
resonance, we perform rf spectroscopy on the impurity
species j3i and on the environment particles in j1i by
transferring atoms into the empty state j2i, accessible to
either hyperfine state. This state is sufficiently weakly
interacting with the initial states to allow a direct interpre-
tation of the resulting spectra [18]. As in previous work,
spectra are spatially resolved and tomographically 3D
reconstructed [19] via an inverse Abel transform, and are
thus local and free from broadening due to density inho-
mogeneities. In addition, phase contrast images yield the
in situ density distribution n", n# and thus the local Fermi
energy !F of the environment atoms and the local impurity
concentration x ¼ n#

n"
. The Rabi frequencies !R for the

impurity and environment rf transitions are measured (on
fully polarized samples) to be identical to within 5%.

Figure 2 shows the observed spectra of the spin-down
impurities and that of the spin-up environment at low local
impurity concentration. The bulk of the environment spec-
trum is found at zero offset, corresponding to the free
(Zeeman plus hyperfine) energy splitting between states
j1i and j2i. However, interactions between impurity and
spin-up particles lead to a spectral contribution that is
shifted: The rf photon must supply additional energy to
transfer a particle out of its attractive environment into the
final, noninteracting state [17]. In Fig. 2(a), impurity and
environment spectra above zero offset exactly overlap,
signaling two-body molecular pairing. The steep threshold
gives the binding energy, the high-frequency wings arise
from molecule dissociation into remnants with nonzero
momentum [17,20,21]. As the attractive interaction is re-
duced, however, a narrow peak appears in the impurity
spectrum that is not matched by the response of the envi-
ronment [Figs. 2(b)–2(d)]. This narrow peak, emerging
from a broad incoherent background, signals the formation
of the Fermi polaron, a long-lived quasiparticle. The nar-
row width and long lifetime are expected: At zero tem-
perature the zero momentum polaron has no phase space
for decay and is stable. At finite kinetic energy or finite
temperature T it may decay into particle-hole excitations
[13], but phase space restrictions due to the spin-up Fermi
sea and conservation laws imply a decay rate / ðT=TFÞ2 $

1% in units of the Fermi energy. Indeed, the width of the
polaron peak is consistent with a delta function within the
experimental resolution, as calibrated by the spectra of
fully polarized clouds. The background is perfectly
matched by the rf spectrum of the environment. This is
expected at high rf energies @! % !F that are probing high
momenta k % kF and thus distances short compared to the
interparticle spacing. Here, an impurity particle will inter-
act with only one environment particle, leading to over-
lapping spectra.
Chevy has provided an instructive variational wave

function [5,9] that captures the essential properties of the
polaron, even on a quantitative level [16] when compared
with Monte Carlo (MC) calculations [6,12,13]:

j"i¼’0j0i#jFSi"þ
X

jqj<kF<jkj
’kqc

y
k"cq"jq'ki#jFSi" (1)

The first part describes a single impurity with a well-
defined wave vector (k# ¼ 0) that is not localized and free
to propagate in the Fermi sea of up spins jFSi". In the
second part the impurity particle recoils off environment
particles that are scattered out of the Fermi sea and leave
holes behind. This describes the dressing of the impurity
with particle-hole excitations. The probability of free
propagation is given by the first, unperturbed part, Z ¼
j’0j2. According to Fermi’s golden rule [11,15,17,22], the
two portions of j"i give rise to two distinct features of the
impurity rf spectrum #ð!Þ (! is the rf offset from the bare
atomic transition):

#ð!Þ ¼ 2"@!2
RZ#ð@!þ E#Þ þ #incð!Þ: (2)

The first part in j"i contributes a coherent narrow quasi-
particle peak to the minority spectrum. Its position is a
direct measure of the polaron energy E#, its integral gives
the quasiparticle residue Z. The particle-hole excitations in
the second part give rise to a broad, incoherent background
#incð!Þ / P

q;kj’qkj2#ð@!' !q'k ' !k þ !q þ E#Þ: The
polaron energy E# is released as the impurity at momentum
q' k is transferred into the final state, leaving behind an
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FIG. 2 (color online). rf spectroscopy on polarons. Shown are spatially resolved, 3D reconstructed rf spectra of the environment
(blue, state j1i) and impurity (red, state j3i) component in a highly imbalanced spin-mixture. (a) Molecular limit; (b),(c) Emergence of
the polaron, a distinct peak exclusively in the minority component. (d) At unitarity, the polaron peak is the dominant feature in the
impurity spectrum, which becomes even more pronounced for 1=kFa < 0 (not shown). For the spectra shown as dashed lines in (d) the
roles of states j1i and j3i are exchanged. The local impurity concentration was x ¼ 5ð2Þ% for all spectra, the interaction strengths
1=kFa were (a) 0.76(2), (b) 0.43(1), (c) 0.20(1), and (d) 0 (unitarity).
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