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We measure the free decay of a spatially periodic density profile in a normal fluid strongly interacting
Fermi gas, which is confined in a box potential. This spatial profile is initially created in thermal
equilibrium by a perturbing potential. After the perturbation is abruptly extinguished, the dominant spatial
Fourier component exhibits an exponentially decaying (thermally diffusive) mode and a decaying
oscillatory (first sound) mode, enabling independent measurement of the thermal conductivity and the
shear viscosity directly from the time-dependent evolution.
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Studies of thermodynamics and hydrodynamic transport
in strongly correlated Fermi gases connect widely different
forms of matter across vast energy scales [1-3]. Strongly
interacting Fermi gases are created by tuning a trapped,
two-component cloud near a collisional (Feshbach) reso-
nance [4]. A resonantly interacting or unitary Fermi gas is
of special interest, as it is a scale-invariant, strongly
interacting quantum many-body system, with thermody-
namic and transport properties that are universal functions
of the density and temperature [5], permitting parameter-
free comparisons with predictions.

However, the behavior of the shear viscosity 7 and the
thermal conductivity x7 of a unitary Fermi gas is not yet
established. Measurement of hydrodynamic flow in freely
expanding clouds [6,7] enables extraction of # in the
normal fluid regime, but requires a second order hydro-
dynamics model to properly account for ballistic flow in
the dilute edges [8,9]. Recent measurements of the sound
diffusivity [10], by sound attenuation in a driven, uniform
density, unitary Fermi gas, constrain 7 and kr, but they are
not independently determined [11].

In this Letter, we report new time-domain, free evolution
methods for measuring hydrodynamic transport coeffi-
cients in a normal fluid unitary Fermi gas. We confine a
cloud of °Li atoms in a repulsive box potential, producing a
sample of nearly uniform density. A density perturbation
is then created, Fig. 1, by applying a small static optical
potential that is spatially periodic along one axis. After
equilibrium is established, the perturbing potential is
abruptly extinguished. We measure the time dependence
of the dominant spatial Fourier component of the density,
én(q, 1), Fig. 2, which exhibits an exponentially decaying
mode that measures the thermal conductivity and a
decaying oscillatory mode that determines the sound speed
and the sound diffusivity. The data are well fit by a linear
hydrodynamics analytic model, enabling measurement of
both the shear viscosity # and the thermal conductivity k7.
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The experiments employ ultracold °Li atoms in a bal-
anced mixture of the two lowest hyperfine states, which are
evaporatively cooled in a CO, laser trap and loaded into
a box potential. The box comprises six sheets of blue-
detuned light, created by two digital micromirror devices
(DMDs) [12]. The top and bottom sheets employ a 669 nm
beam. The four vertically propagating sheets are produced
by a 532 nm beam, which passes through a diffractive
optical element and an imaging lens to produce a “top-hat”
shaped intensity profile on the surface of the DMD array.
The box potential Uy (r) yields a rectangular density profile
with typical dimensions (x,y,z) = (52 x 50 x 150) ym.
The density varies slowly in the direction of the long (z)
axis, due to the harmonic confining potential  z° arising
from the curvature of the bias magnetic field, which has
little effect on the shorter x and y axes. The typical total
central density is ny = 4.5 x 10" atoms/cm?, with the
Fermi energy epy=kzTr = kg x0.22 yK and Fermi
speed vy ~2.5 cm/s. The box depth Uy ~ 1.1 uK [13].

Once the cloud is loaded into the box potential, we
employ the 532 nm DMD to slowly ramp up an additional
small optical potential 6U(z), which is spatially periodic
along the z axis. After thermal equilibrium is established,
the cloud profile exhibits a periodic spatial modulation,
on(z,0), Fig. 1. The measurements employ modulation
amplitudes én/nq from 7% to 19%, yielding consistent data
within our error bars.

After the periodic potential is abruptly extinguished,
we measure the oscillatory decay of the density change
on(z,t) = n(z,t) — ny(z). For each image, the signal n and
subtracted background n((z) densities are scaled to their
respective total atom number to suppress noise arising from
shot to shot atom number variation. We perform a fast
Fourier transform (FFT) of 6n(z, ) at each time, in a region
containing an integer number (typically 3—4) of spatial
periods near the peak density, minimizing the imaginary
component to obtain a real transform, dn(q, t), Fig. 2.
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FIG. 1. A unitary Fermi gas is loaded into a box potential with a
small static spatially periodic perturbation 6U, creating a spatially
periodic 1D density profile. After 6U is abruptly extinguished,
the dominant Fourier component exhibits a two-mode oscillatory
decay (see Fig. 2).

To model the data, where the initial conditions are
isothermal, it is convenient to construct the coupled
equations for the changes in the density én(z,f) and
temperature 67(z,¢). We use the continuity equation to
eliminate the velocity field. For experiments in the linear
response regime [13],
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FIG. 2. Real part of the Fourier transform of the density
perturbation én(q,t) for g =2z/A with A =22.7 um. The
reduced temperature 7/Tr = 0.46. Blue dots (data); Red curve:
analytic hydrodynamics model, Eq. (3). Inset shows contributions
of thermal diffusion (orange exponential) and first sound (blue).
The error bars are the standard deviation of the mean of 5n(q, 1)
for 5-8 runs, taken in random time order.
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with ¢ the isothermal sound speed and m the atom

mass. Here, 8T = nyf6T has dimension of density, with
p = —1/n(0n/0T)p the thermal expansivity [13] and

5T = €Lp 5’:1 +

KT ~
25T, (2)
Ny Cy, ‘

with e p = ¢p, /cy, — 1 the Landau-Placzek parameter. The
heat capacities per particle at constant volume cy, and at
constant pressure c¢p, can be determined from the measured
equation of state [13,14].

Equations (1) and (2) have simple physical interpreta-
tions. The c? terms on the right-hand side of Eq. (1)
correspond to the pressure change [13]. A viscous damping
force arises from the shear viscosity, n = a,fin, while the
bulk viscosity &5 vanishes for a unitary Fermi gas [15]. The
final terms in Eq. (1) arise from the perturbing and box
potentials, where 0,U,(z) is found from the slowly varying
background density n(z) [13] and 6U(z,¢t > 0) =0 for
our experiments. The first term on the right-hand side of
Eq. (2) describes the adiabatic change in the temperature
due to the change in density. The last term describes
temperature relaxation at constant density due to the heat
flux, which is proportional to the thermal conductivity
kr = a,hingkg/m. Equations (1) and (2) can be solved
numerically for én(z, t), with the initial conditions én(z, 0)
(measured), 57(z,0) = 0, and 67 (z,0) = 0.

We find that a perturbation wavelength A ~ 23 pm yields
good dynamic range for decay measurements over time
scales that avoid perturbing 6n(z, ) in the measured central
region by reflections from the walls of box potential, which
then can be neglected. Since SU = 0, a spatial Fourier
transform of Eqgs. (1) and (2) yields coupled equations for

Sii(q.t) and 6T (q.t). These determine the analytic fit
function [13],

on(q,t) = Age " + e79[A, cos(bt) + Ay sin(bt)], (3)
where A} = A — Ay and A, = [(I' — a)Aq + aA]/b satisty
two of the initial conditions én(g,0) = A and (¢, 0) = 0.
The third initial condition 5ii(q,0) = —c2q>A [13] deter-
mines Ay = A(a*> + b* — c2¢?)/[(T — a)?® + b?].

We see that the solutlon consists of two independent
modes, Fig. 2 (inset). One mode is exponentially decaying
and determines the thermal diffusivity as discussed below.
The other is a decaying, oscillating first sound mode, which
determines the sound diffusivity. Together, the decay rates
of these two distinct modes determine both the thermal
conductivity and the shear viscosity.
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FIG. 3. Shear viscosity # in units of zn versus reduced temper-

ature T/Tp. Blue dots: A~23 ym. Orange dots: left (right)
A =18.2(18.9) ym. Pink dots: left (right) 1= 32.3(41.7) ym.
Red solid curve: fit to cloud expansion data, ay6>/> + a, (Bluhm
et al., [9], see text). Shaded region denotes the standard deviation
of the fit. Upper purple-dashed curve: prediction of Enss et al.,
[22]. Lower red-dashed curve: high temperature limit, «y@>/2. Data
error bars are statistical [23]. (color online).

The frequencies I', a, and b in Eq. (3) are related to the
frequencies y, = 4nq*/(3nom), v, = krq*/(ngcy,), and
crq by [13]

'+2a=y,+y, (4)
a® + b* +2al’ = ¢34 + 7,7« (5)
F((l2 + bz) = C%qzyk- (6)

Here, cg and ¢y are the adiabatic and isothermal sound
speeds, which obey c}/cf = cp /ey, =1+ ep(T/Tp).

Fitting Eq. (3) to the data yields the red curve in Fig. 2,
with the three frequencies czq,7,, 7«, and the amplitude A
as free parameters. We find that fitting the data with Ag = 0
increases the y? per degree of freedom from ~1 to ~20,
demonstrating the importance of the thermal diffusion
mode, which determines the thermal conductivity in our
measurements.

The reduced temperature 7/Tp = 6(cr/vg) in
Eqgs. (4)-(6) is self-consistently determined from c; by
the equation of state [13,14], with vy given for the average
central density ng [13]. The fits determine the frequency
crq within 2%, enabling in situ thermometry [19].

We note that in the long wavelength (LW) limit, where
csq > 7. 7y Eq. (5) requires b/q =~ cg, the first sound
speed. Then Eq. (6) reduces to I'/¢* ~«r/(ngcp,) = Dr,
the thermal diffusivity, and Eq. (4) vyields 2a/q¢’~
Yol q* +7v./q* —T'/q*> = D,, the usual first sound diffu-
sivity [13,20]. In our experiments, where A ~ 23 um, we
find that b/q is smaller than cg by 2.2%, 4.3%, and 5.7%
for T/Tr = 0.28, 0.46, and 0.63, respectively, close to the
LW limit.

Further, the LW limit requires Ay/A =1-cy, /cp,
which is ~0.3 for our T/T; range and within 10% of
the measured values. As a cross-check, we fit the data with
Eq. (3), letting both A and A be free parameters, and obtain
consistent results for A,/A.

We also estimate the change in the energy per particle W
that arises from the energy stored in the initial spatially
periodic density profile. Assuming adiabatic compression,

we find [13],
2 2
_mes [(on
w0

For &n/ny~0.2 cos(qz), we have W ~0.0lmc% As
mc% = 10/9E,, with E, the energy per particle [10,13],
the change in E;, and hence in § = T /T, is negligible.

Our measured shear viscosity, Fig. 3, can be compared to
the high temperature diluteness expansion of Bluhm et al.,
9], 7exp(0) = (@00*? + ap)in, where ay = 2.77(21) and
a, = 0.25(08) are measured by using a second order
hydrodynamics model to fit aspect ratio data for freely
expanding clouds [7]. Here, the first term is the high
temperature limit, where 8°/?n « T°/? depends only on the
temperature. The extracted a is in excellent agreement
with a variational calculation based on the two-body
Boltzmann equation for a unitary gas [9,21]. The leading
correction from «, depends only on the density. The red
curve in Fig. 3 shows that 7.,,(T/T ) is in agreement with
the measurements in the box potential for 7/Ty > 0.45.
For comparison, the red-dashed curve shows the high
temperature limit, where a, = 0. The top purple-dashed
curve is the 7-matrix theory prediction of Enss et al., [22],
in reasonable agreement with the data.

In all of the figures, we compare data for 4 ~23 ym to
data points with 4 = 18.2 ym, 18.9 ym, 32.3 ym (three-
spatial periods), and 41.7 ym (two-spatial periods). These
measurements show that there are no large systematic shifts
with wavelength.

Our measured thermal conductivity, Fig. 4, can be com-
pared with variational calculations for a unitary Fermi gas in
the high temperature, two-body Boltzmann equation limit
[24], where k7(0) = 15/4ay0>*hnkg/m, with kg the
Boltzmann constant. The red-dashed line in Fig. 4 shows
that the high temperature prediction is in reasonable agreement
with measurements in the box potential for T/Ty > 0.45,
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FIG. 4. Thermal conductivity x; in units of Ankg/m versus
reduced temperature 7/Tp. Blue dots: A~23 ym. Orange
dots: left (right) 4 = 18.2(18.9) um. Pink dots: left (right) 2 =
32.3(41.7) ym. Red-dashed curve: high temperature limit,
15/40a,0%2. Error bars are statistical [23]. (color online).

without a temperature-independent correction, but the data are
significantly smaller than predicted [25,26].

The sound diffusivity D, = 2a/q? in units of #/m,
Fig. 5, is determined by Eqs. (4)—(6) from the fit parameters
crqs, vy> and y,.. We obtain the same results within our error
bars, by directly fitting I', a, and b in Eq. (3), constraining
Ay/A using the LW limit, where b ~ cgq determines T /T .
The red-dashed curve shows the predicted LW D, using the
high temperature limits for both the shear visco-
sity and the thermal conductivity, with ¢p = 5/2kp and
cy, = 3/2kg. For the red solid curve, the high temperature
shear viscosity term in D, is replaced with the measured
viscosity for the expanding gas, 77¢x,(#), yielding a good fit
for the higher temperature measurements, consistent with
our measured 7 and k7. Our diffusivity data can be compared
to that of Patel ez al., [10], which are shifted upward relative
to that of Fig. 5, but exhibit nearly identical scaling with
T/T, as discussed in the Supplemental Material [13].

In conclusion, we have independently determined the
shear viscosity and thermal conductivity of a normal-fluid
unitary Fermi gas in a box potential, directly from the two-
mode oscillatory decay of a spatially periodic density
perturbation. For the isothermal static initial conditions
employed in the experiments, the thermally diffusive mode
comprises ~30% of the initial total amplitude of the dominant
Fourier component, which is readily apparent in the free
hydrodynamic relaxation. This method is complementary to
frequency domain techniques, where transport properties of
quantum fluids have been determined by measuring the
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FIG. 5. Sound diffusivity D, = 2a/g?, in units of #/m versus
reduced temperature 7/Ty. Blue dots: A=~23 ym. Orange
dots: left (right) A= 18.2(18.9) um. Pink dots: left (right)
A =323(41.7) yum. Red-dashed curve: long wavelength, high
temperature limit, D; = 7/3a,6%?. Red solid curve: D, =
4/3(0p6? 4+ &) + ay8?/?. Error bars are statistical [23]. (color
online).

hydrodynamic linear susceptibility [27-29]. For reduced
temperatures 7'/Tr > 0.45, we find that the shear viscosity
measured by free hydrodynamic relaxation in a box potential
is consistent with that extracted from data on expanding
clouds [8,9], which includes a significant density-dependent
contribution. At lower temperatures, 7/T < 0.4, the shear
viscosity measured in the box is consistently larger than that
of the expanding cloud. The thermal conductivity for
T/Tr > 045 is close to the high temperature limit. In
contrast to the shear viscosity, the pure density dependent
contribution to the high temperature thermal conductivity
appears to be quite small. These results emphasize the need
for rigorous calculations of the leading density-dependent
corrections to the two-body high temperature limits. Finally,
we expect that in the superfluid regime, the exponentially
decaying mode will evolve into an oscillating second sound
mode, which we hope to study in future experiments.

We thank Thomas Schéfer for stimulating discussions
and Parth Patel and Martin Zwierlein for providing their
sound diffusivity data in table form. Primary support for
this research is provided by the Physics Divisions of the
National Science Foundation (PHY-2006234) and the Air
Force Office of Scientific Research (FA9550-16-1-0378).

Note added in the proof.—Recently a related study has
appeared [30].
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