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In recent years, Rydberg excitations in atomic quantum gases have become a successful platform to
explore quantum impurity problems. A single impurity immersed in a Fermi gas leads to the formation of a
polaron, a quasiparticle consisting of the impurity being dressed by the surrounding medium. With a radius
of about the Fermi wavelength, the density profile of a polaron cannot be explored using in situ optical
imaging techniques. In this Letter, we propose a new experimental measurement technique that enables the
in situ imaging of the polaron cloud in ultracold quantum gases. The impurity atom induces the formation
of a polaron cloud and is then excited to a Rydberg state. Because of the mesoscopic interaction range of
Rydberg excitations, which can be tuned by the principal numbers of the Rydberg state, atoms extracted
from the polaron cloud form dimers with the impurity. By performing first principle calculations of the
absorption spectrum based on a functional determinant approach, we show how the occupation of the dimer
state can be directly observed in spectroscopy experiments and can be mapped onto the density profile of
the gas particles, hence providing a direct, real-time, and in situ measure of the polaron cloud.
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Mixtures of quantum particles are ubiquitous in physics,
ranging from neutron matter [1] and the BCS-BEC cross-
over in atomic gases [2] to superconducting phases in solid-
state physics [3]. Quantum mixtures have been investigated
for many decades, but more recently, drastic progress in the
controllability of experiments with ultracold atomic gases
allows for new insights into a plethora of physical phe-
nomena. In the limit of an extremely imbalanced quantum
mixture, a single impurity is immersed in a Fermi gas. This
leads to the formation of Fermi polarons, quasiparticles
formed of gas particles which dress the impurity [4-7].
Even though many polaronic properties are understood to a
great extent [4-29], a direct observation of the polaron
dressing cloud in continuum systems has been out of reach.

Fermi polarons are generated by the short-range inter-
action between a Fermi gas and impurity particles, which
in cold atoms can be tuned by Feshbach resonances. The
size of the resulting polaron dressing cloud is of the
order of the Fermi wavelength, i.e., r. ~ kz'. For typical
densities of ultracold atoms, i.e., py = 10''=10"3 cm™3,
the relevant length scales lie in the suboptical regime,
r. ~ 100-500 nm, which hinders gaining insight into the
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real-space structure of these fundamentally important
quasiparticles.

In this Letter, we demonstrate how to overcome this
challenge enabling an in situ measurement of the polaron
cloud in cold atom experiments. To this end, we propose a
new measurement technique to explore the density profile
around the impurity by use of atomic Rydberg states.
Key to the idea is the use of the long-range interaction
between the Rydberg atom and the bath particles. This
interaction is generated by the outermost electron on the
Rydberg orbit [30] and induces the formation of ultralong-
range Rydberg molecules (ULRMs), i.e., deeply bound
states of atoms inside the interaction potential [31-38].
Intriguingly, the extent of the Rydberg atoms of
rrya = 50-500 nm matches precisely the typical size of
the polaron dressing cloud. Hence, by tuning the principal
quantum numbers ngyq of the Rydberg excitation, the
binding length of ULRMs is tuned through the polaron
cloud (cf. Fig. 1). ULRMs can thus serve as a precision
sensor inserted into the polaron cloud. The occupation of
ULRMs is detected via a straightforward measurement of
the optical linear response absorption and can be mapped
onto the suboptical size of the polaron cloud. Because of
its fermionic nature, our method differs from recent
probing of a BEC with Rydberg impurities; as for the
fermionic systems studied here, the number of particles in
the Rydberg radius remains always small [37,39,40].

We calculate Rydberg absorption spectra in the presence
of a polaron cloud around the impurity using a functional
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FIG. 1. A Rydberg atom in a polaron cloud. The bath density
ppol(r) (blue line) is increased at the center compared to the
background density p, (dashed line). The Rydberg potential Vi (r)
(black line) is tuned such that the outermost bound state ugp ()
(red line) at rgyq is situated near the polaron cloud radius ..

determinant approach [41-43]. The Rydberg blockade
mechanism [44] ensures that our single-impurity calcula-
tions are applicable. While our approach becomes exact in
the limit of heavy impurities immersed in a gas of lighter
atoms, the idea of Rydberg sensing of polaron clouds can
be extended to arbitrary mass ratios [45,46]. We show that,
when the Rydberg excitation is immersed in a polaron
cloud, the weight of the peak in the Rydberg absorption
spectrum corresponding to the ULRM ground state gives
direct access to the density evaluated at a distance rgyq from
the impurity. This way, the complete density profile of
polaron clouds, which so far eluded experimental obser-
vations, can be mapped out by use of a simple Rydberg
spectroscopy experiment.

Model.—We consider a Fermi gas combined with a
single charge-neutral and immobile impurity atom. The
impurity can be brought into three states ¢ € {0, 1, R}. For
o =0, the impurity is not interacting with the bath
particles. For ¢ = 1, the impurity interacts with the bath
particles via a short-range interaction that induces the
formation of a Fermi polaron [47]. For ¢ = R, the impurity
is in the Rydberg state, which evokes the long-range
interaction with the bath particles. The Hamiltonian reads:

A=ieb+ Y o)l ® 7, (1a)

Here, éz, ¢ are fermionic operators of the gas and |o) is the
state of the impurity. When the impurity is in the state |o),
the time evolution of the fermionic gas is given by the
Hamiltonian A, = H, + V, acting only on the fermionic
subspace.

We propose the following procedure. At the beginning,
the impurity is in the noninteracting state |0) and the bath
particles form a Fermi sea |FS), yielding the many-body
state [y (79)) = |0) ® |FS). By a radio-frequency (rf) pulse,
the impurity is then switched to the short-range interacting
state, i.e., [y(to + 07)) = |1) ® |FS). Time evolution leads
to the formation of the polaron cloud around the impurity
atom. After sufficiently long dephasing time, the system is
well described by |y(¢,)) = |1) ® |pol). Finally, by driving
an optical transition, the impurity atom is transferred to the
Rydberg state, i.e., [y(1; +07)) = |R) @ [pol). This way,
the Rydberg atom is, by construction, exactly placed in the
center of the polaron cloud as illustrated in Fig. 1.

We simulate the impurity in the |1) state by a delta
potential with an s-wave scattering length a [41,48]. The
potential in the |R) state, which is generated by scattering
of the Rydberg electron with the bath particles, is given
by [30]

B 27ha

m,

Vr(r) Wy (1) (2)

Here, v, ,(r) is the wave function of an s-wave Rydberg
electron with principal number ngyq and scattering length
a, between an electron and neutral atoms of the back-
ground gas [48]. Because of the nonlocal potential Vg (r),
there is a finite overlap between the polaron cloud and
bound states inside Vg(r) (cf. Fig. 1).

For the calculation of physical quantities, we use the
functional determinant approach, which is a standard
method for determining spectra [45]. Specifically, the
density p,(r, t) around the impurity in state |o) is obtained
by a Klich formula [48,53,55]:

po(r.1) = t[p(1)efe,] = (rle P ng(hg)el|r),  (3)

where ng(e) = (e#(=#) + 1)7! is the Fermi-Dirac distribu-
tion with inverse temperature £ and chemical potential y
and we set 1 = 1 = kg. The single-particle operator /1,
corresponds to the Hamiltonian of the gas particles H,.

The absorption spectrum of the Rydberg atom inside the
polaron is obtained from Fermi’s golden rule,

Apoi(@) =27y _[(fIpol)Psle — (Ef — E,)]
f
= 2Re/oo dr e (pol|eifiie=ifler|pol),  (4)
0

where the gas is initially in the polaron state |pol) with total
energy E; and |f) represent the complete set of final states
of the gas in presence of the Rydberg impurity |R) with
total energies Ey.

We obtain the absorption spectrum as the Fourier trans-
form of the Ramsey signal [22,48], which is calculated as a
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time-dependent Slater determinant [41,43,48]. Through A,
and Hy, Apoi(@) depends on both the Rydberg principal
quantum number ngyy and the scattering length a of the
polaron. In the following, we consider the system at zero
temperature [56] and express physical quantities in terms of
the Fermi momentum kg and Fermi energy &g, respectively
[48]. Still, our method is robust against finite temperature
as it depends only on the weight of spectral peaks and not
their widths [48].

Fermi polaron cloud.—Before turning to its observation,
we first describe the formation of the polaron cloud in the
initial state of the system. In particular, we are interested in
the stationary density profile, which is established after a
hold time #; > 1/eg [48]. In that limit, the density profile
Eq. (3) close to the impurity is well described by the ground
state of the Hamiltonian 4, and given by

Ppol(") = <”|”F(}A11)|">- (5)

Because of spherical symmetry, the density depends only
on the distance to the impurity, i.e., ppo1 = Ppoi (7).

Figure 2 shows the density of the polaron cloud as a
function of the inverse dimensionless scattering length
(akg)~! measured with respect to the background density,
po = ki/(67%). For a < 0, the single-particle wave func-
tions are drawn toward the impurity, resulting in a density
enhancement near r = 0. This enhancement is accompa-
nied by Friedel-like oscillations farther away from the
impurity [see also Fig. 2(b)]. On the contrary, for a > 0, the
single-particle scattering wave functions are pushed away
from the impurity. However, the bound state emerging at
positive scattering length still leads to an overall enhance-
ment of the density near the impurity [42]. Note that the
particle density is formally divergent at » = 0, which is an
artifact of the contact interaction and not present for
physical finite-range potentials [48]. However, for all our
considerations, the delta impurity is a valid approximation
as the usual van der Waals length of the atoms is much
shorter than the size of the Rydberg state. Importantly, the
integrated number of particles in the polaron cloud con-
verges to a well-defined, finite number, also in the limit of
contact interaction.

We define the region with an increased particle density
around the impurity as the polaron cloud. The size r, of the
polaron cloud, visualized by a green line in Fig. 2(a), is
determined by the first crossing of ppo(r.) = po and it is of
the order of the Fermi wavelength.

The number of particles contributing to the polaron
cloud N, is given by the integrated number of excess atoms
within the volume defined by r., ie., N, = Ny (r.) —
Ny(r.) [48]. Note that the number of particles contributing
to the polaron cloud is at most one particle despite the
infinitely many particle-hole excitations required to obtain
the exact many-body solution [57]. This is confirmed by a
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FIG. 2. (a) Polaron density profiles 8p,o1(r) = ppoi(7) = po in
dependence on the inverse scattering lengths (akg)~! measured
in terms of py. The size of the polaron cloud r. is marked in
green. The integrated number of excess particles in the cloud N,
is shown in the inset. Note that the color plot is semilogarithmic.
(b) Polaron cloud density for two exemplary scattering lengths
marked as gray dashed lines in the upper plot.

thermodynamic consideration using Fumi’s theorem [22,48].
However, although the number of contributing particles is
small, it is the enormous density increase at the center that
results in a significant effect in absorption spectroscopy in the
presence of the Rydberg excitation.

We note that the real-time evolution of the polaron cloud
formation can be obtained in a similar fashion by directly
applying Eq. (3). While the corresponding absorption
spectra, which then track the real-time formation of the
polaron cloud, can also be calculated using linear response
theory, in this Letter we focus on the quasistationary
limit [cf. Eq. (5)].

Rydberg atom spectroscopy.—Let us now describe the
Rydberg absorption spectra in the presence of a polaron
cloud. The potential Vg (r) in Eq. (2) features a pronounced
minimum at the Rydberg radius rgyq (see Fig. 1). This
minimum supports a spatially confined bound state
leading to a prominent dimer peak in the absorption
spectrum [32,33,38,43,44,48]. We refer to that state as
the Rydberg molecule (RM) to differentiate it from higher
excited bound states. The Rydberg radius rgyq can be tuned
by the principal quantum number ngyq and is characteristic
for the atomic species of the impurity (in our case 8’Rb).

A typical absorption spectrum calculated in the presence
of the polaron cloud is shown in Fig. 3(a). The visible peaks
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FIG. 3. (a) Absorption spectrum of a Rydberg impurity with
nRya = 60 generated in polarons of different inverse scattering
lengths (akg)~! at background density py = 5 x 10'! cm™3. The
binding energy &gy is marked as a dashed gray line. (b) Mag-
nification of the RM peak: Peak positions w,e Eq. (7) are
marked by gray dotted lines. The red shaded region below the
curve for (akg)~! = 0.33 indicates the value of the corresponding
peak weight /. The calculations are performed for a 8Rb
impurity in “’K particles.

correspond to the various bound states between the
Rydberg atom and bath particles. For a = 0, the density
po 1s spatially constant in the initial state and one recovers
the results for a single Rydberg impurity in a Fermi
gas [38,43]. Because of its good overlap with the scattering
states of the Fermi gas, the RM with binding energy &gy
(indicated by the dashed vertical line) has the largest
oscillator strength.

For a # 0, a Fermi polaron is formed in the initial state.
In this case the RM peak does not necessarily remain the
most prominent peak of the spectrum. This can be under-
stood from the increased density close to the impurity that
causes bound states localized more closely to the impurity
to have a larger overlap with the polaron’s scattering states.

Looking closer at the RM response [cf. Fig. 3(b)], we
observe two key changes in the spectrum that enable the
spectroscopy of polarons: (a) the weight of the peaks is
modified and (b) their position is shifted. In order to
associate the weight of the RM peak with the polaron
cloud density at distance rgyq, we perform an integral over a
frequency window that encompasses the dimer peak [see
exemplary shaded region in Fig. 3(b)]:

TRyd
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20 4 o Lot = ppal/ P
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B noninteracting
£ 151 B (akp)l=-20
~
g [ ]
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Ipol/-[():

FIG. 4. Normalized density profiles p,,(r)/py Eq. (5) for
polaron clouds formed at inverse scattering lengths (akg)™!
(solid lines) compared to the integrated dimer response
Tooi(TRya)/10(TRya) Eq. (6) (dots). The latter corresponds to the
Rydberg radius through the respective principal numbers, i.e.,
FRyd(nRya)- We use a fixed py = 5 x 10'" em™. The inset shows
the dependence between /,,,;/1 and the densities ppq1/po. Apart
from deviations for small densities, the data points show a tight
relation, which is underlined by the gray line marking identity.
The calculations are performed for a $’Rb impurity in K
particles.

Ipol(”Ryd) = / da)Apol(nRyd7a))' (6)
peak

For absorption spectra at different principal numbers and
scattering lengths, we calculate the integrated weight as a
function of the principal number, i.e., I;(7ryq). Crucially,
since ngyq is directly related to rryg, these values are
associated with the density p, at the respective distance.
The comparison of I,i(nrya) = Tpoi(rrya) With ppoi(r) is
shown in Fig. 4, where we normalized the signal strength
and density by the noninteracting values Iy(rgyq) and p.
We find striking agreement between the integrated weights
of the dimer peaks I, (7ryq)/Io(7rya) and the densities
Ppoi(1)/po- The strong correlation between both quantities
is further analyzed in the inset of Fig. 4. Especially for
larger density values, the mapping from absorption
response to polaron cloud densities works exceptionally
well. As our procedure depends only on the integrated
spectral weight, it is robust against broadening effects on
the spectrum, i.e., finite temperatures [45,48], mobile
impurities [46], and the finite lifetime of the Rydberg
excitation [35].

Our predictions are made in units of the Fermi momentum,
i.e., r. = r.(kg). Hence, another way of tuning the location
of the Rydberg radius rgyq relative to the polaron cloud is by
changing the overall density of the medium p, = k3/(67?).
The discussion of density profiles reconstructed using this
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alternative method is provided in the Supplemental
Material [48].

The shifted positions of the RM peaks (cf. Fig. 3) allow
us to directly measure the energy of attractive Fermi
polarons. The peak position is given by

Wpeak = ERM — pol(a) + Epol,R(”Ryd)7 (7)

which makes the argument evident. First, the RM peak
energy is reduced by the energy of the attractive polaron
Epqi(a) in the initial state [22]. Second, the presence of the
Rydberg impurity shifts the single-particle energies of the
Fermi gas itself once more, resulting in an additional
polaron shift given by Epol,R(nRyd)‘ It is quite noticeable
that our absorption spectra thus simultaneously provide two
complementary properties of the polaron: it resolves its
energy as well as its real-space density profile.

Conclusion.—We have proposed a new technique for
probing the dressing cloud of polarons using Rydberg
spectroscopy. ULRMs are the key feature enabling the
approach. They are formed at a specific distance from the
impurity and lead to dimer peaks that can be uniquely
identified in absorption spectra. When tuning the principal
number ngyy of the Rydberg state, the location of the
ULRM is changed and the integrated weight of its dimer
peaks directly corresponds to the density of gas particles.
While we focused on the case of Fermi polarons, our
procedure is general and can be extended to mobile
impurities featuring molaron states [58], and other corre-
lated many-body states such as Bose polarons [59-62] or
polarons created in BCS superfluids [63]. Thus, the
proposed technique paves the way to completely new
observations in experiments with ultracold atoms that
can probe length scales beyond the optical regime in an
in situ fashion.

Finally, by employing deeply bound states as a probe, the
proposed spectroscopy allows for observing dynamics on
timescales that are ultrafast compared to the typical scales
of the underlying many-body system. This allows us, for
example, to investigate the formation of the polaron cloud
in real time. In theory, this can be simulated by considering
the linear response to the switch-on of the impurity similar
to pump-probe spectroscopy.
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