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One aspect of solid-state photonic devices that distinguishes them from their atomic counterparts
is the unavoidable interaction between system excitations and lattice vibrations of the host material.
This coupling may lead to surprising departures in emission properties between solid-state and
atomic systems. Here we predict a striking and important example of such an effect. We show that in
solid-state cavity quantum electrodynamics, interactions with the host vibrational environment can
generate quantum cavity-emitter correlations in regimes that are semiclassical for atomic systems.
This behaviour, which can be probed experimentally through the cavity emission properties, heralds
a failure of the semiclassical approach in the solid-state, and challenges the notion that coupling
to a thermal bath supports a more classical description of the system. Furthermore, it does not
rely on the spectral details of the host environment under consideration and is robust to changes in
temperature. It should thus be of relevance to a wide variety of photonic devices.

INTRODUCTION

The diversity of systems studied in cavity quantum
electrodynamics (CQED) places the subject at the heart
of many prospective quantum and classical technolo-
gies. Examples include single photon sources [1, 2], ul-
trafast optical switches [3, 4], and quantum gates [5–
7], which require the development of robust, scalable,
and potentially strongly coupled emitter-cavity systems.
Though the quantum strong coupling (QSC) limit and
beyond—in which the system eigenstates become light-
matter entangled—have now been attained for single
emitters in the microwave regime [8, 9], it remains techni-
cally demanding to manufacture optical cavities of suffi-
ciently high quality (Q) factor to unambiguously demon-
strate QSC phenomena. Example systems in which great
strides have recently been made towards this goal include
single self-assembled quantum dots (QDs) within optical
nano- and microcavites [10–14]. Here, small mode vol-
umes can readily be obtained, resulting in potentially
large Q-factors and cavity coupling strengths that are
substantial in comparison to the emitter decay rate. In
conjunction with their solid state nature, this makes QD-
cavity systems excellent candidates for future technolog-
ical applications.

Nevertheless, it still remains a challenging endeav-
our to reach the QSC regime due to significant cav-
ity losses [15, 16]. The broad cavity lineshape that
results masks contributions from higher order dressed
states. This places the system in an intermediate cou-
pling regime that can be described using semiclassical
techniques [17], thus neglecting all quantum correlations
between the cavity photonic (light) and emitter electronic
(matter) degrees of freedom. In addition to interactions
with external electromagnetic fields, many CQED sys-
tems are also in contact with their host (e.g. thermal)

environment; for example, in QDs this influence is often
dominated by acoustic phonons [18, 19]. In order to ex-
plore the effect that such couplings have on the system’s
optical emission, it is necessary to modify the standard
quantum optical treatments [20], which may lead to sig-
nificant departures from atomic-like behaviour [21–30].

Here, we demonstrate that quantum light-matter cor-
relations can be generated in solid-state CQED systems
via transitions induced by the host (vibrational) environ-
ment, in regimes of semiclassical atomic CQED emission
where such an environment is absent. Specifically, we
show that the presence of the host environment results
in optical emission that is observably sensitive to the
joint eigenstructure of the cavity and emitter, even when
the equivalent atomic transitions are not, and quantify
the resulting deviations from the semiclassical descrip-
tion. This behaviour, which may be probed experimen-
tally through asymmetries in both the cavity reflectivity
and emission spectra, also challenges the notion that the
addition of a thermal environment should simply deco-
here our system to a more classical effective description.
We stress that the quantum correlations we shall de-
scribe, though mediated by the solid-state environment,
are shared between the light and matter degrees of free-
dom of the CQED system itself (i.e. cavity photons and
internal emitter electronic states) and not with the host
environment.

MODEL

We consider a driven cavity coupled to a single two
level emitter (TLE), shown schematically in Fig. 1(a).
This is a model of wide importance, though later we shall
consider specific parameters relevant to QD-microcavity
systems to provide experimental context [10, 12, 16, 31–
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FIG. 1. (a) Schematic of the emitter-cavity setup considered.
The cavity is one sided, driven by a continuous-wave laser of
frequency ωL with strength η, and loses excitation through
the top (sides) with rate κ ( κs). The TLE decay rate is γ,
and the TLE-cavity coupling strength is g. (b) The first rung
of the dressed state ladder, i.e. the lowest eigenstates of the
coupled TLE-cavity system, in the absence of dissipation and
driving.

33]. Within a frame rotating at the laser frequency
ωL, and after a rotating-wave approximation, the system
Hamiltonian is

HS = δσ†σ + g
(
σ†a+ σa†

)
+ η

(
a† + a

)
+ µa†a. (1)

Here, µ = ωC−ωL and δ = ωX−ωL are, respectively, the
cavity-laser and emitter-laser detunings, g is the emitter-
cavity interaction strength, η is the cavity-laser coupling,
σ = |0〉 〈X| is the lowering operator for the TLE, and a
is the annihilation operator for the cavity mode.

To highlight the qualitative changes in behaviour
brought about in the solid-state by the presence of the
host environment, we formulate a rigorous model of its
impact on the system through a polaron representation
master equation [22, 24–26, 30]. This can then be re-
lated to the cavity optical emission through the input-
output formalism [34]. Here we consider the environ-
ment to be described by a collection of harmonic oscil-
lators, with free Hamiltonian HB =

∑
k νkb

†
kbk, where

b†k (bk) is the creation (annihilation) operator for mode
k. The TLE-environment interaction is given by HI =
σ†σ

∑
k fk(b†k + bk), and its effect on the system may be

described by the spectral density, which we take to have
a super-Ohmic form appropriate to acoustic phonon pro-
cesses, J(ν) =

∑
k f

2
kδ(ν − νk) = αν3e−ν

2/Λ2

, with α the
coupling strength and Λ a high frequency cut-off [18, 19].

Applying the polaron transformation, U =
exp{−σ†σ

∑
k fk(b†k − bk)/νk}, to the full Hamilto-

nian H = HS + HB + HI allows us to derive a master
equation valid beyond the weak TLE-environment
coupling regime [35]. This unitary generates a displaced
representation of the thermal bath, removing the linear
coupling term HI to give

H̃ = U†HU =δσ†σ + gB
(
σ†a+ σa†

)
+ η(a† + a) + µa†a

+ (XBX + Y BY ) +
∑
k

νkb
†
kbk, (2)

where we have absorbed the polaron shift to the emit-
ter frequency, ∆pol =

∑
k f

2
k/νk, into the definition of

ωX . Here, the TLE-cavity coupling strength has been
renormalised by the average displacement of the oscilla-
tor environment, g → gB, with B = tr (B±ρth) denot-
ing the expectation of the displacement operators B± =
exp{±

∑
k fk(b†k − bk)/νk} with respect to the thermal

state ρth = exp{−β
∑
k νkb

†
kbk}/tr(exp{−β

∑
k νkb

†
kbk})

at inverse temperature β = 1/kBT . The transformed
operators are X = g(σ†a + σa†), Y = ig(σ†a − σa†),
BX = (1/2)(B+ +B−−2B), and BY = (i/2)(B+−B−).

Moving into the interaction picture with respect to the
coupled TLE-cavity Hamiltonian in the polaron frame,
H̃s = δσ†σ + gB

(
σ†a+ σa†

)
+ η(a† + a) + µa†a, we

derive a master equation for their reduced state, ρ(t),
by tracing out the environment within a second-order
Born-Markov approximation. In essence, this procedure
may be thought of as a perturbative expansion about
the parameter g/Λ [25], and is thus non-perturbative
in the TLE-environment coupling strength, capturing
multi-phonon processes [36]. Nevertheless, as the renor-
malised coupling term gB

(
σ†a+ σa†

)
appears explicitly

in the system Hamiltonian H̃S , this expansion does not
preclude the exploration of TLE-cavity dressed states.

Including photon emission from both the TLE and
cavity, within a Born-Markov approximation and assum-
ing the radiation field outside the cavity to have a flat
spectrum [20, 37, 38], our master equation takes the
Schrödinger picture form [25, 39]:

ρ̇(t) =− i[H̃s, ρ(t)] +Kth[ρ(t)] +
γ

2
Lσ[ρ(t)]

+
κ+ κs

2
La[ρ(t)]. (3)

Here, Lx[ρ] = 2xρx† − {x†x, ρ}, γ is the TLE spon-
taneous emission rate, and κ (κs) is the photon loss
rate from the top (sides) of the cavity. The superop-
erator Kth[ρ(t)] = −([X,ΦXρ(t)] + [Y,ΦY ρ(t)] + H.c.),

with ΦX = B2
∫∞

0
(eϕ(τ) + e−ϕ(τ) − 1)e−iH̃sτXeiH̃sτdτ ,

ΦY = B2
∫∞

0
(eϕ(τ)−e−ϕ(τ))e−iH̃sτY eiH̃sτdτ , and ϕ(τ) =∫∞

0
ν−2J(ν)(coth(βν/2) cos ντ− i sin ντ)dν, accounts for

interactions with the thermal bath as just described.
When referring to the standard quantum optical mas-
ter equation (QOME) used to describe atomic systems,
phonon processes are absent such that the Hamiltonian
in Eq. (3) reduces to that given in Eq. (1), i.e. H̃s → Hs,
while Kth[ρ(t)]→ 0.

To relate the internal emitter-cavity degrees of freedom
described by Eq. (3) directly to observable experimental
signatures, we note that in most CQED setups it is not
the system expectation values that are directly probed,
but rather the emitted cavity photons. For example, we
can obtain cavity reflectivity spectra from Eq. (3) by way
of the input-output formalism [34], which draws a for-
mal connection between system operators and those of
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FIG. 2. Steady-state reflectivity in the intermediate coupling
regime, showing (left) agreement between the semiclassical
theory (points) and the atomic QOME (dashed), and (right)
deviations from the atomic QOME (dashed) once the solid-
state environment is included (solid). We choose parameters
relevant to QD-microcavity setups [10, 12, 16, 31–33]: κ =
g = 0.2 ps−1, η = 0.001 ps−1, κs = 0.025 ps−1, γ−1 = 300 ps,
α = 0.075 ps2, Λ = 2.2 ps−1, and T = 4 K.

the cavity emitted field. Heisenberg-Langevin equations
are first used to define collective field operators for both
the input, âin, and output, âout through the top of the
cavity, leading to the famous input-output relation [34]:
âout(t) − âin(t) =

√
κâ(t). It is then straightforward to

derive an expression for the complex cavity reflectivity in
the steady state: r = 〈âout〉/〈âin〉 = 1− i(κ/η)〈â〉, where
R = |r| gives the reflectivity coefficient.

RESULTS

Having outlined our theoretical approach, let us fo-
cus our analysis on what we shall term the intermediate
coupling regime, as it has particular experimental rele-
vance to optical microcavities [15, 16] (we analyse the
classical Fano and QSC limits in the Supplementary Ma-
terial). Here, κ + κs & g > γ, such that cavity leak-
age is significant. For an atomic system, this regime is
characterised by a symmetric double dip structure in the
steady state reflectivity spectrum on scanning a weak
driving field through resonance. This can be seen by
the dashed curve in Fig. 2 (left) which treats the TLE-
cavity coupling fully quantum mechanically through the
QOME. The dips lie at resonances of the first two eigen-
states of the TLE-cavity system, that is, the first rung
of the dressed state ladder [see Fig. 1(b)]. However,
unlike the true QSC regime (in which g > κ + κs, γ),
the broad cavity transition obscures contributions from
higher order dressed states, allowing an effective semi-
classical description to be derived [16, 17]. The dou-
ble dip structure may then be interpreted simply as
a normal mode splitting between two classical oscilla-
tors, rather than a signature of quantum light-matter
correlations. This can be shown in the atomic case
by considering the relevant optical Bloch equations, ob-
tained from the QOME: ˙〈σ〉 = −

(
iµ+ γ

2

)
〈σ〉+ ig〈σza〉,

˙〈a〉 = −
(
iµ+ κ+κs

2

)
〈a〉 − ig〈σ〉 − iη, with 〈Ô〉 = tr(Ôρ).

Applying a mean-field approximation between the cavity

and TLE, such that 〈σza〉 ≈ 〈σz〉〈a〉, neglects any quan-
tum correlations accumulated between them, i.e. they re-
main in a product state. In the weak driving limit, we
may further assume that on average the TLE remains
close to its ground state, such that 〈σz〉 ≈ −1 [17, 40].
For a sufficiently lossy cavity, the resulting semiclassi-
cal theory agrees perfectly with the atomic QOME, as is
demonstrated by the points in Fig. 2 (left).

Discrepancies in the cavity reflectivity become appar-
ent, however, when comparing to the full (polaron) mas-
ter equation relevant to solid-state CQED. We now see a
shift in the dip positions due to bath renormalisation of
the TLE-cavity coupling, and an asymmetry in the cavity
reflectivity that was entirely absent in either the QOME
or semiclassical calculations. Importantly, this implies
that the semiclassical description breaks down here even
within a weakly-driven and lossy cavity regime, as we
shall quantify below, and thus the addition of a thermal
environment generates quantum correlations within our
system. In the Supplementary Material we also show that
these features cannot be reproduced by a phenomenolog-
ical pure-dephasing description of the host environment,
and that differences persist between the atomic and solid-
state cases even at stronger driving.

In fact, we can attribute these asymmetric features to
the quantum mechanical nature of the host environment,
which plays a vital role in determining the system dy-
namics. In Fig. 2, where we have chosen parameters rele-
vant to the acoustic phonon environment common in QD-
microcavity systems, bath-induced transitions occur on a
faster timescale than other dissipative processes, i.e. cav-
ity leakage and spontaneous emission. The phonon bath
is thus sensitive to coherence shared between the cavity
and QD emitter, with the result that it mediates transi-
tions directly between the emitter-cavity dressed states.
Specifically, when we tune the driving field to the upper
dressed state resonance (ωL − ωC ≈ 0.2 ps−1), phonon
emission allows population to transfer from the upper to
the lower dressed state, with an associated loss of energy
to the environment. This leads to a suppression of the
upper dressed state population and also of the reflected
light. Provided that the temperature is not too high, the
inverse process, which raises population from the lower
to the upper dressed state by phonon absorption, is com-
paratively weaker. The resulting asymmetries herald a
failure of the semiclassical theory, which by definition
cannot be sensitive to the coherence shared between the
TLE and cavity. This is a somewhat counterintuitive
point. Naively, one might think of phonons purely as a
source of decoherence, that is, as giving rise to processes
that should push the system towards a more classical de-
scription. However, here we see that the sensitivity of
the host environment to quantum correlations in fact re-
sults in the breakdown of the semiclassical description
of our system, and we must instead reinstate a quantum
mechanical explanation.
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FIG. 3. Left: Correlation error as a function of detuning,
comparing the atomic QOME (dashed) and solid-state po-
laron master equation (solid) at T = 4 K. Right: Correlation
error at increasing temperature (lower to upper curves) for
the solid-state master equation. All other parameters are as
in Fig 2.

Further quantitative insight into departures from the
semiclassical theory can be gained by considering the cor-
relation error (CE), defined in Ref. [41] as

CE = |〈σ†a〉 − 〈σ†〉〈a〉|/|〈σ†a〉|, (4)

which is a measure of the quantum correlations shared
between the cavity photons and TLE electronic states.
Fig. 3 (left) shows the CE for both the QOME (dashed)
and full polaron (solid) master equations at T = 4 K.
Here, the QOME shows no observable accumulation of
correlations over the full range of detunings, confirming
that we are in a semiclassical regime of atomic emission.
In contrast, within the solid-state theory significant cor-
relations are apparent across a broad range of driving
frequencies, induced by the action of the thermal environ-
ment. This unambiguously demonstrates the breakdown
of the semiclassical description of our solid-state CQED
system due to the presence of the host environment.

It is natural to ask whether the effects we predict are
robust against variations in temperature. The asymme-
tries in the cavity lineshapes presented in Fig. 2 do in-
deed decrease as a function of increasing temperature due
to environmental absorption processes balancing emis-
sion. However, from Fig. 3 (right) we see that the CE is
enhanced substantially as a function of temperature for
both positive and negative detuning, due to the associ-
ated increase in phonon emission and absorption rates.
Thus the semiclassical theory remains insufficient to char-
acterise the TLE-cavity system even as temperature is
increased. Despite the fact that lineshape asymmetries
decrease at high temperatures, deviations from the semi-
classical theory can still be observed experimentally by
looking at the spectra of photons emitted from the cav-
ity when driving either the lower or upper dressed state
resonantly. In the former case, only at very low tempera-
tures should we expect emission centred solely around the
lower dressed state, while in the latter, the same bath-
mediated transitions that are responsible for correlations
should lead to emission from both the lower and upper
dressed states at all temperatures, in stark contrast to
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FIG. 4. Comparison of the cavity emission spectra using the
atomic QOME (dashed) and solid-state polaron master equa-
tion (solid and dotted), under resonant excitation of the lower
dressed state (left) and the upper dressed state (right) tran-
sitions. Parameters are as in Fig. 2, except η = 0.05 ps−1.

the conventional atomic expectation.

In Fig. 4 we plot the cavity incoherent emission spec-

trum, S(ω) ∝ Re[
∫∞

0
g

(1)
inc(τ)ei(ωL−ω)τdτ ], with g

(1)
inc(τ) =

limt→∞〈a†(t + τ)a(t)〉 − |〈a†〉ss|2 obtained from our
master equations using the quantum regression theo-
rem [20, 42]. Here 〈a†〉ss is the steady state expecta-
tion value of the cavity operator, which describes co-
herent emission. In the atomic case (dashed curves),
Fig. 4 shows the expected resonant response from a nor-
mal mode, with a single dominant peak centred around
whichever is the driven dressed state transition. How-
ever, the spectra are markedly different for the solid-state
CQED system, where we see a suppression of the dom-
inant peak and the emergence of an additional feature
centred around the opposite dressed state to the one be-
ing driven. As anticipated, this is a consequence of tran-
sitions mediated by the host environment, which lead
to the possibility of emission even around the undriven
dressed state frequency. For lower temperatures (4 K),
emission dominates, and the effect is thus more promi-
nent in the right hand panel. However, at larger tem-
peratures (40 K) absorption becomes almost as signifi-
cant. Hence, by measuring the spectrum of light emit-
ted from the cavity, we can unambiguously demonstrate
the presence of bath-mediated transitions between the
joint eigenstates of the emitter-cavity system (at both
low and high temperatures), evidencing also the quan-
tum mechanical nature of the host environment.

SUMMARY

In summary, we have shown that the presence of
a thermal environment allows one to generate light-
matter quantum correlations in solid-state CQED sys-
tems within otherwise semiclassical regimes. Sensitivity
of the environment to the coherence shared between the
TLE and cavity leads to direct transitions between their
joint eigenstates, and consequently to a breakdown of
the semiclassical approach. The resulting experimentally
observable effects persist over a broad range of parame-
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ters, and should thus be applicable to a variety of CQED
systems, such as QDs in micropillar and photonic crys-
tal cavities [3, 10–16], diamond colour centres [43–45],
and superconducting circuits [8, 9, 46], where fluctuat-
ing resistances in the host material may be mapped to
an oscillator environment [47].
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L. Worschech, A. Forchel, and J. G. Rarity, “Quantum-
dot-induced phase shift in a pillar microcavity,” Phys.
Rev. A 84, 011803 (2011).

[17] C. Y. Hu and J. G. Rarity, “Extended linear regime of
cavity-qed enhanced optical circular birefringence induced
by a charged quantum dot,” Phys. Rev. B 91, 075304
(2015).

[18] A. J. Ramsay, T. M. Godden, S. J. Boyle, E. M. Gauger,
A. Nazir, B. W. Lovett, A. M. Fox, and M. S. Skolnick,
“Phonon-induced Rabi-frequency renormalization of opti-
cally driven single InGaAs/GaAs quantum dots,” Phys.
Rev. Lett. 105, 177402 (2010).

[19] A. J. Ramsay, A. V. Gopal, E. M. Gauger, A. Nazir,
B. W. Lovett, A. M. Fox, and M. S. Skolnick, “Damping
of exciton Rabi rotations by acoustic phonons in optically
excited InGaAs/GaAs quantum dots,” Phys. Rev. Lett.
104, 017402 (2010).

[20] H. Carmichael, Statistical Methods in Quantum Optics
(Springer, 1998).

[21] D. P. S. McCutcheon and A. Nazir, “Coherent and inco-
herent dynamics in excitonic energy transfer: Correlated
fluctuations and off-resonance effects,” Phys. Rev. B 83,
165101 (2011).

[22] D. P. S. McCutcheon and A. Nazir, “Quantum dot
Rabi rotations beyond the weak exciton–phonon coupling
regime,” New J. Phys. 12, 113042 (2010).

[23] Y.-J. Wei, Y. He, Y.-M. He, C.-Y. Lu, J.-W. Pan,
C. Schneider, M. Kamp, S. Höfling, D. P. S. McCutcheon,
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SUPPLEMENTAL MATERIAL

Here we give details on several aspects of solid-state
cavity quantum electrodynamic (CQED) systems supple-
mentary to the main text. We first highlight that a pure
dephasing approximation is insufficient to capture host
environment induced asymmetries (and more generally
environmental processes) in solid-state photonic devices.
We then discuss the role of driving strength in altering
the cavity reflectivity spectra and comparisons between
the semiclassical, atomic, and solid-state cases. Finally,
we consider the influence of a thermal environmental in
the Fano and quantum strong coupling regimes of CQED,
both of which are important to a variety of physical im-
plementations.

Pure dephasing noise

A phenomenological approach to modelling noise pro-
cesses in solid-state systems can be obtained by assum-
ing a pure dephasing form for the dissipator, that is, the
master equation

∂ρ(t)

∂t
=− i [Hs, ρ(t)] +

γ

2
Lσ [ρ(t)] +

κ

2
La [ρ(t)]

+
Γ

2
Lσz

[ρ(t)] , (5)

where the final term represents pure dephasing with rate
Γ, and replaces the full environmental superoperator used
in the main manuscript. Here, Lx[ρ(t)] = 2xρx† −{
x†x, ρ

}
denotes a non-unitary dissipator in Lindblad

form, while the system Hamiltonian, Hs, and the other
rates are exactly as defined in the main manuscript.

Despite its use in the literature, the pure dephasing
master equation is insufficient to fully capture noise pro-
cesses in solid-state photonic systems [1]. One of the
primary reasons for this is its disregard for the inter-
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FIG. 5. Effects of pure dephasing on the cavity reflectivity
spectra predicted by the pure dephasing master equation of
Eq. 5 (dashed) and the semiclassical theory (points). Other
parameters: κ = g = 0.2 ps−1, κs = 0.025 ps−1, γ−1 =
300 ps.

nal eigenstructure of the system under consideration,
which as shown in the manuscript is essential to accu-
rately model processes induced by the host environment.
For example, in Fig. 5 we consider an emitter-cavity sys-
tem in the same parameter regime as Fig. 2 of the main
manuscript. We see that increasing the pure dephasing
rate leads to a symmetric broadening of the cavity reflec-
tivity spectra, with the semiclassical theory (now includ-
ing pure dephasing) remaining valid over the full range
of dephasing rates. Such a phenomenological treatment
cannot, therefore, lead to the deviations from semiclassi-
cality that we predict with a full microscopic treatment
of the solid-state environment.

Driving dependence and cavity asymmetry

The semiclassical equations derived in the main
manuscript rely on the assumption of small emitter oc-
cupations, that is, 〈σz〉 ≈ −1. This is valid at weak driv-
ing, when the emitter remains close to its ground state,
rarely scattering a photon. It stands to reason then that
at strong driving, the semiclassical expressions derived
previously will become invalid. For example, they are
unable to capture driving dependent broadening of the
cavity emission [2].

Despite this eventual failure, the semiclassical theory
remains a robust description of the atomic (though of
course not the solid-state) cavity reflectivity even when
the driving strength increases by an order of magni-
tude from that considered in the main manuscript (η =
0.001 ps−1), as demonstrated in Fig. 6 (a) and (b). As
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FIG. 6. Cavity reflectivity for increasing driving strength de-
rived from the atomic QOME (dashed), semiclassical theory
(points), and the solid-state polaron master equation (solid).
Other parameters: κ = g = 0.2 ps−1, κs = 0.025 ps−1,
γ−1 = 300 ps, α = 0.075 ps2, Λ = 2.2 ps−1, and T = 4 K.

the driving strength increases yet further, the line shape
broadens until the normal mode splitting is no longer
visible, leaving only a single peak in the cavity reflectiv-
ity spectra as shown in Fig. 6 (d) at extremely strong
driving. Nevertheless, signatures of phonon processes
can remain observable outside the semiclassical limit,
with asymmetries present even when the driving is of the
same order as the cavity loss and light-matter coupling
strength, see Fig. 6 (c).

The Fano and quantum strong coupling regimes

The sensitivity of the solid-state CQED system optical
properties to the host environment is not restricted to
the intermediate coupling regime described in the main
manuscript. In fact, we shall demonstrate that similar
effects emerge in the both the Fano and the quantum
strong coupling (QSC) regimes.

The Fano regime of cavity QED occurs when κ+κs �
g � γ, where κ and κs are the cavity loss and side-
leakage rates respectively. This regime is characterised
by a sharp peak in the cavity reflectivity at the emitter
resonance (while the rest of the cavity line shape remains
unchanged), which is the result of classical interference
between two competing decay pathways [3]. This be-
haviour can be seen in line shapes given in Fig. 7 (a)
and (b). Here we see excellent agreement between the
semiclassical theory and the atomic QOME, showing a
sharp peak in the reflectivity spectra at the emitter res-
onance ∆ = ±0.5 ps−1, which is symmetric for both the
positively and negatively detuned cases. Though less
pronounced than in the intermediate coupling regime,
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FIG. 7. Upper: Asymmetry in Fano resonance profiles be-
tween emitter-cavity detuning ωC −ωX = −0.5 ps−1 (a), and
ωC − ωX = 0.5 ps−1 (b). Parameters are η = 0.003ps−1,
κ = 1 ps−1, g = 0.1 ps−1, κs = 0.5 ps−1, γ−1 = 300 ps,
Λ = 2.2 ps−1, α = 0.1 ps−1, and T = 2 K. Lower: Thermal
effects in the QSC regime at weak driving η = 0.005 ps−1

(c), and strong driving η = 0.08 ps−1 (d). Parameters are
κ = 0.1 ps−1, g = 1 ps−1, κs = 0, γ−1 = 300 ps, Λ = 2.2 ps−1,
α = 0.025 ps−1, and T = 4 K. Here points correspond to the
semiclassical theory, dashed curves to the atomic QOME, and
solid curves to the solid-state polaron theory.

host environment induced asymmetries become appar-
ent when comparing the cavity line shape obtained from
the full polaron master equation for an emitter tuned
above the cavity resonance (ωC − ωX = 0.5) and below
(ωC − ωX = −0.5).

In the QSC limit [Fig. 7 (c) and (d)], the coupling
strength g becomes the dominant energy scale, g �
κ + κs, γ, which allows contributions from higher order
dressed states to be resolved. Additionally, the long cav-
ity lifetime results in host environmental influences be-
coming particularly significant. This is especially true at
strong driving, shown in Fig. 7 (d), where in the polaron
theory the asymmetric broadening is so pronounced that
it prevents us from resolving any higher order contribu-
tions to the upper dressed state resonance.
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