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We investigate themetastable repulsive branch of amobile impurity coupled to a degenerate Fermi gas via
short-range interactions. We show that the quasiparticle lifetime of this repulsive Fermi polaron can be
experimentally probed by driving Rabi oscillations between weakly and strongly interacting impurity states.
Using a time-dependent variational approach, we find that we can accurately model the impurity Rabi
oscillations that were recently measured for repulsive Fermi polarons in both two and three dimensions.
Crucially, our theoretical description does not include relaxation processes to the lower-lying attractive
branch. Thus, the theory-experiment agreement demonstrates that the quasiparticle lifetime is dominated by
many-body dephasing within the upper repulsive branch rather than by relaxation from the upper branch
itself. Our findings shed light on recent experimental observations of persistent repulsive correlations, and
have important consequences for the nature and stability of the strongly repulsive Fermi gas.
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The concept of the quasiparticle is a powerful tool for
describing interacting many-body quantum systems. Most
notably, it forms the basis of Fermi liquid theory [1], a
highly successful phenomenological description of inter-
acting Fermi systems ranging from liquid 3He to electrons
in semiconductors. Here, the underlying particles are
“dressed” by many-body excitations to form weakly
interacting quasiparticles with modified properties such
as a finite lifetime and an effective mass. However, during
the past few decades, many materials have emerged that
defy a conventional explanation within Fermi liquid theory
[2,3]. Therefore, it is important to understand how quasi-
particles can lose their coherence or break down.
Quantum impurities in quantum gases provide an ideal

testbed in which to investigate quasiparticles since the
impurity-medium interactions can be tuned to controllably
create dressed impurity particles or polarons [4]. To date,
there have been a multitude of successful cold-atom
experiments on impurities coupled to Fermi [5–17] and
Bose [18–22] gases, which are termed Fermi and Bose
polarons, respectively. In particular, Fermi-polaron experi-
ments have observed the real-time formation of quasi-
particles [13] and the disappearance of quasiparticles in the
spectral response with increasing temperature [15]. The
Fermi-polaron scenario has even been extended beyond
cold atoms, having recently been realized in charge-tunable
atomically thin semiconductors [23]. While the ground

state of the Fermi polaron (corresponding to the attractive
branch) is generally well understood [24–32], there has
been much debate about the nature of the metastable
repulsive branch [30,33–38], with experiments suggesting
that it can be remarkably long lived for a range of
interactions [7,14,16]. The stability of this branch is
important for realizing Fermi gases with strong repulsive
interactions [4,39–43].
In this Letter, we show that the lifetime of the repulsive

branch itself is typically much longer than the quasiparticle
lifetime, which corresponds to the timescale over which the
repulsive polaron remains a coherent quasiparticle. The
character of the quasiparticle can be probed by driving Rabi
oscillations between different internal states of the impurity
atom (see Fig. 1), where only one of the states strongly
interacts with the surrounding Fermi gas. Previous works
have found that the Rabi frequency Ω provides a sensitive
probe of the quasiparticle residue Z (squared overlap with
the noninteracting impurity state) [7]. Here we demonstrate
that the damping rate of oscillations ΓR is directly linked to
the width of the polaron peak in the spectral function, as
depicted in Fig. 1(b), which corresponds to the inverse
quasiparticle lifetime Γ.
Using a recently developed variational approach [44],

we model the Rabi oscillations for two different Fermi-
polaron experimental setups: a three-dimensional (3D)
6Li gas with a broad Feshbach resonance [14], and a
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quasi-two-dimensional (2D) 173Yb gas [16] with an orbital
Feshbach resonance [45]. We find that we can capture the
Rabi dynamics observed in both experiments, correctly
reproducing both Ω and ΓR even though our approximation
neglects relaxation processes to the lower attractive branch
at negative energies. We furthermore show that the repul-
sive polaron in the weak-coupling limit is essentially
equivalent to the scenario of a discrete state coupled to a
continuum, which differs from the usual Fermi-liquid
scenario. Thus, we conclude that the quasiparticle lifetime
of the repulsive Fermi polaron in two and three dimensions
is primarily limited by many-body dephasing within the
upper repulsive branch while relaxation to the attractive
branch is negligible, in contrast to the prevailing wisdom
(see, e.g., Ref. [4] for a review).
Model.—To model the impurity dynamics in the 3D 6Li

experiment of Ref. [14] and the 2D 173Yb experiment of
Ref. [16], we use a unified notation where the dimension-
ality of momenta and sums are implicit. For clarity, even
though we consider homonuclear systems, we introduce
majority fermion creation operators f̂†k and impurity
creation operators ĉ†k;σ with two different pseudospins σ ¼
↑;↓ (Fig. 1). For a description of the precise relationship to
atomic states in experiments, see the Supplemental
Material [46].
The Hamiltonian we consider consists of four terms:

Ĥ ¼ Ĥ0 þ Ĥ↑ þ Ĥ↓ þ ĤΩ: ð1Þ

The term Ĥ0 ¼
P

kðϵk − μÞf̂†kf̂k describes the medium in
the absence of the impurity. Here, k is the particle
momentum, ϵk ¼ jkj2=2m≡ k2=2m is the kinetic energy,
and m is the mass of both the fermions and the impurity

(we work in units where ℏ and the system volume or area
are set to 1). We use a grand canonical formulation for the
medium, with μ the corresponding chemical poten-
tial [52,53].
The impurity spin-σ terms

Ĥσ ¼
X
k

½ϵkĉ†kσ ĉkσ þ ðϵk=2þ νσÞd̂†kσd̂kσ�

þ gσ
X
k;q

ðd̂†qσ ĉq−kσ f̂k þ f̂†kĉ
†
q−kσd̂qσÞ; ð2Þ

describe the interaction of the impurity and majority
fermions via the coupling into a closed channel with
creation operator d̂†kσ, where we have coupling constant
gσ and closed-channel detuning νσ . Renormalizing the
model enables us to trade the bare parameters of the
model—the detuning, the coupling constant, and an ultra-
violet momentum cutoff—for the physical interaction
parameters which parametrize the 2D and 3D impurity-
majority fermion low-energy scattering amplitudes

f2DσðkÞ ≃
4π

− lnðk2a22DσÞ þ R2
2Dσk

2 þ iπ
; ð3aÞ

f3DσðkÞ ≃
1

−a−13Dσ þ ik
; ð3bÞ

namely the 2D and 3D scattering lengths, a2Dσ and a3Dσ,
and a 2D range parameter R2Dσ [46,54]. The presence of
R2Dσ in Eq. (3a) allows us to model the strongly energy-
dependent scattering close to the 173Yb orbital Feshbach
resonance [45,55,56] in a 2D geometry. Conversely, we can
safely neglect effective range corrections for the broad
resonance, 3D case of 6Li. In what follows, we take the
impurity spin-↑ (spin-↓) state to be strongly (weakly)
interacting with the medium [46], as depicted in Fig. 1.
To simplify notation, we therefore identify a3D ≡ a3D↑,
a2D ≡ a2D↑, and R2D ≡ R2D↑.
The radio frequency [14] or optical [16] fields that

couple the impurities in states ↑ and ↓ are described within
the rotating wave approximation:

ĤΩ ¼ Ω0

2

X
k

ðĉ†k↓ĉk↑ þ ĉ†k↑ĉk↓Þ þ Δω n̂↓: ð4Þ

Here, n̂σ ¼
P

k ðĉ†kσ ĉkσ þ d̂†kσd̂kσÞ is the spin-σ impurity
number operator, Ω0 is the (bare) Rabi coupling, and Δω is
the detuning from the bare ↓ − ↑ transition.
Perturbative analysis.—We can gain insight into the

nature of the repulsive Fermi polaron by analyzing the
quasiparticle peak in the spectrum at weak interactions
and temperature T ¼ 0, such that the polaron is at rest.
Focussing on the 3D case, in the limit kFa3D ≪ 1 the
polaron energy Eþ is given by the mean-field expression

(a)

(b)

FIG. 1. (a) Two pseudospin states (red and green) of an
impurity embedded in a medium (blue) are coupled together
and undergo Rabi oscillations with an effective frequency Ω and
damping rate ΓR. (b) The impurity spectral function of a nearly
free impurity (left) is coupled to that of an impurity that strongly
interacts with the Fermi gas (right). The repulsive polaron peak is
centered at energy Eþ above the molecule-hole continuum and is
characterized by the residue Z (dark green area) and width Γ [35].
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Eþ¼ð4kFa3D=3πÞEFþOða23DÞ [57], where EF¼ðk2F=2mÞ
is the Fermi energy with kF the Fermi momentum. Thus,
the quasiparticle state is pushed up into the continuum of
scattering states that exists above zero energy in the case of
attractive interactions. In particular, by performing a
perturbative analysis [46], we find that the broadening of
the quasiparticle peak [Fig. 1(b)] is dominated by the
coupling to this continuum, such that the leading order
behavior is

Γ ≃
8ðkFa3DÞ4

9π3
EF ≃ 0.029ðkFa3DÞ4EF: ð5Þ

This has two important consequences. First, at orders below
a43D, the quasiparticle behavior is indistinguishable from the
case of truly repulsive interactions, where the lifetime
would be infinite [34,57]. In this regime, the repulsive
polaron is adiabatically connected to the noninteracting
impurity. Second, the contribution to the quasiparticle
width from relaxation to the attractive branch is negligible
in this limit, since it is dominated by three-body recombi-
nation [14] and takes the form Γ3 ≃ 0.025ðkFa3DÞ6EF ≪ Γ
[58]. This illustrates that—within the perturbative regime—
the finite quasiparticle lifetime arises from many-body
dephasing processes that are manifestly distinct from
relaxation to negative-energy states. Moreover, this cannot
be viewed as momentum relaxation like in usual Fermi
liquid theory [1], since we are considering a zero-momen-
tum quasiparticle.
Rabi oscillations as a probe of quasiparticles.—We now

argue that Rabi oscillations provide a sensitive probe of
the repulsive polaron width (or quasiparticle lifetime). We
focus on zero total momentum, since we are interested in
decoherence effects beyond the standard momentum relax-
ation occurring in Fermi liquid theory [1]. At times t ≥ 0,
the impurity population in spin σ is

N σðtÞ ¼ Tr½ρ̂0ĉðtÞn̂σ ĉ†ðtÞ�; ð6Þ

where ĉðtÞ is the impurity operator in theHeisenberg picture.
Here, our initial state ĉðt ¼ 0Þ ¼ ĉ0↓ is chosen such that
N ↓ð0Þ ¼ 1 andN ↑ð0Þ ¼ 0. The trace is over all states of the
medium in the absence of the impurity, and we use the
thermal density matrix ρ̂0 ¼ expð−βĤ0Þ=Tr½expð−βĤ0Þ�
with β≡ 1=T (we set the Boltzmann constant to 1).
Under the assumption that n̂↓ ≃ ĉ†0↓ĉ0↓ (which would be
true for impurities with infinite mass), we find [46]

N ↓ðtÞ ≃
Z

dωdω0Ã↓ðωÞÃ↓ðω0Þe−iðω−ω0Þt; ð7Þ

where Ã↓ðωÞ is the spin-↓ impurity spectral function in the
presence of Rabi coupling. Taking the Rabi oscillations to be
on resonancewith the repulsive quasiparticle, i.e.,Δω ¼ Eþ,
we can furthermore approximate the spin-dependent

impurity Green’s functions in the absence of Rabi coupling
as G↓ðωÞ≃1=ðω−EþþiηÞ and G↑ðωÞ≃Z=ðω−EþþiΓÞ,
where Z is the quasiparticle residue and η is a convergence
factor that implicitly carries the limit η → 0þ. With these
approximations and as long as Γ≲ ffiffiffiffi

Z
p

Ω0, we finally
obtain [46]

N ↓ðtÞ ≃ e−Γt
�
1

2
þ 1

2
cos

�
t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

0Z − Γ2

q ��
: ð8Þ

Equation (8) provides two valuable insights. First, the
Rabi oscillation frequency Ω is related to the residue via
Z ≃ ðΩ2 þ Γ2Þ=Ω2

0, which provides a correction to the
standard approximation of Z ≃ ðΩ=Ω0Þ2 [7]. Second, we
see that the damping of Rabi oscillations is precisely the
quasiparticle width Γ. This key result has been observed in
experiment [14,16] but has previously lacked theoretical
support.
Variational approach.—We now turn to modeling the

experimental Rabi oscillations. We apply the finite-temper-
ature variational approach developed in Ref. [44] in the
context of Ramsey spectroscopy of impurities in a Fermi
sea [13] (see also Ref. [59] for a related zero-temperature
approach). The idea in this truncated basis method (TBM)
is to introduce a time-dependent variational impurity
operator ĉðtÞ ¼ ĉ↑ðtÞ þ ĉ↓ðtÞ that only approximately
satisfies the Heisenberg equation of motion. This allows
us to introduce an error operator ϵ̂ðtÞ≡ i∂tĉðtÞ − ½ĉðtÞ; Ĥ�
and an associated error quantity ΔðtÞ≡ Tr½ρ̂0ϵ̂ðtÞϵ̂†ðtÞ�.
Our variational ansatz for the spin-σ component of the
impurity operator is inspired by the work of Chevy [24] and
corresponds to

ĉσðtÞ¼ασ0ðtÞĉ0σþ
X
k

ασkðtÞf̂†kd̂kσþ
X
k;q

ασkqðtÞf̂†qf̂kĉq−kσ:

ð9Þ

The variational operator consists of three terms: the bare
impurity, the impurity bound to a fermion in a closed-
channel dimer, and the impurity with a particle-hole
excitation. The time dependence is entirely contained
within the variational coefficients fαg, allowing us to
impose the minimization condition ∂ΔðtÞ=∂ _ασ�j ðtÞ ¼ 0.
Since the Rabi coupling is suddenly turned on at t ¼ 0,
we can use the stationary solutions obtained from a set of
linear equations for the expansion coefficients. This follows
Ref. [44] with straightforward modifications due to the two
possible impurity spin states [46].
Following the application of an external driving field, we

obtain the Rabi oscillations within our variational approach
via Eq. (6). We show the resulting Rabi oscillations in
Fig. 2 for a representative set of interaction strengths and
temperatures T=TF in both two and three dimensions,
where the Fermi temperature TF ¼ EF. Here we set the
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detuning to match the theoretical repulsive polaron energy,
with a small shift due to initial state interactions [46]. The
shaded regions illustrate the range of possible results that
can be obtained by varying the detuning within the width of
the repulsive polaron quasiparticle peak [46]. This accounts
for the Rabi oscillations being slightly off resonance in the
experiment due to the nonzero density of impurities, the
density inhomogeneity within the trap, and other technical
limitations.
Figure 2 demonstrates that our variational approach

captures the Rabi oscillations between the bare impurity
and the repulsive polaron in the 2D [16] and 3D [14]
experiments. We note that there is a small positive offset in
the 2Ddata [46], which does not strongly affect the extracted
Rabi parameters. Crucially, our variational ansatz does not
incorporate any processes where the repulsive polaron
decays into the attractive branch, because these involve
additional particle-hole excitations [35] which are neglected
in Eq. (9). Therefore, the consistency between our theoreti-
cal results and the experiments provides strong evidence that
the decoherence in the Rabi oscillations—and hence the
inverse quasiparticle lifetimeΓ—is physically dominated by
the coupling to the continuum at positive energies, rather
than by relaxation to the attractive branch. Given the
fundamental differences between the two experiments
[14,16], we expect this to be a generic feature of the mobile
Fermi polaron with short-range attractive interactions.
Quasiparticle properties.—We can further quantify the

nature of the repulsive polaron by determining the
frequency Ω and damping ΓR of the observed Rabi
oscillations, which can be modeled approximately as [14]:

N ↓ðtÞ ≃ be−Γbgt þ ð1 − bÞe−ΓRt cosðΩtÞ: ð10Þ

Here, b is a dimensionless fitting parameter, while Γbg can
be regarded as a background decay rate of the spin-↓ state.
We see that Eq. (10) reduces to our theoretical expression in
Eq. (8) if we set b ¼ 1=2 and Γbg ¼ ΓR. In practice, we find
that Γbg < ΓR since there are scattering processes that can
populate the spin-↓ state without contributing to the
damping of oscillations, and these are neglected in our
approximation (7).
Using the fit provided in Eq. (10), we extract both Ω and

ΓR from our simulated Rabi oscillations within the TBM
and compare them with the experimental results, as
depicted in Fig. 3. We also show the repulsive polaron
residue Z and inverse quasiparticle lifetime Γ obtained
directly from the impurity Green’s function G↓ðωÞ, where
the impurity self energy is calculated using ladder diagrams
[46]. Such an approach is equivalent to our spin-↓
variational ansatz in Eq. (9) in the absence of Rabi coupling
[44], and similarly it does not include the contribution to
the quasiparticle lifetime due to relaxation from the
repulsive branch to lower lying states.
Referring to Fig. 3, we see that all three methods are in

good agreement with each other for weak to intermediate
interaction strengths. This is particularly evident for ΓR in
Fig. 3(d), where the agreement spans two orders of
magnitude. Here we find that the finite temperature of
the Fermi gas leads to deviations from the perturbative
result in Eq. (5), but the behavior is still markedly different
from the momentum relaxation predicted by Fermi
liquid theory [11]. The observed agreement suggests that

FIG. 2. Rabi oscillations calculated using the TBM (solid lines) and compared with the data (black dots) from the 2D 173Yb experiment
[16] (top row) and the 3D 6Li experiment [14] (bottom row). In the top row, Ω0=EF ≃ 0.95 and T=TF ≃ 0.16 while, from left to right,
lnð1=kFa2DÞ ¼ 0.73,0.57, and 0.25. In the bottom row, Ω0=EF ≃ 0.68 and T=TF ≃ 0.13 while, from left to right, 1=ðkFaÞ ¼ 2.63,1.27,
and 0.22. The shaded regions correspond to the estimated uncertainty in the detuning around the repulsive polaron energy [46]. In the
top row, the data is calculated from the sole measurement of N ↓ðtÞ, and the normalization of each data point to N ↓ðt ¼ 0Þ [46]. We
define the Fermi time τF ≡ 1=EF.
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temperature predominantly affects the many-body dephas-
ing via thermal fluctuations of the medium rather than
through finite impurity momenta. In Fig. 3(a), the slightly
elevated values of ðΩ=Ω0Þ2 compared to the expected
residue Z can be attributed to the strong Rabi driving
(Ω0=EF ≳ 1), such that the oscillation period approaches
the formation time of the polaron.
At stronger repulsive interactions, there are more pro-

nounced deviations as the repulsive polaron quasiparticle
becomes less well defined and the effects of a finite
impurity density in experiments are expected to be more
important [14]. In particular, it becomes increasingly
difficult to extract quasiparticle properties from the Rabi
oscillations once the quasiparticle width Γ is comparable to
Ω, which is consistent with our theoretical analysis in
Eq. (8). This accounts for the suppression of coherent
oscillations in Fig. 2(f) as well as the anomalously low ΓR
obtained from the TBM near unitarity in Fig. 3(d). Our
results suggest that one could better probe the repulsive
polaron quasiparticle lifetime at strong coupling by increas-
ing the Rabi drive Ω0.
Conclusions.—We have investigated the nature of the

repulsive Fermi polaron in two and three dimensions. We
have shown that both the quasiparticle lifetime and the
residue can be probed by driving Rabi oscillations between
weakly and strongly interacting impurity spin states. By
simulating the Rabi oscillations in two fundamentally
different experiments and by performing a perturbative
analysis of the weak-coupling limit, we have demonstrated

that the quasiparticle lifetime is determined by many-body
dephasing within the upper repulsive branch and is thus
typically much shorter than the lifetime of the repulsive
branch itself. Our work provides an important benchmark
for many-body numerical approaches [60] and it opens up
the prospect of exploring a long-lived repulsive Fermi gas
with novel excitations beyond the Fermi liquid paradigm.
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