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Significance 

Optical cavity polaritons are novel 
quantum systems that promise 
significant advancement in 
quantum information science. 
The cavity photon hybridizes with 
the collective exciton of molecules 
through collective light–matter 
couplings and eectively reduces 
the coupling with the vibrations, 
known as the polaron decoupling 
eect. Nonlinear spectroscopy 
is the ideal tool to provide 
information on both coherence 
time and vibronic couplings. This 
work provides strong theoretical 
evidence that the collective 
light–matter coupling leads to 
long-lived polariton coherence 
in the nonlinear 2D electronic 
spectra. It theoretically 
demonstrates the prolonged 
polariton coherence as the 
beating between the UP and LP 
polariton states, as well as the 
polaron decoupling eect 
through nodal line slope 
reductions. 

Molecular polaritons, formed by coupling molecular excitons with cavity photons, 
offer a promising platform for exploring quantum phenomena. A key challenge 
is understanding how these hybrid states maintain coherence in the presence of 
environmental vibrations. Here, we show theoretically that collective coupling of many 
molecular excitons in a cavity can protect polariton coherence from phonon-induced 
decoherence. Under realistic conditions, the coherence time can extend up to 200 fs 
at room temperature, compared with 15 fs for typical molecular systems. Simulations 
of two-dimensional electronic spectra reveal prolonged oscillations between upper and 
lower polariton states, and reduced vibrational coupling as indicated by changes in 
the nodal line slope of the lower polariton peak. These findings provide guidance 
for experimental efforts to realize long-lived polaritons, such as coupling CdSe 
nanoplatelets to optical cavities. 

exciton polariton | 2D electronic spectroscopy | coherence enhancement | polaron decoupling 

Coupling molecules to a quantized radiation field inside an optical cavity produces 
a set of photon-matter hybrid (entangled) states known as polaritons (Fig. 1A). These 
polariton states, which are hybridizations of the excitons and photons, have been shown to 
possess the properties of both and have enabled novel many-body physics, new chemical 
reactivities (1), and intriguing spectroscopic signals (2–6). In particular, due to the 
collective light–matter coupling, the polariton states are effectively decoupled from the 
molecular vibrations, which is referred to as the polaron decoupling effect (2, 7, 8). The 
polaron decoupling effect has been experimentally verified by linear spectra (3, 4, 9), 
as well as nonlinear two-dimensional electronic Spectroscopy (2DES) (2). Due to the 
effective polaron decoupling effect, it is possible to achieve a long-lived polaritonic 
coherence even at room temperature. Indeed, our preliminary theoretical work(10) 
suggests that it is possible to prolong the exciton coherence from the original 15 
fs to exciton–polariton coherence up to 200 fs in a model system with parameters 
that describes CdSe Nanoplatelets (NPL) coupled to an optical cavity (11–14), with 
the explicit consideration of both cavity loss and decay to the dark states (10, 15). 
Nonlinear polariton 2DES (2, 5, 16–19) is the ideal technique to provide information 
on polariton coherence (Fig. 1B). Experimentally, the off-diagonal beating signal 
(Fig. 1C ) has not been clearly observed, likely due to the low quality factor of 
the plasmonic cavity (16) as well as large disorders in the organic molecules (16– 
18) that couple to the cavity. Theoretically, there are several exciting developments 
in simulating 2DES of molecular polaritons (20–23). However, a direct theoretical 
verification of such prolonged coherence in 2DES remains missing due to both the 
computational challenge to accurately simulate 2DES spectra while taking care of the 
non-Markovian behavior of the phonon dynamics, and explicitly considering the cavity 
loss. To address this missing link, we propose to couple CdSe NPL (11) to a high-
quality Fabry–Perot (FP) cavity (13) as an experimental platform, and theoretically 
investigate the possibility of observing long-lived polariton coherence under room 
temperature. The CdSe NPL exhibits nearly zero inhomogeneous broadening (11, 13), 
such that the linear spectra linewidths are nearly identical for the single NC and for the 
ensemble (11). Theoretically, we use state-of-the-art theoretical approaches (15, 24, 25) 
we have developed to accurately and efficiently simulate polariton 2DES spectra, 
allowing us to reveal prolonged off-diagonal beating between the upper and lower 
polariton states (Fig. 1C ), which aligns with polaron decoupling effects also indicated 
by the flattening of nodal line slope (NLS) of diagonal peaks in pure-absorptive 2DES 
(Fig. 1D). 
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Theoretical Model 

We use the Holstein–Tavis–Cummings (HTC) Hamilto-
nian (11, 24, 26) to describe N -molecules collectively coupled 
to a single cavity mode as follows 

Ĥ = 
N 

n=1 
𝜀n 𝜎̂† 

n 𝜎̂n + Ĥsb + Ĥb [1] 

+ ℏ𝜔c 
 
â† ̂a + 

1
2 

 
+ 

N 

n=1 
ℏgc 

 
𝜎̂† 
n ̂a + 𝜎̂n ̂a† 

 
, 

where the nth exciton has site energy of 𝜀n and the exciton 
is coupled to the cavity mode of energy 𝜔c with a light– 
matter coupling strength of ℏgc. Here, 𝜎̂† 

n = |engn| and 
𝜎̂n = |gnen| create and annihilate an excitation on the nth 
molecule, respectively, with |gn and |en as the ground and 
excited states for molecule n. 
Further, each molecular exciton is coupled to a set of 

independent phonon bath (with the identical spectral density, 
see Eq. 21), described by Ĥb = 

N 
n=1 

 
𝜈 ℏ𝜔𝜈 (b̂†n,𝜈 b̂n,𝜈 + 12 ), 

where b̂† 
n,𝜈 and b̂n,𝜈 are the creation and annihilation operators of 

the 𝜈th phonon and 𝜔𝜈 its frequency, with 𝜈 labels the phonon 
DOF. The phonon is coupled to the exciton of the nth molecule, 
through Ĥsb = 


n 𝜎̂

† 
n 𝜎̂n ⊗ 


𝜈 cn,𝜈 (b̂n,𝜈 + b̂† 

n,𝜈 ), where cn,𝜈 is 
the exciton–phonon coupling strength between exciton of the 
nth molecule and its 𝜈th phonon mode. The molecular dipole 
operator is expressed as 𝜇̂ = 

N
n=1 𝜇n 

(
𝜎̂† 
n + 𝜎̂n 

)
, where 𝜇n is the 

magnitude of the transition dipole of excitation for nth molecule, 
and we have explicitly assumed that the dipole vectors of all 
molecules are aligned with the cavity field polarization direction. 
We use the dipole–dipole correlation function of the molecules 
to compute the multi-time response functions (27–31) (Eq. 8) 
and Fourier transform them to obtain 2DES spectra (Eq. 10). 
We have not included the static disorder in the exciton energy 𝜀n 
(Eq. 1), because for the CdSe NPL (the physical system we aim to 
model), the inhomogeneous broadening is negligible (11). The 
effect of these static disorders on linear lineshape can be found 
in the previous work (24, 32–35), and our simulation method is 
general to include them (24). 
To interpret the dynamics and spectra, we define the diabatic 

polariton Hamiltonian as ˆ Hpl ≡ ˆ H − ˆ Hsb − ˆ Hb, with the 
eigenequation ˆ Hpl|𝛼 = 𝜖𝛼 |𝛼. For 2DES simulations, we 
consider both single and double excitation subspaces, with details 
provided in the Supporting Information. Below, we focus on the 
single excitation subspace |j = {|G ⊗|1 ≡ |G1

, |En⊗ |0 ≡ 
|E0n} (where |G ≡ ⊗|gn and |En ≡ |en ⊗ |gm ∀m = n) 
and introduce polariton states and dark states. We consider 
degenerate exciton energy 𝜀n = 𝜀, and identical light–matter 
couplings gc, where ˆ Hpl has a well-known analytic solution, with 
two bright polariton states (36–40) expressed as follows 

|+ = cos ΘN 
 1 
√ 
N 

N 

n=1 
|E0 

n  
 

+ sin ΘN |G1
, [2a] 

|− = − sin ΘN 
 1 
√ 
N 

N 

n=1 
|E0 

n  
 

+ cos ΘN |G1
, [2b] 

where the mixing angle is ΘN = 1
2 tan

−1[ 2 
√ 
Nℏgc 
Δ ] for cavity 

detuning Δ = ℏ𝜔c − 𝜀 and ΘN ∈ [0, 𝜋2 ). The N −1 dark states, 

indexed with k ∈ {1, · · · , N − 1}, are defined as (39, 40) 

|Dk = 
1 

√ 
N 

N −1 

n=0 
exp 

 
2𝜋i 

nk 
N 

 
|E0 

n , [3] 

where a schematic illustration of UP, LP, and dark states are 
provided in Fig. 1E . The polariton states have the energy of 
𝜀± = 1 

2 (𝜀 + ℏ𝜔c) ± 1 
2


(𝜀 − ℏ𝜔c)2 + 4N ℏ2g2 
c , whereas the 

dark states’ energy 𝜀Dk = 𝜀 remains the same as the exciton 
energy. The light–matter detuning is defined as Δc = ℏ𝜔c − 𝜀. 
The eigenenergies of polariton states are split from the original 
exciton energy. For the zero-detuning case 𝜀 = ℏ𝜔c, the Rabi 
Splitting is expressed as 

ℏΩR = 𝜀+ − 𝜀− = 2 
√ 
N ℏgc, [4] 

and the strong coupling limit (26, 39) is achieved when ΩR  
1 
2 (Γ + 𝜅), where Γ is the cavity loss rate (linewidth of the 
cavity transmission spectra, 𝜏c = 1/Γ is the cavity lifetime) and 
𝜅 is the exciton linewidth. Detailed discussions related to the 
polariton population relaxation (39–41) and decoherence (10) 
can be found in previous work (10, 40). The Hamiltonian in 
Eq. 1 does not include cavity loss, which corresponds to the 
far field radiation modes coupling to the cavity mode {â† , â} 
(see Appendix E in ref. 42). Here, we treat the cavity loss 
through Lindblad dynamics (15, 42), with Eq. 20 and a stochastic 
algorithm detailed in Appendix A of ref. 15. For a cavity loss rate 
Γ, the quality factor is defined as Q = 𝜔c/Γ. 

Polaron Decoupling Effect 

Herrera and Spano (7, 8, 43) had shown that strong collective 
resonant coupling of a cavity field with N emitters can effectively 
decouple exciton–phonon couplings in a disordered molecular 
ensemble. This effect originates from the reduction of the 
vibrational reorganization energy 𝜆 when increasing the collective 
coupling between light and matter, characterized by the Rabi 
splitting ΩR = 2 

√
N gc, where N is the number of molecules and 

gc is the coupling strength between the cavity mode per molecule. 
This is because the coupling strength is rescaled by a factor of 
1/ 
√ 
N for the system–bath coupling terms (39, 40) associated 

with the polariton states |+ and |−. Below, we briefly discuss 
how the polaron decoupling effect is quantified within the HTC 
Hamiltonian framework, and quickly show how it manifests 
as a reduced effective Huang–Rhys factor and suppressed 
nuclear displacements. Our previous numerical simulations also 
demonstrate the narrower linear spectra linewidth as well as 
associated longer oscillation time in the response functions, 
demonstrating the polaron decoupling effect (see numerical 
results provided in SI Appendix). Our current work extends the 
idea of polaron decoupling into 2DES nonlinear spectra, and 
explicitly demonstrates the prolonged polariton coherence and 
decoupling from the phonon through the NLS analysis (2). 
We express Ĥsb in the polaritonic basis Ĥsb = Ĥ± + Ĥ{±,D} + 

ĤD, where ˆ H± provides the phonon-mediated transitions be-
tween | + and |− states, Ĥ{±,D} provides the phonon-mediated 
transitions between the |± states to the dark state manifolds 
{|Dk}, and ĤD provides the phonon-mediated transitions 
among dark states. Under the resonance condition ℏ𝜔c = 𝜀, 
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A 

B 

E 

C F G 

D 

Fig. 1. Schematic illustration of the collective light–matter coupling, the polaron decoupling effect, and its consequences in nonlinear spectra. (A) Schematic 
illustration of a 2DES setup on a polaritonic sample of CdSe NPL coupled to an FP cavity. (B) The rephasing 2DES signal at two different t2 to demonstrate the 
beating of off-diagonal cross peak. (C) The cross-peak and NLS of the lower diagonal peaks at different values of 

√ 
Ngc. (D) The lower diagonal 2DES peak (LP 

diagonal peak) with 
√ 
Ngc = 35 meV and 

√
Ngc = 70 meV, and a cavity loss rate of Γ =10 meV. (E) Schematic illustrations of UP (red), LP (golden), and dark 

states (DS) through collective exciton–photon hybridization. (F and G), schematic illustration of the polaron decoupling effect, along the nuclear displacement 
coordinate. 

ˆ H± is expressed as follows (10, 39, 40) 

Ĥ± = 
1 
2 

 
|++| + |−−| 

 
⊗ 

 

𝜈 

c𝜈 
√ 
N 

(b̂0,𝜈 + b̂† 
0,𝜈 ) [5] 

− 
1
2 

 
|+−| + |−+| 

 
⊗ 

 

𝜈 

c𝜈 
√ 
N 

(b̂0,𝜈 + b̂† 
0,𝜈 ), 

where b̂k,𝜈 = 1 
√
N

N
n=1 exp


−2𝜋i nk 

N 


b̂n,𝜈 and b̂†k,𝜈 = 

1
√
N 

N
n=1 exp 

 
−2𝜋i nk 

N 


b̂† 
n,𝜈 are the creation and annihilation 

operators of the 𝜈th bath phonon mode for the kth eigenstates 
of Ĥs. From Eq. 5, one can see that both |+ state and 
|− state are only coupled to the symmetrical phonon modes 
(with k = 0) R̂0,𝜈 = (b̂0,𝜈 + b̂† 

0,𝜈 )/
√
2𝜔𝜈 , for both the 

diagonal term (Holstein coupling) and off-diagonal term (Peierls
coupling), with a rescaled coupling strength c𝜈 / 

√ 
N . Details of 

the derivations can be found in ref. 40. Here, 𝜈 is the label 
for the phonon DOF, and 𝜔𝜈 is the phonon frequency (c.f., 
Eq. 21). Note that the displacement between the |G0

 and the 
|± states is given by Herrera and Spano (8) R0,𝜈 = R0,𝜈 /2 

√
N , 

where R0,𝜈 = 
 
c2 
𝜈/𝜔

3
𝜈 is the displacement between the |E0 

n 
and |G0

 states. Thus, the effective reorganization energy 𝜆N = 
1 
2 


𝜈 𝜔

2
𝜈 R2 

𝜈,0 between the |G0
 state and the |± states is 

𝜆N = 
𝜆 
4N 

, [6] 

where 𝜆 = 1
2 


𝜈 𝜔

2
𝜈 R

2
0,𝜈 is the reorganization energy of the 

molecular system outside the cavity (c.f., Eq. 22). A schematic 
illustration of the polaron decoupling effect is provided in 
Fig. 1 F and G. Note that Eq. 6 only accounts for the 

dynamical disorders (homogeneous broadening) and does 
not account for static disorder (inhomogeneous broadening), 
which will likely dominate the exciton contribution of the 
polariton broadening (44). Under the large N limit, the 
phonon couplings to the |± are effectively decoupled (8) by 
∝ 1/N . For experiments that couple organic molecules with 
cavity (45, 46), N ∼ 106 to 1012 . For the recent experiments 
that couple inorganic nanocrystals inside the cavity (e.g., 
CdSe Nanoplatelets) (11–14), the typical number of emitters 
is N ∼ 103 to 105 . As such, the optical lineshape (such as 
polariton absorption) that corresponds to |G, 0 → |± optical 
transition will become much narrower than system outside the 
cavity (8, 39), and the same effect will also show up in the 
diagonal peaks of the 2DES spectra (2). Due to the computational 
cost, we only use a small number of molecules (N ≤ 8) in the 
simulations. In our previous work (10), we have found that 
the population decay dynamics and decoherence are largely 
controlled by the collective quantity 

√ 
N gc. As long as N is large 

enough to ensure a density of states for the dark manifold (24), 
one can generate nearly identical quantum dynamics by scaling 
up gc with a reduced N , as long as 

√ 
N gc is kept fixed. 

The exciton–phonon coupling term also mediates the tran-
sitions between |± and the dark state manifold. Under the 
resonant condition, these coupling terms are expressed as 

Ĥ{±,D} = 
N −1 

k=1 

|Dk+| ⊗ 
 

𝜈 

c𝜈 
√ 
2N 

(b̂k,𝜈 + b̂† 
−k,𝜈 ) [7] 

− 
N −1 

k=1 

|Dk−| ⊗ 
 

𝜈 

c𝜈 
√ 
2N 

(b̂−k,𝜈 + b̂† 
k,𝜈 ) + h.c., 

These terms facilitate the transition |+ → {|Dk}, which 
is responsible for both population decay and the decoherence 
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of 𝜌+−(t) (10). Note that for N = 1 case, light–matter 
hybridization will also reduce the effective reorganization energy 
because both UP and LP are now composed with photon-dressed 
ground state (15) This effectively reduces the phonon coupling 
by half (15). It has also been discussed in the context of potential 
energy hybridization before (26, 47–50). On the other hand, 
when N > 1, the hybrid system contains dark states (Eq. 3), 
which serve as one of the main loss channels under the collective 
coupling regime (10), and the coupling strength per molecule gc 
is much weaker than that of the single molecule strong coupling 
case, even though collectively, ΩR = 2 

√ 
N gc is large due to the 

large N . 

2DES Spectra 

Nonlinear spectroscopy is the ideal tool to provide both direct 
measurements of coherence lifetime through off-diagonal beat-
ings, as well as the information of vibronic coupling through the 
NLS that indicate spectral diffusion. Within the linear response 
limit, the 2D electronic spectra can be obtained by computing 
the third order response from the four-point correlation function 
(15, 51) 

R(3)(t1, t2, t3) 

= Tr 
 
𝜇̂(t3 + t2 + t1) ̂𝜇×(t2 + t1) ̂𝜇×(t1) ̂𝜇×(0) ̂𝜌(g) 

 
, [8] 

where 𝜇̂× ˆ A ≡ [𝜇̂, ˆ A], and 𝜌̂(g) is the equilibrium ground state 
density matrix of the system (24). Here, the system is perturbed 
by external laser pulses at times t0, t1, and t1 + t2, and the system 
response is detected at t1 + t2 + t3. The purely absorptive 2D 
spectra is computed by adding the rephasing (denoted as R(3)

rep ) 
and nonrephasing (denoted as R(3) 

nrp ) contributions expressed as 
follows 

R(3) 
rep (t1, t2, t3) = R(3) 

2 + R(3) 
3 + R(3)∗ 

1 , [9a] 

R(3) 
nrp (t1, t2, t3) = R(3) 

1 + R(3) 
4 + R(3)∗ 

2 . [9b] 

In Eqs. 9a and 9b, the terms on the right-hand side are 
arranged as individual contributions from (in the order of) stimu-
lated emission (SE), ground state bleach (GSB), and excited state 
absorption (ESA) signals, respectively. The 2D spectra in the fre-
quency domain are obtained by performing the following Fourier 
transforms for both rephasing and nonrephasing signals (15, 52), 

R(3) 
rep (𝜔1, t2, 𝜔3) = 

T1
0 

dt1 

T3
0 

dt3R
(3) 
rep e i(𝜔3t3−𝜔1t1)S1S3, [10a] 

R(3) 
nrp (𝜔1, t2, 𝜔3) = 

T1
0 

dt1 

T3
0 

dt3R
(3) 
nrp e i𝜔3t3+i𝜔1t1 S1S3, [10b] 

where Si(ti) = cos(𝜋ti/2Ti) is a smoothing function for time 
ti. The frequency domain pure absorptive 2D spectra are the 
imaginary part of the total contribution from rephasing (Eq. 10a) 
and nonrephasing (Eq. 10b) signals, expressed as follows 

R(3)(𝜔1, t2, 𝜔3) = −Im 
 
R(3) 
rep (𝜔1, t2, 𝜔3) + R(3) 

nrp (𝜔1, t2, 𝜔3) 
 
. 

[11] 

We use our previously developed lindblad-partially linearized 
density matrix L-PLDM (15, 24, 25, 51) approach to simulate 
polariton 2DES spectra. For efficient simulation of 2DES of 
polaritonic systems with N molecules, we use the recently 
developed computational algorithm (24, 25) that significantly 
reduces the numerical cost by taking advantage of the sparsity 
and the symmetry of the HTC Hamiltonian (24, 25). 

Results and Discussion 

We present numerical simulations of the polariton 2DES spectra 
for N -molecules collectively coupled to a single cavity mode. 
We investigate how collective light–matter interactions influence 
these nonlinear optical signals, including spectral features that 
reveal linewidth narrowing, enhanced coherence lifetimes, and 
signatures of polaron decoupling. Since there are several relevant 
dynamical time scales in this work, we want to quickly clarify 
them before moving on to the detailed results. The cavity 
lifetime (inverse photon rate) is around 𝜏c = Γ−1 

≈ 67 fs, the 
characteristic phonon time (inverse of the vibrational frequency) 
is 𝜏𝜈 = 𝛾 −1 

≈ 300 fs (c.f., Eq. 21), the shortest Rabi oscillation 
time scale (inverse of the largest Rabi splitting ΩR = 140 meV 
considered in this work) is 𝜏Ω = Ω−1 

R ≈ 18 fs (see Fig. 3C the 
oscillation time), and the longest polariton coherence time we 
observed from simulation is 𝜏 ≈ 122 fs under room temperature 
(Fig. 3C ), whereas for the same system outside the cavity (or zero 
coupling limit gc → 0), the coherence time is 𝜏 ≈ 15 fs (10). Our 
previous theoretical development (10) suggests that the coherence 
time is expressed in Eq. 13, and the decoherence rate is related 
to half of the population decay rate from UP (to dark) plus from 
the cavity photon loss. 

2DES Spectra. Fig. 2 shows the simulated pure-absorptive 2DES 
for N = 4 molecules coupled to a single cavity mode, at various 
population times t2. The light–matter coupling strength for each 
molecule is fixed at ℏgc = 200 cm−1 (≈24.8 meV), and the 
collective coupling produces the lower (LP) and upper polaritons 
(UP) peaks at ℏ𝜔− ≈ −50 meV and ℏ𝜔+ ≈ 50 meV, 
respectively, with respect to the molecular excitation energy 
𝜀. This results in a Rabi-Splitting, ℏΩR = ℏ𝜔+ − ℏ𝜔− ≈ 
100 meV. The cavity loss rate is set to Γc = 10 meV. Each 
molecule is coupled to a harmonic bath, characterized by a 
reorganization energy ℏ𝜆b = 50 cm−1 (≈6.2 meV) and a 
characteristic frequency, ℏ𝜔b = 18 cm−1 (≈2.2 meV). These 
parameters are consistent with the experimental values for CdSe 
Nanoplatelets (13) and have been used in previous theoretical 
polariton spectra simulations (15, 24, 25). 
The first column of Fig. 2 shows the rephasing contribution to 

the pure-absorptive 2DES as a function of the population time 
t2. In Fig. 2A, two prominent diagonal peaks are observed at 
(𝜔−, 𝜔−) and (𝜔+, 𝜔+), corresponding to the lower and upper 
polariton states, respectively. Both peaks exhibit elongations 
along the diagonal, a hallmark of inhomogeneous broadening 
due to slow environmental fluctuations caused by low-frequency 
bath modes. Additionally, negative features appear along the 
diagonal peaks, due to ESA transitions originating from the 
polariton states to the doubly excited manifold during the third 
laser interaction (25). Cross peaks appear at (𝜔+, 𝜔−) and (𝜔−, 
𝜔+), which oscillate over t2, indicating a coherent energy transfer 
between the upper and lower polariton states (due to the light– 
matter coupling between |G1

 and |E0n) via the |+−| and 
|−+| pathways, respectively. 
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A B C 

D E F 

G H I 

J K L 

Fig. 2. 2DES signal contributions for N = 4 molecules coupled to cavity. 
Panels (A–C), (D–F ), (G–I), and (J–L) show the rephasing, non-rephasing, and 
total pure-absorptive 2DES at population times t2 = 5, 20, 30, and 55 fs, 
respectively. 

Fig. 2B shows the nonrephasing contribution of polariton 
2DES spectra at t2 = 5 fs. Similar to the rephasing case (in 
Fig. 2A), two diagonal peaks are visible, corresponding to the 
upper (|++|) and lower (|−−|) polariton population states. 
Unlike the rephasing contributions, these diagonal peaks in 
the nonrephasing signals are elongated along the antidiagonal 
direction, reflecting homogeneous broadening from fast envi-
ronmental fluctuations. In this case, the broadening is dominated 
by contributions from high-frequency intramolecular vibrations 
and cavity photon loss. Cross-peaks appear at (𝜔−, 𝜔+) and 
(𝜔+, 𝜔−) are associated with coherence pathways which involve 
the |−+| and |+−| states, respectively. These cross-peaks 
are noticeably weaker in intensity than those in the rephasing 
signal, primarily due to the absence of SE pathways in the non-
rephasing process and partial cancellation from overlapping ESA 
contributions (25). 

Fig. 2C shows the pure-absorptive 2DES signal, obtained by 
summing the rephasing (panel A) and nonrephasing (panel B) 
contributions (Eq. 11). The diagonal peaks at (𝜔−, 𝜔−) and (𝜔+, 
𝜔+) corresponding to the lower |−−| and upper |++| po-
lariton population states, respectively, appear relatively flattened 
along the excitation axis, 𝜔1, indicating a partial cancellation 
of the inhomogeneous broadening exhibited in the rephasing 
signal by the antidiagonally elongated diagonal signal from the 
nonrephasing contribution. The cross-peaks, by contrast, remain 
diagonally elongated, suggesting that coherence-mediated energy 
transfer between the polariton states is predominantly governed 
by the rephasing pathways. 

Fig. 2 A, D, G, and J show the evolution of the rephasing 
signal at increasing population times t2. As t2 progresses, the 
diagonal peak intensities gradually diminish, reflecting popu-

lation decay from the polariton states due to cavity loss at 
a rate of Γc. The overall shape remains diagonally elongated 
due to a persistent inhomogeneous broadening. More notably, 
the cross-peak intensities exhibit oscillations with a frequency 
corresponding to the Rabi splitting (ΩR = 𝜔+ − 𝜔−), signaling 
coherent energy exchange between upper and lower polariton 
states. These oscillations decay over time due to dephasing 
from both molecular vibrations and cavity loss. The decay of 
the polariton coherence |+−| (and |−+|) will be further 
quantified in Fig. 3. 

Fig. 2 B, E, H, and K show the nonrephasing contributions 
at different t2 delays. Based on the analysis from the Feyn-
man diagrams/Liouville pathways (SI Appendix, Fig. S3), SE 
signals do not give rise to any cross-peaks. Further, the GSB 
and excited-state absorption (ESA) contributions are expected 
to completely cancel each other when transition frequencies 
between the different manifolds are the same. Here, however, 
we still observe oscillatory cross-peaks that do not fully vanish 
in the nonrephasing signals. This surviving off-diagonal signal 
arises from a partial cancellation between ESA and GSB due to a 
mismatch in transition frequencies between the ground-to-first-
excited manifold and the first-to-second-excited manifold (SI 
Appendix, Fig. S2). In contrast to the cross peaks, the diagonal 
peaks exhibit pronounced oscillations, caused by the presence of 
|+−| (and |−+|) coherences during t2 in the nonrephasing 
signal. For the diagonal peaks, these coherence pathways are not 
present in the rephasing pulse sequence (29, 53) and only show 
up in the nonrephasing pulse sequence. This can be directly 
verified by inspecting the corresponding Feynman diagrams, 
where detailed analysis of different peaks and oscillations is 
provided in SI Appendix. 

Fig. 2 C, F, I, and L present the total pure-absorptive 2DES at 
various t2. The cross-peaks exhibit pronounced beating patterns 
accompanied by evolving lineshapes. Notably, the diagonal 
peaks, which are initially flattened at t2 = 5 fs (Fig. 2C ), become 
diagonally elongated by t2 = 20 fs (Fig. 2F ). This transient 
feature arises because the system starts in an uncorrelated tensor 
product state of the polaritonic ground state and a thermal 

A 

B 

C 

Fig. 3. Lower Cross peak oscillations in 2DES of N-molecules coupled to 
the cavity. In Panels (A–C), the cyan, orange, and red curves represent the 
cross-peak oscillation for 

√
Ngc = 35 meV (with N = 2), 

√
Ngc = 50 meV (with 

N = 4), and 
√ 
Ngc = 70 meV (with N = 8) respectively. The black dotted lines 

in all the panels represent the lifetime curve fit (using the exponential decay 
part of Eq. 12) for the respective curves. The time scale 𝜏 should be viewed 
as the half-lifetime for coherence, based on Eq. 12 The polariton coherence 
lasts for the time period of 2𝜏 . 
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distribution of vibrational modes (due to the Franck–Condon 
excitation), and requires a finite time to build up system–bath 
correlations (30). Following this initial rise, the system undergoes 
spectral diffusion (27, 30), causing the diagonal peaks to gradually 
flatten as seen at t2 = 55 fs. Also, unlike the nonrephasing 
spectra, we observe that the diagonal peaks do not fluctuate much, 
indicating that the signal is dominated by rephasing processes. 

Coherence Enhancement. The cross-peaks in the pure-
absorptive 2DES provide a direct measure of coherent oscillations 
between upper and lower polariton states. In Fig. 3, we track 
the time-dependent oscillations of the lower cross-peak from 
the 2DES for systems where ΩR increases by raising N while 
keeping gc constant. The cyan, orange, and red curves in panels 
(A–C ) correspond to the t2-dependent oscillations of the lower 
cross-peak intensity for ℏ 

√ 
N gc = 35 meV, 50 meV, and 

70 meV, respectively. As ΩR = 2 
√
N gc increases, the coherence 

oscillations become faster and persist longer in time, as observed 
in our previous theoretical studies (10). To extract the coherence 
lifetime, following the previous theoretical investigation on 
polariton coherence (10) 

R(3)(𝜔1, t2, 𝜔3) ∝ Re[𝜌+−(t2)] ∼ 
1 
2 
cos(ΩR · t2) · e−t2/𝜏 , 

[12] 

where the 𝜌+−(t2) coherence oscillates with the Rabi frequency 
ΩR · t2 and decay exponentially as e−t2/𝜏 , with 𝜏 as the 
coherence lifetime. This expression was shown to provide an 
excellent fit to the numerically exact coherence obtained from 
the quantum dynamics simulations (10). Here, we focus on the 
R(3)(𝜔1, t2, 𝜔3) signal, with 𝜔1 = 50 meV and 𝜔3 = −50 meV, 
and with the black dashed lines in Fig. 3 showing the exponential 
decay envelope. We observe that the coherence time 𝜏 increases 
with ΩR, consistent with prior theoretical results (10). The rising 
oscillation frequency across panels (A–C ) reflects the increased 
Rabi splitting ΩR with larger N , under a fixed single-molecule 
coupling strength gc. 

As shown in our previous work (10), the main mechanism of 
𝜌+−(t) = c∗ 

+ (t) · c−(t) decay in HTC type Hamiltonian is due 
to the decrease of c∗ 

+ (t) (because of the UP population 𝜌++(t) = 
c∗ 
+ (t) · c+(t) decay to the dark states), while c−(t) does not have 
a significant change. The main contribution of the decoherence 
of 𝜌+−(t) originates from the population decay from the |+ 
state to the dark states manifold {|Dk}. This population decay is 
caused by the phonon coupling term ˆ H{±,D} in Eq. 7. One can 
thus estimate the coherence time T2 as follows 

1 
𝜏 
≈ 

1 
2 
k+→D + 

1 
2 
𝜏 −1 
c , [13] 

where k+→D is the population decay for the process |+ → 
{|Dk}, The rate k+→D can be estimated using Fermi’s Golden 
Rule (FGR) as follows 

k+→D = 
N − 1 
N 

· J( 
√ 
Ngc) · 

 
n̄( 
√ 
Ngc) + 1 

 
, [14] 

where J (𝜔) is the phonon spectral density expressed in Eq. 21, 
and n̄(𝜔) = 1/(e𝛽 ℏ𝜔 

− 1) is the Bose–Einstein distribution 
function of the phonon. Note that the energy gap between |+ 
and |Dk is 𝜔+ − 𝜔D = ΩR/2 = 

√
N gc, which appears in 

J (𝜔) and n̄(𝜔) of the FGR expression. For an arbitrary detuning 

case, there will be an additional factor [1 + cos(2ΘN )] in the 
FGR expression, see equation S21c in ref. 10. Eqs. 13 and 14 
successfully explained the scaling of 𝜏 with respect to N and 
gc for 𝜌+−(t). In particular, as increasing the ΩR = 2 

√ 
N gc, 

the decay rate k+→D slows down, leading to a longer coherence 
time for 𝜌+−(t). Fig. 3 confirms this prediction and indeed 
suggests a longer coherence time can be achieved by increasing 
ΩR. As such, the two main contributors for a longer polariton 
coherence is 1) reduced effective phonon coupling (due to the 
partial light nature of polariton) and 2) the phonon bottle neck 
effect: a larger Rabi splitting ΩR leads to which a larger energy gap 
between |+ and |− states, making phonon-assistant relaxation 
process less efficient (10). For the early time of the coherence 
cross peak shown in Fig. 3, as we increase N thus increasing
√ 
N gc, the behavior of decoherence changes from a Gaussian-

type (see Fig. 3A for t2 < 20 fs) to a more Lorentzian-type 
(see Fig. 3C ) behavior (10, 39). This type of transition was 
theoretically explained in ref. 10, due to the transition from the 
phonon bath dominating regime (which is inhomogeneous) to a 
cavity loss dominating case (homogeneous). 
In this work, we only chose one particular value of 𝜆 to model 

the CdSe NPL (12, 13), and did not perform the scanning of 
reorganization energy. The effects of prolonged coherence are 
robust against different values of system–bath couplings (8), 
because of the delocalization of the polariton and the associated 
polaron decoupling effect. Quantitatively, if we assume Eqs. 13 
and 14, as well as a Drude–Lorentz model for spectral density 
in Eq. 21, then we expect that k+→D ∝ J𝜈 ( 

√ 
N gc) ∝ 

𝜆𝛾 (
√
N gc)/(𝛾 2 + Ng2c ). Thus, polariton coherence time 𝜏 ∝ 

k−1
+→D ∝ 

√
N gc𝜆−1𝛾 −1 (when 

√
N gc > 𝛾 , which is the case for 

the current system). Indeed, a larger system–bath coupling means 
a much shorter coherence to begin with outside the cavity, but 
the effect of collective light–matter coupling should still prolong 
the coherence compared to this shorter baseline coherence time, 
as long as one can increase 

√
N gc to a larger magnitude to balance 

the increase of 𝜆. The above discussion might also explain why in 
organic polariton systems, it is difficult to observe such polariton 
coherence beating signals in 2DES (2, 17) (in addition to the large 
static, inhomogeneous disorders) because 𝜆 is typically much 
larger for the organic molecules, with 𝜆 ≥ 100 meV, and thus one 
needs a much larger ΩR to achieve the same level of polariton co-
herence enhancement. As a comparison, for CdSe NPL, 𝜆 ≈ 6.5 
meV (13), and exhibits nearly no inhomogeneous disorders (11). 
Our results demonstrate that with a realistic range of reor-

ganization energy for the CdSe Nanoplatelets (11, 13) coupled 
to the optical cavity, one could generate long-lived coherence at 
room temperature, up to 200 fs between UP and LP states, when 
the hybrid system is reaching a collective coupling strength of 
√ 
N gc = 70 meV (or ΩR = 140 meV). This range of collective 

light–matter coupling strength has been realized in our recent 
experimental setups (11–14). 
Several experimental 2DES studies have reported coherent 

oscillations in UP/LP cross peaks in polaritonic and plexcitonic 
systems, which were attributed to coherent coupling between 
the two states (16–18). One of these studies reported a coherence 
lifetime of 16 fs under a Rabi splitting of 187 meV ( 

√ 
N gc = 93.5 

meV) (16), which is significantly shorter compared to the 
122 fs dephasing time obtained from our calculations for a 
comparable magnitude of 

√ 
N gc. Such differences may arise 

from variations in cavity architectures and loss parameters, 
making direct quantitative comparison challenging. Neverthe-

6 of 10 https://doi.org/10.1073/pnas.2530454123 pnas.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
. E

lio
us

 M
on

da
l o

n 
A

pr
il 

21
, 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

12
8.

15
1.

11
3.

25
.



A B C 

D E F 

G H I 

Fig. 4. Lower polariton diagonal peak in the pure-absorptive 2D spectra for 
various collective coupling strengths. Panels (A–C) represent the LP diagonal 
peak for t2 = 10 fs, 20 fs, and 50 fs, respectively, for 

√ 
Ngc = 35 meV. The 

blue arrow shows the nodal line at each t2. Panels (D–F ) represent the LP 
lineshape for t2 = 10 fs, 20 fs, and 50 fs, respectively, for 

√ 
Ngc = 50 meV 

with the yellow line indicating the nodal line at each t2. Panels (G–I) represent 
the LP peak at different population times, with the red line representing the 
nodal line for 

√
Ngc = 70 meV. 

less, this discrepancy highlights the need for more systematic 
experimental characterization of decoherence mechanisms in 
polaritonic systems to enable meaningful comparison with 
theoretical predictions. Our proposed setup, using CdSe NPL 
(very low reorganization energy compared to typical molec-
ular systems) and the FP cavity (which has a much higher 
quality factor than those plasmonic cavities), should provide 
the most favorable and ideal case for the direct experimental 
observations of polariton coherence and verifications of such 
prolonged coherence under stronger collective light–matter 
coupling strength. 

Polaron Decoupling Eect from 2DES. While the relative widths 
of diagonal and antidiagonal features in a 2DES provide insight 
into spectral inhomogeneity, a more direct probe of exciton– 
phonon coupling strength is given by the NLS of the diagonal 
peaks (2, 27, 30, 54). In particular, an NLS that tilts toward the 
excitation axis indicates weaker coupling between the quantum 
subsystem and the vibrational DOFs, and a reduced system–bath 
interaction. As such, NLS is a sensitive probe of exciton–phonon 
coupling by measuring the magnitude of spectral diffusion. 
Recent 2DES experiments by Watanabe et al. (2) demonstrated 
that, in the strong coupling regime, increasing the number of 
molecules per cavity mode volume leads to a flattening of the 
lower polariton (LP) diagonal peak and associated NLS, as shown 
in figure 2 of ref. 2. 

Fig. 4 shows the time evolution of the LP 2D lineshapes and 
their corresponding NLSs for systems with 

√
N gc = 35 meV, 

50 meV, and 70 meV (with N = 2, 4, 8 accordingly). Panels 
(A–C ) display the diagonal LP peak for 

√
N gc = 35 meV, with 

the blue arrow indicating the nodal line between the ESA and 
GSB+SE features. The LP 2DES lineshape maintains a visibly 
slanted NLS, reaching a peak value of 20◦ at around t2 = 50 fs. 
Panels (D–F ) are the LP peaks for 

√ 
N gc = 50 meV, and the 

yellow arrow is the nodal line. In this case, the NLS changes 
from 15◦ at t2 = 10 fs to around 10◦ at t2 = 50 fs, indicating 
a faster spectral diffusion and an increased polaron decoupling 
effect compared to the 

√
N gc = 35 meV case. For the case 

of 
√ 
N gc = 70 meV, shown in panels (G–I ), the red NLS line 

starts nearly flat at 6◦ , and further reduces to 4◦ , consistent with 
strong suppression of system–bath interactions via the polaron 
decoupling mechanism (2, 8, 39) in the collective regime. Our 
theoretical results are able to capture the essential experimental 
features in the previous 2DES studies (see figure 2 in ref. 2). 
Fig. 5 presents the NLS between ESA and GSB+SE signals as 

t2 varies for different 
√ 
N gc values. In panel (A), for 

√ 
N gc = 

35 meV, the cyan curve peaks at ≈19◦ around t2 = 40 fs, staying 
above 10◦ even at 500 fs, indicating strong exciton–phonon 
coupling and slow spectral diffusion. In panel (B), for 

√ 
N gc = 

50 meV, the orange curve peaks at 16◦ at t2 = 20 fs but drops to 
≈7◦ by 500 fs, suggesting faster spectral diffusion and reduced 
system–bath interaction. In panel (C ), for 

√ 
N gc = 70 meV, the 

red curve starts at ≈6◦ at t2=10 fs and decreases to 4◦ at 500 fs. 
Although the rate of spectral diffusion is slower than in the 
√ 
N gc = 50 meV case, the overall polariton–phonon coupling is 

significantly reduced. For 
√
N gc = 70 meV , the initial slope is 

about one-fourth of that for 
√
N gc = 35 meV and one-third of 

√
N gc = 50 meV, nearing 0◦ , indicating near-complete polaron 

decoupling in the collective limit. Our theoretical results capture 
the essential features in the 2DES experiments (see figure 3 in 
ref. 2). With an increasing N , the long-time value of NLS is 
approaching zero. Here, it is due to the fact that we do not 
consider the static disorder in the exciton system. When systems 
exhibit static disorders, the NLS approaches a finite angle at long 
time as opposed to decaying to zero. 

Conclusion 

We use state-of-the-art quantum dynamics simulations to in-
vestigate polaritonic nonlinear spectroscopy under the collective 

A 

B 

C 

Fig. 5. In Panels (A–C), the cyan, orange, and red curves represent the NLS 
decay as a function of population time t2 for 

√
Ngc = 35 meV (with N = 2),

√ 
Ngc = 50 meV (with N = 4), and 

√ 
Ngc = 70 meV (with N = 8) respectively. 
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coupling regime. Our approach is able to capture both non-
Markovian bath effects from the molecular environment and 
the Markovian type of cavity loss (15, 24, 25, 51). We are 
able to simulate the N -dependent nonperturbative (in system– 
bath interaction) non-Markovian nonlinear spectra, which are 
very difficult for other widely used Markovian and perturba-
tive approaches due to the exponential increase of computa-
tional cost of the increasing Hilbert space (and consequently 
the Liouville space) in the second excitation manifold with 
increasing N . 

Our theoretical results reveal that as the collective Rabi 
splitting ΩR = 2 

√
N gc increases, the polariton linewidths 

become narrower, which can be seen from the diagonal peaks 
in 2DES signals. Additionally, as ΩR increases, both the 
diagonal peaks and cross-peaks tend to flatten progressively 
(Fig. 2). Time-resolved analysis of cross-peak oscillations in 
the pure-absorptive 2DES reveals enhanced coherence times 
(Fig. 3) as ΩR increases (when keeping gc a constant and 
simply increasing N ). This trend reflects the suppression of 
decoherence pathways via collective coupling (10). The en-
hancement of coherence is correlated with both the reduc-
tion of the effective reorganization energy of the polariton 
states (2, 7, 8, 39, 40), as well as the phonon bottleneck 
effect associated with the Rabi splitting, such that when this 
energy gap is larger than the phonon frequency, single-phonon 
mediated population relaxation and decoherence are slowed 
down (10). 
We directly characterize the polaron decoupling effect (2, 7, 8) 

by calculating the NLS between the negative ESA and positive 
GSB+SE signals in the lower polariton peak of the 2D spectra. 
The increase in ΩR flattens the NLS with respect to the excitation 
axis (Fig. 4), and the slope becomes closer to the full spectral 
diffusion limit. Our theoretical results agree with the previous 
experimentally observed by Takahashi and Watanabe (2) using 
organic molecules coupled to FP cavity. This work demonstrates 
that with a realistic range of reorganization energy for the 
CdSe Nanoplatelets (11, 13) coupled to the optical cavity, one 
could generate long-lived coherence at room temperature, up to 
200 fs between UP and LP states, when the hybrid system is 
reaching a collective coupling strength of 

√ 
N gc = 70 meV 

(or ΩR = 140 meV). This range of collective light–matter 
coupling strength has been realized in our recent experimental 
setups (11–14). Future experimental effort will be focused 
on investigating polariton coherence and polaron decoupling 
using 2DES (5) for the CdSe NPL system coupled to the 
cavity (11–14). 
Our work provides fundamental insights into the polariton 

photodynamics in the context of nonlinear spectra, spectral dif-
fusion, coherence, and decoupling from vibrational environment, 
paving the way for future applications of polaritons in Quantum 
Information Science. 

Materials and Methods 

Theory for 2DES Signals. The nonlinear responses in Eq. 8 can be equivalently 
expressed as (51) 

R(3)(t1, t2, t3) = −iTr 
 
𝜇̂G3 

 
𝜇̂×G2 

 
𝜇̂×G1 

 
𝜇̂× 
0 𝜌̂

(g) 
 

, [15] 

where Gj ˆ A = e 
i 
ℏ Ĥtj ˆ Ae− i ℏ Ĥtj . These expressions in Eq. 15 can be easily 

evaluated by using the PLDM approximation (51), where the path-integral 
expression for the forward and backward propagators is used, and the partial 
linearization approximation on the nuclear DOF is applied (55, 56). For R(3), 

the PLDM approximation is expressed as (51) 

R(3)(t1, t2, t3) [16] 

≈ −i 
 

n3 

 

n2 ,ñ2 

 
d𝜏2[ ̂𝜇 ̃𝜌(3)]n3 ,n3 

 

n1 ,ñ1 

 
d𝜏1[ ̂𝜇× 𝜌̃(2)]n2 ,˜ n2 

× 
 

n0 ,ñ0 

 
d𝜏0[ ̂𝜇× 𝜌̃(1)]n1 ,ñ1 

[ ̂𝜇 ̂𝜌g]n0 ,ñ0 
· [ ̂𝜌b]w, 

where d𝜏j are expressed as d𝜏j ≡ dRj · dPj · dcj · d˜ cj · Gj · ˜ Gj, where Rj and Pj 
are the “initial” nuclear configuration at time tj, cj ≡ {ca(tj)} and ̃cj ≡ {c̃a(tj)} 
are the complex forward and backward coefficients at time tj, with ca(tj) and 
c̃a(tj) as the expansion coefficients for the forward and backward mapping 
trajectories associated with state |a. Gj and ˜ Gj are Gaussian distributions (with 
unit variance and mean = 0) for sampling the forward and backward coefficients 
(mapping variables). Here, the time tj (for tj ∈ {t1, t2, t3}) is the time at which 
the system is perturbed with a laser field. The quantity 𝜌̃(j) represents the 
reduced system density matrix after applying the perturbation at time tj−1, 
with an initial state of 𝜌̃(j−1) = cnj−1 |nj−1ñj−1|c̃

∗

ñj−1 
, and evolved during 

the time t ∈ [tj−1, tj]. The evolved density matrix elements can be expressed 
as 

nj| ̃𝜌(j)|ñj = ( 
1 
2 
cnj (tj) · c ∗ 

nj−1 ) · ( 
1 
2 
c̃ ∗ 
ñj 
(tj) · c̃ñj−1 

). [17] 

Further, [𝜌̂b]w is the Wigner transform of the bath (phonon)’s initial density 
operator. Details of this approach can be found in ref. 25. 

In Eq. 8, R(3) can be separated into eight different Liouville pathways, each 
of which can be categorized as either rephasing or nonrephasing signals. Four 
of these Liouville pathways correspond to 

R(3) 
1 = −iTr[ ̂𝜇(t3 + t2 + t1) ̂𝜇(0) ̂𝜌g 𝜇̂(t1) ̂𝜇(t1 + t2)], [18a] 

R(3) 
2 = −iTr[ ̂𝜇(t3 + t2 + t1) ̂𝜇(t1) ̂𝜌g 𝜇̂(0) ̂𝜇(t2 + t1)], [18b] 

R(3) 
3 = −iTr[ ̂𝜇(t3 + t2 + t1) ̂𝜇(t2 + t1) ̂𝜌g 𝜇̂(0) ̂𝜇(t1)], [18c] 

R(3) 
4 = −iTr[ ̂𝜇(t3 + t2 + t1) ̂𝜇(t2 + t1) ̂𝜇(t1) ̂𝜇(0) ̂𝜌g], [18d] 

while the other four pathways can be constructed from the complex conjugate 
of Eqs. 18a to 18d. Similar to Eq. 16, the individual Liouville pathways in Eq. 18 
can also be expressed in the PLDM response function formalism, 

Details of Cavity Loss Dynamics. The cavity loss channel from state |G1 to 
state |G0 can be described by the loss operator 

L̂ = |G0G1|. [19] 

The dissipator Lˆ L accounts for the cavity loss channel, causing the system to 
relax 

LL̂[ ̂𝜌Q] = Γ 
 
L̂ ̂𝜌Q L̂

† 
− 

1 
2 
{L̂† L̂, 𝜌̂Q} 

 
, [20] 

where Γ is the rate of relaxation of the jump operator which quantifies the 
coupling strength of the system to the environment, and {ˆ A, B̂} = Âˆ B + B̂ˆ A is 
the anticommutator, and ˆ 𝜌Q = Trb[𝜌̂] is the reduced density matrix operator 
for the quantum subsystem by tracing out all bath DOF. Eq. 20 was simulated 
using the stochastic Lindblad approach when combined with the path-integral 
quantum dynamics approaches, detailed in Appendix A in ref. 15. In this study, 
Γ is the cavity loss rate, and the cavity quality factor is defined as Q = 
ℏ𝜔c/Γ. 
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Details of Model Systems. The system–bath interactions are determined by 
the spectral density (57, 58) 

J(𝜔) = 𝜋 
 

𝜈 

c2 
𝜈 

2𝜔𝜈 
𝛿 (𝜔 − 𝜔𝜈 ) = 

2𝜆𝛾 𝜔 
𝛾 2 + 𝜔2 , [21] 

where we use the Drude–Lorentz model, 𝛾 is the bath characteristic frequency, 
and the reorganization energy is 

𝜆 = 
1 
𝜋 


∞ 

0 
d𝜔 

J(𝜔) 
𝜔 

= 
 

𝜈 

c2 
𝜈 

2𝜔 2 
𝜈 

= 
1
2 

 

𝜈 
𝜔 2 
𝜈 R

2 
0,𝜈 [22] 

for all molecules, where R0,𝜈 = c𝜈 /𝜔 2𝜈 is the displacement between the 
|E0n and |G0 states. Here, we use the following parameters: excitation energy 
𝜀 = 2.0 eV, the bath reorganization energy 𝜆 = 50 cm−1 , and the bath 
characteristic frequency 𝛾 = 18 cm−1 , which are the typical parameters for 
CdSe Nanoplatelets (see schematic illustration in Fig. 1A) which has been shown 
to couple strongly to a dielectric optical cavity (11, 12). 

Computational Approaches. We applied recently developed theoretical 
approaches for the efficient calculations of the polariton 2DES spectra using 
the L-PLDM approach (15, 24, 25). First, we take advantage of sparsity and 
the symmetry of the HTC Hamiltonian (24), which allows one to reduce the 
cost of acting the polariton Hamiltonian onto a state vector to the linear order 
of the number of states, instead of the quadratic order. Second, we apply the 
Chebyshev series expansion approach for quantum dynamics propagation (24) 
and simulate the polariton dynamics in the HTC system, allowing one to use 
a much larger time step for propagation and only requiring a few recursive 
operations of the Polariton Hamiltonian acting on state vectors (24). Third, we 
apply an efficient importance sampling scheme (25) to compute the sums in 

Eq. 16 in the PLDM-2DES response function, which allows us to significantly 
reduce the computational costs (15, 25). 

Data, Materials, and Software Availability. The source code have been 
deposited in Github (https://github.com/EliousMondal/PySpec) (59). All other 
data are included in the manucript and/or SI Appendix. 
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