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While experimental measurements of photon correlations have become routine in laboratories, theoret-
ical access to these quantities for the light generated in complex nanophotonic devices remains a major
challenge. Current methods are limited to specific simplified cases and lack generality. Here we present a
novel method that provides access to photon statistics resolved in space and frequency in arbitrary electro-
magnetic environments. Within the macroscopic QED framework, we develop a practical tool to compute
electric field correlations for complex quantum systems by including lossy two-level systems that act
as field detectors within the system. To make the implementation feasible, we use a recently developed
multiemitter few-mode quantization method to correctly account for fully retarded light propagation to the
detectors. We demonstrate the effectiveness and robustness of the proposed technique by studying the pho-
ton correlations of one and two emitters in close proximity to a plasmonic nanoparticle. The simulations
show that even in these relatively simple configurations, the light statistics exhibit a strong angular depen-
dence. These results highlight the importance of going beyond conventional quantum optical approaches
to fully capture the analyzed physical effects and enable the study of the quantum light generation in
realistic nanophotonic devices.

DOI: 10.1103/z3cr-l7pw

I. INTRODUCTION

Quantum optics is the branch of modern science that
focuses on the quantum features of light emitted from
quantum sources. This field drives strategic technolog-
ical advances in quantum information processing [1].
Notable examples include the generation and observa-
tion of entangled photons in various platforms [2–9],
and the development and characterization of single- and
two-photon sources, essential for future quantum com-
munication protocols [10–16]. In this context, photon
correlations have become an essential tool in characteriz-
ing the properties of light-emitting devices. For example,
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the first-order correlation function, G(1), provides infor-
mation regarding the intensity of emitted light, and the
second-order correlation function, G(2), offers insights into
the statistical properties of light and is used to distin-
guish coherent emission from single-photon or thermal
light [17–20].

The advancement in the field of quantum technologies
hinges on the development of efficient light-matter inter-
faces, which facilitate the coupling of quantum emitters
to electromagnetic (EM) fields. It is therefore impor-
tant to control and maximize this interaction in order to
effectively manipulate the properties of light emitted by
quantum sources. Given the inherently weak interactions
in free space, special attention has been paid to optical
(wavelength-scale) cavities that act as amplifiers of the
light-matter coupling [21–25]. In such setups, the interac-
tion can be well described by the simplified picture devel-
oped within the field of cavity quantum electrodynamics
(cavity QED), where emitters are coupled to confined pho-
tonic modes. This effective framework then grants access
to the photon correlations [26–32].

The coupling strength can be enhanced even more by
using subwavelength confinement, achievable in nanopho-
tonic devices such as plasmonic or dielectric nanocavi-
ties [33–36]. Interactions enabled by such nanostructures
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allow one to achieve the strong coupling regime with a
few emitters, promising the development of a new gen-
eration of quantum technologies [37]. Nevertheless, the
EM fields supported by these structures are rather com-
plex and generally cannot be mapped to the simplified
models extensively used within cavity QED. The first
major challenge lies in the quantization of the EM field
in the presence of dispersive and absorbing media. To
this end, macroscopic quantum electrodynamics (MQED)
provides a systematic approach towards quantizing light
in complex environments described through their consti-
tutive relations [38–41]. However, the power and gener-
ality of MQED comes at the cost of a four-dimensional
continuum of field operators in space and frequency, sub-
stantially restricting its straightforward applicability. Over
the last years, several approaches to simplify the full
MQED Hamiltonian to a quantum-optics-like description
in terms of a (small) number of discrete modes have been
developed. One is the quantization of quasinormal modes
[35,42], while another is a few-mode model in which
the EM continua are mapped to an equivalent set of dis-
crete, coupled, and lossy modes via a fitting procedure
[43–46].

Nevertheless, an important limitation of these
approaches is that information about the emitted EM
field is not straightforwardly available. While quasinormal
mode expansions could formally provide this, convergence
of this expansion requires the inclusion of an untenable
number of modes [47]. Alternatively, the field operators
and correlations can be obtained by relating them to emitter
correlation functions, as done in Ref. [43]. However, this
requires the evaluation of nested integrals of 2N -time cor-
relation functions of the emitters to obtain even equal-time
field correlators G(N ), which quickly becomes numerically
intractable for N ≥ 2. This unfavorable scaling with N
makes it expedient to find a different way to retrieve the
information more readily accessible in experiments, that
is, photodetection signals and their correlations resolved in
space, time, and frequency.

We here demonstrate a straightforward approach to
resolve this problem, based on the simple idea of directly
mirroring experiments by explicitly describing the detec-
tors, modeled as lossy two-level systems (TLSs), as part
of the system (see the sketch in Fig. 1). Simplified mod-
els of such detectors and the signals produced by them are
indeed how the electric field operators of interest are typi-
cally derived in quantum optics [48,49]. In this sense, the
method proposed here simply corresponds to treating the
photodetectors explicitly instead of calculating the field
correlation functions that correspond to the signals they
produce. A similar idea has been successfully applied in
cavity QED models to access frequency-resolved corre-
lations of a single mode [28,50], which otherwise also
require the computation of nested integrals of high-order
temporal correlators [51,52].

FIG. 1. Sketch of the method. The light coming from a com-
plex nanophotonic setup is probed by auxiliary lossy TLSs.
Field correlation functions can then be computed as correlations
between the operators of the inserted TLSs.

In order to be able to represent general nanophotonic
setups, we exploit the recently developed multiemitter
few-mode model [45] to efficiently treat both the emitters
and detectors and the light propagation between them, fully
including retardation and propagation effects. In doing so,
we develop, to the best of our knowledge, the first theo-
retical tool that provides photon correlations in arbitrary
nanophotonic setups resolved in polarization, space, time,
and frequency. We also note that the method is not lim-
ited to the weak coupling limit or the approximation of
emitters as two-level systems, but can be applied to arbi-
trary multilevel emitters and coupling regimes, including
the ultrastrong coupling limit [46].

We showcase the effectiveness and power of our
approach through the examination of photon correlations
in the emission of one and two quantum emitters in
close proximity to a spherical plasmonic nanoparticle. Our
results reveal that, even for this simple geometry, the
quantum correlations of the emitted light exhibit a strong
dependence on the position and frequency of the detectors
and the timing of the detection. The contents of this article
are organized as follows. First, we outline the theoretical
and methodological aspects of our approach in Sec. II, and
then highlight some practical aspects of its implementa-
tion in Sec. III. In Sec. IV, we study the interaction of a
TLS with a quasi-single-mode environment that allows us
to compare our method with other approaches widely used
in quantum optics. We then analyze spatially resolved cor-
relations in a more complex, multimode system in detail
in Sec. V. Last, Sec. VI summarizes the main results and
conclusions of our study.
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II. THEORETICAL FRAMEWORK

In this section, we provide the theoretical foundation of
our method. First, using the MQED framework we show
that the field correlation functions can be directly related
to the operators of auxiliary TLSs weakly coupled to the
EM field. Second, we show that the numerical complex-
ity of this problem can be made manageable by using the
few-mode quantization method [43–46]. This combination
then provides a computationally feasible way to calculate
electric field correlations.

A. Two-level detectors in MQED

We start by considering Ne quantum emitters inter-
acting with the modes of a general EM environment.
Within MQED, the Hamiltonian of the system in the dipole
approximation and within the Power-Zienau-Woolley pic-
ture reads

Ĥ =
∑

α=e,m

∫
d3r

∫ ∞

0
dω �ωf̂†

α(r,ω) · f̂α(r,ω)

+
Ne∑

i=1

Ĥ e
i −

Ne∑

i=1

μ̂
e
i · Ê(ri). (1)

Here, Ĥ e
i and μ̂

e
i represent the bare Hamiltonian and elec-

tric dipole operator of the ith emitter, respectively. Addi-
tionally, f̂α(r,ω) and f̂†

α(r,ω) are bosonic annihilation and
creation operators for the macroscopic (medium-assisted)
EM field, fulfilling [f̂α(r,ω), f̂†

β(r
′,ω′)] = δαβδ(r − r′)δ

(ω − ω′), where the label α = {e, m} denotes electric and
magnetic contributions, respectively. The electric field
operator Ê(r) is given in terms of f̂α(r,ω) and f̂†

α(r,ω)
and contains information about the nanophotonic structure
through the EM Green tensor (see Appendix A for details).

One of the main pillars of this article is that the response
of realistic photodetectors can be modeled with auxiliary
TLSs [28], with the ensuing computational simplification
in the calculation of field correlations. Let us, therefore,
include in our system Nd auxiliary two-level systems with
vanishingly small dipole moments μd

i , oriented along ni.
The losses of these TLSs corresponding to the detector
bandwidths can be treated using the standard Lindblad
master equation:

Ĥd = Ĥ+
Nd∑

i=1

�ωid̂
†
i d̂i −

Nd∑

i=1

μd
i ni · [Ê+(ri)d̂

†
i +Ê−(ri)d̂i],

(2a)

˙̂ρ = − i
�

[Ĥd, ρ̂] +
Nd∑

i=1

�iLd̂i
[ρ̂], (2b)

with LÔ[ρ̂] = Ôρ̂Ô† − 1
2 {Ô†Ô, ρ̂}. Here Ĥ is given by Eq.

(1), Ê± represent the positive and negative frequency com-
ponents of the electric field operator, the d̂i (d̂†

i ) are the
lowering (raising) operators of the auxiliary TLSs, and ωi
and �i are their frequencies and losses, respectively.

It is important for our purposes that the coupling
between the auxiliary TLSs and the electric field must be
perturbative, such that the dynamics of Ê± is not affected
by the auxiliary TLSs. In other words, the TLSs only
probe the electric field without modifying it. Accordingly,
we applied the rotating-wave approximation in Eq. (2a).
Furthermore, the small coupling allows us to derive a sim-
ple relation between d̂i and Ê+ through the Heisenberg
equations of motion:

d̂i(t) = i
μd

i

�

∫ t

0
dτ ni · Ê+(ri, τ)e−i(ωi−i�i/2)(t−τ). (3)

To obtain this expression, we assumed that the TLSs were
initially in their ground states, and treated the TLSs as har-
monic oscillators with [d̂i, d̂†

j ] = δij , which is valid in the
low-excitation limit.

The dipole operator in Eq. (3) is proportional to the elec-
tric field operator probed by a realistic detector, including
a finite detection bandwidth [53–55] (see Appendix A for
details). This allows us to write

Ê+
di
(t) = −i

��i

2μd
i

d̂i(t), (4)

where Ê+
di

is the positive-frequency component of the
frequency-filtered electric field operator polarized along ni
at the position of detector i. We provide an explicit numer-
ical validation of this expression in Fig. 10 in Appendix
A. Importantly, the filter transmission function for each
detector has a Lorentzian shape, centered at ωi, with a full
width at half maximum equal to �i [28,53,54,56–58]. The
obtained result provides a recipe to access the correlations
of the electric field via correlations between the auxiliary
TLSs:

G(N )({ωi,�i; ti}N
i=1) ≡

〈
:

N∏

i=1

Ê−
di
(ti)Ê+

di
(ti) :

〉
(5a)

=
〈

:
N∏

i=1

(
��i

2μd
i

)2

d̂†
i (ti)d̂i(ti) :

〉
.

(5b)

Here Ê−
d = (Ê+

d )
† and : Ô : denotes normal ordering of Ô.

This equivalence demonstrates that the auxiliary weakly
coupled TLSs indeed act as detectors of the EM field. In
Appendix B, we show explicitly that equality (5b) remains
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valid when the field is split into a quantum and a clas-
sical part. As seen in the expression above, the order of
the correlation function matches the number of detectors
that need to be introduced, which highlights the connec-
tion of the introduced TLSs with realistic detectors. Note
that the detectors can be equivalently modeled as harmonic
oscillators. In the low-excitation limit, this yields the same
result as modeling them as TLSs. However, for the sake
of consistency and to align with Ref. [28], we refer to the
detectors as TLSs throughout this manuscript. Finally, note
that the detectors here are “perfect” as they do not have
dark counts, dead time between detections, or any other
imperfections, such that they measure the field correlations
exactly as they are, although such effects could be included
in the model for a specific setup.

We emphasize that Eq. (5b) makes photon correlations
much more accessible than directly evaluating Eq. (5a),
as the simple temporal evolution of the system leads to
an automatic evaluation of the nested temporal integrals
inherent to Eq. (5a). The result is similar to that obtained
in Ref. [28], frequently used to compute frequency-filtered
correlations of a single field mode in cavity QED setups.
In contrast, the expression in Eq. (5b) relates detector
observables to the full multimode electric field correla-
tions sampled at arbitrary points in space and with arbitrary
polarization, and also including frequency filtering.

B. Few-mode quantization

While expression Eq. (5b) provides a formal expres-
sion to compute field correlations that eliminates the need
to explicitly perform temporal convolutions, a straight-
forward implementation of this expression within MQED
is computationally extremely demanding due to the pres-
ence of a four-dimensional continuum of macroscopic EM
field modes. To mitigate this issue, we use the few-mode
quantization method developed in Refs. [43,45], which
allows us to replace the EM environment with a collec-
tion of discrete, lossy, and interacting bosonic modes with
annihilation operators âα . The dynamics of the system con-
sisting of the Nm modes interacting with Ne emitters and Nd
detectors (sketched in Fig. 2) is given by

Ĥ mod =
∑

k

Ĥ e
k +

∑

l

�ωld̂
†
l d̂l +

∑

α,β

�ωαβ â†
α âβ

+
∑

k,α

�λe,kα(â†
α + âα)

μ̂e
k

μe
k

+
∑

l,α

�λd,lα(â†
α d̂l + âα d̂†

l ), (6a)

˙̂ρ = − i
�

[Ĥ mod, ρ̂] +
Nm∑

α=1

καLâα [ρ̂] +
Nd∑

l=1

�lLd̂l
[ρ̂].

(6b)

FIG. 2. A schematic representation of the few-mode network.
The blue circle corresponds to an emitter, the orange circles to the
bosonic modes, and the green ones to the detectors. The param-
eters adjusted during the fitting procedure are labeled. Their
meanings are discussed in the main text.

The indices take the values α,β = 1, . . . , Nm; k =
1, . . . , Ne; and l = 1, . . . , Nd. The modes are characterized
by their frequencies and couplings, ωαβ , and by their losses
κα . Their coupling to the emitters (detectors) is given by
the matrices λe (λd), where, for simplicity of notation, we
have assumed that only one dipole direction per emitter is
relevant. We have also written the emitter dipole opera-
tors normalized to arbitrary reference dipole moments μe

k
to ensure that λe and λd have the same units.

This model is exactly equivalent to the Hamiltonian in
Eq. (2a) when the EM spectral density for the real system
and the few-mode model match [59–61]. These spectral
densities are respectively given by the (Ne + Nd)× (Ne +
Nd) matrix-valued functions

Jij (ω) = ω2

�πε0c2 Im[μi · G(ri, rj ,ω) · μj ], (7a)

J mod
ij (ω) = 1

π
Im

[
� · 1

H̃ − ω
· �T

]

ij
, (7b)

where G is the dyadic Green tensor,

� =
(

λe
λd

)
,

H̃αβ = ωαβ − iδαβκα/2, and the indices i, j = 1, . . . , Ne +
Nd span both the emitters and the detectors. The equiv-
alence of both approaches [Eqs. (2a) and (6)] can then
be achieved by fitting the matrix function Jmod(ω) to
the physical spectral density J(ω). More specifically, we
minimize the quantity |Jmod(ω)− J(ω)|2 for a frequency
range of interest by adjusting the real parameters ωαβ ,
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κα , λe,kα , and λd,lα . This procedure is performed using
the NLopt optimization library for nonlinear fitting [62].
Once the parameter values are determined, the dynamics
of the system can be found by solving the affordable Lind-
blad equation (6), as opposed to propagating the dynamics
with a four-dimensional continuum of medium-assisted
modes. This approach has been shown to work in general
nanophotonic EM environments in any coupling regime
[43,45,46].

In summary, the method presented in this section pro-
vides access to photon correlations in complex nanopho-
tonic setups via four steps.

(i) Find the classical electromagnetic spectral density
J(ω) corresponding to the system of interest.

(ii) Fit the real system’s spectral density J(ω) with
Jmod(ω).

(iii) Compute the density matrix of the system with the
corresponding spectral density using Eq. (6).

(iv) Compute the correlations between the detectors with
Eq. (5b).

With this straightforward recipe, our theoretical frame-
work (i) treats the interaction of the emitters with realistic
dispersive and absorbing nanophotonic environments; (ii)
accounts for the spatial dependence of the field propa-
gation from the emitters to the detectors, e.g., the out
coupling of the field from the nanophotonic setup to the
detectors incorporates the whole complexity of the envi-
ronment and comprises fundamental physical properties,
such as retardation; (iii) treats the interaction between the
emitters and EM modes in arbitrary coupling regimes,
including strong and ultrastrong coupling; and (iv) effec-
tively models the experimental setup by allowing one
to detect not only normalized correlation functions, but
also the absolute magnitude of unnormalized correlation
functions with their corresponding physical units.

While this concludes the description of the general the-
ory behind our method, in the next section we present
several practical considerations that help to improve
convergence of the fitting procedure, reduce the computa-
tional cost, and ensure the accuracy of the results. We then
proceed to benchmark and explore its capabilities in Secs.
IV and V below.

III. IMPLEMENTATION

In this section, we discuss some practical aspects of the
implementation of the theory described in Sec. II. In order
to make some of the discussions more concrete, we con-
sider a specific example system, which we will later also
use to benchmark the method and compare to alternative
formulations. The system, sketched in Fig. 3(a), consists of
a two-level emitter close to a spherical metallic nanoparti-
cle, for which G can be obtained analytically via a multi-
polar expansion [39,63]. The nanoparticle’s diameter is 15
nm, and the emitter at re is located 20 nm away from its
surface. Additionally, we place two detectors at the same
position rd, 3 µm away from the nanophotonic system, at
an angle of 90◦ with respect to the nanoparticle-emitter
axis.

A. General features of the spectral densities

The first step to implement our method is the com-
putation of the spectral density matrices corresponding
to the system. They can be separated into three blocks:
the emitter-emitter spectral density Jee(ω) of size Ne ×
Ne, the detector-detector spectral density Jdd(ω) of size
Nd × Nd, and the crossed emitter-detector spectral density
Jed(ω) = JT

de(ω) of size Ne × Nd. They describe different
physical processes due to the EM field and thus generi-
cally behave quite differently: the emitter-emitter spectral
density Jee(ω) fully determines the dynamics of the emit-
ters due to their interaction with the EM field, while the

(a)

(b)
1 × 10–5 1 × 10–11

(c)

FIG. 3. (a) Sketch of the geometrical configuration of the system. The dark blue arrows near the emitter and detector indicate the
direction of the corresponding dipole moments. (b),(c) Spectral densities relevant for light detection (black). Orange lines represent
the fits provided by our method, while the blue line shows spectral densities retrieved from the single-mode sensor method (see
Appendix E). The spectral position of the emitter transition is marked by the yellow line in (b).
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crossed emitter-detector spectral density Jed(ω) describes
the propagation of the signal from the emitter to the detec-
tors. The detector-detector spectral density Jdd(ω), which
describes the back action of the EM field on the detectors,
is quadratic in the small parameter μd. Its effect on the
dynamics of the detectors is thus negligible, such that we
can exclude Jdd(ω) from our analysis and do not need to fit
it, which greatly simplifies the practical implementation of
our method.

In Figs. 3(b) and 3(c), we show the spectral densities
for the system described above. Because of the chosen
setup (one emitter, two identical detectors), the two rele-
vant blocks are described by scalar functions Jee(ω) and
Jed(ω). The black lines represent the spectral densities
obtained from the full EM environment, while the orange
lines show the fits provided by our method (with Nm = 21
modes). The blue lines show the spectral densities obtained
from the single-mode sensor method (see Appendix E).
As expected [64], the emitter spectral density Jee(ω) in
Fig. 3(b) shows a clear peak due to the dipolar surface plas-
mon resonance, with a small shoulder due to higher-order
multipole resonances.

The information about the signal’s propagation from the
emitter to the detectors is contained in the crossed emitter-
detector spectral density Jed(ω) [Fig. 3(c)]. Its most salient
feature are oscillations inherent to the free-space spectral
density. Their amplitude grows with ω2 and their period
is 2πc/|re − rd|, which is essentially the inverse time the
signal takes to reach the detectors from the system. Indeed,
the oscillations encode retardation effects due to the finite
value of the speed of light. Since our method can capture
these oscillations, it follows that the signal will automat-
ically arrive at the detectors only after the appropriate
temporal delay (see Fig. 5 below for an example). How-
ever, for large emitter-detector separations, and thus rapid
oscillations, a faithful reproduction of Jed(ω) with J mod

ed (ω)

requires a significant number of modes. Behind this fact
hides a deeper understanding of how retardation can be
captured by the few-mode model. Essentially, the cou-
pled modes of the model form a network or graph that
delays the signal propagation from the emitter to the detec-
tors. Thus, this network of modes must be large enough to
accommodate the physical retardation. This simple intu-
ition also serves to illustrate the incapacity of single-mode
models to capture retardation effects. However, it should
be noted that more advanced single-mode treatments can
capture some retardation effects, e.g., by relating operators
at different times to each other [65].

B. Importance of the real part of the Green tensor

As discussed in Sec. II, in theory it is sufficient to only
fit the (generalized) spectral density of a given system to
obtain a fully equivalent few-mode model. These spec-
tral densities are proportional to the imaginary part of the

relevant response functions (determined by the retarded
Green tensor in the current case). This seems to imply that
their real part does not matter. Indeed, due to the causal
nature of the response, the real and imaginary parts are
linked by a Kramers-Kronig relation, and determining the
imaginary part thus also fully determines the real one.

However, while this is in principle true, it should be kept
in mind that the Kramers-Kronig relations are highly non-
local in frequency, i.e., the real part at any given frequency
is determined by the imaginary part at all frequencies. In
situations where the spectral density is appreciable only
in a limited frequency range (i.e., close to the resonances
of plasmonic nanostructures), it is usually possible to per-
form the fit in this range and obtain a good approximation
to the full dynamics [43,45], possibly after including any
remaining contributions perturbatively [66,67]. However,
in the current case of the emitter-detector spectral density,
the oscillations due to the finite emitter-detector separation
lead to a spectral density that is nonzero over a wide fre-
quency range and not dominated by only a few resonances,
but by the free-space contribution due to propagating pho-
tons. Furthermore, the relative timing information about
photon propagation is encoded in the phase of the Green
tensor, which is directly related to its real part. At the same
time, for a practical implementation, it is desirable to trun-
cate the frequency range over which the fitting must be
performed to reduce the numerical complexity of the prob-
lem. When performing such a truncation, it is thus crucial
to ensure that the real part of the Green tensor is also accu-
rately captured in the truncated frequency range in order
to preserve the correct timing relations. In order to achieve
this, we implement an extension of the method explained
so far that removes this problem and allows for a straight-
forward frequency truncation. This is achieved by fitting
the full retarded response function R(ω), given by

Rij (ω) = ω2

�ε0c2 μi · G(ri, rj ,ω) · μj , (8a)

which fulfills Im[R(ω)] = πJ(ω), in the frequency range
of the emitters [68–75]. Then, matching the few-mode
model response function

Rmod(ω) = � · 1
H̃ − ω

· �T (8b)

to the physical one, R(ω), greatly mitigates the problem
of the finite fitting range for J(ω) and permits a straight-
forward truncation of the fitted frequency region to the
physically relevant frequencies. In Appendix C, we show
the real parts of the response functions for the model sys-
tem introduced above, together with fits provided by our
method, and discuss the results and details of the joint fit-
ting procedure. Furthermore, in Appendix D we show how
the fitting procedure can be considerably simplified and its
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computational cost reduced by exploiting the fact that the
detectors are only weakly coupled to the EM field.

C. Implementation of other common approaches

Below, we benchmark our method and compare its
performance with three approaches commonly used to
describe similar systems, which we summarize here.

(i) The single-mode sensor method, which is widely
used in the quantum optics community to study cav-
ity mode correlations [28,76–81]. Specifically, this
model corresponds to a Jaynes-Cummings Hamil-
tonian describing the interaction of the two-level
emitter with a single “cavity” mode. Addition-
ally, we include one or two two-level detectors
to probe the mode correlations. Details concerning
the implementation of this method are presented in
Appendix E.

(ii) A direct calculation using the MQED Hamiltonian
in Eq. (2a) in the Born-Markov approximation [68–
71,74,75]. The final form of the Hamiltonian is pre-
sented in Appendix F. This approach neglects any
retardation effects, and is restricted to the weak cou-
pling regime and resonant interactions (ωe ≈ ωd)
[82].

(iii) An extension of the Wigner-Weisskopf theory for
spontaneous emission to the setup considered here,
as described in Appendix G, leads to an explicit
expression for the electric field intensity, given by
Eq. (G7). This approach can only be applied for
the spontaneous emission problem and results from
a perturbative treatment of the light-matter interac-
tion. It is thus expected to accurately describe the
setup in the weak coupling regime only.

IV. SINGLE-MODE SYSTEM

In this section, we employ our approach to analyze
the dynamics of the quasi-single-mode system with one
emitter and one or two detectors described in Sec. III
and sketched in Fig. 3(a). This simple system allows us
to benchmark our method against the commonly used
approaches discussed in Sec. III C, and to explore the capa-
bilities of our approach in the weak and strong coupling
regimes.

A. Resonance fluorescence

We begin by treating the resonance fluorescence of a
two-level system in the weak coupling regime, which has
been extensively explored over the past decades [83–88].
This system, therefore, is a perfect candidate for bench-
marking our method. In particular, we study the situation
when the emitter, weakly interacting with the EM envi-
ronment (μe = 50 D), is additionally weakly driven by a
resonant laser. We note that the action of the laser can

be represented fully through a driving term acting only
on the emitters and detectors, as long as the field used is
that obtained at the emitter position, taking into account
the scattering by the nanosphere [89,90]. For simplicity,
we assume that the driving laser is oriented and focused
such that the classical field does not scatter to the detec-
tors. Accordingly, the Hamiltonian of the system includes
a coherent pumping term only for the emitter, given
in the rotating-wave approximation by ĤL = −EL(re) ·
μe(σ̂

†
e e−iωLt + σ̂eeiωLt) [with EL(re) · μe = 10−6 eV]. The

explicit time dependence can be removed by a standard
unitary transformation into the rotating frame, Û(t) =
exp[−i(σ̂ †

e σ̂e + ∑
α â†

α âα + ∑
l d̂†

l d̂l)ωLt]. The laser fre-
quency is resonant with the emitter transition and the peak
of the spectral density, ωL = ωe = 3.4905 eV [marked as
the vertical dashed line in Fig. 3(b)].

We include in these simulations two detectors to com-
pute the normalized second-order correlation function
g(2)(t1, t2) = G(2)(t1, t2)/[G

(1)
1 (t1)G

(1)
2 (t2)], where G(1)

1 and
G(1)

2 are the intensities probed by the first and second detec-
tors, respectively. Figure 4 illustrates the dependence of the
steady-state correlation function g(2)(t2 − t1 = 0) on the
linewidth of the detectors. It shows that g(2)(0) gradually
changes from 1 to 0 as �d increases, indicating a transi-
tion from coherent to antibunched light. This phenomenon
is known to arise from the interference of the coherent
scattering and incoherent signal components [86–88]. For
this simple case and these observables, the Markovian and
single-mode sensor methods are expected to be accurate.
Our method gives results in agreement with these simpler
approaches, which serves as a first important benchmark
of its correctness. Moreover, the inset of Fig. 4 shows the
dependence of the steady-state g(2)(0) correlation function
on the frequency of the detector. It shows a resonance
around the laser frequency, which can also be accurately

FIG. 4. Resonance fluorescence: dependence of the steady
state g(2)(0) on the detector linewidth �d (at ωd = ωL = ωe).
Inset: dependence of the steady state g(2)(0) on the detector fre-
quency ωd (at �d = 5 × 10−4 eV, indicated by the vertical gray
line).

020361-7



MAKSIM LEDNEV et al. PRX QUANTUM 6, 020361 (2025)

captured by the single-mode sensor method. Interestingly,
the Markovian approach is also capable of reproducing
the effect, despite the violation of the resonance condition
(ωd 	= ωe). Nonetheless, since the range over which the
detector frequency is varied is small, all the relevant cou-
plings barely change across this spectral region, and, con-
sequently, the statistics can still be well described by this
approach.

B. Spontaneous emission

After showing that our method is capable of reproduc-
ing standard results from the field of cavity QED, we turn
our attention to the spontaneous emission of a two-level
system. Since only a single excitation is present in the
system, at most a single photon is detected, and only one
detector is required in the simulations. Again, we compare
the performance of our method with other commonly used
approaches, as discussed in Sec. III C. We show that in
this case, our method clearly outperforms the others and
captures dynamics that are not otherwise accessible, even
in the single-excitation regime.

1. Weak coupling

First, we focus on spontaneous emission in the weak
coupling regime (μe = 50 D). We fix the transition fre-
quency of the emitter at ωe = 3.4905 eV, in resonance with
the peak of the spectral density [vertical dashed line in
Fig. 3(b)]. The detector, resonant with the emitter (ωd =
ωe) and with a bandwidth of 3 eV, probes the polarization
component perpendicular to the light propagation direction
that lies in the emitter-nanosphere-detector plane sketched
in Fig. 3(a).

In Fig. 5(a) we show the dynamics of the electric field
intensity computed with our approach (black line). Since
retardation effects are fully captured by our approach,
the resulting signal appears only after the time τ = ρ/c,
where ρ = |rd − re|. In contrast, the dynamics obtained
via the single-mode sensor method (dashed green line)
and via MQED in the Born-Markov approximation (solid
yellow line) are not retarded. This is because retardation
is essentially encoded in the oscillations of Jed(ω), as
mentioned before. While our technique explicitly captures
them, the associated spectral density of the single-mode
sensor method, shown in blue in Figs. 3(b) and 3(c), fails
to do so (see Appendix E for the details). It further can-
not provide the absolute value of the intensity at any given
point in space, such that we compare with the normal-
ized G(1) function. Within the Markovian MQED method,
the spectral density and real part of the response function
are evaluated only at ω = ωe = ωd and the direct dipole-
dipole interaction between the emitter and the detector is
instantaneous. Nevertheless, both the single-mode sensor
method and MQED in the Born-Markov approximation
show general agreement in the temporal shape of the

(a)

(b)

FIG. 5. Spontaneous emission: the electric field intensity
detected from (a) a weakly coupled and (b) a strongly coupled
system, obtained with different methods. In the single-mode case,
we show the detector population normalized to its maximum
value.

detected signal, especially at later times t 
 ρ/c, since
the emitter lifetime is much longer than the propagation
time from emitter to detector. Last, the Wigner-Weisskopf
solution is represented by the orange line in Fig. 5(a).
It clearly shows retardation effects, while deviating only
slightly from our result at times slightly bigger than ρ/c.
We attribute this to a small fitting inaccuracy inherent to
our method and to the finite integration limits used in the
numerical computation of Eq. (G7), which the method is
very sensitive to, as we discuss in Appendix G. While the
Wigner-Weisskopf solution works very well here, it is only
applicable to the spontaneous emission problem where at
most a single photon is present in the system, and further-
more limited to the weak coupling regime, as we will see
in the next section.

2. Strong coupling

We now explore light detection from a strongly cou-
pled system. To achieve this regime within the same model
setup studied up to now, we increase the dipole moment of
the emitter to an unrealistically large value (μe = 2500 D).
Note, however, that room-temperature strong coupling
with real emitters can be reached in more sophisticated
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nanostructures [33,36,91–95]. The intensity probed by the
detector is shown in Fig. 5(b). The dynamics calculated
with our method displays two main features: retardation at
times τ < ρ/c, as in the weak coupling regime, and Rabi
oscillations characteristic of the strong coupling regime at
times τ > ρ/c. Rather remarkably, our method is the only
one able to reproduce both features. The single-mode sen-
sor description is able to capture Rabi oscillations with
similar frequency, but it does not reproduce the delay and
still only provides the normalized intensity. The Wigner-
Weisskopf result, which was very accurate in the weak
coupling regime, keeps the retardation effects, but fails to
exhibit any Rabi oscillations. Last, the Markovian MQED
approach completely fails on both accounts.

V. MULTIMODE SYSTEM

In the previous section, we studied a simple system
dominated by a single resonance in order to be able to
compare our method with the single-mode sensor method
prevalent in the fields of quantum optics and cavity QED.
In this section, we use our method to describe a more com-
plex system, where the single-mode approximation is not
applicable. To that end, we explore the emission charac-
teristics of a system consisting of two quantum emitters
interacting with the multimode electromagnetic environ-
ment provided by a large silver sphere that supports sev-
eral multipolar resonances. The schematic geometry of this
setup is illustrated in Fig. 6(a). Both emitters are posi-
tioned equidistantly from the sphere (5 nm away from
the surface), with a relative angle of 120◦ between them.
Their dipole moments are aligned along the radial direc-
tions of the sphere and have a magnitude of 50 D. The
detectors are located at a distance of 1.5 µm away from
the nanophotonic system, have a bandwidth �d = 0.1 eV,
and are oriented to detect the transverse field component
at their respective locations. For definiteness, we are again
interested in the field polarization orthogonal to the light
propagation direction and contained in the plane of the
sketch [Fig. 6(a)].

The spectral density associated with each emitter is
identical due to their symmetric placement relative to the
sphere. It is dominated by a single pseudomode peak
[Fig. 6(b)], which arises from overlapping higher-order
multipole resonances [64,96]. These contributions become
significant when the emitters are in close proximity to
the sphere. Conversely, lower-order multipole resonances
are largely hidden in the near field. Their presence, how-
ever, can be easily inferred from the radiative Purcell
factor, which quantifies the radiative decay enhancement
[97], that is, the part of the total power leaving the emit-
ter that reaches the far field. We show this quantity in
Fig. 6(b), where the peaks correspond to the quadrupolar
(for ω = 3.04 eV) and octupolar (for ω = 3.47 eV) reso-
nances, distinguished by their emission patterns in the far

(a)

(b)

(c)

(d)
P
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1 × 10–5

FIG. 6. (a) Sketch of the system. The dark blue arrows near the
emitter and detector indicate the direction of the corresponding
dipole moments. (b) Spectral density of the single emitter (black)
together with the fit provided by our method (orange); the green
line shows the radiative Purcell factor Prad for the single emit-
ter as a function of the emitter frequency. (c) Nondiagonal part
of the spectral density, which describes the EM-mediated inter-
action between two emitters. (d) Far-field angular distribution of
the power emitted by a classical point dipole 5 nm away from the
sphere with radial dipole moment at different frequencies.

field [Fig. 6(d)]. Note that, although the spectral density
for a single emitter [Fig. 6(b)] could be well represented
by a single Lorentzian, the off-diagonal spectral density
between two emitters [Fig. 6(c)] exhibits a more intricate
structure with multiple extrema, and small values close
to the maxima of the single-emitter spectral density. This
indicates that the electromagnetic environment is intrinsi-
cally multimode and cannot be accurately captured by a
single-mode description. The fact that the radiative Pur-
cell factor (shown in green) is dominated by several peaks
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at frequencies different from that of the pseudomode peak
further reinforces that multimode effects are essential to
take into account for the calculation of the emission.

A. Resonant case

We first explore the steady-state fluorescence of the
system described above under continuous-wave laser
excitation in the fully resonant scenario, where all
components—emitters, detectors, and laser—are tuned
to be resonant with the same sphere mode, either the
quadrupole at ω = 3.04 eV or the octupole at ω = 3.47
eV. The resonant condition was deliberately imposed here
in order to compare the performance of our method with
the Markovian MQED approach. Both detectors are posi-
tioned at the same location to compute the conventional
one-point g(2)(0) function. Because of the mirror symme-
try of our setup, our analysis focuses on the angular range
φ = φ1 = φ2 from 0◦ to 180◦.

The results of the implementation of our method are
shown with filled circles in Figs. 7(a) and 7(b). The steady-
state correlation function G(1) (black circles) exhibits two
(three) peaks corresponding to the interaction with the
quadrupolar (octupolar) mode, with a similar radiation pat-
tern as that shown in Fig. 6(d). The minima observed
at φ = 0◦ and 180◦ reflect the symmetry of the emitter-
nanoparticle subsystem: in this configuration, the detectors
are symmetrically positioned between the two emitters and
the dipoles of the two emitters along the detected polariza-
tion direction have opposite sign. As a result, the detected
fields of the two emitters exactly cancel. As for the steady-
state correlation function g(2)(0) (green circles), it shows
a strong angular dependence at both frequencies, with
regions of superbunching [g(2)(0) > 103] and antibunch-
ing [g(2)(0) < 10−1]. Our findings clearly demonstrate that
photon correlations inherently depend on the observation
direction. We also note that the results shown here cor-
respond to pointlike detectors, whereas realistic detectors
integrate their signals over a finite area. This will tend
to smooth out the response, although the details depend
on whether the integration is coherent (phase sensitive)
or incoherent. In either case, the method can be readily
adapted to account for this.

Notably, for both frequencies, our results demonstrate
pronounced dips at identical angles φ = 60◦ and 120◦.
These features can be attributed to the geometrical suppres-
sion of emitted photons from one of the emitters. In par-
ticular, the detector positioned at φ = 60◦ is aligned with
the dipole orientation of the right emitter [see Fig. 6(a)],
where the dipole is known not to emit photons. Thus,
it is expected that light emission in this direction will
exhibit antibunching, a characteristic signature of single-
photon emission. We note that, given the resonant and
weak coupling nature of the problem under consideration,
the correlations can also be obtained to high accuracy with

(b)

(a)

FIG. 7. The angular dependence of the steady-state correlation
functions G(1) and g(2)(0) when the emitters, detectors, and laser
are tuned to (a) ω = 3.04 eV and (b) ω = 3.47 eV.

the Markovian MQED approach presented in the previ-
ous section, as shown by the continuous lines in Figs.
7(a) and 7(b). In the Markovian regime, the nanopho-
tonic structure can be interpreted as an effective interfer-
ence device providing light propagation from the emitters
to the detectors along different optical paths [75]. This
viewpoint motivates the identification of the points of
antibunching observed in the results above as “trivial”
since it arises from the quenching of one of the emit-
ters rather than from interference between different optical
paths [75].

B. Off-resonant case

For the last illustration of the full capabilities of our
method, we explore the multimode system in a regime
beyond the Born-Markov approximation, where none of
the previously used simplified models can be applied. For
this, we investigate a scenario where emitters and detectors
are spectrally detuned from each other. Specifically, we set
the frequency of the left emitter and the first detector to
be resonant with the nanosphere’s quadrupolar mode (ω =
3.04 eV), while the right emitter and the second detector
are tuned to the octupolar mode frequency (ω = 3.47 eV).
In order to obtain a similar probability of excitation for
both emitters, the laser frequency is chosen to be ωL =
3.25 eV, equally detuned from both emitters. Moreover,
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(a)

(b)

(c)

(d)

FIG. 8. (a) Steady-state field intensities probed by the first
(G(1)

1 ) and second (G(1)
2 ) detectors depending on the angular posi-

tion of the respective detector. (b),(c) Steady state g(2)(0) and
G(2)(0), respectively, as functions of φ1, while φ2 = 135◦ (black)
and vice versa (orange).(d) Steady state g(2)(0) as a function
of the angular positions of the detectors. The black circle indi-
cates the angular positions (φ1,φ2) = (290◦, 60◦) corresponding
to Fig. 9. Dotted lines correspond to the cuts shown in panels (b)
and (c).

we allow the detectors to be in different positions, in con-
trast to the case considered in the previous subsection. The
results for this situation are presented in Fig. 8.

First, we show in Fig. 8(a) the field intensities probed
by both detectors (G(1)

1 and G(1)
2 , respectively). As one can

see, G(1)
1 and G(1)

2 are similar and differ only slightly in
magnitude. Indeed, this implies that the angular pattern
of the field intensity is roughly independent of the detec-
tor frequency in this particular setup and for these specific
parameters, which can be understood as due to the symme-
try of the problem in frequency space. Moreover, the G(1)

correlation function exhibits a notable deviation from the
case considered in the previous subsection, which reflects
the influence of varying the emitter and laser frequencies.
In contrast to the fully resonant case, the G(1) correlation

function does not demonstrate minima at 0◦ and 180◦, indi-
cating the breaking of the mirror symmetry inherent to the
previous system.

The steady-state second-order correlation function
g(2)(0), shown in Fig. 8(d), demonstrates significant angu-
lar dependence, manifesting both bunching and antibunch-
ing as a function of the angles of the detectors φ1 and φ2.
Bunching (antibunching) in this context means that, when
detecting a photon at angular position φ1 with frequency
ωd

1, the probability of detecting another photon in the
direction φ2 with frequency ωd

1 is enhanced (suppressed)
relative to Poissonian statistics. Most bunching is found
at the angular positions of the detectors corresponding to
the global minima of G(1), i.e., φ1,φ2 = 135◦ or 225◦.
The steady state g(2)(0) corresponding to φ1 = 135◦ and
φ2 = 135◦ [horizontal and vertical dotted lines at Fig. 8(d)]
are presented in Fig. 8(c). Along these lines, g(2)(0) does
not drop below a value of 100. Although these features cor-
relate with a small photon flux detected at these angles [see
Fig. 8(a)], the antibunching is not merely a “normalization
artifact.” This is clearly demonstrated in Fig. 8(b), where
we show the unnormalized G(2) function, which reflects
the total photon pair count. Notably, this function reaches
significant values at the angles where g(2) has its maxima,
confirming the physical relevance of the observed features.

Furthermore, the second-order correlation function
(both normalized and unnormalized) highlights the differ-
ences between the detectors: G(2)(0) and g(2)(0) exhibit
four peaks across an angular sweep along the angle of
the first detector φ1 (resonant with the quadrupolar mode),
whereas a sweep along the angle φ2 of detector 2 (resonant
with the octupolar mode) displays six peaks, clearly dis-
tinguished in Figs. 8(b) and 8(c). This distinction is a clear
indication of the quadrupolar and octupolar modes of the
nanosphere, which exhibit similar emission patterns in the
far field [see Fig. 6(d)]. An interesting observation is that
while in the fully resonant case (Sec. V A) the fingerprints
of different nanosphere modes were already clearly visible
in G(1); in the off-resonant system they can be observed
only by considering G(2)(0) [g(2)(0)].

In addition to exhibiting strong bunching features, the
g(2) function also demonstrates regions with antibunching,
the most extended of which is situated in the vicinity of the
coordinates (φ1,φ2) = (300◦, 60◦). This angular configu-
ration is special, because these detector positions resemble
the angular positions of the emitters in the studied setup
[see Fig. 6(a)]. Therefore, the observed antibunching fea-
ture is analogous to that observed in the resonant case: the
first detector, resonant with the left emitter and aligned
with its dipole orientation, does not probe emission from
it. The same holds for the second detector and the right
emitter.

To gain further insight into this phenomenon, we fixed
the angular positions of the detectors at (φ1,φ2) = (290◦,
60◦) [the global minimum of g(2)(0)], represented by the
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(a)

(b)

(c)

FIG. 9. (a) The steady-state field intensities probed by the first
(G(1)

1 ) and second (G(1)
2 ) detectors depending on the detector

frequency. (b) Steady state g(2)(0) as a function of the detec-
tors’ frequencies. Dotted lines correspond to the cuts shown in
panel (c). Black and orange circles correspond to complemen-
tary spectral positions of paired detectors (ωd

1,ωd
2) = (3.47, 3.04)

and (3.04, 3.47) eV, respectively. (c) Steady state g(2)(0) as a
function of ωd

1, while ωd
2 = ωL = 3.25 eV (black) and vice versa

(orange). The blue line corresponds to the g(2)(0) along the blue
line in panel (b).

black open circle in Fig. 8(d), and swept over the detectors’
frequencies. The results of these simulations are presented
in Fig. 9. The intensities probed by both detectors along
the frequency sweep exhibit a clear Lorentzian line shape,
centered at the laser frequency with a linewidth equal to �d
[see Fig. 9(a)]. Remembering that there is no direct laser
driving of the detectors, this observable is thus clearly sen-
sitive to the laser photons that were elastically scattered by
the emitters.

The dependence of g(2)(0) on the detector frequencies
[Fig. 9(b)] demonstrates quite extended regions of bunch-
ing and antibunching. When the frequency of one detector
is set to the laser frequency, the contrast in g(2)(0) over
a frequency sweep of the other detector is minimal [black
and orange lines in Fig. 9(c)]. Furthermore, g(2)(0) remains
close to unity in this case, indicating that the emission
is nearly coherent, a feature inherent to the laser. When
both detectors are detuned from the laser frequency, highly

bunched or antibunched emission is observed [blue line
in Fig. 9(c)]. For example, at (ωd

1,ωd
2) = (3.47, 3.04) eV

(represented by a yellow open circle), corresponding to
Fig. 8, the value of g(2)(0) drops close to a level of 10−2.
Conversely, in the complementary situation, when the
detector frequencies are swapped, (ωd

1,ωd
2) = (3.04, 3.47)

eV, g(2)(0) reaches approximately 102 (black open cir-
cle). This demonstrates that the photon emission from
even a simple system such as two emitters close to a
spherical nanoparticle can demonstrate complex space-
and frequency-dependent patterns of bunching and anti-
bunching. We finish by emphasizing the novelty of the
obtained results, as, to the best of our knowledge, there
are currently no alternative techniques that can effectively
address systems of this level of complexity and detail.
Accordingly, this example highlights the power and gen-
erality of our method, which can be used to explore and
understand photon correlations in complex nanophotonic
setups.

VI. CONCLUSIONS

In this work, we introduced a theoretical framework
and computational implementation that makes traditional
quantum optical observables, such as photon correlations,
accessible in complex nanophotonic devices. To achieve
this, we integrated the idea of using weakly coupled, lossy
two-level systems as detectors into the few-mode descrip-
tion of macroscopic quantum electrodynamics. This pro-
vides an affordable tool to study the statistical properties
of output light in nanophotonics. The resulting framework
provides direct access to photon correlations of any order
resolved in space, frequency, polarization, and time in gen-
eral lossy and dispersive nanophotonic environments and
in any coupling regime of light-matter interactions.

We then implemented the approach to analyze electric
field correlations in two exemplary nanoplasmonic sys-
tems. First, we studied the scenario of a single emitter
interacting with the modes of a small nanosphere. Here,
our model provided comprehensive access to field correla-
tion functions, accounting for retardation effects, absolute
physical units, and strong coupling features. In addition,
we validated our results by finding agreement with previ-
ously reported approaches in certain limiting cases. Sec-
ond, we demonstrated the generality of the method by
studying driven two-emitter setups interacting with a mul-
timode electromagnetic environment. In both resonant and
off-resonant driving configurations, our results unveiled a
rich landscape of spatially resolved light statistics.

The demonstrated capabilities of our method open new
avenues for the exploration and control of field correlations
in complex nanophotonic systems. This will grant a deeper
understanding and enable the design of novel nonclassical
light sources that exploit quantum light-matter interactions
at the nanoscale. These directions promise to advance
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both fundamental research and practical applications in
quantum optics and nanophotonics.
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APPENDIX A: ELECTRIC FIELD DETECTION IN
GENERAL EM ENVIRONMENTS

The MQED electric field operator in the Heisenberg
picture is given by

Ê(r, t) = Ê+(r, t)+ Ê−(r, t)

=
∑

α=e,m

∫
d3r′

∫ ∞

0
dω Gα(r, r′,ω)

· f̂α(r′,ω, t)+ H.c., (A1)

where Ê+(r) and Ê−(r) are positive and negative fre-
quency components of the electric field operator, and
Ge(r, r′,ω) = i(ω2/c2)

√
(�/πε0)Im[ε(r′, ω)]G(r, r′, ω),

Gm(r, r′,ω) = i(ω/c)
√
(�/πε0){Im[μ(r′,ω)]/|μ(r′,ω)|2}

[∇′ × G(r′, r,ω)]T. The medium-assisted electric field in
Eq. (A1) accounts for general linearly responding and
absorbing optical environments given by the complex per-
mittivity ε(r,ω) and permeability μ(r,ω) via the dyadic
Green tensor G of the vector Helmholtz equation [39–41].
We can split G into a free-space part Gfs and a scatter-
ing part Gsc that depends on the nanophotonic structure:
G = Gfs + Gsc.

To realistically model photodetection events and their
correlations, the finite detection bandwidth must be incor-
porated. This can be done by implementing the theory
developed by Eberly and Wódkiewicz [53–55]. Following

Real part

Imaginary partÊ

FIG. 10. Frequency-resolved electric field 〈Ê+
d 〉(t)eiωLt with

ωd = 3.489 eV and �d = 5 × 10−4 eV calculated via direct
computation and our method.

their work, the electric field operator transmitted through
the Lorentzian filter of the detector can be written as

Ê+
d (t) = �d

2

∫ t

0
dτ nd · Ê+(rd, τ)e−i(ωd−i�d/2)(t−τ), (A2)

where ωd and �d are the central frequency and FWHM
linewidth of the detector transmission function, and nd is
a unit vector aligned with the field polarization probed by
the detector at position rd. From this result, it is straightfor-
ward to derive an expression for the N th-order correlation
functions probed by N detectors as

G(N )({ωi,�i; ti}N
i=1) =

〈
:

N∏

i=1

Ê−
di
(ti)Ê+

di
(ti) :

〉
. (A3)

The quantities Ê+
di

and Ê−
di

are operators corresponding
to the positive and negative frequency parts of the elec-
tric field probed by the detector located at ri. Therefore,
following this straightforward approach for obtaining the
N th-order correlations, one needs to evaluate 2N time inte-
grals, which becomes computationally unfeasible already
for N = 2. A computationally more feasible alternative is
presented in the main text.

In Fig. 10, we show the frequency-resolved electric field
〈Ê+

d 〉(t)eiωLt calculated via the method proposed in the
main text and a direct evaluation of Eq. (A2). The latter
was obtained using the technique described in Ref. [43]
to get the unfiltered electric field, Ê+(rd, t), and then Eq.
(A2) to account for the finite detection bandwidth. To show
the equivalence between the two approaches, we used the
system described in Sec. IV A with ωd = 3.489 eV and
�d = 5 × 10−4 eV. The results in Fig. 10 demonstrate per-
fect agreement. Still, it is important to note that the direct
evaluation of the temporal integrals that implicitly appear
in Eq. (A3) is only numerically tractable for low-order
electric field observables.
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APPENDIX B: INCLUSION OF CLASSICAL
FIELDS

In this appendix we show that, with the introduced
method, it is possible to probe both quantum and classical
sources. First, we note that the field generated by classical
sources can be easily integrated within the formalism of
macroscopic QED [90]. In the presence of external clas-
sical fields, the electric field operator becomes Ê′(r) =
Ê(r)+ Ecl(r, t). If we then model the detection bandwidth
in the same manner as in Eq. (A2), we get

Ê′
d(ωd, rd, t) = Êd(ωd, rd, t)

+�d

2

∫ t

0
dτ nd · Ecl(rd, τ) e−i(ωd−i�d/2)(t−τ).

(B1)

Let us now show how the expression for the annihila-
tion operator of the auxiliary lossy TLS will change if
we take classical fields into consideration. In this case,
Hamiltonian (2a) will change to Ĥ ′

d = Ĥd − ∑N
i=1 μini ·

Ecl(ri, t)(d̂i + d̂†
i ). Following the same procedure with the

new Hamiltonian, the Heisenberg equation for the operator
d̂′

i becomes

˙̂d′
i(t) = ˙̂di(t)+ i

μi

�
ni · Ecl(ri, t). (B2)

Then, integration of this expression directly gives

d̂′
i(t) = d̂i(t)+ i

μi

�

∫ t

0
dτ ni · Ecl(ri, τ) e−iω̃i(t−τ), (B3)

where ω̃i = ωi − i�i/2. As this formula corresponds to Eq.
(B1) up to the prefactor, we can write the equality

Ê′+
di
(t) = −i

��i

2μi
d̂′

i(t). (B4)

This makes all our conclusions about the correspondence
between the detected electric field and the annihilation
operator of weakly coupled detectors still valid for clas-
sical fields.

APPENDIX C: FITTING THE REAL PART OF THE
RESPONSE FUNCTION

As discussed in the main text, to perform an accurate
frequency truncation of the spectral density, we actually
fit the response function of model (8b) to the physical
fully retarded response function (8a). In Fig. 11(a) we
show the real part of the crossed emitter-detector response
function, Red(ω), for the setup under consideration in
Sec. IV together with the fits provided by our method.
It behaves similarly to the corresponding spectral density

(a) 1 × 10–11

1 × 10–5(b)

FIG. 11. Real parts of the response functions relevant for light
detection (black). Orange lines represent the fits provided by our
method, while blue lines show corresponding functions retrieved
from the single-mode sensor method (see Appendix E).

Jed(ω) [Fig. 3(c)] and by taking it into account during
the fitting procedure, we ensure accuracy of the spectral
truncation.

In Fig. 11(b) we only render the real part of the
scattering contribution to the emitter response function,
Re[Rsc

ee(ω)]. We first note that the free-space contribution
of Re[Ree(ω)] diverges because the real part of G(ri, rj ,ω)
diverges in the coincidence limit [ri = rj ; see Eq. (8a)].
The function Re[Rfs

ee(ω)] is known to be responsible for
the free-space Lamb shift of the emitter’s energy levels
[40]. The result is a very small frequency shift that we
consider to be included in the bare frequencies of the emit-
ter. Therefore, Fig. 11(b) shows only its finite scattering
part Re[Rsc

ee(ω)], which provides an environment-induced
Lamb shift. However, because πJee(ω) and Re[Rsc

ee(ω)]
are not connected through the Kramers-Kronig relations,
Re[Rmod

ee (ω)] cannot perfectly reproduce the target function
Re[Rsc

ee(ω)]. This can lead to undesirable deviations when
computing the dynamics of the system. To mitigate this, we
use a recently developed approach [66], which allows us to
minimize the error due to the inaccurate fit of Re[Rsc

ee(ω)]
by adding an appropriate perturbative correction.

APPENDIX D: OPTIMIZATION OF THE FITTING
PROCEDURE

The procedure giving access to the correlations outlined
in Sec. II implies fitting an (Ne + Nd)× (Ne + Nd)matrix-
valued function for every unique geometrical configuration
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FIG. 12. Schematic representation of the quantized mode
decomposition. The meaning of the quantities appearing in the
figure is described in Appendix D.

of emitters and detectors. This complicates the implemen-
tation of the proposed approach. However, in specific sce-
narios—such as those considered in this manuscript—the
fitting procedure can be greatly simplified. In particular, in
Sec. V we studied situations where the system is probed at
different spatial positions, i.e., when the local environment
of the emitters remains unchanged and only the emitter-
detector response function varies. In this appendix, we
show how the fitting routine can be simplified in such
cases.

For this, let us decompose the set of field modes into
two subsets, which interact weakly with each other with
couplings εij . Moreover, we impose the condition that the
first subset only interacts with the emitters, and the second
one only with the detectors, as depicted in Fig. 12. It is
thus natural to name the first subset “emitter modes” and
the second one “detector modes.” This separation allows

us to rewrite matrices H̃ and � in block form:

H̃ =
(

H̃e ε

εT H̃d

)
, (D1a)

� =
(

λee 0
0 λdd

)
. (D1b)

Here H̃k,ij = ωk,ij − iκk,iδij /2 (k = e, d) are the matrices
defining emitter and detector modes, respectively. Since
the emitter modes interact only with the emitters, and the
detector modes are coupled only to the detectors, � takes
the block-diagonal form with λee and λdd being the cou-
plings between emitter and emitter modes and between
detector and detector modes, respectively. Here, λee and
λdd are matrices with shapes (Ne × Nem) and (Nd × Ndm),
respectively, where Nem (Ndm) is the number of “emitter”
(“detector”) modes.

Also writing the model response function in block form,

Rmod(ω) =
(

Rmod
ee (ω) Rmod

ed (ω)

Rmod
ed (ω)T Rmod

dd (ω)

)
, (D2)

and performing a perturbative expansion to the lowest
order in the off-diagonal coupling matrix ε, we obtain

Rmod
ee (ω) ≈ λee

1
H̃e − ω

λT
ee, (D3a)

Rmod
dd (ω) ≈ λdd

1
H̃d − ω

λT
dd, (D3b)

Rmod
ed (ω) ≈ −λee

1
H̃e − ω

ε
1

H̃d − ω
λT

dd. (D3c)

As argued in the main text, the response function Rmod
dd (ω)

of the detector subsystem can be neglected due to the small
dipole moment of the detectors, and can thus be ignored in
the fitting procedure.

Another advantage of this separation of response func-
tions is that it enables fitting them separately. This, in
fact, means that to analyze the spatial dependence of cor-
relations, it is not needed to fit the whole (Ne + Nd)×
(Ne + Nd) matrix-valued response function anew for each
detector configuration. Instead, one can fit Rmod

ee (ω), with
size (Ne × Ne), only once, and then fit the remaining
(Ne × Nd) matrix that corresponds to Rmod

ed (ω) for every
new configuration of the detectors. Moreover, if one wants
to sweep over different spatial positions with a small dis-
tance between detection points, the smooth spatial behav-
ior of the response function means that the fit parameters
obtained for the previous detector position are a good ini-
tial guess for the fit of the next nearby detection point,
improving the convergence of the procedure.

Last, we note that, due to the foundational role of
the single-mode sensor method [28], further optimization
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techniques presented in that context [50,100] can also be
straightforwardly applied here.

APPENDIX E: SINGLE-MODE SENSOR METHOD

In Sec. IV, we used the sensor method [28] to describe
the detection of light from a system composed of an emitter
coupled to a quasi-single-mode EM environment. Because
of the simplicity of the EM environment, the system under
study can be effectively described by the standard Jaynes-
Cummings model, where a TLS interacts with a single
generic cavity mode that represents the dipolar resonance
of the nanosphere. To retrieve mode parameters of the cav-
ity, we approximate the emitter spectral density [Fig. 3(b)]
by a Lorentzian

F(ω) = λ2
e

2π
κ

(ω − ωc)2 + κ2
c /4

,

where ωc and κc are the mode’s frequency and losses, and
λe is the coupling to the emitter. The dynamics provided
by this method is given by

Ĥ sen = ωeσ̂
†
e σ̂e + ωdd̂†d̂ + ωcâ†â + λe(â†σ̂e + âσ̂ †

e )

+ λd(â†d̂ + âd̂†), (E1a)

˙̂ρ = − i
�

[Ĥ sen, ρ] + κdLâ[ρ̂] + �dLd̂[ρ̂], (E1b)

where λd is the coupling of the cavity mode to the detector,
which can be set arbitrarily small to prevent back action
[28]. Because of the arbitrariness of λd, it is not possible to
analyze the spatial dependence of correlations using this
method and only normalized correlations obtained with
this method are meaningful.

APPENDIX F: MARKOVIAN MQED

In the weak coupling limit, the MQED Hamiltonian (2a)
can be considerably simplified by using the Born-Markov
approximation for the light-matter interaction. As a result
of the approximation, all EM modes are traced out, which
leads to the master equation

Ĥ M = ��eσ̂
†
e σ̂e + �ωdd̂†d̂ + �ted(d̂†σ̂e + d̂σ̂ †

e ), (F1a)

˙̂ρ = − i
�

[Ĥ M, ρ̂] +
∑

i,j =e,d

γij Lij [ρ̂]. (F1b)

In Ĥ M, the emitter frequency includes the scattering
Lamb shift �e = ωe − Re[Rsc

ee(ωe)], and the direct dipole-
dipole interaction strength is ted = −Re[Red(ωe)]. On the
dissipative side, the coefficients γij are given by γee =
2Im[Ree(ωe)] and γed = γde = 2Im[Red(ωe)], while γdd is
set to the detector bandwidth �d as it is assumed to be
due to “internal” detector properties and not induced by the

interaction with the local EM environment. The dissipator
is defined as Lij [ρ̂] = Ôiρ̂Ô†

j − 1
2 {Ô†

j Ôi, ρ̂} with Ôe = σ̂e

and Ôd = d̂.

APPENDIX G: WIGNER-WEISSKOPF
APPROXIMATION

In this appendix, we consider the particular problem
of detecting the spontaneously emitted field due to an
initially excited two-level emitter, weakly coupled to an
arbitrary electromagnetic environment. For convenience in
the derivation, we use the formulation of MQED in terms
of “emitter-centered” modes [41,90], in which the full EM
environment coupling to N emitters is re-expressed in a
basis of N continua. Since we are only concerned with
the population of the single-excitation subspace, we can
neglect the contribution of the “refilling” term of the Lind-
blad master equation, and, thus, treat the detector losses
through the effective Hamiltonian formalism. Accordingly,
the Hamiltonian can be written as

Ĥ = �ωeσ̂
†
e σ̂e + �ω̃dd̂†d̂ +

∑

i=e,d

∫ ∞

0
dω �ωĈ†

i (ω)Ĉi(ω)

+
∑

i,j =e,d

∫ ∞

0
dω �hij (ω)[Ĉi(ω)Ô

†
j +Ĉ†

i (ω)Ôj ]. (G1)

As in the main text, ω̃d = ωd − i�d/2 is the complex
frequency of the detector, while the Ôi are defined
as in Appendix F and the Ĉi(ω) [Ĉ†

i (ω)] are anni-
hilation (creation) operators for the two orthogonal
photonic continua, [Ĉi(ω), Ĉ†

j (ω
′)] = δij δ(ω − ω′). The

couplings hij (ω) must fulfill h(ω)Th(ω) = J(ω) and
are chosen here as hee(ω) = √

Jee(ω), hed(ω) = Jed(ω)/

hee(ω), hde(ω) = 0, and hdd(ω) =
√

Jdd(ω)− h2
ed(ω), cor-

responding to a Cholesky decomposition of J(ω) and
ensuring that the emitter only couples to a single contin-
uum Ĉe(ω). Since we restrict the coupling to be weak,
the rotating wave approximation has been safely applied.
Furthermore, the second continuum Ĉd(ω) is only coupled
to the detector, which has a negligible dipole moment,
so it can be neglected completely and dropped from the
Hamiltonian.

For the considered problem, the initial state is |ψ(0)〉 =
σ̂+

e |0〉, where |0〉 is the vacuum state. Because the Hamil-
tonian conserves the total number of excitations, the wave
function |ψ(t)〉 can be decomposed in the basis of singly
excited states:

|ψ(t)〉 =
∑

i=e,d

αi(t)Ô
†
i |0〉 +

∫ ∞

0
dωβω(t)Ĉ†

e(ω) |0〉 . (G2)

Applying the Schrödinger equation with Eq. (G1) and
defining new variables α̃i(t) = αi(t)eiω̄it, where ω̄e = ωe
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and ω̄d = ω̃d, and β̃ω(t) = βω(t)eiωt, we obtain a closed set
of equations:

˙̃αi(t) = −i
∫ ∞

0
dω hei(ω)β̃ω(t)e−i(ω−ω̄i)t, (G3a)

˙̃βω(t) = −i
∑

i=e,d

hei(ω)̃αi(t)ei(ω−ω̄i)t. (G3b)

In the second equation, the coupling to the detector can
again be neglected, giving the formal solution β̃ω(t) =
−ihee(ω)

∫ t
0 dτ ei(ω−ωe)τ α̃e(τ ). Inserting this into the first

equation for i = e gives

˙̃αe(t) = −
∫ t

0
dτ

∫ ∞

0
dωJee(ω)e−i(ω−ωe)(t−τ)α̃e(τ ). (G4)

Assuming that the spectral density is sufficiently smooth
compared to the complex exponential, we can replace it
by its value at ω = ωe. Because of the rapidly oscillat-
ing exponential, we can also extend the lower limit of the
frequency integral to −∞, giving

˙̃αe(t) ≈ −Jee(ωe)

∫ t

0
dτ

∫ ∞

−∞
dω e−i(ω−ωe)(t−τ)α̃e(τ )

= −πJee(ωe)̃αe(t), (G5)

where we have used the fact that
∫ ∞
−∞ dk e−ikx = 2πδ(x).

Solving the last differential equation yields αe(t) = e−iω̃et,
where ω̃e = ωe − iπJee(ωe), giving exponential decay of
the excited state population of the emitter, 〈σ̂ †

e σ̂e〉(t) =
|αe(t)|2 = e−2πJee(ωe)t. The photon and detector amplitudes
can then be obtained by simple integration as

βω(t) =
√

Jee(ω)

ω − ω̃e
(e−iωt − e−iω̃et), (G6a)

αd(t) = red(ω̃d)e−iω̃dt − red(ω̃e)e−iω̃et

ω̃e − ω̃d

+
∫ ∞

0
dω

Jed(ω)e−iωt

(ω − ω̃e)(ω − ω̃d)
, (G6b)

where red(ω) = ∫ ∞
0 dω′[Jed(ω

′)/(ω′ − ω)]. Using Eq.
(5b), the light intensity at the detector is then

〈Ê†
dÊd〉 =

(
��d

2μd

)2

|αd(t)|2. (G7)

The detector amplitude involves integration over the whole
positive frequency axis, which implies that some kind of
truncation of the spectral region has to be performed for
numerical computation. As described in the main text, this
truncation is not straightforward. In Fig. 13, we show the
convergence of this method as a function of the range

FIG. 13. Dependence of the mean error of G(1) on � for dif-
ferent methods. For our method developed in Sec. II,� indicates
the extent of the fitted frequency range, whereas, for the Wigner-
Weisskopf treatment, it defines the frequency range over which
the integral in Eq. (G7) is evaluated. The orange circles mark the
values of � for which the truncation was accurate.

� taken for numerical integration. The error is defined
as (1/Np)

∑Np
i |G(1)

� (ti)− G(1)
ref (ti)|, where the ti are the

calculation points and Np is the number of points. The
distribution of the ti is equidistant on a logarithmic scale.
Here, G(1)

ref is the result obtained with our method devel-
oped in Sec. II with the widest fitted frequency range
that we considered, from 1 to 6 eV. As expected, our
method clearly converges as the range� is increased, with
the small oscillations related to fitting inaccuracies. The
Wigner-Weisskopf approach also converges, but does so
nonuniformly with strongly oscillatory behavior. The rea-
son for these oscillations can be understood by realizing
that the functions red(ω) defined above correspond (up to
a factor of π ) to the (dominant) positive-frequency part
of the Kramers-Kronig integral that gives the real part of
the response function, Re[Red(ω)]. This again highlights
the importance of the real part of the response function
Re[Red(ω)], an observation that we can use to accurately
truncate the spectral region to evaluate Eq. (G7). Because
of the oscillating nature of Jed(ω), the integrals in Eq.
(G6b) will also oscillate as a function of the frequency cut-
off, and the error will tend to be minimal for those values
of the cutoff for which the value of the integrals is close to
the real part of the response function. The orange circles
in Fig. 13 correspond to values of the frequency cutoff �
of the integral for which Re[Red(ωe)] is close to its asymp-
totic value, and these positions obviously correlate with the
minima of the convergence plot.
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[22] D. E. Chang, V. Vuletić, and M. D. Lukin, Quantum non-
linear optics—photon by photon, Nat. Photonics 8, 685
(2014).

[23] J. C. Loredo, C. Antón, B. Reznychenko, P. Hilaire, A.
Harouri, C. Millet, H. Ollivier, N. Somaschi, L. De San-
tis, A. Lemaître, I. Sagnes, L. Lanco, A. Auffèves, O.
Krebs, and P. Senellart, Generation of non-classical light
in a photon-number superposition, Nat. Photonics 13, 803
(2019).

[24] N. Tomm, A. Javadi, N. O. Antoniadis, D. Najer, M. C.
Löbl, A. R. Korsch, R. Schott, S. R. Valentin, A. D. Wieck,
A. Ludwig, and R. J. Warburton, A bright and fast source
of coherent single photons, Nat. Nanotechnol. 16, 399
(2021).

[25] D. M. Lukin, M. A. Guidry, J. Yang, M. Ghezellou, S.
Deb Mishra, H. Abe, T. Ohshima, J. Ul-Hassan, and J.
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