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We investigate the impurity problem of a highly polarized Fermi gas with periodically modulated atom-atom
interactions. We find that generalized time-periodic Floquet polaron and molecule emerge as quasistationary
quasiparticle states of the system, which exhibit peculiar features distinct from those in a static system. Even
in the high-frequency limit, the periodic driving can renormalize the scattering length of the static (effec-
tive) Hamiltonian and thus modify the polaron-to-molecule transition. Remarkably, due to the folding of the
quasienergy of the Floquet states in the Floquet Brillouin zone, unusual energy-level crossings beyond the
conventional polaron-to-molecule transition occur. In particular, when the driving frequency is in resonance
with the quasienergy difference, both branches of the Floquet polaron can intersect with the molecular state or
even themselves under weak driving. The unique physics of these Floquet impurity states is further characterized
and elucidated by the experimentally measurable spectral functions and the radio-frequency spectra. Our results
pave a way to explore the intriguing nonequililbrium impurity physics beyond a static system via “Floquet

engineering.”

DOI: 10.1103/gkw6-sb9q

I. INTRODUCTION

The polaron [1,2], known as a quasiparticle emerging from
the interaction between a moving impurity and the quantum
environment, plays a fundamental role toward the under-
standing of intriguing but complicated many-body physics
[3-5]. In the diverse realizations of polaron-type states [6,7],
the ultracold quantum gases [8,9], being of high control-
lability and extreme cleanness, provide an ideal platform
to study the polaron and related impurity physics [10-13].
Significant advances include the Fermi polaron [14-21]
and its observations in ultracold Fermi gases [22-28], the
Bose polarons in bosonic gases [29-36], and the polaron-to-
molecule transitions [17,22,27,37-40], which can be readily
addressed by tuning, e.g., the atom-atom interaction be-
tween the impurity and its environment via Feshbach
resonance [41].

In recent years, the periodically driven quantum systems,
whose stroboscopic dynamics can be described by time-
independent Hamiltonians [42-44], are widely utilized to
engineer exotic Hamiltonians [45,46] and nontrivial quantum
matter states [47-49] beyond a static systems. For exam-
ple, the density-dependent tunnelings [50,51] and synthetic
gauge fields [52-57], anomalous Floquet topological phases
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[58-64], and discrete-time crystals [65-70] can be imple-
mented by the so-called “Floquet engineering.” One thus
could expect that the impurity problem would also be sig-
nificantly influenced in a periodically driven system. On one
hand, the periodic driving may renormalize the parameters
of the static Floquet Hamiltonian [51] and thus affect the
underlying impurity physics. On the other hand, nontrivial
generalized time-dependent Floquet impurity states beyond
the static counterparts may appear. These interesting issues,
however, have not ever been studied so far.

To reveal the unique impurity physics in the periodi-
cally driven systems, in this work, we consider a highly
polarized two-component Fermi gas with a periodically mod-
ulated contact interaction between the impurity atom and the
majority atoms. We find that the periodic driving can dramat-
ically change the impurity states, giving rise to remarkable
Floquet polaron and molecular states with unique features
beyond static system. In the high-frequency limit (HFL),
the system can be described by a static Hamiltonian with
effective s-wave scattering length aer = aoy/1 — (ai/ap)?,
suggesting that the usual polaron-to-molecule transition in
the Bose-Einstein condensate (BEC) side (ay > 0) can be
addressed by increasing the driving strength a;. However,
for a finite but large driving frequency, generalized time-
periodic Floquet polaron and molecular states are developed,
with the quasienergy levels being folded and intersecting
in the Floquet Brillouin zone. Remarkably, unprecedented
energy-level crossings may appear even for a weak driving
field when the driving frequency is in resonance with the
quasienergy difference between two impurity states. The un-
derlying physics is further characterized and elucidated by
the spectral functions and the radio-frequency (rf) spectra of
the Floquet polaron and molecule, which can be measured
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in experiments. Our research opens an avenue to study the
exotic Floquet-engineered impurity physics as well as the
unconventional quasistationary many-body states beyond a
static system.

II. THE MODEL

We consider a single fermionic impurity atom (labeled as
o =) immersed in a Fermi sea formed by N atoms (labeled
as o = 1), with a periodical modulating s-wave interaction be-
tween the impurity and the majority atoms. In the momentum
space, the Hamiltonian of the system is given by
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Here, éia (Cko) creates (annihilates) a Fermi atom of spin

o with momentum K. ey = ey = ;;2_[‘122 = ¢ denote the en-
ergy dispersions, which are considered to be degenerate
for both components with equal mass M. g(¢t) describes
a time-dependent contact interaction, which relates to the
time-dependent s-wave scattenng length ag(t) via the renor-

1 M M
malization relation W = TRa0 v K Zék = miam

%, with A being the momentum cutoff [71]. For a peri-
odical modulation, we have g(t + T) = g(¢),i.e.,a,(t + T) =
a,(t), with T the period. In experiments, such an a,(#) can be
achieved by tuning, e.g., the magnetic field B(t) [50,72,73]
via the Feshbach resonance. Without loss of generality, we
consider a single-mode modulation of frequency 2 = 2 ,
i.e., ag(t) = ag + a; cos(2t), where ap and a; characterlze
the static and time-dependent components of the scattering
length, respectively.

III. FLOQUET POLARON

We generalize the Chevy’s ansatz [14] for a Fermi polaron
state with center-of-mass (c.m.) momentum Q to a time-
dependent case, with the form of

P(t)q=e"5""/" [dm(r)égl +y ¢kq<r>ég_k+qlé.;éq¢} IN).
kq
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Here, ¢o(t) = ¢o(t +T) and ¢yq(t) = ¢uq(t +T) are the
time-periodic amplitudes for the bare impurity and particle-
hole dressing, respectively, satisfying the normalization
condition —fo dt{|¢o|*> + qu ¢kq| } = 1. |N) denotes the
Fermi sea formed by N atoms of spin 1, and the summations
over k and q are limited to |k| > kg (particle) and |q| < kp
(hole), where kr = |Kp|, with kr being the Fermi wave vector.
Ep is the quasienergy of such Floquet state defined in a Floquet
Brillouin zone (FBZ) with the energy interval spanned by 7€2.

Expanding ¢o(t) = Y, ¢ exp(int) and  ¢iq(t) =
>, ¢(") exp(in€2t) (n € Z), and substituting them into the
Schrédinger equation ih%|P(t)) =H (®)|P(t)), we obtain
a couple of recursion equations for the time-independent

coefficients {¢(§"), ¢(")} which are
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(Ep — nhQ — Ekq)¢<">

(m)
; g

= €kt + €Q-ktq, —€qt  and g™ =

T fOT g(t)e™™¥dt, which for a; < |ag| are given by
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sgn(ag) = 1 (—1) for ap > 0 (< 0). We have kept A explic-
itly, which is taken to infinity afterward. Notice that while
g™ retains an explicit dependence on A, the final results
are convergent and independent of A (see the Supplemental
Material [74] for details). After a tedious but straightforward
derivation, we obtain the following equation (see the Supple-
mental Material [74] for more details):

-1
N R R
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(6)
where | - - - | denotes the determinant of “- - -, [ is the identity
matrix, and
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Notice that for a; = 0, we have g""#? = 0 and thus a diagonal
P, from which Eq. (6) reduces to the familiar result of a static
Fermi polaron [14,17]. However, for a; # 0, g™ would mix
the different frequency components in the Floquet space via
m-“photon” processes [45], giving rise to unique physics of
the Floquet polaron state.

Numerically solving Eq. (6) in a truncated Floquet space
[74], one can obtain the quasienergy of the Floquet polaron,
which as a function of the dimensionless driving strength
ay /ay is shown in Fig. 1(a). In general, there are two branches
of the Floquet polaron state, labeled as EF. which can be
viewed as the periodical generalization of the usual “repul-
sive” and “attractive” polarons of the static system at a; = 0.
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FIG. 1. The evolutions of the two quasienergy branches of the
Floquet Polaron (£) [panel (a)] and the time-averaged quasiparticle
residue Z [panel (c)] and effective mass m* [panel (d)] of the &
branch with respect to the dimensionless driving strength a;/a, for
the HFL (blue solid lines) and 2/Er = 5 (red dashed lines). The
effective scattering length a.¢/ap in the HFL is plotted in panel (b).
Here, (kpay)™' = 1.

Here, for convenience, we have chosen the FBZ such that the
static limit is continuously approached.

In the high-frequency limit, i.e., Q/Er — oo, the high-
frequency components in Eq. (1) can be neglected and
the system is well captured by a static Hamiltonian de-
scribed by g® [74], with an effective scattering length @y =
sgn(ap),/aj — a} shown in Fig. 1(b). This coincides with the
Floquet scattering theory [75] and is different from the per-
turbative result [72,73], where g@ is solely given by a( and
thus not affected by the driving in the HFL. As a result, the
quasienergy Ep decreases (increases) with the driving strength
a; in the BEC Bardeen-Cooper-Schrieffer (BCS) side with
ap > 0 (ap < 0); see the solid lines in Fig. 1(a) (not shown).
However, for a finite but large €2, different frequency compo-
nents in the Floquet space couple to each other by exchanging
photons, which renormalizes the polaron states with lower
energies [the dashed lines in Fig. 1(a)]. We would notice here
that in the static limit, the energy difference A = & (a) =
0) — & (a; = 0) of two Floquet polarons is quite large and
thus well separated. However, in the resonant regime, i.e.,
A ~nQ2 (neZ), as we will see in the following, the two
Floquet polarons are comparable to each other by absorbing
or releasing photon(s), giving rise to unusual energy-level
crossings even for a weak driving strength.

The properties of the Floquet polaron are further revealed

by the effective mass m* = 2( aé{’ )IQ—O and the time-averaged

T fo Z,dt,
= |¢o(t)|? being the temporal residue. Physically, the

quasiparticle residue Z, which is defined as Z =
with Z,

time-averaged (in a cycle) quantity defines the correspon-
dence in the time-independent Floquet Hamiltonian, which
naturally reduces to the results in the static limit [22,23].
Taking the &, branch as an example shown in Figs. 1(c)
and 1(d), we find that Z decreases while m* increases with
ay/ag. Moreover, away from the HFL (solid lines), the Floquet
polaron for a finite driving frequency has an even smaller Z
and a larger m* (dashed lines). This suggests that compared to
the static limit, the periodical modulation of the interactions
tends to enhance the particle-hole fluctuations, which may
drive the transition to a (Floquet) molecule-type state.

IV. FLOQUET MOLECULE

Analogously to the Floquet polaron, the molecular state
with one particle-hole excitation in the presence of periodic
driving can be constructed as

Myn(0)g =e " [ PRGN
k

] NI AT At
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where &y is the quasienergy of the Floquet molecule with
c.m. momentum Q. Here, Y (1) = Y (t + T) and Yo q(t) =
Yiwq(t +T) are the time-periodic amplitudes for the bare
impurity-majority pair and those of particle-hole dressing,
respectively. By writing Y1) =), 1//(") it Viaq(t) =
Do w]?l? ¢™¥ and following procedures as those of the Flo-
quet polaron, we can derive the recursion equations for
{lﬂ(") wéﬁ) }, which are
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with Eyx = €kt 1+ €Q—k| and Ekk’q = €Q+q-k—-k'| T €kt T+
€x4 — €q¢- In general, one needs to solve a couple of integral
equations in the extended Floquet space to obtain &y (see the
Supplemental Material [74] for more details), which for a bare
molecule, i.e., Yiwq = 0, can be simplified to the following
equation:

S
I—VXk:p(eM—eM—eQ_M) =0 (10)

Figure 2(a) shows the quasienergies of the bare Floquet
molecular state &y and that with a particle-hole dressing Ev,,
with respect to the driving strength a;/ag for Q = 0. Similar
to the behavior of &p, both & and EMph decrease with a;/ag
in the HFL (solid lines) and become even lower for a finite
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FIG. 2. (a) The quasienergies of the bare Floquet molecule &y
(blue) and that with one particle-hole excitation SMph (red) as a func-
tion of the dimensionless driving amplitude a; /ay with (krag)™' = 1
for the HFL (solid lines) and 2/Er = 5 (dashed lines). (b) The phase
boundary between the polaron (P) and molecule (M) states of the
effective model in the HFL (blue solid lines). In comparison, the red
dashed (2/Er = 5) and green dash-dotted (2/Er = 10) lines label
the energy crossing point between Floquet polaron (£};) and Floquet
molecule with one particle-hole excitation (5Mph) of dimensionless
driving strength a; /ay.

2 (dashed lines). It is well known that in the static limit, a
polaron-to-molecule transition happens at &y, = &, for suf-
ficient ap > 0 [15]. An important consequence of the periodic
modulation is that such energy crossing point can be achieved
by varying the driving strength, depicted in Fig. 2(b). In the
HFL, as acp = agy/1 — (a1/ap)?, the crossing point of two
states described by the effective model moves to the polaron
side with the increase of a; /ay. Such tendency becomes more
significant when away from the HFL [see the green and red
lines in Fig. 2(b)]. Compared to the static case, the transition
between the Floquet polaron and molecule remains first order
and discontinuous. The main difference is that in the Floquet
system such transition is of dynamical type rather than the
equilibrium one.

The periodically modulated interaction can not only renor-
malize the scattering length and thus the quasienergies of the
above Floquet impurity states, but also lead to the folding of
quasienergy spectrum in the FBZ. Such unique feature may
have significant effects especially when the driving frequency
Q2 is in resonance with the quasienergy difference between two
Floquet impurity states, e.g., A ~ n<2 (n € Z). In Fig. 3, we
show a typical configuration of the quasienergy spectra of the
Floquet impurity states in such a regime with Q/Ep = 1.3.
For the chosen parameters, A &~ 2.56EF, which is close to
2Q = 2.6EF, and both Floquet polaron branches get close
to each other in the FBZ via a two-photon process. For
(krag)~" = 0.81 near the static polaron-to-molecue transition
(kpa())c_l ~ 0.84 [17], we can see that besides the usual cross-
ing point of &, and &y, (marked as “e”) discussed above,
two other crossing points (marked as “x” and “A”) where the
5;” branch intersects with £, and gMp}. branches, respectively,
may appear at a weak driving strength. This indicates that un-
usual (dynamical) transitions between the “repulsive” Floquet
polaron and the “attractive” one or a molecular state may be
driven by a periodic modulation, which have no counterparts
in a static system. We emphasize here that though the folding
type of energy spectrum is dependent on the choice of FBZ,
the energy-level crossing is robust.

~——
.

1.9+

&/ EF

S &k —

0 0.1 0.2 0.3
al/ao

FIG. 3. The quasienergy spectra of the Floquet polaron & (blue
dashed line), £, (green dash dotted line), and the Floquet molecule
é‘Mph (red solid line) with zero c.m. momentum. Here, (krag)~' =
0.81 and Q2/Er = 1.3. “x”, “A”, and “e” label the crossing points.

Besides the Floquet polaron and molecule, we have also
considered the possible competition from a Floquet trimer
state (see the Supplemental Material [74] for more details).
In a static system with mass imbalance, the trimer state may
become the ground state in competition with the molecule
and polaron states [11,76-78]. However, for the case of equal
mass, the energy of the trimer state is quite high-lying [79].
In the presence of periodical driving, we find that in the
parameter regime considered in this work, the quasienergy
of the Floquet trimer is still well separated from that of
Floquet molecule and polaron states in the FBZ, and thus
would not give rise to other energy-level crossing points. It
would be interesting to consider the competition of Floquet
polaron, molecule, and trimer states in a mass-imbalance sys-
tem, which, however, is beyond the scope of this work and we
would leave it in the future work.

In experiments, the polaron and molecule states have al-
ready been observed in static systems [22—28]. Recently, the
periodical modulation of the interactions has been created via
tuning the magnetic field of a Feshbach resonance in Fermi
gases [80-82]. To detect the intriguing properties of the Flo-
quet impurity states discussed above, in the following, we turn
to the spectral functions [83] and the rf spectroscopy [22,23],
which provide unique measurable signatures of the impurity
states [22-24,26,27].

V. SPECTRAL FUNCTION

For a time-periodic system, the spectral function is also
time-periodic and it is useful to introduce the generalized
time-averaged spectral function A = % fOTA(t)dt [84,85],
which in terms of the Floquet Green’s function method
[86—-89] is given by

- 1
Ap(Q, o) = ——Im{Gu(Q. 0 + i0%)}. an

Here, G, is the nth diagonal element of the single-particle
retarded Green’s function of the impurity atom in the Floquet
representation, which for the Floquet polaron [Eq. (2)] can
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FIG. 4. The time-averaged spectral functions of Floquet polaron
A,(Q, ') (black solid lines) and Floquet molecule Ay(Q, ') (red
dashed lines) at Q = O for dimensionless driving strengths a; /ap = 0
[panel (a)], 0.1 [panel (b)], 0.2 [panel (c)], and 0.3 [panel (d)]. The
background colors mark the different FBZs spanned 7€2. Slf,l labels
the nth (side) peak of A,. Other parameters are the same as those in
Fig. 3.

be obtained from the Dyson’s equation [90] G~! = G, I
with the noninteracting part G, = ma’"” and the self-

energy X = %Zq /17 — %Zk Plw — Exq)] (here, G is the
Floquet representation of the contact interaction g(t) with
Gpn = g"™™; see the Supplemental Material [74] for more
details). The physical frequency o' relates to the quasifre-
quency w € (—7, 7] via o = w + nQ. However, for the
molecular state, the spectral function is related to the two-
particle correlation and can be defined as

An(Q, ) = —%Im{rnn(Q, w+i0N),  (12)

where I" is the Floquet vertex function that encodes the same
poles of the two-particle propagator [21]. According to the
Bethe-Salpeter equation [90], we have I'™! = G~! — IT with
the two-particle self-energy I1,,, ~ % Zk m&m
for the bare Floquet molecule [Eq. (10)].

In Fig. 4, we plot the spectral function A_p/M(Q =0,0)
for different driving strength at Q/Er = 1.3. In the static
limit a;/ay = 0 [Fig. 4(a)], we can see two isolated peaks
corresponding to the attractive and repulsive polarons in Ap
and a single molecular peak in Ay as expected. Notice here
that we have chosen (krap)~! = 0.81 with the energy of the
attractive polaron slightly smaller than the molecule with
particle-hole excitation. For a;/ag > 0 [Figs. 4(b)—4(d)], be-
sides the main peaks given by n = 0, a series of small side
peaks separated by /<2 appear due to the population of n # 0
Floquet modes, signaling the formation of the aforementioned
Floquet impurity states. Meanwhile, as the quasienergies of
the above Floquet states become lower with the increase of
ay, all peaks move to the left side gradually. Moreover, when
the driving strength a; surpasses the crossing points (see
Fig. 3), the relative positions of the peaks interchange con-
tinuously in each FBZ. Taking the middle FBZ in Fig. 4 as an

—_

(a)ai/ag =0 J) L aifag =0 (b)

ay/ag = 0.1 a1/ag=0.1
) hQ
A

”) ( J hQ
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&y o o Eio bﬁ’,l &
0 1 . J ) A

-1 0 1 2 -1 0 1 2
rfoffset w/Ep rfoffset w/Ep

—_O
—o

Tyi(a.u.)

Tri(aw)

—_0
—_O

FIG. 5. The rf spectra of (a) £ and (b) & branches at different
driving strengths a;/ayp = 0, 0.1, and 0.3. Slfn labels the nth (side)
peak. Here, (krag)™' = 0.81 and Q/Er = 1.3.

example, the rightmost side peak of the Floquet molecule at
ai/ayg = 0.1 [Fig. 4(b)] becomes the leftmost one at a;/ay =
0.3 [Fig. 4(d)] via interchanging twice with the two side peaks
of the Floquet polaron (“A” and “e” in Fig. 3), the posi-
tions of which have already interchanged in Fig. 4(c) (“«” in
Fig. 3).

In general, the Floquet-engineered impurity states are qua-
sistationary, which may be heated up to a thermal state at
“infinite temperature” eventually via absorbing energy from
the external driving [91,92]. Nevertheless, for an interacting
Fermi gas, recent experiments show that the heating rate could
be largely suppressed by a weak periodic driving [80-82]. In
this work, kra;/(2/Er) < 1 and we can observe in Fig. 4
that the half-height width (HHW) of the main peaks is al-
most not changed by the periodical driving compared to the
static limit, suggesting that the lifetimes of the Floquet im-
purity states are still large with small decay rates in this
regime, which enables the observation of such Floquet states
prethermalized within the experimental timescales. It is also
interesting to notice that in Fig. 4 the side peaks have even
narrower HHWs than the main peaks, a hint of the heating
suppression.

VI. rf SPECTROSCOPY

In experiments, the rf absorption spectrum provides an-
other useful and direct signature of the impurity states,
which for the Floquet polaron can be derived as (see the
Supplemental Material for more details [74])

Tfi(w) = 207y Y [|¢3">|25(w + & + nhQ)

+ 3 0P80 + Ep — Eug + nhQ)]. (13)

Here, the total weight of the coherent peaks ), |¢(")

directly related to the time-averaged quasiparticle residue Z
which measures the polaron’s coherence. The calculated spec-
tra for the &, and & are shown in Fig. 5. In the static limit
(ay/ayp = 0), each branch exhibits a single peak at the energy
of the usual attractive or repulsive polaron. Under periodical
driving (a;/ag > 0), a series of Floquet sidebands emerge
at frequencies w = —(&p +nh2) (n € Z), mapping to the
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positions of the coherent peaks in the spectral function Ap.
This multipeak structure, spaced by /<2, serves as a spectro-
scopic signature of the Floquet polaron, which can be readily
observed via rf spectroscopy [22,93,94].

In conclusion, we have investigated the impurity problem
of a highly polarized Fermi gas with periodically driven inter-
actions. A Floquet Hamiltonian with renormalized interaction
strength is obtained in the high-frequency limit. However,
in the high-frequency regime, generalized Floquet polaron
and molecular states are constructed and show unique fea-
tures. Unusual energy-level crossings between these Floquet
impurity states beyond the static system are revealed and char-
acterized by the spectral functions and rf spectra, which can
be measured in experiments. Future studies may include the

quench dynamics [25,95-98] of the Floquet impurity states
and the “Floquet engineering” to other few-body and many-
body states, such as the Efimov state [79], Fermi superfluid
[99], etc.

ACKNOWLEDGMENT

This work was supported by the NSFC under Grants No.
12375017 and No. 62175169.

DATA AVAILABILITY

No data were created or analyzed in this study.

[1] L. D. Landau and S. I. Pekar, Effective mass of a polaron, Zh.
Eksp. Teor. Fiz. 18, 419 (1948).

[2] H. Frohlich, Electrons in lattice fields, Adv. Phys. 3, 325
(1954).

[3] P. A. Lee, N. Nagaosa, and X.-G. Wen, Doping a Mott insula-
tor: Physics of high-temperature superconductivity, Rev. Mod.
Phys. 78, 17 (2006).

[4] K. B. Gubbels and H. T. C. Stoof, Imbalanced Fermi gases at
unitarity, Phys. Rep. 525, 255 (2013).

[5] C. H. Greene, P. Giannakeas, and J. Pérez-Rios, Universal
few-body physics and cluster formation, Rev. Mod. Phys. 89,
035006 (2017).

[6] A. S. Alexandrov and J. T. Devreese, Advances in Polaron
Physics, Springer Series in Solid-State Sciences, Vol. 159
(Springer, Berlin, 2010).

[7] C. Franchini, M. Reticcioli, M. Steven, and U. Diebold, Po-
larons in materials, Nat. Rev. Mater. 6, 560 (2021).

[8] I. Bloch, J. Dalibard, and S. Nascimbéne, Quantum simulations
with ultracold quantum gases, Nat. Phys. 8, 267 (2012).

[9] C. Baroni, G. Lamporesi, and M. Zaccanti, Quantum mixtures
of ultracold gases of neutral atoms, Nat. Rev. Phys. 6, 736
(2024).

[10] F. Chevy and C. Mora, Ultra-cold polarized Fermi gases, Rep.
Prog. Phys. 73, 112401 (2010).

[11] P. Massignan, M. Zaccanti, and G. M. Bruun, Polarons, dressed
molecules and itinerant ferromagnetism in ultracold Fermi
gases, Rep. Prog. Phys. 77, 034401 (2014).

[12] F. Scazza, M. Zaccanti, P. Massignan, M. M. Parish, and
J. Levinsen, Repulsive Fermi and Bose polarons in quantum
gases, Atoms 10, 55 (2022).

[13] M. M. Parish and J. Levinsen, Fermi polarons and beyond,
arXiv:2306.01215.

[14] E. Chevy, Universal phase diagram of a strongly interacting
Fermi gas with unbalanced spin populations, Phys. Rev. A 74,
063628 (2006).

[15] R. Combescot, A. Recati, C. Lobo, and F. Chevy, Normal
state of highly polarized Fermi gases: Simple many-body ap-
proaches, Phys. Rev. Lett. 98, 180402 (2007).

[16] S. Nascimbéne, N. Navon, K. J. Jiang, L. Tarruell, M.
Teichmann, J. McKeever, F. Chevy, and C. Salomon, Collective
oscillations of an imbalanced Fermi gas: Axial compression
modes and polaron effective mass, Phys. Rev. Lett. 103, 170402
(2009).

[17] M. Punk, P. T. Dumitrescu, and W. Zwerger, Polaron-to-
molecule transition in a strongly imbalanced Fermi gas, Phys.
Rev. A 80, 053605 (2009).

[18] X. Cui and H. Zhai, Stability of a fully magnetized ferro-
magnetic state in repulsively interacting ultracold Fermi gases,
Phys. Rev. A 81, 041602(R) (2010).

[19] S. Pilati, G. Bertaina, S. Giorgini, and M. Troyer, Itinerant
ferromagnetism of a repulsive atomic Fermi gas: A quantum
Monte Carlo study, Phys. Rev. Lett. 105, 030405 (2010).

[20] P. Massignan and G. M. Bruun, Repulsive polarons and itinerant
ferromagnetism in strongly polarized Fermi gases, Eur. Phys. J.
D 65, 83 (2011).

[21] J. Vlietinck, J. Ryckebusch, and K. Van Houcke, Quasiparticle
properties of an impurity in a Fermi gas, Phys. Rev. B 87,
115133 (2013).

[22] A. Schirotzek, C.-H. Wu, A. Sommer, and M. W. Zwierlein,
Observation of Fermi polarons in a tunable Fermi liquid of
ultracold atoms, Phys. Rev. Lett. 102, 230402 (2009).

[23] C. Kohstall, M. Zaccanti, M. Jag, A. Trenkwalder, P.
Massignan, G. M. Bruun, F. Schreck, and R. Grimm, Metasta-
bility and coherence of repulsive polarons in a strongly
interacting Fermi mixture, Nature (London) 485, 615 (2012).

[24] M. Koschorreck, D. Pertot, E. Vogt, B. Frohlich, M. Feld, and
M. K&hl, Attractive and repulsive Fermi polarons in two dimen-
sions, Nature (London) 485, 619 (2012).

[25] M. Cetina, et al., Ultrafast many-body interferometry of impu-
rities coupled to a Fermi sea, Science 354, 96 (2016).

[26] F. Scazza, G. Valtolina, P. Massignan, A. Recati, A. Amico, A.
Burchianti, C. Fort, M. Inguscio, M. Zaccanti, and G. Roati,
Repulsive Fermi polarons in a resonant mixture of ultracold Li
atoms, Phys. Rev. Lett. 118, 083602 (2017).

[27] G. Ness, C. Shkedrov, Y. Florshaim, O. K. Diessel, J. von
Milczewski, R. Schmidt, and Y. Sagi, Observation of a smooth
polaron-molecule transition in a degenerate Fermi gas, Phys.
Rev. X 10, 041019 (2020).

[28] C. Baroni, Mediated interactions between Fermi polarons and
the role of impurity quantum statistics, Nat. Phys. 20, 68
(2024).

[29] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P. Corson, E. A.
Cornell, and D. S. Jin, Bose polarons in the strongly interacting
regime, Phys. Rev. Lett. 117, 055301 (2016).

[30] N. B. Jgrgensen, L. Wacker, K. T. Skalmstang, M. M. Parish,
J. Levinsen, R. S. Christensen, G. M. Bruun, and J. J. Arlt,

013108-6


https://doi.org/10.1080/00018735400101213
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1016/j.physrep.2012.11.004
https://doi.org/10.1103/RevModPhys.89.035006
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1038/nphys2259
https://doi.org/10.1038/s42254-024-00773-6
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/0034-4885/77/3/034401
https://doi.org/10.3390/atoms10020055
https://arxiv.org/abs/2306.01215
https://doi.org/10.1103/PhysRevA.74.063628
https://doi.org/10.1103/PhysRevLett.98.180402
https://doi.org/10.1103/PhysRevLett.103.170402
https://doi.org/10.1103/PhysRevA.80.053605
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1103/PhysRevB.87.115133
https://doi.org/10.1103/PhysRevLett.102.230402
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11151
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevX.10.041019
https://doi.org/10.1038/s41567-023-02248-4
https://doi.org/10.1103/PhysRevLett.117.055301

FLOQUET POLARON AND MOLECULEIN A ...

PHYSICAL REVIEW RESEARCH 8, 013108 (2026)

Observation of attractive and repulsive polarons in a Bose-
Einstein condensate, Phys. Rev. Lett. 117, 055302 (2016).

[31] Z. Z. Yan, Y. Ni, C. Robens, and M. W. Zwierlein, Bose po-
larons near quantum criticality, Science 368, 190 (2020).

[32] F. M. Cucchietti and E. Timmermans, Strong-coupling polarons
in dilute gas Bose-Einstein condensates, Phys. Rev. Lett. 96,
210401 (2006).

[33] Y. E. Shchadilova, R. Schmidt, F. Grusdt, and E. Demler, Quan-
tum dynamics of ultracold Bose polarons, Phys. Rev. Lett. 117,
113002 (2016).

[34] N.-E. Guenther, P. Massignan, M. Lewenstein, and G. M.
Bruun, Bose polarons at finite temperature and strong coupling,
Phys. Rev. Lett. 120, 050405 (2018).

[35] P. Massignan, N. Yegovtsev, and V. Gurarie, Universal aspects
of a strongly interacting impurity in a dilute Bose condensate,
Phys. Rev. Lett. 126, 123403 (2021).

[36] F. Grusdt, N. Mostaan, E. Demler, and L. A. P. Ardila, Impuri-
ties and polarons in bosonic quantum gases: A review on recent
progress, Rep. Prog. Phys. 88, 066401 (2025).

[37] G. M. Bruun and P. Massignan, Decay of polarons and
molecules in a strongly polarized Fermi gas, Phys. Rev. Lett.
105, 020403 (2010).

[38] R. Schmidt and T. Enss, Excitation spectra and rf response near
the polaron-to-molecule transition from the functional renor-
malization group, Phys. Rev. A 83, 063620 (2011).

[39] S. Zollner, G. M. Bruun, and C. J. Pethick, Polarons and
molecules in a two-dimensional Fermi gas, Phys. Rev. A 83,
021603(R) (2011).

[40] X. Cui, Fermi polaron revisited: Polaron-molecule transition
and coexistence, Phys. Rev. A 102, 061301(R) (2020).

[41] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Feshbach
resonances in ultracold gases, Rev. Mod. Phys. 82, 1225 (2010).

[42] J. H. Shirley, Solution of the Schrodinger equation with a
Hamiltonian periodic in time, Phys. Rev. 138, B979 (1965).

[43] H. Sambe, Steady states and quasienergies of a quantum-
mechanical system in an oscillating field, Phys. Rev. A 7, 2203
(1973).

[44] N. Goldman and J. Dalibard, Periodically driven quantum
systems: Effective Hamiltonians and engineered gauge fields,
Phys. Rev. X 4, 031027 (2014).

[45] A. Eckardt and E. Anisimovas, High-frequency approximation
for periodically driven quantum systems from a Floquet-space
perspective, New J. Phys. 17, 093039 (2015).

[46] M. Bukov, L. D’Alessio, and A. Polkovnikov, Universal
high-frequency behavior of periodically driven systems: From
dynamical stabilization to Floquet engineering, Adv. Phys. 64,
139 (2015).

[47] A. Eckardt, Colloquium: Atomic quantum gases in periodically
driven optical lattices, Rev. Mod. Phys. 89, 011004 (2017).

[48] T. Oka and S. Kitamura, Floquet engineering of quantum mate-
rials, Annu. Rev. Condens. Matter Phys. 10, 387 (2019).

[49] C. Weitenberg, Tailoring quantum gases by Floquet engineer-
ing, Nat. Phys. 17, 1342 (2021).

[50] A. Rapp, X. Deng, and L. Santos, Ultracold lattice gases
with periodically modulated interactions, Phys. Rev. Lett. 109,
203005 (2012).

[51] F. Meinert, M. J. Mark, K. Lauber, A. J. Daley, and H.-C.
Nigerl, Floquet engineering of correlated tunneling in the Bose-
Hubbard model with ultracold atoms, Phys. Rev. Lett. 116,
205301 (2016).

[52] J. Struck, C. Olschl'aiger, M. Weinberg, P. Hauke, J. Simonet, A.
Eckardt, M. Lewenstein, K. Sengstock, and P. Windpassinger,
Tunable gauge potential for neutral and spinless particles
in driven optical lattices, Phys. Rev. Lett. 108, 225304
(2012).

[53] B. M. Anderson, I. B. Spielman, and G. Juzelitinas, Magneti-
cally generated spin-orbit coupling for ultracold atoms, Phys.
Rev. Lett. 111, 125301 (2013).

[54] S. Greschner, G. Sun, D. Poletti, and L. Santos, Density-
dependent synthetic gauge fields using periodically modulated
interactions, Phys. Rev. Lett. 113, 215303 (2014).

[55] K. Jiménez-Garcia, L. J. LeBlanc, R. A. Williams, M. C. Beeler,
C. Qu, M. Gong, C. Zhang, and 1. B. Spielman, Tunable spin-
orbit coupling via strong driving in ultracold-atom systems,
Phys. Rev. Lett. 114, 125301 (2015).

[56] L. W. Clark, B. M. Anderson, L. Feng, A. Gaj, K. Levin, and
C. Chin, Observation of density-dependent gauge fields in a
Bose-Einstein condensate based on micromotion control in a
shaken two-dimensional lattice, Phys. Rev. Lett. 121, 030402
(2018).

[57] P. Xu, T. -S. Deng, W. Zheng, and H. Zhai, Density-dependent
spin-orbit coupling in degenerate quantum gases, Phys. Rev. A
103, L061302 (2021).

[58] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger,
D. Greif, and T. Esslinger, Experimental realization of the
topological Haldane model with ultracold fermions, Nature
(London) 515, 237 (2014).

[59] W. Zheng and H. Zhai, Floquet topological states in shaking
optical lattices, Phys. Rev. A 89, 061603(R) (2014).

[60] M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T.
Barreiro, S. Nascimbene, N. R. Cooper, 1. Bloch, and
N. Goldman, Measuring the Chern number of Hofstadter
bands with ultracold bosonic atoms, Nat. Phys. 11, 162
(2015).

[61] N. R. Cooper, J. Dalibard, and I. B. Spielman, Topologi-
cal bands for ultracold atoms, Rev. Mod. Phys. 91, 015005
(2019).

[62] K. Wintersperger, C. Braun, F. N. Unal, A. Eckardt, M. D.
Liberto, N. Goldman, I. Bloch, and M. Aidelsburger, Realiza-
tion of an anomalous Floquet topological system with ultracold
atoms, Nat. Phys. 16, 1058 (2020).

[63] L. Zhang, L. Zhang, and X.-J. Liu, Unified theory to character-
ize Floquet topological phases by quench dynamics, Phys. Rev.
Lett. 125, 183001 (2020).

[64] J.-Y. Zhang, C.-R. Yi, L. Zhang, R.-H. Jiao, K.-Y. Shi, H. Yuan,
W. Zhang, X.-J. Liu, S. Chen, and J.-W. Pan, Tuning anomalous
Floquet topological bands with ultracold atoms, Phys. Rev. Lett.
130, 043201 (2023).

[65] D. V. Else, B. Bauer, and C. Nayak, Floquet time crystals, Phys.
Rev. Lett. 117, 090402 (2016).

[66] N. Y. Yao, A. C. Potter, 1.-D. Potirniche, and A. Vishwanath,
Discrete time crystals: Rigidity, criticality, and realizations,
Phys. Rev. Lett. 118, 030401 (2017).

[67] J. Zhang, P. W. Hess, A. Kyprianidis, P. Becker, A. Lee, J.
Smith, G. Pagano, I.-D. Potirniche, A. C. Potter, A. Vishwanath,
N. Y. Yao, and C. Monroe, Observation of a discrete time
crystal, Nature (London) 543, 217 (2017).

[68] S. Choi, et al., Observation of discrete time-crystalline order in
a disordered dipolar many-body system, Nature (London) 543,
221 (2017).

013108-7


https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1126/science.aax5850
https://doi.org/10.1103/PhysRevLett.96.210401
https://doi.org/10.1103/PhysRevLett.117.113002
https://doi.org/10.1103/PhysRevLett.120.050405
https://doi.org/10.1103/PhysRevLett.126.123403
https://doi.org/10.1088/1361-6633/add94b
https://doi.org/10.1103/PhysRevLett.105.020403
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.83.021603
https://doi.org/10.1103/PhysRevA.102.061301
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/PhysRev.138.B979
https://doi.org/10.1103/PhysRevA.7.2203
https://doi.org/10.1103/PhysRevX.4.031027
https://doi.org/10.1088/1367-2630/17/9/093039
https://doi.org/10.1080/00018732.2015.1055918
https://doi.org/10.1103/RevModPhys.89.011004
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1038/s41567-021-01316-x
https://doi.org/10.1103/PhysRevLett.109.203005
https://doi.org/10.1103/PhysRevLett.116.205301
https://doi.org/10.1103/PhysRevLett.108.225304
https://doi.org/10.1103/PhysRevLett.111.125301
https://doi.org/10.1103/PhysRevLett.113.215303
https://doi.org/10.1103/PhysRevLett.114.125301
https://doi.org/10.1103/PhysRevLett.121.030402
https://doi.org/10.1103/PhysRevA.103.L061302
https://doi.org/10.1038/nature13915
https://doi.org/10.1103/PhysRevA.89.061603
https://doi.org/10.1038/nphys3171
https://doi.org/10.1103/RevModPhys.91.015005
https://doi.org/10.1038/s41567-020-0949-y
https://doi.org/10.1103/PhysRevLett.125.183001
https://doi.org/10.1103/PhysRevLett.130.043201
https://doi.org/10.1103/PhysRevLett.117.090402
https://doi.org/10.1103/PhysRevLett.118.030401
https://doi.org/10.1038/nature21413
https://doi.org/10.1038/nature21426

MING-YUE YANG, AN-CHUN JI, AND QING SUN

PHYSICAL REVIEW RESEARCH 8, 013108 (2026)

[69] B. Huang, Y.-H. Wu, and W. V. Liu, Clean Floquet time crystals:
Models and realizations in cold atoms, Phys. Rev. Lett. 120,
110603 (2018).

[70] J. Rovny, R. L. Blum, and S. E. Barrett, Observa-
tion of discrete-time-crystal signatures in an ordered dipo-
lar many-body system, Phys. Rev. Lett. 120, 180603
(2018).

[71] M. Randeria, Bose-Einstein Condensation (Cambridge Univer-
sity Press, Cambridge, 1995), Vol. 355.

[72] C. Langmack, D. H. Smith, and E. Braaten, Association of
atoms into universal dimers using an oscillating magnetic field,
Phys. Rev. Lett. 114, 103002 (2015).

[73] D. H. Smith, Inducing resonant interactions in ultracold atoms
with a modulated magnetic field, Phys. Rev. Lett. 115, 193002
(2015).

[74] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/gkw6-sb9q for the derivations of the Floquet polaron
and molecule and their spectral functions, as well as the numer-
ical details.

[75] C. Dauer, A. Pelster, and S. Eggert, Understanding Floquet
resonances in ultracold quantum gas scattering, Phys. Rev. Lett.
135, 033402 (2025).

[76] C. J. M. Mathy, M. M. Parish, and D. A. Huse, Trimers,
molecules, and polarons in mass-imbalanced atomic Fermi
gases, Phys. Rev. Lett. 106, 166404 (2011).

[77] M. M. Parish and J. Levinsen, Highly polarized Fermi gases in
two dimensions, Phys. Rev. A 87, 033616 (2013).

[78] X. Qiu, X. Cui, and W. Yi, Universal trimers emerging from
a spin-orbit-coupled Fermi sea, Phys. Rev. A 94, 051604(R)
(2016).

[79] P. Naidon and S. Endo, Efimov physics: A review, Rep. Prog.
Phys. 80, 056001 (2017).

[80] C. Shkedrov, M. Menashes, G. Ness, A. Vainbaum, E.
Altman, and Y. Sagi, Absence of heating in a uniform Fermi
gas created by periodic driving, Phys. Rev. X 12, 011041
(2022).

[81] A. Kell, M. Breyer, D. Eberz, and M. Kohl, Excit-
ing the Higgs mode in a strongly interacting Fermi gas
by interaction modulation, Phys. Rev. Lett. 133, 150403
(2024).

[82] D. Eberz, A. Kell, M. Breyer, and M. K&hl, Cooling a strongly
interacting quantum gas by interaction modulation, Phys. Rev.
A 112,1.021302 (2025).

[83] H. Hu and X.-J. Liu, Fermi polarons at finite temperature:
Spectral function and rf spectroscopy, Phys. Rev. A 105, 043303
(2022).

[84] T. Qin and W. Hofstetter, Spectral functions of a time-
periodically driven Falicov-Kimball model: Real-space Floquet
dynamical mean-field theory study, Phys. Rev. B 96, 075134
(2017).

[85] G. S. Uhrig, M. H. Kalthoff, and J. K. Freericks, Positivity of
the spectral densities of retarded Floquet Green functions, Phys.
Rev. Lett. 122, 130604 (2019).

[86] N. Tsuji, T. Oka, and H. Aoki, Correlated electron systems
periodically driven out of equilibrium: Floquet + DMFT for-
malism, Phys. Rev. B 78, 235124 (2008).

[87] T. Bilitewski and N. R. Cooper, Scattering theory for Floquet-
Bloch states, Phys. Rev. A 91, 033601 (2015).

[88] E. Kandelaki and M. S. Rudner, Many-body dynamics and gap
opening in interacting periodically driven systems, Phys. Rev.
Lett. 121, 036801 (2018).

[89] M. S. Rudner and N. H. Lindner, The Floquet engineer’s hand-
book, arXiv:2003.08252.

[90] A. Altland and B. Simons, Condensed Matter Field Theory, 2nd
ed. (Cambridge University Press, Cambridge, 2010), p. 786.

[91] A. Lazarides, A. Das, and R. Moessner, Equilibrium states of
generic quantum systems subject to periodic driving, Phys. Rev.
E 90,012110 (2014).

[92] L. D’Alessio and M. Rigol, Long-time behavior of isolated
periodically driven interacting lattice systems, Phys. Rev. X 4,
041048 (2014).

[93] C. Chin, M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim,
J. H. Denschlag, and R. Grimm, Observation of the pairing
gap in a strongly interacting Fermi gas, Science 305, 1128
(2004).

[94] C. Chin and P. S. Julienne, Radio-frequency transitions on
weakly bound ultracold molecules, Phys. Rev. A 71, 012713
(2005).

[95] M. M. Parish and J. Levinsen, Quantum dynamics of impurities
coupled to a Fermi sea, Phys. Rev. B 94, 184303 (2016).

[96] R. Schmidt, M. Knap, D. A. Ivanov, J.-S. You, M. Cetina, and
E. Demler, Universal many-body response of heavy impurities
coupled to a Fermi sea: A review of recent progress, Rep. Prog.
Phys. 81, 024401 (2018).

[97] W. E. Lilu, J. Levinsen, and M. M. Parish, Variational approach
for impurity dynamics at finite temperature, Phys. Rev. Lett.
122,205301 (2019).

[98] F. Yang and R. Qi, Non-equilibrium dynamics of Fermi po-
larons driven by time-dependent interaction, arXiv:2501.08444.

[99] Q. Chen, Z. Wang, R. Boyack, S. Yang, and K. Levin, When
superconductivity crosses over: From BCS to BEC, Rev. Mod.
Phys. 96, 025002 (2024).

013108-8


https://doi.org/10.1103/PhysRevLett.120.110603
https://doi.org/10.1103/PhysRevLett.120.180603
https://doi.org/10.1103/PhysRevLett.114.103002
https://doi.org/10.1103/PhysRevLett.115.193002
http://link.aps.org/supplemental/10.1103/gkw6-sb9q
https://doi.org/10.1103/47xs-223h
https://doi.org/10.1103/PhysRevLett.106.166404
https://doi.org/10.1103/PhysRevA.87.033616
https://doi.org/10.1103/PhysRevA.94.051604
https://doi.org/10.1088/1361-6633/aa50e8
https://doi.org/10.1103/PhysRevX.12.011041
https://doi.org/10.1103/PhysRevLett.133.150403
https://doi.org/10.1103/rvt9-hkll
https://doi.org/10.1103/PhysRevA.105.043303
https://doi.org/10.1103/PhysRevB.96.075134
https://doi.org/10.1103/PhysRevLett.122.130604
https://doi.org/10.1103/PhysRevB.78.235124
https://doi.org/10.1103/PhysRevA.91.033601
https://doi.org/10.1103/PhysRevLett.121.036801
https://arxiv.org/abs/2003.08252
https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevX.4.041048
https://doi.org/10.1126/science.1100818
https://doi.org/10.1103/PhysRevA.71.012713
https://doi.org/10.1103/PhysRevB.94.184303
https://doi.org/10.1088/1361-6633/aa9593
https://doi.org/10.1103/PhysRevLett.122.205301
https://arxiv.org/abs/2501.08444
https://doi.org/10.1103/RevModPhys.96.025002

