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1 Experimental protocol

1.1 Sample Preparation

In our experiments, we cool a balanced mixture of fermionic °Li atoms in the |F = 1/2,mp =
+1/2)(= |1) — |2), blue circles in Fig. 2, main text) or |F = 1/2,mp = 1/2) — |F = 3/2,my =
—3/2)(= |1) — |3), green squares) hyperfine states in a 100 W, 1075 nm single beam optical dipole
trap. Degeneracy is reached through evaporative cooling by smoothly lowering the trap laser
power at the magnetic field where the s-wave scattering length diverges, a — co. Subsequently,
the atom cloud is transferred to an oblate harmonic potential, formed by a combination of optical
and magnetic fields. The oblate trap is formed between two anti-nodes of a cylindrically focused,
532-nm (blue-detuned), TEMy; mode laser beam [IH3], where the two anti-nodes are separated by
~ 90 um propagating along the y-direction and the 1/e? radius in the x-direction is ~ 1.0 mm. The
optical potential produces the confinement in the z direction and a very weak anti-confinement
in the z-y plane. The residual magnetic field curvature from the Feshbach coils provides highly
harmonic and cylindrically symmetric confinement in the z-y plane, which dominates the anti-
trapping of the optical potential. The measured trapping frequencies are w, /27 = 105 Hz(1) and
(wg, wy) = 21 x (24.5, 24.5) Hz at a magnetic field of B = 832.2 G (corresponding to the |1) —|2)
Feshbach resonance [4]). The asymmetry in the trapping potential is |w,; — wy|/w, < 0.01. Note
that w, « v B so the radial confinement also changes when we tune interactions. Typically, we
produce clouds with temperatures of 0.09 T/TF, where T is the Fermi temperature and N =



3x10° atoms per spin state.

To determine the temperature of the atom clouds (horizontal axis of Figs. 2 and 3 in the
main text) we follow the quench procedure as described in the main text, however, instead of
probing the clouds with Bragg lasers following the quench the cloud is held for 500 ms and an
in — situ absorption image is taken (after this hold time, no dynamics in the density distribution
are detected [B]). The temperature can be determined by fitting the known equation of state
(EoS) for the pressure of a unitary Fermi gas [6] to the line densities of a trapped atom cloud at
equilibrium. Throughout this study we probe temperatures ranging from 0.1 to 0.18 T/Tr. The
higher temperatures are obtained by varying the endpoint of the initial evaporative cooling process,
which loads a higher temperature cloud into the oblate trapping potential and the temperature is
extracted following the same procedure described above.

1.2 Bragg Spectroscopy Calibration

The post-quench dynamics are probed using two tightly-focused Bragg laser beams, as shown in
Fig. a)7 that intersect in the centre of the cloud where the density is near-uniform [7, [§]. Two-
photon Bragg spectroscopy is both energy and momentum selective thus, by setting the frequency
difference to half of the atomic recoil frequency (w,./2 = hk?/4m), pairs with zero center-of-mass
momentum are resonantly excited [8, [0]. These pairs then begin moving with a velocity ik/m
where, k = k, — k;, is the difference of the wave-vectors of the two Bragg lasers. We use k ~ 4kp
to ensure that w is large compared to Ep, and the pulse duration (50 us) is relatively short
with respect to the dynamics. The center of mass displacement AXconm following time-of-flight
expansion, reveals the momentum imparted to the atoms by the Bragg lasers. Fig. b) shows an
absorption image of an atom cloud following the experimental sequence described in the main text.
A large number of atoms are seen to be displaced from the centre of the cloud towards the right
of the image. The crescent shape in Fig. b) is a result of collisions between scattered atoms and
the unperturbed atoms in the cloud which occur following the Bragg pulse [10].

We have measured the sensitivity of the centre of mass displacement, AXconm at unitarity as
the pair condensate fraction varies. To determine the centre of mass displacement, AXcom, We
prepare clouds at a range of initial temperatures by varying the endpoint of the evaporation and
then applying a Bragg pulse (to the clouds at equilibrium) and measure the response as described
above. To determine the pair condensate fraction a degenerate cloud at 832.2 G is produced
at a given temperature and in equilibrium. Subsequently, we jump the magnetic field far onto
the BEC side of the Feshbach resonance in & 50 us and simultaneously turn off the optical (z)
confinement. The weakly bound pairs are converted to tightly bound molecules, whose centre
of mass momentum is preserved [I1]. The weakly interacting molecules then expand ballistically
along z before the magnetic field is ramped back to 832.2 G in 2.5 ms to dissociate the molecules.
The total expansion time is approximately one quarter of the radial trapping period, to best reveal
the momentum distribution. Finally, an absorption image is taken and fitted with a bi-modal
distribution to determine the condensate fraction.

Fig. c) shows the response of the AXcom of the cloud as the pair condensate fraction, and
therefore the temperature, is varied. As the condensate fraction is reduced, the centre of mass
displacement, A Xcon also decreases. The Bragg signal shows a clear dependence on the condensate
fraction, which reflects the change in the number of condensed pairs available to take part in the
scattering process.

1.3 Determination of Density

To observe the Higgs oscillation most clearly the Bragg scheme addresses atoms at the centre of

the trap, where the density is near homogeneous, as in previous studies [7, [§]. We define the mean

density n in the Bragg volume as

[ Qg (r)n(r)d3r
[ Qg (r)d3r

where Qp,(r) is the spatially dependent two-photon Rabi frequency, which is proportional to the

geometric mean of the intensities of the two laser beams +/I,(r)I(r) and n(r) is the 3D density
distribution. The mean density sets the relevant energy scale and the Higgs oscillation frequency

(1)
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Figure 1: (Color online) (a) Schematic of the experimental setup for focused beam Bragg spectroscopy.
Two laser beams with wave vectors k, and k; and frequencies w, and w, are focused into the center of a
trapped atom cloud. The beams have a 1/e? radius of 15 um and intersect at an angle of 20 = 72.6° (b)
Absorption image of an atom cloud following an excitation with a Bragg frequency w/(27) = +50 kHz.
The dashed rectangle indicates the region used for determination of the centre of mass displacement. (c)
Measured center of mass displacement, A Xcom as a function of measured pair condensate fraction.

via Fermi energy Ep = %(37727’1)2/ 3, and the normalized frequency hwy/2Ew, where m is the
atomic mass and wy is the Higgs oscillation frequency.

To determine the mean density, the true (3D) density distribution n(r) of the trapped cloud
and the intensity product of the Bragg laser beams with their intersecting Gaussian spatial profiles
are combined. The 3D density n(r) is extracted through applying an inverse Abel transform to
absorption images of unperturbed trapped clouds. Images of trapped clouds are taken using a high
intensity (I/Ist > 10) and short imaging pulse length of 1 ps. The inverse Abel transform method
uses a Fourier decomposition where the radial density distribution is expanded in a Fourier series.
This method requires no direct differentiation and allows reconstruction of the central density
without singularities. From this, we are able to determine 7 with an error of approximately 7.5 %,
which leads to a 5 % error in the Fermi energy.

In Fig. we plot the direct measured centre of mass displacement (AXgom) vs. time along
with the fitted sinusoid, for the same data as in Fig. 2 of the main text. These traces show how
the total Bragg signal decreases with increasing temperature, the magnitude of the oscillations
falls off with increasing temperatures and the frequency changes for clouds prepared at different
temperatures. In Fig a) the hold time is in ms and in b) in units of the local Fermi time
7r = h/Ep. The absolute oscillation frequency is set by the local Fermi energy, which in turn
is set by the local density. Clouds at different temperatures may have different densities due
to changes in the preparation sequence. This leads to the variations in the absolute oscillation
frequency in (a), which become more consistent when plotted as a function of the scaled time in

(b).
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Figure 2: (Color online) A selection of measured centre of mass displacement (AXcom) vs hold time,
ty in absolute units of us in (a) and relative to the local Fermi time 77 = h/Er in (b) for atom clouds
prepared at different temperatures. Also plotted are the fitted sinusoidal functions used to determine
the frequency and damping of the amplitude oscillation. Different temperature clouds can have different
densities leading to the different absolute oscillation frequencies, (a). When the time axis is taken relative
to the Fermi time, (b) the relative frequencies agree more closely, as seen in the main text.

2 Order parameter dynamics within time-dependent BCS
theory

We recall here what is theoretically expected for the time evolution of a superfluid Fermi gas
after a rapid change of the interatomic interactions at zero temperatures. We consider a two-
component (1 and |) Fermi gas interacting through a pairwise single-channel s-wave interaction,
which captures broad, entrance-channel dominated Feshbach resonances [12]. Assuming the gas is
homogeneous in a cubic volume V' (see Sec. 3| for consideration of inhomogeneities in the trapped
gas) the momentum representation of the Hamiltonian for this system is

. k2 JETN gJo At At A i
H= Z o Heo e+ v Z O 1q,0 0k L T—K L 0K +q.15 (2)
ko k.k’,q

where the interaction strength gg is renormalized to reproduce the correct s-wave scattering length
a of the two-body problem. In the remaining sections, we use the convention i = 1 throughout.

The equations of motion for the momentum distribution nyx and pairing function cx (Egs. (1)
and (2) in the main text) are derived from the Hamiltonian in Eq. (2)), using the BCS mean-field
approximation. At ¢ = 0 the system is at equilibrium at scattering length a; and temperature
T < T,;, we can therefore fix the initial conditions for ny and cx using the BCS ground-state
solutions, as discussed in the main text

ng(t=0) = % (1 — f‘;’:Fﬂ(ek,i)) : (3)
A;
a(t=0) = —5 = Fpleci). (4)

where & = k?/2m — i, e = (/&R + A7, i and A, are calculated at the initial scattering

length a;, and where Fj(e) = tanh(B¢/2) = 1 — 2(exp(Be) + 1)~! is the thermal distribution with
B = 1/kgT. The limit of zero temperature corresponds to Fg(e) — 1 for € > 0. Conversely, the
regime of temperatures close to the critical temperature 7. is found by taking the limit A — 0 [13].



2.1 Analytical solution in the small-amplitude regime

For shallow quenches, that is, small deviations of nx and cx from their equilibrium values, the
time-dependent BCS equations (Egs. (1) and (2) of the main text) can be solved analytically. At
zero-temperature, this is a well-studied problem [I4HI6]. Here we only detail the expression of the
normalized amplitude Ay, of the oscillations (see Eq. (4) of the main text).

In the final equilibrium state (at @ = ay and T' = 0) and in the modulus-phase basis [17], the
linear-response matrix of the order-parameter is given by

w?f(w) wg(w) )
M(w) = , 5
(w) ( wg(w) (w? — 4A30)f(w) (5)
where Ay and py are the gap and chemical potential, respectively, of the final equilibrium state,
and we have introduced the functions:

A
flw) = %Zm, (6)
o = P oy @

The amplitude-amplitude response function introduced in Eq. (3) of the main text follows
directly from M through the relation

f(w)
(w? —4A) f2(w) — g% (w)
As mentioned in the main text, the imaginary part X\ INIIN of this function has a squareroot

divergence in w = 2A for py > 0 and a square root cancellation for py < 0. We denote by f; the
spectral weight of this squareroot singularity:

Xalja (@) = (M~ w))2 = (8)

fi 2 when p1y > 0 and wen = 2A5

Xajajw) ~ e . 9)
[A]l wW—Wih f ww:;th when py < 0 and w, = 2 /A?t + M?‘

In general, linear response theory expresses time-dependent quantities as Laplace transforms
of frequency responses. For the evolution of the amplitude of the order parameter, with initial
conditions Egs. and , this gives

Alt)— Ay 1 oot izt
A T T oy TSRO 1o

This integral is deformed to a contour enclosing the branch cut [2A, +-00) of x|ajja|, as well as the
pole of the integrand in z = 0. Since only the contribution of the pole survives at long times, one
sees that lim;_,4 o A(t) — Ay = 0, in other words

As = Ay (11)

in the small-amplitude regime and at 7' = 0. From the contribution of the branch cut we then
derive the version of Eq. (4) of the main text that is valid at all times:

(12)

A(t) — Ay 2 /+oo coswt XT/AHM(W) dw
A, — Ay

an; W X|a)al(0)
At long times, this frequency integral is evaluated by approximating XTIAH Al by its behavior (Eq. @)
near the pair-breaking threshold. This yields the expression of Ay, (see Eq. (4) of the main text):

Au =
7=0 \/7X|a[a](0)

with x|a[ja|(0) the static modulus response and f; the spectral weight of the pair-breaking thresh-
old.

(13)
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Figure 3: Temperature dependence of the difference in the equilibrium order parameter from the initial
and final state A = |A; — A;|. The initial and final state correspond to 1/(kra;) = —0.18 and 1/(kray) =
0, respectively. The temperature is rescaled by the critical temperature at a;, that is T.; = 0.399TF

2.2 Numerical simulations

Outside the small amplitude regime, we evolve the equations of motion (Egs. (1) and (2) of the
main text) using a Runge-Kutta method [I8]. The momentum-space integrals in the gap (A =
(90/V) >\ cx) and number (N = 23", nk) equations are evaluated in spherical coordinates using a
fine grid in momentum spaceﬂ The conservation of the total number of atoms NV provides a check
on the integrity of the numerics. Similar dynamical problems near resonance have been studied in
Refs. [19] 20].

In this section, we consider an infinitely fast quench from 1/(kra;) = —0.18 to 1/(kpays) =0
(see Sec. for a discussion of the nonzero ramping time). As shown in Fig. [3] the relative variation
of the equilibrium order parameter is small at T =0 (6A = |[A; —A;| = 0.16A ) but increases with
temperature, tending to 1 at T.. Therefore, this limits the applicability of the analytical results
presented in Sec. to the small temperature regime.

Using numerical simulations, we can instead explore the entire temperature range 0 < T < T ;.
For example, Fig. a) shows the time evolution of the amplitude of the order parameter A at
temperature 7' = 0.25T, ;. As expected from literature (see e.g. Ref. [I6] for T' = 0) and discussed
in the main text, the order parameter asymptotes to a value A, a bit less than the expected final
state equilibrium value Ay and oscillates at a frequency wy = 2A.,. Moreover, we expect a power-
law damping coefficient v = 0.5, which is found if we neglect the very short time dynamics, as shown
in Fig. b) for different temperatures. Finally, in Fig. c)7 we show the temperature dependence of
the Higgs oscillation frequency (orange dash-dotted line) and the final order parameter (pink solid),
and compare it to the experimental data. The temperature is scaled to the critical temperature
of the initial scattering length (for the experimental data we have used T.; = 0.15T7%). The
comparison is not meant to be quantitative, as BCS theory is known to overestimate both the
superfluid gap and critical temperature at unitarity [13], but rather to confront the trend in the
vicinity of T.

INumerically, we evaluate the momentum-space integral of a generic function f(k) using fd3k/(27r)3f(k) —
> wik2 f(k;)/2m2, where k; and w; are the abscissas and weights of the Gauss-Legendre quadrature method [18].
Because nk and ckx become small after a few kp, we split the integration in two intervals: [0,10kr] and [10kg, A],
where A = 350kp is a momentum cut-off (large enough such that numerical results are insensitive to it). In every
interval, we take 1500 points, so that the first interval is much more dense than the second one, where ny and cyx
are = 0.



o
Bl

0.4 T/Ti=0 =%

0.8 ' = ; ' 5 30

0.6 B

w/Ep
-

u)u/?
0.2 Ay —

Exp. data ——

1
0 0.5 1
T/Te

Figure 4: (a) Numerical result for the time evolution of the amplitude of the order parameter A(t) at
T = 0.25T,; after a fast quench from 1/(kra;) = —0.18 to 1/(kray) = 0. The frequency of oscillation is
wh = 200 S 2A¢. (b) Damping coefficient v for A(t) as a function of the starting point of the fit ts for
different temperatures. Here, we have used as a fitting function A(t) = As + Acos(wut + ¢)/t” in the
range [tst, tend], where the final point tenq is fixed. (c) Oscillation frequency (dashed dot line) as a function
of temperature T'/T. ;. The dashed (purple) line corresponds to Ay in Fermi units. The data points are
from the experimental results in Fig. 3(a) of the main text.

3 Application of time-dependent BCS theory to the exper-
imental setup

In this Section, we consider the impact of various experimental effects on the amplitude oscillations
and their detection by Bragg spectroscopy. This includes the following: the presence of a nonzero-
duration initial ramp of the magnetic field (Sec. , density inhomogeneities due to the trapping
potential (Sec. , and time averaging over a Bragg pulse of nonzero duration (Sec. .

3.1 Ramp-rate dependence

To mimic experimental protocols for Feshbach resonances, we include in our numerics an initial
linear magnetic field ramp: B(t) = B; + Rt, where R = dB/dt is the ramp rate. The presence of
the ramp delays the start of the Higgs oscillation. This delay can be quantified using a timescale
tq = | By — B;|/R, which must be compared with the Fermi scale 7 and the characteristic timescale
of the order parameter dynamics ta = 1/A [21],[22]. When ¢, becomes much longer than ¢a, |A(¢)]
adiabatically evolves to Ay.

We vary the ramp rate R to study its impact on the early-time dynamics of |A(t)|. Fig.
shows how for slower changes of B (smaller R) the amplitude of the oscillations becomes smaller
leading to a decrease in the visibility of the Higgs mode, and the early-time behaviour of |A| has
a more parabolic shape that cannot be fitted using a function ~ cos(2At)/v/t (see Eq. (4) in the
main text). In the inset of Fig. [l we plot the same quantities but we include a delay equal to half
ramp time ¢,/2. Accounting for this delay, acts to align the oscillation phases.

3.2 Inhomogeneous broadening of the signal

As discussed in Sec. during the sample preparation, the atoms are loaded into an oblate
harmonic potential. In this section, we show how this causes an inhomogeneous broadening of the
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Figure 5: Early-time evolution of the amplitude of the order parameter A(¢) after a quench from
1/(kra;) = —0.18 to 1/(kray) = 0 for an infinitely fast ramp (black solid line) and for different ramp time
tq (coloured lines) at zero temperature. We indicate with the bottom coloured arrows, the values of the
ramp time ¢, corresponding to ramp rate R (see the text). Inset: Same as (a) but the curves are delayed
by half the ramp time t4/2.

signal, which can lead to a sharp increase of the damping coefficient v from 1/2 to 2 depending on
the width of the Bragg beam.
We begin by writing the external trapping potential as

1
Vho(r) = §m (waQ + wng) , (14)

where w, and w, are the trapping angular frequencies in the radial and axial directions, respec-
tively [23]. In the local density approximation (LDA), the trapped system can be treated as a
collection of locally uniform subsystemsﬂ This means that at equilibrium the equation of state
for the superfluid can be solved after replacing p by a local p(r) = p — Vio(r) and the number
equation becomes

N = /d3rn(r), (15)

where n(r) = 2>, ni(r) is the local density. Consequently, A(r), 1/(kr(r)a), and kgT/Er(r)
also acquire a dependence on r [25H28]. At unitarity, 1/(kr(r)a) = +0o0 becomes uniform, but A
still depends on r because T'/T.(r) does.

At zero temperature, for a weakly interacting gas (|a| < kp 1), n(r) is well-approximated by

the Thomas-Fermi distribution:
r\ 2 2\ 2
1 (=) - (=
(%) - (&)

where R; = /2E% /(mw?) = ano(24N )Y 6wy, /w; (i = {r,z}) are the Thomas Fermi radii, wp, =
(w2w,)'/3 is the geometric mean of the angular frequencies, an, = v/1/(mwne) = (24N)1/6 kb is
the oscillator length, and kb = ,/ 2mEYe is the Fermi momentum in a trapped system.

Equation is altered by increasing the scattering length with respect to kilo as shown in
Fig. ﬁ(a), where we compare n(%) (r) with the density profiles for 1/(k%°a) = —0.18 and 0 using the

3/2

SN , (16)

) = e

2The local density approximation remains valid while the harmonic oscillator length, which is the typical length
at which n(r) varies, is much larger than both the healing length 1/4/2mpu and pair correlation length [24] with the
latter diverging near T, as kr/mA, marking an obvious breakdown of the approximation.
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Figure 6: Particle density n(p) in a harmonic trap as a function of the weighted radial coordinate p in
Fermi units. (a) At zero temperature for a non-interacting system (dashed grey), for 1/kl°a = —0.18 (green
dash dotted), and at unitarity (black solid). (b) For fixed 1/(ki°a) = —0.18 and different temperatures
(different colors).

trapping parameters of Sec. In Fig. @ we have utilized the weighted radial coordinate

b= (wpr)? + (wzz)27 (17)
Who

with corresponding (rescaled) Thomas-Fermi readius prr = 1/2ER°/(mwi ). From Fig. |§|<a), it is

clear that interactions lead to a narrowing of the density distribution. It is noteable that Eq.
also shows how the case of a cigar-shape trap can be reduced to the spherical case by homothety.
The influence of temperature on the density profile is shown in Fig. @(b) Deviations from the
zero-temperature profile (black solid curve) begin on the edges of the cloud and progress towards
the center as temperature is increased.

Within the local density approximation, we use the density distribution n(r) to calculate the
global order parameter by averaging over the cloud profile. The spatial weight is the product of
the local density, n(r), and local intensity of the probe beam, I(r),

A(t) = % / drn(r)I(r)Alr), (18)

such that

i/dsrn(r)l(r) =1, (19)

n

where 7 is the mean density. The finite width of the probe beam allows us to consider smaller
volumes of the cloud, mimicking the experimental Bragg scheme described in Sec. We approx-
imate the probe beam with a Gaussian profile, such that

[rf?
I(r)=1I(0 - 20
(1) = 10) e (535 ). (20)
where 1(0) is a normalization constant and A is the effective width of the beam which is fixed to
match the experimental mean density (Eq. [I)).

Using Eq. (4) of the main text for the time-evolution of A, Eq. becomes

cos(2A(r)t + ¢)> ’ (21)
v(A(r))t

n

At) = i/d?’rn(r)[(r) <Aoo(r) +

3When a — oo, the dimensionless parameter 1/(kr(r)a) loses spatial dependence, and the equation of state
for the Fermi gas is expected to be universal in terms of density scales and is written in terms of the Bertsch
parameter g [13| [29]. Therefore, using pu(r)/Ep(r) = £g and Eq. the density profile can be approximated by

n(r) = §§S/2n(0) (r), which well describes experimental data in the unitary regime when a beyond-mean field &g is
used [30].



with the rewriting of the oscillation amplitude v = 2A /(A (A; — As))?. The density average of
functions oscillating at frequencies 2A(r) leads to a blurring of the Higgs signal and consequently
to a reduced contrast of the oscillations.

3.2.1 Qualitative discussion in the limit of a tightly focused beam

When the beam is well focused around the center of the trap, one can approximate the density
using
n(p) = no — ap?, (22)

with a = —(1/2)d*n/dp* (see Eq. (16)). The small variation of the density around trap center
causes a spatial variation of the order parameter A(p) = Ay — A’ap?, and of the magnitude of
the Higgs oscillations v(p) = vy — v'ap? (where A’ = dA/dn and v/ = dv/dn). To simplify the
discussion, we consider here only a probe which respects the cylindrical symmetry of the trapping
potential I(r) = I(p), as defined in Eq. (20). This leads to

- - 4
A(t) = Ag + 110

+o00

— p2dpI(p)(1 — cp?) cos(2A0t — A ap?t + ¢), (23)
n/ 1ot Jo

where the term proportional to ¢ = a(1/ng — v/ /21p) is included for completeness but becomes
negligible when the beam waist tends to 0. In this approximation, the averages of slowly-varying
quantities simply coincide with their value at the center of the trap (7 = ng, ¥ = vy etc.), and only

the average of the oscillatory part remains.
Performing the radial integral in Eq. for the Gaussian profile Eq. gives

A(t) = A + Re [eZ20fH9 £(4)] | (24)

1
RV4 V()t
where the complex-valued blurring function

1—it/tq \*/?
)= ——L< 25
10 = (1) (25)
depends on the characteristic timescale
1 1
td = ~
AN’ AN) — Ag

(26)

Assuming that this timescale is large (Agtq > 1), the Higgs oscillations will still display the
expected 1/v/t attenuation law at short times (¢ < tq). However, beginning at t ~ tq the decay is
quickened and the phase shifts from the original ¢ = 7/4 phase. At later times (¢ > t4), one finds
instead a 1/t2 attenuation law:

3/2
_ oAty ]
A(t) = Ao oo sin 2A¢t. (27)
This shows that inhomogeneous broadening can seriously impair the observation of the power-law
damping exponent v = 1/2 or 3/2.

3.2.2 Numerical solutions in the general case

More generally, we solve numericallyﬁ Eq. for different values of A and, consequently, for
different 7. Fig.[7| shows the evolution of the superfluid order parameter at zero temperature after

4To perform the integration in Eq. we sample n(r) using a “accept-reject method” [31], which generates a set
of random numbers distributed according to the initial distribution: n(r) — {n;, with ¢ =1,--- , Np}. The average
on Eq. [I8|can be then performed using

SN 1

NP
Alt) S I(ni) Al b), (28)

S I(ng) (=

where Np, is the total of number of extracted values n;.

10
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Figure 7: Time evolution of the order parameter after averaging over the total density profile of the trap
(green solid line) and over a reduced volume with corresponding 7 = 0.91ng (blue dashed line) at zero
temperature. Black dotted and yellow dashed dotted lines indicate the power law curves 1/v/¢, which is
found at short times, and 1/ t2 from Eq. which characterizes longer times than the maximum time in
the figure (¢ > tq).

a quench from 1/k%°a = —0.18 to unitarity after averaging over a probe beam of width A = 0.06p1r
such that n = 0.91ng, compared to the case where the probe beam covers the entire volume. We
observe that this latter case yields strongly-damped oscillations, which would be difficult to observe.
Instead, the experimentally-relevant average over a smaller volume leads to distinct oscillations.
Moreover, because A = 0.06p1r is small compared to the effective Thomas-Fermi radius prr, the
characteristic time ¢4 is much larger than the oscillation period 27 /wy, and therefore, for times
t < tq, we do not expect the attenuation law 1/t> (as described by Eq. ) to play a role within
the experimentally relevant time window.

We address also the impact of inhomogeneous broadening on the damping law in the time
region 0 < t < tq. Fig. [8| shows trends in the local oscillation maxima A(t,) at discrete times ¢,
measured in units of the oscillation frequency wy and at temperature 7' = 0.667¢ ;. We fit the
first few oscillations to a power-law damping, thereby mimicking the analysis performed on the
experimental data. For smaller values of A\ compared to prr, the power law decay 1/+/% is still a
good fit for the short-time behavior of A, as shown by the case with 7 = 0.98n¢ in Fig. For
larger values of )\, we find an intermediate behavior, characterized by a power-law decay 1/t° with
0.5 <8 <2.0.

3.3 Averaging over the Bragg time

Experimental measurements are taken using two-photon Bragg scattering as illustrated in Fig. 1 of
the main text. To avoid over-broadening the sharp features of the response function, the duration
tg = 50us of the Bragg pulse should be as long as possible. However, in an out-of-equilibrium
system, using pulses that are too long allows the system to evolve significantly during the probe time
violating the timescale separation assumptions underlying Eq. (5) of the main text and possibly
blurring the oscillatory signal. Explicitly, the observable A reported at the time ¢ is actually the
result of a time-average:

1 t+tB/2 , ,
OOungs = 7 [ A0 (29)

Fig. |§| shows the comparison between the time-evolution of (spatially-averaged) A for t5 = 0 and
tg = 50us. Although the time-averaging reduces the contrast of the oscillations by reducing their
the magnitude, it is less critical than the spatial averaging as it does not affect the attenuation
law.
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Figure 8: Data points: Maximum values of (A(t)/As —1) for different 7 or equivalently X at T' = 0.667 ;.
The solid black line represents the homogeneous power-law behavior 1/v/¢ (see Eq. (4) in the main text).
Dashed lines: Fitting functions 1/t° for times ¢ < tq. Gray solid line: power law 1/t? recovered only in
the case with lower 7.
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Figure 9: Comparison between the time and space averaged order parameter ((A(t)), yellow solid line)
and the same quantity only averaged over space (A(t), blue dashed line). The time average is performed
over the Bragg time tg (see Eq. (29)) and the density average corresponds to the case i = 0.91no (see
Eq. (18)). The temperature is 7' = 0.667 ;.
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Figure 10: Comparison between the theoretical (diamonds and x’s) and experimental (squares and plus)
averaged magnitudes of the oscillations, Arms, in two different time ranges in units of 7. Shown as dashed-
dotted lines is the magnitude of the oscillations obtain by integrating Eq. , that is, in the linear regime
and without any of the experimental effects discussed in Sec.

4 Comparing theoretical predictions and experimental mea-
surements

The comparisons with experiment shown in Figs. 2(b) and 3(b) of the main text use theoretical
predictions for (A(¢)) that combine both the spatial and temporal averages discussed in Secs.
and and the dephasing introduced by the finite ramp time ¢, discussed in Sec. From Eq. (5)
of the main text, we write the experimental signal as S(t) ~ a + BA(t), where o and 8 depend
on the sensitivity with an explicit expression of those quantities given below. This dependency is
removed by taking the ratio ~
S() = S (A1) ~ A

S¢—S; Ap—A;
To avoid the well-known overestimation of BCS theory of the critical temperature T, and super-
fluid gap A, we compare theoretical predictions and experiment signal as a function of wygt and
T/T.; using experimental values of wy/ep, fitted from the bare experimental signal, and T, ; /T,
estimated as the temperature at which Higgs oscillations are no longer observed.

(30)

4.1 Magnitude averaged over different time windows

To quantify the agreement between experiment and theory, we compute at each temperature the
root-mean-square of the signal :

1 2 S(t) — S\’
Apms = dt (2222 ) | 31
\/tg — 1 /t1 ( Sf -5 ) ( )

As discussed in the main text, the choice of the averaging time window [t1, to] significantly affects
the gap between measurements and theoretical predictions, the best agreement being found at
early times. In Fig. we show that the agreement is better from [t1,¢2] = [, 107 than in the
window [37y, 207y] used in the main text.

4.2 Comparisons including the sensitivity of the Bragg pulse

In this subsection, we predict the experimental Bragg signal from our calculation of the density-
density response within the Random Phase Approximation (RPA), that is, without scaling out
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Figure 11: The imaginary part of the density-density response function xn», in density units as a function
of the excitation frequency w at fixed excitation wave number ¢ = 4kr and temperature varying from 7' = 0
(blue curves), T' = 0.97¢ (purple curves) to T" = 0.97T¢ (red curves). The threshold of the pair-breaking
continuum (black dotted vertical lines, given by Eq. ) is sensitive to the value of A and thus depends
slightly on temperature, tending to 2(¢®/8m — p) in the limit T — T, where A — 0. For comparison, we
show the kinetic energy of atoms (mass m) and pairs (mass 2m) in vacuum (blue vertical dotted lines,
independent of T'). At the pair-breaking threshold, xn» has a sharp peak indicating resonance with the
condensed pairs. As temperature increases, the number of pairs decreases in favor of unpaired atoms.
This results in a decreased spectral weight of the peak at win and correspondingly in a growth of a broad
single-atom scattering continuum centered around w = ¢*>/2m. This broad peak is due to the imaginary
part of the normal density-density propagator IL,, (see Eq. (46) in [34]) which is shown by the red crosses
at the highest temperature 7' = 0.977.. These curves are drawn at unitarity (1/|a| = 0) which corresponds
at T = 0 and with the mean-field equation-of-state to u/A ~ 0.86 and er/A ~ 1.46. At T = T, this
corresponds to u(T.)/T. = 1.50448, er(T.)/T. ~ 0.89.

the sensitivity. As discussed in the main text (see Eq. (5)), the Bragg signal is sensitive to the
variations of A(¢) through the dimensionless sensitivity

A (Oxan
= (55 (32)

This thermodynamic quantity is computed by comparing equilibrium states having the same equi-
librium density and temperature but slightly different values of the order parameter A (or equiv-
alently, slightly different values of the scattering length a). The calculation of y,, within RPA is
a standard problem [32, [33]. In practice we have used the explicit expressions of Ref. [34] (see in
particular Egs. (36) and (46) therein) to evaluate numerically ., as a function of the excitation
frequency w and wavevector q.

To illustrate how the density-density response is sensitive to A, Fig. shows Xpn(w) in the
regime of large excitation wavevector (¢ = 4kp) used in the experiment. The feature which
characterizes the superfluid phase is a sharp edge at the pair-breaking threshold:

5 2
Wip = 2\/A2 + (Sqm - u) (for ¢*/8m > p). (33)

As this threshold location changes with A, the density response Y., for fixed w/ep varies sharply.
However, as temperature increases towards T, the spectral weight of the edge drops in favor of
the broad atomic scattering continuum, characteristic of the ideal (normal) Fermi gas. This fading
of the pair-breaking edge consequently reduces the sensitivity o.

14



In theory, the vertical tangent of w — Xpn(w, A) in wt"l;, causes a divergenc of the sensitivity

at the edge (see the blue curve in Fig. , which should favor the detection of Higgs oscillations.
In practice, the finite duration of the Bragg pulse limits the spectral resolution on Y., thereby
limiting the maximal accessible value of the sensitivity to roughly o < 2 (red curve in Fig. .
This is obtained by broadening Y, according to the convolution formula

“+o0
X5 (o) = / 00X () o (00 — ) (34)

— 00

where fs,,(w) is a broadening function parametrized by its energy-width dw. In the comparison
performed in Fig. [L3| we have taken dw/er = 78 /tg =~ 0.55, using the Fermi time ¢ ~ 27.4402us
associated to the density in the trap center at unitarity, and a Gaussian broadening profile:

_ # —w?/2(8w)?

f5w (w) méwe . (35)
However the choice of a Gaussian broadening profile is not crucial for this discussion. Compared
to our previous experimental schemes [35], the spectral width is relatively larger here, due to the
necessity of maintaining a Bragg duration much smaller than 27/wy. As visible in Fig. the
selected excitation frequency w = h?¢?/4m is fairly optimal for the broadened sensitivity whereas
w = wyy, is preferable in the absence of broadening.

q*/dmerp
8 T T T

w/ep

Figure 12: The bare (blue curve) and broadened (red curve) sensitivities as a function of the excitation
frequency for ¢ = 4kp, T =0, and 1/kra = 0.

Using the sensitivity , we directly predict the scaled Bragg response S(t)/S from

(1) Ao (<A<”> _ 1>, (36)

-1 el
Wia(too) TR\ Aa

where we have assumed that the width of the Bragg laser A is small enough such that the depen-
dence of the sensitivity oy = o(Ayf) on r can be neglected. Note that the linearization of .
performed in Eq. is valid only in the small amplitude approximation, hence at low T'/T..

In Fig. we compare the theoretical curve Eq. to the experimental measurements of
S(t)/Ss. We consider the lowest temperature case, T = 0.107T, for which A is small enough

5To understand this divergence and also to obtain rigorous numerical results for the blue curve in Fig. |12} we
write Xnn(w, A) = O(w—wnh (A)) f(w—win(A), A) where the function dw — f(dw, A) is defined on [0, +oo[. Taking
the derivative with respect to A (and using f(0,A) = 0), we have Oxnn/0A = Of/OA — (dws /dA) X (Of /Odw).
The vertical tangent of xnn in w;} implies a divergence of 9f/ddw in dw = 071, and therefore a divergence of the
sensitivity.
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Figure 13: Comparison between the experimental Bragg signal S(t)/S- and its theoretical prediction
Eq. . The theoretical curve has been obtained at fixed T' = 0.667; ; by including a linear ramp in 50us
with ¢, = t—1t4/2 corresponding to the theoretical delay found in Sec. the inhomogeneous broadening,
the Bragg time averaging, and the Fourier broadening. The experimental points correspond to T' = 0.107F
and the mean density is 7 = (0.955 £ 0.018)no (see main text). We show the deviation from the 1/t°-5
power-law damping (grey dashed line). The power-law 1/t%-645%0-095 (dashed-dotted purple curve) has
been obtained by fitting the theoretical curve in the time range 9 < wgt, < 23 (from the second peak to
the last experimental point). Inset: Damping coefficient as a function of the starting time ts of the fitting
window used for the theoretical curve.

with respect to Ay to justify the use of the small-amplitude regime (we have [Ao —Ay| ~ 0.11A%).
At the latest times considered in the experiments, we find a small deviation of our theoretical
prediction from the homogeneous 1/t'/? power-law damping, with ~ increasing to 0.645 + 0.005.
This deviation could be seen if we exclude the first peak of the oscillation from the theoretical
fitting window, consistently with our analysis in Sec. (compare with Fig. 8] and the inset of
Fig. . Instead, using the experimental fitting window, which also includes the first peak, this
deviation is nearly compensated, as discussed in the main text.
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