PHYSICAL REVIEW A 92, 013638 (2015)

Isothermal compressibility determination across Bose-Einstein condensation
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We apply the global thermodynamic variables approach to experimentally determine the isothermal
compressibility parameter x7 of a trapped Bose gas across the phase transition. We demonstrate the behavior
of k7 around the critical pressure, revealing the second-order nature of the phase transition. Compressibility is
the most important susceptibility to characterize the system. The use of global variables shows advantages with
respect to the usual local density approximation method and can be applied to a broad range of situations.
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I. INTRODUCTION

It is well known that a gas composed of bosonic atoms
with repulsive interparticle interaction at appropriate values
of density and temperature undergoes Bose-Einstein conden-
sation (BEC), a phase transition which shares similarities to
transitions to superfluid and superconductive states. Since the
first experimental demonstration of BEC [1-3], efforts have
directed toward investigating the thermodynamic properties
of such a macroscopic quantum system and finding suitable
theoretical descriptions of the phase transitions [4]. Recently
there is a revival of experimental interest devoted to the
study of the thermodynamics of quantum gases. On one hand,
distinguished works have explored the thermodynamics: a
Fermi gas with repulsive interactions [5], a Fermi gas in
the limit of very strong interactions, i.e., near the unitary
regime [6,7], a Fermi gas in a three-dimensional optical lattice
showing a fermionic Mott-insulator transition [8], and a boson
gas in a two-dimensional optical lattice showing a bosonic
Mott-insulator transition [9]. On the other hand, works on
weakly interacting bosonic gases have demonstrated that, even
in this simpler system, the understanding and characterization
of the thermodynamic behavior, especially across the phase
transition, are not yet complete [10—12] and that more experi-
mental works is needed to validate the theoretical predictions
[13—-16]. New approaches to investigating these systems and
new experimental results can therefore contribute, in general,
to advance the understanding of the thermodynamics of
quantum gases and, in particular, of their phase transitions.

In this work, we experimentally determine a global sus-
ceptibility from a global thermodynamical variables approach
for a harmonically trapped Bose gas [17-19]. We investigate
and characterize the behavior of the susceptibility when the gas
undergoes a BEC. In standard thermodynamics, the equivalent
quantity of the global susceptibility that we define in this work
is the isothermal compressibility. This parameter describes the
relative variation of the volume V of a system due to a change
in the pressure P at constant temperature 7: ky = — %(%) N.T
It is a property associated with density fluctuations and it can
also be expressed in terms of a second derivative of the free
energy with respect to the pressure. At a second-order phase
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transition it is therefore expected to show a singularity. Here
we provide experimental evidence of such a singular behavior
by taking advantage of the global thermodynamic approach.

II. THERMODYNAMICS BASED ON GLOBAL VARIABLES

Global variables have already been successfully employed
to obtain the phase diagram [20] and measure the heat
capacity [21] of a gas in a harmonic potential. The need to
review standard thermodynamics when dealing with quantum
gases comes naturally from the fact that they are usually
trapped in nonhomogeneous (normally harmonic) potentials.
In this situation standard definitions of pressure and volume
do not apply. In fact, P and V are conjugate variables of
thermodynamical systems defined for homogeneous densities.
In particular, P is an intensive variable having the same
value in every position inside the volume occupied by the
gas. The local density approximation (LDA) is often used
in nonhomogeneous situations to define local variables. A
different approach, involving a set of thermodynamic variables
with single values for the entire gas, allows a global description
of the thermodynamics of an inhomogeneous gas and of its
phase transitions. This global approach is particularly suited,
compared to the LDA, for the case in which the gas is
characterized by abrupt spatial variations of the density, as
in the occurrence of a phase transition or in a more exotic
situation such as the presence of vortices or local potential
impurities.

The use of global variables to describe the thermodynamics
of an inhomogeneous system has been extensively described
elsewhere [17-19]. In brief, within the basis of thermodynamic
and statistical mechanics one can infer a volume parameter and
a pressure parameter, respectively:
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where w; with (i = x,y,z) are the harmonic trap frequencies,
(U(r)) is the spatial mean of the external potential, and n(r) is
the density of the sample. V is a natural extensive “volume” for
the trapped gas and the thermodynamic limit can be achieved
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by making the density parameter ny = N/V constant as N
and V grow indefinitely. IT is its intensive conjugated variable
(Im = - %)N )» Where F' = F(N,V,T)is the Helmholtz free
energy. A nice proof that IT = IT(N,V,T) and V are a good
set of variables to describe the system is obtained through the
determination of the heat capacity, Cy [21], whose behavior
is close to that expected from treatment of a harmonic trapped
Bose gas [22,23]. In this framework, the isothermal compress-
ibility parameter can be obtained from the following relation:

1/0V
= ‘v(ﬁ)m' )

k7 1s a quantity with the same properties of the standard
compressibility k7 [24,25] and indicates the thermodynamic
stability defined by the second derivative of Gibbs free energy.
The convexity property of the free energy is maintained with
the condition, 0 < k7 < oo. Therefore, with this susceptibility
we characterize a system in thermodynamic equilibrium [26].

III. EXPERIMENTAL SYSTEM AND MEASUREMENT

We performed the measurements to determine «r across the
transition from a thermal cloud to a BEC of 8’Rb atoms with a
new experimental setup in which the volume parameter can be
easily varied. The system is built in a standard double magneto-
optical trap (MOT) configuration [27]. In the first vacuum cell
we load a MOT of 10® atoms from a dispenser and then we
transfer the atoms to the second cell using an on-resonance
beam. Here, we recapture the atoms in a second MOT and, after
performing a sub-Doppler cooling, we spin-polarize the atomic
sample in the hyperfine state F =2, mp = 2. Afterwards,
we transfer the atoms at temperatures of about 40 uK, in a
pure quadrupole magnetic trap where the first radio-frequency
evaporation is performed. Simultaneously, we ramp on a
far-detuned beam (with wavelength A = 1064 nm) focused
on a waist wp = 85 um, dislocated by zp = 300 xm along the
gravity direction below the center of the quadrupole trap. When
the temperature of the atomic cloud decreases to approximately
10 K, atoms migrate from the quadrupole trap to the center
of the beam, which serves as an optical dipole trap (ODT). At
that point we reduce the vertical magnetic-field gradient to a
value that no longer compensates for the gravity. The atoms
are thus confined in a hybrid trap given by the combination of
the optical and magnetic confinements [28]. Here we further
decrease the temperature of the cloud by a second stage of
radio-frequency evaporation followed by optical evaporation
obtained by exponentially ramping down the power of the laser
beam. We can eventually achieve a pure BEC of ~10° atoms
at typical temperatures of 100-200 nK. The hybrid potential
including gravity can be described by the following expression:

, yz o 72 Uy
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w is the atomic magnetic moment, B, is the gradient of
the quadrupole trap along the x direction, yg = w%n/)\ is
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the Rayleigh range of the beam which propagates along
direction y, and U, is the optical trap depth. g is the
gravitational acceleration, m is the atomic mass, and Ej is
the energy difference between the zero-field point absent
the dipole trap and the total trap minimum, giving the trap
minimum U (rpin) = 0 [28]. At low temperatures the effective
potential of the hybrid trap can be safely approximated by a
three-dimensional harmonic potential, whose frequencies are

4Uy uB,
oy X, = [—, wy= [——. 4
mw? 2m]zo|

The trap has a cylindrical symmetry where the radial
frequency confinement is due to the ODT and the axial weaker
confinement is due to magnetic-field gradient.

We characterize the atomic cloud by using absorption
imaging after a free expansion from the trapping potential
with a time of flight of 30 ms. Each image is fitted to a
two-dimensional bimodal distribution composed of a Gaussian
function and a Thomas-Fermi function, which are known to
properly describe the thermal and the condensed component of
the gas, respectively. The number of particles and temperature
are obtained from the fitted images following conventional
procedure. The volume parameter can be easily changed by
varying the radial frequencies of the hybrid confinement,
which directly depend on the final laser power of the ODT. We
consider measurements for seven different sets of frequencies,
i.e., for seven different volume parameters. Different temper-
atures have been obtained by changing the radio-frequency
evaporation ramp; in this way the initial conditions for the
optical evaporation change, allow us to achieve different final
temperatures with the same trapping frequencies since the final
power of the ODT is the same. For each volume parameter
we have performed many experimental runs for temperatures
within the range 40—400 nK and postselected atomic clouds
containing (1 £ 0.1) x 10° atoms to be taken in consideration.
In order to calculate the pressure parameter I1 by performing
the integral in Eq. (2), it is necessary to reconstruct the density
profile of the atoms in the trap, n(r), from the measured profiles
in the time of flight and the trap frequencies. Toward this
aim, for the thermal component we can safely assume a free
expansion, whereas for the interacting condensed component
we apply the Castin-Dum procedure [29,30]. In Fig. 1 we
plot the calculated I1(7) for each volume parameter. With a
decrease in the temperature the atomic gas undergoes BEC:
at high temperatures we observe a linear dependence of the
pressure parameter on 7 until an abrupt change takes place
at a critical temperature 7,, and the decrease become faster
than linear. Above T,, experimental data are well reproduced
by the the ideal gas law [TV = NkgT, plotted in Fig. 1 for
the known number of particles and the different volumes.
Below T, we perform a proper empirical exponential fit which
follows the behavior of the experimental points. These fitting
functions, in principle, are not related to any theoretical model.
For each volume parameter we can extract the critical pressure
for condensation: lower volumes demand higher pressure to
condense. The transition line from a thermal atomic cloud to a
BEC in the ITV plane is shown in Fig. 2 marking the separation
between the white (thermal) and the gray (BEC) zone.
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FIG. 1. (Color online) Pressure parameter vs temperature for a
constant number of atoms (N =1 x 10%) and different volume
parameters: V; =1.9x 1077 s%, V, =64 x 1073, V3 =3.2x
107883, Vy=21x108%s% Vs=175x10"%s% Vs=14x
107883, and V; =1 x 107% s>, Solid lines above T, represent the
ideal gas law, whereas below 7. are empirical exponential fits.
The dotted black line marks the transition between the thermal
and the condensed regimes. Error bars represent the statistical error
on the average.

IV. ISOTHERMS AND DETERMINATION
OF COMPRESSIBILITY PARAMETER

From the measurements shown in Fig. 1, we extract differ-
ent isotherms relating the volume and pressure parameters,
VY = Vr(I1), which we plot in Fig. 2. As the temperature
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FIG. 2. (Color online) Isothermal V vs I1. Symbols represent the
measured volume parameter vs the pressure parameter for different
temperatures. Solid lines in the thermal region (white) represent the
ideal gas law, whereas in the BEC region (gray) they are empirical
fitting curves known in the literature as the extended Langmuir
adsorption isotherm equation [31] (these curves are not used in the
analysis). The error bars on the ) axis come from error propagation
of the measurement of the frequencies; on the other hand, the error
bars on the IT axis are associated with the exponential fit in Fig. 1.
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FIG. 3. Isothermal compressibility parameter vs pressure param-
eter for three temperatures: (a) 7 = 150 nK, (b) T = 80 nK, and
(¢) T =40 nK. The inset in (b) is the 7 calculated from a simple toy
model for the density distribution. Lines are guides for the eye. The
error bar on the abscissa is not included so as to pollute the behavior
of k7. On the other hand, the error bar on the ordinate comes from
the extrapolation of the tangent isothermal curve in Fig. 2.

decreases, the overall isothermal lines shift towards a lower
pressure. We can clearly identify two different behaviors in the
two different regions of the thermal and condensed regimes.
In the thermal region, experimental points are well reproduced
by the ideal gas law for the known number of atoms and
temperatures (plotted as lines on the log-log scale of the figure).
When an isotherm crosses the critical line for condensation an
abrupt change occurs and it departs from the ideal gas behavior.

We can now extract the isothermal compressibility k7 from
derivation of the isotherms in Fig. 2. Derivation is performed
point by point in correspondence with the experimental data
in order not to rely on the arbitrary fitting curves, which
do not correspond to any theoretical model. The obtained
kr values for three isothermal curves are shown in Fig. 3.
We have chosen the curves for T = 150 nK [Fig. 3(a)],
T =80 nK [Fig. 3(b)], and T = 40 nK [Fig. 3(c)] because
they demonstrate the three classes of behavior: pure thermal
gas, gas undergoing BEC transition, and gas in the single BEC
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region, respectively. The isothermal curve at 150 nK shows
the decrease in k7 with 1/T1, as expected for an ideal gas.
Let us now consider the isotherm at 80 nK: at low pressures
the gas is thermal and the compressibility 7 decreases with
increasing IT; when the pressure reaches the region between
20 and 30 (x 107! Js73), the sudden increase in «7 indicates
the transition. The compressibility reaches a maximum value
before returning close to the baseline after 40 x 1071° Js73.
In this pressure range the compressibility acquires values
4 to 8 times higher than the baseline. The behavior of «r
in Fig. 3 is typical for a second-order phase transition. An
investigation of x7 vs IT for different isothermal curves, where
the transition takes place, reveals that at higher temperatures
the transition occurs at a higher pressure and the peak of
compressibility is broader for higher temperatures. Contrary
to the expectation that quantities involving integration of
density over the potential [7] would be weakly sensitive to
the phase transition, our data show a sudden large variation in
the compressibility at the thermal-BEC transition.

V. DISCUSSION

We performed the data analysis using the Castin-Dum
procedure to reconstruct the in sifu density distribution starting
with a Thomas-Fermi fit of the condensed component in
the time-of-flight images. In order to probe that the general
results we found do not depend on the specific model for
the analysis, we also tested an alternative, less constrained,
model. We fitted our images with two Gaussians for the
thermal and condensed components and we reconstructed
the in situ profiles by applying a variational method [32-34]
which has already proved to be valid to study the ballistic
expansion dynamics of a condensate [33,34]. We checked that
the I1(T') curves, and therefore all the derived thermodynamic
quantities, extracted with the two reconstructing methods are
quantitatively comparable.

A complete theory predicting the exact behavior of the
compressibility parameter across the transition does not exist.
Nevertheless, the need to make a prediction about the behavior
and the shape of the compressibility around the critical point
arises naturally. We have therefore attempted a comparison
between our findings and the results of a toy model. We
calculate IT for synthetic density profiles consisting in a
Gaussian thermal component and a Thomas-Fermi condensed
one with a relative atom number given by the ideal BEC result.
This model qualitatively catches the general experimental
findings. In particular, the position and the shape of the
compressibility peak are reproduced by the model as presented
in the inset in Fig. 3. Nevertheless, this simple model cannot
give quantitative predictions, for example, of the absolute
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value of the compressibility, because it is oversimplified. A
fair quantitative comparison would demand a more elaborate
model, beyond the scope of this experimental report.

The introduction of the global variable approach has proven
to be a valid complementary approach to the LDA. Generally
speaking, the LDA approach in fact has strong intrinsic
limitations in the case where sudden variation of the densities
occurs, as at the thermal-condensed interface in a Bose gas.
In this situation the LDA would in fact require a very high
imaging resolution, which is experimentally challenging. With
the global approach we overcome this limitation by describing
the system undergoing phase transition as a whole and we
can provide evidence of the compressibility peak at the
transition. On the other hand, the global variables approach
needs many measurements for different volumes with the same
atom number to trace a single isothermal curve, and this can
be experimentally nontrivial. In this sense the LDA has the
advantage of leading to a complete isothermal curve from the
analysis of a single image. Due to the lack of experimental
points, we cannot precisely measure the compressibility in
the close vicinity of the phase transition. Nevertheless, the
expected sharp peak in k7 near the critical point is quite
clear and shares remarkable similarities to the behavior of
the isothermal compressibility for liquid helium as observed
across the A point [35-37].

VI. CONCLUSIONS

In this paper, we have used the concept of global thermody-
namic variables to measure, the most appropriate susceptibility
to understand the phase transition of a harmonically confined
Bose gas, the isothermal compressibility parameter. Once
the sample had undergone BEC we characterized this phase
transition, from the classical to the quantum regime, indicating
a second-order transition likely related likely to a spontaneous
symmetry breaking. The concept of using global variables
to determine the global compressibility is quite useful in
situations where the LDA cannot be applied. In most complex
physical systems in which there are abrupt changes in the
density are of interest for superfluid physics, such as vortices,
vortex lattices, solitons, infer alia, and, especially, superfluid
turbulence, recently demonstrated by our group [38]. In
this case the local variables do not make sense and the
global behavior in the compressibility may indicate new
characteristics of the turbulent regime. Such an investigation
is currently in progress.

ACKNOWLEDGMENT

We acknowledge financial support from FAPESP (Brazil),
CNPq (Brazil), CAPES (Brazil), and LENS (Italy).

[1] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman,
and E. A. Cornell, Observation of Bose—Einstein condensation
in a dilute atomic vapor, Science 269, 198 (1995).

[2] K. B. Davis, M.-O. Mewes, M. R. Andrews, N. J. van Druten,
D. S. Durfee, D. M. Kurn, and W. Ketterle, Bose-Einstein
condensation in a gas of sodium atoms, Phys. Rev. Lett. 75,
3969 (1995).

[3] C. C. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet,
Evidence of Bose—Einstein condensation in an atomic gas with
attractive interactions, Phys. Rev. Lett. 75, 1687 (1995).

[4] H. Shi and A. Griffin, Finite-temperature excitations in a dilute
Bose-condensed gas, Phys. Rep. 304, 1 (1998).

[5] Y.-R. Lee, M.-S. Heo, J.-H. Choi, T. T. Wang, C. A. Christensen,
T. M. Rvachov, and W. Ketterle, Compressibility of an ultracold

013638-4


http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1103/PhysRevLett.75.3969
http://dx.doi.org/10.1103/PhysRevLett.75.3969
http://dx.doi.org/10.1103/PhysRevLett.75.3969
http://dx.doi.org/10.1103/PhysRevLett.75.3969
http://dx.doi.org/10.1103/PhysRevLett.75.1687
http://dx.doi.org/10.1103/PhysRevLett.75.1687
http://dx.doi.org/10.1103/PhysRevLett.75.1687
http://dx.doi.org/10.1103/PhysRevLett.75.1687
http://dx.doi.org/10.1016/S0370-1573(98)00015-5
http://dx.doi.org/10.1016/S0370-1573(98)00015-5
http://dx.doi.org/10.1016/S0370-1573(98)00015-5
http://dx.doi.org/10.1016/S0370-1573(98)00015-5

ISOTHERMAL COMPRESSIBILITY DETERMINATION ...

Fermi gas with repulsive interactions, Phys. Rev. A 85, 063615
(2012).

[6] S.Nascimbene, N. Navon, K. J. Jiang, F. Chevy, and C. Salomon,
Exploring the thermodynamics of a universal Fermi gas, Nature
463, 1057 (2010).

[7]1 M. J. H. Ku, A. T. Sommer, L. W. Cheuk, and M. W. Zwierlein,
Revealing the superfluid lambda transition in the universal
thermodynamics of a unitary Fermi gas, Science 335, 563
(2012).

[8] P. M. Duarte, R. A. Hart, T.-L. Yang, X. Liu, T. Paiva,
E. Khatami, R. T. Scalettar, N. Trivedi, and R. G. Hulet,
Compressibility of a Fermionic Mott Insulator of ultracold
atoms, Phys. Rev. Lett. 114, 070403 (2015).

[9] N. Gemelke, X. Zhang, C.-L. Hung, and C. Chin, In situ obser-
vation of incompressible Mott-insulating domains in ultracold
atomic gases, Nature 460, 995 (2009).

[10] C.-L. Hung, X. Zhang, N. Gemelke, and C. Chin, Observation
of scale invariance and universality in two-dimensional Bose
gases, Nature 470, 236 (2011).

[11] T. Donner, S. Ritter, T. Bourdel, A. Ottl, M. Ko6hl, and T.
Esslinger, Critical behavior of a trapped interacting Bose gas,
Science 315, 1556 (2007).

[12] L. Olivares-Quiroz and V. Romero-Rochin, On the order of BEC
transition in weakly interacting gases predicted by mean-field
theory, J. Phys. B: At. Mol. Opt. Phys. 43, 205302 (2010).

[13] S. Goswami, T. K. Das, and A. Biswas, Thermodynamic
properties of ultracold Bose gas: Transition exponents and
universality, J. Low. Temp. Phys. 172, 184 (2013).

[14] S. Floerchinger and C. Wetterich, Nonperturbative thermody-
namics of an interacting Bose gas, Phys. Rev. A 79, 063602
(2009).

[15] H. E. Stanley, Scaling, universality, and renormalization: Three
pillars of modern critical phenomena, Rev. Mod. Phys. 71, S358
(1999).

[16] S. V. Tarasov, V. V. Kocharovsky, and V. V. Kocharovsky,
Universal scaling in the statistics and thermodynamics of a
Bose-Einstein condensation of an ideal gas in an arbitrary trap,
Phys. Rev. A 90, 033605 (2014).

[17] V. Romero-Rochin, Equation of state of an interacting Bose
gas confined by a harmonic trap: The role of the “harmonic”
pressure, Phys. Rev. Lett. 94, 130601 (2005).

[18] V. Romero-Rochin and V. S. Bagnato, Thermodynamics of an
ideal gas of bosons harmonically trapped: Equation of state and
susceptibilities, Braz. J. Phys. 35, 607 (2005).

[19] N.Sandoval-Figueroa and V. Romero-Rochin, Thermodynamics
of trapped gases: Generalized mechanical variables, equation of
state, and heat capacity, Phys. Rev. E 78, 061129 (2008).

[20] V. Romero-Rochin, R. F. Shiozaki, M. Caracanhas, E. A. L.
Henn, K. M. F. Magalhaes, G. Roati, and V. S. Bagnato,
Observation of Bose—Einstein condensation in an atomic trap
in terms of macroscopic thermodynamic parameters, Phys. Rev.
A 85, 023632 (2012).

PHYSICAL REVIEW A 92, 013638 (2015)

[21] R. F. Shiozaki, G. D. Telles, P. Castilho, F. J. Poveda-Cuevas,
S. R. Muniz, G. Roati, V. Romero-Rochin, and V. S. Bagnato,
Measuring the heat capacity in a Bose—Einstein condensation
using global variables, Phys. Rev. A 90, 043640 (2014).

[22] S. Grossmann and M. Holthaus, On Bose-Einstein con-
densation in harmonic traps, Phys. Lett. A 208, 188
(1995).

[23] S. Giorgini, L. P. Pitaevskii, and S. Stringari, Thermodynamics
of a Trapped Bose-Condensed Gas, J. Low Temp. Phys. 109,
309 (1997).

[24] V.1. Yukalov, Modified semiclassical approximation for trapped
Bose gases, Phys. Rev. A 72, 033608 (2005).

[25] V. I. Yukalov, Number-of-particle fluctuations in systems with
Bose-Einstein condensate, Laser Phys. Lett. 2, 156 (2005).

[26] V.I. Yukalov, Theory of cold atoms: Basics of quantum statistics,
Laser Phys. 23, 062001 (2013).

[27] C.J. Myatt, N. R. Newbury, R. W. Ghrist, S. Loutzenhiser, and
C. E. Wieman, Multiply loaded magneto-optical trap, Opt. Lett.
21,290 (1996).

[28] Y.-J. Lin, A. R. Perry, R. L. Compton, I. B. Spielman, and J.
V. Porto, Rapid production of 8 Rb Bose-Einstein condensates
in a combined magnetic and optical potential, Phys. Rev. A 79,
063631 (2009).

[29] Y. Castin and R. Dum, Bose-Einstein condensates in time
dependent traps, Phys. Rev. Lett. 77, 5315 (1996).

[30] Y. Kagan, E. L. Surkov, and G. V. Shlyapnikov, Evolution of a
Bose gas in anisotropic time-dependent traps, Phys. Rev. A 55,
RI8(R) (1997).

[31] R. Masel, Principles of Adsorption and Reaction on Solid
Surfaces (Wiley-Interscience, New York, 1996).

[32] V. M. Pérez-Garcia, H. Michinel, J. I. Cirac, M. Lewenstein, and
P. Zoller, Dynamics of Bose-Einstein condensates: Variational
solutions of the Gross-Pitaevskii equations, Phys. Rev. A 56,
1424 (1997).

[33] R. P. Teles, F. E. A. dos Santos, M. A. Caracanhas, and V. S.
Bagnato, Free expansion of Bose-Einstein condensates with a
multicharged vortex, Phys. Rev. A 87, 033622 (2013).

[34] R. P. Teles, V. S. Bagnato, and F. E. A. dos Santos, Coupling
vortex dynamics with collective excitations in Bose-Einstein
condensates, Phys. Rev. A 88, 053613 (2013).

[35] C. Boghosian and H. Meyer, Density, coefficient of thermal
expansion, and entropy of compression of liquid He* under
pressure below 1.4° K, Phys. Rev. 152, 200 (1966).

[36] E. R. Grilly, Compressibility of liquid He* as a function of
pressure, Phys. Rev. 149, 97 (1966).

[37] D. L. Elwell and H. Meyer, Molar Volume, Coefficient of
thermal expansion, and related properties of liquid He* under
pressure, Phys. Rev. 164, 245 (1967).

[38] E. A. L. Henn, J. A. Seman, G. Roati, K. M. F. Magalhas,
and V. S. Bagnato, Emergence of turbulence in an oscillat-
ing Bose-Einstein condensate, Phys. Rev. Lett. 103, 045301
(2009).

013638-5


http://dx.doi.org/10.1103/PhysRevA.85.063615
http://dx.doi.org/10.1103/PhysRevA.85.063615
http://dx.doi.org/10.1103/PhysRevA.85.063615
http://dx.doi.org/10.1103/PhysRevA.85.063615
http://dx.doi.org/10.1038/nature08814
http://dx.doi.org/10.1038/nature08814
http://dx.doi.org/10.1038/nature08814
http://dx.doi.org/10.1038/nature08814
http://dx.doi.org/10.1126/science.1214987
http://dx.doi.org/10.1126/science.1214987
http://dx.doi.org/10.1126/science.1214987
http://dx.doi.org/10.1126/science.1214987
http://dx.doi.org/10.1103/PhysRevLett.114.070403
http://dx.doi.org/10.1103/PhysRevLett.114.070403
http://dx.doi.org/10.1103/PhysRevLett.114.070403
http://dx.doi.org/10.1103/PhysRevLett.114.070403
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature08244
http://dx.doi.org/10.1038/nature09722
http://dx.doi.org/10.1038/nature09722
http://dx.doi.org/10.1038/nature09722
http://dx.doi.org/10.1038/nature09722
http://dx.doi.org/10.1126/science.1138807
http://dx.doi.org/10.1126/science.1138807
http://dx.doi.org/10.1126/science.1138807
http://dx.doi.org/10.1126/science.1138807
http://dx.doi.org/10.1088/0953-4075/43/20/205302
http://dx.doi.org/10.1088/0953-4075/43/20/205302
http://dx.doi.org/10.1088/0953-4075/43/20/205302
http://dx.doi.org/10.1088/0953-4075/43/20/205302
http://dx.doi.org/10.1007/s10909-013-0860-3
http://dx.doi.org/10.1007/s10909-013-0860-3
http://dx.doi.org/10.1007/s10909-013-0860-3
http://dx.doi.org/10.1007/s10909-013-0860-3
http://dx.doi.org/10.1103/PhysRevA.79.063602
http://dx.doi.org/10.1103/PhysRevA.79.063602
http://dx.doi.org/10.1103/PhysRevA.79.063602
http://dx.doi.org/10.1103/PhysRevA.79.063602
http://dx.doi.org/10.1103/RevModPhys.71.S358
http://dx.doi.org/10.1103/RevModPhys.71.S358
http://dx.doi.org/10.1103/RevModPhys.71.S358
http://dx.doi.org/10.1103/RevModPhys.71.S358
http://dx.doi.org/10.1103/PhysRevA.90.033605
http://dx.doi.org/10.1103/PhysRevA.90.033605
http://dx.doi.org/10.1103/PhysRevA.90.033605
http://dx.doi.org/10.1103/PhysRevA.90.033605
http://dx.doi.org/10.1103/PhysRevLett.94.130601
http://dx.doi.org/10.1103/PhysRevLett.94.130601
http://dx.doi.org/10.1103/PhysRevLett.94.130601
http://dx.doi.org/10.1103/PhysRevLett.94.130601
http://dx.doi.org/10.1590/S0103-97332005000400004
http://dx.doi.org/10.1590/S0103-97332005000400004
http://dx.doi.org/10.1590/S0103-97332005000400004
http://dx.doi.org/10.1590/S0103-97332005000400004
http://dx.doi.org/10.1103/PhysRevE.78.061129
http://dx.doi.org/10.1103/PhysRevE.78.061129
http://dx.doi.org/10.1103/PhysRevE.78.061129
http://dx.doi.org/10.1103/PhysRevE.78.061129
http://dx.doi.org/10.1103/PhysRevA.85.023632
http://dx.doi.org/10.1103/PhysRevA.85.023632
http://dx.doi.org/10.1103/PhysRevA.85.023632
http://dx.doi.org/10.1103/PhysRevA.85.023632
http://dx.doi.org/10.1103/PhysRevA.90.043640
http://dx.doi.org/10.1103/PhysRevA.90.043640
http://dx.doi.org/10.1103/PhysRevA.90.043640
http://dx.doi.org/10.1103/PhysRevA.90.043640
http://dx.doi.org/10.1016/0375-9601(95)00766-V
http://dx.doi.org/10.1016/0375-9601(95)00766-V
http://dx.doi.org/10.1016/0375-9601(95)00766-V
http://dx.doi.org/10.1016/0375-9601(95)00766-V
http://dx.doi.org/10.1007/s10909-005-0089-x
http://dx.doi.org/10.1007/s10909-005-0089-x
http://dx.doi.org/10.1007/s10909-005-0089-x
http://dx.doi.org/10.1007/s10909-005-0089-x
http://dx.doi.org/10.1103/PhysRevA.72.033608
http://dx.doi.org/10.1103/PhysRevA.72.033608
http://dx.doi.org/10.1103/PhysRevA.72.033608
http://dx.doi.org/10.1103/PhysRevA.72.033608
http://dx.doi.org/10.1002/lapl.200410157
http://dx.doi.org/10.1002/lapl.200410157
http://dx.doi.org/10.1002/lapl.200410157
http://dx.doi.org/10.1002/lapl.200410157
http://dx.doi.org/10.1088/1054-660X/23/6/062001
http://dx.doi.org/10.1088/1054-660X/23/6/062001
http://dx.doi.org/10.1088/1054-660X/23/6/062001
http://dx.doi.org/10.1088/1054-660X/23/6/062001
http://dx.doi.org/10.1364/OL.21.000290
http://dx.doi.org/10.1364/OL.21.000290
http://dx.doi.org/10.1364/OL.21.000290
http://dx.doi.org/10.1364/OL.21.000290
http://dx.doi.org/10.1103/PhysRevA.79.063631
http://dx.doi.org/10.1103/PhysRevA.79.063631
http://dx.doi.org/10.1103/PhysRevA.79.063631
http://dx.doi.org/10.1103/PhysRevA.79.063631
http://dx.doi.org/10.1103/PhysRevLett.77.5315
http://dx.doi.org/10.1103/PhysRevLett.77.5315
http://dx.doi.org/10.1103/PhysRevLett.77.5315
http://dx.doi.org/10.1103/PhysRevLett.77.5315
http://dx.doi.org/10.1103/PhysRevA.55.R18
http://dx.doi.org/10.1103/PhysRevA.55.R18
http://dx.doi.org/10.1103/PhysRevA.55.R18
http://dx.doi.org/10.1103/PhysRevA.55.R18
http://dx.doi.org/10.1103/PhysRevA.56.1424
http://dx.doi.org/10.1103/PhysRevA.56.1424
http://dx.doi.org/10.1103/PhysRevA.56.1424
http://dx.doi.org/10.1103/PhysRevA.56.1424
http://dx.doi.org/10.1103/PhysRevA.87.033622
http://dx.doi.org/10.1103/PhysRevA.87.033622
http://dx.doi.org/10.1103/PhysRevA.87.033622
http://dx.doi.org/10.1103/PhysRevA.87.033622
http://dx.doi.org/10.1103/PhysRevA.88.053613
http://dx.doi.org/10.1103/PhysRevA.88.053613
http://dx.doi.org/10.1103/PhysRevA.88.053613
http://dx.doi.org/10.1103/PhysRevA.88.053613
http://dx.doi.org/10.1103/PhysRev.152.200
http://dx.doi.org/10.1103/PhysRev.152.200
http://dx.doi.org/10.1103/PhysRev.152.200
http://dx.doi.org/10.1103/PhysRev.152.200
http://dx.doi.org/10.1103/PhysRev.149.97
http://dx.doi.org/10.1103/PhysRev.149.97
http://dx.doi.org/10.1103/PhysRev.149.97
http://dx.doi.org/10.1103/PhysRev.149.97
http://dx.doi.org/10.1103/PhysRev.164.245
http://dx.doi.org/10.1103/PhysRev.164.245
http://dx.doi.org/10.1103/PhysRev.164.245
http://dx.doi.org/10.1103/PhysRev.164.245
http://dx.doi.org/10.1103/PhysRevLett.103.045301
http://dx.doi.org/10.1103/PhysRevLett.103.045301
http://dx.doi.org/10.1103/PhysRevLett.103.045301
http://dx.doi.org/10.1103/PhysRevLett.103.045301



