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We consider the scenario of an emitter embedded in a nonideal cavity. Using an input-output
approach to describe the open system, we show that an effective dissipative coupling between the
emitter and the cavity can emerge because of their interaction with a common photonic environment.
The underlying mechanism is independent of the nature of the emitter and exists even at zero
temperature; hence our results provide a pathway for accessing a range of non-Hermitian phenomena
in a variety of light-matter coupled systems. In particular, we show that the effective dissipative
coupling can lead to the phenomenon of level attraction between the emitter and cavity mode when
the radiative decay rates exceed the conventional Rabi coupling. Our model thus provides a possible
explanation for the anomalous dispersions and negative mass observed in recent photoluminescence
measurements in semiconductor microcavities. Finally, we show that our effective non-Hermitian
system can produce hybrid light-matter exceptional points and bound states in the continuum.

I. INTRODUCTION

In quantum optics, the spontaneous emission of radia-
tion is understood as arising from the coupling between
an emitter and the vacuum of the electromagnetic field
in its surroundings [1]. Importantly, this means that the
spontaneous emission is not an intrinsic property of the
emitter, but can be controlled (enhanced or inhibited) by
placing the emitter in an optical cavity, thus modifying
its electromagnetic environment [2-5]. This fact is at the
heart of the research field of cavity quantum electrody-
namics [6-8].

In the ideal case, there are negligible interactions be-
tween the cavity and the outside electromagnetic environ-
ment, allowing one to achieve a strong coupling between
an emitter and a cavity photon mode. Here, the eigen-
states at low excitation density consist of superpositions
between the emitter and bare cavity photon states — the
so-called polariton states. In practice, however, the cav-
ity cannot be perfect and the light-matter-coupled system
is affected by the external environment. In this context,
there are two effects: the damping of the cavity, which
has been extensively studied theoretically for the Jaynes-
Cummings model [9-12]; and the possibility for the emit-
ter itself to emit radiation outside of the cavity [13-16].
Such dissipative effects are generic and have been simi-
larly modelled for a range of scenarios beyond the original
case of an atomic emitter, such as semiconductor micro-
cavities with either two-level systems [17-20] or bosonic
modes [21-23] as emitters. However, to our knowledge,
these previous works have always assumed that the de-
cay channels for the emitter and the cavity photon are
independent.

In this Article, we consider the situation in which the
emitter and the cavity photon interact with a common
photonic environment, a scenario which is readily realized
in a nonideal cavity [Fig. 1(a)]. As we show, this gives
rise to an effective dissipative coupling between the cavity
photon and emitter, which is analogous to the induced in-
teractions between two oscillators immersed in the same
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Figure 1. (a) Sketch of the hybrid light-matter system under
consideration. It consists of a semiconductor layer embedded
in a planar optical cavity. One of the mirrors is not perfect,
which allows the emitter and the cavity photon to interact
with the common photonic environment via the couplings &.
Panel (b) illustrates the analogy with two coupled oscillators
immersed in a common medium.

medium [Fig. 1(b)]. In principle, this configuration only
requires a mirror that is not perfect: it is independent of
the nature of the emitter and exists even when the envi-
ronment is at zero temperature. Therefore, our findings
are of potential relevance for a variety of experimental
platforms. To be concrete, we consider the system to
be a planar semiconductor microcavity that hosts cavity
photons and excitons [24], and we use an input-output
approach [25, 26] to describe the open quantum system.
In particular, we find an effective dissipative light-matter
coupling that can lead to level attraction between the ex-
citon and cavity mode. This effect provides a plausible
and simple explanation for the recently observed anoma-
lous dispersions in planar semiconductor microcavities
[27, 28], as well as earlier reports of level attraction in
quantum dot cavities [29-31]. We also demonstrate the
existence of hybrid light-matter exceptional points (EPs)
and bound states in the continuum (BiCs) in our model.

The paper is organized as follows. The model and for-
malism are introduced in Section II. In Section III, we
present the results obtained by making use of the mem-
oryless approximation. Finally, in Section IV we extend



the model to include non-radiative losses and calculate
the reflection and absorption spectra. A brief summary
and our conclusions are given in Section V. Additional
information and technical details are provided in Appen-
dices.

II. THEORETICAL DESCRIPTION

A. Model

We employ a system-environment decomposition, as is
customary for the description of open quantum systems,
and hence we start with a total Hamiltonian of the form
H = Hs + Hig + Hgg. Here, Hg and Hg correspond
to the system of interest and the environment, respec-
tively, while Hgp describes the system-environment cou-
pling. To be concrete, we consider the system illustrated
in Fig. 1(a). It consists of two-dimensional excitons and
cavity photons described by the Hamiltonian

fs = Y |l + @ alin + gn (o + ) |

k
(1)
Here, ¢éx (é;r() and &y (:%L) are bosonic annihilation (cre-
ation) operators of cavity photons and quantum-well ex-
citons, respectively, with in-plane momentum k. The ki-
netic energies at low momenta are ef = o +h%k?/2mc+6
and € = eg+h*k?/2mx, where k = |k| and m¢c (mx) is
the cavity photon (exciton) mass, while § is the photon-
exciton detuning and ¢, is the exciton transition energy.
gr is the Rabi coupling, and we assume that the rotating
wave approximation holds (ey > gr).

We consider the environment to be the electromagnetic
field outside of the cavity. To describe this photonic bath,
we use the following Hamiltonian

Hg = / dg ek el fxq (2)
k

where éx, (élT( ,) are annihilation (creation) operators for
photons outside the cavity with in- and out-of-plane
wavevectors k and ¢, respectively, and ef’ . = ek + 2
is the corresponding photon kinetic energy.

Since we consider the situation where both the emitter
and the cavity photons interact with the photonic envi-
ronment, we describe the system-environment interaction
with a Hamiltonian of the form Hgg = Hx g+ Hcg with

Hyp = / dg Y (mtil i+ he),  (3a)
k

Hop = / dg Y (K elyon+he) . (3D)
k

H x e encodes the fact that the probability of an exciton
to recombine by emitting a photon directly to the envi-
ronment is nonzero [32]. In particular, this can become

the dominant process for the radiative recombination of
the emitter when the cavity mode and emitter frequen-
cies are not resonant (i.e., the opposite of the Purcell
effect [2]). Hep describes the cavity-environment cou-
pling that exists even in the absence of the semiconduc-
tor layer. Crucially, the form of Hgp allows for inter-

ference effects to take place when the couplings ni{ o, and

Hf_q are both nonzero. This is an essential difference

between the present model and those which consider in-
dependent environments for the emitter and the cavity
(e.g., Refs. [13-23]). For each in-plane wavevector, the
scenario we consider is analogous to the problem of two
coupled oscillators immersed in a common medium illus-
trated in Fig. 1(b).

B. Input-output formalism
1.  Time dependent equations

To obtain the time evolution of the system, we use
an input-output approach [25, 26], which allows us to
describe the response to an arbitrary input such as a co-
herent field. The key idea is to start from the Heisenberg
equations of motion for the system and bath operators,
and then eliminate the bath operators by using their ini-
tial conditions, i.e., the input, as detailed below.

The Heisenberg equations of motion for the system op-
erators are

thOiex = {ék,ﬁs} +/dq"f1€:}ékq7 (43‘)

1hOiTx = [ﬁk,ﬁs} +/dq%ﬁ;ékq. (4b)

In the same way, one obtains the evolution equations for
the bath operators

ih&tékq zegqékq + Iif)qék + Hi{qi“k. (5)
The formal solution of Eq. (5) is of the form:
g (1) = €7 R0 (1) (6)

1t ,
+ | dt e 7%l (kG (1)) + R 2k (t)) -
to

If one defines input and output operators as

é{cq = togrzloo efchato eiq(to), (7a)
= Jim RSt (), (7b)

one can use Eq. (6) to obtain the following relation

P 1 5 o
egq = 6{“1 + %nﬁqck(w{jq) + ﬁnf’qé\?k(wf’q). (8)

Here, Ay (w) = [ dt e™'ay(t) corresponds to the Fourier
transform of the operator ak(t) and wﬁq = eﬁq/h. We



can see that Eq. (8) relates the output operator to those operators
of the input and the system.
Inserting Eq. (6) into Eq. (4) and taking the limit ¢; —
—o0, one obtains the following equations for the system
J
e = [ae Hs] —i / ATCC ( — e (t) — i / ATCX (1 — )i () + EE (1), (92)
ihdyi = [;zk, FIS} — / ATEX(t — ) aw(t)) — i / d'TEC(t — e () + B (1). (9b)

Here, both the Langevin-like force operators F “(t) and
the dampmg terms 't 2 (1) originate from the mteraction
with the common photonic environment (3) and are not
captured in Hg. Importantly, we see that FEX (1) in
Eq. (9) induces an additional coupling between the exci-
tons and cavity photons. Explicitly, one has

a8 (r /dq Kie anq %EEHT, (10)

and the ‘force’ operators are related to the input opera-
tors as

7 w —Lell 4
B0 = [dnieided,  (a)
n w —Liel 14
FX@t) = /dqﬁf’qe Z kxqte{(q. (11b)

2.  Frequency domain

Taking the Fourier transform of Eq. (9), we arrive at
the matrix equation

Ce(w)) _ (Fw)
Moo (50) = (B0)- o2
Here, Xy (w), Cic(w), F
of the operators Zy(t), ¢

Fi(w) denote the Fourier transforms
(1), Fi(t) respectively, and

_ (B - +iTEOW) —gn + iGN (w)
M) = (M TR
(13)

We note that M™! corresponds to the single-particle
Green’s matrix of the system, modified by the interaction
with the common photonic environment (see Appendix
A). T{5 (w) denotes the Fourier transform of ' () and
takes the form

~ i *
P = § [ dasitnd 3 - of,)

n P/ Hkq”kq (14)

(

where P denotes the Cauchy principal value. The Fourier
transform of the force operators are related to the input
operator as

FE (w) = 2mky s prc(w)éle g » (15a)

~X X N
Fio (w) = 27r/-1k7;ppk(w)ek7qp, (15Db)
where the wavevector g, is defined by the resonance con-
dition w = wﬁ @ and we have introduced

(aqwf’q)*_l . (16)

pr(w) = a—ay

Physically, px (w) corresponds to the photon environment
density of states. It is real and well defined when w > ck,
while when w < ck, it is not possible to emit radiation
outside of the cavity since there are no free photon modes.

Inserting Egs. (12) and (15) in Eq. (8), one obtains the
following input-output relation

6, = Stk,w)ek, . (17)

where

Sl0cw) =1 i 272 S (e )] e w1

h — oty
0
(18)
Here, [./\/l(k,(,u)]i_j1 corresponds to the (7, 7)th element of
M~L. One can check that |S(k,w)| = 1, and therefore

the transformation (17) is unitary. This implies that the
output operators obey the same Bose commutation rela-
tions as the input operators. However, it is interesting to
remark that the fact that we have a single common pho-
tonic bath with a given density of state pyx is important
for this unitarity property. Indeed, in the different sce-
nario where the emitter and cavity photon interact with
independent matter and photon baths with different dis-
persion relations (i.e., different densities of states), the
resulting input-output transformation cannot be unitary
since it is not equivalent to have an input from the mat-
ter or from the photon bath. This subtlety seems to have
been missed in Ref. [26], and must be accounted for to
calculate reflection or absorption, as discussed in Sec. I'V.
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Figure 2. Anomalous dispersions. The color plots show the
power spectra I(k,w) (color scale in arbitrary units). The
dashed white lines correspond to the real parts of Eq. (22) and
the dashed-black lines represent the bare exciton and cavity
photon kinetic energies eir and €g. (a) §/7¢ =3, (b) §/7° =
2. The other parameters used for both panels are: nk(w) =1,
v /7 =18, gr/y* =0, mc/mx = 0.

While these observables cannot be properly defined in
a model with a single environment, one can use Eq. (12)
to calculate the power spectrum

I(k,w) = (CL(w)Ci(w) + (@) X)), (19)

which encodes the emission spectrum of the system for
a given input of the environment, such as a coherent
drive. We note that in the absence of the environment,
the right-hand side of Eq. (12) is zero and the power
spectrum vanishes, as it should.

III. MEMORYLESS APPROXIMATION AND
NON-HERMITIAN EFFECTS

The set of evolution equations in (9) implies that the
system operators ¢y, i at time t are affected by their
past at times ¢ < ¢ through the functions T (7). How-
ever, such memory effects disappear if we take the cou-
plings £ in Eq. (3) to be independent of ¢, and ap-
proximate I'{C (1) ~ ~Z6(r), T&X (1) ~ Xd(r), and
LEX(7) ~ \/vEvX (), where 4 and 44 correspond to
the photon and exciton linewidths, respectively. These

can be related to the model parameters via (see Appendix
B)

e = mpicwg IR P/, i = mpw(we )lwid /R (20)

where we have used py(w) ~ pr(wg), with wf = e /R,
and we have assumed that arg(k<*kir ) = 0, since the two
parts of the system (cavity-photon and exciton) are lo-
cated at the same place. Such a memoryless approxima-
tion is also referred to as the Markov approximation [25],

and we expect it to be accurate when €, ef > <, X,

4

Within this approximation, the matrix (13) simplifies
to

hw—2C  —§
M) = (M3 SO

c,.x Cc,x

. _ . CX
where we have introduced 2" = ¢, — iy, and

Jx = gR — iy /vf'yﬁ(. We can see that the matrix takes

the form M(k,w) = fwl — Hy, where Hy can be inter-
preted as an effective non-Hermitian Hamiltonian [33].
Crucially, the imaginary part of the off-diagonal coupling
is a consequence of the common environment, and would
be absent in the typically assumed case of independent
environments [26].

Solving det[M] = 0, one obtains the complex eigenval-
ues

1
L,U C X
hw] = = (Z]: + zi + \/(Z]C — Z]X)2 -+ 4912) . (22)

The power spectrum (19) can be calculated analytically
and reads

A€ + Bi(w) Y + Dic(w)y /¢
|hw — hwk 2| hw — hw{ 2

I(k,w) = nk(w),

(23)

where ny(w) = ﬂhpk(wé(xé{jqpé{()qp) is proportional to

the photon distribution in the input field and we have
defined

Ax(w) = 4 (|gil* + |hw — 22 7)),
Bic(w) = 4 (|gil* + hw — 2 %)
Di(w) = 8Re [(2hw — 2¢ — )d1] -

We emphasize that v¢ and 4 only account for radia-
tive decay into the common photonic environment. In
realistic systems, there can also exist nonradiative pho-
tonic and excitonic losses. As we show in Section IV,
these allow for absorption to take place and can be in-
corporated into Egs. (21-23) by adding additional decay
rates in the definition of zf , sz . Importantly, the absorp-
tion spectrum can exhibit qualitatively similar features
to the power spectrum. Here, we focus on the regime
where such nonradiative losses are negligible with respect
to vix and 4. To shorten the notation in the discussion
below, we introduce the k-dependent photon-exciton en-
ergy and linewidth detunings d., = Re[z{ — 2], and

Oy = —Im[zg — sz]

A. Level attraction and anomalous dispersions

In the limit of negligible Rabi coupling, the argument
of the square root in Eq. (22) can give rise to level at-
traction when &, # 0 and 7< ~ 7. In particular, this



effect provides a plausible and relatively simple expla-
nation for recent puzzling photoluminescence measure-
ments in semiconductor cavities [27-31] which reported
anomalous level attraction [34]. In the opposite limit of
strong Rabi coupling, gr > 'yf ,yﬁ( , 0y, the argument
of the square root in Eq. (22) gives rise to level repul-
sion and to the conventional lower and upper polariton
modes [35]. Finally, we note that when 7;X /7S — 0, one
recovers the case where the only radiative decay channel
is from the cavity mode, as considered in Refs. [9-11].

In order to illustrate the phenomenon of level attrac-
tion and to highlight how this can, in turn, lead to
anomalous dispersion relations in planar cavities, we have
plotted in Fig. 2 two examples of power spectra. For the
purposes of this illustration, we have used decay param-
eters independent of the in-plane wavevector v¢X and
a vanishing Rabi coupling gr/7y“* ~ 0. The dispersion
shown in panel (a) resembles the observation of Ref. [27],
which reported an anomalous inverted parabolic behav-
ior, i.e., a negative effective mass, of the lower line around
k = 0. While this effect was originally believed to have
a many-body origin [27], it is not predicted by a recent
more microscopic many-body theory [36]. The disper-
sion displayed in panel (b) resembles that reported in
Ref. [28], in which the inverted parabolic behavior of the
lower line was observed at k # 0. We note that the
power spectrum calculated here is not strictly equivalent
to an experimental photoluminescence spectrum, as in
such measurements some relaxation and partial thermal-
ization take place which tends to favor the occupation of
the lower energy states.

It is worth noticing that the single-mode version of
the model in the regime gr/v“X ~ 0 is potentially rel-
evant for semiconductor quantum-dot cavities. As such,
a dissipative coupling mediated by the common photon
environment could also have played a role for the level
attraction reported in photoluminescence measurements
in these systems [29-31]. In particular, we note that the
observations of Ref. [29] could not be fully explained by
their model, and that the paper evokes some ‘unknown
mode-pulling effects’. We emphasize that the present
mechanism is solely due to the common photonic envi-
ronment, which was not considered in [27-31], and it does
not rely on material or temperature-dependent properties
of solid-state emitters, nor on the pumping procedure.

B. Exceptional points and bound states in the
continuum

Aside from the connection with recent experiments,
the present model embeds additional interesting special
cases. First, we note that exceptional points [37-39] can
arise when the square root in Eq. (22) vanishes [40].
This occurs when the following conditions for the photon-
exciton detunings are both satisfied:

0o =E2\/ 0N, 0 = F2r (24)
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Figure 3. Vicinity of a bound state in the continuum. (a)
Power spectra for different detunings. (b) Dynamics of |(Zo)|?
with initial conditions (Zo(0)) = 1, (é0o(0)) = 0 and vacuum
environment. The solid colored lines correspond to the same
detunings used in panel (a) and the dashed black line corre-
sponds to § = 6%'€ given in Eq. (25b). The other parameters
used in both panels are gR/’yC =3, ’yX/'yc =03, k=0.

We note that these conditions would remain valid in
the presence of an additional exciton broadening once
it is incorporated into d,,; and that when W= 0,
Eq. (24) corresponds to the condition for the so-called
weak to strong coupling crossover [17, 41]. EPs at such a
crossover have been reported recently in Ref. [42] which
relied on a polarization dependent Rabi splitting. In our
case, the Rabi coupling is constant and we have an in-
plane isotropy such that Eq. (24) can give rise to rings
of EPs which, to leading order in m¢/mx < 1, occur at

thp = 2mc (5?1‘1) - 5) [43]
Another interesting configuration appears when d., =

651C = grby, /\/1E 5, in which case the imaginary part
of wl in Eq. (22) vanishes exactly. As a consequence,
the corresponding modes remain undamped [44], which
corresponds to the realization of bound states in the
continuum [45, 46] (i.e., these states remain localized
within the cavity despite the fact that they coexist with
the continuum of photonic modes outside the cavity).
These arise from the interference between two resonances
(exciton and cavity photon) and are thus hybrid light-
matter analogs of the BiCs proposed in Refs. [45, 47].
Like the EPs above, the condition d., = 5€Bkic in a pla-
nar cavity can give rise to a ring of BiCs occuring at
likgic =
sibility to achieve such a ring is a novelty of the present
isotropic system with respect to previous BiC realisations
in other platforms [46, 48].

In Fig. 3(a), we have plotted the power spectrum at
k = 0 for different values of §/6%C. We can see that
as the detuning approaches 6% the width of the lower
energy peak decreases and its amplitude increases. At
exactly § = 6BC the width vanishes and the power
spectrum (23) diverges as (w — w)™2 [49]. To illus-
trate the impact of the BiC condition on the dynamics,
in Fig. 3(b), we have plotted the amplitude of the ex-

2mc(681€ — §). To our knowledge, the pos-



citon field as a function of time for the corresponding
detunings. In this figure, we have used the solution of
the memoryless equations of motion given in Appendix
C with (Zo(t = 0)) = 1, and the environment and cav-
ity mode in their vacuum state as initial conditions. We
can observe damped oscillations at short times, while at
long times, we see that the closer ¢ is to 6°'C, the lower
is the decaying slope. At 6 = 6P, the time-dependent
amplitudes can be expressed as

27
) l4e 7t —2w cos[ﬂt]
[{eo()[* = 2 Ay OyX, (25a)
o AT A« & — 2t Q
. Ix + Toe " 4 2e7 7! cos[F ]
[{Zo ()] = T— e vorx,
(25b)

with v = v+~ and Q = gry/+/7°7X. We can clearly
see that the amplitudes remain finite as t — oo when

v, 4% # 0. In other words, the probabilities to find the
emitter or the cavity excited do not vanish in the long
time limit, which contrasts with the conventional behav-
ior of damped vacuum Rabi oscillations in the absence of
a common photonic environment.

IV. ADDITIONAL LOSSES, REFLECTION AND
ABSORPTION

In the presence of a single photonic environment, one
cannot formally describe absorption or reflection. In-
deed, in the absence of any other loss channels, all in-
put photons eventually return into the same environ-
ment, and thus the reflection is necessarily unity. There-
fore, to describe the absorption and reflection within the
input-output formalism, one must include some addi-
tional losses in the model.

In realistic planar semiconductor cavities, there are
several sources of nonradiative losses. For example, in-
homogeneities of the mirrors can cause scattering of cav-
ity photons into guided modes, while lattice phonons
can cause scattering of excitons into nonradiative exciton
states. We will model these by adding two independent
baths with which the exciton and the cavity photon can
interact

m = /dqz {eﬁqu{quq + (ngqmiqggk + h.c.)} ’
k (26a)
i, = / dg’ 3" [ by + (5 iy + hec )]
k (26D)

Here, €, and ¢, o correspond to the single particle ener-
gies in the distinct matter and photon baths respectively,

J

and My, and 9k, denote their annihilation operators.

The derivation provided in the Section II can be
straightforwardly generalized to include these additional
baths, and one obtains the modified matrix equation

o (5) - (B 152

with

M’(k,w)zM(k,w)H(Fﬁé@ an‘)(w)) (28)

We can see that Eq. (27) has a similar structure as
Eq. (12), with the presence of the additional baths in-
cluded in T (w), T} (w) and FJ*(w), Fi(w). In particu-
lar, we note that it gives rise to additional complex terms
on the diagonal of the matrix M’ with respect to M.
Similarly to Eq. (14), these additional terms read

7T m
7 /dq |/-§k7q|26(w

with wi', = €, /h, and wy = ¢ /FL In the same way
);

as Eq. (15), the operators 7} (w), Fy(w) are given by
Fi(w) = 2mmily, it () (30a)
Flw) =21y, pr(@)iicg, (30b)

Here, however, pi'(w), p,.(w) correspond to the density
of states of the additional baths, and 7y, 4, denote
their respective input operators, and ¢,,, ¢, are defined
by the resonance conditions w = wy’, ~and w = ‘*’lz, @

A. Generalized input-output relations

Due to the presence of the additional baths, the input-
output relations are also modified. These can be ex-
pressed in a matrix form as

-0 s1

N 18‘1;7 N ll(’qp
mg’qm =Sk, w) mk’qm . (31)
’Yk,q«, ’Yk,qw

S(k,w) is a 3 x 3 matrix, and its elements are



Sullcw) = 1= 0D ([t )l I, P+ M Ol D, P

Ml o i, + M) i, 165 ) (322)
Sonlle, ) = 1= 2B e oy b, 7 (32)
Silew) =1~ %”—h” Mk )] mz,m (320
Sialle,w) = —i ) ( s K i, + M e W) m i) (320)
S13(k,w) ””k D (1M e Ck + [M'(k,wn;f A g, ) (32)
Sl ) 27Tpk ( ot KES K+ M (kW) A qﬁgqm), (32f)
Sl w) = —%p—,f’ ([M'(k I K3, KL, + MOl W L) (328)
Saalle) =~ 0t e ) (320)
Sz2(k,w) = —i%:(w) M (k,w)] 5, ki " Bl (321)

We note that in the absence of the common environment
(i.e., when nﬁq = 0 and nﬁq = 0), one recovers the
input-output relation obtained in Ref. [26] in the case of
two independent baths for the cavity photons and the
excitons. However, as we mentioned above, the transfor-
mation S cannot be unitary when the different baths are
not equivalent.

B. Reflection and Absorption

In order to introduce the notions of reflection and ab-
sorption one needs to use the conservation of the total
particle number in the baths. This is given by the rela-
tion

AO . ot - ot -
[ e [pk T 6Q0,) + A (@)L L, )+ oL ()3 32,)]
ATF A It
_ / @ [ @), kg, )+ AR @) ke, )+ P G, k)] (33)
[
The fact that the three baths are different is accounted spectra
for by the density of states. R(k,w) = |Su1 (k w)|2 (342)
In a reflection/absorption experiment, one excites the ’ ’ ’ m -
§ystem. from the photonic envirqnl.ngnt 01.1tside Qf the cav- Ak, w) = |Sa1(k,w) |2p7k + |Ss1(k, w) |2p7k. (34b)
ity while the other baths are initially in their vacuum Px k

e{jq ér .q,) # 0 and the other in-

put averages are zero. Omne can then use Eq. (31) to
express the output averages in term of the input ones
such that Eq. (33) reduces to

states; hence, one has (

el = [S11.(k, w) ) = [Sa1 (k, w) it = [S31 (,w) 2y, = 0,

from which we can deduce the reflection and absorption

We note that the relation R + A = 1 is respected, as it
should, in the absence of any transmission. (We recall
that no transmission can occur in the scenario we con-
sider since only one mirror is not perfect, as schematized
in Figure 1(a)).

Within the memoryless approximation, the absorption
spectrum can be expressed as

Ak, w) =1 Ay (k,w) + 750 A (K, w), (35)
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Figure 4. Absorption spectra. The color plots are obtained
from Eq. (35). The dashed white lines correspond to the real
parts of the eigenvalues [Eq. (22)] and the dashed-black lines
represent the bare exciton and cavity photon kinetic energies
iy and €. In both panels, the nonradiative decay parameters
are 77 /4¢ = 4™ /4% = 0.15. All the others parameters are
identical to the ones used in Figure 2.

with
c X2, A X|5 |2
Yie 1w — 2z 17+ 7ie 19k
A (k,w) = 4 36
) = Al — U2 (362)
1 84/4XAC Re[glt(hw_zl):)]
K hw — 22w — 2127
Cls |2 L X c2
Yie |91 + g [hw — 2/ |
A (k, =4 36b
o) =4 o 2ol — 202 (360)
o Re[gi(hw — =0)]
+ 84/ N I U2
|hw — 22w — 2|
Here, we have z{f = e — iy — iy and 2 = € —

ifyf — iy, and the additional photon and matter decay

parameters 7y, , 7" are defined in a similar way as X and
C 3 h

Y Wit

e = o (W s 12 /h, g = mpy(wg sl /h (37)

Since in an absorption experiment the input is from the
common photonic environment, the analytical expression
we obtained previously for the power spectrum (23) re-
mains valid once the additional decays are included in 2%
and zf . One can then observe that the power spectrum

is related to the absorption spectrum as
Ik,w) = (A, (k,w) + A (k,w)) nk(w). (38)

Interestingly, we can see that the contributions from
A, (k,w) and A,,(k,w) are weighted by the nonradiative
loss strengths in the absorption spectrum (35) but not in
the power spectrum. This difference is related to the fact
that there are two independent channels for absorption

J

to take place, while the power spectrum can be defined
in the absence of these nonradiative channels.

In Figure 4, we have plotted the absorption spectra
using the parameters used in Figure 2 and symmetric
nonradiative decay parameters 77 /v = 4™ /y¢ = 0.15.
Apart from the different color scale, we can see that
the absorption spectrum exhibits similar features as the
power spectrum, as expected. This demonstrates that, in
principle, one can experimentally access the anomalous
dispersions in absorption measurements.

V. CONCLUSIONS

We have demonstrated that the presence of a com-
mon photonic environment can lead to an effective dissi-
pative coupling between light and matter in a nonideal
cavity. Using a memoryless approximation, we have ob-
tained analytical results for the power spectrum and the
complex eigenenergies of this open system. This allowed
us to highlight a potential connection with recent experi-
ments that have reported anomalous level attraction, and
to provide simple conditions under which rings of EPs
and BiCs are expected. Furthermore, we have extended
the model to incorporate non-radiative losses, thereby
demonstrating that level attraction and anomalous dis-
persions could be probed in absorption experiments.

Our results open up intriguing perspectives. The in-
clusion of nonlinearities, which are system-dependent,
could unveil novel regimes to generate photon antibunch-
ing in cavity systems [21, 50-53]. Furthermore, to our
knowledge, the possibility for the emitters and the cavity
modes to interact with a common photonic environment
is not accounted for in the usual models for single pho-
ton sources [54-56] or laser theories [57], and it could be
interesting to investigate whether it affects some of their
properties. In this context, one expects that the hybrid
light-matter BiC condition could favor low threshold las-
ing as evidenced with photonic BiCs [46, 48, 58].
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Appendix A: Connection to the Green’s function formalism

In this Appendix, we highlight the connection between the matrix M derived in the main text and the Green’s
matrix of the system in presence of a common environment. The system single particle retarded Green’s matrix can

be defined as

Goc(k,t)  Gex(k, t)>

er(t)el (0 a(t)21 (0
Gk,1) = <ch(k,t) Gxx(k,t)) — <Ak() on o )}f{( )>>’ (A1)

o
h (@) (0)  (@k(t)
where the averages are taken over the vacuum. The cavity photon and exciton Green’s functions correspond to the

diagonal elements of this matrix. It is also convenient to introduce the following system-environment retarded Green’s
functions

Gecl,4,1) = — 200 (éxg (1164 0), (A2a)
Gex (,,1) = —0(0){éxg () 0)). (A2b)

Taking the time derivative of Eq. (A1) gives

. st (BORO) GOHO)) 1y (@080K0)  (ih00)70)
06 =00 (SO0 oation) 70 ((nandion (naesosion) 49

One can then use the equations of motion for the system operators to re-express the second term on the right hand
side. Since the total Hamiltonian considered here only contains single-body couplings, the elements of this term can
be expressed as linear combinations of single particle Green’s functions.

Making use of the equations of motion for the system operators (4), and Fourier transformation, one can obtain

hwGce (k,w) = e Goo(k,w) + grGxc (k,w) + /dq ke nGec(k, ¢, w) + 1, (Ada)
hwGox (k,w) = 6X G x (K, w) + grbox (K, w) + / dg 1S3 Gox (K, ) + 1, (Adb)
hoGxc (i) = 6 Gxolkw) + gnGooliw) + [ darifsGuolk,a.0) (Ade)
o (k) = 0o (:0) + gnGxx(kw) + [ dansGox (ko) (Add)

where Gap denotes the Fourier transform of G 25. The same procedure applied to the system-environment Green’s
functions (A2) gives

theC (k, q, w) = Equgec(k, q, UJ) + ng,ngC(kv w) + ﬂiquC(kv CU), (A5a)
hwGex (K, ¢, w) = € (Gex (k, q,w) + ki Gox (k,w) + ki ,Gx x (k,w). (A5b)

We can now inject the system-environment Green’s function obtained from Eq. (A5) into Eq. (A4) and obtain the
matrix equation

hw — 61? +~Zflgc (w) —9Rr + ZFEX (W) gCC’ (k7 W) gCX (ka W) =1 (AG)
—gr + il % w)  hw— e +il'f¥(w)) \Gxelkw) Gxx(k,w) ’

where 1 is the identity matrix. In Eq. (A6), one can recognize the matrix M(k,w) given in Eq. (13) of the main text,
and observe that it corresponds to the inverse of the system retarded Green’s matrix in frequency space.

(

Appendix B: Memoryless approximation functions FﬁB(T) defined in Eq. (10). As mentioned in
the main text, one can simplify these equations by us-

ing a memoryless approximation. One can motivate this
The set of evolution equations in (9) shows that the & Y pp

system operators ¢y, Tk at time ¢ are affected by all their
past at times ¢’ < t. This influence is encoded in the



approximation by inspecting the functions FﬁB (1)

iEE T
h/ dananq hCk,q

- / dw py (w ﬁk’zpmk @ e~ T (B2)

riB(r) = (B1)

We expect the system-environment coupling strengths to
be non-negligible only when the environment frequencies
are in the vicinity of the system ones. Since the relevant
frequencies are large (these are in the vicinity of the emit-
ter frequency wy’ = €p/h), we can neglect the frequency
dependence of xi} o = kit and take py(w) =~ pi(wid).
Then one has

Ax B —iwT
/ d(.dpk( )K:k qp'%k,qpe

~ eI T / dw pi (W ) ri* kB e =7 (B3)
= 27 pic(wi ) rig " RigO(T), (B4)
and thus one can approximate
s
LB (r) ~ ﬁpk(w())()”fk ki O (7)- (B5)

Assuming arg(k{*kiY) = 0, in this approximation,

Egs. (9) reduce to
1hO; i
T R, Ny
c,X C,X

=€ iwf’X and gx = gr — i,/vf’yff and

the decay parameters

(B6a)
(B6b)

= 2C b + Gidn + FC

with 2,

e = mo(wi) )Rk P/h, i = moi(wod)Iwid [ /R (BT)
|

(ek(t)) = W{eﬂwgt [(Zk
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This leads to a simplification of the matrix (13) into (21)
in the main text. In addition, within this approximation
the force operators in frequency space (15) read

F (@) = 27" pae(wy )l g,

Fi (w) = 21" pre(wi )i, -

(B8a)
(B8b)

and one has

(T (@) FE (w)) = dnhpic(wid )/ WAE @, e, )
(BY)

Appendix C: Field amplitude dynamics

Assuming that the environment is initially in its vac-
uum and using the memoryless approximation, one can
calculate analytically the evolution of the system field
amplitudes. Taking the average of the evolution equa-
tions in (B6), one has

iho () = 25 (Gx) + i (B
ihdy () = 2k (Ex) + G (Cx

(Cla)
(C1b)

The solutions are of the form

(0))di + (éxc(0)) (Fewf] — 2)] — e~ [(d1c(0)) Gic — (exc(0)) (hwd — 2£)]}, (C2a)

(Tk(t)) = W{e_i”gt [(61(0)) g + (1c(0)) (hewf] — 20)] = e [(ec(0)) e — (rc(0)) (el — 2]} (C2b)

Using the initial conditions (¢x(0)) = 0 and (2 (0)) = 1,
one can obtain Eq. (25) for § = 6% and k = 0.

It is interesting to note that the model used
to fit the experimental Rabi oscillations reported in
Ref. [59] contains a phenomenological “upper polariton

(

decay/dephasing" term that seems to act as the present
dissipative coupling (Im[g]) in the evolution equations for
the field amplitudes (C1). This suggests that the mech-
anism introduced in our work could also have played a
role in this time-resolved experiment.
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