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• Beyond the single polaron
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Quantum dynamics

Strongly interacting impurity
immersed in a Fermi gast > 0

h (0)| (t)i = ?

• Cold atoms can probe “ultrafast” 
dynamics of Fermi systems t . ~/"F

• Low energies compared to solid state

microseconds ∼100 attoseconds
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Ramsey interferometry
• E.g., 40K impurities in a 6Li Fermi gas

M. Cetina et al., Science 354, 96 (2016) 

40K |3i

40K |2i→ non-interacting

→ tunable interactions

• Measurement of spin populations gives:
N3 �N2

N3 +N2
= �Re

⇥
ei'rfS(t)

⇤
<latexit sha1_base64="EeXYRrmoShAmXs09orfXc7bU4Sg="></latexit>

S(t) = h 0(t)| int(t)i
<latexit sha1_base64="lPLoWlxO3CQgDxV8nRmtrO3Sso8="></latexit>

where
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Dynamics and energy spectrum
• Ramsey response (overlap):

S(t) = h 0(t)| int(t)i = h 0|e�iĤt/~| 0i
<latexit sha1_base64="Bq2m56cK+etUBz+qHXr4M1NR/tI="></latexit>

| 0i = ĉ†0|FSi
<latexit sha1_base64="SgATrl4XhCCT1hIqgzNDMI9t8m0="></latexit>

with non-interacting state

• Expansion in eigenstates:

S(t) = h 0| e�iĤt/~ | 0i =
X

j

|h 0|�ji|2 e�iEjt/~
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Dynamics and energy spectrum
• Ramsey response (overlap):
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with non-interacting state

• Expansion in eigenstates:

S(t) = h 0| e�iĤt/~ | 0i =
X
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• General form of eigenstates:

S(t) =
X

j

|↵0,j |2e�iEjt/~
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• Fourier transform gives spectral function:

6

continuum for a heavy impurity [15].
The behavior of the Ramsey response at times greatly

exceeding ⌧F is determined by the ground state of the im-
purity problem. If the attractive polaron is the ground
state, this implies that there is a well-defined quasipar-
ticle peak of zero width in the impurity spectral func-
tion. Hence, while all contributions to S(t) in Eq. (20)
originating from the higher-lying continuum of states in-
terfere destructively and thus dephase, this single term
becomes dominant. Therefore, in this limit, |S(t)|!Zatt

and �(t) ! Eattt, corresponding to the formation of the
attractive polaron. Since wave functions of the form (16)
provide a good approximation to the residue and energy
of the attractive polaron [27], we therefore expect that
the TBM will accurately describe the long-time behav-
ior of the Ramsey response for su�ciently weak interac-
tion strengths where the attractive polaron is the ground
state.

FIG. 3. (a) Amplitude and (b) phase of the Ramsey signal
(dashed lines) together with the corresponding results from
the approximation Eq. (21) (thin solid lines) for 1/kF a =
0.48 and kFR

⇤ = 1. For these interaction parameters, we
have Zatt ⇡ 0.55 and Zrep ⇡ 0.41 [35]. We have added a
small imaginary part i"F /33 to the repulsive polaron energy
to model the finite quasiparticle lifetime.

B. Spectral function

We now discuss how the dynamical response of the
impurity to an interaction quench is related to the spec-
tral response obtained using inverse rf spectroscopy. In

the latter case, we start with impurities in the non-
interacting spin # state, and then apply an rf pulse that
couples the two impurity spin states, as described by the
Rabi term in the Hamiltonian — see Eq. (8). Assum-
ing a weak pulse, ⌦0 ⌧ "F , such that it can be treated
within linear response theory, the fraction of atoms trans-
ferred is directly proportional to the impurity spectral
function. The protocol is illustrated in Fig. 1(b). The
impurity spectral function has been measured in several
ultracold atom experiments [8, 11, 12]. Theoretically, it
has previously been treated within the renormalization
group [36], in diagrammatic Monte Carlo [34], and within
a T matrix approach [37]. The latter approach includes
two-body correlations in the impurity wave function sys-
tematically, and is equivalent to the TBM calculation of
the spectral function with one particle-hole excitation.
However, the TBM is easier to extend to other types of
impurity dynamics and to higher order correlations, as
we show in Secs. V-VII.

FIG. 4. Illustration of the decomposition of the spectral func-
tion at 1/kF a = kFR

⇤ = 0. The solid line is the convolved
spectral function I(!) according to Eq. (24) with a Gaussian
width of � = 0.15EF (solid) and � = 0.3EF (dashed). The
bars show A(!) calculated according to Eq. (23), where the
eigenvalues have been binned and the height of each bin set
to

P
j2bin | h 0|�ji |

2.

For a perfect quench in the dynamical problem, the
Ramsey response (18) corresponds to the overlap between
the time-evolved interacting and non-interacting states of
the system. The spectral function A(!) is then obtained
from the Fourier transform of S(t) [38]:

A(!) = Re

Z
1

0

dt

⇡
e
i!t

S(t). (22)

This clearly illustrates the close connection between the
energy spectrum and the dynamical response of the sys-
tem to a quench of the system parameters.

Using Eq. (20), we can find an approximate spectral
function within the TBM,

A(!) '
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j
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2
Z
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e
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|↵0,j |2�(! � Ej)
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Energy spectrum
2

strongly interacting many-body systems are rare, and the
(N + 1) problem therefore provides an important testbed for
improving our understanding of more complex states of highly
correlated matter. In particular, the study of the extremely po-
larized case of a single impurity provides accurate informa-
tion for systems that feature a sizable concentration of minor-
ity particles, the impurity limit exhibiting some of the critical
points of the full phase diagram, whose topology we can thus
learn about by investigating highly polarized systems [47].

In this topical review article, we focus on a specific kind
of impurity quasiparticle, termed the repulsive polaron, dis-
cussing experimental and theoretical progress in the under-
standing of its highly non-trivial nature from a cold-atom per-
spective. Originally introduced to characterize the Stoner in-
stability [48] of a gas of itinerant fermions towards a ferro-
magnetic state [3, 49, 50], the repulsive polaron concept is
nowadays generically employed to denote any impurity parti-
cle dressed by strong repulsive interactions with a surround-
ing (either fermionic or bosonic) medium. While for gen-
uine impurity-medium interparticle repulsion, e.g., the one
originating from Coulomb or hard-sphere interaction poten-
tials, the repulsive polaron represents the ground state of the
(N + 1)-system, in the case of van der Waals interactions rel-
evant for cold atomic gases [41] such repulsive quasiparticles
connect to an excited energy branch of the many-body spec-
trum (see Fig. 1). This is due to the fact that any short-ranged
repulsion with a scattering length exceeding the interaction
range inherently requires an underlying weakly-bound molec-
ular level into which the system may decay, thereby making
the repulsive polaron metastable. As a consequence, repul-
sive quasiparticles in ultracold atomic mixtures represent both
a theoretical and experimental challenge, which has stimu-
lated over the last decade an intense debate about the nature of
the repulsive branch, with even its existence being questioned
[51]. On the other hand, this has triggered the rapid devel-
opment of new theoretical methods and experimental probes,
able to trace in real time the quasiparticle formation, decay
and decoherence [22, 28, 37, 46, 52–56].

Here, we provide a concise overview of the recent advances
in this research field. The remainder of the paper is orga-
nized as follows: in Section II, we outline the theoretical ba-
sis for the treatment of single-impurity problems in ultracold
bosonic and fermionic atomic media; in Section III, we in-
troduce the main experimental probes of polaron quasiparti-
cle properties, especially focusing on the metastable repulsive
branch; in Section IV, we discuss the origin of the repulsive
polaron quasiparticle lifetime, reconciling different interpre-
tations for the quasiparticle damping mechanisms found in
the literature; finally, in Section V, we discuss the emergence
of long-range impurity-impurity interactions mediated by the
medium, thereby linking polaron physics to that of bosonic
and fermionic atomic mixtures.

II. FERMI AND BOSE POLARONS

We begin by introducing the problem of a single impurity
in a quantum medium and providing an overview of the basic

F1/(k a)

E/EF

0
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Attractive
 polaron

ǊN > 0
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FIG. 1. Quasiparticle spectrum as a function of interaction strength
1/(kF a). Attractive (green) and repulsive (purple) polaron energy
branches. The shaded area centered around the repulsive polaron en-
ergy represents the quasiparticle spectral width �. For widths com-
parable to its energy, the repulsive polaron ceases to be a well de-
fined coherent quasiparticle (dashed line ending). In the case of a
fermionic medium, the attractive polaron also stops being well de-
fined at sufficiently large 1/(kF a), where it undergoes a sharp tran-
sition to a dressed molecule quasiparticle [57]. On the other hand,
the ground state of the Bose polaron spectrum does not feature a
single-impurity transition. Inset: impurity spectral function A(!) at
zero momentum for ! > 0, i.e. a vertical cut through the repulsive
polaron spectrum at fixed interaction strength. The center of the po-
laron spectral function denotes the polaron energy E, while its half
width at half maximum and area relate to the quasiparticle width �
and residue Z, respectively.

theoretical concepts. Our focus will be on the case of short-
range interactions between the impurity and medium particles,
which is appropriate for dilute quantum gases. For concrete-
ness, we will restrict our attention to three-dimensional (3D)
systems, since this is the situation for most of the cold-atom
experiments that have been performed thus far. However, the
phenomenology of the repulsive polaron branch is similar in
two dimensions [28], and thus our discussion is also relevant
to exciton polarons in atomically thin semiconductors [30].

A. Theoretical description

In this review, we will assume that the medium consists of
identical particles of mass mmed which are in thermal equi-
librium at a temperature T and chemical potential µ. The
medium can, for instance, correspond to an ideal Fermi gas
or a weakly interacting Bose gas. It is governed by a Hamil-
tonian Ĥmed which, in the two cases, is given by either

ĤFermi =
X

k

(✏med
k � µ)f̂†

kf̂k, (1)

• Two quasiparticle branches
• Attractive polaron
• Repulsive polaron

a ! 0�
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• Alternative plot (a > 0 or 2D):
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Coherent dynamics
• Polaron interference when there are 

two well-defined branches 

= |S(t)|e�i�(t)S(t)
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π/2 π/2
↑
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ttrf trf

1/kF a01/kF a0

↑

FIG. 1. Illustration of experimental procedures used to probe
impurities in a Fermi gas. (a) In Ramsey interferometry, the impurities
are initially in the noninteracting |↓〉 state. At time t = 0, they are
in a superposition of |↓〉 and |↑〉 states following a π/2 rf pulse of
duration trf . After a variable time t and a second π/2 rf pulse, the
number of particles, Nσ , in the two impurity spin states is measured as
a function of the phase of the second pulse. The interaction between
the ↑ impurity state and the majority fermions is characterized by
the interaction parameter 1/kF a0 during the rf pulses and 1/kF a

during the evolution time. (b) In inverse rf spectroscopy, the spectral
response of spin ↓ impurities to an rf pulse is measured as a function
of frequency ω relative to the bare ↓ - ↑ transition frequency (vertical
axis).

A. Dynamical response to an interaction quench267

We first consider the scenario where an impurity, initially268

in the noninteracting spin-↓ state, is suddenly coupled to269

an interacting spin-↑ state by an rf pulse. The many-body270

response to a rapidly introduced impurity into the Fermi gas271

can be probed by means of Ramsey interferometry [16,17],272

as illustrated in Fig. 1(a): Following an initial π/2 rf pulse,273

which creates a superposition of the impurity in ↓ and ↑ spin274

states, the system evolves under the interacting Hamiltonian275

for a time t , after which a second π/2 rf pulse is applied.276

For simplicity, in this section we consider a “perfect quench”277

where no interactions take place during the rf pulses, and278

thus at time t = 0 the impurities are in an equal superposition279
1√
2
(|↓〉 + |↑〉). In this case, a measurement of the impurity280

population difference at the end of the Ramsey procedure281

yields [32]282

N↑ − N↓

N↑ + N↓
= −Re[eiϕrf S(t)] + nd, (17)

where ϕrf is the phase of the second rf pulse with respect283

to the first, nd is the fraction of closed channel molecules284

at time t , and we have the overlap between interacting and285

noninteracting states286

S(t) = 〈ψ0(t)|ψint(t)〉 = eiE0t 〈ψ0|e−iĤintt |ψ0〉, (18)

where |ψ0〉 ≡ ĉ
†
0↑|FS〉 and Ĥ0|ψ0〉 = E0|ψ0〉. By varying the287

relative phase ϕrf, one can thus access both the amplitude and288

phase of S(t).289

According to the variational approach outlined in Sec. III A,290

we can determine an approximate Ramsey response S(t) by291

diagonalizing the Hamiltonian within the subspace of wave292

functions of the form (16). In the perfect quench scenario,293

we only need to consider the decoupled spin-up part of the294

Hamiltonian, Ĥint; thus we obtain the set of equations [33] 295

(E − E0)α0 = g
∑

q

αq,

(E − E0)αq = (εq,M − εq + ν)αq + gα0 + g
∑

k

αkq, (19)

(E − E0)αkq = (εq−k,im + εk − εq)αkq + gαq.

Solving these coupled equations yields the set of eigenstates 296

|φj 〉 with corresponding energies Ej . We then obtain for the 297

Ramsey response 298

S(t) (
∑

j

|〈ψ0|φj 〉|2e−i(Ej −E0)t . (20)

This expression has a natural interpretation. Up to a trivial 299

phase, the contribution from the state |φj 〉 rotates at an angular 300

frequency Ej , while the magnitude of the contribution is the 301

squared overlap with the noninteracting ground state, i.e., the 302

residue of j th state: Zj ≡ |〈ψ0|φj 〉|2. 303

The time evolution of the impurity after an interaction 304

quench is clearly intrinsically connected to the structure of 305

its energy spectrum. As we discuss in more detail in Sec. IV B, 306

the spectrum can contain well-defined quasiparticle states (the 307

attractive and repulsive polarons) as well as a broad continuum 308

of many-body states which have a vanishing overlap with 309

the noninteracting system. The interference of these different 310

states is, in general, expected to generate damped coherent 311

oscillations in |S(t)| as a function of time. 312

Figure 2 shows both the amplitude and the phase of 313

S(t) ≡ |S(t)|e−iφ(t) for different values of the interaction and 314

the range parameter. The slope of the phase φ(t) gives an 315

indication of whether the energies in the impurity spectrum are 316

predominantly positive or negative. In general, we observe that 317

the amplitude near t = 0 is characterized by an initial descent 318

that is independent of scattering length and is only sensitive 319

to R∗. The quantum evolution then displays oscillations on 320

a time scale which is set by the Fermi time τF = 1/εF . In 321

panels (c) and (f) and for weak interactions 1/kF a < 0, the 322

dynamics is dominated by the attractive ground-state polaron, 323

while for stronger attraction, the evolution can feature roughly 324

equal contributions from the attractive and repulsive branches 325

of the system, thus leading to pronounced oscillations in |S(t)| 326

and φ(t). 327

To quantify this further, we assume that the attractive and 328

repulsive branches are well-defined polaron quasiparticles, and 329

consider the regime where both of their residues—Zatt and 330

Zrep, respectively—are close to 1/2. We can then analyze the 331

Ramsey response in terms of the interference between the two 332

polarons. Assuming that we can ignore the contribution from 333

the continuum of states, we approximate the Ramsey response 334

by 335

S(t) ( Zatt e−iEattt + Zrep e−iErept , (21)

with Eatt (Erep) the attractive (repulsive) polaron energy with 336

respect to the noninteracting state. As illustrated in Fig. 3, 337

this approximation describes the response—in particular, the 338

period of the beats—very well. Thus, the effect of 1/kF a 339

and kF R∗ on the dynamics may be simply estimated from 340

their effect on the quasiparticle energies and residues. Sharp 341

jumps in the phase accompany the regions where the amplitude 342

004300-4

• Short-time dynamics

S(t) = h 0| e�iĤt/~ | 0i ' 1� it

~ h 0| Ĥ | 0i �
t
2

~2 h 0| Ĥ2 | 0i+ . . .

S(t) = h 0| e�iĤt/~ | 0i ' 1� it

~ h 0| Ĥ | 0i �
t
2

~2 h 0| Ĥ2 | 0i+ . . .

Zatt ⇡ Zrep
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• Non-analytic behaviour due to short-
range interactions

Quantum dynamics of impurities coupled to a Fermi sea

Meera M. Parish and Jesper Levinsen
School of Physics and Astronomy, Monash University, Victoria 3800, Australia.

(Dated: June 3, 2021)

We consider the dynamics of an impurity atom immersed in an ideal Fermi gas at zero temper-
ature. We focus on the coherent quantum evolution of the impurity following a quench to strong
impurity-fermion interactions, where the interactions are assumed to be short range like in cold-
atom experiments. To approximately model the many-body time evolution, we use a truncated
basis method, where at most two particle-hole excitations of the Fermi sea are included. When
the system is initially non-interacting, we show that our method exactly captures the short-time
dynamics following the quench, and we find that the overlap between initial and final states displays
a universal non-analytic dependence on time in this limit. We further demonstrate how our method
can be used to compute the impurity spectral function, as well as describe many-body phenomena
involving coupled impurity spin states, such as Rabi oscillations in a medium or highly engineered
quantum quenches.

I. INTRODUCTION

The coherent evolution of quantum many-body sys-
tems out of equilibrium defines a new frontier in current
research, and is of fundamental importance to a number
of fields, ranging from neutron stars to electronic devices.
In fermionic systems, the investigation of dynamics at the
relevant time scale — the Fermi time ⌧F = ~/"F , with "F

the Fermi energy — has recently become available due
to advances in the field of ultracold atoms. The cold-
atom system possesses a number of unique advantages
over its solid-state counterparts [1]. Most notably, the
parameters of the governing models are precisely known
and can be rapidly changed; the cold-atom system is well
isolated; and the real time observation of coherent many-
body dynamics is experimentally accessible. The Fermi
time is typically in the microsecond range, in stark con-
trast to the solid-state scenario where ⌧F is shorter by
about 10 orders of magnitude due to the much lighter
particles and higher densities. The possibility of prob-
ing the coherent dynamics of ultracold Fermi gases has
stimulated a large theoretical e↵ort to understand inter-
action quenches in the crossover from Bardeen-Cooper-
Schrie↵er (BCS) type superfluidity to a Bose-Einstein
condensate (BEC) of tightly bound pairs [2–4].

A particularly clean realization of coherent dynamics
on the Fermi time scale is a↵orded by population im-
balanced Fermi gases [5–13]. Here, it is possible to in-
vestigate the dynamical response of a many-fermion sys-
tem to the sudden introduction of an impurity. This
response plays a central role in important phenomena
such as the orthogonality catastrophe [14]. A recent ex-
periment employed Ramsey interferometry on heavy 40K
impurity atoms immersed in a 6Li Fermi sea, revealing
both the real-time formation of impurity quasiparticles as
well as the interference between attractive and repulsive
polaron branches [15]. The Ramsey protocol provides a
direct measure of the time-dependent overlap function at
time t [16, 17]

S(t) = h 0| e
iĤ0t

e
�iĤintt | 0i , (1)

where | 0i is the initial non-interacting state of the total
system, t = 0 defines the point where the impurity starts
interacting with the Fermi sea, and Ĥ0 and Ĥint corre-
spond to the Hamiltonians in the absence and presence of
interactions, respectively. As such, Ramsey interferome-
try provides detailed information on the time evolution
of the impurity wave function. Throughout this article,
we focus on the purely quantum evolution at zero tem-
perature, and we work in units where ~, the Boltzmann
constant kB and the volume are all set to 1.

The dynamical response of a strongly interacting quan-
tum many-body system is a challenge to determine the-
oretically since the interactions cannot be treated per-
turbatively. Here, we present a theoretical approach to
determine the coherent impurity dynamics based on trun-
cating the Hilbert space of impurity wave functions at
a fixed number of particle-hole excitations of the Fermi
sea. As we demonstrate, this truncated basis method
(TBM) allows us to capture the Ramsey response exactly
at times t ⌧ ⌧F , where two-body correlations dominate.
We also consider the challenging scenario of an infinitely
heavy (static) impurity, where one has the orthogonality
catastrophe [14], and the overlap in Eq. (1) exhibits a
power-law decay at long times arising from the multiple
low-energy excitations of the Fermi sea. In this case, we
show that the TBM provides results that are essentially
exact to several ⌧F . Hence, the TBM likely provides a
near exact solution up to several ⌧F for coherent impurity
dynamics in the strongly interacting regime, even when
the impurity mass is finite. Furthermore, we argue that
the TBM also captures the long-time Ramsey response in
cases where the attractive polaron [18, 19] is well-defined.

A key result of the present work is the exact short-time
evolution of the Ramsey response, which is dominated by
two-body physics for t ⌧ ⌧F . In the case where the short-
range interaction of the |"i impurity with the Fermi sea
is described by a single parameter, the scattering length
a, the Ramsey response takes the form

S(t) ' 1 �
8e

�i⇡/4(m/mr)3/2

9⇡3/2

✓
t

⌧F

◆ 3
2

. (2)

ar
X

iv
:1

60
8.

00
86

4v
1 

 [c
on

d-
m

at
.q

ua
nt

-g
as

]  
2 

A
ug

 2
01

6

Parish & Levinsen, PRB 94, 184303 (2016)



Ramsey response (Li-K)

Cetina et al., Science 354, 96 (2016)
Liu, Levinsen & Parish, PRL 122, 205301 (2019)

→ Experiment captured by single excitation + temperature



Probing the spectrum

• rf pulse drives transition between non-
interacting & interacting spin states

• Rf spectroscopy

ejection

injection

• Transfer rate gives impurity spectral 
function (momentum-averaged) 



Probing the spectrum

• rf pulse drives transition between non-
interacting & interacting spin states

• Rf spectroscopy

ejection

injection

Iej(!) = e�!e��F Iinj(�!)
<latexit sha1_base64="Z6Bqv8h6eNLZ+Zlyx3YelVvlc3U="></latexit>

Liu, Shi, Levinsen, & Parish, PRL 2020; 
Liu, Shi, Parish, & Levinsen, PRA 2020

=
9>?#<)

@
A! B C 5 C*



Repulsive polaron branch
• Metastable excited quasiparticle

2

strongly interacting many-body systems are rare, and the
(N + 1) problem therefore provides an important testbed for
improving our understanding of more complex states of highly
correlated matter. In particular, the study of the extremely po-
larized case of a single impurity provides accurate informa-
tion for systems that feature a sizable concentration of minor-
ity particles, the impurity limit exhibiting some of the critical
points of the full phase diagram, whose topology we can thus
learn about by investigating highly polarized systems [47].

In this topical review article, we focus on a specific kind
of impurity quasiparticle, termed the repulsive polaron, dis-
cussing experimental and theoretical progress in the under-
standing of its highly non-trivial nature from a cold-atom per-
spective. Originally introduced to characterize the Stoner in-
stability [48] of a gas of itinerant fermions towards a ferro-
magnetic state [3, 49, 50], the repulsive polaron concept is
nowadays generically employed to denote any impurity parti-
cle dressed by strong repulsive interactions with a surround-
ing (either fermionic or bosonic) medium. While for gen-
uine impurity-medium interparticle repulsion, e.g., the one
originating from Coulomb or hard-sphere interaction poten-
tials, the repulsive polaron represents the ground state of the
(N + 1)-system, in the case of van der Waals interactions rel-
evant for cold atomic gases [41] such repulsive quasiparticles
connect to an excited energy branch of the many-body spec-
trum (see Fig. 1). This is due to the fact that any short-ranged
repulsion with a scattering length exceeding the interaction
range inherently requires an underlying weakly-bound molec-
ular level into which the system may decay, thereby making
the repulsive polaron metastable. As a consequence, repul-
sive quasiparticles in ultracold atomic mixtures represent both
a theoretical and experimental challenge, which has stimu-
lated over the last decade an intense debate about the nature of
the repulsive branch, with even its existence being questioned
[51]. On the other hand, this has triggered the rapid devel-
opment of new theoretical methods and experimental probes,
able to trace in real time the quasiparticle formation, decay
and decoherence [22, 28, 37, 46, 52–56].

Here, we provide a concise overview of the recent advances
in this research field. The remainder of the paper is orga-
nized as follows: in Section II, we outline the theoretical ba-
sis for the treatment of single-impurity problems in ultracold
bosonic and fermionic atomic media; in Section III, we in-
troduce the main experimental probes of polaron quasiparti-
cle properties, especially focusing on the metastable repulsive
branch; in Section IV, we discuss the origin of the repulsive
polaron quasiparticle lifetime, reconciling different interpre-
tations for the quasiparticle damping mechanisms found in
the literature; finally, in Section V, we discuss the emergence
of long-range impurity-impurity interactions mediated by the
medium, thereby linking polaron physics to that of bosonic
and fermionic atomic mixtures.

II. FERMI AND BOSE POLARONS

We begin by introducing the problem of a single impurity
in a quantum medium and providing an overview of the basic

F1/(k a)
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FIG. 1. Quasiparticle spectrum as a function of interaction strength
1/(kF a). Attractive (green) and repulsive (purple) polaron energy
branches. The shaded area centered around the repulsive polaron en-
ergy represents the quasiparticle spectral width �. For widths com-
parable to its energy, the repulsive polaron ceases to be a well de-
fined coherent quasiparticle (dashed line ending). In the case of a
fermionic medium, the attractive polaron also stops being well de-
fined at sufficiently large 1/(kF a), where it undergoes a sharp tran-
sition to a dressed molecule quasiparticle [57]. On the other hand,
the ground state of the Bose polaron spectrum does not feature a
single-impurity transition. Inset: impurity spectral function A(!) at
zero momentum for ! > 0, i.e. a vertical cut through the repulsive
polaron spectrum at fixed interaction strength. The center of the po-
laron spectral function denotes the polaron energy E, while its half
width at half maximum and area relate to the quasiparticle width �
and residue Z, respectively.

theoretical concepts. Our focus will be on the case of short-
range interactions between the impurity and medium particles,
which is appropriate for dilute quantum gases. For concrete-
ness, we will restrict our attention to three-dimensional (3D)
systems, since this is the situation for most of the cold-atom
experiments that have been performed thus far. However, the
phenomenology of the repulsive polaron branch is similar in
two dimensions [28], and thus our discussion is also relevant
to exciton polarons in atomically thin semiconductors [30].

A. Theoretical description

In this review, we will assume that the medium consists of
identical particles of mass mmed which are in thermal equi-
librium at a temperature T and chemical potential µ. The
medium can, for instance, correspond to an ideal Fermi gas
or a weakly interacting Bose gas. It is governed by a Hamil-
tonian Ĥmed which, in the two cases, is given by either

ĤFermi =
X

k

(✏med
k � µ)f̂†

kf̂k, (1)

Does the decay into lower 
energy states determine the 
quasiparticle lifetime?
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method (TBM) is to introduce a time-dependent varia-
tional impurity operator ĉ(t) = ĉ"(t) + ĉ#(t) that only
approximately satisfies the Heisenberg equation of mo-
tion. This allows us to introduce an error operator
✏̂(t) ⌘ i@tĉ(t)� [ĉ(t), Ĥ] and an associated error quantity
�(t) ⌘ Tr

⇥
⇢̂0✏̂(t)✏̂†(t)

⇤
. Our variational ansatz for the

spin-� component of the impurity operator is inspired by
the work of Chevy [24] and corresponds to

ĉ�(t)=↵�
0 (t)ĉ0�+

X

k

↵�
k(t)f̂

†
kd̂k�+

X

k,q

↵�
kq(t)f̂

†
qf̂kĉq�k�.

(9)

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 exci-
tation. The time dependence is entirely contained within
the variational coe�cients {↵}, allowing us to impose
the minimization condition @�(t)

�
@↵̇�⇤

j (t) = 0. Since
the Rabi coupling is suddenly turned on at t = 0, we can
use the stationary solutions obtained from a set of lin-
ear equations for the expansion coe�cients. 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 ap-
proach via Eq. (6). We show the resulting Rabi oscil-
lations 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 = EF .
Here we set the detuning to match the theoretical re-
pulsive 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 oscil-
lations being slightly o↵ resonance in experiment due to
the non-zero density of impurities, the density inhomo-
geneity within the trap, and other technical limitations.

Figure 2 demonstrates that our variational approach
captures the Rabi oscillations between the bare impu-
rity and the repulsive polaron in the 2D [16] and 3D [14]
experiments. We note that there is a small positive o↵-
set in the 2D data [46], which does not strongly a↵ect
the extracted Rabi parameters. Crucially, our varia-
tional ansatz does not incorporate any processes where
the repulsive polaron decays into the attractive branch,
because these involve additional particle-hole excita-
tions [35] which are neglected in Eq. (9). Therefore, the
consistency between our theoretical results and the ex-
periments provides strong evidence that the decoherence
in the Rabi oscillations — and hence the inverse quasi-
particle lifetime � — is physically dominated by the cou-
pling to the continuum at positive energies, rather than
by relaxation to the attractive branch. Given the funda-
mental di↵erences between the two experiments [14, 16],

FIG. 3. The extracted frequency (⌦/⌦0)
2 and damping �R

of the Rabi oscillations as determined from the TBM (blue
circles) and in the 2D (a,c) and 3D (b,d) experiments (black
dots). The TBM error bars are derived from the uncertainty
in detuning [46], which tends to increase the oscillation fre-
quency. The extracted Rabi parameters are also compared
with the quasiparticle residue Z ' (⌦/⌦0)

2 (top row) and
quasiparticle inverse lifetime � ' �R (bottom row) obtained
directly from the finite-temperature impurity Green’s func-
tion (green solid line). The TBM simulations are set to
match the experimental parameters [46]. Inset: Data in (d)
plotted on a log-log scale, together with the result of a zero-
temperature Green’s function calculation (green dashed line).

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 ⌦ and damping �R of the observed Rabi oscil-
lations, which can be modelled approximately as [14]:

N#(t) ' be��bgt + (1� b)e��Rt cos(⌦t). (10)

Here, b is a dimensionless fitting parameter, while �bg

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 = 1/2 and �bg = �R. In
practice, we find that �bg < �R since there are scatter-
ing 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 ⌦

and �R 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 � obtained di-
rectly from the impurity Green’s function G#(!), where
the impurity self energy is calculated using ladder dia-
grams [46]. Such an approach is equivalent to our spin-#
variational ansatz in Eq. (9) in the absence of Rabi cou-
pling [44], and similarly it does not include the contribu-
tion to the quasiparticle lifetime due to relaxation from
the repulsive branch to lower lying states.

Adlong, Liu, Scazza, Zaccanti, Oppong, Fölling, 
Parish, & Levinsen, PRL 2020
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quency ⌦ provides a sensitive probe of the quasiparticle
residue Z (squared overlap with the non-interacting im-
purity state) [7]. Here we demonstrate that the damping
rate of oscillations �R 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 �.

Using a recently developed variational approach [44],
we model the Rabi oscillations for two di↵erent Fermi-
polaron experimental setups: a three-dimensional (3D)
6Li gas with a broad Feshbach resonance [14], and a
quasi-two-dimensional (2D) 173Yb gas [16] with an or-
bital Feshbach resonance [45]. We find that we can cap-
ture the Rabi dynamics observed in both experiments,
correctly reproducing both ⌦ and �R even though our
approximation neglects relaxation processes to the lower
attractive branch at negative energies. We furthermore
show that the repulsive polaron in the weak-coupling
limit is essentially equivalent to the scenario of a dis-
crete state coupled to a continuum, which di↵ers 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 con-
trast 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 dimen-
sionality of momenta and sums are implicit. For clarity,
even though we consider homonuclear systems, we intro-
duce majority fermion creation operators f̂†

k and impu-

rity creation operators ĉ†k,� with two di↵erent pseudo-
spins � =", # (Fig. 1). For a description of the precise
relationship to atomic states in experiments, see the Sup-
plemental Material [46].

The Hamiltonian we consider consists of four terms:

Ĥ = Ĥ0 + Ĥ" + Ĥ# + Ĥ⌦. (1)

The term Ĥ0 =
P

k(✏k � µ)f̂†
kf̂k describes the medium

in the absence of the impurity. Here, k is the particle
momentum, ✏k = |k|2/2m ⌘ k2/2m is the kinetic energy,
and m is the mass of both the fermions and the impu-
rity (we work in units where ~ and the system volume
or area are set to 1). We use a grand canonical formula-
tion for the medium, with µ the corresponding chemical
potential [47, 48].

The impurity spin-� terms

Ĥ� =
X

k

h
✏kĉ

†
k� ĉk� + (✏k/2 + ⌫�)d̂

†
k�d̂k�

i

+ g�
X

k,q

⇣
d̂†q� ĉq�k� f̂k + f̂†

kĉ
†
q�k�d̂q�

⌘
, (2)

describe the interaction of the impurity and majority
fermions via the coupling into a closed channel with cre-
ation operator d̂†k�, where we have coupling constant
g� and closed-channel detuning ⌫�. Renormalizing the
model enables us to trade the bare parameters of the
model — the detuning, the coupling constant, and an ul-
traviolet momentum cuto↵ — for the physical interaction
parameters which parameterize the 2D and 3D impurity-
majority fermion low-energy scattering amplitudes

f2D�(k) '
4⇡

� ln(k2a22D�) +R2
2D�k

2 + i⇡
, (3a)

f3D�(k) '
1

�a�1
3D� + ik

, (3b)

namely the 2D and 3D scattering lengths, a2D� and a3D�,
and a 2D range parameter R2D� [46, 49]. The presence of
R2D� in Eq. (3a) allows us to model the strongly energy-
dependent scattering close to the 173Yb orbital Feshbach
resonance [45, 50, 51] in a 2D geometry. Conversely, we
can safely neglect e↵ective 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 cou-

ple the impurities in states " and # are described within
the rotating wave approximation:

Ĥ⌦ =
⌦0

2

X

k

⇣
ĉ†k#ĉk" + ĉ†k"ĉk#

⌘
+�! n̂#. (4)

Here, n̂� =
P

k

⇣
ĉ†k� ĉk� + d̂†k�d̂k�

⌘
is the spin-� impu-

rity number operator, ⌦0 is the (bare) Rabi coupling, and
�! 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 = 0, such that the polaron is at rest.
Focussing on the 3D case, in the limit kFa3D ⌧ 1 the
polaron energy E+ is given by the mean-field expression

E+ = 4kF a3D
3⇡ EF + O(a23D) [52], where EF = k2

F
2m 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

� ' 8(kFa3D)4

9⇡3
EF ' 0.029 (kFa3D)

4EF . (5)

This has two important consequences. First, at orders
below a43D, the quasiparticle behavior is indistinguish-
able from the case of truly repulsive interactions, where

2

quency ⌦ provides a sensitive probe of the quasiparticle
residue Z (squared overlap with the non-interacting im-
purity state) [7]. Here we demonstrate that the damping
rate of oscillations �R 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 �.

Using a recently developed variational approach [44],
we model the Rabi oscillations for two di↵erent Fermi-
polaron experimental setups: a three-dimensional (3D)
6Li gas with a broad Feshbach resonance [14], and a
quasi-two-dimensional (2D) 173Yb gas [16] with an or-
bital Feshbach resonance [45]. We find that we can cap-
ture the Rabi dynamics observed in both experiments,
correctly reproducing both ⌦ and �R even though our
approximation neglects relaxation processes to the lower
attractive branch at negative energies. We furthermore
show that the repulsive polaron in the weak-coupling
limit is essentially equivalent to the scenario of a dis-
crete state coupled to a continuum, which di↵ers 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 con-
trast 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 dimen-
sionality of momenta and sums are implicit. For clarity,
even though we consider homonuclear systems, we intro-
duce majority fermion creation operators f̂†

k and impu-

rity creation operators ĉ†k,� with two di↵erent pseudo-
spins � =", # (Fig. 1). For a description of the precise
relationship to atomic states in experiments, see the Sup-
plemental Material [46].

The Hamiltonian we consider consists of four terms:

Ĥ = Ĥ0 + Ĥ" + Ĥ# + Ĥ⌦. (1)

The term Ĥ0 =
P

k(✏k � µ)f̂†
kf̂k describes the medium

in the absence of the impurity. Here, k is the particle
momentum, ✏k = |k|2/2m ⌘ k2/2m is the kinetic energy,
and m is the mass of both the fermions and the impu-
rity (we work in units where ~ and the system volume
or area are set to 1). We use a grand canonical formula-
tion for the medium, with µ the corresponding chemical
potential [47, 48].

The impurity spin-� terms

Ĥ� =
X

k

h
✏kĉ

†
k� ĉk� + (✏k/2 + ⌫�)d̂

†
k�d̂k�

i

+ g�
X

k,q

⇣
d̂†q� ĉq�k� f̂k + f̂†

kĉ
†
q�k�d̂q�

⌘
, (2)

describe the interaction of the impurity and majority
fermions via the coupling into a closed channel with cre-
ation operator d̂†k�, where we have coupling constant
g� and closed-channel detuning ⌫�. Renormalizing the
model enables us to trade the bare parameters of the
model — the detuning, the coupling constant, and an ul-
traviolet momentum cuto↵ — for the physical interaction
parameters which parameterize the 2D and 3D impurity-
majority fermion low-energy scattering amplitudes

f2D�(k) '
4⇡

� ln(k2a22D�) +R2
2D�k

2 + i⇡
, (3a)

f3D�(k) '
1

�a�1
3D� + ik

, (3b)

namely the 2D and 3D scattering lengths, a2D� and a3D�,
and a 2D range parameter R2D� [46, 49]. The presence of
R2D� in Eq. (3a) allows us to model the strongly energy-
dependent scattering close to the 173Yb orbital Feshbach
resonance [45, 50, 51] in a 2D geometry. Conversely, we
can safely neglect e↵ective 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 cou-

ple the impurities in states " and # are described within
the rotating wave approximation:

Ĥ⌦ =
⌦0

2

X

k

⇣
ĉ†k#ĉk" + ĉ†k"ĉk#

⌘
+�! n̂#. (4)

Here, n̂� =
P

k

⇣
ĉ†k� ĉk� + d̂†k�d̂k�

⌘
is the spin-� impu-

rity number operator, ⌦0 is the (bare) Rabi coupling, and
�! 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 = 0, such that the polaron is at rest.
Focussing on the 3D case, in the limit kFa3D ⌧ 1 the
polaron energy E+ is given by the mean-field expression

E+ = 4kF a3D
3⇡ EF + O(a23D) [52], where EF = k2

F
2m 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

� ' 8(kFa3D)4

9⇡3
EF ' 0.029 (kFa3D)

4EF . (5)

This has two important consequences. First, at orders
below a43D, the quasiparticle behavior is indistinguish-
able from the case of truly repulsive interactions, where

kFa

E/
E F
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quency ⌦ provides a sensitive probe of the quasiparticle
residue Z (squared overlap with the non-interacting im-
purity state) [7]. Here we demonstrate that the damping
rate of oscillations �R 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 �.

Using a recently developed variational approach [44],
we model the Rabi oscillations for two di↵erent Fermi-
polaron experimental setups: a three-dimensional (3D)
6Li gas with a broad Feshbach resonance [14], and a
quasi-two-dimensional (2D) 173Yb gas [16] with an or-
bital Feshbach resonance [45]. We find that we can cap-
ture the Rabi dynamics observed in both experiments,
correctly reproducing both ⌦ and �R even though our
approximation neglects relaxation processes to the lower
attractive branch at negative energies. We furthermore
show that the repulsive polaron in the weak-coupling
limit is essentially equivalent to the scenario of a dis-
crete state coupled to a continuum, which di↵ers 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 con-
trast 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 dimen-
sionality of momenta and sums are implicit. For clarity,
even though we consider homonuclear systems, we intro-
duce majority fermion creation operators f̂†

k and impu-

rity creation operators ĉ†k,� with two di↵erent pseudo-
spins � =", # (Fig. 1). For a description of the precise
relationship to atomic states in experiments, see the Sup-
plemental Material [46].

The Hamiltonian we consider consists of four terms:

Ĥ = Ĥ0 + Ĥ" + Ĥ# + Ĥ⌦. (1)

The term Ĥ0 =
P

k(✏k � µ)f̂†
kf̂k describes the medium

in the absence of the impurity. Here, k is the particle
momentum, ✏k = |k|2/2m ⌘ k2/2m is the kinetic energy,
and m is the mass of both the fermions and the impu-
rity (we work in units where ~ and the system volume
or area are set to 1). We use a grand canonical formula-
tion for the medium, with µ the corresponding chemical
potential [47, 48].

The impurity spin-� terms
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describe the interaction of the impurity and majority
fermions via the coupling into a closed channel with cre-
ation operator d̂†k�, where we have coupling constant
g� and closed-channel detuning ⌫�. Renormalizing the
model enables us to trade the bare parameters of the
model — the detuning, the coupling constant, and an ul-
traviolet momentum cuto↵ — for the physical interaction
parameters which parameterize the 2D and 3D impurity-
majority fermion low-energy scattering amplitudes
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namely the 2D and 3D scattering lengths, a2D� and a3D�,
and a 2D range parameter R2D� [46, 49]. The presence of
R2D� in Eq. (3a) allows us to model the strongly energy-
dependent scattering close to the 173Yb orbital Feshbach
resonance [45, 50, 51] in a 2D geometry. Conversely, we
can safely neglect e↵ective 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 cou-

ple the impurities in states " and # are described within
the rotating wave approximation:
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is the spin-� impu-

rity number operator, ⌦0 is the (bare) Rabi coupling, and
�! 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 = 0, such that the polaron is at rest.
Focussing on the 3D case, in the limit kFa3D ⌧ 1 the
polaron energy E+ is given by the mean-field expression

E+ = 4kF a3D
3⇡ EF + O(a23D) [52], where EF = k2

F
2m 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

� ' 8(kFa3D)4
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This has two important consequences. First, at orders
below a43D, the quasiparticle behavior is indistinguish-
able from the case of truly repulsive interactions, where

2
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d̂†q� ĉq�k� f̂k + f̂†

kĉ
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This has two important consequences. First, at orders
below a43D, the quasiparticle behavior is indistinguish-
able from the case of truly repulsive interactions, where
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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, ⌦0/EF ' 0.95 and T/TF ' 0.16 while,
from left to right, ln(1/kF a2D) = 0.73, 0.57, and 0.25. In the bottom row, ⌦0/EF ' 0.68 and T/TF ' 0.13 while, from left to
right, 1/(kF a) = 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#(t), and the normalization
of each data point to N#(t = 0) [46]. We define the Fermi time ⌧F ⌘ 1/EF .

the lifetime would be infinite [34, 52]. In this regime,
the repulsive polaron is adiabatically connected to the
non-interacting 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 recombination [14] and takes the form
�3 ' 0.025(kFa3D)6EF ⌧ � [53]. 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-momentum 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 e↵ects beyond the standard momentum
relaxation occurring in Fermi liquid theory [1]. At times
t � 0, the impurity population in spin � is

N�(t) = Tr[⇢̂0ĉ(t)n̂� ĉ
†(t)], (6)

where ĉ(t) is the impurity operator in the Heisenberg
picture. Here, our initial state ĉ(t = 0) = ĉ0# is cho-
sen such that N#(0) = 1 and N"(0) = 0. The trace
is over all states of the medium in the absence of the
impurity, and we use the thermal density matrix ⇢̂0 =
exp(��Ĥ0)/Tr[exp(��Ĥ0)] with � ⌘ 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#(t) '
Z

d!d!0 Ã#(!)Ã#(!
0)e�i(!�!0)t, (7)

where Ã#(!) is the spin-# impurity spectral function in
the presence of Rabi coupling. Taking the Rabi oscil-
lations to be on resonance with the repulsive quasipar-
ticle, i.e., �! = E+, we can furthermore approximate
the spin-dependent impurity Green’s functions in the ab-
sence of Rabi coupling as G#(!) ' 1/(! � E+ + i⌘) and
G"(!) ' Z/(! � E+ + i�), where Z is the quasiparticle
residue and ⌘ is a convergence factor that implicitly car-
ries the limit ⌘ ! 0+. With these approximations and
as long as � .

p
Z⌦0, we finally obtain [46]

N#(t) ' e��t


1

2
+

1

2
cos

✓
t
q
⌦2

0Z � �2

◆�
. (8)

Equation (8) provides two valuable insights. First, the
Rabi oscillation frequency ⌦ is related to the residue via
Z ' (⌦2 + �2)/⌦2

0, which provides a correction to the
standard approximation of Z ' (⌦/⌦0)2 [7]. Second, we
see that the damping of Rabi oscillations is precisely the
quasiparticle width �. This key result has been observed
in experiment [14, 16] but has previously lacked theoret-
ical support.
Variational approach.— We now turn to modelling

the experimental Rabi oscillations. We apply the finite-
temperature variational approach developed in Ref. [44]
in the context of Ramsey spectroscopy of impurities in
a Fermi sea [13] (see also Ref. [54] for a related zero-
temperature approach). The idea in this truncated basis
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Lecture summary

• Cold-atom experiments can probe 
ultrafast coherent dynamics of fermionic 
systems
• Universal short-time dynamics
• Interference between branches

• Relationship between injection and 
ejection rf spectra at non-zero T

• Repulsive polaron lifetime dominated by 
many-body dephasing
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