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The Tavis-Cummings (TC) model has been widely used to investigate the
collective coupling effect in hybrid light-matter systems; however, the TC
model neglects the effect of a dielectric environment (the spectral structure
of photonic bath), and it remains unclear whether the TC model can adequately
depict the light-matter interaction in a non-homogeneous, dispersive, and
absorbing medium. To clarify the ambiguity, in this work, we first connect the
macroscopic quantum electrodynamics and the TC model with dissipation.
Based on the relationship between these two theoretical frameworks, we
develop a guideline that allows us to examine the applicability of the TC
model with dissipation. The guideline states that if 1) the generalized spectral
densities are independent of the positions of molecules and 2) the generalized
spectral densities resemble a Lorentzian function, then the hybrid light-matter
system can be properly described by the TC model with dissipation. In order to
demonstrate how to use the guideline, we examine the position dependence
and the lineshape of the generalized spectral densities in three representative
systems, including a silver Fabry-Pérot cavity, a silver surface, and an aluminum
spherical cavity. We find that only the aluminum spherical cavity meets the two
conditions, i.e., position independence and Lorentzian lineshape, required for
the utilization of the dissipative TC model. Our results indicate that the use of
the TC model with dissipation to study the collective coupling effect should be
done with care, providing an important perspective on resonance energy
transfer and polariton chemistry.

KEYWORDS

polariton chemistry, Tavis-Cummings model, macroscopic quantum electrodynamics,
cavity quantum electrodynamics, generalized spectral density, Fabry-Pérot cavity,
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Introduction

When a group of molecules (atoms, or quantum emitters)
interact with confined electromagnetic fields, several intriguing
phenomena emerge and have been successively observed,
including the modification of spontaneous decay rates [1-5]
and chemical reaction products [6-8]. The collective coupling
effects provide scientists with a new strategy to alter and control
the physical and chemical properties of molecules. To explore the
origin of these phenomena, the Tavis-Cummings (TC) model
[9], which describes a collection of N identical molecules
interacting equally with a single photonic mode, has been
widely used to investigate the collective effect in hybrid light-
matter systems [10-16]. It is well-known that the TC model gives
the N-times decay rate of single-photon superradiance and the
V/N-times coupling strength between the molecular ensemble
and the electromagnetic field. However, these phenomena are
hardly observed or are only obeyed within a small number of N in
the experiments [2, 3, 17]. The inconsistency between the
theories and experiments motivates us to explore the validity
of the use of the TC model. Moreover, inspired by recent progress
in polariton chemistry [14, 18-22], we would like to clarify
whether the TC model can adequately depict the
electromagnetic vacuum fluctuations caused by the complex
dielectric environment.

One possible solution to incorporating the effect of the
dielectric environment into hybrid light-matter systems is to
establish a theory based on macroscopic quantum
electrodynamics (QED) [23-25]. As an effective field theory,
macroscopic QED provides a framework of quantized
electromagnetic fields in the presence of any arbitrary
inhomogeneous, dispersive, and absorbing media. Since its
debut, macroscopic QED has been successfully applied to
investigate the spontaneous emission [26-32], resonance
energy transfer [33-40], Casimir-Polder force [41-45], and
van der Waals interaction [46-51] in the presence of dielectric
bodies. Moreover, it is recently shown that the macroscopic QED
theory can be effectively converted to the cavity QED model with
dissipation [52-54]. We believe that the connection between
these two theoretical frameworks will provide a new perspective
on the utilization of the TC model. However, to the best of our
knowledge, there is no detailed discussion on the relationship
between the macroscopic QED and the widely adopted TC
model. As a result, in this article, our main purpose is to
clarify the conditions for the transformation from the
macroscopic QED Hamiltonian to the dissipative TC model.
Based on the requirements for the transformation, we propose a
simple but useful guideline to verify whether molecular emitters
(or quantum emitters) in a given dielectric environment can be
properly described by the TC model with dissipation. Moreover,
our theory will also provide how to estimate the parameters in the
dissipative TC model from the macroscopic QED theory.
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This article is organized as follows. In Section 2, we
recapitulate the few-mode field quantization approach that
bridges the macroscopic QED and dissipative cavity QED
model [52, 54]. Based on the quantization approach, we
establish the connection between the dissipative TC model
and macroscopic QED and provide a guideline that allows
us to examine the applicability of the TC model for a given
hybrid light-matter system. In Section 3, to demonstrate the
guideline, we investigate three representative systems:
molecules inside a silver Fabry-Pérot cavity, above a
silver surface, and inside an aluminum spherical cavity.
In Section 4, we summarize the main results of this research.

Methods

Total Hamiltonian based on macroscopic
quantum electrodynamics theory

We start from a system composed of a collection of N two-
level molecules coupled to polaritons (dressed photons) in an
arbitrary dielectric environment. Within the framework of
macroscopic QED theory [55, 56], the total Hamiltonian in
the multipolar-coupling scheme can be expressed as

H=

M=

w6760 + J d3rj donof (r,0) - f(r,w)
0

~
I

1
N A

- Z [ag“ + &é_)]y(n( E(rp). (1)
(=1

The first term corresponds to the molecular
Hamiltonian, where we,¢ and 6}” (62’)) denote the
transition frequency and the raising (lowering) operator
of the (-th molecule, respectively. The second term
corresponds to the polariton Hamiltonian, where fT (r, w)
and f'(r, w) are the creation and annihilation operators of the
bosonic vector fields [55, 56], respectively. The third term
describes the interactions between the molecules and
polaritons, where u; and n; are the magnitude and
direction of the transition dipole moment of the (-th
molecule, respectively, and ﬂ(r() is the electric-field
operator. According to macroscopic QED, the electric-
field operator is given by

E(r) = z\jgj’ dw J c13r‘:—22 VIm[e, (1, 0)] G (r;,1,0) - f(r, 0) + He,
0 0
(2)

where ¢ is the vacuum permittivity, & (r, w) is the relative
permittivity at position r, and ¢ is the speed of light in vacuum.
Moreover, the dyadic Green’s function (:;(r(,r, w) satisfies
macroscopic Maxwell’s equations,
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2 _ _
‘z—zs, (1, 0) = VxVx |G (rp, 1, 0) = L8 (r; - 1),  (3)

where i3 is a 3 x 3 identity matrix, and 8(r; — r) is a three-
dimensional delta function. Note that solving é (rer,w)inEq. 3
is a key procedure in the field of nanophotonics because
G (r;, 1, w) is associated with the spatial distribution of mode
functions in the frequency domain. As a result, Eq. 2 allows us to
describe the quantized electric field (the behavior of photons) in
linear, non-homogeneous, dispersive, and absorbing media. In
other words, in the framework of macroscopic QED, we can
quantitatively model dielectric effects on molecular emitters and
examine whether the TC model be used to describe molecular

emitters in specific dielectric environments.

Effective dissipative cavity quantum
electrodynamics model based on few-
mode field quantization

Next, we adopt the few-mode field quantization approach
[52, 54] to convert the macroscopic QED Hamiltonian in Eq. 1
into an effective dissipative cavity QED model. The previous
study has shown that the few-mode field quantization approach
can equivalently describe the dynamics of the molecules
coupled to the polaritons derived from the macroscopic
QED Hamiltonian. The concept of the
approach is to transform the infinite bosonic vector fields
the QED
Hamiltonian into a set of N, discrete photonic modes d;
that interact with the molecules 645_), and each of the
photonic modes d; is further coupled to an independent

quantization

(polariton  modes) f (r,w) in macroscopic

Markovian reservoir, respectively, resulting in a dissipation
rate xpp;. The effective cavity QED Hamiltonian composed
of the molecules 6é_), photonic modes d;, and their interactions
is written as [54].

N Na
Heff = z hweg,(&éﬂ(}y) + z hwph,]‘i}‘ii + Z hg(,j [6§+) + 627)]
(=1 j=1 (8]
x (&} +4;),

4

where wy,; is the frequency of the j-th discrete photonic mode,
and hg;; is the coupling strength between the {-th molecule and
the j-th photonic mode. Within the few-mode field quantization
approach, the system dynamics can be described by the master
equation as follows [54],
d. ira 1N ,
apeff =7 [Heff>Peff] + Z Kph,jLa; [Pest >

=

®)

where p. is the density matrix of the effective system, and
L, [pur] = Gjpopa} — ${@ld;, oy} is a Lindblad dissipator.
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The parameters wpp;, g5 and x,n; in the effective
dissipative cavity QED model can be obtained by fitting the
generalized spectral density (GSD) matrix J (w) of the given
system to an effective GSD matrix T e (w). The GSD matrix
J(w)isa Nx N square matrix whose elements are defined
as [54].

(4)2

- _ By
T (w) =T (15,10, 0) = .

e Im[(:} (ro, xp, w)] ng.

(6)

It is worth noting that the diagonal terms of the GSD matrix
are associated with the single-point dyadic Green’s functions,
which are related to the photonic local density of states [57, 58]
and the spontaneous emission rates [26, 29, 58] of the molecular
emitters; the off-diagonal terms of the GSD matrix are associated
with the two-point dyadic Green’s functions, which are related to
[57, 59] and the
intermolecular interactions between two molecular emitters
[33, 36, 60]. The effective GSD matrix J o (w) is also a N x N
square matrix, and it can be expressed as [54].

the photonic cross density of states

= 1 _ (= = \! _T
Jeff(w):;lm[g (H-oly,) g ] )
where H is a N, x N, square matrix with elements given by
Hjk = (wph,;j —i%)(ﬁjk, g is a N x N, matrix with elements
given by g¢;, and Iy, is a N, x N, identity matrix.

Effective dissipative Tavis-Cummings
model

In Section 2.2, we have established an effective dissipative
CQED model that can equivalently describe the quantum
dynamics of the molecular emitters. Here, we would like to
emphasize that the few-mode field quantization approach in
Section 2.2 does not assume/limit the number of discrete
photonic modes and the number depends on the shape of the
generalized spectral densities. In order to provide a guideline that
allows us to examine the applicability of the dissipative TC
model, we need to connect the effective CQED Hamiltonian
in Eq. 4 to an effective TC model and clarify the corresponding
required conditions. Recall that the TC model is developed in the
framework of the rotating-wave approximation. As a result, we
first apply the rotating-wave approximation to eliminate the
counter-rotating terms in the interaction part. Moreover, we
Set Weg ¢ = Weg fie = Ny =1,41 = a (511r =a"), Wph,1 = Wph» g1 =
& and xph,; = Kpp since the TC model considers a group of
identical molecules interacting equally with a single photonic
mode. The resulting effective TC model is rewritten as

N
Hic = ) w66 + hopa'a+ Y hg[6{"a+a{’a"], (8)
=1 ¢
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FIGURE 1

Schematic illustrations of molecules (A) inside a silver Fabry-Pérot cavity, (B) above a silver surface, and (C) inside a aluminum spherical cavity.

(A) The silver Fabry-Pérot cavity comprises two silver plates in vacuum. The thickness of the silver plates are set to be 100 nm, and the distance
between the platesis 600 nm. The molecules are located 300 nm above the lower silver plate, with their transition dipole moments perpendicular to
the cavity axis. (B) The distance between the molecules and the silver surface is 1 nm, and the transition dipole moments of the molecules are

perpendicular to the normal direction of the silver surface. (C) The aluminum spherical cavity is composed of a hollow sphere in vacuum. The radius
of the inner sphere and the thickness of the shell are set to be 60 and 100 nm, respectively. The molecules are inside the sphere, and we set one of
them located at the center of the sphere. For simplicity, we set that the transition dipole moments of the molecules in the three systems are the same

(the magnitude is 1 Debye and the direction is identical).

and the effective GSD matrix corresponding to the effective TC
model becomes

_ _ 2 2 _
T 1c(w) = Trc(0)y = g Kph/ In, (9)

T (0- ) + (1 /2)

where T y is a N x N matrix of ones. It is worth noting that the TC

model without dissipation can be regarded as a limiting case
when #p, — 0 [45].

Based on Egs 6, 9, we find that the transformation from the
macroscopic QED Hamiltonian into an effective dissipative TC
model requires that all elements of the GSD matrix have to meet
the following form,

2

2
w
T (e rp,0) = £

n; - Im[a (ro,xps w)] ‘np

mheyc?

¢ Ko /2 (10)
T (w- wph)z + (x,,h/z)z

= TJrc(w).

According to Eq. 10, we have successfully established the
connection between the macroscopic QED Hamiltonian [Eq. 1]
and the dissipative TC model [Eq. 8]. Here, we emphasize that
the GSDs J (r¢, 1y, w) have to satisfy two conditions if one would
like to reduce J(ry,ry,w) to Jrc(w). First, the GSDs
J (r(,r(r, w) have to be independent of the positions of
molecules r; and ry. Second, the GSDs 7 (r¢, Iy, ) behave
like a Lorentzian function. As a result, it is a non-trivial issue
whether the TC model is sufficient to describe light-matter
interactions in several representative photonic environments,
e.g., Fabry-Pérot cavity, because the dyadic Green’s functions
in Eq. 10 depends highly on the structure of the environment and
the positions of the molecules.
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Numerical demonstration and
discussion

In Section 2, we have provided a guideline [Eq. 10] to
verify whether light-matter interactions in a given dielectric
environment can be properly described by the dissipative TC
model. The guideline includes two conditions: first,
j(r(,r(r,w) are independent of the positions of molecules
r; and ry; second, J(rp,rp,w) behave like a Lorentzian
function. To demonstrate how to use this guideline, we
take three representative systems, a silver Fabry-Pérot
cavity, a silver surface, and an aluminum spherical cavity,
as examples. For consistency, we choose the same direction
and magnitude (1 Debye) of transition dipole moments in
these systems.

Silver Fabry-Pérot cavity

In the first system, we focus on molecules inside a silver
Fabry-Pérot cavity, where the cavity comprises two 100 nm-thick
silver plates separated by a 600 nm gap in vacuum, as shown in
Figure 1A. The molecules are located 300 nm above the lower
silver plate, with their transition dipole moments perpendicular
to the cavity axis (normal direction of the silver plates). We
model the silver Fabry-Pérot cavity via the dielectric function as

follows:
1, z> 800 nm,
eag(w),  800nm >z >700 nm,
g(rw) =11, 700 nm >z > 100 nm, (11)
eag(w), 100nm>z>0nm,
1, z <0nm.
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FIGURE 2

Frequency dependence of generalized spectral densities (A) inside a silver Fabry-Pérot cavity, (B) in vacuum, (C) above a silver surface, and (D)
inside an aluminum spherical cavity. The magnitude of the transition dipole moments in these systems is set to be 1 Debye.

The dielectric function of silver e54(w) is described by the
modified Drude model &5y (@) = €cong — wIZ,,Ag/(w2 +ilpag @),
where g, ag = 5.3, Wp ag = 9.5 eV, and T, 5, = 0.2 €V [30]. The
dyadic Green’s functions required for the calculation of the
GSDs can be obtained through several approaches [32];
herein, we adopt two methods, the Fresnel method [61]
and finite-difference time-domain (FDTD) method [62], to
confirm the robustness of our calculations. According to the
two methods, we can obtain the dyadic Green’s function and
the GSDs based on Eq. (6). The details of how to calculate the
dyadic Green’s function can be found in the previous works
[33, 40].

To validate whether the silver Fabry-Pérot cavity can be
described by the dissipative TC model, we examine the
Lorentzian lineshape and the position independence of the
GSDs by varying the distance between the molecules. The
intermolecular distances are set to be Onm, 12nm, and
120 nm, which correspond roughly to 0, 0.01, and 0.1 times
the wavelength of the fundamental cavity mode A.,, (assumed to
be twice the distance between the silver plates), respectively. Note
that the GSD does not diverge in the case of 0 nm because the
GSD is associated with the imaginary part of a single-point
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dyadic Green’s function (Im [E (r,xp, w)] for rp = ry), not its
real part. Moreover, the imaginary part of the single-point dyadic
Green’s function is related to spontaneous rates and Purcell
factors, which have been extensively studied in the field of
nanophotonics [57, 58]. The GSDs calculated via the Fresnel
method and FDTD method are shown in Figure 2A.

Our computational results clearly show that the GSDs
derived from the two methods are in good agreement with
each other, indicating that our computational method and
numerical calculations are reliable. More importantly, the
GSDs of molecules in the silver Fabry-Pérot cavity exhibit
almost the same shape when the intermolecular distances are
0 and 12 nm. Note that we do not show the GSDs between 0 and
12nm because the GSDs retain their shapes when the
intermolecular distance |r; — ry| < 12 nm. In other words, the
GSDs in these two cases satisfy the first condition of the guideline
given by our theory (position independence). However, the GSDs
do not exhibit a Lorentzian lineshape at all, i.e., the second
condition of the guideline given by our theory is not satisfied.
Therefore, based on our theory, the light-matter interactions in
the silver Fabry-Pérot cavity may not be appropriately described
by the dissipative TC model.
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The GSDs for molecules in the silver Fabry-Pérot cavity
(Figure 2A) and in vacuum (Figure 2B) are similar in shape but
with a small difference (the step-like characteristics only in the
case of the Fabry-Pérot cavity). From a physical point of view, the
similarity between the GSDs in the two systems indicates that the
confinement of electromagnetic field in the Fabry-Pérot cavity is
not well, resulting from the lack of spatial confinement apart
from the cavity axis. From a mathematical point of view, the
dyadic Green’s function for molecules in the silver Fabry-Pérot
cavity Grp (rg, 10, w) = Gac (r 1, @) + Gt (rp,rpw) s
mainly affected by the dyadic Green’s function for molecules
in vacuum (:}m (rg, 1y, w), where (:}Sm (1, 1y, w) is a scattering
dyadic Green’s function contributed from a dielectric
environment. As a result, the behavior of the GSDs in the
case of silver Fabry-Pérot cavity can be understood by the
GSDs in the case of vacuum, which can be analytically

expressed as

_ % L fsin(al) costhoR
Jvac (r(’ Iy, (U) - n—hgo 2R (kOR)Z kOR
2713
_ wky i (koR)
 2mhey  koR "

where kg = w/c, R = |r; — 1o, and j; (x) is the first order of the
spherical Bessel function of the first kind. Since the GSDs for
molecules in vacuum do not satisfy the Lorentzian
the TC model be a
approximation whenever the environment
approaches the vacuum limit, including the Fabry-Pérot

lineshape, may not good

dielectric

cavity. Furthermore, we derive the asymptotic behavior of
the GSD in vacuum at k4R — 0,

wky ji(koR) _ pkg
koR—0 2712h£0 koR 67T2h80'

(13)

Equation 13 clearly shows that the GSDs for molecules in
vacuum depend only on ky, (w) when the intermolecular
distance R is small, i.e., when k,R — 0. In addition, Eq. 13
also explains the origin of nearly the same GSDs for R = 0 nm and
R = 12 nm inside the Fabry-Pérot cavity. For R = 120 nm, the
condition koR < 1 is no longer valid, and the GSD deviates from
its asymptotic behavior.

Silver surface

In the second system, we consider molecules located 1 nm
above a silver surface and their transition dipole moments are
perpendicular to the normal direction of the silver surface, as
shown in Figure 1B. We model the vacuum-silver system via
the following dielectric function:

1, z>0,

erg (@),  2<0, (14)

& (rw) = {
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where £44(w) is the same as that in the first system. Moreover, the
dyadic Green’s functions required for the calculation of the GSDs
are obtained based on the same methods as that in the first
system.

Following the same procedure in Section 3.1, we calculate the
GSDs for different intermolecular distances, as shown in
Figure 2C. The distances between the molecules are set to be
0 nm, 3 nm, and 33 nm, which correspond roughly to 0, 0.01, and
0.1 times the resonance wavelength Aspp of the surface-plasmon-
polariton mode, respectively. Note that 0.01Aspp corresponds to
the near-field condition and 0.1Agpp corresponds to the
characteristic distance of plasmon-coupled resonance energy
transfer for a surface-plasmon system [38].

Our simulations show that the FDTD method and the
Fresnel method give the same curves, which indicates that our
computational results are reliable. To verify whether the light-
matter interactions for molecules above a silver surface can be
adequately described by the dissipative TC model, we apply our
theory to examine whether the GSDs in such a system satisfy the
Lorentzian lineshape and position independence. First, we find
that the GSDs

intermolecular distances resemble Lorentzian functions, i.e.,

for molecules with the three different

the second condition is satisfied. Second, obviously, the
(heights) of the GSDs exhibit
difference in the cases of three different distances. Even for

magnitudes significant
the case of a very short intermolecular distance (3 nm;
0.01Agpp), the magnitude of the GSD is much smaller than
that in the case of 0 nm. In other words, the first condition is
not satisfied because the GSDs for molecules above a silver
surface strongly depend on their intermolecular distances.
Therefore, according to our theory, the dissipative TC model
may not be adequate to describe the light-matter interactions
between a group of molecules and the surface-plasmon
polaritons formed of a silver surface.

Aluminum spherical cavity

In the third system, we focus on molecules inside an
aluminum spherical cavity with the same transition dipole
moments and set one of them located at the center of the
sphere (double red arrow), as shown in Figure 1C. The
spherical cavity is made of a hollow aluminum sphere, with
the radius of the inner sphere and the thickness of the shell given
by 60 and 100 nm, respectively. We model the aluminum
spherical cavity via the dielectric function as follows:

1, |r] > 160 nm,
& (r,w) =1 ea(w), 160nm > [r| >60nm, (15)
1, |r] < 60 nm,

where the dielectric function of aluminum ¢,(w) is described by
the Drude model ex1(w) = €noa1 — wf,,Al/(a)2 +il'pa1 w). The
parameters for the Drude model are given by e, a1 = 1,
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wpal = 12.5 eV, and Ty = 0.0621eV [63]. Moreover, the
analytical expression of the dyadic Green’s function of the
spherical cavity can be found in the previous work [28].

The distances between the molecules are set to be 0 nm, 2 nm,
and 20 nm, which correspond roughly to 0, 0.01, and 0.1 times
the resonance wavelength of the peak position Ap, observed in
the GSDs, respectively. As shown in Figure 2D, the GSDs of the
three different intermolecular distances are nearly the same,
satisfying the first condition, ie., position independence.
Moreover, the GSDs in these three cases exhibit a Lorentzian
lineshape, namely that the second condition is also met.
Therefore, according to our theory, the fulfillment of the two
conditions, i.e., position independence and Lorentzian lineshape,
implies that the dissipative TC model can adequately describe the
collective coupling between the molecules and the cavity photons
inside a hollow aluminum sphere. However, we would like to
emphasize that the lineshapes of the GSDs are highly sensitive to
both the size and material of the sphere. In the Supplemental
Material, we demonstrate the GSDs of molecules inside several
different spherical cavities and show that their lineshapes can
deviate from a single Lorentzian function, i.e., the second
condition is not met.

From these three systems, we have demonstrated how to
examine the applicability of the dissipative TC model based on
the position dependence and the lineshape of the GSDs. It is
shown that not all of the hybrid light-matter systems conform
to these two conditions, i.e., position independence and
Lorentzian lineshape of GSDs. Hence, we would like to
emphasize that the use of the TC model (or TC model with
dissipation) to study the collective coupling effect in a realistic
dielectric environment has to be done with care.

Conclusion

In this study, we show that the macroscopic QED theory
can be converted to an effective TC model with dissipation
when the following two conditions are met. First, the GSDs
should be independent of the positions of molecules. Second,
the GSDs should behave like a Lorentzian function. These
two conditions together serve as a key guideline to examine
the applicability of the dissipative TC model for a given
photonic environment. To demonstrate the guideline, we
investigate the position dependence and lineshape of GSDs
in the three representative systems. In the first system, we
focus on molecules inside a silver Fabry-Pérot cavity. In this
case, the first condition (position independence) can be
the
however, the second condition (Lorentzian lineshape) is

satisfied when intermolecular distance is small;

not met. In the second system, we focus on molecules
above a silver surface. In this system, the first condition
(position independence) is not satisfied even when the

intermolecular distance is small, while the second

Frontiers in Physics

07

10.3389/fphy.2022.980167

condition (Lorentzian lineshape) is met. In the third
system, we focus on molecules inside an aluminum
spherical cavity, and we find that the two conditions
(position independence and Lorentzian lineshape) are
perfectly matched. Therefore, according to the guideline,
we conclude that among these three systems, only the
aluminum spherical cavity can be well described by the
TC model with dissipation. In addition, it is worth noting
that our theory also provide how to estimate the parameters
in the dissipative TC model based on Eq. (10). Here, we
would like to emphasize that the investigation on the TC
model can provide an alternative point of view on the theory
of resonance energy transfer based on molecular quantum
electrodynamics [64-68] because resonance energy transfer
is associated with the dyadic Green’s functions [33, 36, 38] in
the GSDs.

The TC model and its extension have been employed to
study a variety of physical and chemical systems, but they still
suffer from some limitations. Under the conditions that the
dissipative TC model is no longer valid, one may improve the
model by introducing the position-dependent light-matter
couplings [60], the full retarded dipole-dipole interactions
[69], or more than one photonic mode to appropriately
describe the collective coupling effect. In addition, the
dissipative TC model does not include resonant dipole-
dipole interactions due to infinite photonic modes and
nonradiative processes of the molecular emitters, while
these may play
chemistry. Nevertheless, based on our results, we believe
that
macroscopic QED can still provide a simple but important

issues important roles in polariton

revisiting the TC model from a viewpoint of

perspective on quantum optics and polariton chemistry.
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