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Quantum anomalies are violations of classical scaling symmetries caused by quantum fluctuations.
Although they appear prominently in quantum field theory to regularize divergent physical quanti-
ties, their influence on experimental observables is difficult to discern. Here, we discovered a striking
manifestation of a quantum anomaly in the momentum-space dynamics of a 2D Fermi superfluid
of ultracold atoms. We measured the position and pair momentum distribution of the superfluid
during a breathing mode cycle for different interaction strengths across the BEC-BCS crossover.
Whereas the system exhibits self-similar evolution in the weakly interacting BEC and BCS limits,
we found a violation in the strongly interacting regime. The signature of scale-invariance breaking
is enhanced in the first-order coherence function. In particular, the power-law exponents that char-
acterize long-range phase correlations in the system are modified due to this effect, indicating that
the quantum anomaly has a significant influence on the critical properties of 2D superfluids.

Symmetries and their violations are fundamental con-
cepts in physics. A prominent type is conformal sym-
metry which gives rise to the peculiar effect of scale-
invariance, where the properties of a system are un-
changed under a transformation of scale. For instance,
a Hamiltonian H(x) is said to be scale-invariant when
H(λx) = λαH(x), where λ is a scaling factor and α is
a real number. Intriguingly, scaling symmetries such as
these can be violated by quantum fluctuations, which is
known as a quantum anomaly. Such anomalous symme-
try breaking is widely discussed in quantum field theory
[1], as they have fundamental implications in a wide range
of scenarios, such as high-energy physics and phase tran-
sitions. However, experimental signatures of this effect,
particularly in many-body systems, have so far been elu-
sive. Here, we report the direct observation of a quantum
anomaly in the dynamics of a two-dimensional Fermi su-
perfluid.

Two-dimensional systems with contact interactions,
V (x) ∝ δ2(x), are particularly interesting in the con-
text of scale-invariance violation, because the δ2 potential
does not introduce a characteristic scale to the Hamilto-
nian. At the classical level, the transformation x → λx
rescales the interaction potential as V (λx) = λ−2V (x)
exactly the same way as the kinetic energy and there-
fore the classical 2D gas is intrinsically scale-invariant
[2, 3]. However at the quantum mechanical level, this is
no longer true since the δ2 scattering potential supports
a two-body bound state for arbitrarily weak attraction.
This additional binding energy scale EB and the asso-
ciated scattering length scale a2D effectively break the
scaling relation between interaction and kinetic energy,
which leads to a quantum anomaly.

An important question is, how does this quantum
anomaly influence the behavior of 2D systems at macro-
scopic scales? This is especially relevant for 2D super-
fluids which exhibit algebraic - hence scale-free - decay
of phase correlations [4, 5] described by the Berezinskii–

Kosterlitz–Thouless (BKT) mechanism. In this case, how
does the introduction of a short-distance scale (a2D) af-
fect the long-range behavior such as spatial coherence
and transport properties in 2D superfluids? These ques-
tions are at the heart of many-body physics of 2D systems
and answering them may provide insights into the gen-
eral phenomenology of lower dimensional systems such
as exciton-polariton condensates and graphene [6].

In the field of ultracold atomic gases, the issues of scale
invariance and quantum anomalies have been previously
discussed in literature since interactions between atoms
are contact-like to a good approximation. 2D Bose gases
in the weakly interacting limit are demonstrably scale-
invariant [3, 8, 9], suggesting that the bound state plays
a negligible role in these systems. However, in 2D Fermi
gases, particularly in the strongly interacting regime, the
effect of the additional length scale a2D becomes appre-
ciable, for instance in the thermodynamic equation of
state [10–14]. On this basis, various theoretical works
have predicted a quantitatively pronounced effect of the
scale-invariance violation in this regime [15–18].

Specifically in harmonically trapped gases, a notable
manifestation of this anomaly is an interaction-induced
correction to the collective monopole frequency with
respect to the non-interacting value [15–17, 19, 20] of
twice the trap frequency. Although previous studies on
monopole modes found no evidence of such a correc-
tion [21], recent experiments have reported the observa-
tion of an anomalous frequency shift at low temperatures
[22, 23]. However, the relative magnitude of these shifts
(∼ 1 − 2%) is several times smaller than the theoreti-
cal prediction (∼ 10%), raising questions on the physi-
cal relevance of the quantum anomaly for the dynamical
properties of 2D Fermi gases.

Here, we discovered that fermionic interactions which
lead to the quantum anomaly in fact have a remarkably
pronounced influence on the long-range behavior of the
2D system. Rather than the breathing mode frequencies,
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FIG. 1. Dynamics of a 2D Fermionic superfluid in position and momentum space. A, B We prepare a 2D Fermi
gas well below the superfluid critical temperature [7]. The isotropic breathing mode is excited by resonantly modulating the
harmonic trap. Once the drive is stopped, the breathing oscillations continue for a variable time t, at which point we measure
(C) the in-situ density distribution ρ(r, t), and (D) the pair momentum distribution n(k, t) using a matterwave focusing
technique. E Example of azimuthally averaged ρ(r, t) (orange) and n(k, t) (blue) taken at interaction strength ln(kFa2D) ≈ 1.
The in-situ density oscillates at twice the trap frequency as expected. The momentum distribution exhibits sharp revivals at
twice the rate of the in-situ oscillation. The frequency doubling arises from the sinusoidal oscillation of the hydrodynamic
velocity field, which vanishes at the inner and outer turning points of the breathing cycle, denoted by the vertical dashed lines.

we explore the spatial coherence properties in momentum
space, which reveals the scale-invariance breaking effect
that is nearly absent in the position space density profiles.

In our experiments, we prepared a gas of approxi-
mately 2 × 104 6Li atoms in the lowest two hyperfine
states, trapped in a highly anisotropic potential and
cooled to low temperatures deep in the superfluid phase.
The ratio of absolute temperature to the Fermi temper-
ature TF is in the range T/TF ∼ 0.05 − 0.1. The radial
and axial trap frequencies of the harmonic potential are
ωr = 2π× 23 Hz and ωz = 2π× 7.1 kHz respectively, cor-
responding to an aspect ratio ωz/ωr ≈ 310. With the rel-
evant thermodynamic scales kept smaller than the axial
confinement energy, we ensure the system is in the kine-
matically 2D regime. By tuning the interactions between
fermions around a Feshbach resonance, we access the 2D
BEC-BCS crossover region. The interactions in the 2D
many-body system are described by a dimensionless pa-
rameter ln(kFa2D), where kF is the Fermi momentum and
a2D is the 2D scattering length obtained from the 3D
scattering length [24, 25]. For ln(kFa2D) � −1, we are
in the BEC regime whereas ln(kFa2D) � 1 corresponds
to the BCS regime. The strongly correlated regime lo-
cated between these limits occurs when 1/kF ∼ a2D. This
crossover region exhibits some intriguing features such as
enhanced critical temperature Tc [7] and a large pseudo-
gap region above Tc where pairing is strongly density-
dependent [26].

We investigate the interplay between quantum
anomaly and phase correlations by measuring the dy-
namical evolution of the gas both in position space (i.e.
in-situ) and in momentum space. Measuring the momen-
tum distribution is particularly important as it encodes
information of phase fluctuations in the superfluid. First,
we brought the system out of its equilibrium configura-
tion by resonantly modulating the harmonic trapping po-
tential at twice the trap frequency 2ωr as illustrated in
Fig. 1 A, B. This protocol excites the 2D isotropic breath-
ing mode whereby the gas undergoes periodic cycles of
compression and expansion. After a fixed duration (10
cycles), the drive was stopped and the cloud evolved in
the original potential for a variable time t. In contrast to
previous works which investigated the frequency of the
breathing mode, we focus on how the shapes of the in-
situ and momentum distributions change within a single
breathing cycle. Since the damping rate of the breath-
ing mode is very small (∼ 0.01ωr) [22], the motion is
essentially isentropic which allows to directly probe scale
invariant behavior.

To measure n(k), we employed a matterwave focus-
ing technique that has been previously demonstrated
for 2D gases [27, 28]. First, we rapidly ramped the
offset magnetic field to the weakly interacting limit of
strongly bound dimers. Immediately following the ramp,
we switched off the trapping potential and released the
sample to ballistically expand in a shallow harmonic po-
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tential for a quarter period Texp/4 = π/2ωexp = 21.8 ms,
where ωexp is the shallow trap frequency. The Texp/4
evolution maps the initial momentum distribution of par-
ticles to the spatial distribution. As the time scale of the
magnetic field ramp (τramp ∼ 50µs) is shorter than the
intrinsic timescales of the system, the measured spatial
distribution at t = Texp/4 reflects to a very good approx-
imation the initial momentum distribution of pairs. The
strong enhancement of the low-momentum modes in n(k)
as seen in Fig. 1 D signals superfluidity in the system as
it is related to long-range spatial coherence in the system
[4, 7].

In Fig. 1 E, we show an example of the measured time-
evolution of the in-situ ρ(r, t) (orange) and momentum
distributions n(k, t) (blue) taken at the interaction pa-
rameter ln(kFa2D) ≈ 1. The in-situ distribution exhibits
periodic compression and expansion at approximately
twice the trap frequency (ωB ≈ 2ωr), as expected. In
contrast, n(k, t) undergoes sharp revivals at twice the
rate of ρ(r), i.e. when the cloud size is maximum (outer
turning point, t = to) as well as minimum (inner turn-
ing point, t = ti). At intermediate time scales between
the turning points, n(k) is broadened. At a qualita-
tive level, this peculiar effect can be understood to occur
due to the oscillation of the hydrodynamic velocity field,
vB ∝ sin(ωBt)[xêx + yêy]. During the breathing cycle,
vB vanishes at the two turning points. At the inter-
mediate points, the non-zero value of vB manifests in a
broadened momentum distribution with no visible effects
in the in-situ profile. We provide a more detailed de-
scription of the effect using variational Gross-Pitaevskii
computations in [29]. A similar effect has been recently
predicted for the 1D Bose gas in Tonks-Girardeau regime
using scale invariant dynamics [30] and also experimen-
tally observed in the weakly interacting regime [31].

From these dynamical measurements, the occurrence
and violation of scale invariance can be studied by com-
paring the in-situ and momentum-space distributions at
different points in time. To illustrate this point, let
us consider the time-evolution of a scale invariant gas
in a harmonic potential. Naturally, the presence of a
trapping potential naturally introduces a length scale
and thus explicitly breaks scale invariance. However, as
pointed out by Pitaevskii and Rosch in Ref. [3], the spe-
cial case of a 2D harmonic potential possesses an inher-
ent SO(2, 1) symmetry which restores scaling behavior.
Consequently, the harmonically trapped scale-invariant
gas displays quasi-integrable dynamics with the time-
dependent many-body wavefunction being given in terms
of the equilibrium one according to

ψ(X, t) =
1

λN
ψ(X/λ, t = 0) exp

(
i
mλ̇

2~λ
X2
)

exp(iθ(t)),

(1)
where X = (~x1, ~x2, · · · , ~xN ) are the 2N position coordi-
nates of many-body system, m is the particle mass, θ(t) is

an overall phase, and λ(t) is the time-dependent scale fac-
tor which obeys the Ermakov-Milne equation [29]. From
the full wave-function Eq. (1), one obtains the evolution
of the in-situ density and the momentum distribution,

ρ(r, t) =
1

λ2
ρ
( r
λ
, t = 0

)
; (2)

n(k, t) = λ2
∫
W

(
λk + 2m

λ̇

λ
r, r, t = 0

)
d2r, (3)

in terms of the Wigner function W (k, r, t). Clearly, the
in-situ density is completely self-similar (Eq. 2), i.e. the
density at any time t can be rescaled to its initial form us-
ing a single scaling factor λ(t). When λ̇ = 0, the momen-
tum distribution n(k, t) also displays self-similar scaling
with the inverse factor λ−1. For the breathing modes,
λ̇ = 0 at the two turning points. Therefore, a compar-
ison of the in-situ and momentum distributions at the
inner and outer turning points can be used as a proxy to
study scale invariance.

We measured the dynamically evolving in-situ and mo-
mentum distributions for various interaction parameters
across the BEC-BCS crossover. In Fig. 2, we show ρ(r)
(A, B, C) and n(k) (D, E, F) at the inner and outer turn-
ing points for three interaction strengths ln(kFa2D) =
−6, 1.2, and 2. In the in-situ distributions, we can col-
lapse the ρ(r, to) (blue) onto ρ(r, ti) using a global scal-
ing factor 0 < λ < 1. The rescaling is represented by the
green curves in panels A-C, where ρsc(r) = λ−2ρ(r/λ, to).
The measured and rescaled distributions coincide within
the systematic and statistical uncertainties of the mea-
sured density, which is approximately 5 % [7].

In momentum space, the inverse scaling factor λ−1

should collapse the inner and outer turning point distri-
butions if the system were scaling invariant. This condi-
tion is satisfied to a good approximation both in the BEC
(ln(kFa2D) ∼ −6) and BCS (ln(kFa2D) ∼ 2) regimes
(Fig. 2 D, F ). In these regimes, the difference between the
scaling factor obtained independently for the k-space dis-
tributions and the inverse in-situ scaling factor is below
2 %. However, in the crossover region ln(kFa2D) ∼ 1.2,
we find a striking discrepancy between the measured
n(k, ti) at the inner turning point and the rescaled dis-
tribution nsc(k). In fact, while we expect n(k, ti) to be
always broader than n(k, to) (see Fig. 2 D,F), the mea-
sured momentum distribution at ln(kFa2D) ∼ 1.2 shows
the opposite effect. Here, the occupation of the low-k
region of n(k) is significantly enhanced not only with re-
spect to the expected distribution, but also compared
to n(k, to). This discrepancy is evidence that scale in-
variance is violated due to strong interactions, with an
unmistakable signature in momentum-space! This is the
first main result of this work.

From Fig. 2, it is clear that the fermionic interactions
have a substantial influence on the low-k modes which
correspond to long-wavelength phase fluctuations in the
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FIG. 2. Scale-invariance breaking in momentum space. The in-situ (upper panels) and momentum distributions (lower
panels) at the inner and outer turning points for interaction strengths ln(kFa2D) ≈ −6 (A, D), 1.2 (B, E) and 2 (C, F). For
a scale-invariant system, the in-situ density profiles at to (red diamonds) and ti (blue circles) should be scalable with a single
scaling factor λ, as well as the momentum distributions (n(k, to)→ n(k, ti)) with the inverse factor λ−1. Such scaling behavior
is observed both in the weakly interacting BEC and BCS regimes. However in the strongly interacting crossover regime, we find
a clear departure from scale-invariance. While the evolution of the ρ(r) is still self-similar (B), the momentum distribution (E)
shows a significant discrepancy from the expected result (green). This scaling violation at strong interactions is attributed to
the quantum anomaly. Since total particle number is conserved, enhancement of density at low-k is compensated by reduction
at high-k (not shown).

superfluid. The correlations in the phase are character-
ized by the first-order correlation function

g1(r) =

∫
ρ1(R− r/2,R + r/2) dR, (4)

where ρ1 is the one-body density matrix. Experimen-
tally, g1(r) is directly obtained from the n(k) through
a Fourier transform. In our previous work [4], we ob-
served the transition from exponential to algebraic decay
in g1(r), in agreement with BKT theory and Quantum
Monte Carlo computations [32]. Here, we use the same
procedure described in [4] to extract g1(r) at the inner
and outer turning points. These are shown in for Fig. 3 A,
for ln(kFa2D) = −6, and 1.2. To account for the change
in cloud size while comparing the two correlation func-
tions, we plot g1(λr, to) in rescaled coordinates. In ad-
dition, we extract the exponent η by fitting a power-law
(f(r) ∼ r−η(t)) to g1(r, t). Even though the exponents
we measure are larger than the homogeneous BKT pre-
dictions, they have the same qualitative behavior [32], in
particular a smaller exponent corresponds to a larger su-
perfluid phase space density Ds = ρsλ

2
T , where ρs is the

superfluid density and λT the thermal de Broglie wave-
length.

In the BEC regime, the two curves (g1(r, ti) and
g1(λr, to)) collapse onto each other (see Fig. 3 A), whereas
in the crossover regime, the correlation functions are sub-
stantially different with the inner g1(r, ti) decaying slower
than expected. In Fig. 3 B, we show the ratio ηi/ηo
for different interaction strengths across the BEC-BCS
crossover. For scale-invariant systems ηi = ηo, i.e the
spectrum of phase fluctuations is unaffected by a change
in the density. Indeed, we find ηi/ηo ≈ 1 in the BEC
regime but the ratio dips dramatically in the crossover
regime to a value of approximately 0.8, before rising up
again in the weakly interacting BCS regime. This quanti-
tative deviation proves that the quantum scale anomaly
that originates in the short-distance fermionic correla-
tions influences the algebraic decay of correlations in the
2D superfluid. This is the second main result of this
work.

What is the origin of these effects? First, we remark
that the interaction region (ln(kFa2D) ∼ 1) where we
see the largest scaling violation in the phase correlations
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coincides with the regions of a) maximum critical tem-
perature [7], b) largest density-dependent pairing (pseu-
dogap) [26] and c) the maximum breathing mode fre-
quency shift [22]. This suggests that all these effects
may have a common mechanism. One possible expla-
nation comes from the density-dependent pairing effect
observed in [26]. Specifically in the crossover region, a
change in density during the breathing cycle corresponds
to a change in the total pairing energy in the system.
The spatial coherence is carried by fermion pairs of fixed
size a2D, so at the inner turning point where the parti-
cle spacing is smallest, more of these pairs overlap. This
implies enhanced phase coherence extending over more
particle spacings, and a smaller decay exponent η. At
the same time, enhanced occupation of low-momentum
modes requires, at fixed total number, a reduced occu-
pation at high momenta and hence a depletion in the
pair kinetic energy. We have analyzed the kinetic energy
extracted from the momentum distribution and indeed
found a scaling violation consistent with this argument
[29].

The observations in Fig. 3 may also provide hints to-
wards explaining the enhanced critical temperatures in
this region. We recall that the power law exponents
are an indicator of superfluid stiffness and phase space
density: a smaller η corresponds to more coherence and
larger Ds. For scale invariant systems, Ds necessarily re-
mains constant throughout the breathing cycle leading to

ηi/ηo = 1. However in the crossover regime, the observa-
tion of ηi/ηo < 1 implies that the density-dependent pair
correlations in fact enhance the superfluid phase space
density for the same effective temperature. In other
words, the critical Ds required for the superfluid tran-
sition can be attained at higher Tc/TF , as seen in [7].

Finally, we highlight some points that may be relevant
for future investigations on this topic. First, the den-
sity profile does not exhibit significant effects of scale-
invariance and satisfies the prediction of the dynamical
SO(2, 1) symmetry [20]. This is consistent with the small
shifts in the breathing mode frequency recently reported
in [22, 23]. It also shows that the breathing dynamics
are not fully explained by the measured equation of state
[10–12], which is scale dependent and would imply a large
shift in the breathing mode frequency accompanied by an
observable change in the in-situ density profile.

In momentum space, we found that short-distance
fermionic correlations which break scale-invariance have
a significant impact on the low-momentum modes, which
correspond to the long-wavelength phase fluctuations in
the superfluid [4, 7, 33]. This implies that phenomena
fundamentally connected to the phase fluctuations, such
as transport, are influenced by the quantum anomaly.
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and M. Köhl, Phys. Rev. Lett. 108, 070404 (2012).
[22] M. Holten, L. Bayha, A. C. Klein, P. A. Murthy, P. M.

Preiss, and S. Jochim, arXiv:1803.08879 (2018).
[23] T. Peppler, P. Dyke, M. Zamorano, S. Hoinka, and

C. Vale, arXiv:1804.05102 (2018).
[24] D. S. Petrov and G. V. Shlyapnikov, Phys. Rev. A 64,

012706 (2001).
[25] P. Dyke, K. Fenech, T. Peppler, M. G. Lingham,

S. Hoinka, W. Zhang, S.-G. Peng, B. Mulkerin, H. Hu,
X.-J. Liu, and C. J. Vale, Phys. Rev. A 93, 011603
(2016).

[26] P. A. Murthy, M. Neidig, R. Klemt, L. Bayha,
I. Boettcher, T. Enss, M. Holten, G. Zürn, P. M. Preiss,
and S. Jochim, Science 359, 452 (2018).

[27] S. Tung, G. Lamporesi, D. Lobser, L. Xia, and E. A.
Cornell, Phys. Rev. Lett. 105, 230408 (2010).

[28] P. A. Murthy, D. Kedar, T. Lompe, M. Neidig, M. G.
Ries, A. N. Wenz, G. Zürn, and S. Jochim, Phys. Rev.
A 90, 043611 (2014).

[29] See Supplemental Material, .
[30] Y. Y. Atas, I. Bouchoule, D. M. Gangardt, and K. V.

Kheruntsyan, Phys. Rev. A 96, 041605 (2017).
[31] B. Fang, G. Carleo, A. Johnson, and I. Bouchoule, Phys.

Rev. Lett. 113, 035301 (2014).
[32] I. Boettcher and M. Holzmann, Phys. Rev. A 94, 011602

(2016).
[33] Z. Hadzibabic and J. Dalibard, Riv. del Nuovo Cim. 34

(2011).
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Supplemental Materials: Quantum scale
anomaly and spatial coherence in a 2D

Fermi superfluid

MATERIALS AND METHODS

Preparing the sample

We start our experiments with a molecular Bose–
Einstein condensate of approximately 50,000 atoms in
the two lowest hyperfine states of 6Li, which are pre-
pared after a sequence of optical evaporative cooling at
at magnetic offset field of 795 G. Thereafter, we trans-
fer the atoms into an optical standing wave trap (SWT)
that is created by interference between two cylindrically
shaped far detuned laser beams (1064 nm) at a shallow
angle of 14◦. The spacing between the interference fringes
is approximately 4µm which allows us to load more than
95% of the atoms into a single layer. In the SWT, we
perform additional evaporative cooling which results in
a gas of ∼ 2 × 104 atoms at a temperature of 60 nK
(T/TF ≈ 0.05). The experimental system and protocol
for preparing the sample have been discussed in detail in
our previous work [S7].

Frequency doubling in k-space

The pair momentum distribution n(k) displays sharp
revivals both at the inner and the outer turning points of
the breathing dynamics. Similar behavior was previously
predicted in the oscillatory motion of a 1D Bose gas in
the Tonks-Girardeau (TG) limit [S30]. The latter one
dimensional system is integrable and the dynamics could
be computed exactly.

In the present two dimensional case one shall rely on an
approximate procedure. In the BEC limit ln(kFa2D) �
−1 the system behaves as a weakly interacting 2D Bose-
Gas. Ignoring finite temperature effects the system can
be described by the celebrated Gross-Pitaevskii equation
(GPE)

i~∂tψ = − ~2

2m
∇2ψ + V (r)ψ +

g

m
|ψ|2ψ (S1)

where m is the Bosonic molecule mass and g ≈
−2π/ log(a2D/lz), where lz is the oscillator length in the
transverse direction. This nonlinear equation describes
the evolution of the macroscopic coherent wave function
ψ at low temperatures. It is possible to approximately
solve the GPE by means of a variational analysis [S34].
In order to exactly reproduce the non-interacting solu-
tion in the g → 0 limit one shall assume a Gaussian trial
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FIG. S1. Panel A: Experimentally measured in situ width
(orange curve) and zero momentum density (blue curve) as a
function of time. Panel B: Variational analysis of the zero mo-
mentum spectral density as a function of time for increasing
interaction strength g̃ = 0, 1, 10 in red, blue, green respec-
tively (δ0 = −0.01w̄). Given the present dynamical protocol,
frequency doubling appears for large interaction strengths,
due to the depletion of low momentum occupancies in the
time interval between the breathing turning points, see panel
B. The threshold value for the interaction strength above
which the frequency doubling appears decreases increasing
the quench width δ0.

wave-function

ψ(r) = A(t)
∏
µ=x,y

(
e
− (rµ−r0µ(t))2

2wµ(t)2
+i(rµ−r0µ(t))αµ(t)

·ei(rµ−r0µ(t))
2βµ(t)

)
. (S2)

At a given time, this function defines a Gaussian distribu-
tion centered at the position (r0x, r0y), where the trans-
verse z direction has been discarded, since it is tightly
confined. The other variational parameters are A (ampli-
tude), wµ (width), αµ (slope), and βµ, where µ ∈ {x, y} is
an index labeling the spatial dimensions. All the parame-
ters are real numbers and the amplitude evolution follows
by the normalization condition for the wave-function

A(t) =
√
N
√
πwx(t)wy(t)

−1
(S3)

where N is the occupation number of the coherent state
ψ. The imaginary terms appearing in the exponent of
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Eq. (S2) represent the conjugate momenta of the width
w and center of mass coordinate α. Within this ansatz
one obtains the following analytic expressions for the in-
situ density

n(r) = |ψ(r)|2 = π−1
∏
µ=x,y

e
− (rµ−r0µ(t))2

wµ(t)2

wµ(t)
, (S4)

and the spectral distribution

n(k) = (4π)
∏
µ=x,y

wµe
−wµ(t)2(αµ(t)−k)2

1+4βµ(t)2wµ(t)2√
1 + 4βµ(t)2wµ(t)4

(S5)

The motion equations of the variational parameters
follow from the minimization of the semi-classical ac-
tion of the system within the restricted trajectory space
parametrized by ansatz (S2) [S34]

αµ = m ṙ0,µ (S6)

r̈0µ = −mω2
rr0µ (S7)

βµ = −m
2

ẇµ
wµ

(S8)

ẅµ + ω2
rwµ =

1

m2

1

w3
µ

+
g̃

wµ
∏
α wα

(S9)

where g̃ is an effective coupling obtained rescaling the
microscopic coupling g by a coefficient proportional to
the occupation number of the coherent state ψ. In the
traditional GPE perspective one expects a macroscopic
occupation of the ground state wave-function hence g̃ �
g, however in 2D phase fluctuations are divergent at finite
temperature and the effective g̃ value can be considerably
smaller g̃ ≈ g [? ].

The dynamics analyzed in the paper is equivalent to
a sudden quench of the width parameter. Therefore
we solve the equations of motion with initial condition
wx = wy = w̄ + δ0 where w̄ is the equilibrium width

(w̄ = ω
−1/2
r + O(g)) and δ0 is a finite displacement.

In the harmonic approximation δ0 � w̄ one obtains
w(t) = w̄ + δ0 cos(2ωrt). As a consequence the zero mo-
mentum component of the spectral density becomes

nk=0 =
(4π)3/2(w̄ + δ0 cos(2ωrt))

2

1 + δ20ω
2
r sin(2ωrt)2(w̄ + δ0 cos(2ωrt))2

. (S10)

where the units were chosen such that m = 1. The anal-
ysis of Eq. (S10) explains all the features of the observed
frequency doubling: the numerator has only one maxi-
mum, for 2ωrt = 0 and one minimum for 2ωrt = π, and
produces the expected oscillatory behavior due to peri-
odic compression and expansion of the cloud density.

However, the simple behavior of density oscillations is
modified by the phase contributions of the denominator
in Eq. (S10), see also Eqs. (S2) and (S5). The denomi-
nator in Eq. (S10) has two minima, for 2ωrt = 0 and π,

one in correspondance to the maximum of the numera-
tor the other to the minimum. Therefore the harmonic
approximation is consistent with the appearance of two
maxima of the zero momentum spectral density for each
period T = π/ωr of the breathing oscillations.

Since the equilibrium value of the width w̄ increases
with g, the possibility of having two maxima within one
single breathing period is regulated by the strength of
the interaction, at least in the harmonic approximation.
Indeed, in the limit δ0/w̄ � 1 only the denominator in
(S10) contributes to the zero momentum density, as it is
shown in Fig. S1. In the case δ0 ≈ w̄ the harmonic ap-
proximation is not valid and we cannot employ formula
(S10). Still a more careful analysis shows that the dou-
bling effect is present and it appears already at smaller
interaction strengths.

The comparison between this theoretical picture and
the experimental data is reported in Fig. S1. For small
quenches δ0 = 0.01w̄ and large interactions strength
g ≈ 30 (green curve in panel B) we find rather good
agreement with the measured oscillations of the zero mo-
mentum component in the crossover regime (blue curve in
panel A), consistently with the expectation of fermionic
dynamics being described by GPE on the BEC side of
the crossover.

The variational approach depicted above is consistent
with the scale invariant dynamics observed in 2D and
described in the main text, as long as the position space
Gaussian profile (S2) is replaced with a generic rescaled
many body wave-function Ψ(X/λ(t)), where the time
dependent scale parameter λ obeys the Ermakov-Milne
equation

λ̈+ ω2
rλ =

ω2
r

λ3
, (S11)

with λ = 1 at the beginning of the dynamical evolution.
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Kinetic energy scaling

Here, we estimate the extent of scale invariance break-
ing in the system by considering the evolution of the pair
kinetic energy (T ), which is obtained from the instan-
taneous momentum distributions according to T (t) =
(~2/2m)

∫
n(k, t)k2d2k/(2π)2, where m is the dimer

mass. Specifically, we define the dimensionless param-
eter, which we refer to as the anomalous index

ε =
log(To/λ

2Ti)

log(λ2)
, (S12)

where Ti and To are the kinetic energies at the inner
and outer points. The logarithmic derivative allows to
quantitatively estimate the scaling violation in the ki-
netic energy, independent of the absolute energy scale in
the system. In the scale invariant case, Ti = To/λ

2 and
hence ε = 0, whereas ε 6= 0 in the presence of quan-
tum anomalous corrections which modify the scaling of
kinetic energy, i.e. Ti = To/λ

2 → To/λ
2−2ε.

The measured values of ε across the BEC-BCS
crossover are shown in Fig. 3. We find ε ≈ 0 in the
BEC regime upto ln(kFa2D) ≈ −0.5. In the crossover
regime, the inner kinetic energy is observed to be sig-
nificantly smaller than expected (i.e Ti < To/λ

2), and
therefore ε is positive with a peak value of ε ≈ 0.4 at
ln(kFa2D) ∼ 1.2. For weaker interaction strengths in
the BCS regime(larger ln(kFa2D)), ε shows a declining
trend towards the scale invariant value. Intriguingly, this
regime of scaling violation (ln(kFa2D) ≈ 1) coincides very
closely to region where we previously observed the many-
body pairing in the system [S26] as well as the maximum
shift in the breathing mode frequency [S22].
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