of the rotational velocity field and an explicit demonstration
of the beating effect on the coupling between these collective
modes.

d
(xy) + (205 — 40} ) (xy) — Za),,E(Q) =0, (9

2. Sudden rotation of the harmonic trap by a small
angle 0, in the x-z plane

This excites the scissors mode in the vertical plane, associ-
ated with the operator xz. Due to the presence of the synthetic
magnetic field, this mode couples to the other scissors mode
vz. In this case the ansatz for the variations of the total density
and absolute phase are

8n ~ esxz + €gyz, (11)

8¢ ~ asxz + agyz. (12)
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FIG. 4. Time evolution of the scissors modes in the vertical
planes (xz) and (yz). The trapping frequencies are (f;, fy, f.) =
(50+/3, 50, 35)Hz, = 6E,. Thus, /m/m*w, = wy, a beat appears
for the two coupled modes. The detuning gradient n = 0.001E,. The
dynamics is excited by a sudden rotation of the harmonic trap by a
small angle 6y = 3° in the x-z plane.

Under the same degeneracy condition Eq. (6), the two scis-
sors modes share the same oscillation frequency when 1 = 0.
Substituting Eqgs. (11) and (12) into the linearized spinor hy-
drodynamic Egs. (2) and (3), we obtain the following coupled
second-order differential equations

d?(x7) wy d{yz)

i + (a)g + w? — w%)(xz) + anw_i F7alke 0,
d*(yz) ) ) ) wy d{x2)

dr? + (0p +wF — w,,)(yz) - zw”aTy dr 0,

which clearly reveals that the two scissors modes exhibit a
beating effect, with frequency splitting Aw = 2w, (Fig. 4).

The coupling between the two scissors modes in the verti-
cal planes gives rise to a typical gyroscopic effect associated
with the precession of angular momentum. A sudden rota-
tion of the trap in the x-z plane, in fact, causes the angular
momentum to deviate from the vertical axis. As shown in
Fig. 5, this results in two simultaneous dynamical effects: a
rapid oscillation of angular momentum around the vertical
axis due to the restoring force of the trapping potential (the
scissors mode), and a slower precession of angular momen-
tum around the vertical axis due to the synthetic magnetic
field.

In the linear regime, it is easy to find the relation between
the azimuthal angle ¢ that characterizes the gyroscope pre-
cession and the polar angle 6 that characterizes the scissors
modes in the vertical planes

R.R, a)f — a)z2
(xz) = ————=0(t) cos (1), (13)
7T ww,
R.R. w2 — w?
(yz) = —————=0(1)sing(t), (14)
T ww,

where we assume that the polar angle 6(¢) is small. A similar
gyroscopic effect was previously investigated in the case of
a single-component Bose-Einstein condensate in the presence
of a quantized vortex [28,29]. In the present case, the effect
is caused by the synthetic magnetic field which gives rise to
angular momentum even in the absence of quantized vortices
and to a precession rate d¢/dt of the azimuthal angle propor-
tional to w,,.

FIG. 5. Illustration of a BEC gyroscope realized via a synthetic
magnetic field. The polar angle 0(¢) corresponds to a fast scissors
mode oscillation in the vertical plane and the azimuthal angle ¢(7)
corresponds to a slower precession around the symmetry axis z due
to the synthetic magnetic field.

For larger values of the position-dependent detuning gradi-
ent 1, and hence larger synthetic magnetic fields, additional
effects take place, like bifurcation dynamics [30] and the
occurrence of quantized vortices [11], whose consequences
on the dynamic behavior of the scissors mode, are, however,
beyond the purpose of the present work.

III. CONCLLUSION

In conclusion, we presented a comprehensive investiga-
tion of the scissors modes and other quadrupole modes of
a spin-orbit-coupled BEC under the influence of a position-
dependent detuning. Due to the existence of a synthetic
magnetic field, these collective modes are coupled together,
giving rise to interesting beating effects and gyroscope dy-
namics. Our framework can be naturally extended to the case
of the plane-wave phase or the application of a position-
dependent Raman coupling. Our results offer valuable insights
pertinent to the understanding of a recent experimental work
carried out at Purdue University where the scissors mode of
a spin-orbit-coupled BEC with a position-dependent Raman
coupling was directly observed [31]. Different from the zero-
momentum phase, it was found that, in the plane-wave phase,
the scissors mode is further coupled to the dipole mode.
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APPENDIX A: HYDRODYNAMIC FORMALISM

In this section and in the following ones we provide
a detailed derivation of the analytical results mentioned in
the main text. Starting from the spinor hydrodynamic equa-
tions presented in [23]

an  h B B
— + _Vx(nvx(p) + _vy(nv\¢) + _Vz(nvzd))
Jt m* m m
Q"v =0 (A1)
g Vet =0,
il T (Vi) + i V07 =y v, — 2
or T (OS5 (W QP T
+ng+ Viap = 0. (A2)

The total density and phase of the condensate can be written
as n =ny+ én and ¢ = ¢y + §¢ where ny and ¢ are the
ground-state density and phase of the condensate. At equi-
librium, substituting the Thomas-Fermi (TF) distribution for
the density ny and the ansatz for the phase ¢y = axy into
Egs. (A1) and (A2), after ignoring terms proportional to 7?2,
we find the chemical potential & as presented in the main text
and the coefficient « has the following form:
2.2
o= — % (A3)
Q(mw?/m* + wg)

The linearized hydrodynamic equations for the density and
phase perturbations can be obtained as

adn

h h
a_ + _*Vx[novx(8¢)] + _V)[nov)(8¢)]
t m m

h
+EVz[non(5¢)] — WefryVx(8n) + @ gxVy(Sn) = 0, (Ad)

3¢ g /
v + E(Sn — Weffy V0 + woxVyp = 0,

where we introduce wer = 2./ (AQ) — ha/m*, Wy =
ha/m.

(A5)

APPENDIX B: COUPLING OF THE QUADRUPOLE MODES
x2,y%,z> AND THE SCISSORS MODE xy

In this case the ansatz for the density and phase fluctuations
can be written as

x2 2 2

Xy z
nm=€,—— +e6—+ 63— + 64—, B1
n leRy+ 2R§+ 3R§+ 4R§ (BD)

2 2 2
g Xy X y Z
Sp == — = — 1, B2
1) h<a1Rny +062R§ -|-Ot3R3 +a4R§> (B2)

where R, = /2uo/mw? represents the TF radius along
the v direction with pg = nog + Virap. Substituting them into
the linearized spinor hydrodynamic Eqs. (A4) and (AS), we
obtain the coupled differential equations for the variables ¢;
ande; (j=1,...,4),

deq 2 Wy , Wy
— T WL — 2weti— €2 + 2a)eff—e3 =0,
dt w,y Wy
dey m Wy
2 2 2 ; @y
— — 3—*0))(052 — W03 — W4 + W€ = 0,

dt m Wy

des m w
2 2 2 x
— — —wo — 3a)),ot3 — Wiy — werr—€1 = 0,

dt  m* w,y

dey m
— 0wy — oy — 30las =0,
dt m* " Y <

do; Wy , Wy
— — 2wef—0t) + 2w ——0a3 + €1 =0,
dt w, Wy
doy Wy
e e2a+e =0,
dt effa)x
dos w
— — wep—a; + €3 =0,
dt w,
d0l4 + 0
—_— €4 = V.
dt

Under the degeneracy condition

m
V| @ = 0y = o, (B3)
m

we have
Wy wy
Ll)effw—y = a)effa)_x = Wy, (B4)
Wy = V2wy. (B5)

Thus, the above coupled differential equations can be further
simplified to

d€1 2
— — 2wy01 — 2wper + 2wye3 = 0,
dt
de
d—: — 3a)(2)a2 — a)(z)a3 — a)zza4 + wyer =0,
de
d—; — wéotg — 3a)(2)a3 — a)zza4 — wpe; =0,
d64
i a)%az — w3a3 — 3a)Z2a4 =0,
t
d(Xl
o 2w,00 + 2wyo3 + € =0,
92 | s + €= 0
- (OF103] € =0,
dt g
des +e=0
— —wya; +e3 =0,
dt g
d(X4
— 4+ ¢ =0.
dt

We can regroup these equations as

d€1 2
T 2wg0t; — 2wy (€2 — €3) =0,
d(er —
% — 2w§(a2 —a3) +2wye; =0,
d
% + €1 — 2wy(ay —az) =0,
d(oy, —a
% + (€62 — €3) —{—Zw,,ozl =0,
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and
% — 4wj (s + a3) — 2wley = 0,
‘% — wj(aa + a3) — 3wlay =0,
d(ozzd-tl- a3) + (et e) =0,
% + e =0.

A further reformulation gives the following coupled second-
order differential equations:

d%e d(e; —€3)

7 + (205 — 4w%)61 - 4w"T =0, (B6)

dz(e;t; €) (20} — 42)(e2 — &) + 4%% =0, (B7)
and

% +doj(er + €3) + 2wles =0,  (BY)

% + 3wles + wy(er + €3) = 0. (B9)

The coupling of (e, + €3) and €4 is due to the trap geometry
whereas the coupling of €; and (€, — €3) is due to the synthetic
magnetic field.

The variables ¢; are related to several important experimen-
tally measurable quantities

(xy) = %nR,%Rf,Rze], (B10)
(x?) = %nRiRsz(f&ez + 63+ €4), (B11)
) = %ﬂRxRiRz(fz +3e+e),  (B12)
(@) = inRnyRg(ez + €3 + 3es), (B13)

105

where (.) represents an average with respect to the density
variation §n. Introducing the excitation operator

Wy

R (B14)
y Wx
we obtain
d? ) ) d
ﬁ(xy) + (w5 — 4a)n)(xy) — Zw"E@) =0, (BI5)
@ 207 — 4o? ey = 1
-2 + (205 — 407)(Q) + 8wy () =0 (BI6)
The normal mode frequencies can be determined with
[~ o + (20} — 402)] = 160%w?. (B17)
Therefore, we find
wy = \/za)o =+ 2w,. (B18)

Under the same condition, the collective oscillation frequen-
cies for the other two coupled quadrupole modes (which

involve z%) can be found as

3 9
W, = \/Za)% + za)z2 + \/4503 - 4(:)(2)a)z2 + —wt (B19)

4%
which do not depend on the detuning gradient 7.

APPENDIX C: COUPLING OF THE SCISSORS
MODES yz AND xz

Substituting the ansatz for the density and phase
fluctuations

Xz vz
Sn = 2 c1
"=ORE TCRER €D
g Xz ¥z
5p =2 , 2
=5 (“5 RR. % R),RZ) €2

into the linearized spinor hydrodynamic Egs. (A4) and (AS5),
we find the following coupled differential equations:

. 2 , Wy _
€5 — a)xzocs + Wegp— €6 = 0, (C3)
Wy
. 2 Wy
€6 — W 0 — Weff—€5 = 0, (C4)
Wy
. / (,()y
as + Wepr— g + €5 = 0, (CS)
Wy
. Wy
e + e = 0. (Co)

y

They can be further combined into the following coupled
second-order differential equations:

d%es ) WeftWhg , Wy a))%Z deg
W‘i‘&)xz 1—?: 65+(,()effaTX 1+— ?:O,

2
d’eg Wett @), 1) i, \de
2 effWepp x vz 5
it ol (1= = e —wuar— (14 =) =2 =0
t s, wy

Using the relations

4

(xz) = ﬁanRnyeg, (C7)
4 2 p2

(yz) = ﬁnRnyRz€6’ (CS)

we find

w2 wy ] dt
d*(yz) 2 WeffWegp
dt? = w?, tz)
w?

Under the same degeneracy condition, Eq. (B3), we have

— — 2 2 oy ) Oy
Wy, = 0y, = [0 + @2, Weff 4f = W, = O Therefore,

053316-6



SCISSORS MODES OF A BOSE-EINSTEIN CONDENSATE ...

PHYSICAL REVIEW A 108, 053316 (2023)

the above coupled differential equations become

A
‘;— (034 02— @)eo— 20 20 =0,
and
dii(;Z) + (@f + o? — o) (¥2) + 20 wxdiiyZ> =0
dji(:;d—i-(wo—i-w —a))(yz) 20 ”a)_y iit> =0,

respectively. The normal mode frequencies can be determined
by

[— o+ (a)é + a{2 — wf])]z = 4a)2w5, (&)
yielding the relevant result

wr =,/ + ©? £ wy,

for the effect of the synthetic magnetic field on the frequency
of the two scissors modes.

(C10)

APPENDIX D: RELATION BETWEEN ROTATION ANGLE
¢ AND AVERAGE (xy)

At equilibrium, the TF density is given by

n(x,y,z) =n l—ﬁ—ﬁ—i (D1)
’ y’ — o R% R% R?‘ .
Direct normalization (normalize to 1) gives
15
o= ——> . (D2)
87 RR\R,

It is easy to find, at equilibrium,

(xy)o =0, (D3)
R2

(x*)o = (D4)
R2

%o = 7y (D5)
R2

(20 = 7Z (D6)

To find the relation between the rotation angle ¢ of the con-
densate in the x-y plane and the average value of the operator
xy that excites the scissors mode, we consider a condensate
that rotates by a small angle ¢. Since in the rotated coordinate
system one has

X =xcos¢ + ysing, (D7)
Y = —xsin¢ + ycos ¢, (D8)
it is immediate to find the identity
R} — R}
(xy) = BT ————sin(2¢). (D9)
Therefore, for small angle ¢, we have
R-RL 121  2u
)~ 7 9= 7 (ma)f mw? ¢
2 a))% — w?
el e St (D10)

Tm  wlw?
On the other hand, since yo = 1mw?R? = 1mw?R2, the above

vty
expression can be rewritten in the useful form

2 2
Rny wy — Wy

7 Wy Wy

(xy) ~ (D11)
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