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Polariton dynamics in strongly interacting quantum many-body systems
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We develop a theory for light propagating in an atomic Bose-Einstein condensate in the presence of strong
interactions. The resulting many-body correlations are shown to have profound effects on the optical properties
of this interacting medium. For weak atom-light coupling, there is a well-defined quasiparticle, the polaron-
polariton, supporting light propagation with spectral features differing significantly from the noninteracting case.
The damping of the polaron-polariton depends nonmonotonically on the light-matter coupling strength, initially
increasing and then decreasing. This gives rise to an interesting crossover between two quasiparticles: a bare
polariton and a polaron-polariton, separated by a complex and lossy mixture of light and matter.

DOI: 10.1103/PhysRevResearch.2.023102

I. INTRODUCTION

The ability to prepare, control, and probe cold matter
systems via external light fields is at the heart of modern
developments in atomic physics, quantum optics, many-body
physics, and quantum technologies. Here, electromagnetically
induced transparency (EIT) presents a particularly powerful
approach to achieve strong light-matter coupling at greatly
reduced losses. This effect opens up numerous applications,
from cooling [1] and trapping [2] techniques, to the real-
ization of quantum memories [3] and ultraslow propagation
of light in the form of dark-state polaritons [4]. EIT has
been observed in a wide variety of media including hot
atomic vapors [5], cold atomic gases [6–8], Rydberg gases
[9], and solids [10]. While many of these applications utilize
relatively simple optical media, coupling photons to strongly
interacting quantum many-body systems would open the door
to quantum nonlinear optics, based on their rich spectrum of
strong-correlation phenomena [11,12]. Indeed, understanding
light propagation in strongly correlated environments remains
a problem of great scientific and technological significance
that is currently attracting increasing interest in both atomic
[13–16] and solid-state [17,18] settings. Although the promise
of combining EIT and strong particle interactions is widely
recognized [19], the effects of environmental coupling on the
dynamics of single slow-light quanta remain to be understood.
Here we address this problem by developing a nonperturbative
theory for the quantum dynamics of a dark-state polariton
in Bose-Einstein condensates (BECs), and we explore the
effects of strong interactions between its spin-wave com-
ponent and the surrounding condensate. Interestingly, these
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interactions lead to the formation of polaron quasiparticles
[20,21], i.e., phonon dressed impurities, while the formation
of dark-state polaritons corresponds to photon dressing of the
same impurity state. The developed theory makes it possible
to explore the competition between the creation of these two
quasiparticles. While this generally causes the formation of
complex light-matter states with substantial environmental
dissipation, we identify regimes in which light propagation
can be understood in terms of a well-defined quasiparticle that
features reduced decoherence and inherits the properties of
both quasiparticle excitations. This polaron-polariton state is
shown to have a narrowed EIT linewidth and an even lower
group velocity compared to the bare slow-light polariton. Our
study establishes a general theoretical framework for quantum
optics in strongly interacting systems and will provide a
guide for achieving coherent interfacing and photon-photon
interactions in atomic gases and semiconductor materials.

II. MODEL

We consider atoms of mass m with three internal states
|b〉, |e〉, and |c〉. A quantized probe beam couples the |b〉 and
|e〉 states with a single-photon coupling g, whereas a classical
control field couples the |e〉 and |c〉 states with Rabi frequency
�, forming a so-called �-scheme. Within the rotating wave
approximation, the Hamiltonian can be written as

H =
∑

p

[
εpb†pbp + ε (e)

p e†pep + ε (c)
p c†pcp + cpγ †

p γp
]

+
∑

p

[
�e†pcp−kcl +

∑
q

ge†p+qbpγq + H.c.

]

+
∑

p,p′,q

[VB(q)b†p+qb†p′−qbp′bp/2

+ V (q)b†p+qc†p′−qcp′bp], (1)
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FIG. 1. Light propagating as a polaron-polariton in a BEC.

where the operators b†p, c†p, and e†p create an atom with mo-
mentum p and kinetic energy εp = p2/2m in the atomic state
|b〉, |c〉, and |e〉, respectively. The atomic states are such that
ε (e)

p = εp + εe and ε (c)
p = εp + εc + ωcl with εe/c their bare

state energies, respectively. Here ε (e)
p includes the Lamb shift

due to the coupling g to the |b〉 ⊗ |γ 〉 continuum. The operator
γ
†
p creates a photon with momentum p and kinetic energy

cp with c the speed of light in a vacuum. The second line
of Eq. (1) describes the coupling between the atoms and the
probe photons as well as the classical control field. Note that
the classical field with wave vector kcl (ωcl = c|kcl|) decreases
the momentum of the |c〉 atoms by kcl compared to the |b〉
and |e〉 atoms. The interaction VB(q) = 4πaB/m describes
the interaction between two atoms in state |b〉, and V (q) =
Tν = 4πa/m denotes the interaction between a |b〉- and a |c〉-
state atom. Both interactions are short range and accurately
characterized by the scattering lengths aB and a respectively.
We use units where the system volume and h̄ are both one. The
|b〉 atoms form a weakly interacting three-dimensional BEC
with density n = k3

n/6π2 and 0 < knaB � 1. The excitation
spectrum of the BEC is given by Bogoliubov theory, i.e., Ep =√

εp(εp + 2μB) with μB = 4πaBn/m its chemical potential.
As illustrated in Fig. 1, we consider a photon with mo-

mentum k propagating inside the BEC. This excites an atom
out of the BEC and into the |e〉 and |c〉 states via the �

scheme. We focus on the case of a small density of |c〉
atoms so that they can be regarded as impurities in the BEC.
Strictly speaking, this corresponds to the limit of a single
photon propagating through the BEC, but in analogy with
the case of impurities in atomic gases in the absence of light
[20–22], we expect this picture to be accurate as long as the
density of the |c〉 atoms is much smaller than that of the
BEC, which consequently acts as a particle reservoir. This
furthermore means that we can ignore |e〉 − |e〉, |e〉 − |c〉, and
|c〉 − |c〉 interactions since the densities of these states are so
low. Finally, the scattering length a describing the |b〉 − |c〉
interaction is taken to be tuneable so that the unitary regime
kn|a| � 1 of strong interaction can be reached.

III. DISCUSSION

Before we plunge into detailed calculations, let us
discuss the main physical concepts and results. The
system combines two paradigmatic quasiparticles, the
dark-state polariton giving rise to EIT in the absence of
atomic interactions, and the Bose polaron emerging due to

FIG. 2. (a) Optical depth as a function of the two-photon de-
tuning and the atomic interactions. (b) Cross sections of the optical
depth for several values of the inverse of the interaction strength. The
vertical lines give the polaron energy in the absence of light.

interactions when there is no light. The polariton wave
function is |Dk〉 = − cos θγ

†
k |BEC〉 + sin θc†k−kcl

|BEC〉
with |BEC〉 the wave function of the BEC of |b〉 atoms
and cos2 θ = 1/(1 + g2n/|�|2) [4,23]. The polaron
wave function can, on the other hand, be written as
|ψP,k−kcl〉 = (

√
ZPc†k−kcl

+ ∑
q ψqc†−q+k−kcl

β
†
q )|BEC〉, which

describes the impurity dressed by Bogoliubov excitations
created by β

†
q [24–26]. We have introduced the quasiparticle

residue ZP of the polaron and ψq are expansion coefficients.
Now, it is tempting to assume that the presence of both strong
light coupling and atomic interactions would lead to the
formation of a polaron-polariton of the form∣∣DP

k

〉 = − cos θγ
†
k |BEC〉 + sin θ

∣∣ψP,k−kcl

〉
, (2)

which is a quasiparticle encompassing simultaneously the
polariton and polaron features by replacing the noninteracting
impurity c†k−kcl

|BEC〉 state by the polaron |ψP,k−kcl〉. We
shall show that although this is an accurate description in
certain regimes, it breaks down in other regimes in favor of a
complex light-matter quantum state.

Figure 2(a) summarizes our results. It shows the optical
depth of a BEC as a function of the two-photon detuning δ =
εc + ωcl − ck and the interaction strength 1/kna. First, we see
a pronounced minimum in the optical density, which for weak
interactions is almost zero. The minimum is located when the
incoming photon energy matches the polaron energy (dashed
line), reflecting that the EIT is caused by the formation of a
polaron-polariton with a small damping. Also, the width of the
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EIT minimum narrows with increasing interaction, which is
caused by a decreasing polaron residue ZP. The reason is that
ZP by definition determines the overlap between the polaron
state |ψP,k−kcl〉 and the plane wave |c〉 state. These effects
reflect the difference between the polaron-polariton and the
polariton, which would simply give rise to perfect EIT at
the horizontal line δ = 0. For stronger interactions, however,
Fig. 2(a) shows that the optical depth at the minimum is
nonzero, and that the minimum position is shifted away from
the polaron energy. This reflects that the polaron-polariton
picture has broken down and that the interplay between light
coupling and strong interactions produces a complex state
with no well-defined quasiparticle. In the rest of the paper,
we will derive and discuss in detail these as well as other
intriguing results showing the imprints of many-body physics
on light transmission.

IV. FIELD THEORY

In order to develop a nonperturbative theory that can
simultaneously account for strong-light matter coupling as
well as atomic interactions, we introduce the imaginary time
Green’s function G(p, τ ) = −〈Tτ {�p(τ )�†

p (0)}〉, where Tτ

denotes time ordering and �p = [γp, ep, cp−kcl ]
T . Due to the

coupling between light and atoms, the Green’s function is a
3 × 3 matrix, and we write in frequency space G−1(p, z) =
G (0)(p, z)−1 − �(p, z) as

G−1(p, z) =

⎡
⎢⎣

z − cp −g
√

n 0

−g
√

n z − ε (e)
p − �ee −�

0 −� z − ε
(c)
p−kcl

− �cc

⎤
⎥⎦.

(3)

The off-diagonal self-energies �ce = �ec = � and �γ e =
�eγ = g

√
n (both real) give the light-matter couplings re-

sponsible for the EIT phenomena [4], which can be read off
from the second line of Eq. (1). The diagonal self-energy
�ee gives the decay of the |e〉 atom due to the coupling g to
the |γ 〉 ⊗ |b〉 continuum described within Weisskopf-Wigner
theory [27–29]. Finally, �cc = nT describes the scattering
of a |b〉 atom out of the condensate by a |c〉 atom, which
is the dominant process leading to the formation of the
Bose polaron [24]. The scattering matrix T is evaluated in
the so-called ladder approximation accounting for repeated
boson-impurity scattering. This approximation includes the
two-body |b〉 − |c〉 scattering giving rise to strong Feshbach
interactions exactly, and it has turned out to be surprisingly
accurate for impurities in atomic gases even for strong inter-
actions [20–22]. The scattering matrix is given by T ,

T (p, z) = Tν

1 − Tν�(p, z)
, (4)

where

�(p, z) = −
∑
k,iων

G11(k, iων )Gcc(p − k, z − iων ) (5)

is the regularized propagator for a pair of |b〉 and |c〉 atoms in
the presence of a BEC [30,31]. Here the |c〉-atom propagator

FIG. 3. Feynman diagrams representing our theory for light
propagation in the presence of strong interactions. The self-energy
for the |c〉 atoms describing strong |b〉 − |c〉 interactions leading to
polaron formation in the absence of light is shown in the top panel.
The coupling to the classical and quantum light responsible for EIT
in the absence of interactions is shown in the bottom panel.

Gcc is given by

G−1
cc (p − kcl, ω) = G (0)

cc (p − kcl, ω)−1

− |�|2
G (0)

ee (p, ω)−1 − �ee(p, ω) − ng2G (0)
γ γ (p, ω)

. (6)

Since atom-light coupling is crucial for EIT physics, we
have included the self-energies �ce and �γ e in the impurity
propagator in Eq. (6), which describe the coupling to the
excited state |e〉 and the photon |γ 〉. This goes beyond the
usual ladder approximation based on bare c propagators or
the equivalent variational Chevy ansatz, and it has important
consequences as will be discussed in detail below. In Fig. 3
we illustrate the diagrams corresponding to Eq. (3). A dashed
line is a |b〉 atom emitted from or absorbed into the BEC, a red
line is the |c〉 propagator, a green line is the |e〉 propagator,
a wavy blue line is the photon propagator, a black line is
a |b〉 propagator, and a double solid red line corresponds to
the impurity propagator including light-matter coupling. The
classical field � is indicated by a ∗, a • is the dipole matrix
element g between the photons and the atoms, and a wavy
black line is the |b〉 − |c〉 interaction.

After diagonalizing Eq. (3), we obtain the photon Green’s
function describing light propagation in the BEC. Writing
this as G−1

γ γ (k, ω) = εω − ck allows us to relate the dielectric
function ε = 1 + χ and the optical susceptibility to the self-
energies as [32]

χ (k, ω) = − 1

ck

ng2

ω − ε
(e)
k + i�ee − �2GP(k − kcl, ω)

. (7)

Here �ee = −Im�ee gives the decay rate of the excited state,
and G−1

P = G (0)
cc

−1 − �cc; see Appendix A.

V. POLARON-POLARITONS

We can now show how the polaron-polariton emerges
by ignoring the effects of light on the |b〉 − |c〉 scattering
described by the T matrix. As we shall see, this approximation
is valid for �2/�ee � En where En = k2

n/2m sets the many-
body energy scale. Then the term GP in Eq. (7) becomes
identical to the polaron Green’s function in the ladder ap-
proximation [30], which has a pole at the undamped polaron
ground state energy E (P)

k+q−kcl
+ δ. Close to this pole, we

can write GP(k + q − kcl, ck + ω) 	 ZP/(ω − E (P)
k+q−kcl

− δ),
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where ZP is the quasiparticle residue of the polaron wave
function |ψP〉 introduced above. It follows from Eq. (7) that
the on-shell susceptibility χ (k, ck) vanishes at this pole, i.e.,
when G−1

P (k − kcl, ck) = 0. Physically, this means that the
photon can propagate undamped under perfect EIT conditions
when its energy ck matches that of a polaron with momen-
tum k − kcl, i.e., when ck = E (P)

k−kcl
+ εc + ωcl. In the wave

function picture introduced above, this corresponds to light
propagation carried by the polaron-polariton state |DP

k 〉 given
by Eq. (2), instead of the noninteracting polariton |Dk〉.

To further explore many-body effects on the EIT spectrum,
we use a pole expansion of GP in Eq. (7). This gives

Gγ γ (k + q, ck + ω) 	 Z

ω − vgq − δ̃ + i (ω−δ̃)2

σ

, (8)

for the photon propagator around the EIT condition δ =
−E (P)

k−kcl
to first order in the deviations ω, δ̃ = δ + E (P)

k−kcl
, and

q, which is taken to be parallel to k for simplicity. We have
neglected terms involving ∇kE (P)

k−kcl
� cs � c and defined

Z = 1

1 + g2n/�2
P

, vg = Zc,

σ = �2
P

�ee
, �2

P = ZP�2. (9)

Here Z = cos2 θ is the residue of the EIT pole in the photon
propagator, which in the wave function formulation is simply
given by the photon component of the polaron-polariton state
|DP

k 〉 given by Eq. (2). Also, vg is the group velocity of light, σ
is the width of the EIT window, and �P is the Rabi frequency
renormalized by many-body correlations. From Eq. (9), we
see in addition to moving the condition for EIT away from
δ = 0, the formation of the polaron decreases both the group
velocity of light in the BEC and the width of the EIT window
through its residue ZP < 1.

We return to Fig. 2 showing the optical depth of a BEC of
length L as a function of the |b〉 − |c〉 scattering length a and
the detuning δ. The transmission is described by the optical
depth

OD = �γ kL

vg
= ImχkL where �γ = ZcImχ (10)

is the damping rate of the photons. The optical depth OD0 =
ng2L/�eec in the absence of the classical control field serves
as a reference. To demonstrate that the physics we discuss
is within experimental reach, we consider the 4 2S1/2 to
4 2P1/2 transition in 39K, which has already been employed
in recent EIT and polaron experiments [20,33]. For this
transition, �ee = π× 2.978 MHz corresponding to a wave-
length λ = 2π/k 	 700.1 nm. Taking a typical BEC density
of n = 2×1014 cm−3, this gives En = k2

n/2m 	 420 kHz, and
using g2 = 3π c�ee/k2 from Weisskopf-Wigner theory yields√

ng 	 6.1×105En. In order to resolve many-body physics
in the spectrum, we choose a classical light coupling � so
that the width σ 	 �2/�ee = 518 kHz is comparable to En.
Finally, the impurity momentum k − kcl, the temperature and
the one-photon detuning � = ε

(e)
k − ck are all zero. We also

plot as dashed lines in Fig. 2(a) the attractive and repulsive
polaron energies in the absence of light, determined by the

pole of GP with no light, i.e., � = 0. Figure 2(a) clearly
demonstrates that the optical depth essentially vanishes when
the two-photon detuning matches the polaron energy, −δ =
E (P)

k−kcl
, for weak attractive coupling 1/kna � −1. This corre-

sponds to the formation of a polaron-polariton leading to EIT
as described above.

Figure 2(b) shows vertical cuts for several values of the
interaction strength, and the vertical lines correspond to the
polaron energy in the absence of any light. We see that
the optical depth at the EIT resonance is in general larger
for kna > 0 compared to the attractive side, reflecting that the
repulsive polaron is not the ground state so that it can decay
into lower-lying states such as the Feshbach molecule even in
the absence of light. In addition, we see an interesting double-
dip structure in the optical depth for strong interactions 0 �
1/kna � 1. This is a genuine many-body effect beyond the
quasiparticle picture: It is caused by a continuum of states
involving Bogoliubov excitations of the BEC, which increases
the transparency of the BEC for detunings away from the
polaron energies.

VI. LIGHT-INDUCED DAMPING

From Figs. 2(a)–2(b), we also see that for stronger inter-
actions, the optical depth increases at the minimum, which
moreover is shifted away from the polaron energy. As the
interaction kn|a| increases, the EIT minimum is displaced
away from the polaron energy, and the optical depth increases
becoming substantial at unitarity 1/kna = 0. This is caused
by the interplay between the scattering and the light coupling,
which leads to additional decay and eventual breakdown of
the polaron, even when it is the ground state in the absence
of light. The key point is that while the coupling � of the |c〉
state to the lossy |e〉 state is suppressed for the EIT resonant
momentum k − kcl, it can be significant for other momenta
where the photon is off-resonant. The remaining light cou-
pling to the |e〉 state is controlled by the ratio �/�ee and leads
to damping of the impurity. This is of course irrelevant for
EIT physics in the absence of interactions where the impurity
momentum is fixed to k − kcl by the incoming light. In the
presence of interactions, however, atom scattering changes
the momentum of the impurity to values, where the state |c〉
couples strongly to the lossy |e〉 state and this damping mecha-
nism kicks in. One can show that for �/�ee � 1, the resulting
damping of the polaron with resonant momentum k − kcl = 0
is �P ∝ (1 − ZP )�2/�ee; see details in Appendix B. This in
turn results in a damping of the photons and a corresponding
nonzero minimal optical depth given, respectively, by

�γ 	 �P + �2
P�ee

|�P|2 , OD = �γ

L

vg
∝ OD0(1 − ZP ), (11)

for �/�ee � 1, �2/�ee � En and
√

ng � �P; see Ap-
pendix B. Equation (11) relates the optical depth of the
medium to the incoherent excitations forming the polaron,
which have a spectral weight of 1 − ZP. In this sense, it
provides a profound link between the propagation of light and
the quasiparticle properties of the polaron. This, combined
with the fact that the position and value at the minimum of the
optical depth are determined by the energy and residue of the
polaron, respectively, demonstrates how strong light-matter
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FIG. 4. (a) Decay rate of the impurity at the EIT minimum as a
function of �/�ee and 1/kna. (b) Polaron energy and damping as a
function of �/�ee at unitarity 1/kna = 0. (c) The nonmonotonicity
of the damping is illustrated.

coupling and slow light provides a powerful new platform
for probing quantum many-body physics in a nondemolition
scheme.

Increasing � further eventually makes the impurity states
with momenta different from k − kcl so strongly damped
that scattering into them is suppressed. As a result, both the
energy shift and the damping of the impurity with resonant
momentum decreases, and the EIT spectrum approaches that
of a ideal gas. In other words, interaction effects are sup-
pressed for a strong control field giving rise to a nonmonotonic
dependence of the damping and the eventual reemergence of
the noninteracting polariton for large �. This surprising effect
can only be described using a nonperturbative theory taking
into account the repeated scattering of impurities on the BEC;
see Appendix A.

VII. REGIMES OF LIGHT PROPAGATION

The different regimes of light propagation around the
EIT minimum in the presence of interactions are shown in
Fig. 4(a). It plots the damping rate of the impurity for the
detuning δ giving the minimal optical depth as a function of

the interaction strength 1/kna and the classical light coupling
�/�ee, keeping �ee fixed. All other parameters are as in
Fig. 2. In agreement with the discussion above, we see that the
damping of the impurity depends nonmonotonically on �/�ee

for fixed coupling strength 1/kna, as shown also in Fig. 4(c).
For �/�ee � 1, the damping is small and light propagates
in the form of a well-defined polaron-polariton giving rise to
EIT with a small but finite residual absorption. The damping
increases with increasing �/�ee and it becomes substantial
for strong coupling 1/kn|a| � 1 and intermediate classical
atom-light coupling 0.3 � �/�ee � 1. Finally, both the decay
and the energy shift of the impurity start to decrease for
even stronger light coupling, and the ideal gas EIT spectrum
governed by the noninteracting polariton reemerges. Note that
this reemergence of ideal gas slow light propagation occurs for
an arbitrarily large impurity-boson scattering length a, since
scattering is suppressed into lossy |c〉 states with off-resonant
momentum = k − kcl.

To illustrate this in more detail, we plot in Fig. 4(b) the
polaron energy EP and its decay rate �P at unitarity 1/kna =
0 as a function of �/�ee, in units of the polaron energy
EP(� = 0) in the absence of light. The damping initially
increases as �2 in agreement with the analysis above, and
it is much smaller than the energy shift for �/�ee � 1 so
that the polaron-polariton is well defined. For intermediate
values 0.3 � �/�ee � 1, however, the damping is of the same
order as the energy, which is significantly shifted away from
the polaron energy in the absence of light. In this region, the
quantum state is a complex mixture of light and photons with
no well-defined quasiparticle resulting in significant decay.
Finally, both the energy shift and the damping become small
for larger values of �/�ee, so that the noninteracting dark-
state polariton emerges.

VIII. CONCLUDING REMARKS

We developed a nonperturbative theory for light propa-
gation through a Bose-Einstein condensate in the presence
of strong interactions, which permits us to explore the inter-
play of particle correlations and strong light-matter coupling.
We have shown that the associated competition between the
formation of polaritonic and polaronic quasiparticles can be
observed and probed directly via the transmission spectrum
of the interacting medium. This includes large deviations
from noninteracting EIT as well as light-induced damping,
and it offers a powerful nondestructive setup to manipulate
and probe many-body physics. The presented approach can
straightforwardly be generalized to include other interaction
effects between the atomic states, or to describe other sys-
tems such as exciton-polaritons in semiconductors [17,18,34].
It therefore provides a powerful framework for describing
systems with light-matter coupling in the presence of strong
interactions and enables future explorations into key problems
such as generating strong photon nonlinearities by polaron-
polaron interactions [35].
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APPENDIX A: SCATTERING MATRIX
AND GREEN’S FUNCTIONS

The Dyson’s equation yields for the excited state

G−1
ee (p, ω) = G (0)

ee (p, ω)
−1 − ng2G (0)

γ γ (p, ω)

− |�|2GP(p − kcl, ω) − �ee(p, ω), (A1)

where �ee(p, ω) accounts for the Lamb shift and the decay of
the excited state, while GP is given in the main text.

Finally, the Dyson’s equation for the photon field gives
G−1

γ γ (k, ω) = ε(k, ω)ω − ck, and relates the Green’s func-
tions and self-energies in Fig. 3 to the optical susceptibility
χ (k, ω) via ε(k, ω) = 1 + χ (k, ω) [32] The expression for
χ (k, ω) is provided in the main text.

Here we provide more details concerning the light-induced
damping of the polaron discussed in the main text. This
damping enters via the impurity states with momenta differing
from k − kcl inside the scattering matrix in Eq. (4). Let the
momentum of the impurity inside the scattering matrix be
p − kcl and define q = p − k. When cq � ng2/�ee, it follows
from Eq. (6) that

G−1
cc (q, ck + ω) ≈ G (0)

cc (p − kcl, ω)−1 − cq
�2

ng2

≈ G (0)
cc (p − kcl, ω)−1 − vgq, (A2)

where we have used vg 	 c�2/gn2. Equation (A2) shows that
the impurities with momenta close to the resonant momentum
k − kcl are only weakly coupled to the excited state and
thus have a long lifetime. The linear dispersion leads to an
additional source of decay, Cherenkov radiation.

For cq � ng2/�ee on the other hand, we get from Eq. (6)

G−1
cc (q, ck + ω) ≈ G (0)

cc (p − kcl, ω)−1 − �2

ω − ε
(e)
k+q + i�ee

.

(A3)

That is, for momenta far away from the resonant momentum
the impurity couples to the excited state, which results in
decay.

To estimate how this decay of impurities with momenta
different from k − kcl gives rise to a decay of the polaron
with resonant momentum k − kcl via the interaction, we first
consider the case �/�ee � 1 and �2/�ee � En. Estimating
the propagators inside the scattering matrix to be given by
Eq. (A3) then yields

�P 	 −ZPIm�P
(
E (P)

k − kcl
+ i�2

/
�ee

) ≈ (1 − ZP )�2/�ee. (A4)

FIG. 5. (Left) Idealized picture of an undamped polaron-
polariton. (Right) Physical polaron-polariton; here the light-matter
coupling modifies the atomic scattering leading to deviations from
the idealized undamped polaron-polariton picture.

In the opposite regime where �2/�ee � EP, the pair
propagator in Eq. (4) can be approximated by �(p, ω) ∝
−im3/2

√
ω + i�2/�ee. For �2/�ee larger that the typical

atomic energies, this suppresses the boson-impurity scattering
matrix in in Eq. (4) and thereby the impurity self-energy.
Thus, one recovers the noninteracting dark state polariton for
large �/�ee.

To illustrate the imprints of the light on the atomic scat-
tering, we neglect those in Fig. 5 (left) and compare to the
physical case discussed in the main text. For illustration pur-
poses, we show the latter in Fig. 5 (right), which fully includes
the light-matter coupling. In Fig. 5 (left) the optical depth
at resonance δ = −EP is strictly zero, illustrating that the
ground-state polaron in the absence of any light-matter cou-
pling is undamped. In agreement with the theory, the width of
the EIT is reduced, as a consequence of the normalized Rabi
frequency �2

P = ZP|�|2, which is decreased with the residue
of the polaron ZP. The idealized undamped polaron-polariton
corresponds to ckn � ng2/�ee and �2/�ee � En where the
scattered |c〉 states are effectively decoupled from the resonant
photons and the classical control field. In this limit, the atomic
interactions can be described by the scattering matrix in the
absence of any light-coupling [30].

APPENDIX B: DAMPING OF THE POLARON-POLARITON

The damping of the polaron in turn gives rise to a damping
of the polaron-polariton given by

�γ = Z̃ng2�P

�P�ee + |�P|2 , (B1)

where

Z̃ = 1

1 + ng2(|�P |2+�2
P )

(|�P |2+�ee�P )2

(B2)

is the modified residue of the EIT pole due to the light cou-
pling. For |�P|2 � �P and taking ng2 � |�P|2, the decay of
the photon is �γ = �P(1 + �P�ee/|�P|2). The optical depth
OD ∝ OD0(1 − ZP ) can be obtained by using Eq. (A4) in
Eq. (B1).
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