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Yang—Yang thermodynamics of one-dimensional Bose
gases with anisotropic transversal confinement*
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By combining the thermodynamic Bethe ansatz and local density approximation, we investigate the Yang—Yang

thermodynamics of interacting one-dimensional Bose gases with anisotropic transversal confinement. It is shown that

with the increase of anisotropic parameter at low temperature, the Bose atoms are distributed over a wider region,

while at high temperature the density distribution is not affected obviously. Both the temperature and transversal

confinement can strengthen the local pressure of the Bose gases.
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1. Introduction

Since the experimental realization of one-
dimensional (1D) quantum gas,[!=% it has become
a popular platform to study the many-body physics
of strong correlated low-dimensional quantum sys-
tems. Low-dimensional quantum gas can be realized
by confining the atom to the transversal ground state
with a strong anisotropic magnetic trap or a two-
dimensional optical lattice, which can be described
with an effective 1D “toy” model theoretically.6—8!
The effective 1D interaction can be tuned in the full
interacting regime with Feshbach resonance or con-
finement induced resonance by changing the mag-
netic field. As the Bose gases evolve from a weakly
interacting regime to a strongly interacting Tonks—
Girardeau (TG) regime, the ground state density pro-
files evolve from a Gauss-like density profile to a

Fermi-like shell structure.[®—11]

Besides the strongly
interacting TG gases,['>~14 the bound states of atoms
with repulsion'® and super TG gas!'®~2! have also
been realized by a sudden quench of interaction, both
of which have no analog in traditional condensed mat-
ter physics for strong dissipation.

It is the 1D ultracold atomic gases that en-
able us to investigate exotic quantum properties that
Theoretically, the

strongly correlated 1D many-body system cannot be
y(22,23]

are impossible in solid states.

described by mean-field theor and we have to
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adopt a non-perturbation method such as the Bethe
ansatz, 871124261 the Bosonization method,?” ex-
act diagonalization,?®=3% and the Bose—Fermi map-
ping method (BFM).[*! In particular, the thermody-
namic Bethe ansatz (TBA)P2-34 gives exact results
for the thermodynamic properties of a 1D homoge-
neous many-body system at finite temperature. The
exact theoretical result for the density profiles of in-
teracting Bose gases in 1D has been compared with
the experimental measurement and they match well
quantitatively.[35 More recently, Haller et al. realized
1D quantum gas with tight anisotropic transversal

5] which was isotropic before. In this pa-

confinement,
per, we investigate the density profiles of 1D Bose gas
trapped in a harmonic trap at finite temperature for
different anisotropic transversal confinement by com-
bining the TBA and the local density approximation

(LDA).

2. Model and method

We consider Bose gas consisting of N atoms of
mass m confined in an anisotropic harmonic trap
Vext (1) = m (w22? + wly? + w?z?) /2. We also intro-
duce 7 = wy/w. to denote the transversal anisotropic
parameter. When the transversal confinement (y and
z) is strong enough, the system can be described by
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the Hamiltonian in second quantized form as
W2 ot (x) 04 (x)
Hap = /dx{m or  ox
+Vext () 1 (2) ()

+91;w<x>wxw<xw<x>}, )

where the interacting constant g;p depending on the
transversal confinement and the atomic s-wave scat-
tering length asp is3¢!

_ 2h2a3D \/ﬁ (2)
mdi 1 —C(a?,])/dL)7

giD

which can be tuned by magnetically Feshbach reso-
nances from the strong attractive interaction limit to
the strong repulsive interaction limit. The field op-
erator ¥'(x) (¥(x)) creates (annihilates) an atom at
position x. Here, the characteristic oscillator length
in y direction is d; = \/m and the constant C
is determined by the integral

o mdt[ NG 1]'

o VA [Vi-emi-en VT

t
For isotropic transversal confinement (n = 1), we
have C ~1.4603. It should be noticed that C is not
monotonous with the increase of anisotropic parame-
ter n.
The corresponding first quantized Hamiltonian is

AR
H= D | =g * Veul®s)
Jj=1 J
+91DZ5($J‘ — ). (3)
i<l

The model in the homogeneous trap is integrable and
its exact solution can be obtained by the Bethe ansatz
method.[37]

Subsequently, we review the Yang—Yang thermo-
dynamics®? for 1D Bose gas at finite temperature.
The Bethe ansatz equations for the model with a pe-
riodical boundary condition in the absence of an ex-
ternal trap (Vex¢(z;) = 0) take the formulation of

N
kiL=2 —1 ki~
jL=2rL; =) tan™! =L, (4)

c
1=1

with ¢ = mgip/h?, where {k;} (j = 1,2,...,N) are

quasi-momenta and {I;} are quantum numbers de-

termining an eigenstate. In the thermodynamic limit

(N, L — oo with N/L finite), the Bethe ansatz Eq. (4)
reduces to the form of integral equation
1 1 [ 2¢p(k’)
k ")y = —+ — ———dk, (5
p(k) +p(k) = 5 + o = , (5)
with the density of k roots p(k) and the correspond-
ing hole distribution p"(k). The energy density of the
system can be expressed as
B/L= [ k)i (6)
with particle density N/L = [*_p(k)dk. The en-
tropy of 1D Bose gas at finite temperature can be
written as

S/L
= /Oo dk [(p+p")In(p+p") — plnp— p"Inp"].
(7)
While the free energy is defined by
F=E-TS - uN,

where E and S are given by Egs. (6) and (7), respec-
tively, and the Lagrange multiplier p is introduced
to conserve the number of total atoms. At tempera-
ture T the thermal equilibrium can be arrived at by
minimizing the free energy with the condition 6 F = 0
subjected to constraint Eq. (5), which leads to the fol-
lowing nonlinear integral equations, called TBA equa-

tions:
e(k) = —p+ K>
9 _ /
Tc dk,ln{1+exp[ E(kQ)/T]},(8)
T J_oo A+ (k—kK)

where p"(k) = p(k)exp[e (k) /T] has been defined.
Thus, Eq. (5) becomes

2mp(k) {1 + exp [e (k) /T]}
o [T Ak
1+z/m02+(kk,)2.

When € (k) is determined, the thermodynamic quanta
such as pressure can be obtained by

P= % /O:C dk' In[1+exp(—€ (k") /T)], (9)

with which the free energy can be expressed as F' =
—PL + pN.

For the Bose gas in a harmonic trap with Ve =
mw2x? /2, we can determine the density distribution of
the 1D Bose gas with anisotropic transversal confine-
ment by using the LDA.[38) According to the LDA,
it is assumed that the system is in local thermody-
namical equilibrium at each position z in the exter-
nal trap. The density distribution of the quantum
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gas can be obtained from the local equation of state
w(r) = p — mw?r?/2 under the Thomas—Fermi ap-
proximation. At specific temperature we firstly ob-
tain €(k) by solving Eq. (8) with an iteration method
and then the quasimomentum distribution can be ob-
tained with the same method. Combining it with the
LDA, we can determine the local density at point = by
the corresponding local chemical potential formulated
as

oo
n(z) = / p(u(z), 2, k) dF. (10)
—0
When the temperature is low enough that kT <
hwy », which is so small that the atoms cannot pop-
ulate at the transversal excited states by thermal ex-
citation, it is enough to consider only the transversal
ground state such as the density distributions of Bose
atoms at finite temperature determined completely by
Eq. (10).

When the temperature is not very low, the
transversal excited states might be occupied with an
unnegligible fraction but the interaction only affects
the density distribution of transversal ground state,
and the atom population in transversal excited states
can be described as ideal Bose gas, i.e.,

nex”" (z)

1 / e dk
T oor h2k? ’
B — M kgT| —1
eprQm uy,z(x))/s ]
where the chemical potential of each excited state
Mo, -, in thermal equilibrium is given by

Moy, () = p(z) — (Tthy +rhw;).

The total density distribution of the 1D Bose gas with
anisotropic transversal confinement can be given by
summing over the transversal ground state and all
transversal excited states as

niot () = n () + Z niy’ (z).

ry+r.=1

3. Results and discussion

In the present paper, we investigate the quantum
gas of 3Cs confined in a harmonic trap with longitu-
dinal trap frequency w, = 27 x 16 Hz and transversal
trap frequency w, = 27 x 13.2 kHz in the z direc-
tion corresponding to the parameters in the experi-
ment reported by Ref. [5]. The atomic s-wave scat-

tering length in three dimensions is asp = 270ay with

ap being the Bohr radius. By changing the trap fre-
quency wy in the y direction, we can tune the transver-
sal anisotropic parameter 7 and thus the effective 1D
interacting constant U = gip/lhiw,, where the char-
acteristic oscillator length in z direction | = /m/hw,
equals the unit length. In Fig. 1, we plot the effec-
tive interaction regime to be investigated, where the
interaction between atoms is repulsive and U becomes
strong rapidly with the increase of anisotropic param-
eter 7. In the following evaluation the unit of energy
is taken as hw,, which is equal to the temperature
0.77 nK.

40

30

D20
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Fig. 1.
anisotropic parameter 7.

Effective 1D interacting constant U versus

In Fig. 2, we display the total density distribu-
tions for the quantum gas of 200 Cs atoms for n = 1.00
(U = 13.4536) and 5 (U = 30.743) at different tem-
peratures. In both situations the Bose gases are in a
strongly interacting regime. As a comparison we plot
the density profiles of Tonks gases at zero tempera-
ture. It is shown that at low temperature the density
profiles behave as a Gaussian-like Bose distribution.
As the temperature increases, the Bose atoms will be
distributed over a wider region because more and more
atoms are stimulated to the high excited states by the
high temperature, including both the longitudinal ex-
cited states and the transversal excited states. Those
atoms with high energy will be distributed with more
probability in the region away from the centre of the
harmonic trap. In addition, the increased anisotropic
parameter will broaden the density profiles at low tem-
perature, while those at high temperature are not af-
fected obviously. That is to say, when the temperature
is high enough the atom population at different energy
levels will not be affected obviously by the strong in-
teraction.

We exhibit both the density profiles of the
transversal ground state and the transversal excited
states with anisotropic parameter n = 1 and n = 5
in Fig. 3. As we expected, when the temperature is
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low enough all Bose atoms populate at the transversal
ground state even in the strongly interacting regime.
In this case, the result from the TBA can describe the
density plot of the 1D Bose gas. While because the
temperature is in the same order of magnitude as the
transversal confinement, we should consider the atoms
excited to the high transversal energy states. With the
increase of temperature more and more atoms will be
stimulated to the transversal excited states and the
atoms still populated at the transversal ground states

10 — 77—
(a)

n(x)

are also distributed in the region away from the centre
of the harmonic trap because the atoms are heated up.
With the increase of anisotropic parameter 7, stronger
transversal confinement induces atoms in a smaller re-
gion in the transversal direction and, meanwhile, it
makes the 1D interaction strength larger, which stim-
ulates more atoms to populate at high longitudinal
excited states and thus affects the density distribution

in the longitudinal direction.
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Fig. 2. (colour online) Density distribution for the 1D Bose gas with N = 100: (a) n =1, (b) n = 5.
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Fig. 3. (colour online) Density distribution of the 1D Bose gas with N = 200 for anisotropic parameter n =1 ((a)
and (b)) and n =5 ((c) and (d)). Left column: transversal ground state; right column: transversal excited states.
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In Fig. 4, we display the atom number in the
transversal ground state and transversal excited states
with the change of temperature. It is shown that when
the transversal confinement is strong enough and the
temperature is not so high (7" < 200Aw,), consider-
ing only the transversal ground state is enough and
the TBA can describe the density distributions of 1D
Bose gases very well. Similar to the evaluation of den-
sity profiles, the local pressure can be obtained by
combining Eq. (9) with the LDA. In Fig. 5, we dis-
play the local pressure of the 1D Bose gases trapped
in the harmonic trap. The atoms located at the cen-
tre of the trap exhibit a stronger pressure and both
the increased anisotropic parameter and temperature
strengthen the pressure of the Bose gases obviously.
Although with the increase of temperature the atoms
at the transversal ground state become small, the sys-
tem exhibits stronger pressure. As the transversal
confinement becomes strong, more atoms will stay at

the transversal ground state and exhibit stronger pres-

sure.
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Fig. 4. (colour online) The atom number versus temper-
ature for the 1D Bose gas with N = 200 for n = 1 (a) and

n=>5 (b).

8 fo ——9=1,T=10 |
5 - —-g=1, T=100
. sess= n=1, T =500
6 k. ——n=5T=10 A
L k"\.. —im = f, T=100
_v: nl \ \.. ey = 5, T = 500 |
=8 .

80

Fig. 5. (colour online) The local pressure for the 1D Bose
gas with N =200 for n =1 and n = 5.

4. Conclusion

We have investigated 1D Bose gases in a har-
monic trap with anisotropic transversal confinement
at finite temperature. The density profiles and pres-
sure are evaluated by combining the TBA and the
LDA. In the case of low temperature, as the transver-
sal anisotropic parameter increases, the Bose atoms
are redistributed in the trap. More atoms populate
in the region away from the centre of the harmonic
trap, where higher potential energy can be obtained.
The density profiles become broader and decrease to
zero rapidly at the boundary, which is similar to po-
larized Fermi distributions. The system can be de-
scribed well by the TBA. In the case of higher tem-
perature, more atoms populate in the longitudinal ex-
cited states and we have to consider the atoms stim-
ulated to the transversal excited states. The density
distribution will not be affected dramatically by the
transversal anisotropic parameter. The investigation
on the pressure of transversal ground state shows that
although with the increase of temperature the num-
ber of atoms populated at the transversal ground state
becomes small, its pressure becomes strong. The in-
creased transversal confinement also makes the pres-

sure strong.
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