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Ultracold atomic gases are a powerful tool to experimentally study strongly correlated quantum
many-body systems. In particular, ultracold Fermi gases with tunable interactions have allowed to
realize the famous BEC-BCS crossover from a Bose-Einstein condensate (BEC) of molecules to a
Bardeen-Cooper-Schrieffer (BCS) superfluid of weakly bound Cooper pairs. However, large parts of
the excitation spectrum of fermionic superfluids in the BEC-BCS crossover are still unexplored. In
this work, we use Bragg spectroscopy to measure the full momentum-resolved low-energy excitation
spectrum of strongly interacting ultracold Fermi gases. This enables us to directly observe the
smooth transformation from a bosonic to a fermionic superfluid that takes place in the BEC-BCS
crossover. We also use our spectra to determine the evolution of the superfluid gap and find excellent
agreement with previous experiments and self-consistent T-matrix calculations both in the BEC
and crossover regime. However, towards the BCS regime a calculation that includes the effects of

particle-hole correlations shows better agreement with our data.

Quantum many-body systems are ubiquitous in na-
ture, but unless they are weakly interacting, their the-
oretical treatment can be extremely challenging. An ele-
gant solution to this problem was suggested by Landau,
who realized that the low-energy excitation spectrum of
a wide range of many-body systems can be understood in
terms of particle-like excitations, which are adiabatically
connected to the excitations of a non-interacting sys-
tem [I]. The residual interaction between these so-called
quasiparticles in turn leads to the presence of collective
modes, which have no counterpart in non-interacting sys-
tem. Landau’s quasiparticle theory has been spectacu-
larly successful and is an indispensable tool for the de-
scription of interacting many-body systems [2].

For an interacting Fermi gas, the relevant quasipar-
ticles are particle-hole excitations, where one particle is
removed from the Fermi sea and a hole is created in its
place. If the Fermi gas is below the critical tempera-
ture for BCS superfluidity, this requires the breaking of
a Cooper pair and the excitation has to overcome the
pairing gap A. The second type of excitations in the
system are collective excitations of the superfluid, which
correspond to Bogoliubov-Anderson phonons and form
the Goldstone mode of the system [5, [6].

Experimentally, these physics can be studied using ul-
tracold Fermi gases, where the strength of the interparti-
cle interactions can be controlled via Feshbach resonances
[7]. This makes it possible to adiabatically convert a
BCS superfluid [8] of weakly bound Cooper pairs into
a BEC of molecules [9, 10]. After the first observation
of this BEC-BCS crossover in [ITHI4], various measure-
ments of the change of the macroscopic properties of ul-
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FIG. 1. Measuring the excitation spectrum of an ultracold
Fermi gas using Bragg spectroscopy. (a) Absorption image of
a homogeneous Fermi gas trapped in an approximately cylin-
drical box potential. (b) Sketch of the experimental setup.
Two far-detuned laser beams with frequency and wavevector
(w1, l;l) and (wo, Eg) are used to create excitations with energy
and momentum transfer fiw = hwi — hw2 and fig = |hE1 — hI;2|
through a two-photon process. (¢) Measurement of the dy-
namic structure factor S(g,w) of a unitary Fermi gas. At low
energy and momentum transfer, the Goldstone mode of the
superfluid manifests itself as a linear phononic mode with a
slope that corresponds to the speed of sound vs. Pair break-
ing excitations occur as a broad continuum, with a clear onset
at an energy corresponding to twice the pairing gap A of the
system. For comparison, the expected value of 2A on unitar-
ity [3] is shown as a red dashed line, a numerical calculation
of the center of the Goldstone mode is shown as a red solid

line [4].



tracold Fermi gases in the BEC-BCS crossover have been
performed. Starting from studies of collective oscilla-
tions [I5] [16] experiments progressed to measurements
of the speed of sound [I7] and critical velocity [I8], [19],
and finally culminated in measurements of the equation
of state [20H23]. Remarkably, the evolution of all these
macroscopic quantities of the system can be linked to
a single microscopic property of the system: The size
of the fermion pairs, which shrink from weakly bound
Cooper pairs on the BCS side of the crossover to tightly
bound molecules in the BEC regime. The properties of
these pairs have been explored by probing the excitation
spectrum with techniques such as RF spectroscopy [24-
27, fixed-momentum Bragg spectroscopy [28, 29] and RF
dressing [30]. However, no measurement of the full low-
energy excitation spectrum of fermionic superfluids in the
BEC-BCS crossover has been performed.

In this work, we use momentum-resolved Bragg spec-
troscopy to measure the excitation spectrum of a homo-
geneous ultracold Fermi gas. This allows us to directly
observe the evolution of both single-particle excitations
and collective modes in the BEC-BCS crossover. From
our observations of the collective mode we extract the
speed of sound in the system, while the shifting onset of
the pair breaking continuum reveals the evolution of the
superfluid gap throughout the BEC-BCS crossover. Fi-
nally, we compare current state-of-the-art theories with
our measurement of the gap.

For our experiments, we use an ultracold gas of SLi
atoms (Fig.[I]b) in a balanced spin mixture of the lowest
two hyperfine states. We follow an approach similar to
the one taken in [31], [32] and trap the gas in a cylindrical
box potential whose walls are formed by blue-detuned
laser beams. This results in a system with an almost
constant density per spin state of n ~ 0.4/um=2, which
corresponds to a Fermi energy of Fr ~ h x 7TkHz. The
strength of the interparticle interactions is parametrized
by the dimensionless parameter 1/kpra, where a is the s-
wave scattering length and kp = (6m%n)'/? the Fermi
wave vector. The temperature of homogenous Fermi
gases in the BEC-BCS crossover is challenging to mea-
sure [33], but for systems with an interaction strength of
1/kra = 0 a technique based on measuring the total en-
ergy of the gas has been developed [34]. For our system
this approach gives us an estimate of T'/Tr ~ 0.13, where
T is the temperature and Tr = Er/kp is the Fermi tem-
perature of the gas.

To measure the excitation spectrum of our system,
we employ an experimental technique called Bragg spec-
troscopy [35H37]. This technique is based on applying
two laser beams which are far detuned from the atomic
transition so that single-photon scattering is strongly
suppressed. However, stimulated scattering processes,
where a photon from one beam is scattered into the other,
can occur if the difference in energy and momentum be-
tween the absorbed and emitted photon is transferred to

the atoms (Fig.a). These two-photon scattering events
therefore are only possible if the many-body system al-
lows for the creation of excitations at this specific combi-
nation of transferred energy hw and momentum hq. By
applying such Bragg beams and measuring the resulting
heating rate dFE/dt, we obtain the dynamic structure fac-
tor S(q,w) x w~ldE/dt [38], which quantifies the prob-
ability for an excitation with energy Aiw and momentum
hq to be created and therefore describes the excitation
spectrum of the system [4].

For our first measurement, we prepare our gas at the
so-called unitary point where the scattering length di-
verges and 1/kpa = 0. At this point, the only relevant
length scale in the system is the inverse Fermi momentum
1/kp and the system becomes scale invariant [10] [39].
The gas is also very strongly interacting, with a colli-
sion rate that is comparable to the inverse Fermi time
Er/h of the system. This unitary Fermi gas is a canon-
ical problem in many-body physics that was first posed
in the context of neutron matter, and has come under
intense experimental study with the development of ul-
tracold Fermi gases.

Our measurement of the dynamic structure factor of
the unitary Fermi gas is shown in Fig.[[c. The two dis-
tinct types of excitations discussed above are immedi-
ately visible. First, there is a narrow, well-defined mode
whose energy is approximately proportional to its mo-
mentum, which we identify as the sound mode of the
Fermi gas. For very low energies, where collisions have
time to restore local thermal equilibrium, it can be under-
stood in terms of hydrodynamics [40], whereas for higher
frequencies or weaker coupling strengths it is a Goldstone
mode [28], 29] that is driven by phase fluctuations of the
superfluid order parameter.

The second type of excitations are single particle exci-
tations in which an atom is lifted out of the Fermi sea and
a particle-hole excitation is created. These particle-hole
excitations appear as a broad continuum in our spectra,
as each particle inside the Fermi sea can be excited to
any unoccupied state if it receives the proper combina-
tion of energy and momentum transfer. However, as the
fermions are paired, this requires an energy of at least
twice the pairing gap A, resulting in a well-defined onset
of the continuum. The overall behavior of our measured
dynamic structure factors is in excellent agreement with
theoretical expectations [4I]; a comparison to a QRPA
calculation of S(q,w) is shown in the supplementary ma-
terial [4].

While in the limits of small or large momentum trans-
fer the response of the system can be clearly identified
as either a collective or single particle excitation, there
is a range of intermediate momenta where this is not as
straightforward. In particular, as the collective mode ap-
proaches the pair breaking continuum it no longer follows
the linear slope given by the speed of sound and instead
starts to bend down. This behavior is reminiscent of an
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FIG. 2. Evolution of the excitation spectrum in the BEC-BCS crossover. (a) In the deep BEC regime, the excitation spectrum
follows the Bogoliubov dispersion of an interacting Bose gas, with a linear sound mode at low momenta and a quadratic
dispersion of single-molecule excitations at high momenta. (b,c) When moving into the crossover regime, the compressibility
of the system decreases, and consequently the linear branch has a steeper slope and persists to higher momenta. At the same
time, the high-momentum part of the dispersion shows a strongly reduced curvature and starts to broaden, which indicates
the transition to pair breaking excitations. (d) At the unitary point, there is already a strong pair breaking continuum, which
becomes even more pronounced when going further into the BCS regime (e,f).

avoided crossing with the onset of the pair breaking con-
tinuum, and indicates the existence of a coupling between
the Goldstone mode and the excitation of single particles
from the superfluid via pair breaking. Such a coupling
has been predicted by theory [28, [41H43], but had not yet
been observed in experiments.

After examining the general structure of the excita-
tion spectrum, we now proceed to measure the dynamic
structure factor at interaction strengths ranging from the
deep BEC to the BCS regime. The results are displayed
in Fig.[2l and clearly show the evolution of the superfluid
throughout the BEC-BCS crossover.

Our first observation is that the collective mode is
present throughout the entire BEC-BCS crossover. This
is a direct consequence of the fact that the presence of
a well-defined Goldstone mode is a fundamental feature
of any neutral superfluid [28, 29, [44]. In contrast, the
nature of the single particle excitations changes com-
pletely when going across the crossover. On the BCS
side of the resonance (Fig.e,f)7 the pairs are large and
weakly bound and we observe a broad continuum of
pair breaking excitations. This continuum becomes less
pronounced as the pairs become more tightly bound in
the crossover regime and completely disappears from our
spectra in the BEC regime (Fig.a,b). This is caused by

the pairs turning into deeply bound molecules, which are
only broken at very high energy and momentum trans-
fers. Consequently, when going towards the BEC regime
pair-breaking is gradually replaced by a different single-
particle excitation where a single unbroken molecule is
ejected from the condensate.

This behavior directly shows the evolution of our sys-
tem from a BCS superfluid of weakly bound Cooper pairs
to a BEC of deeply bound molecules. In the following,
we discuss the properties of the collective mode and the
pair breaking continuum in more detail and use them to
extract quantitative information about our system

First, we consider the behavior of the collective mode,
whose curvature has important consequences for the
damping processes allowed in the system and has been
a topic of intense theoretical discussion. [45, 46]. We
follow [47H49] and fit the dispersion with an expression
of the form w(q) = vsq(1 + (¢?), examples are shown in
Fig.(a,b). This captures both the change of the linear
slope due to the changing speed of sound (Fig.c) and
the change in the curvature of the dispersion (Fig.[3|d).
We find that the dispersion is convex (¢ > 0) in the
BEC regime, but when going towards the resonance ¢
smoothly decreases until it changes sign at an interac-
tion strength of 1/kpa = 0.2 and the dispersion be-
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FIG. 3. Measurements of the collective mode on the BEC
(a) and BCS (b) side of the resonance. The black dots
show the fitted center of the collective mode for each mo-
mentum slice, the black line is a fit according to the equation
w = v5q(1+¢¢%). (c) Speed of sound vs across the BEC-BCS
crossover (blue dots) extracted from the fit to the collective
mode. We find good agreement with a previous measure-
ment of the speed of sound performed via fixed-momentum
Bragg spectroscopy [28] (light blue stars), a measurement of
the Bertsch parameter at unitarity [23] (orange diamond) and
a quantum Monte Carlo calculation of the equation of state
[50] (dashed line). (d) Prefactor ¢ of the ¢* correction to the
collective mode. In the BEC regime, the dispersion bends
upwards and ¢ > 0. When moving towards the crossover
regime, the value of { decreases until it changes sign at an
interaction strength of 1/kra ~ 0.2. For interaction parame-
ters 1/kra < 0.2, the collective mode bends down and ¢ < 0.

comes concave (¢ < 0). At unitarity, we obtain a value
of ¢ = —0.085(8)/k%, which is in good agreement with
[47, [49] and provides a quantitative experimental bench-
mark.

Next, we consider the properties of the pair breaking
continuum. We find that the continuum shows a clear
dependence on both the energy and momentum trans-
fer (see e.g. Fig.JJe). On the energy axis, there is a
sharp threshold of the continuum at a well defined en-
ergy, whereas the momentum axis shows a more gradual
onset of pair breaking excitations. Both of these observa-
tions are directly related to important properties of the
pairs.

The existence of an onset on the momentum axis can
be understood by comparing the wavelength of the ex-
citation to the size of the pairs. If the size of the pairs
is large compared to the wavelength of the excitation, a
single particle can be excited and the pair can be bro-
ken. However, if the pair is smaller than the wavelength
of the Bragg lattice, the excitation exerts almost no dif-
ferential force on the atoms and they are preferentially
excited as an unbroken pair. Therefore, as the size of

the pairs changes in the BEC-BCS crossover, the onset
of the continuum changes with the interaction strength.
In the BCS regime, the pairs are large and we observe
a broad pair breaking continuum f). Going through
the crossover, the pairs become more tightly bound and
the onset of the continuum correspondingly moves to
higher momenta, until we reach the deep BEC regime of
tightly bound molecules, where pair breaking excitations
are strongly suppressed and no continuum is visible a).
In this regime, the gas has essentially become a strongly
interacting Bose gas and pair breaking excitations only
occur at very high momenta and energies.

The threshold on the energy axis is caused by the ex-
istence of the pairing gap A, which describes the en-
ergy cost associated with breaking a Cooper pair. We
can therefore determine the evolution of the pairing gap
by fitting the threshold of the pair breaking continuum
in the dynamic structure factor, as shown in Fig.[a.
This method works well in the BCS regime, but in the
crossover the onset of the continuum is masked by the
Goldstone mode (see Fig.[2]c,d). In this regime, we there-
fore employ the method developed in ref. [28] and sep-
arate the pair breaking excitations from the Goldstone
mode by strong driving at low momentum transfer. An
example of such a strongly driven spectrum can be seen
in Fig.[]b.

The gaps determined by our fits to the excitation spec-
tra are shown in Fig.[dlc. We find excellent agreement
with previous experiments [26, 28] that were performed
in the BEC and crossover regimes. Next, we compare
our data to T-matrix calculations that self-consistently
include strong pairing correlations (black line in Fig.c
[3]). Taking the zero-temperature result, this theory is
in excellent agreement with our data in the BEC and
crossover regimes, but lies significantly above our mea-
surements in the BCS regime. While such a reduction
of the gap could in principle be explained by finite tem-
perature effects, the finite temperature results of the T-
matrix calculation are inconsistent with our experimental
observation that the system remains at almost constant
entropy while ramping through the BEC-BCS crossover
[]. Another possible explanation could be that the size of
the gap is influenced by particle-hole fluctuations. These
fluctuations are not expected to be important at unitar-
ity, but lead to the famous Gor’kov-Melik-Barkhudarov
(GMB) correction [51) 52] in the BCS limit. This effect
is taken into account in a recent strong coupling calcu-
lation [53], which is in good agreement with our data in
the BCS regime, but lies significantly above our measure-
ments on the BEC side of the resonance.

In conclusion, we have presented momentum and en-
ergy resolved measurements of the excitation spectrum of
a homogenous ultracold Fermi gas. These measurements
directly reveal the transformation from tightly bound
molecules to weakly bound Cooper pairs that takes place
in the BEC-BCS crossover. Moreover, we have deter-
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FIG. 4. Measurement of the pairing gap in the BEC-BCS
crossover. (a) Heating rate S(g,w)w on the BCS side of the
resonance (1/kra = —0.44) measured at a fixed momentum
transfer of ig = 1.5hkr. The onset of the pair breaking con-
tinuum is clearly visible in the data; the red line shows a fit
to the onset that is used to extract the value of the pair-
ing gap A (blue squares in panel (c)) [4]. (b) Close to reso-
nance, we perform measurements at low momentum to sepa-
rate the onset of the pair breaking continuum from the collec-
tive mode, the results are shown in panel (c) as blue dots [4].
(c) Pairing gap A across the BEC-BCS crossover. Our data
is in good agreement with previous measurements (orange di-
amonds [26], blue stars [28]). When comparing to theory, we
find excellent agreement with self-consistent T-matrix calcu-
lations [3] close to resonance and in the BEC regime (black
solid line), but towards the BCS regime calculations including
Gor’kov-Melik-Barkhudarov corrections [53] (orange line) are
closer to our data.

mined the evolution of both the slope and curvature of
the Goldstone mode as well as the pairing gap in the
BEC-BCS crossover, which provides quantitative bench-
marks for theory. These measurements are an excellent
starting point for performing precision measurements of
other key properties of strongly interacting Fermi gases,
such as the critical temperature for superfluidity through-
out the BEC-BCS crossover. Our setup is also ideally
suited to create imbalanced Fermi gases and study their
excitation spectrum to search for exotic phases such as
the elusive FFLO state [54]. Looking beyond our system,
the combination of a homogeneous sample and momen-
tum resolved Bragg spectroscopy established in this work
is a powerful tool that can be used to measure the ex-
citation spectrum of a wide variety of systems, ranging
from dipolar gases to ultracold atoms trapped in optical
lattices.
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SUPPLEMENTARY MATERIAL

Preparation of homogeneous Fermi gases

For our experiments, we use an ultracold gas of 5Li
atoms in a balanced mixture of the lowest two hyperfine
states, which we prepare as described in [I9]. To obtain
a homogeneous density distribution, we transfer this gas
into a box potential formed by a combination of repulsive
optical potentials. The radial confinement is provided by
a blue-detuned (A = 532nm) ring potential that is pro-
jected onto the atoms using a high-resolution microscope.
The optical setup used to create this ring potential uses
a combination of three axicons and is described in detail
in [5]. The vertical confinement is provided by two end-
caps, which are formed by blue-detuned (A = 532nm)
elliptical laser beams intersecting the ring potential from
the side. As the diameter of the ring potential changes
slightly over the vertical size of the potential, the shape
of the box deviates from a perfect cylinder and takes the
form of a truncated cone. Overall, the box has a height
of 43 pm (FWHM) and an average radial extension of
50 pm.

Density calibration

To measure the density of our gas, we determine the
two-dimensional column density nsop with high intensity
absorption imaging along the z-direction [56]. By aver-
aging over the central region where the vertical extent is
not limited by the truncated cone and dividing it by the
box height b, we obtain a first approximation of the three-
dimensional density 7 = nop/b. However, this measure-
ment can be affected by technical errors such as imperfect
polarization and off-resonant light in the imaging beam,
as well as systematic effects such as multiple scattering
of photons in the optically dense sample. Therefore, we
calibrate the density by using a system with a known
equation state as a reference. We do this by preparing
a unitary Fermi gas with similiar atom number in a hy-

brid trap, where the endcaps are left in place but the
radial ring confinement is disabled. Instead, the atoms
are held in the radial direction by a weak magnetic trap
that provides a harmonic confinement V (r) = 0.5mw?r?
with w, = 27 - 29.8 Hz. In this configuration, the local
density n(r) of the gas follows the harmonic confinement
and decreases towards higher radii r since the local chem-
ical potential decreases as p(r) = pu(r = 0) — V(r). In
the central region of the cloud the local Fermi temper-
ature Tr(r) is high enough that T/Tr(r) < 1, and the
local chemical potential is in good approximation given
by u(r) = EEr(r), where Ep(r) is the local Fermi energy
and £ = 0.370(9) is the Bertsch parameter [23] [57]. This
means that for a correctly calibrated density measure-
ment a plot of Ep(r) versus V(r) must be linear with a
slope of —1/£. We can therefore obtain the corrected
density n = an of our system by introducing a cor-
rection factor a such that dEg(r)/dV (r) = —1/&, with
Ep(r) = h*(6man(r))?/3/(2m). We find a correction fac-
tor of o = 1.38(7)(5), where the first parenthesis gives
our error in the determination of dEp(r)/dV (r) and the
second parenthesis denotes the error due to the uncer-
tainty of the Bertsch parameter. This uncertainty in the
density propagates to a relative systematic uncertainty
in the Fermi energy of 4% and 3%, respectively.

Bragg spectroscopy

We determine the excitation spectrum of our many-
body system by using far-detuned laser beams to drive
two-photon transitions and measuring the probability of
creating excitations as a function of the transferred en-
ergy and momentum. This technique is called optical
Bragg spectroscopy and discussed in detail in [37]. In
our experiment, we implement this technique by using
a high-resolution objective to project two intersecting
780 nm laser beams with waists of roughly 20 um onto the
atoms. Two acousto-optic modulators set the frequency
difference w of the beams, while two motorized transla-
tion stages can be used to control the distance between
the parallel beams at the entrance of the objective. This
in turn determines the crossing angle of the beams and
thereby sets the momentum transfer ¢ = k1 — ks of the
two-photon process, where k1 and k2 are the wavevectors
of the intersecting beams. Since the system is isotropic,
we restrict our discussion to the absolute value of the
momentum transfer ¢ = |g] along an arbitrary direction
€ =q/q.

The probability per unit time and particle to excite the
many-body system from its ground state |0) by transfer-
ring the momentum hq and energy Aw is given by Fermi’s
golden rule

P(q,w) = 210%5(q,w)
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FIG. 5. Energy measurement of a unitary Fermi gas in a box
potential. The total energy, normalized by the energy of a
non-interacting Fermi gas Fo (blue dots), increases linearly
with the heating time. Here, the gas is transferred into a hy-
brid trap to determine the total energy from in situ images
using the known equation of state. The response (red dia-
monds) utilizing the condensate peak from matter wave fo-
cusing as a thermometer shows a similar linear behavior and
can be used as an alternative to measure the heating rate.

with the dynamic structure factor
. 2
S(gw) =Y |[(n]p'(9)|0)|" 6(w — (En — Eo)/h),

the ground state energy Ey, excited states [n) with energy

E.,, the Fourier transform of the density operator p(q) =

Yo &£+qé‘ ap and the Rabi frequency Qg of the atom-
q

light field coupling. Consequently, the perturbation leads
to a heating rate dE/dt which is directly related to the
dynamic structure factor S(¢,w) by

% = hwP(q,w) = 2rhwQ%S(q,w)

[38] where we have neglected finite temperature effects as
they are small for our superfluid system.

In our experiment, we have two different methods to
measure the amount of energy that was deposited by the
Bragg lattice. On unitarity, we can follow a procedure es-
tablished in [34] and directly measure the total energy of
the system by releasing the gas into a harmonic potential
and using the known equation of state [23] to calculate
the total energy from the resulting density distribution.
The results for Bragg pulses of different length are shown
in Fig.f] We observe that the energy increases linearly
with the length of the Bragg pulse, which indicates that
our measurements are performed in the linear response
regime. However, this method has a rather low signal-to-
noise ratio and is quite sensitive to offsets in the density
measurements. Therefore, we instead use the change of
the condensate fraction in the BEC regime to determine
the effect of the Bragg lattice on the system.

To do this, we define the response r(q,w) =
(Ao/A(q,w))—1, where Ay is the height of the condensate

peak before and A(g,w) is the height of the condensate
peak after the application of the Bragg pulse [33]. Simi-
larly to the measurements of the total energy on unitar-
ity shown in Fig.[5 the response scales linearly with the
length of the Bragg pulse (Fig.|[5). This means that r is
proportional to total energy AE deposited by the Bragg
pulse and can therefore be used to calculate the dynamic
structure factor according to

r(q,w)
w At

S(q,w) x

Comparison of measured and calculated structure
factors

A comparison of the measured excitation spectra to
state-of-the-art theoretical calculations is shown in Fig.[6]
The calculation uses the quasiparticle random-phase ap-
proximation (QRPA), which is described in detail in ref.
[28], a very brief summary is given below. QRPA cal-
culations are performed by self-consistently solving the
standard BCS-BEC mean-field equations while including
an energy shift for the chemical potential to obtain the
desired pairing gap. For the data shown in Fig.[6] we use
the results of the self-consistent T-matrix theory given
in [3] as our input for the gap, as this theory provides
a consistent data set over the whole BCS-BEC crossover
region and is in reasonable agreement with experimental
results (see Fig.[c).

Note that as we only have limited knowledge about
the evolution of the temperature of the gas through-
out crossover, we have chosen to compare our data to
a QRPA calculation for an essentially zero-temperature
system. We have verified that this has only minor effects
on the resulting spectra.

Determination of the pairing gap

According to ref. [41] in systems with a positive chem-
ical potential the onset of pair breaking is located at
an energy transfer of w = 2A for momenta g < 2k, =
24/2mpu/h?. As p > 0 for all interaction strengths cov-
ered in Fig.[d] we can therefore determine the size of the
gap by finding the onset of the pair breaking continuum.
In the BCS regime, we perform Bragg spectroscopy at
fixed momentum transfers of ¢ = 1.5...1.7 kp where the
influence of the collective mode is negligible and fit the
response r(w) with a line-shape obtained using a QRPA
calculation. A sample fit is shown in Fig.[a.

As mentioned in the main text, this approach breaks
down in the crossover regime as the onset of the con-
tinuum is masked by the Goldstone mode. We therefore
separate the pair breaking excitations from the Goldstone
mode by strong driving at low momentum transfer. As
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FIG. 6. Comparison of the measured excitation spectra (left column) with spectra calculated using the quasiparticle random-
phase approximation (right column). While the qualitative evolution of both the pair breaking continuum and the collective
mode agrees, there are some notable differences. On the BEC side, the collective mode is much narrower in the theoretical
spectra. This can be a result of both finite temperature and instrumental broadening of the measurements, which could for
example be caused by residual inhomogeneities of the gas. As the spectra are normalized, the sharper collective mode in the
theoretical spectra makes the continuum appear weaker, which is particularly notable for the unitary system. However, despite
this effect and the broadening present in the experimental data, important qualitative features such as the downbending of
the collective mode and the overall shape of the continuum are still clearly visible in both the theoretical and experimental
spectrum. In the BCS regime, there is excellent agreement between the experimental result and QRPA theory, with the
only significant difference being the slightly different onset of the pair breaking continuum. This, however, is expected as the
theoretical gaps used as inputs for the QRPA calculation are higher than our measurements in the BCS regime (see Fig.@).
Note that the increased noise at small energy transfers in the experimental spectra does not indicate the presence of excitations,
but is an artifact of dividing a very small heating rate dE/dt by a small frequency w to obtain the dynamic structure factor
S(q,w) x 1/w dE/dt.
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FIG. 7. Normalized height of the condensate peak after

ramping to different interaction strengths in the BEC-BCS
crossover. The peak height varies by less than 4%. Using
the relationship between peak height and total energy found
in Fig.[5] this suggests a variation of the entropy per particle
S/N by about 0.07 kp.

this strongly saturates the Goldstone mode, these spec-
tra are not well described by the QRPA calculation which
assumes the system to be in the linear response regime.
For these data points we therefore determine the onset
of the pair breaking mode from the transition point of a
phenomenological bilinear fit, an example of this is shown
in Fig.[b.

Temperature determination and adiabaticity of
interaction ramps

To obtain an estimate of the temperature of the sys-
tem we again use the approach described in [34]. It
is based on performing an isoenergetic expansion of a
Fermi gas on unitarity into a harmonic trap and using
the known equation of state to determine the normalized
total energy E/Eq from the density distribution of the
expanded system, where Ey = 3/5NE is the total en-
ergy of a non-interacting Fermi gas. We obtain a value
of E/Ey = 0.43, which according to the equation of state
measured in [23] corresponds to an entropy per particle
of S/Nkp = 0.29 and a temperature of T/Tp = 0.128,
where Tr = Er/kp is the Fermi temperature of the sys-
tem and kp is the Boltzmann constant. However, the
determination of E/Ej is sensitive to fringes and offsets
on the density images. This is not a problem for systems
close to or above the critical temperature, but becomes
a serious issue for T' < 0.117F, where the energy of the
gas becomes indistinguishable from the energy of a zero-
temperature system. For our energy measurement we
obtain a statistical error of E/Ey = 0.43 & 0.02, which
corresponds to an error of 0.008 T and 0.09 Nkp for the
temperature and entropy determination, respectively. In
addition, systematic effects in the density images can lead
to additional errors.
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FIG. 8. Measurement of the pairing gap in the BEC-BCS
crossover in comparison to finite temperature T-matrix calcu-
lations. While the measured gap and zero-temperature theory
are in excellent agreement in the crossover and BEC regimes,
in the BCS regime calculations for a finite entropy per particle
of S/N = 0.3kp are much closer the data. This is inconsis-
tent with our observations, which suggest a nearly constant
entropy of the gas throughout the BEC-BCS crossover.

Another limitation of this temperature determination
is that it can only be used on unitarity, where the EOS
is known with sufficient precision. For our experiments,
we prepare the system at a fixed interaction strength,
perform our final stage of evaporative cooling, and then
slowly ramp the interactions to the desired value. While
this does change the temperature of the gas, in a ho-
mogeneous system such as ours the entropy per particle
remains unchanged when tuning the interactions in the
system. This makes S/N a much more useful quantity
for describing our system than the temperature T'/Tr.

To verify that our interaction ramps do not cause large
amounts of technical heating we perform a set of mea-
surements where we prepare our system as described
above, ramp to different interaction strengths and hold
the system for the same duration as in our gap mea-
surements, and finally ramp to the BEC regime to mea-
sure the height of the condensate peak. We find a varia-
tion in the normalized peak height of less than than 4%.
As the peak height scales with the entropy per particle
this measurement allows us to estimate the variation of
S/N in our dataset. Using the relation between peak
height and E/FEy from Fig. and assuming our value of
S/N = 0.29kp to be correct we estimate a variation in
S/N of less than 0.07kp for our measurements.

When comparing our data to finite-entropy theory (see
Fig., we find that our data is compatible with an en-
tropy per particle of S/N =~ 0.1kp in the crossover and
BEC regimes. However, in the BCS regime an entropy
per particle on the order of 0.3 kp is required for data and
theory to match. This difference is significantly larger
than the variation of S/N of about 0.07 kp we estimate
for our experiments.



With all of these things considered, neither the T-
matrix calculations from ref. [3] nor the approach from
ref. [53] are fully consistent with our data throughout
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the crossover. The explanation for this could lie both on
the theoretical and experimental side of the problem, and
further work will be needed in both areas to resolve this
question.



B [G] Ykra vs/vr __ CkE

800 0.63 0.269(5) 0.2(1)
804 0.54 0.287(5) 0.16(1)
808 0.46 0.3(5) 0.12(1)
812 0.38 0.317(7) 0.07(1)
816 0.3 0.331(7) 0.05(1)
820 0.22 0.334(6) 0.03(1)
824 0.15 0.345(8) -0.01(1)
828 0.08 0.363(8) -0.06(1)
832 0.01 0.368(6) -0.085(8)
835 -0.05 0.364(7) -0.096(9)
839 -0.12 0.367(7) -0.129(8)

TABLE 1. Fitted speed of sound vs and g¢*-correction ¢ of
the collective mode shown in Fig. The errors give the

statistical uncertainty of the fit.
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B [G] Ykpa 9kp /B
812 0.37 0.69 0.64(7)
816 0.27 0.65 0.573(7)
820 0.22 0.7 0.58(1)
824 0.15 0.7 0.48(2)
828 0.08 0.71 0.497(7)
832 0.01 0.71 0.47(1)
835 -0.05 0.6 0.44(2)
839 -0.12 0.56 0.384(5)
843 -0.18 0.49 0.38(1)
847 -0.24 0.49 0.34(1)
855 -0.35 0.28 0.26(1)
863 -0.43 1.51 0.222(3)
867 -0.51 1.57 0.24(2)
871 -0.53 1.54 0.193(7)
879 -0.62 1.57 0.1686(5)
886 -0.73 1.62 0.16(1)
886 -0.74 1.68 0.14(2)
894 -0.83 1.7 0.126(2)
902 -0.91 1.71 0.11(1)
910 -0.98 1.72 0.057(7)

TABLE II. Fitted values for the pairing gap shown in Fig.
El In addition, the respective momentum transfer ¢ for each
measurement of the continuum threshold is shown. The errors
give the statistical uncertainty of the fit.
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