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Abstract

Coupling molecules to the quantized radiation field inside an optical cavity
creates a set of new photon–matter hybrid states, so-called polaritons. Re-
cent experiments have demonstrated that molecular polaritons can lead to
modifications of excited-state dynamics and spectroscopy, photochemistry,
and ground-state chemical reactivities. We review the fundamental theory
of molecular polaritons under collective light–matter coupling, where many
molecules are simultaneously coupled to the cavity mode. Our discussion
is based on model systems that effectively capture the essential physics of
experiments, allowing one to obtain analytic theories and valuable insights
into the microscopic mechanisms in polariton dynamics and spectroscopy,
photochemistry, and vibrational strong coupling–modified chemistry.
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Delocalized
excitation: as a result
of quantum mechanics
superposition,
excitations are
delocalized among
molecules and cavity
modes

Strong coupling:
ℏ�R > (κ + 0)/2

ESC: electronic/
excitonic strong
coupling

VSC: vibrational
strong coupling

Cavity frequency: ωc

Light–matter
coupling strength: gc

Dark states (DS):
degenerate eigenstates
of the light–matter
interaction
Hamiltonian with no
optical transition
dipole

1. INTRODUCTION

Couplingmolecules to a quantized radiation field inside an optical microcavity (Figure 1a) creates
a set of new photon–matter hybrid states. These hybrid polariton states arise from the super-
position between molecular states (electronic or vibrational excitation) and the cavity photon
Fock states (photonic excitation)—so-called polaritons (1). These polariton states have delocal-
ized excitations among molecules and cavity modes. The formation of polariton states and their
subsequent dynamics are considered key to many crucial phenomena, such as the modification
of chemical reactivities (1–5) and vibrational energy transfer (6–10), changes in electron transfer
(ET) (11–16) and photoinduced charge transfer (17), hot electron cooling dynamics and photo-
luminescence in nanomaterials (18–21), exciton transport (22–29), and excitation energy transfer
(30–32). Therefore, they present a significant opportunity for innovation in material and energy
science quantum information platforms. For example, exciton polaritons could be used for analog
quantum simulation (33) and quantum computing (34).

There are twomain regimes for polariton chemistry.The first is related to electronic (excitonic)
strong coupling (ESC) and photochemistry (3, 35, 36), operating under an external laser field to
initiate photochemistry. The resulting hybrid electronic/excitonic–photonic states are usually re-
ferred as to exciton polaritons. The second is related to vibrational strong coupling (VSC) and the
change of ground-state reactivities (37–40), operating under the so-called dark condition with-
out any external laser pumping. The resulting hybrid molecular vibrational–photonic states are
usually referred as to vibration polaritons.

Meanwhile, the light–matter hybrid states decay over time due to exciton–phonon coupling
(vibrational environment of each molecule) and cavity losses, causing polariton relaxation and
decoherence, which have interesting consequences on polariton dynamics and spectra. To take
the polariton decay effects into account, a minimal model Hamiltonian that describes polariton
formation in the single-excitation subspace is expressed as (1, 41, 42)

Ĥ =
[
ℏωc − iκ/2 ℏ

√
Ngc

ℏ
√
Ngc ℏω0 − i0/2

]
, 1.

where ωc is the cavity frequency,ω0 is the exciton frequency, gc is the single-molecule light–matter
coupling strength,N is the number of molecules coupled to the cavity, κ is the cavity loss rate, and
0 is the exciton broadening. There are also N − 1 dark states (DS) (see Equation 10), which do

cba
UP

LP

DS

⊥

Figure 1

Schematics of collective light–matter coupling inside a Fabry–Pérot cavity. (a) Schematic of molecules collectively coupled inside the
cavity, forming upper polariton (UP) states, dark states (DS), and lower polariton (LP) states. (b) A simplified model of exciton sites
coupled to photonic modes with k∥. (c) Polariton dispersion relation, generated from the hybridization of the photonic dispersion (pink
dashed line) and excitonic dispersion (black dashed line). The polariton dispersion is color-coded according to its photonic character, with
red for pure photonic character and blue for pure excitonic character. Panels b and c reprinted with permission from Reference 29
(CC BY-NC-ND 4.0).
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UP: upper polariton

LP: lower polariton

Rabi splitting:
ℏ�R ∝ √

Ngc

Collective light–
matter coupling: the
cavity mode interacts
simultaneously with a
large ensemble of
molecules (N ≫ 1)

PMET:
polariton-mediated
electron transfer

not have photonic character and are not included in Equation 1. Furthermore, the description of
polariton decay that adds an imaginary term is phenomenological and has certain limitations. For
example, it fails to account for polaritonic effects that arise from the polaron decoupling effect
(see Section 2.4) due to a lack of molecular vibrations. One can obtain a microscopic descrip-
tion for molecular polaritons by using the Holstein–Tavis–Cummings (HTC) Hamiltonian (see
Section 2.1), which is more complete and does not miss important physics.

Under the resonant condition (ωc = ω0), diagonalizing the Hamiltonian in Equation 1
leads to the following complex eigenvalues (41–43): E± = ℏ(ω0 + ωc )/2 − i(κ + 0)/4 ±√
Nℏ2g2c − (κ − 0)2/16, where E+ and E− are for the upper polariton (UP) and the lower

polariton (LP), respectively, whose real part corresponds to the energy of the polariton states
and whose imaginary part corresponds to the broadening (or width of the spectral peak). The
energy difference between these polariton states is the Rabi splitting, ℏ�R = E+ − E−. The
strong coupling condition is typically defined as ℏ�R > (κ + 0)/2, such that one can observe
the splitting of the peaks in spectral measurements. Recent theoretical research (44) suggests that,
in the presence of energy disorder (molecular transitions occur at different frequencies as a result
of their local environments), delocalization of polariton states requires the collective light–matter
coupling strength ℏ

√
Ngc to exceed four times the standard deviation of the energy disorder line

width, in addition to simply observing the Rabi splitting. Most experiments operate under the
collective light–matter coupling regime, where the cavity mode interacts simultaneously with
a large ensemble of molecules (N ≫ 1), giving rise to a sizable Rabi splitting, ℏ�R ∝ ℏ

√
Ngc.

Typical values of N have been estimated to be in the range of N ≈ 103–106 per cavity mode for
ESC (18, 21) and N ≈ 106–1012 per cavity mode for VSC (45). In experiments, the Rabi splitting
is often in the range of ℏ�R ≈ 50–420 meV for ESC (18) and ℏ�R ≈ 38–180 cm−1 for VSC
(37, 40, 46). For matter optical transition frequency, typical values are ℏω0 ≈ 2 eV for ESC and
ℏω0 ≈ 800–3,600 cm−1 for VSC.

How this collective light–matter coupling strength ℏ
√
Ngc affects optical properties (e.g.,

polariton linear absorption spectra) is well-understood. However, how it affects polariton pho-
tochemistry (5) and VSC chemistry (47, 48) remains elusive, and there are no well-accepted
mechanisms. Many open questions have yet to be resolved, including the following:

1. How can a weak coupling strength per molecule gc change chemistry and lead to collective
effects?

2. How can delocalized excitations among molecules and cavity modes influence local chem-
ical reactions (e.g., the intrinsic reaction mechanism of a single molecule in the absence of
a cavity)?

3. How does the dense manifold of dark exciton states influence polariton chemistry?

Intuitively, one may expect the collective quantity ℏ�R to manifest in the rate constant of these
reactions when coupled to the cavity.

This review summarizes collective effects in polariton chemistry and photophysics arising from
the nature of collective light–matter coupling and addresses many controversies in this field (both
experimental and theoretical). In Section 2, we provide a theoretical overview of collective light–
matter interaction Hamiltonians, with diabatic or adiabatic representations of polariton states,
and introduce the polaron decoupling effect. In Section 3, we discuss some simple rate theories
for polariton relaxation dynamics, decoherence, and linear spectra lineshape. In Section 4, we
present a collective mechanism for the rate enhancement of polariton-mediated electron transfer
(PMET) reactions. In Section 5, we discuss recent theoretical developments that provide insights
into the resonant rate suppression effects in VSC.

www.annualreviews.org • Polariton Chemistry and Physics 203
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Molecular excitation
frequency: ω0

2. THEORETICAL MODELS

In typical experiments, molecule ensembles are collectively coupled to many cavity modes
(Figure 1b) that satisfy a certain dispersion relation (Figure 1c). For Fabry–Pérot cavities (see
schematics in Figure 1a) with refractive index nc, the dispersion is

ℏωk(k∥ ) = ℏc
nc

√
k2⊥ + k2∥ = ℏc

nc
k⊥
√
1 + tan2 θ , 2.

where c is the speed of light, ℏk∥ is the in-plane photonic momentum, and ℏk¥ is the photonic
momentum along the quantized direction. The angle θ indicates the direction of k relative to the
normal direction of the cavity mirror (Figure 1b). When k∥ = 0, the photon frequency is ℏωc a

ℏωk(k∥ = 0) = ℏck¥/nc.
A general model Hamiltonian that describes N noninteracting, identical, two-level excitons

coupled to many cavity modes (Equation 2) can be expressed as (1)

Ĥ =
N∑
n=1

ℏω0σ̂
+
n σ̂−

n +
∑
k

ℏωk

(
â†kâk + 1

2

)
+

N∑
n=1

∑
k

ℏgnk
(
â†kσ̂

−
n e

−ik·rn + âkσ̂+
n e

ik·rn) , 3.

where we ignore the dipole self-energy and assume the rotating-wave approximation (1) (ignor-
ing terms such as â†σ̂+

n and âσ̂−
n that do not conserve excitation). In Equation 3, σ̂+

n = |en⟩⟨gn|
(σ̂−

n = |gn⟩⟨en|) is the creation (annihilation) operator of the nth exciton, whose ground and ex-
cited states are |gn⟩ and |en⟩, respectively, with a molecular excitation frequency of ω0 (for the
|gn⟩ → |en⟩ transition). The position of the nth exciton is rn. The transition dipole operator is
µ̂n = µeg(σ̂+

n + σ̂−
n ), assuming that all excitons have the same dipole moment. Furthermore, âk

and â†k are the photonic field annihilation and creation operators for mode k, whose frequency is
ωk.The anisotropic light–matter coupling strength is gnk. A detailed derivation of theHamiltonian
in Equation 3 can be found in Reference 1.

On the basis of Equation 3, one can obtain a simplified description by setting rn = 0 for
all excitons n when the molecular system size is much smaller than c/(2πω0), known as the
long-wavelength approximation (1). Furthermore, by taking a single radiation field mode as a
cavity mode and assuming a uniform coupling strength gnk = gc, one can arrive at the celebrated
Tavis–Cummings (TC) model (49, 50) (see Equation 4, below), which is a minimal theoretical
model describing collective light–matter coupling. The TC Hamiltonian can be analytically di-
agonalized in the single-excitation subspace, leading to two polariton states and N − 1 DS (see
Section 2.2).

Next, one accounts for polariton relaxation and decoherence (which are important in chem-
istry and photophysics) by incorporating molecular vibrations (phonons) and exciton–phonon
couplings into the TC model, leading to the HTC model (1, 18, 51–53) (see Section 2.1, be-
low). The HTC model has been widely used in the study of exciton polaritons in molecular
aggregates (51, 52, 54) as well as in polariton condensation and lasing (55, 56), in which the
exciton–phonon couplings are included in the Hamiltonian via a system-bath model (57) that
corresponds to a microscopic description of molecular dissipation and contrasts with the over-
simplified non-Hermitian effective Hamiltonian in Equation 1. We focus on the HTC type of
Hamiltonian throughout this review; the details depend on the problem studied [i.e., more com-
plicated reaction coordinates are considered when studying polariton-modified chemistry (PMET
and VSC)].

2.1. The Holstein–Tavis–Cummings Hamiltonian

We consider the single-mode HTC Hamiltonian expressed in the form of a system-bath model
(57) as ĤHTC = ĤS + ĤB + ĤSB + Ĥloss.

204 Ying et al.
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Reorganization
energy: λ

Cavity lifetime: τ c

Cavity loss rate:
κ/ℏ ≡ τ−1

c

Cavity quality factor:
Q = ωcτc

Detuning:
1ω = ωc − ω0

2.1.1. Molecule–cavity interactions. The system term ĤS consists of the excitonic degree of
freedom (DOF) of the molecules and the photonic DOF of the cavity,

ĤS =
N∑
n=1

ℏω0σ̂
+
n σ̂−

n + ℏωc

(
â†â+ 1

2

)
+ ℏgc

N∑
n=1

(
â†σ̂−

n + âσ̂+
n

)
, 4.

which is the TC Hamiltonian (49, 50). The second term in Equation 4 describes a cavity mode
of frequency ωc, and the third term is the light–matter (exciton–photon) interaction. The light–
matter coupling strength is gc = √

ωc/(2ℏϵV ) ê · µeg, where ê is the cavity field polarization
direction, ϵ is the permittivity inside the cavity (for vacuum, ϵ = ϵ0), and V is the effective cavity
quantization volume. In Equation 4, we assume identical excitons with no inhomogeneous energy
or orientational dipole disorder.

2.1.2. System-bath Hamiltonian. The bath Hamiltonian is ĤB = ∑
α,n ℏωα b̂†α,nb̂α,n, where b̂α,n

(b̂†α,n) is the annihilation (creation) operator for the αth phonon mode on the nth exciton of fre-
quency ωα . Furthermore, the excitons interact with the phonons according to the Holstein-like
interaction ĤSB = ∑

n σ̂+
n σ̂−

n ⊗∑
α cα (b̂α,n + b̂†α,n ), where cα is the coupling strength of the αth

phonon with the nth exciton, sampled from a spectral density Jn(ω) = J(ω) = (π/ℏ)
∑

α c
2
αδ(ω −

ωα ), where λ = (1/π )
∫ +∞
0 dω J(ω)/ω = ∑

α c
2
α/(ℏωα ) is the reorganization energy. For model pa-

rameterization, atomistic simulations of real molecular systems can be used to construct J(ω) and
obtain λ (58).

2.1.3. Cavity loss dynamics. The cavity lifetime τ c is finite because of its coupling to the
far-field photon modes outside the cavity, described by the Hamiltonian Ĥloss = ∑

k ℏωkb̂†kb̂k +
(â† + â) ⊗∑

k ℏgk(b̂
†
k + b̂k ), where b̂†k (b̂k) is the raising (lowering) operator for the kth far-field

mode. The interactions between the cavity mode and the far-field modes can be described by the
Gardiner–Collett interactionHamiltonian (59–61),where the broad range of the far-field frequen-
cies leads to a short correlation time, justifying the Markovian treatment of loss and giving rise
to the Lindblad master equation (62), dρ̂S/dt = −(i/ℏ)

[
ĤS, ρ̂S

]+ (κ/ℏ)[âρ̂Sâ† − (1/2){â†â, ρ̂S}].
Here, ρ̂S is the reduced density matrix associated with ĤS and κ/ℏ ≡ τ−1

c is the cavity loss rate,
which is experimentally related to the cavity quality factor Q = ωcτc.

2.2. Polariton States and Dark States

For the Hamiltonian in Equation 4, the ground state is |G, 0⟩ = |g1⟩ �. . .� |gN⟩ � |0⟩ and the first
excitation subspace is spanned by

|G, 1⟩ = |g1⟩ ⊗ . . . ⊗ |gN ⟩ ⊗ |1⟩, |En, 0⟩ = |g1⟩ ⊗ . . . |en⟩ . . . ⊗ |gN ⟩ ⊗ |0⟩, 5.

where |0⟩ and |1⟩ are the vacuum and one-photon Fock states, respectively.One can define a collec-
tive bright excitonic state |B, 0⟩ = (1/

√
N )

∑N
n=1 |En, 0⟩, which carries the optical transition dipole

from the ground state, ⟨G, 0|µ̂|B, 0⟩ = ∑N
n=1(µeg/

√
N ) = √

Nµeg. Note that we have assumed that
the dipoles are all aligned to the cavity field polarization, so that ê · µeg = µeg. The light–matter
interactions hybridize |B, 0⟩ and |G, 1⟩, leading to two bright polariton eigenstates (of ĤS),

|+⟩ = cos2 · |B, 0⟩ + sin2 · |G, 1⟩, |−⟩ = − sin2 · |B, 0⟩ + cos2 · |G, 1⟩, 6.

where the mixing angle is 2 = (1/2) tan−1[2
√
Ngc/(1ω )], with 2 � [0, π/2), and the light–matter

detuning is 1ω a ωc − ω0. At resonance,1ω = 0 and 2 = π/4. Note that 2 can also be expressed
in terms of the Hopfield coefficients (1, 43, 63),

|C|2 = sin2 2 = 1
2

[
1 + 1ω√

12
ω + 4Ng2c

]
, |X |2 = cos2 2 = 1

2

[
1 − 1ω√

12
ω + 4Ng2c

]
. 7.

www.annualreviews.org • Polariton Chemistry and Physics 205
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Exciton Polariton

bUP
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a

2.3

2.4

2.5

0 1 2 3
Time (ps)

Photonic character
1.0 0.1 0.01

En
er

gy
 (e

V
)

c 0

gc

|g

|e

|+

|–

|Dk

|G, 0

N

N

gc N

Figure 2

Schematic of N excitons collectively coupled to a cavity mode, forming N + 1 eigenstates [upper polariton
(UP), lower polariton (LP), and dark states (DS)], under (a) the diabatic representation and (b) the adiabatic
representation. (c) The ground-state |g⟩ potential energy surface (PES) (gray) and excited-state |e⟩ PES
(green) with a Frank–Condon excited wave packet when a bare molecular exciton is presented outside the
cavity. (d) The collective ground state |G, 0⟩ PES (gray) and UP |+⟩ PES (red) with a Frank–Condon excited
wave packet when N molecules collectively couple to a cavity mode. The LP |−⟩ PES (blue) and the DS |Dk⟩
PES (dark gray) are also depicted. Panel a adapted with permission from Reference 65. Panel b adapted with
permission from Reference 18.

The corresponding eigenfrequencies are expressed as

ω± = 1
2
(ω0 + ωc ) ± 1

2

√
12

ω + 4Ng2c 8.

and are depicted schematically in Figure 2a.
The Rabi splitting is a collective quantity and is defined as

ℏ�R = ℏω+ − ℏω− = ℏ
√

12
ω + 4Ng2c. 9.

At resonance (1ω = 0), Equation 9 becomes �R = 2
√
Ngc, which makes ℏ�R a collective quantity.

Experimentally, even a small gc can result in a large ℏ�R due to very large N.
Apart from the two polariton eigenstates in Equation 6, ĤS has additional N − 1 degener-

ate eigenstates in the first excitation manifold (Equation 5), with eigenenergies ℏω0, that are
commonly expressed in the delocalized Fourier basis (1, 49, 64):

|Dk⟩ = 1√
N

N∑
n=1

exp
(

−2π i
nk
N

)
|En, 0⟩, 10.

206 Ying et al.
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where k � {1, . . . , N − 1}. These are commonly referred to as DS because of their optically dark
nature: ⟨G, 0|µ̂|Dk⟩ = (µeg/

√
N ) ·∑N

n=1exp[−2π i (nk/N )] = 0.
Under the polariton basis, the TC Hamiltonian becomes purely diagonal: ĤS = ℏω+|+⟩⟨+| +

ℏω−|−⟩⟨−| + ℏω0
∑N−1

k=1 |Dk⟩⟨Dk|. Through the use of discrete Fourier transform for the
phonon operators, b̂α,k = (1/

√
N )

∑N
n=1 exp[2π i(nk/N )]b̂α,n, the bath Hamiltonian is ĥB =∑

α,k ℏωα b̂†α,kb̂α,k, and the system-bath Hamiltonian becomes (65, 66)

ĤSB =
∑
ην,kk′

ξηk · ξνk′ |ηk⟩⟨νk′ | ⊗
∑

α

cα√
N

(b̂α,k−k′ + b̂†
α,k′−k ), 11.

where the state labels η, ν � {+,−} for k= 0 (bright) and η, ν aD for k ̸= 0 (dark). Furthermore, ξ ηk

is a state-dependent coefficient that characterizes the matter fraction of the polariton state, with
ξ+ = cos2 and ξ− = sin2 for k= 0 and ξDk = 1 for k ̸= 0.Note that |ξ±|2 are simply the Hopfield
coefficients in Equation 7.Equation 11 shows that transitions between eigenstates are mediated by
phonons. In particular, ⟨Dk|ĤSB|+⟩ = cos2 ·∑α (cα/

√
N )(b̂α,k + b̂†

α,−k ) and ⟨Dk|ĤSB|−⟩ = sin2 ·∑
α (cα/

√
N )(b̂α,−k + b̂†

α,k ) cause |±⟩ ↔ |Dk⟩ transitions.

2.3. Diabatic Versus Adiabatic Representations of Polariton States

The polariton states and DS in Equations 6 and 10 are defined in the absence of nuclear motion,
as they are constructed from the photonic and electronic DOFs with the nuclear configuration
held fixed (i.e., independently of {R̂n,α} or b̂†α,n + b̂α,n). These are often referred to as the diabatic
polariton states because they do not account for the dependence of polaritonic eigenstates on the
nuclear coordinates. In this representation, the nuclear DOFs act as a bath, leading to transitions
between polariton states and DS through exciton–phonon interactions (see ĤSB in Equation 11).

Alternatively, one can define the adiabatic polariton representation by treating the nuclear co-
ordinates as parameters and diagonalizing the full electronic–photonic Hamiltonian at each fixed
nuclear geometry R = {Rn,α} (i.e., Ĥpl = Ĥ − T̂R, excluding nuclear kinetic energy) and solving
Ĥpl(R)|8k(R)⟩ = Ek(R)|8k(R)⟩. The resulting eigenstates |8k(R)⟩ then include the influence of
the nuclear environment, and the nuclear dynamics occurs on the polariton potential energy sur-
faces (PESs) (for an example, see Figure 2b). In this picture, nonadiabatic couplings [also known
as derivative couplings, i.e., terms such as ⟨8i(R)|�n, α|8j(R)⟩ that originate from the bath nuclear
momentum operator P̂n,α = −iℏ∇n,α] govern the transitions between adiabatic polariton states and
are responsible for energy transfer, decoherence, and relaxation.

The choice between these representations depends on the physical situation of interest. The
diabatic picture is particularly convenient for describing transitions mediated by phonon baths
[e.g., using quantum master equation approaches (65, 66)], while the adiabatic picture is use-
ful for describing nuclear wave-packet dynamics (67–69) or semiclassical propagation (68–70)
with nonadiabatic transitions. Importantly, these adiabatic DS are no longer degenerate and no
longer strictly dark (18), as their character depends on the local nuclear configurations R = {Rn,α}
(Figure 2b). This lifting of degeneracy is crucial for understanding decoherence and energy flow
between bright and dark manifolds.

2.4. Polaron Decoupling Effect

Herrera & Spano (51, 52) demonstrated that a strong collective resonant coupling of a cavity
field withN exciton transitions effectively decouples polaritons from phonon interactions, as con-
firmed experimentally (71). Specifically, the (diagonal) exciton–phonon coupling strength cα is
rescaled as cα/

√
N for both the diagonal (Holstein coupling) and off-diagonal (Peierls coupling)

polariton-phonon coupling terms associated with the bright states |±⟩ (see Equation 11). As such,

www.annualreviews.org • Polariton Chemistry and Physics 207



D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  U
ni

ve
rs

ity
 o

f R
oc

he
st

er
 L

ib
ra

ry
 (

ar
-1

44
55

9)
 IP

:  
12

8.
15

1.
15

0.
9 

O
n:

 W
ed

, 2
2 

A
pr

 2
02

6 
19

:4
2:

13

PC77_Art10_Huo ARjats.cls April 1, 2026 11:36

the relative displacement caused by the αth phonon on the |±⟩ state with respect to |G, 0⟩ is
given by (52)Rα,0 = Rα,0/(2

√
N ) (at resonance), where Rα,0 = √

2c2α/(Mαℏω3
α ) (with reduced mass

Mα = 1 atomic unit). Thus, the effective reorganization energy for the |±⟩ state becomes

λN = 1
2

∑
α

Mαω
2
αR2

α,0 = λ

4N
, 12.

which is 4N times smaller than outside the cavity.When the Rabi oscillation period is shorter than
vibrational timescales, excitons can exchange energy with the cavity mode multiple times before
nuclei adapt to the excited-state potential. For large N, the homogeneous reorganization energy
approaches zero, so the equilibrium positions of the bright and ground-state potentials align (51,
52). Using the shifted harmonic oscillator model (72), Figure 2c illustrates the PESs for both
the ground (|g⟩) and excited (|e⟩) states of an isolated molecular exciton. The ground-state PES
features a thermal wave packet at equilibrium, which, when subjected to Franck–Condon (FC)
excitation, causes the wave packet to shift within the excited state relative to the minima of its
corresponding PES. Similarly,Figure 2d depicts the effect of polaron decoupling.The polaritonic
states, |+⟩ and |−⟩, remain largely unshifted relative to the ground state, causing the FC excited-
state wave packet to closely resemble the ground-state thermal wave packet and also significantly
reducing the nonadiabatic force arising from an excited-state PES shift (as observed for excitons)
in wave-packet dynamics.

3. EXCITON POLARITON RELAXATION DYNAMICS AND SPECTRA

In this section, we review several analytic results derived from the HTC Hamiltonian that shed
light on the fundamental properties of molecular polaritons under the collective coupling regime.
A broad spectrumof experimental studies on the excited-state properties of exciton polaritons have
been conducted (73–81). Most of these experimental results are well-understood on the basis of
the current theoretical framework.

3.1. Polariton Relaxation Dynamics

Computational studies of the HTC model excited-state properties used various exact quantum
dynamics methods (82–85) and trajectory-based mixed quantum–classical methods (86, 87). Ex-
ploiting the symmetry and sparsity of ĤS can notably lower the scaling and computational costs
for (ĤS + ĤSB )|9(t )⟩, allowing direct simulations of the HTC model with N = 106 (for details,
see 87). Exploiting the symmetry of the HTC Hamiltonian can bypass the need to explicitly
simulate dynamics with large N. For example, by assuming uncorrelated excitons, one can rep-
resent the dynamics with a pair of mean-field equations of motion (88, 89) for one excitonic
and one photonic DOF. Another example is the CUT-E (collective dynamics using truncated
equations) approach (90), which leverages the permutational symmetry of matter states to reduce
computational demands through an effective 1/N expansion (91).

In contrast, the polariton relaxation dynamics can be well-described by Fermi’s golden rule
(FGR) rate constants when the phonon bath coupling ĤSB can be treated perturbatively (65). In
particular, the |±⟩ → {|Dk⟩} transition rates are (65, 92)

k+→D = N − 1
ℏN

· (1 + cos 22) · J (ω+ − ω0 ) · [n(ω+ − ω0 ) + 1], 13a.

k−→D = N − 1
ℏN

· (1 − cos 22) · J(ω0 − ω− ) · n(ω0 − ω− ), 13b.

208 Ying et al.
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Bose–Einstein
distribution function:
n̄(ω) = 1/(eβℏω − 1)

Inverse temperature:
β = 1/(kBT )

where n̄(ω) = 1/(eβℏω − 1) is the Bose–Einstein distribution function, β = 1/(kBT ) is the inverse
temperature, and kB is the Boltzmann constant. Starting from an arbitrary state in theDSmanifold
(or even a statistical mixture of them), we find that the {|Dk⟩} → |−⟩ transition rate is

kD→− = 1
ℏN

· (1 − cos 22) · J(ω0 − ω− ) · n(ω0 − ω− ). 13c.

Thus, unlike k±→D (Equations 13a and b), kD→− does not include the N − 1 degeneracy
factor. The reason is that |±⟩ → {|Dk⟩} involves N − 1 degenerate final states, whereas
{|Dk⟩} → |−⟩ involves only |−⟩ as the final state and does not acquire the N − 1 factor.
Thus, {|Dk⟩} → |−⟩ occurs much more slowly than |±⟩ → {|Dk⟩}. In real experiments (6, 7),
dark excitons also decay via nonradiative relaxation, but the timescale is much longer than
the polariton lifetime. Furthermore, the large N − 1 degeneracy of the DS manifold may be
interpreted from the entropy perspective (93), because Equation 13b can be recast as k−→D ≈
(1/ℏN ) · [1 − cos(22)] · J(ω0 − ω− ) · e−β[ℏ(ω0−ω− )−kBT ln(N−1)], such that one can define an effective
entropy change 1S = kBln (N − 1) associated with the transition. Note that the effective entropy
change1S differs from the thermodynamics entropy becauseN− 1 is not the actual particle num-
ber but rather the degeneracy fold of the DS manifold. When the DS dominate the equilibrium
population, the effective entropy change can be explained as the DS manifold having a relatively
lower free energy than the LP, with 1F = ℏ(ω0 − ω− ) − kBT ln(N − 1) ≡ 1E − T1S < 0.

Note that the FGR expressions in Equations 13a–c are based on an equilibrium assumption
and ignore any transient nonequilibrium dynamics. One can derive a nonequilibrium version of
these FGR rates using the quantum time-correlation function formalism (65) that are time de-
pendent and, upon taking the long-time limit, reduce to the equilibrium FGR rate constants.
These simple FGR rate constants in Equations 13a–c offer insight into why simulating polari-
ton relaxation dynamics with a reduced N and elevated gc often succeeds, provided that the Rabi
splitting ℏ�R ∝ ℏ

√
Ngc stays constant. The key is that the relaxation rates in Equations 13a–c are

influenced by collective quantities (�R and N ) instead of the individual coupling strength gc.

3.2. Polariton Coherence Decay

The polaron decoupling effect (51, 87, 94, 95) discussed in Section 2.4 can protect overall quantum
coherence from phonon coupling–induced decoherence, for both the single-molecule strong cou-
pling regime (96) and the collective coupling regime (87, 92, 97). This effect was confirmed with
a prolonged beating off-diagonal signal in two-dimensional electronic spectroscopy (98). Com-
pared with the typical electronic coherence lifetime (T2 ∼ 15 fs), the coherence lifetime of exciton
polaritons can be extended to ∼100 fs at room temperature (92).

The polaritonic coherence can be characterized by the amplitude of ρ+−(t ) = ⟨+|ρ̂S(t )|−⟩.
Reference 92 shows that the primary decoherence mechanism is the population transfer from the
bright state to the DS manifold as well as the cavity loss. Increasing �R prolongs the coherence
lifetime as a result of the phonon bottleneck effect (19). Under the N → ∞ condition, transitions
between bright polariton states are negligible. As such, the polariton coherence lifetime can be
approximated as (92)

T−1
2 ≈ 1

2
k+→D + 1

2
k−→D + 1

2
τ−1
c , 14.

where k±→D is expressed in Equations 13a and b and τ−1
c is the cavity loss rate. For 1ω ⩽ 0, the

rate k−→D can be ignored because of the uphill |−⟩ → {|Dk⟩} transition. For 1ω > 0, the LP
is closer to the DS manifold than the UP, and both k±→D could have significant contributions.
Equation 14 predicts the fundamental scaling relation between T−1

2 with respect to N,
√
Ngc,
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Drude–Lorentz
spectral density:
J(ω) = (2λγω)/(ω2 +
γ 2)

Characteristic
frequency: γ

τ c, and 1ω. For example, when J(ω) takes a Drude–Lorentz form [J(ω) = (2λγω)/(ω2 + γ 2),
where λ is the reorganization energy and γ is the characteristic frequency], Equation 14 suggests
that T−1

2 ∝ (N − 1)/(N 3/2gc ), which has been confirmed by numerical exact quantum dynamics
simulations using the hierarchical equations of motion (HEOM) approach (92). Furthermore,
Equation 14 predicts that a turnover of T2 will occur as one changes the 1ω values (92). These
predictions can be experimentally verified with state-of-the-art two-dimensional electronic spec-
troscopy measurements (98) that directly report off-diagonal beatings between the UP and LP
states. The prolonged polariton coherence at room temperature could be useful for quantum
information science applications (33, 34).

3.3. Polariton Linear Absorption Spectra

Linear absorption spectra can be directly computed from the Fourier transform of the dipole–
dipole correlation function according toA(ω) ∝ ∫∞

0 dt A(t )eiωt ,whereA(t ) ≡ Tr
[
µ̂(t )µ̂(0)ρ̂g

]
and

ρ̂g is the ground-state reduced density matrix for the system (72, 99). Figure 3a presentsA(t ) and
A(ω) for 1ω = 0 at different values of �R by increasing N, simulated using nonadiabatic partial
linearized density matrix dynamics (87). The figure shows that A(t ) oscillates with the frequency
of |G, 0⟩ → |±⟩ transitions and an overall envelope beating related to�R. Increasing�R by raising
N causesA(t ) to oscillate faster and longer because of the reduction of λN (Equation 12) from the
polaron decoupling effect.

In contrast, with a phenomenological description of the molecular dissipation (see Equation 1)
and under the N → ∞ limit, Reference 100 derived an analytic expression for the polari-
ton lineshape as follows: A(ω) = κ0Ng2c/

∣∣[ω − ωc + i(0/2ℏ)][ω − ω0 + i(κ/2ℏ)] −Ng2c
∣∣2 (see

equation 38b of Reference 100).This expression is closely connected to the transfermatrixmethod
(101) and, in turn, yields the polariton line width 0± = −2ℑA(ω± ), expressed as

0− = |X |2κ + |C|20, 0+ = |C|2κ + |X |20, 15.

which is the sum of the cavity and exciton broadening weighted by their Hopfield coefficients
(43). However, Equation 15 does not capture the subaverage behavior of the polariton line width,

a b
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Figure 3

Polariton spectral functions and line width. (a) A(t ) (left) and A(ω) (right) with increasing ℏ�R values:
56 meV (red), 79 meV (orange), and 125 meV (blue). The bare molecular absorption (black) is also shown on
the right. (b) Cavity frequency dependence of the upper polariton (UP; red) and lower polariton (LP; blue)
line widths. The dashed lines denote the result of Equation 15, and the solid lines denote the result of
Equation 16. Open circles represent the hierarchical equations of motion (HEOM) results. Panel a
generated using the theoretical approaches presented in Reference 87. Panel b adapted with permission from
Reference 66.
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which is even narrower than in Equation 15 and manifests as nonlinear behavior of 0± as a
function of |C|2, as observed in experiments (80, 81) and in HEOM simulations of the HTC
model (Figure 3b).

For generally detuned cases (1ω ̸= 0), to the best of our knowledge, there is no simple closed-
form theoretical expression for 0±. A widely used expression (79–81, 102) suggests that 0− ∝
(|C|4/|X|2)0, emphasizing the nonlinear dependence of the LP line width on |C|2.This finding was
recently confirmed byRury and colleagues (80, 81) through anAndersen superexchange argument.
By fitting the HEOM simulation with up to N = 8 (Figure 3b), we find (66)

0− = |X |2κ + 1
N

|C|4
|X |2 + |C|4/N 0, 0+ = |C|2κ + 1

N
|X |4

|C|2 + |X |4/N 0 + ℏk+→D, 16.

where the matter component line width is narrowed by a factor of 1/N because of the polaron de-
coupling effect for Lorentzian lineshape (66). In Equation 16, the ℏk+→D term (see Equation 13a)
accounts for the |+⟩ → {|Dk⟩} relaxation (non-Condon effects) (79, 103–105), causing additional
broadening of the UP line width (80, 81). As shown in Figure 3b, Equation 16 accurately captures
the nonlinear dependence of 0± on |C|2 compared with the HEOM results, whereas Equation 15
does not.

4. POLARITON-MEDIATED ELECTRON TRANSFER

Recent experiments by Ebbesen and colleagues (3) showed that the rate of photoisomerization
reaction from merocyanine to spiropyran can be suppressed by resonantly coupling the merocya-
nine to a cavity, although the interpretation of such cavity modification is still under debate (106,
107). For the same reaction, Delor and colleagues (36) showed that the cavity frequency can be
tuned to funnel photoexcitations into specific reactant isomers. Kalow, Stern, and colleagues (35)
demonstrated that collective strong coupling to a resonant cavity can accelerate the photoisomer-
ization of fulgide, demonstrating that the enhancement is sensitive to the collective quantity �R.
For a detailed review of the progress of polariton photochemistry, see Reference 5.

Despite these experimental discoveries of cavity-modified photochemistry, conceptual ques-
tions remain with regard to how local modifications of photochemistry emerge under collective
strong coupling and the role of DS. To partially address these conceptual questions, we focus on
simple models of a PMET reaction, which is one of the simplest photochemical reactions (17,
108–111).

4.1. Model Systems for Polariton-Mediated Electron Transfer

The model describes a total ofN donor–acceptor state pairs {|Dn⟩, |An⟩}, both of which are molec-
ular excited states. The donor and acceptor states are locally coupled: ⟨Dn|ĤS|Am⟩ = VDA · δnm.
The donor state |Dn⟩ (not to be confused with the DS |Dk⟩ in Equation 10) is considered a bright
exciton state (denoted as |En, 0⟩ in Equation 5, above). The donor states are photoexcitation states
that are collectively coupled to the cavity excitation:

ĤS =
N∑
n=1

[
ℏω0σ̂

+
n σ̂−

n +VDA
(|Dn⟩⟨An| + h.c

)]+ ĤA + ℏωc

(
â†â+ 1

2

)
+ ℏgc

N∑
n=1

(
â†σ̂−

n + âσ̂+
n

)
,

17.

where σ̂+
n = |Dn⟩⟨G| and σ̂−

n = |G⟩⟨Dn|, with |Dn⟩ as the nth molecule’s electron donor state,
and the acceptor Hamiltonian is ĤA = ∑

n ℏωA|An⟩⟨An|, with |An⟩ as the nth molecule’s elec-
tron acceptor state. Furthermore, there is one collective solvent DOF (Marcus coordinate)

www.annualreviews.org • Polariton Chemistry and Physics 211
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Figure 4

Model schematics and results for polariton-mediated electron transfer. (a) Illustration of several donor–acceptor pairs inside a cavity.
(b) Schematic potential energy surfaces along molecule n’s reaction coordinate Rn with population transfer pathways resulting from
laser pumping (Vl), cavity loss (τ−1

c ), and transfer from the upper polariton to dark states arising from energy disorder induced by λD.
(c) Forward rate constants kf as a function of N initiated from the |+⟩ state (red) or the donor state outside the cavity (black). (d) Rate
constants as a function of detuning 1ω for different donor reorganization energies λD initiated from the |+⟩ state. Figure adapted with
permission from Reference 108 (CC BY 3.0).

per molecular pair, Rn, which couples to both |Dn⟩ and |An⟩ states through ĤB + ĤSB =
T̂R +∑

n(1/2)msω
2
s (R̂n − R0

D )
2|Dn⟩⟨Dn| + (1/2)msω

2
s (R̂n − R0

A )
2|An⟩⟨An| + (1/2)msω

2
s R̂

2
n|G⟩⟨G|,

where ms is the effective solvent mass; ωs is the effective frequency of the collective solvent
DOFs; and R0

D and R0
A are the equilibrium positions of the donor and acceptor states, respectively.

Each solvent DOF Rn is then coupled to a Markovian dissipative environment (for a schematic
illustration of the model, see Figure 4a,b).

4.2. Collective Polariton-Mediated Electron Transfer Mechanism

In the PMET model discussed in Section 4.1, the UP state is |+⟩ = sin2
∑N

n=1(1/
√
N )|Dn, 0⟩ +

cos2|G, 1⟩ (see Equation 6). The coupling between states |+⟩ and |An⟩ isV+An = ⟨+|ĤS|An, 0⟩ =
(1/

√
N ) sin2 ·VDA. For an FGR rate estimation, k+→An ∝ |V+An |2 ∝ 1/N , which is often referred

to as the 1/N dilution factor because the influence of the collective polariton state on a given
molecule n is diluted by the 1/N factor (112). However, the collective PMET rate between the
|+⟩ state and all possible acceptor states is k+→A = ∑N

n=1 k+→An . Importantly, the prefactor in k+→A

is independent of N because of the cancellation of the 1/N factor in |V+An |2 with the sum over N
acceptor states (1, 109). Using classical Marcus theory (FGR level of theory), one can explicitly
evaluate k+→A in Equation 18 as follows.

The collective PMET rate for the process |+⟩ → {|An⟩} is expressed as

k+→A = 1
ℏ
sin2 2 ·V 2

DA

√
π

kBT · λA
exp

[
− (1G− ℏ(1ω + �R )/2 + λA )2

4kBT · λA

]
, 18.

where �R is the Rabi splitting (Equation 9), 1ω = ωc − ω0 is the light–matter detuning (between
the cavity and the donor exciton state), and λA is the acceptor reorganization energy.The collective
quantity�R explicitly appears in the rate constant through themodification of the effective driving
force for the |+⟩ → {|An⟩} process.

As shown in Equation 18, the onlyN dependence in k+→A comes from the collective Rabi split-
ting�R ∝ 2

√
Ngc, which changes the ET driving force.Figure 4c depicts this collectiveN depen-

dence. The log of the rate constant k+→A has a parabolic dependence on
√
N , with strong agree-

ment between theory and simulation.This rate theory suggests a possiblemechanism that depends
on the collective coupling �R, even though the light–matter coupling strength per molecule
gc is small. Unlike the acceptor reorganization energy λA, the donor reorganization energy

212 Ying et al.
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λD does not explicitly appear in k+→A because of the polaron decoupling effect (Equation 12).
Under the large-N limit, the |+⟩ state experiences an effective reorganization energy of
λD/4N → 0 (for arbitrary N, the expression for λ can be found in equation 20 of Reference 108).
Nevertheless, λD governs the rate of transition from |+⟩ to the DS manifold [see Equation 13a,
where the coupling strength c2α ∝ λD in J(ω)].

4.3. Challenges of Cavity Loss

Without external laser pumping of the system, cavity loss (see Section 2.1.3) can inhibit PMET by
eliminating the photoexcitation inside the cavity before the excitation can transfer to the acceptor
states. To address this challenge, one can tune an external continuous-wave (CW) laser to the
|G, 0⟩ → |+⟩ transition, such that the |+⟩ state population is constantly populated.

This interaction can be described by (18) Ĥl(t ) = Vl
(
âeiωlt + â†e−iωlt

)
,with pumping strengthVl

and laser frequency ωl = ω+, as done in Reference 108. This CW laser pumping can replenish lost
cavity photons back to the UP state and reenable PMET to the acceptor states. The simulations
of the k+→A rate constants shown in Figure 4d use CW laser pumping to replenish the |+⟩ state
population inside a lossy Q = 100 cavity.

4.4. Challenges of Decay to Dark States

Disorder in the energies or dipole orientations of molecules coupled to the cavity causes popu-
lation transfer between bright polariton states and DS. The PMET model considered here does
not contain explicit static energy disorder but rather experiences thermal-induced energy disorder
with an effective donor line width of σ = √

2λDkBT arising from the donor reorganization energy
λD. This disorder causes population transfer primarily from the |+⟩ and |−⟩ states to the DS.This
population transfer can inhibit PMET enhancement by trapping the population in the DS, which
undergo significantly slower ET than the |+⟩ state.

To address this challenge, one can significantly reduce the transfer rate from the |+⟩ state to
the DS by increasing both the Rabi splitting�R and the cavity detuning1ω (108). These increases
widen the energy gap between the |+⟩ state and the DS, which in turn can significantly reduce the
transfer rate to the DS as a result of the phonon bottleneck effect (92), thereby allowing for faster
PMET from the |+⟩ state. The effect of increasing 1ω on the simulated k+→A rate constants is
shown in Figure 4d, where larger, positive detunings cause significantly enhanced transfer to the
acceptor states compared with resonance (1ω = 0) for molecules with thermal-induced disorder
(λD > 0). Additionally, the rate constants for large detunings 1ω > 300 meV become independent
of λD as a result of a large phonon bottleneck effect that diminishes the effect of the DS.

5. VIBRATIONAL STRONG COUPLING–ENABLED
POLARITON CHEMISTRY

VSC emerges from the interaction between molecular vibrations and quantized radiation modes
in an optical cavity. Recent experiments (37–40, 46, 113–116) have shown that VSC can mod-
ify ground-state chemical reactivity by either resonantly suppressing or enhancing the reaction
rates, thus offering new strategies in synthetic chemistry. Key features of VSC-modified reactivity
include (a) a resonance effect when the cavity frequency matches that of a molecular vibration
(37, 40), (b) a maximum effect at normal incidence (37), (c) enhancement in the magnitude of the
modification with increasing molecular density (collective effect) (37, 38, 46), and (d) changes in
reactivity in the absence of optical pumping (thermal activation) (37, 39).

A clear mechanistic understanding remains elusive, despite exciting theoretical progress (47,
48, 117–123). In particular, all of the existing classic ground-state reaction rate theories [e.g.,
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transition-state theory (TST), Grote–Hynes theory (120, 124), quantum TST (125), Pollak–
Grabert–Hänggi theory (121, 123)] and molecular dynamics simulations [e.g., Langevin dynamics
(126), ring polymermolecular dynamics (127)] fail when used to explain the VSC effects.The con-
ceptual hypothesis is that the cavity mode can be viewed and treated as regular nuclear vibrations
(120). Unfortunately, none of these theories have successfully predicted the correct resonance
condition or the sharp resonance peak of the rate constant distribution (120, 121, 125, 126). Note
that the quantum transition path theory recently developed by Limmer and colleagues (128) can
produce a sharp resonance suppression peak, but it does not capture the correct resonance peak
position because of the anharmonicity of the reaction coordinate. More recent studies (129–133)
have emphasized the importance of a full quantum description of the vibrational DOF and/or
the photonic DOF and have shown that strong coupling of a reaction coordinate with a cavity
mode boosts the rate constant. An analytic theory to describe this enhancement has been formu-
lated (130, 134) and extended to many cavity mode coupling cases to demonstrate the resonance
conditions at normal incidence (134–136).

At present, a clear understanding of the first, second, and fourth key experimental features
mentioned above has been achieved; however, the third experimental feature—the collective
effect—remains an important open question. The reason is that, under collective light–matter
coupling, the effects observed under the single-molecule strong coupling condition usually be-
come minimal because of the large-N dilution (47, 118, 123) and isotropic disorder effects (124).
To address this issue, we developed a quantum mechanical rate theory for a model ground-
state reaction coupled to a cavity mode (124) that captures the abovementioned basic features of
VSC experiments (136), especially the resonance and the collective behavior of the rate constant
modifications.

5.1. Model System for Vibrational Strong Coupling

We consider a theoretical model where a cavity mode couples to a set of solvent vibrations {Rn}
(spectator modes, or rate-promoting vibrations) that, in turn, couple to a reaction coordinate
R0 (Figure 5a). Instead of the approximated TC-type light–matter interaction Hamiltonian, we
use the Pauli–Fierz Hamiltonian (1) to describe the molecular vibrations collectively coupled
to a mode in an optical cavity (124): Ĥ = ĤS(R̂0, {R̂n}) + Ĥν + Ĥloss (where ĤS is the system
Hamiltonian that contains the vibrational and photonic DOFs, as well as their couplings; Ĥν is
the dissipative environmental DOF that further couples to R0 and {Rn}; and Ĥloss is the cavity
loss Hamiltonian, as described in Section 2.1.3). The system Hamiltonian is expressed as

ĤS = Ĥ0 +
N∑
n=1

[
1
2
P̂2
n + 1

2
ω2
0

(
R̂n − Cn

ω2
0
R̂0

)2
]

+
 p̂2c

2
+ ω2

c

2

(
q̂c +

√
2
ωc

ηc

N∑
n=1

R̂n

)2, 19.

where Ĥ0 = T̂0 + V̂ (R̂0 ), with R̂0 as the reaction coordinate, and V̂ (R̂0 ) is the ground-state PES
(symmetric double-well potential along R̂0). The nonreactive spectator modes {Rn} have identical
frequencies ω0 and are linearly coupled to R̂0 through Cn. This model captures the key features of
recent VSC experiments (37, 40) and has been employed in theoretical studies of VSC-modified
reactivities (124, 129). It also reflects the characteristics observed in theoretical simulations of
polaritonic vibrational energy relaxation (137), which demonstrate collective and resonance
behavior. For example, in Reference 37, C–Si is the R0 reaction coordinate, and Si–(Me)3 is the
nonreactiveRn mode that strongly couples to R0 (forN= 1). In Reference 40, the spectator mode
Rn could be the N–C–O vibrational mode in the reactant (for N = 1). The solvent vibrations
could also be viewed as the spectator mode {Rn} (for N ≫ 1), which was explored in recent VSC
theoretical investigations (124, 129).
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Figure 5

Model schematics and results for vibrational strong coupling–modified ground-state chemistry. (a) Schematic illustration of a set of
solvent vibrations coupled to the cavity radiation field as well as a reaction coordinate. (b) Normalized rate constant profile (with respect
to the outside cavity case k0) as a function of cavity frequency ωc at different ℏ�R. Solid lines represent the Fermi’s golden rule (FGR)
expression (Equation 22), and dots represent the hierarchical equations of motion (HEOM) results. (c) Effective spectral density Jeff(ω)
(Equation 22) for different ℏ�R values. The two peaks correspond to the polariton modes. (d) Ratio of the rate constant inside the
cavity to the rate constant outside the cavity, and effective free-energy barrier change 1(1G‡) at resonance as a function of ℏ�R. The
blue curve indicates that suppression effects on k/k0 increase with a �2

R scaling. Red indicates the change of 1(1G‡) through
1(1G‡ ) = 1G‡ − 1G‡

0 = −kBT ln (k/k0 ). (e) Eyring plot at various ℏ�R (at resonance). Black represents the temperature dependence
of the rate constant outside the cavity, and colors represent the temperature dependence inside the cavity. Filled circles represent
HEOM results, and open circles represent the FGR theory. Note that we have neglected ℏ in all panels that are associated with �R.
Abbreviations: DS, dark states; LP, lower polariton; UP, upper polariton. Figure adapted with permission from Reference 136
(CC BY 4.0).

In the last term of Equation 19, q̂c = √
ℏ/(2ωc )(â† + â) and p̂c = i

√
ℏωc/2(â† − â) are the cavity

field operators, where ωc is the cavity frequency and ηc = √
1/(2ℏωcϵ0V ) is the light–matter cou-

pling strength. Note that in Equation 19 we have assumed that the vibrational transition dipole
operators are linear (118, 120, 129), such that µ̂(Rn ) · ê ≈ R̂n · cosφn ≈ R̂n (no orientation disor-
der), where ê is the field polarization direction. Under the resonance condition, the overall Rabi
splitting (1, 45, 47) is expressed as �R = 2

√
Nηcωc⟨0|µ̂(Rn )|1⟩ ≈ 2

√
Nηcωc⟨0|R̂n|1⟩ (where |0⟩

and |1⟩ are the ground and first excited states of Rn). The cavity mode couples collectively to all
solvent modes {Rn} through ηc, resulting in delocalized interactions that can be observed from
the Rabi splitting in spectroscopy (138).

5.2. Reaction Mechanism and Hypothesis

Under a thermal initial condition, the reaction coordinate R0 undergoes a barrier-crossing process
(139, 140), where the transition state is reached and finally relaxes to the product configuration.
Quantum mechanically, this process is described as

|νL⟩ k1−→|ν ′
L⟩ k2−→|ν ′

R⟩ k3−→|νR⟩, 20.
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Vibrational
transition amplitude:
1 = ⟨νL|R̂0|ν′

L⟩

where the system is first thermally excited from the vibrational ground state (|νL⟩) to the excited
state (|ν ′

L⟩) of the left side of the well (reactant). This excited state then tunnels to a vibrational
excited state (|ν ′

R⟩) on the right side of the well (product), which relaxes to its ground state
(|νR⟩) (subpanel iv of Figure 5a). The vibrational frequency ω0 ≡ (Eν′

L
− EνL )/ℏ of the reactant

corresponds to the transition |νL⟩ → |ν ′
L⟩ and is chosen to match the frequency of {Rn}. Exact

quantum dynamics simulations suggest that, under the energy diffusion–limited regime of the
reaction [before Kramers turnover (139, 140)], the initial vibrational excitation (|νL⟩ → |ν ′

L⟩) is
rate limiting, with k1 ≪ k2, k3. This rate limiting in vibrational excitation leads to a steady-state
population of the intermediate states |ν ′

L⟩ and |ν ′
R⟩, and the overall reaction rate is given approx-

imately by k ≈ k1. However, when the reaction barrier is low, k1 is no longer rate limiting and
cavity coupling no longer significantly affects the overall rate. This result may explain the absence
of VSC effects in low-barrier reactions (141, 142).

The |νL⟩ → |ν ′
L⟩ transition is driven mainly by the energy exchange between the reaction

coordinate R0 and the spectator modes {Rn}. When these modes are resonantly coupled to the
cavity, the light–matter hybrid system has a set of polaritonic modes with frequencies ω± =
ω0 ± �R/2, effectively shifting energy away from ω0 and thus suppressing the influence of {Rn}
on the |νL⟩ → |ν ′

L⟩ transition. This suppression can also be understood as a fast energy exchange
among the strongly coupled {Rn} and q̂c at the Rabi frequency �R. This energy redistribution
effectively decouples {Rn} from the |νL⟩ → |ν ′

L⟩ transition, reducing the value of k1. Because this
step remains rate limiting for the reaction process, the influence of the cavity on k1 manifests in
the entire apparent rate constant of the reaction, as k ≈ k1.

According to this mechanism, the impact of VSC on the rate is attributable solely to the cavity
interacting with the spectator modes. This hypothesis has been confirmed by quantum dynamics
simulations (see figure S2 of Reference 136), where the steady-state population of the |ν ′

L⟩ state is
reduced when coupled to the cavity. To quantify the effect of the cavity on the chemical reactivity,
we express the ratio of the rate constant inside the cavity to the rate constant outside the cavity as

k/k0 = kD/k0 + α · kVSC/k0, 21.

where k0 is the rate constant outside the cavity, kD is the rate constant for the double-well potential
without coupling to any spectatormodes {Rn} or the cavitymode qc, and kVSC is the contribution of
the spectator modes to the overall rate, with α as a constant scaling parameter. Outside the cavity,
the ratio kVSC/k0 peaks when {Rn} modes resonate with the transition |νL⟩ → |ν ′

L⟩, enhancing
vibration along R0. Inside the cavity, this ratio lessens with light–matter coupling and eventually
reaches zero because the modes no longer affect the rate, with k ∼ kD. This effect indicates a
polaron decoupling effect (51, 52, 66, 119) wherein cavity and spectator mode resonance inhibits
energy flow to R0, enabling an analytic rate constant theory based on FGR, consistent with VSC
findings.

We use FGR to evaluate the |νL⟩ → |ν ′
L⟩ transition rate constant, resulting in

kVSC = 2|1|2
∫ ∞

0
dω

3ω2
0 · ω0R(ω)[

ω2
0 − ω2 + 5(ω)

]2 + [ω0R(ω)]2
A0(ω − ω0 )e−βℏω0 . 22.

Here, ω0 is the vibrational frequency for {Rn}, with n � {1, . . . , N }, as well as for reaction co-
ordinate R0; 1 is the vibrational transition amplitude for |νL⟩ → |ν ′

L⟩ associated with R0; and
A0(ω − ω0 ) accounts for the broadening of this transition due to the local environmental fluc-
tuations. In addition, 0R characterizes the excitation decay rate in the {Rn} and cavity modes, and
5(ω) characterizes the cavity effect over {Rn}. These are expressed as

0R(ω) = 2Nη2
c · ω3

cτ
−1
c(

ω2
c − ω2

)2 + ω2τ−2
c

+ 2λR

γR
, 5(ω) = 2Nη2

cωcω
2 · (ω2 − ω2

c + τ−2
c )(

ω2
c − ω2

)2 + ω2τ−2
c

,
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Solvent
reorganization
energy:
3 = ∑N

n=1 C2n/2ω2
0

where λR and γR are phonon bath parameters for {Rn} modes with a spectral density J(ω) =
(2λRγRω)/(ω2 + γ 2

R ). Interestingly, kVSC contains collective quantities, including the collective
Rabi splitting�2

R ∝ Ng2c , as well as the collective solvent reorganization energy3 = ∑N
n=1 C2

n/2ω
2
0

that accounts for the interactions between {Rn} and R0.

5.3. Behavior of the Rate Theory and Connections with Experiments

We briefly discuss the key features of the rate constant theory in Equation 22 and its connection
with experiments.

5.3.1. Resonance suppression. The analytic theory kVSC predicts a sharp resonance suppres-
sion of the rate constant. Figure 5b presents the cavity frequency dependence of k/k0 with the
maximum suppression achieved at ωc = ω0. The FGR expression (Equation 22) accurately cap-
tures the cavity frequency dependence of the rate constants for a wide range of �R, in agreement
withHEOM results.This suppression can be interpreted from the effective spectral density Jeff(ω)
(Figure 5c; Equation 22) as it accounts for the effective coupling from {Rn} on R0. Coupling the
cavity splits Jeff(ω) into two peaks. The separation between these peaks and the |νL⟩ → |ν ′

L⟩ tran-
sition is proportional to �R, with frequencies that are nearly identical to the vibrational polariton
frequencies.Note that the dark modes in this model do not couple to R0 as a result of symmetry. As
such, kVSC in Equation 22 quantitatively matches the HEOM results and is capable of describing
the sharp resonance behavior observed in experiments (37, 40).

5.3.2. Scaling with the collective Rabi splitting. Under the resonance condition ωc = ω0,
Equation 22 predicts that kVSC ∝ 1/�2

R ∝ 1/(Nη2
c ). This prediction implies that suppression ef-

fects on k/k0 increase with a �2
R scaling (Figure 5d). This trend closely resembles experimental

observations (see, e.g., figure 3D of Reference 46).
These rate constant changes can be interpreted as the change of the effective free-energy

barrier 1(1G‡) through (38, 46, 130) 1(1G‡ ) = 1G‡ − 1G‡
0 = −kBT ln (k/k0 ) (Figure 5d).

However, this is not an actual change in the free-energy barrier but rather an effective measure
of a purely kinetic effect. The figure shows a nonlinear relation of 1(1G‡) with �R that agrees
with what has been observed experimentally (e.g., figure 3c of Reference 46). Future experimental
investigations should focus on measuring more data points to determine the fundamental scaling
relations.

5.3.3. Temperature dependence. The temperature dependence of the rate constant is often
understood through the Eyring equation (46) based on TST: ln (k/T ) ∝ − (1H‡)/(kB)·1/T +
(1S‡)/kB. Figure 5e presents the temperature dependence of the rate constant outside and inside
the cavity. Here, both HEOM simulations and the FGR theory predict the same trend for the
changes in 1H‡ and 1S‡ as a function of �R, which has been experimentally observed (46, 143).
We emphasize that, based on our current theory, the VSC reaction mechanism is not related to
the direct modification of 1H‡ nor 1S‡ [as proposed by earlier theories (120)] but rather pertains
to how the cavity can mediate vibrational excitations, in particular, by modifying the rate constant
k1 associated with the |νL⟩ → |ν ′

L⟩ transition (see Equation 20). Thus, the changes in the rate
constant are purely kinetic.

5.3.4. Resonance effect at normal incidence. According to the photon dispersion in a
Fabry–Pérot cavity (Equation 2), there are still a finite number of modes (with k∥ ̸= 0), such
that ωk = ω0 (oblique incidence). However, although polaritons form under this condition, VSC
effects are observed only at k∥ = 0 (normal incidence) (37, 47, 143). This normal incidence
condition arises from the photonic mode density of states inside the cavity, which peaks at k∥ ≈ 0
(134–136), thereby enhancing the VSC contribution at the normal incidence. The generalization

www.annualreviews.org • Polariton Chemistry and Physics 217
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of the kVSC expression to include integration over the photonic mode density of states indicates
that, at k∥ = 0, the photonic mode has no in-plane momentum and is spatially confined. This
confinement increases the photon’s lifetime, leading to the greatest magnitude of rate suppres-
sion. In contrast, at k∥ ̸= 0, the photonic mode has a finite in-plane momentum, reducing its
effective lifetime in a given mode volume (135) and thereby weakening the cavity effects on the
system.

5.4. Limitations and Effect of Disorder

The model considered above does not take into account disorder in the {Rn} − R0 coupling (Cn in
Equation 19) and the angle between the cavity field polarization and molecular dipole moments
(φn). In Reference 136, we explicitly consider such disorder and show that the Jeff(ω) will gradually
grow a peak at ω = ω0, which are the vibrational DS. Increasing the magnitude of disorder [in
either Cn or φn in the light–matter coupling term µ̂(Rn ) · ê ≈ R̂n · cosφn] leads to the appearance
of theseDS in the effective spectral density that couple toR0, which will influence the rate constant
in the same way as outside the cavity. As a result, cavity effects can persist only under moderate
disorder (see figure 5 of Reference 136), whereas they diminish under an isotropic distribution of
φn or a broad variation in Cn.

6. CONCLUSIONS AND PERSPECTIVE

In this review, we have highlighted the necessary theoretical components in a description of col-
lective light–matter coupling for many molecules and optical cavity modes. The collective effects
are exhibited in more ways than one for various polaritonic systems—for example, the reduced
reorganization energy due to the polaron decoupling effect, the modification of the ET driv-
ing force, and the effective spectral density in VSC. Furthermore, we have addressed several
open questions and controversies in the field. We began with the HTC Hamiltonian that de-
scribes collective light–matter coupling and introduced the concept of polariton states and DS.
For polariton photophysics, we discussed the well-understood polariton relaxation dynamics, the
decoherence process, and spectral properties—particularly the motional narrowing effect. These
polariton photophysical properties are closely related to the polaron decoupling effect. For polari-
ton photochemistry, we considered a model for the PMET reaction, where the collective quantity
�R explicitly appears in the rate constant expression (tomodify the ETdriving force). For VSC,we
considered a model in which the solvent (spectator vibrations) is collectively coupled to the cavity
mode, as well as a reaction coordinate, where both �R and solvent reorganization energy 3 (also
a collective quantity) show up in the rate constant modification. These theoretical investigations
shed light on how collective light–matter coupling could influence polariton dynamics, coherence,
spectroscopy, photochemical reactions, and VSC chemistry. Future investigations should focus on
exploring the validity of the proposed mechanisms with experimental measurements as well as on
testing the scaling relations predicted by the analytic expressions in, for example, Equations 18 and
22.Ultimately, the collective strong coupling regime represents not merely a perturbation to mat-
ter but rather a fundamentally new avenue for controlling quantum states and designing hybrid
light–matter systems. As our understanding deepens, it holds the promise to redefine paradigms
in chemistry, physics, and materials science alike.
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