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ABSTRACT SHORT-TIME EFFECTIVE
Recently, we have developed an efficient recursive approach for analytically calculating the short-time expansion of ACTION APPROACH

the propagator to extremely high orders for a general many-body quantum system [1]. Here we apply this technique

for a numerical study of thermodynamical properties of a rotating ideal Bose gas of 8/Rb atoms in an anharmonic e Recently introduced short-time effective-action
trap [2]. First, the energy spectrum of the system is obtained by the exact diagonalization of the discretized short- approach [1,8-10] allows efficient calculation of
time propagator. Then the condensation temperature, ground-state occupancy, density profiles and the time-of-flight general many-body transition amplitudes with high
absorption pictures are calculated for varying rotation frequencies, including the critical and over-critical regime. The precision

obtained results improve previous semiclassical calculations [3]. e Short-time amplitudes are written in the form

—
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FAST ROTATING BECs NUMERICAL RESULTS: AG, 05 @2 0) = sz P | =g — W
e Response to rotation is one of the hallmarks of Global properties of BECs where W is the effective potential and § = ¢ — &

superfluidity o Effective potential can be expressed as a double

e Fast-rotating Bose-Einstein condensates are 2e+06 ] ] ] ] ] ] ] series in the time of propagation and discretized
challenging subject from both experimental and 1 86406 L Q/®, =000 \ velocity §, as we have shown previously [8-10]
theoretical point of view 1.6e+06 | gigi?gg ) e A set of recursive relations for the effective potential

e Experimentally, it is a delicate matter to achieve fast | 46406 ©- Q,mizl.OS is derived in Ref. [1], and analytic expressions for
rotation and to keep the spatial confinement of {20206 | expansion of W up to very high order p are obtained
atoms le+06 ©- e Such effective actions can be numerically used for

e Recent experiment [2] resolved this by introducing 200000 - accurate calculation of short-time transition
an additional anharmonic part into the common 00000 amplitudes, due to rapid convergence
?er21302|fo5tgegglggonpcs)rentlal for the ensemble of oo | A(GL 0: B 1) = AP (1, 0: G, £) + O(tP).

Vepe = M (W2 —Q2)r2 4 M 2,2 4 byt 200000 | _a—a—%" . . Coupled with the exact | diagonalization of the

0 E=r——= 1 1 1 1 1 evolution operator [7], this approach also allows

wy =2m x 64.8 Hz,w, = 27 x 11.0 Hz, keyp = 2.6 X 1071 Jm ™" 40 50 60 70 8 90 100 110 120 highly efficient calculation of energy eigenvalues and
. . . eigenstates of few-body systems

e This type of setup allows fast rotating frequencies Fig. 1: Number of particles as a function of T[nK], calculated with
close to the critical frequency, i.e. r=Q/w; ~ 1 p =18 effective action. The horizontal line shows the number of

_ . _ bosons in the experiment. Solid lines give semiclassical results
e The small quartic anharmonicity in x-y plane keeps from Ref. [3]

the condensate spatially confined, even for the T NUMERICAL RESULTS:

critical frequency

L Time-of-flight graphs for
condensate density profiles

PROPERTIES OF IDEAL BECs ‘

e Within the grand-canonical ensemble, free energy of 0.6 - — - -
the ideal Bose gas can be expressed by the cumulant
expansion 04 | |
1 Q/0, =000 -
- _—_ - __ . =0.
F = 61112 Z ) 0, | B =090
e Number of particles for T< Tc, Wlth U= Eq | @fe =199 ) Fig. 4: Time evolution of density profiles in x-y plane for condensate
00 Q/o, =1.05 ' at T = 10 nK rotating at r =0.9 frequency, calculated with effective
_ mBEq _ 0 | | | ' ' ' action of the order p = 21. Linear size of condensate density
N'= No + mZ_l(e 21(mf) — 1) 04 05 06 07 08 09 1 profiles is 54.um |
o Definition of the coniloensatlon temperature Fig. 2: Ground state occupancy as a function of T'/1., calculated
Ny 1 mB.E with p = 18 effective action. Solid lines represent semiclassical - - B
e . cL~0 . _
N 1 N mz_l(e Zl(mﬁc) 1) =0 values from Ref. [3].

e Numerically calculated Tc¢ slightly lower than the

semiclassical result, as expected [4,5]. NUMERICAL RESU LTS:

e Ener eigenvalues and eigenstates are obtained o o
usinc_?ythegapproach from Rgef- [6], which can be Condensate denSIty prOfIIes Fig. 5: Time evolution of density profiles in x-y plane for condensate
substantially improved [7] by applying the effective at T = 10 nK rotating at r =1.0 frequency, calculated with effective

t=0ms —

t=0ms

action of the order p = 21. Linear size of condensate density
profiles is 54um
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e Density profiles for low temperatures

n>1

e Density profiles for mid-range temperatures

n(7) = Noltpo(P)|> + )  [e™PF0A(F, 0; 7, mBh) — |¢o(F)|]
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e Time-of-flight graphs for density profiles for low
temperatures
)2 o =
n(r,t) = Nolto(T, 1) ‘|‘ZN Y (7, 1)) o0 200E 200
n>1 : o 1 [ o
BEAPR it B B |
oo\ +ik-F—ik-R
where w“(r’ t> o / (277)3 e r ¢n(R> Fig. 6: Time evolution of density profiles in x-y plane for condensate
: : : : : at T = 10 nK rotating at r =1.05 frequency, calculated with effective
e Time-of-flight graphs for density profiles for mid- action of the order p = 21. Linear size of condensate density
range temperatures r — 1.05 profiles is 54um
( ) N, |¢ ‘2 4+ Z mﬁEo d3]21 d3]22 d3§1 d3ﬁ2 v
" oo (27)8 Fig. 3: Density profiles in x-y plane for condensates at 7 = 10 nK e We observe oscillation of the density profile at the
m2>1 rotating close to the critical frequency, calculated with effective origin for overcritical rotation, which considerably
—i(wp. —wg )t+i(ky—kg)-F—ik1-Ri+ika-R S = N action of the order p=21. Linear size of profiles is 54um for . : : ! :
o i, —wg, Jt+i(ki—k2) F—ik1 Rit+ike Ro A(R1,0; Ry, mBh) — |2ho (7, t)] ] r=0.9, 1.0, 1.05 and 108 um for r =1.2. increases typical time-scale of free expansion
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