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Measurement of Sound Velocity in a Fermi Gas near a Feshbach Resonance
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Sound waves are excited in an optically trapped degenerate Fermi gas of spin-up and spin-down atoms
with magnetically tunable interactions. Measurements are made throughout the crossover region, from a
weakly interacting Fermi gas through the resonant Fermi superfluid regime to a Bose condensate of dimer
molecules. The measured sound velocities test theories of hydrodynamic wave propagation and pre-
dictions of the equation of state. At resonance, the sound velocity exhibits universal scaling with the Fermi
velocity, to within 1.8% over a factor of 30 in density.

DOI: 10.1103/PhysRevLett.98.170401

Optically trapped, strongly interacting Fermi gases [1]
provide a unique laboratory for testing nonperturbative
many-body theories in a variety of fields, from neutron
stars and nuclear matter [2] to quark-gluon plasmas [3] and
high temperature superconductors [4]. In contrast to these
other systems, interactions in ultracold atomic Fermi gases
are magnetically tunable using a Feshbach resonance [5].
At magnetic fields well above the resonance, one obtains a
weakly attractive Fermi gas, while well below the reso-
nance, spin-up and spin-down atoms are joined into dimer
molecules, which form a Bose-Einstein condensate (BEC)
[6-9]. Near resonance, the gas is a strongly interacting
Fermi superfluid [10].

In this Letter, we report a precision test of hydrodynamic
models of sound propagation throughout the resonance
region [11-13] and of predictions of the equation of state
[14-17] pioc(n), where wy,. is the local chemical potential
per atom and n is the total density of atoms. Existing
measurements of release energy [9], momentum distribu-
tion [18], and cloud size [19] could also be used for testing
Mioc(n). Precise interpretation of these measurements,
however, would depend on microscopic models. Connect-
ing the release energy to (1) requires knowledge of
Mioc(n). Measurements of momentum distributions depend
on the dynamics of magnetic sweeps [20], which turn off
the interactions. Cloud size measurements are sensitive to
the state of the gas at the edges, which at finite tempera-
tures may differ from the superfluid core [21] that is probed
in sound speed measurements. Model-independent mea-
surements of collective breathing mode frequencies [22—
25] probe only the density scaling of wu..(n), i.e., the
polytropic index y = 9 Inw,.(n)/0 Inn and not the mag-
nitude of (7). As a result, in the universal regime,
theories with different ground states predict identical
breathing mode frequencies [26,27], but different sound
speeds.

The medium for the sound propagation is a 50:50 mix-
ture of °Li atoms in the two lowest internal states or a BEC
of Li, molecules near a broad Feshbach resonance centered
at B = 834 G [28]. The gas is cooled by forced evapora-
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tion in an ultrastable CO, laser trap at the resonant mag-
netic field [1]. Near the end of evaporation, B is
adiabatically set to a chosen final value between 700 and
1100 G, and the trap is adiabatically recompressed to a
desired depth U, between 0.14 and 80 uK.

The samples are nearly in the many-body ground state of
the trapped atoms, as indicated by the cloud spatial pro-
files: We observe a zero-temperature Thomas-Fermi shape
close to the Feshbach resonance, as expected for a unitary
gas at zero temperature [29]; in the molecular BEC regime,
we do not observe a thermal component. At zero tempera-
ture, the dimensionless interaction parameter 1/kpa is the
only quantity that determines the physics. We tune the
Fermi wave vector k. by varying U, to change the sample
density. The s-wave scattering length a = a(B) is varied
by changing the magnetic field and is estimated from
Ref. [28]. At |kgpa| > 1 the system is in the strongly
interacting regime and is a superfluid. The BEC (weakly
interacting Fermi) regime corresponds to 1/kpa > 1
(1/kpa < —1).

A sound wave is excited by a method similar to that used
for a BEC of atoms [30]. A green 532 nm laser beam passes
through a cylindrical telescope to create a knifelike ellip-
tical beam (half widths at 1/e, 15 wm by 150 wm) which
bisects the long axis of the cigar-shaped atom cloud; Fig. 1
(top). A repulsive knife potential arises from the blue
detuning of the 532 nm beam (671 nm Li transition),
with a maximum height U,,;;. between 0.5 and 14 uK,
as determined from the atomic polarizability and the
532 nm beam area and power. The knife is pulsed on for
280 ws, much shorter than the sound propagation times
~10 ms, creating a density perturbation which propagates
along the axial coordinate z for a chosen hold time. Then
the cloud is released and expands, after which it is destruc-
tively imaged for 5 us with a spatial resolution (for the
entire imaging system) of 5.5 wm [22]. Figure 1 (bottom)
shows the perturbed density profile and the difference
between the perturbed and unperturbed profiles for several
propagation times. Peaks (valleys) are located in the dif-
ference signal by setting all negative (positive) values to
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FIG. 1 (color online). Sound propagation at the Feshbach
resonance: (Top) 2D density profile showing initial perturbation.
(Bottom) Gray (red) solid curve: Axial density profiles of the
cloud for different in-trap propagation times; black dashed
curve: valleys (inverted).

zero. Fitting a shifted Gaussian to each feature yields its
position as a function of propagation time.

The main result of this Letter, Fig. 2, is the measurement
of ¢o/vF, the normalized sound velocity in the center plane
(at z = 0) versus 1/kga. The reference Fermi velocity vy
and kp are those of a noninteracting Fermi gas, i.e., Ep =
h(wxwywz)l/3(3N)l/3 = matomv%?/2 = hzk%‘/zmatom,
where Ep is the Fermi energy. Data are corrected for
systematics. Error bars in ¢y/vy and 1/kpa are statistical
(see below).

5 ColVe
18

0.5

FIG. 2 (color online). Normalized sound velocity c,/vy versus
the interaction parameter, 1/kypa. Black dotted curve: mean-field
theory based on the Leggett ground state [33]. Gray (red) solid
curve: quantum Monte Carlo calculation [33]. Black dashed
curve: Thomas-Fermi theory of a molecular BEC, using a,, =
0.6a. Closed and open circles represent trap depths 140—500 nK
and 0.6-80 uK, respectively.

We determine vy by characterizing the trap frequencies
and atom number. The trap frequencies w; are calibrated
for each velocity measurement. The mean radial frequency
w) = /o, @, is calculated from the radial breathing mode
frequency ®yrean [22,24]. @prea, 1S measured either at

resonance, Using ®pgean = +/10/3w |, or in the far BEC
regime, where we assume y..,, = 2@ | neglecting a
small beyond-mean-field correction [25,27]. The ratio
w,/w, = 1.056 and the axial frequency w, are measured
using parametric resonance in a weakly interacting Fermi
gas [22]. The frequency of the magnetic field potential,
wp/27 = 20.5 Hz at 834 G, is measured using a sloshing
mode. The trap anisotropy ratio w | /w. is between 4.1 and
25 depending on U,. For U, =83 uK, w, /27 =
688(2) Hz and w,/27 = 34.4(0.2) Hz. All radial frequen-
cies have been corrected for anharmonicity [22,24].

The total number of atoms N is determined from the
column density 7i. We employ high field resonant absorp-
tion imaging using a 5 wus pulse on a two-level cycling
transition [22]. The calculated 7 includes imperfect polar-
ization and a finite saturation parameter. N varies from 6 X
10* for a molecular BEC to 5 X 10° near and above
resonance. We correct for laser frequency fluctuations,
which reduces the measured value of N relative to the
true value. After correction, the statistical standard error
in the mean N is <6%, 2% on average.

Five additional measures are taken to reduce systematic
errors. First, by tracking both right- and left-propagating
features (Fig. 3) we eliminate effects due to the overall
motion of the cloud. Second, we correct for a small change
in the axial cloud size between release and imaging: The
measured in-trap positions of the propagating features are
scaled by a hydrodynamic expansion coefficient [1,31].
The correction is <4.7%, 1.2% on average.

Third, we account for the dependence of the velocity
on the nonuniform density distribution along z. Mak-
ing a general approximation for the equation of state
Hioe(n) = Cn” and calculating the velocity using hydrody-

namic theory [12,13], one finds that c(z) « /1 — z2/R?

E 200
3 )
L 3

N 100 o« oo S o o

5 o . g b ° © o—°

= OC.> o) ° °

3 S e e 90— 0o

O 400 g . . . C.> o o

° . °

B 200 el
0 1 2 3 4 5

Propagation Time (ms)

FIG. 3 (color online). Axial positions z of the left- and right-
traveling density features of Fig. 1 versus the in-trap propagation
time. Coordinates of the valleys [closed (blue) circles] and front
peaks [open (red) circles] are shown. Dashed lines correspond to
the measured Fermi radii (z = £R)).
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for a harmonically trapped gas, where R, is the axial
Thomas-Fermi radius. Then, a small density perturbation
propagates as z(r) = R_sin(*cgt/R, + ¢), where ¢ =
arcsin(zyyire/R.), With zyire the excitation position. ¢,
the velocity of the features at z = 0, is obtained by fitting
the coordinates of the propagating features which lie within
the central 65% of the cloud; Fig. 3. The statistical error in
co from the fit is found to be <5.3%, 1.3% on average.

Fourth, we account for nonlinearity in propagation: The
front peak moves faster than the valley, as predicted earlier
for BECs [32]. In Fig. 4, we show the velocities of the
valley and peak versus the excitation strength, Uppire/ M,
where w is the global chemical potential estimated using
Monte Carlo modeling [15,33]. The peak and valley veloc-
ities vary with excitation strength, but the mean velocity
remains constant. All velocities converge to a single value
at low excitation strength showing that the reported mean
accurately represents the velocity of an infinitesimal per-
turbation. For the data of Fig. 2, Uit/ i ranges from 1 to
30. We do not observe formation of shock waves which are
predicted for a BEC [32].

Fifth, the sound velocity data are corrected for anhar-
monicity of the trapping potential. For shallow traps, where
the correction is greatest, the axial potential is primarily
magnetic and harmonic, while the radial confinement is
optical and Gaussian. The corrections for ¢, are calculated
to first order in w /U, using Eq. (1). For 1/kpa =< 0, we use
a Fermi equation of state (y = 2/3) and obtain ¢y/cf** =
1 +0.10u/Uy. For 1/kpa > 1, we assume a molecular
BEC (y = 1) and obtain c¢o/cf*® =1+ 0.14u/U,. For
0 < 1/kpa <1, these two corrections are linearly com-
bined. /U, ranges from 0.025 to 0.43. The net anhar-
monic correction to cy/vp is <2.5%, 0.5% on average.

Linking the measured speed of sound ¢, to the equation
of state w;,.(n) enables quantitative tests of theories. By
analyzing the wave front shape, we find that the hydro-
dynamic model of Capuzzi et al. [12], for a cigar-shaped
trap, provides a correct description of the propagation. The
primary result of this model is that the wave front speed is
independent of x, y, i.e., c(x, y, z) = c(z), where

1 [ ndxdy 1/2
Matom f(alu’loc/an)_ldXdy>

In contrast, a simple model of isotropic sound propagation

c(z) = ( (1)
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FIG. 4 (color online). Valley [light gray (red) closed circles],
peak [dark gray (blue) closed circles], and mean [open (green)
circles] velocity versus excitation potential normalized to the
global chemical potential. Measured at the Feshbach resonance.

assumes  Cioc(n) = /n(dp1oe/9n)/Myon. For the same
equation of state, the trap-averaged value of c,.(n) differs
from Eq. (1) by a few percent. However, the predicted line
of sight y integrated c,.(n) depends on x [Fig. 5 (dashed
curve)], while the measured speed is independent of x. This
validates Eq. (1) for our experimental conditions, enabling
comparison of Fig. 2 data to theory.

In the BEC regime, at 1/kpa > 1, the experiment tests
the interaction properties of composite bosons, molecules
made out of two fermions. One may approximate the state
of the gas as a BEC of singlet molecules that collides with
s-wave scattering length a,,.;. Using the local equation of
state /U“loc(n) = lu’mol(n)/2 = 77-hzamoln/’nmol in Eq. (1),
one finds c¢y/vr = (5/2kpan,)'/? /4. An exact solution
of the four-fermion scattering problem predicts a,, =
0.6a [34] and a speed in good agreement with the mea-
surements (black dashed curve in Fig. 2). In contrast, the
Leggett ground state predicts a,,, = 2a(B) and a 27%
higher speed in the BEC regime [35].

Our data tests predictions of the equation of state for the
entire crossover from Fermi to Bose regimes; Fig. 2. The
black dotted curve [33] represents a Leggett ground state
approximation [35], which predicts significantly higher
speed than measured except on the Fermi side of the reso-
nance. The red solid curve [33] shows the Monte Carlo
result [15], which is in much better agreement with the
data. Interestingly, in most of the molecular BEC regime,
for 1/kpa > 1, the data are systematically lower than the
prediction.

The lower measured speed in the BEC regime, 1 <
1/kra < 5, may arise from the coupling of first and second
sound, the latter of which travels slower [11]. However,
high temperature does not seem a likely cause, as we
observe no thermal component. At resonance, we also
observe increased velocity when we significantly increase
the energy of the gas. The lower speed probably does not
arise from a dark soliton, which travels slower than sound.
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FIG. 5 (color online). Local sound velocity at the Feshbach
resonance versus transverse coordinate x, showing a flat wave
front. x is given in units of the Thomas-Fermi radius. Images
were divided into 21 longitudinal segments of equal transverse
width. For the ith segment, ¢;(z = 0) is measured. The dashed
curve represents the line of site averaged isotropic sound speed,
showing curved wave front.
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Solitons are comparable in size to the coherence length
[36,37], h/\2umn, <1 um, and maintain shape in
propagation, while the observed density depressions are
10-20 pm wide and spread.

On the far Fermi side of the Feshbach resonance, at
1/kpa < —1.3, propagation of sound is not observed.
Instead, the hole from the laser knife fills without prop-
agating, as in a noninteracting gas. At the temperatures we
achieve, the gas is not necessarily a superfluid in the
weakly interacting Fermi gas region, and hydrodynamic
sound propagation is provided by collisional, rather than
superfluid, hydrodynamics.

We also attempted to measure the sound velocity as far
into the weakly interacting molecular BEC regime as
possible. To achieve 1/kpa > 5, the trap depth and mag-
netic field were tuned to minimize kr and a simulta-
neously, and c,/vy appears to increase. In this case,
however, after release, the chemical potential was not large
enough compared to the remaining magnetic trapping po-
tential to obtain adequate expansion for ideal absorption
imaging.

The universal hypothesis is positively tested in our
measurements. The hypothesis states that c¢y/vp should
be independent of density when kpa = oo, provided that
the effective range of the interaction potential is small
compared to the interparticle spacing [2]. Indeed, at reso-
nance, 834(2) G, we observe that c,/v; remains constant
to 1.8% as the trap depth is changed from 410 nK to
80 uK, i.e., a factor 30 in density. In contrast, below the
Feshbach resonance, at 821 G, ¢y/vy decreases with de-
creasing Uj. These measurements of cy/vp vs Uy also
show that the Feshbach resonance location is much closer
to 834 G [28] than to 822 G [9,38].

From the sound velocity at resonance, we have also
measured the universal constant 8 [1,2], which connects
the local Fermi energy of a noninteracting gas €r(n) =
(372n)*3h%/2m o to that of a strongly interacting gas in
the universal regime: (7)) = (1 + B)ep(n). Using
Eq. (1), we obtain

c« _(1+pW
N

from which we find 8 = —0.565(0.015), after correction
for the systematic errors described above. The remaining
statistical error includes contributions from vy (N, trap
frequencies), magnetic field, and c.
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