
environment particle in k above and a hole within the
Fermi sea at q [22]. These two spectral features are recov-
ered in theoretical rf spectra for a finite number of impu-
rities, i.e., a Fermi liquid [15,23]. For our analysis we do
not rely on a theoretical fit to the spectra.

To measure the polaron energy E#, we determine the
peak position of the impurity spectrum as a function of the
local interaction parameter 1=kFa. The data for 5% impu-
rity concentration are shown in Fig. 3(a), along with the
variational upper bound given by the wave function Eq. (1)
[22] and the diagrammatic MC calculation of [13]. As final
state interactions are weak, they can be included as a
simple repulsive mean field shift 4!@2afen"=m , with afe
the scattering length between the final state and the envi-
ronment atoms [24]. Polaron energies have been predicted
via the variational ansatz [5], the T-matrix approach
[9,10,15,16], the 1=N expansion [11], fixed-node MC
[6,12] and diagrammatic MC calculations [13]. With the
exception of the 1=N expansion, these all agree with each
other and with the present experiment to within a few per-
cent. In particular, in the unitary limit where 1=kFa ¼ 0we
find a polaron energy of E# ¼ "0:64ð7Þ"F ð"0:72ð9Þ"FÞ
when state j3i (j1i) serves as the impurity [25]. This agrees
well with the diagrammatic MC calculation, "0:615"F
[14], and the analytical result "0:6156ð2Þ"F [16]. Analy-

sis of experimental density profiles yields a value of
"0:58ð5Þ"F [26].
The relatively large value for E# directly implies that the

normal state, modeled as a Fermi sea of weakly interacting
polarons, is favored over the superfluid state up to a critical
concentration (44%), much higher than that predicted by
mean field theories (4%) [27]. These neglect interactions in
the normal state and therefore imply a polaron binding
energy of zero.
We have so far considered the limit of few impurities. By

increasing their density, we can study the effect of inter-
actions between polarons. In Fig. 3(b) we show that the
quasiparticle peak position depends only weakly on the im-
purity concentration in the unitarity limit. Polarons are thus
weakly interacting quasiparticles, despite the strong inter-
actions between the bare impurity and its environment.
The peak position could be modified due to the effective

mass m % of polarons, larger than the mass of the bare
impurity. Transfer of a moving polaron into the free final
state then requires additional kinetic energy. This leads to
an upshift and a broadening on the order of the Fermi
energy difference between initial and final state,
x2=3"Fð1" m

m %Þ. On resonance, this is 0:04"F for x ¼ 0:1.
The effect could be partially masked by the predicted weak
repulsion between polarons [12] that would downshift the
resonance frequency by "0:02"F for x ¼ 0:1.
The spectral weight of the polaron peak directly gives

the quasiparticle residue Z, a defining parameter of a Fermi
liquid. Experimentally, we determine the area under the
impurity peak that is not matched by the environment’s
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FIG. 3 (color online). Peak position of the impurity spectrum
as a measure of the polaron energy E#. (a) peak position for
various interaction strengths in the limit of low concentration
x ¼ 5ð2Þ% (solid circles). Open circle: Reversed roles of impu-
rity and environment. Dotted line: polaron energy from varia-
tional ansatz Eq. (1) [5], the solid line including weak final state
interactions. Dashed line: Energy of a bare, isolated molecule in
vacuum. Blue dash-dotted line: Mean field limit for the energy of
an impurity atom. Solid (open) diamonds: Diagrammatic MC
energy of the polaron (molecule) [13]. (b) Peak position at
unitarity (1=kFa ¼ 0) as a function of impurity concentration
(solid circles). The line shows the expected peak position,@!p="F ¼ Aþ ð1" m

m %Þx2=3" 6
5Fxþ 4

3! kFafe, using the MC

value A ¼ 0:615 [13], the analytic result m % ¼ 1:2 [16], the
weak repulsion between polarons with F ¼ 0:14 [12] and
weak final state interactions with scattering length afe.
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FIG. 4 (color online). Quasiparticle residue Z as a function of
interaction strength and impurity concentration. The color cod-
ing indicates the magnitude of Z and is an interpolation of the
data points shown in the graph. Open circles: Data points
consistent with zero (Z < 0:03), solid circles: Z > 0:03, the solid
line marking the onset of Z. Blue cross: Critical interaction
strength for the Fermi liquid—molecular BEC transition for x !
0 [12]. Inset: Z as a function of interaction strength in the limit of
low impurity concentration x ¼ 5ð2Þ%. Open circle: Reversed
roles, j1i impurity in j3i environment. The spectrum in the inset
illustrates the determination of Z [22].
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