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We determine the shear viscosity of the ultracold Fermi gas at unitarity in the normal phase using

hydrodynamic expansion data. The analysis is based on a generalized fluid dynamic framework which

ensures a smooth transition between the fluid dynamic core of the cloud and the ballistic corona. We use
expansion data taken by Joseph, Elliott, and Thomas [Shear Viscosity of a Universal Fermi Gas Near the
Superfluid Phase Transition, Phys. Rev. Lett. 115, 020401 (2015).] and measurements of the equation of
state by Ku ez al. [Revealing the superfluid lambda transition in the universal thermodynamics of a unitary
Fermi gas, Science 335, 563 (2012).]. We find that the shear viscosity to particle density ratio just above the
critical temperature is 5/n|; = 0.41 +0.11. We also obtain evidence that the shear viscosity to entropy

density ratio has a minimum slightly above T, with #/s|;, = 0.50 £ 0.10.
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Introduction.—The dilute Fermi gas at unitarity is a
very attractive physical system for studying the transport
properties of strongly correlated quantum fluids [1-3].
From a theoretical point of view, the unitary Fermi gas is a
parameter-free, scale invariant, and intrinsically quantum-
mechanical many-body system. A lot of interest has
centered on the question of how close the viscosity to
entropy density ratio of this system comes to the proposed
string theory bound #/s = h/(4xky) [4]. Experimentally,
the unitary Fermi gas can be realized in dilute atomic gases
using Feshbach resonances [5,6]. The experimental control
provided by Feshbach resonances implies that we can study
the transition from the strongly correlated unitary Fermi gas
to weakly coupled Bose and Fermi gases.

In this Letter we focus on the problem of extracting the
shear viscosity of the unitary Fermi gas from experiments
with trapped ultracold gases [7—15]. Our main interest is in
the low-temperature regime, where the density dependence
of the shear viscosity is relevant, and the minimum of #/s
is likely to be achieved. There are two main types of
experiments that are relevant to this problem. The first class
involves measuring the damping rate of collective excita-
tions, and the second focuses on the expansion of the cloud
after removing the trapping potential. From a theoretical
perspective the damping experiments would appear to be
more attractive, because even a very small viscosity leads to
a clear signature in the exponential decay of the collective
mode. In practice, however, the expansion experiments take
place in a cleaner environment and have achieved greater
accuracy. In an expansion experiment what is observed is
the time evolution of the aspect ratio of the cloud.
Hydrodynamic pressure gradients accelerate the cloud
along the short direction, so that the aspect ratio increases
as a function of time. Viscosity counteracts the pressure
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gradients, and slows the growth of the aspect ratio. These
flow experiments are very similar to elliptic flow experi-
ments in relativistic heavy ion physics [16—18].

The main difficulty in analyzing these experiments is
that the viscosity 7(n, T) is a local quantity that varies with
the density n and temperature 7 of the cloud, while the
observed aspect ratio is a global property of the trapped gas.
This means that the dependence of the data on initial cloud
energy, particle number, and expansion time has to be
unfolded to determine #(n, T). An even more significant
problem is that the viscosity is a parameter that appears in
the fluid dynamic description of the cloud. However, fluid
dynamics breaks down in the dilute, dissipative corona of
the gas.

We have recently made significant progress in dealing
with the physics of the dilute corona. We have introduced a
new method, anisotropic fluid dynamics [19-21], that takes
into account the effects of nonhydrodynamic modes. These
modes quickly relax in the dense part of the cloud so that
Navier-Stokes fluid dynamics is recovered. In the dilute
corona nonhydrodynamic modes ensure a smooth transition
to a free-streaming, ballistic expansion. We have checked
numerically that anisotropic fluid dynamics reproduces the
Navier-Stokes equation in the dense limit [19] as well as
numerical solutions of the Boltzmann equation in the dilute
regime [22,23]. We have also shown that the anisotropic
fluid dynamics, combined with the kinetic theory prediction
for the shear viscosity 7 = 15/(32+/z)(mT)3/? [24], repro-
duces the high-temperature expansion data obtained in [12].
Note that here and in the remainder of the Letter we set /2 and
kg equal to unity.

In this Letter we extend our studies to lower temperature.
For this purpose we fit the expansion data to a systematic
expansion of the viscosity in powers of the density.
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We show that the data clearly demand that the shear
viscosity has nontrivial density dependence. We also show
that the density dependence in the normal phase is quite
smooth, and that the existing data place strong constraints
on n/n near T. This study requires several refinements of
our previous work. We extend the fluid dynamic analysis
to three-dimensional systems with no axial symmetry. We
include an accurate parametrization of the measured
equation of state, and a more general functional form of
the shear viscosity.

Anisotropic fluid dynamics.—In this section we briefly
summarize the anisotropic fluid dynamics method [19].
The fluid dynamical variables that characterize a non-
relativistic fluid in the normal phase are the mass density p,
the momentum density 7 = pi, and the energy density &.
The equations of motion follow from the conservation laws

Dop = —pV - i, (1)
1
Dou; = _;vj(fsijp + oll;;), (2)
1
D0€ = ——Vi(u,-P +5]§€) (3)
p
Here, we defined the comoving time derivative

Dy=0y+u- ﬁ, the energy per mass ¢ = £/p, and the
pressure P. We also introduce the energy density in the rest
frame of the fluid, &% =& —1pi®. In order for the
equations to close we have to provide an equation of state
P = P(Y, p), and constitutive equations for the dissipative
stresses Ol1;; and the dissipative energy current ]ig . For the
unitary Fermi gas scale invariance implies that P = %50.

In the Navier-Stokes approximation the dissipative
stresses are expanded to first order in gradients of the

thermodynamic variables. We get 6I1;; = —no;; with
2.5 -
Gljzvlu]—f—vju,—gé,]Vu (4)

and o ]f = u;0ll;;. Scale invariance implies that the bulk
viscosity vanishes. We have also used the fact that in
expansion experiments the effects of heat conduction are of
higher order in the gradient expansion. This is related to the
fact that the initial temperature is constant, and that the
expansion of an ideal gas preserves the isothermal nature of
the temperature profile [25].

In anisotropic fluid dynamics we treat the components of
the dissipative stress tensor as independent fluid dynamical
variables. The symmetries of the trap imply that the stresses
are diagonal. We define anisotropic components of the
pressure, P, for a = 1, 2, 3, and define

5T1,; = diag(APy, AP,, AP3), (5)

where AP, = P, — P. We also define anisotropic compo-
nents of the energy density £, such that £ =) &,. The

anisotropic components of the energy per mass satisfy the
equation of motion [19]

P

AP, (6
o (6)

Doe, = _%vi[éiauip +(875),]
where ¢, = £,/p and (5/5); = 5;,u;611;;. The anisotropic
pressure is related to the anisotropic energy density by an
equation of state. In the case of a scale-invariant fluid
we have P,(E9) =2&) with £) =€, —1pul. Then P =
%ZaPa satisfies the isotropic equation of state, and Eq. (6)
gives the isotropic equation of energy conservation Eq. (3)
when summed over a. In our previous work we have
described a three-dimensional fluid dynamics code that
solves Egs. (1)—-(3) and Eq. (6) [19,25]. This code is based
on the piecewise parabolic method of Colella and
Woodward [26,27].

We have shown that in the limit of small viscosity,

n(ﬁ - i) < P, the anisotropic pressure terms relax to the
viscous stress tensor in Navier-Stokes theory, AP, =
—no,,. We observe that in the opposite limit, that of very
large viscosity, Eq. (6) becomes a conservation law. This
conservation law ensures that anisotropic fluid dynamics
reproduces the free-streaming limit. Finally, we have
checked that anisotropic fluid dynamics provides a very
accurate representation of numerical solutions of the
Boltzmann equation in the limit that two-body scattering
dominates [23].

In general the viscosity is a function of density and
temperature. In the unitary limit scale invariance implies
that n(n, T) = (mT)3/%f(nd3), where 1 = [(2x)/(mT)]"/?
is the de Broglie wavelength. In this Letter we will expand
the function f(x) in powers of the diluteness of the gas

n(n.T) = no(mT)*{1 4+ ny(n2®) +n3(n2*)? 4}, (7)

We note that the leading term is purely a function of
temperature, the first correction is solely a function of
density, and higher-order terms depend on increasing
powers of the density. In general this expansion is not
expected to be useful near 7', but we will show that terms
that scale as (n4*)? and higher are surprisingly small.
Experimental parameters.—We will analyze the expan-
sion data reported in [7]. This work represents the most
complete set of elliptic flow measurements for the unitary
Fermi gas over a wide range of temperatures currently

available. The gas is released from a harmonic trap V. =

Ime?x? with trap frequencies (w,,w,,»,) = (27)(2210,

830, 64.3) Hz. After the optical trap is turned off there
is a residual magnetic bowl characterized by wy,, =
27 x 21.5 Hz. The total energy per particle of the gas
varies between E/(NEy) = (0.56-1.91). Here, N is the
number of particles and Er = (3N)'/3@®, where @ is the
geometric mean of the trap frequencies. The energy and
temperature of the cloud are extracted using absorption
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images and an equation of state £°(n, T). We describe a
parametrization of the equation of state measured by the
MIT group [28] in the Supplemental Material [29], see
also [25,30,31]. Based on this equation of state we find that
the critical energy where superfluidity occurs at the center
of the trap is E/(NEr) = 0.70. In the high-temperature
limit many relations simplify. For example, the total cloud
energy is given by E =3NT. We will characterize the
initial temperature using the dimensionless ratio 7/Tp,
where Ty = Ep.

Scaling of the aspect ratio with the initial energy.—
Expansion experiments measure the time evolution of the
aspect ratio Ag(¢) for different initial energies and particle
numbers. The experiment of Joseph et al. [7] focuses on the
ratio ¢, /oy, which reaches its asymptotic behavior more
quickly than ¢, /6, or 6,/c.. The radii o; are determined
from a Gaussian fit to two-dimensional absorption images.
As noted in [22] it is important to follow this definition
when analyzing the data using transport theory. In particu-
lar, there is a significant difference between the ratio of rms

radii, \/(x*)/+/(y*), and the ratio of Gaussian fit radii,
o./0oy. This is the case even if the initial density distribution

is a Gaussian.

Joseph et al. [7] observed that the main information
about the density and temperature dependence of 5(n, T') is
not carried by the time dependence of Ag(#) for fixed initial
energy, but by the dependence of Ag(7*) at a fixed time *
on the initial energy. In Fig. 1 we show Agx(#*) = 06,/0, asa
function of E/(NEy) at t* = 1.2 msec. Note that the plot
covers a fairly narrow range in Ag. Individual data points
are more accurate than previously published data, which
spanned a much larger range in aspect ratio.

A difficulty in interpreting the results is that the data
points correspond to a range of particle numbers. The data

1.45
~1.40
: 1.35

1.30

1.25

E/(NEr)

FIG. 1. Aspectratio Az = o,/6, att* = 1.2 msec as a function
of the energy E/(NEr) of the cloud. Data (gray points) compared
to hydrodynamic fits based on the equation of state of a free
gas. The solid red line corresponds to the shear viscosity n =
1o(mT)3? predicted by kinetic theory, and the dashed and
dotted line show the £25% and +50% range in 7. The thick
green line is the best fit to the high-energy data, corresponding to
no = 0.301.

are clustered around a mean N = 1.94 x 10°, and the
variance in N'/3, which is relevant to the effective viscosity,
is about 7%. We show all the data points on the same plot,
but when performing hydrodynamic fits we use the correct
number of particles for each individual data point.

Figure 1 shows a fit to the data based on the high-
temperature theory only. This means that we use the free
gas equation of state, and only the first coefficient, ), in the
virial expansion of the shear viscosity. The best fit to the
high-temperature data gives 7, = 0.301 which is somewhat
higher than the value 7, = 0.264 predicted by kinetic
theory. The best-fit value shifts slightly if the full equation
of state is used, but the shape of Az(#*) as a function of
E/(NEr) does not change. We observe that the data at
lower energy clearly demand a more complicated func-
tional form of the shear viscosity.

Figure 2 shows a fit to the data above the superfluid
transition based on the full equation of state and an
expansion of the shear viscosity up to second order in
density. The best fit is

no = 0.265 +0.02, 1, = 0.060 +£0.02, (8)
and 73 = —(2 4+ 8) x 107, We observe that the n* coef-
ficient is consistent with zero within error bars. We also find
that the fit is stable with respect to including higher-order
terms in n. The y?/Ngy of the fit is of order unity,
indicating that this simple model provides a very good
representation of all the data in the entire regime above the
superfluid phase transition. We note that #, agrees to better
than 1% with the kinetic theory prediction 7, = 0.264.

Conclusions.—Our determination of #/n for the homo-
geneous Fermi gas is shown in Figs. 3 and 4. The result is
shown as a function of T/T'°, where T = k3./(2m) is the
local Fermi temperature of the gas. The best fit to the data,
shown as the thick red line in Fig. 3, is

0.6‘ ‘ ‘0.8‘ ‘ ‘1.0‘ ‘ ‘1.2‘ ‘ ‘1.4‘ ‘ ‘1.6‘ ‘ ‘1.8‘ ‘
E/(NEg)

FIG. 2. Aspectratio Ag = 0,/0, at * = 1.2msec as a function
of the energy E/(NE) of the cloud. Data (gray points) compared
to hydrodynamic fits based on the measured equation of state.
The red short-dashed line shows the high temperature fit, the blue
dashed line includes density corrections, and the green solid line
contains a density squared term.
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FIG.3. The reconstructed ratio 7/n as a function of T /T for a
homogeneous gas. The local Fermi temperature is defined as
Tlec = k% /(2m) where kp is defined via the density of the gas,
n = k3./(3x?). The red line shows the density expansion together
with the error band described in the text. The curves terminate at
T.. The gray dots show the reconstruction obtained in [7], and the
dashed line shows the T-matrix calculation of Enss et al. [32].

n/n = 2773x%% + 0251 - 0.0013x3/2,  (9)

where x = T/T'. The coefficients in Eq. (9) are given
by the central values of 7, 77,, 3 normalized by the density
n. The local Fermi momentum kj is defined in terms
of the density of the gas, n = k3/(37%). We show the
reconstruction for temperatures above the critical temper-
ature T, = 0.167(13) T [28]. We find that the value of the
viscosity at T, is n/n|; =0.41 £0.11. We have not
attempted to reconstruct the shear viscosity below T,
since a proper treatment of this regime requires superfluid
hydrodynamics.

For comparison the gray data points show the recon-
structed values of 7/n obtained in the experimental work
of Joseph et al. [7]. These results are based on the same
expansion data, but involve a number of assumptions [34].
The main assumption is that there is a critical radius RS™ so

20

0.5

0.0

FIG. 4. Same as Fig. 3, zooming in on the low-temperature
regime. Our analysis (red band) is compared to the results (gray
points) obtained in [7], the T-matrix calculation (dashed line)
of Enss ef al. [32], and the lattice calculation (green band) of
Wlazlowski et al. [33].

that the atomic cloud inside this radius can be described as a
viscous fluid, and the particles outside the radius are a
noninteracting gas. The critical radius is assumed to be a
constant fraction of the cloud size. The overall constant is
adjusted to reproduce the expected behavior of the high-
temperature viscosity, 7 ~ o(mT)>2. This implies that the
agreement of the data points with kinetic theory for large
T/ Tﬂ?c is not a result, but an input. In contrast, the
agreement of our reconstruction with kinetic theory is a
nontrivial result. There is some discrepancy between the
two reconstructions in the regime T = (0.2-1.0)Tc.
In this regime our result for #/n is systematically lower.
This makes sense if one assumes that as the temperature is
lowered and the viscosity drops the effective fluid radius
increases. This implies that assuming a constant radius of
the fluid core leads to an overestimate of the viscosity. It is
interesting that directly at 7', the two reconstructions agree.

We also show the T-matrix calculation of Enss et al. [32],
which agrees quite well with our reconstructed viscosity
near 7. It will be interesting to study the physical
consequences of this result, for example, possible impli-
cations for quasiparticle models. We also show the lattice
calculation of Wlazlowski et al. [33]. The calculation does
not match the shape of our reconstruction, and has a
substantially smaller 7/n|7 .

Finally, Fig. 5 shows the ratio of shear viscosity to
entropy density, based on our reconstruction of 7/n and the
measurement of s/n by the MIT group [28]. The result is
compared to high and low temperature predictions for 7/s
in kinetic theory [24,35]. We find a shallow minimum
of n/$|m = 0.50 +0.10 slightly above T,.. The mini-
mum is related to the fact that the entropy per particle
drops significantly as 7, is approached from above,
whereas no structure is seen in 7/n. We note that at present
we can only weakly exclude (at about 16) a minimum in
n/s at or below T.. A minimum in 7/s above T, was
predicted in [36], but is in tension with the Monte Carlo
data in [33].

10F
osf
» 06f
2™
04f
02f
02 04 06 08 10
T/Tg
FIG. 5. Low-temperature behavior of the shear viscosity to

entropy density ratio 5/s as a function of 7/T'€. Our analysis
(red band) is compared to the high and low temperature
predictions from kinetic theory, see [24,35].

065302-4



PRL 119, 065302 (2017)

PHYSICAL REVIEW LETTERS

week ending
11 AUGUST 2017

This work was supported in part by the U.S. Department
of Energy Grant No. DE-FG02-03ER41260. The work of
M. Bluhm is funded by the European Union’s Horizon
2020 research and innovation program under the Marie
Sktodowska Curie Grant No. 665778 via the National
Science Center, Poland, under Grant No. Polonez UMO-
2016/21/P/ST2/04035. We would like to thank James
Joseph and John Thomas for many useful discussions,
and for providing us with the data in [7]. We thank Martin
Zwierlein for providing us with the data in [28].

[1] T. Schéfer and D. Teaney, Nearly perfect fluidity: From cold
atomic gases to hot quark gluon plasmas, Rep. Prog. Phys.
72, 126001 (2009).

[2] A. Adams, L.D. Carr, T. Schifer, P. Steinberg, and J. E.
Thomas, Strongly correlated quantum fluids: Ultracold
quantum gases, quantum chromodynamic plasmas, and
holographic duality, New J. Phys. 14, 115009 (2012).

[3] T. Schifer, Fluid dynamics and viscosity in strongly
correlated fluids, Annu. Rev. Nucl. Part. Sci. 64, 125 (2014).

[4] P.K. Kovtun, D.T. Son, and A.O. Starinets, Viscosity in
Strongly Interacting Quantum Field Theories from Black
Hole Physics, Phys. Rev. Lett. 94, 111601 (2005).

[5] L. Bloch, J. Dalibard, and W. Zwerger, Many-body physics
with ultracold gases, Rev. Mod. Phys. 80, 885 (2008).

[6] S. Giorgini, L.P. Pitaevskii, and S. Stringari, Theory of
ultracold atomic Fermi gases, Rev. Mod. Phys. 80, 1215
(2008).

[71 J. A. Joseph, E. Elliott, and J. E. Thomas, Shear Viscosity of
a Universal Fermi Gas Near the Superfluid Phase Transition,
Phys. Rev. Lett. 115, 020401 (2015).

[8] J. Kinast, A. Turlapov, and J. E. Thomas, Breakdown of
hydrodynamics in the radial breathing mode of a strongly
interacting Fermi gas, Phys. Rev. A 70, 051401(R) (2004).

[9] T. Schifer, The shear viscosity to entropy density ratio of
trapped fermions in the unitarity limit, Phys. Rev. A 76,
063618 (2007).

[10] A. Turlapov, J. Kinast, B. Clancy, L. Luo, J. Joseph, and J. E.
Thomas, Is a gas of strongly interacting atomic fermions a
nearly perfect fluid, J. Low Temp. Phys. 150, 567 (2008).

[11] G.M. Bruun and H. Smith, Frequency and damping of the
scissors mode of a Fermi gas, Phys. Rev. A 76, 045602
(2007).

[12] C. Cao, E. Elliott, J. Joseph, H. Wu, J. Petricka, T. Schifer,
and J. E. Thomas, Universal quantum viscosity in a unitary
Fermi gas, Science 331, 58 (2011).

[13] E. Elliott, J. A. Joseph, and J.E. Thomas, Anomalous
Minimum in the Shear Viscosity of a Fermi Gas, Phys.
Rev. Lett. 113, 020406 (2014).

[14] E. Elliott, J. A. Joseph, and J. E. Thomas, Observation of
Conformal Symmetry Breaking and Scale Invariance in
Expanding Fermi Gases, Phys. Rev. Lett. 112, 040405 (2014).

[15] J. Brewer, M. Mendoza, R. E. Young, and P. Romatschke,
Lattice Boltzmann simulations of a strongly interacting two-
dimensional Fermi gas, Phys. Rev. A 93, 013618 (2016).

[16] K. H. Ackermann et al. (STAR Collaboration), Elliptic Flow
in Au 4 Au Collisions at (syy)'/> = 130 GeV, Phys. Rev.
Lett. 86, 402 (2001).

[17] S.S. Adler et al. (PHENIX Collaboration), Elliptic Flow of
Identified Hadrons in Au -+ Au Collisions at (syy)"/? =
200 GeV, Phys. Rev. Lett. 91, 182301 (2003).

[18] K. Aamodt et al. (ALICE Collaboration), Elliptic Flow of
Charged Particles in Pb-Pb Collisions at 2.76 TeV, Phys.
Rev. Lett. 105, 252302 (2010).

[19] M. Bluhm and T. Schifer, Dissipative fluid dynamics for
the dilute Fermi gas at unitarity: Anisotropic fluid dynamics,
Phys. Rev. A 92, 043602 (2015).

[20] W. Florkowski and R. Ryblewski, Highly anisotropic and
strongly dissipative hydrodynamics for early stages of
relativistic heavy-ion collisions, Phys. Rev. C 83, 034907
(2011).

[21] M. Martinez and M. Strickland, Dissipative dynamics
of highly anisotropic systems, Nucl. Phys. A848, 183
(2010).

[22] P.A. Pantel, D. Davesne, and M. Urban, Numerical
solution of the Boltzmann equation for trapped Fermi
gases with in-medium effects, Phys. Rev. A 91, 013627
(2015).

[23] M. Bluhm and T. Schifer, Model-Independent Determina-
tion of the Shear Viscosity of a Trapped Unitary Fermi Gas:
Application to High-Temperature Data, Phys. Rev. Lett.
116, 115301 (2016).

[24] G. M. Bruun and H. Smith, Viscosity and thermal relaxation
for a resonantly interacting Fermi gas, Phys. Rev. A 72,
043605 (2005).

[25] T. Schifer, Dissipative fluid dynamics for the dilute Fermi
gas at unitarity: Free expansion and rotation, Phys. Rev. A
82, 063629 (2010).

[26] P. Colella and P.R. Woodward, The piecewise parabolic
method (PPM) for gas-dynamical simulations, J. Comput.
Phys. 54, 174 (1984).

[27] J.M. Blondin and E. A. Lutkin, The piecewise-parabolic
method in curvilinear coordinates, Astrophys. J. Suppl. Ser.
88, 589 (1993).

[28] 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).

[29] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.119.065302 for a de-
scription of the equation of state, and for a definition of
a set of units that can be used to scale out the dependence on
the number of particles.

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

[31] P. Romatschke and R.E. Young, Implications of hydro-
dynamic fluctuations for the minimum shear viscosity of the
dilute Fermi gas at unitarity, Phys. Rev. A 87, 053606
(2013).

[32] T. Enss, R. Haussmann, and W. Zwerger, Viscosity and
scale invariance in the unitary Fermi gas, Ann. Phys.
(Amsterdam) 326, 770 (2011).

[33] G. Wlazlowski, P. Magierski, A. Bulgac, and K. J. Roche,
The temperature evolution of the shear viscosity in a unitary
Fermi gas, Phys. Rev. A 88, 013639 (2013).

[34] The x?/Ng4or of our fit is close to 1, whereas the
reconstruction of [7], used as an input to our hydrodynamic

065302-5


https://doi.org/10.1088/0034-4885/72/12/126001
https://doi.org/10.1088/0034-4885/72/12/126001
https://doi.org/10.1088/1367-2630/14/11/115009
https://doi.org/10.1146/annurev-nucl-102313-025439
https://doi.org/10.1103/PhysRevLett.94.111601
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.1215
https://doi.org/10.1103/RevModPhys.80.1215
https://doi.org/10.1103/PhysRevLett.115.020401
https://doi.org/10.1103/PhysRevA.70.051401
https://doi.org/10.1103/PhysRevA.76.063618
https://doi.org/10.1103/PhysRevA.76.063618
https://doi.org/10.1007/s10909-007-9589-1
https://doi.org/10.1103/PhysRevA.76.045602
https://doi.org/10.1103/PhysRevA.76.045602
https://doi.org/10.1126/science.1195219
https://doi.org/10.1103/PhysRevLett.113.020406
https://doi.org/10.1103/PhysRevLett.113.020406
https://doi.org/10.1103/PhysRevLett.112.040405
https://doi.org/10.1103/PhysRevA.93.013618
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevA.92.043602
https://doi.org/10.1103/PhysRevC.83.034907
https://doi.org/10.1103/PhysRevC.83.034907
https://doi.org/10.1016/j.nuclphysa.2010.08.011
https://doi.org/10.1016/j.nuclphysa.2010.08.011
https://doi.org/10.1103/PhysRevA.91.013627
https://doi.org/10.1103/PhysRevA.91.013627
https://doi.org/10.1103/PhysRevLett.116.115301
https://doi.org/10.1103/PhysRevLett.116.115301
https://doi.org/10.1103/PhysRevA.72.043605
https://doi.org/10.1103/PhysRevA.72.043605
https://doi.org/10.1103/PhysRevA.82.063629
https://doi.org/10.1103/PhysRevA.82.063629
https://doi.org/10.1016/0021-9991(84)90143-8
https://doi.org/10.1016/0021-9991(84)90143-8
https://doi.org/10.1086/191834
https://doi.org/10.1086/191834
https://doi.org/10.1126/science.1214987
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.065302
https://doi.org/10.1038/nature08814
https://doi.org/10.1103/PhysRevA.87.053606
https://doi.org/10.1103/PhysRevA.87.053606
https://doi.org/10.1016/j.aop.2010.10.002
https://doi.org/10.1016/j.aop.2010.10.002
https://doi.org/10.1103/PhysRevA.88.013639

week ending

PRL 119, 065302 (2017) PHYSICAL REVIEW LETTERS 11 AUGUST 2017

model, has /Ny = 4.5. More importantly, we stress that

the result in [7] has an unknown overall normalization,

which was fixed using kinetic theory.

[35] G. Rupak and T. Schifer, Shear viscosity of a superfluid
Fermi gas in the unitarity limit, Phys. Rev. A 76, 053607

(2007).

065302-6

[36] W. Zwerger, in Quantum Matter at Ultralow Temper-

atures, Proceedings of the International School of
Physics “Enrico Fermi”, Course CXCI, edited by M.
Inguscio, W. Ketterle, S. Stringari, and G. Roati (IOS
Press, Amsterdam, 2016), pp. 63—142, ISBN .


https://doi.org/10.1103/PhysRevA.76.053607
https://doi.org/10.1103/PhysRevA.76.053607

