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We measure radiofrequency (rf) spectra of the homogeneous unitary Fermi gas at temperatures
ranging from the Boltzmann regime through quantum degeneracy and across the superfluid transi-
tion. For all temperatures, a single spectral peak is observed. Its position smoothly evolves from the
bare atomic resonance in the Boltzmann regime to a frequency corresponding to nearly one Fermi
energy at the lowest temperatures. At high temperatures, the peak width reflects the scattering rate
of the atoms, while at low temperatures, the width is set by the size of fermion pairs. Above the
superfluid transition, and approaching the quantum critical regime, the width increases linearly with
temperature, indicating non-Fermi-liquid behavior. From the wings of the rf spectra, we obtain the
contact, quantifying the strength of short-range pair correlations. We find that the contact rapidly
increases as the gas is cooled below the superfluid transition.

PACS numbers: 03.75.Ss, 05.30.Fk, 51.30.+i, 71.18.4+y

Understanding fermion pairing and pair correlations
is of central relevance to strongly interacting Fermi sys-
tems such as nuclei [1, 2], ultracold gases [3-6], lig-
uid 3He [7], high temperature superconductors [8], and
neutron stars [9]. Strong interactions on the order of
the Fermi energy challenge theoretical approaches, es-
pecially methods that predict dynamic properties such
as transport or the spectral response at finite temper-
ature [10]. Atomic Fermi gases at Feshbach resonances
realize a paradigmatic system where the gas becomes
as strongly interacting as allowed by unitarity [3-6, 11].
Here, the system becomes universal, requiring only two
energy scales: the Fermi energy Er and thermal en-
ergy kpT, where kp is the Boltzmann constant and T
is the temperature. The corresponding length scales are
the interparticle spacing Ap =n~/3 and the thermal de
Broglie wavelength Ar =h/+/2mmkgT, where m and n
are the mass and number density of the atoms respec-
tively. When the two energy scales are comparable, the
system enters a quantum critical regime separating the
high temperature Boltzmann gas from the fermionic su-
perfluid [12]. Quantum criticality is often associated with
the absence of quasiparticles [10, 12, 13], spurring a de-
bate on the applicability of Fermi liquid theory to the
degenerate normal fluid below the Fermi temperature
Tr = Er/kp but above the superfluid transition tem-
perature T, ~ 0.167 Tr [14-16]. It has been conjectured
that preformed pairs exist above T, up to a pairing tem-
perature 7™ [3, 5, 11, 17-21].

Radiofrequency (rf) spectroscopy measures the mo-
mentum integrated, occupied spectral function, provid-
ing a powerful tool to study interactions and correlations
in Fermi gases [22-27]. Here, a particle is ejected from
the interacting many-body state and transferred into a
weakly interacting final state. Shifts in rf spectra indi-
cate attractive or repulsive interactions in the gas. At

high temperatures, the width of the rf spectrum reflects
the scattering rate in the gas, while at low temperatures,
the width has been used to infer the pair size of superfluid
fermion pairs [26].

The high frequency tails of the rf spectra are sensitive
to the spectral function at high momenta, and therefore
are governed by short range correlations quantifed by the
contact, which also determines the change of the energy
with respect to the interaction strength [28-30]. From
the momentum distribution within nuclei [1, 2] to the
frequency dependence of the shear viscosity in ultracold
fermionic superfluids [31, 32], the contact is central to
Fermi gases dominated by short-range interactions. Since
the contact is proposed to be sensitive to the superfluid
pairing gap, it could signal a pseudogap regime above
T. [32-35]. Although the temperature dependence of the
contact near T, has been the subject of many theoretical
predictions, a consensus has not been reached [32, 36-38].

Initial studies of unitary Fermi gases using rf spec-
troscopy were affected by inhomogeneous densities in har-
monic traps, yielding doubly-peaked spectra that were
interpreted as observations of the pairing gap [25, 46],
and from the influence of interactions in the final state,
which caused significantly narrower spectra and smaller
shifts than expected [22, 46-48]. Measurements of the
contact, made using both rf [49, 50] and Bragg [51-53]
spectroscopy, were also broadened by inhomogeneous po-
tentials. To avoid trap broadening, tomographic tech-
niques have been used to measure local rf spectra, yield-
ing measurements of the superfluid gap [54], the spectral
function [17, 18], and the contact [55]. A recent advance
has been the creation of uniform box potentials [56-58].
These are ideal for rf spectroscopy and precision measure-
ments of the contact: since the entire cloud is at a con-
stant density, global probes such as rf address all atoms,
and benefit from a stronger signal.
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FIG. 1. (a) Thermal evolution of rf spectra. The Rabi frequency is Qr = 27 x 0.5 kHz and the pulse duration is Tpyise =1 ms.
The solid lines are guides to the eye. (b) Frequency of the peak (E, = —hw) of the rf spectra as a function of temperature
shown as white dots on an intensity plot of the rf response. The grey solid line is a solution to the Cooper problem at nonzero
temperature [39]. (c) The full width at half maximum I' of the rf peak as a function of T/Tr. The black dot-dashed line
I'/Er = 1.24/Tr /T shows the temperature dependence of the width due to scattering in the high-temperature gas [32, 44].
The grey triangles are the corresponding width measurements of a highly spin-imbalanced gas [45]. The horizontal black dotted
line represents the Fourier broadening of 0.1 Er [39]. The vertical dashed red line in both (b) and (c¢) marks the superfluid

transition [14].

In this letter, we report on rf spectroscopy of the ho-
mogeneous unitary Fermi gas in a box potential. A single
peak is observed for all temperatures from the superfluid
regime into the high temperature Boltzmann gas. The
tails of the rf spectra reveal the contact, which shows a
rapid rise as the temperature is reduced below T..

We prepare SLi atoms in two of the three lowest hy-
perfine states [J)=|1) and [1)=]3) at a magnetic field
of 690 G, where interspin interactions are resonant. A
uniform optical box potential with cylindrical symmetry
is loaded with N ~ 10% atoms per spin state (with Fermi
energies Er ~ h x 10 kHz), creating spin-balanced homo-
geneous gases at temperatures ranging from 7/Tr =0.10
to 3.0 [57]. A square rf pulse transfers atoms from state
[{) into state |f) = |2). Final state interactions between
atoms in state |f) and atoms in states |f) and ||) are
small (kpay 0.2, where ay is the scattering length char-
acterizing collisions between atoms in the final and initial
states, and hkp =/2mEF is the Fermi momentum) [26].
After the RF pulse, we measure the atom numbers V|
and Ny in the initial and final states. Within linear re-
sponse, according to Fermi’s Golden Rule, Ny is pro-
portional to the pulse time Tpyse, the square of the

single-particle Rabi frequency (g and an energy density
of states. We thus define a normalized, dimensionless rf
spectrum as I(w) = (N;(w)/N))(Er/hQ% Tpuse) [39, 45].
Due to the scale invariance of the balanced unitary Fermi
gas, this dimensionless function can only depend on T'/Tr
and hw/EF.

For thermometry, we release the cloud from the uni-
form potential into a harmonic trap along one direc-
tion [45]. Since the cloud expands isoenergetically, the
resulting spatial profile after thermalization provides the
energy per particle, which can be related to the reduced
temperature, T/Tr, using a virial relation and the mea-
sured equation of state [14]. To clearly identify the su-
perfluid transition, we measure the pair momentum dis-
tribution by a rapid ramp of the magnetic field to the
molecular side of the Feshbach resonance before releasing
the gas into a harmonic trap for a quarter period [39, 57].

We initially focus on changes in the lineshape for rf fre-
quencies within ~FEp /R of the bare (single-particle) res-
onance (see Fig 1(a)), and follow the changes in the peak
position E, (shown in Fig 1(b)). As the hot spin-balanced
Fermi gas is cooled below the Fermi temperature, the
peak shift decreases from roughly zero for temperatures



T2 Tr, to E,~ —0.8 Er for temperatures below the su-
perfluid transition temperature (see Fig. 1(b)). At high
temperatures, one might naively expect a shift on the
order of E, ~ hnAr/m due to unitarity-limited interac-
tions in the gas. However, there exists both an attrac-
tive and a repulsive energy branch, which are symmetric
about zero at unitarity [59], and when T > Tp, their
contributions to the shift cancel [32, 44, 60]. As to the
interpretation of the peak shift at degenerate tempera-
tures, a solution to the Cooper problem in the presence of
a T > 0 Fermi sea shows that it is energetically favorable
to form pairs when T' < 0.5 TF [39], and the resulting pair
energy agrees qualitatively with the observed shifts (grey
line in Fig. 1(b)). However, it is known that fluctuations
suppress the onset of pair condensation and superfluid-
ity to 0.167(13) T [5, 11, 14, 61]. In a zero-temperature
superfluid, BCS theory would predict a peak shift given
by the pair binding energy Ep = A?/2Er, where A is
the pairing gap [3]. Including Hartree terms is found to
result in an additional shift of the peak [27, 54].

We now turn to the widths, I', defined as the full width
at half maximum of the rf spectra (see Fig. 1(c)). As the
gas is cooled from the Boltzmann regime, the width grad-
ually increases, and attains a maximum of I' = 1.35(5) Ep
near T'=0.44(4) Tr. For temperatures much higher than
Tr, the system is a Boltzmann gas of atoms scattering
with a unitarity limited cross section o ~ A%. Transport
properties and short-range pair correlations are governed
by the scattering rate I' = njo(ve) ~ AingAr/m and a
mean-free path [ = (n;o)~! ~ (nyA2)~1, where n| is the
density of atoms in |}), and (v.e) ~ h/mAr is the ther-
mally averaged relative velocity. This leads to a width
that scales as T' o< 1/+/T, shown as the dot-dashed line
in Fig. 1(c) [32].

As the cloud is cooled below T~ 0.5 T, the width de-
creases linearly with temperature to I' ~ 0.52 Er /h in the
coldest gases measured (7' = 0.10(1) T%). For tempera-
tures below T, we expect the gas to consist of pairs of size
&. The rf spectrum will be broadened by the distribution
of momenta ~ hi/¢ inside each pair, leading to a spread
of possible final kinetic energies h%k?/m ~ h%/mé&? and
a corresponding spectral width A/m&?2. At unitarity and
at T = 0, the pair size is set by the interparticle spacing
Ar [3, 5, 26]. Thus the rf width at low temperatures is
T ~ hnAp/m.

For temperatures above T., it has been suggested
that the normal fluid can be described as a Fermi lig-
uid [15, 62]. This would imply a quadratic relation be-
tween the peak width and the temperature [63], as ob-
served in the widths of the rf spectra of Fermi polarons
at unitarity [45]. However, the measured width of the
spin-balanced Fermi gas changes linearly in tempera-
ture, implying non-Fermi liquid behavior in the normal
fluid. In addition, I' > Egr/h for 0.3<T/Tr <1.2, in-
dicating a breakdown of well-defined quasiparticles over
a large range of temperatures near the quantum critical
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FIG. 2. Rf spectrum at high frequencies. Here, the tem-
perature of the gas is T/Tr =0.10(1), the pulse duration
is Tpuise =1 ms, and the Rabi frequencies are 27 x 536 Hz
(light blue circles), 27 x 1.20 kHz (medium blue triangles),
and 27 x 3.04 kHz (dark blue squares). The black solid line
shows a fit of Eq. 1 to the data, while the grey dashed line
shows the fit neglecting final state interactions. The contact
can be directly obtained from the transfer rate at a fixed de-
tuning of 60 kHz (hw/Er ~ 7.1) (dot-dashed vertical line).
Inset: we vary the pulse time at this fixed detuning, and ex-
tract the initial slope (dashed line) of the exponential satu-
rating fit (solid line). The rf transfer rate obtained from the
initial linear slope is shown as the red diamond in the main
plot. Here, Qr = 27 x 1.18 kHz.

regime [10, 12, 13].

We now consider the rf spectrum at frequencies much
larger than Er/h, where the rf-coupled high-momentum
tails reveal information about the short-range pair cor-
relations between atoms. In a gas with contact interac-
tions, the pair correlation function at short distances is
lim,0(n+(ro +r/2)n (ro —r/2)) = C/(4mr)?. The con-
tact C' connects a number of fundamental relations, in-
dependent of the details of the short-range interaction
potential [28]. In particular, the contact governs the mo-
mentum distribution at large momenta: limy_, o, n(k) =
C/k*. For rf spectroscopy, the density of final states scales
as v/w, and the energy cost to flip a spin at high momenta
is limy_yoo Aiw = hgkz/m. Thus, the number of atoms
transferred by the rf pulse at high frequencies in linear
response is oc C/w3/? [5, 27]. Including final state inter-
actions, the general expression for the rf transfer rate in a
gas with unitarity-limited initial state interactions is [64]:

C 1 Ep\Y?
lim I(w)= == . (1
w—00 ) (NkF> 2v27 (1 + hw/Ey) (ﬁw) @)
where N = N; 4+ N is the total number of

atoms, and the final state molecular binding energy is



E,= hz/ma?c ~ h x 433 kHz ~ 40 EF. Fig. 2 shows a typ-
ical rf spectrum at T/Tp = 0.10, with a fit of Eq. 1 to
data with detunings Aw > 3 Ep, using the dimension-
less contact C' = C/Nkgp as the only free parameter. At
detunings larger than about 10 Er, the data deviates
from a typical w—3/2 tail, and is better described by the
full expression Eq. 1 including final state interactions.
Here, the Rabi frequency was varied across the plot to
ensure small transfers near the peak and a high signal-
to-noise ratio at detunings up to fww/Er = 31. The fit
of Eq. 1 to the data gives a low-temperature contact of
C = 3.07(6), consistent with a quantum Monte-Carlo
result C' = 2.95(10) [65], the Luttinger-Ward (L-W) cal-
culation C' = 3.02 [27], as well as previous measurements
using losses C = 3.1(3) [66] and Bragg spectroscopy
C = 3.06(8) [53].

For a more efficient measurement of the contact across
a range of temperatures, we vary the pulse time at a fixed
detuning of 60 kHz (fw/Er 2 6) that is large compared
to the Fermi energy and temperature. [39]. Deviations
from linear response are observed for transfers as small
as 5% (see inset of Fig. 2). We fit the transfers to an
exponentially saturating function A(1—exp(—Tpulse/T)),
and find the initial linear slope A/7 in order to extract the
contact for each temperature using Eq. 1. This ensures
that every measurement is taken in the linear response
regime.

In Fig. 3(a), we show the temperature dependence of
the contact. As the gas is cooled, the contact shows a
gradual increase down to the superfluid transition T,.
Entering the superfluid transition, the contact rapidly
rises by approximately 15%. The changes in the con-
tact reveal the temperature dependence of short-range
pair correlations in the spin-balanced Fermi gas. At tem-
peratures far above Tr, the contact reflects the inverse
mean free path in the gas 1/ ~ 1/T. At lower temper-
atures, the behavior of the contact is better described
by a third-order virial expansion (see inset of 3(a)) [36].
Near T, predictions of the contact vary considerably. In
the quantum critical regime, a leading-order 1/N cal-
culation (equivalent to a Gaussian pair fluctuation or
Nozieres-Schmitt-Rink method) results in a prediction
C(p = 0,T =~ 0.68 Tr) = 2.34 [10], which is consistent
with our measurement of C(T = 0.65(4) Tr) = 2.29(13).
For temperatures above the superfluid transition, our
data agree well with both a bold diagrammatic Monte
Carlo calculation [38], and, especially near T, the L-W
calculation [32]. The contact rises as the temperature is
decreased below T, a feature captured by the L-W for-
malism, in which the contact is directly sensitive to pair-
ing: C ~ (A/Er)? [27, 33]. While short-range pair cor-
relations do not necessarily signify pairing [35], the rapid
rise of the contact below T, is strongly indicative of an
additional contribution from fermion pairs, as predicted
by L-W. At temperatures T' < T, below the reach of
our experiment, phonons are likely the only remaining
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FIG. 3. The dimensionless contact C/Nkr (a) and conden-
sate fraction No/N (b) of the unitary Fermi gas as a function
of the reduced temperature T'/Tr. Our measurements of the
contact (red points) are compared with a number of theoreti-
cal estimates: Bold-Diagrammatic Monte Carlo (BDMC) [38],
QMC [37], Luttinger-Ward (L-W) [32], Large-N [10], and
Gaussian pair fluctuations (GPF) [36]. Also shown is the ho-
mogeneous contact obtained from the equation of state (ENS-
EOS) [62], from loss rate measurements (ENS-L) [66], and
from rf spectroscopy by the JILA group [18] across a range
of temperatures. The vertical blue dotted lines and light blue
shaded vertical regions mark T./Tr =0.167(13) [14]. The in-
set of (a) shows the contact over a wider range of temperatures
and marks the high-temperature agreement with the 3rd or-
der virial expansion. The error bars account for the statistical
uncertainties in the data.

excitations in the unitary Fermi gas, and are expected
to contribute to the contact by an amount that scales as
T* [67].

In conclusion, rf spectroscopy of the homogeneous uni-
tary Fermi gas reveals strong attractive interactions, the
non-Fermi-liquid nature of excitations in the gas across
the quantum critical regime, and a rapid increase in
short-range pair correlations upon entering the super-
fluid regime. The strong variation with temperature of
the position of the spectral peak may serve as a local
thermometer in future studies of heat transport in ultra-
cold Fermi gases. Furthermore, these measurements of
the contact provide a benchmark for many-body theories
of the unitary Fermi gas. The uniform trap enables direct
access to homogeneous measurements of thermodynamic
quantities, and increases sensitivity to abrupt changes



of those quantities near phase transitions. This could be
particularly useful in the limit of high spin imbalance,
where the nature of impurities suddenly transitions from
Fermi polarons to molecules. [68, 69].

We note that measurements of the temperature de-
pendence of the contact were simultaneously performed
at Swinburne using Bragg spectroscopy. Their data are
in excellent agreement with the present results.
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