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Second sound in the crossover from the Bose-
Einstein condensate to the Bardeen-Cooper-
Schrieffer superfluid
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Second sound is an entropy wave which propagates in the superfluid component of a
quantum liquid. Because it is an entropy wave, it probes the thermodynamic properties of the
quantum liquid. Here, we study second sound propagation for a large range of interaction
strengths within the crossover between a Bose-Einstein condensate (BEC) and the Bardeen-
Cooper-Schrieffer (BCS) superfluid, extending previous work at unitarity. In particular, we
investigate the strongly-interacting regime where currently theoretical predictions only exist
in terms of an interpolation in the crossover. Working with a quantum gas of ultracold fer-
mionic 6Li atoms with tunable interactions, we show that the second sound speed varies only
slightly in the crossover regime. By varying the excitation procedure, we gain deeper insight
on sound propagation. We compare our measurement results with classical-field simulations,
which help with the interpretation of our experiments.
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econd sound is a transport phenomenon of quantum liquids

that emerges below the critical temperature for superfluidity

T.-3. It was experimentally discovered* in 1944 in He II°
and was described with a hydrodynamic two-fluid model>¢-8
which treats He II as a mixture of a superfluid (SF) and a normal
fluid (NF). The SF component has no entropy and flows without
dissipation. The NF component carries all the entropy and has
non-zero viscosity. In the limit of vanishing temperature T — 0,
the two-fluid model predicts that first sound (i.e., standard sound
waves) corresponds to a propagating pressure oscillation with
constant entropy, while second sound is an entropy oscillation
propagating at constant pressureS.

The properties of a SF naturally depend on parameters such as its
temperature and the interaction strength between its particles. With
the advent of ultracold quantum gases, with tunable interactions,
these dependencies can now be studied. In particular, an ultracold
fermionic quantum gas with a tunable Feshbach resonance offers a
unique opportunity to access various sorts of superfluidity in one
system, ranging continuously between a Bose-Einstein condensate
(BEC) of bosonic molecules, a resonant SF, and a SF gas of Cooper
pairs (BCS superfluid)®-11. In the experiment, this is done by tuning
the interaction parameter (kpa)~', where a is the scattering length,
kp = /2mEg/h the Fermi wavenumber, Er is the Fermi energy,
and m the atomic mass.

A large range of thermodynamical properties of the BEC-BCS
crossover has been studied, e.g., in refs. 11-19. This includes experi-
ments on first sound (see e.g., ref. 1) and second sound. Second
sound has recently been observed by Sidorenkov et al.2? in a unitary
Fermi gas and by Ville et al.2! and Christodoulou et al.?? in a two-
dimensional bosonic SF. Second sound was also possibly present in
an experiment by Meppelink et al.23 as pointed out in ref. 3.

Here, we experimentally investigate how second sound changes
across the BEC-BCS crossover. This is important, because full
theoretical calculations are not yet available for the entire strongly
interacting regime. Nevertheless, comparing our measurements to
existing calculations and interpolations we find reasonable
agreement. In particular, c-field simulations in the BEC regime
match quite well the observed wave dynamics in experiments at
interaction strengths of up to (kza)™' = 1. In addition, we
investigate experimentally and theoretically the system response
when modifying the excitation scheme. As second sound is
mainly an entropy wave and first sound is mainly a pressure
wave, different excitation schemes give rise to different responses
for first and second sound. This helps for separating the generally
weak second sound signals from the first sound ones. We find
that this separation works especially well when first sound is
excited as a density dip wave packet. For this case, we were able to
quantitatively compare the amplitudes of first and second sound
and compare the results with a prediction.

Results

Experimental details. Our experiments are carried out with a
balanced, two-component ultracold gas of fermionic °Li atoms in
the two lowest hyperfine states |F,mp) = [1/2, £1/2) of the
electronic ground state. The gas is confined by a combined magnetic
and optical dipole trap with a trap depth of Uy=1uKx kg, for
details see ref. 2425, The trap is nearly harmonic and cylindrically
symmetric with trapping frequencies w,=27x305Hz and w,=
2m x 21 Hz. The temperature and the particle density are controlled
by evaporative cooling. In the experiments the temperature ranges
approximately from 0.13 Tz to 0.30 Ty, where Ty = Ep/ky =
h@(3N)'/? /ky is the Fermi temperature, @ = (wxwf)l/3 is the
geometric mean of the trapping frequencies and N is the total
number of atoms. The scattering length a is tunable with an external
magnetic field B via a magnetic Feshbach resonance at 832 G2°.

To excite sound modes in the system, we focus a blue-detuned
532nm laser onto the trap center following the approaches
introduced in refs. 162027 (Fig. 1a). The laser beam is aligned
perpendicularly to the optical dipole trap and produces a repulsive
potential barrier of U = 0.2 Up. At its focus, the beam has a waist
of about 20 um, which is comparable to the cloud size in the radial
direction. To excite sound waves, the height of this additional
potential is modulated. The excited sound modes generally exhibit
contributions from both first and second sound?®-30. However, it
is possible to generate preferentially either one of the two sound
modes by adapting the excitation method.

To excite primarily first sound, we abruptly switch on the
excitation laser beam (Fig. 1b), similarly as for the first
experiments on sound propagation in a dilute BEC?’. This
applies pressure on the cold cloud on both sides of the laser beam
and creates two density wave packets (Fig. 1c) which propagate
out in opposite directions along the axial trap axis with the speed
u;. In the experiments, we detect these waves with the help of
absorption imaging by measuring the density distribution of the
atomic cloud as a function of time.

Figure 1d shows such density waves for an experiment at
(kpa) ' ~ (1.61+0.05), B=735G and a temperature of
T=(220+30) nK=(0.30+0.06) Ty, which corresponds to
T=(0.80%0.15) T, where T. is the critical temperature. For
the given interaction strength, we used T.=0.37Tg (see
Supplementary Note 1).

Figure 1d is a time-ordered stack of one-dimensional line
density profiles of the atom cloud3!. Each profile was obtained by
integrating the measured column density of the atomic cloud
along the transverse (i.e., y-) direction (see “Methods” for details).
The time-ordered stack shows the propagation of the sound
waves along the axial direction x as a function of time. We
observe two density wave packets which propagate with first
sound velocity from the trap center towards the edge of the cloud
(two bright traces, marked with red arrows). The propagating
waves produce a density modulation of only a few percent of the
peak density and can be considered as a weak perturbation of the
system. To obtain the speed of sound, we examine how the center
position of each wave packet changes with time. The center
positions are determined via a Gaussian fit. Please note that the
central sound speed is determined over a local area of the cloud
where the density varies by about 30%. As a consequence, the
measured sound speed should be considered a mean value. From
Fig. 1d we obtain u; = (17.2 + 3) mm/s near the trap center. Our
analysis shows that the sound propagation slows down as the
pulse approaches the edge of the cloud where the particle density
decreases. In the following, we focus on the sound speed close to
the trap center.

To primarily excite second sound, we sinusoidally modulate
the intensity of the excitation beam for 7 ms with a modulation
frequency of wex =2mx 570 Hz = 2w, and a modulation ampli-
tude of AU=0.2 Up. This parametrically heats the gas in radial
direction (Fig. 1b). Subsequent thermalization via collisions
occurs within a few milliseconds. As a consequence a local
depletion of the SF density is created, which is filled with normal
gas, forming a region of increased entropy (Fig. 1c). This gives
rise to two wave packets which propagate outwards along the
axial direction with the speed of second sound. Figure le shows
corresponding experimental data where we measure the local
density distribution as in Fig. 1d. The second sound wave appears
here as a density dip (dark traces, marked with orange arrows). A
clear indication that the dark trace corresponds to second sound
is the fact that it vanishes at the Thomas-Fermi radius Ryp =
110 um where the SF fraction vanishes. Second sound only
propagates inside the SF phase.
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Fig. 1 Sound excitation in a trapped superfluid Fermi gas in the vicinity of the BEC-BCS crossover. a Set-up: A focussed, intensity-modulated, blue-

detuned laser beam excites sound waves in the cigar-shaped atom cloud. b Two different modulation sequences of the laser intensity. Purple dashed line:
step excitation. Green solid line: heat pulse. The time t is given in units of the axial trapping period 2z/w,. € Sketch of a bimodal density distribution of a
trapped BEC (purple line) at y =z = 0. At the center of the trap a blue detuned beam produces a dimple in the potential. Modulating the beam intensity
produces first sound waves (red arrows) and second sound (orange arrows) waves. Second sound reduces the local density of the cloud, while for first
sound a density peak emerges. The thin black line shows the profile of the unperturbed cloud. Please note that the crests and troughs of the waves are
shown in an exaggerated way for better visibility. d The false color plot shows the measured local change in the density An(x,t) as a function of axial

position x and time t. Here, (I<Fa)’1 = (1.61+£0.05) at B=735G and T/T.=(0.80 £ 0.15). After excitation, two wave packets (bright traces, marked with
red arrows) propagate with first sound velocity u; towards the edges of the cloud. The excitation method predominantly excites first sound. Second sound
is present as well but is barely discernible here. e Propagation of first sound waves (bright traces, marked with red arrow) and second sound waves (dark
traces, marked with orange arrows) after excitation with sinusoidal pulse of (b). All other settings are the same as in (d). f Simulated sound propagation for

the same parameters as in (e). The orange arrows mark the propagating second sound and the red arrows the first sound, respectively.

Besides a second sound wave, the excitation also produces a
first sound wave (bright traces, marked with red arrows) which
propagates faster than the second sound wave and travels beyond
the Thomas-Fermi radius. The first sound wave is broader than in
Fig. 1d, which can be mainly explained by the longer excitation
pulse. To obtain u, we measure the time-dependent position of
the minimum of each dark trace, which is again determined via a
Gaussian fit. For Fig. 1e we obtain u, = (5.1 £ 1.1) mm/s. We note
that for the small excitation amplitudes in our experiments (see
colorbar in Fig. 1d-e), we do not observe the asymmetric sound
wave distortions reported in ref. 23, These distortions were also
absent in ref. 20.

Figure 1f shows numerical simulations of our experiment
applying a dynamical c-field method3? (see Supplementary Note 2
for detailed information on the method). The dimer scattering
length33 is a4q = 0.6a and we assume all fermionic atoms to be
paired up in molecules. To compare the simulations with the
experimental results we choose the same values of (kza) ' and the
same central density of the trapped gas as in the experiment. The
theory value for u, is (5.7 +0.05) mm/s in agreement with the
experimental value (5.1 £ 1.1) mm/s.

Interaction strength dependence of second sound. We now
perform measurements of second sound speed in the region
(—0.22+0.04) < (kpa) ' < (1.61+0.05) of the BCS-BEC cross-
over. These are shown in Fig. 2 along with theoretical pre-
dictions. The second sound velocity u, is given in units of the
Fermi velocity vy = hki°™/m. Here, the Fermi wavenumber

kbo™ = (37n,) '3 is determined from the 3D peak density close
to the trap center. The peak density is deduced using the inverse
Abel transformation3* and a self-consistent mean field calculation
(see Supplementary Note 4). We have verified that in the BEC
regime our mean field calculation gives similar results for the
peak density when we input the trapping frequencies, the tem-
perature, the scattering length and the total number of particles.
The blue dash-dotted line is a calculation from ref. 28, based on a
hydrodynamic description in a homogeneous gas for the limiting
cases of the BEC and the BCS regime and unitarity. To connect
these regimes, the results are interpolated across the crossover,
bridging the range |(kza)'|<1. The blue solid and the brown
solid lines are our analytic hydrodynamic calculations which are
valid in the BCS and BEC limit, respectively (see Supplementary
Note 3). For comparison, we show the results of the numerical
c-field simulations (green squares), which agree with both, ana-
Iytic description and experimental results. Despite the large error
bars the measurements indicate an increase of u, when
approaching unitarity from the BEC side, in agreement with the
theoretical results.

In general, second sound can only propagate in the SF phase of
the gas. It is therefore natural to ask how the SF density #, and the
speed of second sound u, are related. Using our measurements
for u, we can roughly determine the relationship between n, and
u, for our temperature T and (kga) ™' > 1.5, since in this regime
the SF density can be estimated. For this, we carry out self-
consistent mean field calculations to determine the density
distributions of the SF and the NF for an interacting BEC in the
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Fig. 2 Second sound velocity u, as a function of interaction strength. The
purple circles depict measured data for temperatures in the range
T=105-230 nK which corresponds to T/T.=0.66—0.84 (see
Supplementary Note 1). The error bars are due to statistical uncertainties.
The brown and blue solid line show hydrodynamic predictions for the BEC
and BCS regime at T=0.75T,, respectively (see Supplementary Note 3).
The shaded areas mark the second sound velocity in the temperature range
of the experiments. The blue dash-dotted line shows a theoretical prediction
of second sound in the crossover?8 for a homogeneous gas at T/T, = 0.75.
It interpolates between the results from hydrodynamic theory in the BEC
and BCS regime. The green squares are results of our numerical c-field
simulations which are consistent with both, analytic and experimental
results. For comparison we also show the second sound velocity on the
resonance measured in ref. 20 at the temperatures T/T. = 0.65 (blue
triangle), T/T.= 0.75 (brown triangle), and T/T.= 0.85 (red triangle).

trap (see Supplementary Note 4). As an important input into
these calculations we make use of the Thomas-Fermi radius
which we have measured in the second sound experiments (the
measured Thomas-Fermi radii can be found in Supplementary

Note 1). As an example, from the measurement at (kga) ' =
(1.61£0.05) we determine the peak SF fraction to be
ng/ny=0.98 close to the trap center at maximum density (see
Supplementary Note 4), where the local (k}F“’maf1 = (1.06 +£0.05)
and T/Tho™ = (0.40+0.15), with Thom = 0.217h™
Thom — hz(kg‘)m)2 /2mky. For comparison, for a homogeneous
weakly interacting BEC with a SF fraction close to unity the
temperature would need to be T <« Th°™, according to
ng/n=1—(T/ T?"m)s/ 2 At unitarity, by contrast, the SF fraction
reaches unity already at T/Tho™ & 0.55, as shown by Sidorenkov
et al.20. As expected, this comparison shows that for a given
T/Tho™ the SF fraction grows with interaction strength.

and

Tuning the sound mode excitation. In the following we inves-
tigate how the SF gas responds to different excitation
protocols28-30, For this, we vary the excitation scheme, the
excitation frequency and amplitude. By observing the corre-
sponding response of the system we gain additional insights into
the nature of first and second sound.

In Fig. 3a we show the evolution of the system after a step pulse
excitation at B=735G and AU = 0.3U,, in which both, first and
second sound are excited. In contrast to the experiment in Fig. 1d,
the laser beam is abruptly switched off - not on. As a
consequence, the wave packets of both first and second sound
now correspond to dips in the particle density. In Fig. 3b we show

005 5 -0.025

tw, /2

-0.1 -0.05

-0.15

z/Ryp z/Ropp

Fig. 3 Comparing signal strength of first and second sound. a Sound
excitation experiment at (kFa)‘1 = (1.61+£0.05) and at a temperature of
T/T.=(0.80%0.15). In contrast to Fig. 1d, first sound (red arrows)

and second sound (orange arrows) are now visible simultaneously. For
tw,/2rx < 0.15 first and second sound waves overlap and therefore cannot
be distinguished from each other. b shows An for tw,/2z = 0.43. We fit the
center position of each of the two sound waves using a Gaussian function
(solid line).

the density distribution for the time and position range indicated
by the purple rectangle in Fig. 3a. From a fit of two Gaussian dips
to the two wave packets, we determine an amplitude ratio of
W,/W; = 1.1. This result approximately matches the predictions
of refs. 2930 (see also Supplementary Note 3), where the response
of both, a weakly and a strongly interacting molecular Bose gas
has been studied. For an interaction parameter of (kza)™' = 2,
the prediction yields W,/W; = 0.9, which is of similar magnitude
as our result.

Next, we study the system response when modifying the
excitation scheme. For this, we vary the excitation frequency and
the number of modulation cycles. Figure 4a-d shows the system
response for a modulation frequency of we,=0.6lw,, so that
parametric heating is rather suppressed and coupling to first
sound is enhanced as compared to the measurement shown in
Fig. le. While Fig. 4a, b corresponds to a 1.5 cycle modulation,
Fig. 4c, d corresponds to a 1 cycle modulation.

The numerical simulations in Fig. 4b, d demonstrate how the
excitation pattern produces a corresponding wave train of first
sound. Once the simulated waves of first sound have propagated
beyond the Thomas-Fermi radius, they diffuse out and lose signal
strength. In the simulation, the diffusion of the first sound wave
train is stronger than in the experiment. This might be explained by
the choice of the discretization length which was used in the
simulations (see Supplementary Note 2B). The first sound wave
train is always followed by a single dark second sound wave packet.

The experimental data in Fig. 4a agree reasonably well with the
simulation in Fig. 4b. Comparing Fig. 4c and d, there seems to be
a discrepancy. In the experiment clearly a first sound wave
train, consisting of two bright traces and one dark trace,
propagates beyond the Thomas-Fermi radius. In the simulation,
however, the second bright trace of the wave train, which is
clearly visible in the center, disappears before it reaches the
Thomas-Fermi radius (black arrow). The corresponding damping
happens when the bright sound trace crosses the dark second
sound trace (see also insert in Fig. 4d). The reason for the
damping is that first sound waves diffuse in a thermal
environment. This diffusion, however, is apparently too strong
in the simulation results, which is probably a consequence of
constraints in the numerical resolution (for more details see
Supplementary Note 2B).

In conclusion, we have studied second sound propagation in an
ultracold Fermi gas of °Li atoms throughout the BEC-BCS

4 | (2021)12:7074 | https://doi.org/10.1038/s41467-021-27149-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-27149-z

ARTICLE

a 005 0 005

[T

-

C 005 o oos d

VIR
I
i
I
|
|

{ { 0.05
<
4 0"’/\/\\/\/\“‘ 0
-0.1 b b -0.05
2 -1 0 1 2 -2 -1 0 1 2
x/Rrr x/Rrr
2
=)
<1
0
-0.2 -0.1 0 -0.2 -0.1 0 -0.1 -0.05 0 -0.1 -0.05 0
tw, /21 tw, /2T tw, /21 tw, /27

Fig. 4 Sound excitation with different modulation sequences. a, ¢ An(x, t) data at w., = 0.61w,, AU = 0.3Uq and (kFa) o (1.61+0.05) for a modulation
of 1.5 cycles and of 1 cycle, respectively. The excitation pulse excites both, first and second sound waves. b, d An(x, t) from numerical c-field simulations.
Top row: False color images of An(x, t). First and second sound waves are marked with red and orange arrows, respectively. The inset in (d) is an
enlargement, showing how the calculated bright first sound wave (black arrow) is damped when it crosses the second sound wave (orange arrow). Mid
row: Shown is An for tw,/2z=0 (a, b) and for tw,/2x = 0.15 (¢, d). Bottom row: Applied excitation scheme.

crossover for a finite temperature of T=0.75T. We find the
second sound velocity to vary only slightly across the BCS-BEC
crossover, which is in agreement with an interpolation of
hydrodynamic theory?8. In the BEC regime, the results match
numerical predictions based on c-field simulations.

In addition, we investigate the response of the SF gas on
various excitation pulse shapes, ranging from gentle local heating
to an abrupt kick. While a sinusoidal excitation pulse leads to a
corresponding wave train for the first sound, it only produces a
single pulse for the second sound. In the future, it will be useful to
extend our measurements in the strongly interacting regime to a
larger range of temperatures below T.. Since the second sound
velocity is related to the local SF density, these measurements can
help to determine the correlation between the SF density and the
temperature in the strongly interacting regime.

Methods

Calculating An from the density profiles. Each of the experimental sound pro-
pagation images in Figs. 1d-e, 3a, 4a and c is a time-ordered stack of one-
dimensional line density profiles An(x, t) of the atom cloud. A one-dimensional
line density profile n(x, t) is produced as follows: After sound excitation has ended
and after an additional propagation time f, we take an absorption image of the
atom cloud to obtain the column density distribution #¢,(x, y, ). Next, we integrate
the absorption image along the y-axis (which is perpendicular to the symmetry axis
of the cigar-shaped atom cloud) to obtain a one-dimensional line density profile
nex(x, ). To reduce noise, we average 15 density profiles and obtain 7., (x, t). We
repeat this procedure for an unperturbed cloud to obtain #(x). By subtracting the
two density profiles from each other we obtain An(x, t) = (7 (x, t) — 7i(x))/7(0).

Data availability
The data for the measured temperatures and Thomas-Fermi radii are provided in
Supplementary Note 1.

Code availability
The simulation codes and simulated data are available at https://zenodo.org/record/
55725703,

Received: 19 March 2020; Accepted: 26 October 2021;
Published online: 06 December 2021

References

1. Halperin, W. P. Eighty years of superfluidity. Nature 553, 413-414 (2018).

2. Donnelly, R. J. The two-fluid theory and second sound in liquid helium.
Physics Today, 34-39 (October 2009).

3. Pitaevskii, L. & Stringari, S. Second Sound in Ultracold Atomic Gases. Universal
Themes of Bose-Einstein Condensation (pp. 322-347) (Cambridge University
Press, 2015).

4. Peshkov, V. P. Second sound in helium II. Sov. Phys. JETP 11, 580 (1960).

5. Griffin, A. New light on the intriguing history of superfluidity in liquid “He. J.
Phys.: Condens. Matter 21, 164220 (2009).

6. Tisza, L. Transport phenomena in helium II. Nature 141, 913 (1938).

7. Landau, L. D. The theory of superfluidity of helium II. J. Phys. USSR 5, 71
(1941).

8. Putterman, S. J. Superfluid Hydrodynamics (North Holland, Amsterdam,
1974).

9. Giorgini, S., Pitaevskii, L. P. & Stringari, S. Theory of ultracold atomic Fermi
gases. Rev. Mod. Phys. 80, 1215-1275 (2008).

10. Ketterle, W. & Zwierlein, M. W. In Ultra-cold Fermi Gases, International
School of Physics “Enrico Fermi”, Vol. Course CLXIV, (eds Inguscio, M.,
Ketterle, W. & Salomon, C.) (IOS Press, 2008).

11. Zwerger, W. The BCS-BEC Crossover and the Unitary Fermi Gas (Lecture
Notes in Physics, Springer Science & Business Media, Berlin Heidelberg,
2011).

12. Nascimbéne, S., Navon, N., Jiang, K. J., Chevy, F. & Salomon, C. Exploring the
thermodynamics of a universal Fermi gas. Nature 463, 1057-1060 (2010).

NATURE COMMUNICATIONS | (2021)12:7074 | https://doi.org/10.1038/s41467-021-27149-z | www.nature.com/naturecommunications 5


https://zenodo.org/record/5572570
https://zenodo.org/record/5572570
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

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

Shin, Y., Schunck, C. H., Schirotzek, A. & Ketterle, W. Phase diagram of a
two-component Fermi gas with resonant interactions. Nature 451, 689-693
(2008).

Sagi, Y., Drake, T. E., Paudel, R., Chapurin, R. & Jin, D. S. Breakdown of the
Fermi liquid description for strongly interacting fermions. Phys. Rev. Lett. 114,
075301 (2015).

Joseph, J. et al. Measurement of Sound Velocity in a Fermi Gas near a
Feshbach Resonance. Phys. Rev. Lett. 98, 170401 (2007).

Taylor, E. et al. First and second sound in a strongly interacting Fermi gas.
Phys. Rev. A 80, 053601 (2009).

Perali, A., Pieri,, P., Pisani., L. & Calvanese Strinati, G. BCS-BEC crossover at
finite temperature for superfluid trapped Fermi atoms. Phys. Rev. Lett. 92,
220404 (2004).

Navon, N., Nascimbene, S., Chevy, S. & Salomon, C. The equation of state of a
low-temperature Fermi gas with tunable interactions. Science 328, 729-732
(2010).

Sidorenkov, L. et al. Second sound and the superfluid fraction in a Fermi gas
with resonant interactions. Nature 498, 78-82 (2013).

Ville, J. L. et al. Sound propagation in a uniform superfluid two-dimensional
Bose gas. Phys. Rev. Lett. 121, 145301 (2018).

Christodoulou, P. et al. Observation of first and second sound in a BKT
superfluid. Nature 594, 191-194 (2021).

Meppelink, R., Koller, S. B. & van der Straten, P. Sound propagation in a Bose-
Einstein condensate at finite temperatures. Phys. Rev. A 80, 043605 (2009).
Paintner, T. et al. Pair fraction in a finite-temperature Fermi gas on the BEC
side of the BCS-BEC crossover. Phys. Rev. A 99, 053617 (2019).

Hoffmann, D. K., Paintner, T., Limmer, W., Petrov, D. S. & Hecker Denschlag,
J. Reaction kinetics of ultracold molecule-molecule collisions. Nat. Commun.
9, 5244 (2018).

Ziirn, G. et al. Precise characterization of Li Feshbach resonances using trap-
sideband-resolved RF spectroscopy of weakly bound molecules. Phys. Rev.
Lett. 110, 135301 (2013).

Andrews, M. R. et al. Propagation of sound in a Bose-Einstein condensate.
Phys. Rev. Lett. 79, 553 (1997).

Heiselberg, H. Sound modes at the BCS-BEC crossover. Phys. Rev. A 73,
013607 (2006).

Arahata, E. & Nikuni, T. Propagation of second sound in a superfluid Fermi
gas in the unitary limit. Phys. Rev. A 80, 043613 (2009).

Hu, H., Taylor, E., Liu, X.-]., Stringari, S. & Griffin, A. Second sound and the
density response function in uniform superfluid atomic gases. N. J. Phys. 12,
043040 (2010).

Capuzzi, P., Vignolo, P., Federici, F. & Tosi, M. P. Sound propagation in
elongated superfluid fermion.ic clouds. Phys. Rev. A 73, 021603 (2006).
Singh, V. P. et al. Probing superfluidity of Bose-Einstein condensates via laser
stirring. Phys. Rev. A 93, 023634 (2016).

Petrov, D. S., Salomon, C. & Shlyapnikov, G. V. Weakly bound dimers of
fermionic atoms. Phys. Rev. Lett. 93, 090404 (2004).

Partridge, G. B. et al. Deformation of a trapped Fermi gas with unequal spin
populations. Phys. Rev. Lett. 97, 190407 (2006).

Hoffmann, D. K. et al. Simulation script and data for “Second sound in the
crossover from the Bose-Einstein condensate to the Bardeen-Cooper-
Schrieffer superfluid”. Zenodo. https://doi.org/10.5281/zenodo.5572570
(2021).

Acknowledgements

The authors thank Benjamin Deissler and Wladimir Schoch for the support in the stages
of the experiment. In addition, the authors thank Sandro Stringari, Hui Hu, Xia-Ji Liu,
and Jia Wang for encouraging and illuminating discussions. V.P.S. and L.M. acknowl-
edge the support from the DFG in the framework of SFB 925 and the excellence clusters
‘The Hamburg Centre for Ultrafast Imaging’- EXC 1074 - project ID 194651731,
‘Advanced Imaging of Matter’ - EXC 2056 - project ID 390715994 and Germany’s
Excellence Strategy, EXC-2123 QuantumFrontiers, Project No. 390837967. D.K.H., T.P,
M.J., W.L, and J.H.D. acknowledge support from the Deutsche Forschungsgemeinschaft
within SFB/TRR 21 (project part B4) and project L1988/6-1, the Baden-Wiirttemberg
Foundation, and the Center for Integrated Quantum Science and Technology (IQST).

Author contributions

D.K.H. and T.P. performed the experiments. D.K.H. and M.]. performed the data ana-
lysis, V.P.S. carried out analytic and numerical simulations. J.H.D and L.M. supervised
the project. The manuscript was written by D.K.H.,, W.L,, M.J,, V.P.S,, LM, and ] H.D.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-021-27149-z.

Correspondence and requests for materials should be addressed to Johannes Hecker
Denschlag.

Peer review information Nature Communications thanks Xia-Ji Liu, Florian Schreck,
and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:7074 | https://doi.org/10.1038/s41467-021-27149-z | www.nature.com/naturecommunications


https://doi.org/10.5281/zenodo.5572570
https://doi.org/10.1038/s41467-021-27149-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Second sound in the crossover from the Bose-Einstein condensate to the Bardeen-Cooper-Schrieffer superfluid
	Results
	Experimental details
	Interaction strength dependence of second sound
	Tuning the sound mode excitation

	Methods
	Calculating Delta nΔn¯ from the density profiles

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




