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FIG. 3: Single-particle excitation spectra obtained us-
ing photoemission spectroscopy for ultracold atoms.
Plotted are intensity maps (independently scaled for each
plot) of the number of atoms out coupled to a weakly-
interacting spin state as a function of the single-particle en-
ergy Es and wave vector k. The black lines are the expected
dispersion curve for an ideal Fermi gas. The white points
(*) mark the center of each fixed energy distribution curve.
a Data for a very weakly-interacting Fermi gas. The Fermi
wave vector k0

F is 8.6 ± 0.3 µm−1. b Data for a strongly in-
teracting Fermi gas 1/k0

F a = 0 and T ≈ Tc. The white line is
a fit of the centers to a BCS-like dispersion. c Data for a gas
on the BEC side of the resonance where 1/k0

F a ≈ 1 and the
measured two-body binding energy is h · (25 ± 2 kHz). We
attribute the upper feature to unpaired atoms and the lower
feature to molecules. The white line is a fit to the centers
using a quadratic dispersion.

troscopy on the strongly interacting gas we extract the
intensity map shown in Fig. 3b. The interactions lower
the overall energy and flatten the dispersion curve. In
addition, the energy width is broadened well beyond our
energy resolution.

There is now a wide consensus that interpretation of
previous rf spectroscopy measurements [3, 16, 17] in
terms of a pairing gap is a difficult problem that is
still unsolved theoretically [27]. The photoemission spec-
troscopy technique presented here directly measures the
occupied single-particle density of states and is there-
fore well-suited for measuring pairing gaps. In BCS the-
ory the gap vanishes at Tc; however, in the BCS-BEC
crossover a pseudogap due to preformed pairs is pre-
dicted to exist above Tc [11, 28]. Perali et al. calculated
the spectral function for a homogeneous Fermi gas near
Tc and found that the peaks of the spectral function fit
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FIG. 4: Energy distribution curves for a strongly inter-
acting Fermi gas. We plot the intensity for selected values
of k. Each curve is the average for seven neighboring values
of k in Fig. 3b. The data have been smoothed with a 1.5 kHz
wide filter.

almost exactly to a “BCS-like” dispersion curve where
the BCS gap was replaced by the pseudogap [11]. As
a first step to analyzing our data, we fit the centers of
the intensity at each value of k to this BCS-like disper-
sion curve [11], Es = µ′ −

√

(εk − µ′)2 +∆2. Here, the
fitting parameters are the renormalized chemical poten-
tial µ′ and the pseudogap ∆. The best fit, shown as the
white curve in Fig. 3b, gives µ′ = h · (12.6±0.7 kHz) and
∆ = h·(9.5±0.6 kHz). In Fig. 14 of Ref. [11], Perali et al.

also plot an example of predicted spectral functions for
a few values of wave vector k. To facilitate comparison
with theory, in Fig. 4 we show measured energy distri-
bution curves (EDCs) for select values of k. It should be
noted that in all trapped gas experiments, the density is
inhomogeneous and the pairing gap will depend on the
local Fermi energy. Therefore, our data should eventu-
ally be compared with a theory that includes the effect
of the trapping potential through, for example, a local
density approximation. Finally, we note that we have
performed photoemission spectroscopy for a gas cooled
below Tc (initial T/TF = 0.10) and found that the data
is qualitatively very similar to that in Fig. 3b.

Far on the BEC side of the resonance, for 1/k0
F a " 1,

the pairing gap eventually becomes a two-body binding
rather than a many-body effect that depends on the local
Fermi energy. We measure the excitation spectrum for
the Fermi gas at 1/k0

F a ≈ 1 where the molecule binding
energy measured for a low density gas is h · (25± 2 kHz).
We observe two prominent features, see Fig. 3c. The first
feature is narrow in energy, starts at zero energy, and
follows the quadratic dispersion expected for free atoms
(black line). We attribute this feature to unpaired atoms,
which may be out of chemical equilibrium with the pairs.
The second feature is very broad in energy, is shifted to


