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ABSTRACT: We present an ab initio framework for simulating polariton transport dynamics based on
the classical path approximation (CPA). The quantum dynamics of polariton transport involves
simulating many electronic degrees of freedom, making a fully ab initio dynamics simulation
computationally expensive. We demonstrate that the CPA, which removes the need for excited-state
nuclear gradients, is well-suited for polaritonic systems because collective light−matter coupling leads to
vanishing excited-state forces. Benchmark comparisons between CPA and full evaluation of the excited-
state forces show excellent agreement for polariton transport results in model light−matter systems such
as polariton group velocities and mean-squared displacements. Ab initio simulations of polariton
transport using CPA reproduce key physical trends that are observed in experiments with BODIPY
molecules. Our work establishes the CPA as a highly efficient tool for ab initio investigations of transport
and energy flow in hybrid light−matter systems.
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Polaritons, quasi-particles formed by the hybridization of
excitons and photons, have recently been shown to enhance
energy transport significantly. Recent experiments have
reported large group velocities for polaritons.1−6 The exciting
experimental progress in this area also sparked intensive
theoretical investigations3,7−23 on polariton transport, using
both quantum dynamics simulations3,19,24 and analytic
theories.15,17 Nonetheless, most of these investigations are
limited to the simple system-bath type of exciton model
systems, with a few exceptions.9,16 On-the-fly quantum
dynamics simulation is one of the most desirable approaches
to explicitly describe the ab initio polariton nonadiabatic
dynamics in realistic molecule−cavity hybrid systems. Specif-
ically, one requires both ground- and excited-state energies and
all state-to-state electric transition and permanent dipole
moments, in addition to various response properties of the
electronic system such as nuclear gradients of the energies,
transition dipole moments, and nonadiabatic couplings,25 all at
each time step. These evaluations of these gradients make the
quantum dynamics simulations in the collective coupling
regime computationally prohibitive. In excited-state simula-
tions, a widely used approximation26−29 solves the non-
adiabatic time-dependent Schrodinger equation (TDSE) on
the ground-state classical trajectory. On the other hand, the
quantum subsystem would still evolve based on the TDSE for
the quantum subsystem. The approximation mentioned above
is often termed the classical path approximation (CPA). In this
paper, we investigate the validity of the CPA by simulating the
quantum dynamics of the generalized Holstein−Tavis−
Cummings (HTC) Hamiltonian. The dynamics with CPA

show excellent agreement compared to results obtained from
the full evaluation of the nonadiabatic and cavity-mediated
forces. Further ab initio simulations of polariton transport for
BODIPY molecules coupled to a FP cavity2 are performed in
this framework under CPA, and the results reproduce key
experimental features, such as the polariton wavepacket’s
mean-squared displacement (MSD), from previous exper-
imental work.2 The CPA26−28 drastically reduces the cost of
the electronic structure calculations and enables large-scale,
accurate quantum dynamics simulations. In this work, we
theoretically demonstrate that the CPA remains valid for the
polariton transport dynamics as long as the dynamics
themselves are delocalized among many excitonic states.

The molecular Hamiltonian is expressed as

= + | | + | |H T E g g E e eR R R R R R( ) ( ) ( ) ( ) ( ) ( )n g n n n n n e n n n n nR n

(1)

where TR n
is the nuclear kinetic energy for molecule n and

|gn(Rn)⟩ and |en(Rn)⟩ are the ground state and excited states,
respectively. We use the generalized Tavis−Cummings (GTC)
Hamiltonian3,30−32 to describe the collective light−matter
coupling between molecules and the cavity modes, as follows

Received: January 23, 2026
Revised: April 24, 2026
Accepted: April 27, 2026

Letterpubs.acs.org/NanoLett

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acs.nanolett.6c00383

Nano Lett. XXXX, XXX, XXX−XXX

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

66
.2

4.
19

6.
14

4 
on

 A
pr

il 
30

, 2
02

6 
at

 1
5:

05
:4

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+X.+K.+Chng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Braden+M.+Weight"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Elious+Mondal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Huo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.6c00383&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?fig=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by/4.0/


= + +

+ · +

=

†

· † ·

i
k
jjj y

{
zzzH H a a

a e ae R

1
2

2
( )( e )

n

N

n
k

n
n n

i i

k k k

k

k
k k

k x
k

k x

1

,
c

n n

(2)

where ek is the field polarization direction for mode k, R( )n n
is the dipole operator of the nth molecule, and xn is the center
of mass location of the nth molecule.30 In addition, λc is the
light−matter coupling strength

= 1
c

0 (3)

where is the cavity effective quantization volume and ϵ0 is
the permittivity of the materials. In this work, λc is treated as a
parameter.

We model the FP cavity with an open direction x
characterized by in-plane wavevector k∥ and one confined
direction z where k⊥ is the wavevector of the fundamental
mode confined between two cavity mirrors, perpendicular to
the mirror surface. The frequency of the cavity mode is given
by

= +c k kk
2 2

(4)

where c is the speed of light and ℏωc = ℏck⊥ (with k∥ = 0) is
the normal incidence cavity frequency. In addition, †ak and ak
are the photonic creation and annilaition operators for mode k,
respectively. We consider k∥ with discrete values =k

NL
2 ,

where the mode indexes
Ä
Ç
ÅÅÅÅÅÅ
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ÑÑÑÑÑÑ, ... 0, ...1

2
1

2
, and

is the total number of cavity modes needed to capture the
relevant energies for the hybrid system.

The transport dynamics occur in the single excitation
subspace

| = | | |E e gR R R( ) ( ) ( ) 0n n n
m n m m

k
k

(5a)

| = | | |k g R( ) 0 1
n

n
k k

k k
(5b)

where |En⟩ is the singly excited state for the nth molecule
located at xn and |kα⟩ is the one-photon-dressed ground state
with photonic momentum ℏkα.

We use the -MFE dynamics approach33−35 to simulate the
polariton transport quantum dynamics in a lossy cavity. This
approach combines Meanfield Ehrenfest (MFE) dynamics and
Lindblad loss dynamics, describing the exciton-photonic
degrees of freedom (DOF) quantum mechanically

| = | + |
=

t c t E t c t kR( ) ( ) ( ( )) ( )
n

N

n n
1 (6)

The polariton quantum dynamics is propagated with

| = |i
t

t H tR( ) ( ) ( )Q (7)

where =H H T H
n

RQ pln
is the quantum subsystem

Hamiltonian (also the adiabatic polariton Hamiltonian) that
includes all DOFs except the nuclear kinetic energy, |ψ(t)⟩ is
represented using eq 6, and the EOM is numerically solved by

using the RK4 algorithm. Cavity loss is simulated through
Lindblad dynamics using a stochastic approach,33 assuming
identical loss rates Γc for all cavity modes kα. We define the
cavity quality factor at normal incidence (k∥ = 0) as

= = ck/ /c c c (8)

Under the mixed quantum-classical dynamics approxima-
tion, the nuclear force is

= | | [ ]
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2

n

(9)

where ∇n ≡ ∂/∂Rn and the excitation population on molecule
n is |cn(t)|2 (see eq 6). The second line of eq 9 accounts for the
derivative due to the nuclear position dependence of transition
dipoles · R( )n nk , and we have considered only the transition
dipole contributions. In addition, we assume that the center of
mass position of molecules is fixed during polariton transport
dynamics. This is in agreement with the experimental setup
because the molecules are hosted within a PMMA polymer
matrix1,2 and kept immobilized. The same type of force (eq 9)
is also used in mapping-based semiclassical dynamics
methods34−43 and in the Gaussian wavepacket-based meth-
od,44−46 and our following discussions on CPA could also be
applied to those methods.

Despite the available nuclear gradients and acceleration with
the machine learning models,47 in general, it is expensive to
compute these excited states’ gradients, E R( )e nR n

. In addition,
for the gradient term with transition dipole | · |g eR( )n n n n nk

, it is also less straightforward to evaluate, although one can
take advantage of the machine learning model.47 It is thus ideal
to find approximations to avoid explicitly computing these
excited states and their dipole-related derivatives.

We hypothesize that under the collective light−matter
coupling and in polariton transport dynamics, the CPA is an
accurate approximation, such that one does not need to
compute the excited states’ gradients as long as polaritons are
delocalized among many molecules. This is because through-
out the dynamics, the polariton wavepacket is very delocalized,
such that most of the |cn|2 values are small, with | |c 1/n

2 ,
where is the number of molecules transiently excited among
a total of N molecules in the single excitation subspace. Under
a truly collective regime for polariton transport dynamics, |cn|2
≪ 1 (for a large ), and the excited-state force contribution in
eq 9 can be ignored. For typical polariton transport
experiments, the initial state often has a finite width in k∥,
meaning that the polariton will span a large spatial extent at the
initial time, as well as at a later time upon propagation. This is
particularly true for the narrow-band excitation used in
experiments1,3 because the narrower the polariton in k space,
the more it spreads out in real space. For the broadband
excitation used in ref 2, the polariton wavepacket also has a
finite speed in space at the initial time (see Figure 2A).

Similarly, the term related to the dipole derivative can be
ignored if |cn| ≪ 1, given that |cα| ≤ 1. This means that we can
replace the force in eq 9 with

E tF R( ( ))n n g n (10)

meaning CPA (eq 10) is naturally valid for polariton transport
problems. The CPA version of the polariton transport EOM
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thus uses eq 7 for the quantum subsystem (excitonic and
photonic) and eq 10 for the update of the nuclei.

For the sake of simplicity, we have ignored the derivative
coupling term = | |g edn n nR n

and Born−Oppenheimer

corrections = | |D g en n nR
2

n
in eq 1, which will cause

nonradiative relaxation from |en⟩ to |gn⟩. These processes are
less important for the ultrafast polariton transport, as the
transport dynamics measured from experiments are usually
shorter than the molecular exciton lifetime for the molecules.1,2

In addition, the CPA argument can also be applied to the
derivative couplings because the forces for those terms scale as

* [ · ]c t c t E Ed( ) ( ) ( )i j ij j i for electronic states i and j. Note that
dij could be large (or even singular) but ∇Vij = [dij·(Ej − Ei)] is
always finite.

We first test the validity of CPA using a system-bath model
for the excitonic Hamiltonian (eq 1), allowing us to perform
the simulation with the full nuclear gradients, so we can assess
the validity of the CPA. The molecular Hamiltonian is

= + +

+ +

†
i
k
jjjjjj
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zzzzzz
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where = | |† e gn n n , = | |g en n n , ℏωex is the exciton energy,

and = C /nex ,
2 is the reorganization energy, with Cn,ν as

the exciton−phonon coupling strength and ων as the phonon
frequency, and ν is the label for the phonon vibrations. In
addition, Pn, and Rn , are the momentum and position
operators, respectively, of phonon mode ν associated with
exciton n. Details of the models are provided in the Supporting
Information. The light−matter coupling term in eq 2 is

replaced with · gR/2 ( ) cosn nk k c
k

c
(where

tan θ = k∥/k⊥), where gc is the light−matter coupling strength
in the model. Here, we use N = 10 001 molecules, = 141
cavity modes, and reorganization energy λ = 37.2 meV. The
simulation results were converged with 250 trajectories using
Ehrenfest dynamics, with details provided in the Supporting
Information.

Figure 1a presents the impact of varying cavity quality factor
on vg with a broadband excitation on the UP band

(indicated with the gray Gaussian wavepacket in the inset of
Figure 1a), to model experimental conditions in ref 2. The
results suggest that group velocity vg increases with increasing
, with open circles corresponding to results using the full

nuclear force expressions, and the open squares correspond to
CPA results, which are in excellent agreement with the full
simulation.

Figure 1b shows the transient MSD of a polariton
wavepacket

= | |t t x x t( ) ( ) ( ) ( )2 2 (12)

where x is the centroid of the initial polariton wavepacket (at
t = 0) in position space (see the Supporting Information) for
details. For cavities with larger values, both the wavepacket’s
maximum MSD and the corresponding rise time increase. The
initial rise of MSD is due to the photonic character of the
polariton wavepacket, which is responsible for ballistic
transport.8 The dip in MSD right after the initial rise is linked
to both the decay of the UP population to the dark states and
cavity loss, which are competing on a similar time scale.24 The
empty circles denote MSDs simulated from full calculations,
and the empty squares are for MSDs computed with the CPA.
As we expect, the MSDs evaluated with the two wavepackets
agree well with one another.

Figure 1. (a) Polariton group velocities vg vs cavity quality factor for wavepackets computed with (filled circles) quantum forces on nuclei and
(squares) the CPA. The inset shows the energy bandwidth used for the initial excitation in the UP branch that optimizes the localization of the
polariton wavepacket. (b) Time-dependent transient MSD with UP initial excitation for different values. The populations of UP (blue), LP
(red), dark (black), and ground states (green) in a cavity with = 475 are presented, with (c) broadband UP excitation and (d) broadband LP
excitation.
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Panels c and d of Figure 1 present the population dynamics
of the upper polariton (UP) (blue), lower polariton (LP)
(red), and dark states (black) under broadband UP excitation
and broadband LP excitation, respectively, with cavity quality
factors of = 475. The ground-state population (green) is
also depicted. For N molecules and cavity modes, there are
a total of different UP and LP states each (with different kα
values) and N dark exciton states. The definitions of UP,
LP, and dark states are provided in eqs S14 and S15 of the
Supporting Information. In panels c and d of Figure 1, the solid
lines are populations for wavepackets evaluated with the full
nuclear forces while the empty squares are populations
evaluated with the CPA. We see that the populations with
CPA are in excellent agreement with the full calculations. We
have further tested the validity of CPA with various
reorganization energies λ and when considering cavity loss
dynamics, with results presented in the Supporting Informa-
tion.

Panels a and b of Figure 2 present the UP polariton
wavepacket density and the dark exciton density in the position
space for broadband UP excitations. Over time, the UP (blue)
wavepacket propagates outward from the center, primarily due
to its photonic character, which exhibits ballistic transport
(with vg largely adopted from the derivative of the band). Due
to exciton−phonon coupling, the UP wavepackets transfer
population to the dark state, resulting in an increase in the
dark-state (black) probability densities. The corresponding
dark-state wavepacket itself is immobile (due to the zero group
velocity of the exciton band), and its spatial expansion is purely
due to the expanding UP wavepacket, which deposits
populations in the dark exciton states in our simulations.
With the full nuclear gradient expression, we can see that the
polariton wavepacket remains delocalized among a large
number of sites, leading to a small magnitude of the
expansion coefficients of excitons (|cn| ≪ 1) and making the
CPA a valid approximation.

We also plot the UP wavepacket and the dark-state
wavepacket computed with the CPA, and they are denoted
in panels a and b, respectively, of Figure 2 with empty squares.
The results from CPA match closely with the full simulations.
It is clear from Figure 2 that for each molecule at position xn,
the coefficients |cn(t)|2 ≪ 1, satisfying the assumptions needed
to use the CPA.

We further use the CPA to simulate ab initio polariton
transport dynamics for BODIPY coupled to the cavity. The
molecular ground-state energies and forces were computed
using the semiempirical AM1 Hamiltonian,48 while the excited
states’ energy and dipoles of these organic molecules were
computed using linear-response formalism in the Tamm−
Dancoff approximation (TDA-AM1), with our in-house
Python code49 interfacing with the Gaussian package.50 Details
are provided in the Supporting Information.

Figure 3 presents ab initio simulations of the polariton
transmission spectroscopy and transport dynamics of the
BODIPY molecules. The experimental investigation of the
same system has been done in ref 2. Panels a and b of Figure 3
show the ab initio simulation of transmission polariton spectra,
with N = 108 BODIPY molecules coupled to = 51 FP
cavity modes for N = 0.01 au and N = 0.02 au,
respectively. The Rabi splitting is enlarged if one increases the
collective light−matter couplings. Here, we present the results
as a function of the incident angle, defined as tan θ = k∥/k⊥,
where k∥ and k⊥ are introduced in eq 4. The k-resolved (angle-
resolved) transmission spectra are computed with

= ·k R( , ) ( ( ))J J k J k R, , (13)

where R( )J k, is the polariton energy for the polariton state

| J k, at a given kα and = | |†a aR R( ) ( )J k J k J kk k, , , is the
photon number expectation value associated with that
polariton state. Computational details for the procedure are
provided in the Supporting Information, with a similar
computational protocol reported in our earlier work.51

Figure 2. Wavepackets for broadband UP excitation in position space for the (a) UP wavepacket and (b) dark-state wavepacket. The simulations
were performed in an FP cavity with = 475. The empty squares denote coefficients |cn(t)|2 evaluated using the CPA.
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Figure 3c shows the ab initio simulation results for transient
MSD, up to 1 ps, with various factors in the CPA framework
and for a collective light−matter coupling strength that gives
ΩR = 260 meV under the resonance condition. The raw data
are presented with empty circles, and the thin curves provide
visual guidance. We see that the time-dependent MSDs
resemble those measured in the experiments (see Figure 2c
of ref 2), validating our on-the-fly simulations of polariton
transport dynamics with atomistic and ab initio details of the
system. Experimentally, the MSD reported in ref 2 is based on
the transient absorption measurements. The experimentally
measured MSD reported in ref 2 was extracted from the

transient differential transmission, and it was better connected
through the following expression8,24

= ×
=

| |t x x( ) (e 1) ( )
n

N
d x t

n
2

1

( , ) 2n
2

(14)

where η is the sample’s absorption coefficient, d is the optical
path length, and |ψ(xn, t)|2 is the probability distribution
function in site basis (see eq S23 of the Supporting
Information for details). These two parameters account for
the difference between the actual MSD (defined in eq 12) and
the experimentally extracted MSD from the differential
t r a n s m i s s i o n m e a s u r e m e n t s . T h e q u a n t i t y

| |d x texp( ( , ) ) 1n
2 correlates to the transient differential

transmission signal ΔT/T reported in experiments.2,8 When
ηd|ψ(xn, t)|2 is small, which is satisfied by the polariton
wavepackets, the transient differential transmission signal is
approximately | | | |d x t d x texp( ( , ) ) 1 ( , )n n

2 2, and the
t r a n s i e n t M S D b e c o m e s

= | ×
=

t d x t x x( ) ( , ) ( )
n

N

n n
2

1

2 2; this expression is

identical to the simulated MSD (eq 12) with a scaling factor
of ηd. We found that ηd = 0.0222 reproduces the transient
MSD data in ref 2. It is interesting that the ab initio simulation
MSD behaves qualitatively similar to the HTC model
presented in Figure 1b but is quantitatively different. Besides
the detailed parameter differences, the realistic Eg(Rn) and
Ee(Rn) are beyond the simple harmonic phonon bilinearly
coupled to exciton as assumed in eq 11, and the dipole vector

R( )n n also fluctuates in time, going beyond a simple constant
value. These ab initio atomistic features could affect the
polariton dynamics. One could use machine learning
approaches to build models47 to describe these quantities
and capture the effects beyond a simple model, but it takes a
considerable amount of nontrivial effort.47 CPA ab initio
simulation, as proposed here, avoids these efforts and directly
captures how Eg(Rn), Ee(Rn), and R( )n n influence transport
dynamics through eqs 2 and 6.

Figure 4 shows the transient MSD of the polariton
wavepacket, up to 1 ps, with various factors. We show λc
= 0.0017 au, λc = 0.0070 au, and λc = 0.014 au in panels a−c,
respectively, of Figure 4, corresponding to ΩR = 50 meV, ΩR =
200 meV, and ΩR = 400 meV. The black circles in panels b and
c of Figure 4 are the experimental data for ref 2 for n = 6.5
layers in the FP cavity. As cavity loss rate Γc increases, the
duration of the ballistic phase, characterized by a sharp
increase in the MSD, decreases, in line with previous
simulations and experimental measurements. The correspond-
ing peak MSD also decreases as Γc increases. In addition, we
see that experimental results are in close agreement with the ab
initio simulations for a collective light−matter coupling
strength ΩR between 200 and 400 meV and a cavity loss
rate Γc = 10 meV (see panels b and c of Figure 4).

For more general cases in polariton photochemistry or
photophysics, the condition |cn(t)|2 ≪ 1 may not always be
fulfilled, especially for polariton photochemistry. In polariton
photochemistry,52 it was found that the polariton state quickly
localizes onto one (or a few molecules), where |cn|2 is large, and
a local bond-breaking process will happen on that molecule,
which does sensitively depend on the excited-state force. For
polariton transport, from our results, we found that throughout

Figure 3. (a and b) Transmission spectroscopy of N = 108 BODIPY
molecules coupled to = 51 cavity modes at collective light−matter
coupling strength (a) =N 0.01c au and (b) =N 0.02c au The
cavity frequency at k∥ = 0 is ℏωc = 2.50 eV. (c) Mean-squared
displacement (MSD) of the polariton wavepacket over time for
various cavity quality factors Q of (blue, bottom) 127, (green, middle)
254, and (red, top) 508 for initial excitation to the upper polariton.
The collective light−matter coupling strength N 0.009c au,
corresponding to ΩR ≈ 260 meV under the resonant condition
between light and matter with the cavity frequency at normal
incidence ℏωc = 3.0 eV.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c00383
Nano Lett. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c00383/suppl_file/nl6c00383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c00383/suppl_file/nl6c00383_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c00383/suppl_file/nl6c00383_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00383?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c00383?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


all t, |cn|2 ≪ 1 for transport dynamics. In other words, transport
dynamics could exhibit localization (due to various types of
disorder). For example, when considering static exciton energy
disorders, dark states are typically more localized,11,53−55 and
loss to those dark states could reintroduce localization and
non-negligible excited-state force contributions. For these
situations, we can instead keep tracking each |cn(t)|2 in time
and start the excited-state gradient calculation only when |
cn(t)|2 is larger than a certain threshold (e.g., when the force
contribution is in the range of 1−5% of the ground-state force)
and still keep the CPA for all other n ≠ m. This will still
drastically save a great deal of computational cost due to
avoiding expensive excited-state gradients and derivative
couplings. For a more detailed discussion of the CPA and
the potential breakdown of it, see the Supporting Information.

In this work, we demonstrate the validity of the CPA in
polariton quantum dynamics simulations. The fundamental
reason why CPA works so well for polariton transport is that
the polariton wavepacket remains delocalized across a large
number of molecules during the dynamics, making individual
expansion coefficients |cn(t)| ≪ 1. Thus, the excited-state
contribution to the nuclear force terms, which is proportional
to |cn|2, will be negligibly small compared with the ground-state
forces. Neglecting the excited-state contributions in on-the-fly
simulations for polariton systems in the collective coupling
regime is therefore a reasonable approximation. We have tested
this approximation with HTC model systems, and the results
of CPA are shown to be in excellent agreement with the
dynamics with full nuclear gradients. We further use CPA to
perform ab initio polariton transport simulations with BODIPY
molecules coupled to a cavity, with transient MSD results that
agree well with experiments.2 This work paves the way toward
using fully ab initio simulations to investigate polariton
transport properties in experimentally relevant systems.
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I. Model Hamiltonian Details

Generalized Holstein-Tavis-Cummings Hamiltonian.

We use the generalized Holstein-Tavis-Cummings (GHTC) Hamiltonian1–3 to describeN molecules

collectively coupled to multiple cavity modes as follows

Ĥ = Ĥex + Ĥb + Ĥex-b + Ĥph + ĤLM, (S1)

where Ĥex is the excitonic Hamiltonian describing N non-interacting molecules, Ĥb is the molecular

bath Hamiltonian describing the phonon modes associated with each molecule, Ĥex-b is the exciton-

phonon interaction, Ĥph is the photonic Hamiltonian describing the electromagnetic modes in a

cavity, and ĤLM is the light-matter interaction term.

The photonic Hamiltonian Ĥph is expressed as2–4

Ĥph =
∑
k∥

h̄ωk(â
†
kâk +

1

2
), (S2)

where k is the wave vector corresponding to a given cavity mode. Here, we analyze a one-

dimensional cavity, with a quasi-continuous open direction x characterized by an in-plane wavevec-

tor k∥, and a confined direction z where k⊥ is the wavevector of the fundamental mode confined

between two cavity mirrors, perpendicular to the mirror surface. Consequently, the frequencies of

the cavity mode are given by

h̄ωk = h̄c
√
k2∥ + k2⊥, (S3)

where c is the speed of the light and we assumed the reflective index inside the cavity is nc = 1.

When k∥ = 0, h̄ωk(0) = h̄k⊥ = h̄ωc which is the typical cavity frequency for a single-mode

approximation.

Further, we assume there are N molecules equally spaced a distance L apart (lattice constant)

along the k∥ direction inside the cavity, and we assume periodic boundary conditions2 along the k∥

direction, such that

kα ≡ k∥(α) =
2π

NL
α (S4)
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where the mode index is α ∈ [−M
2 , ...0, ...

M
2 ], and M is the total number of cavity modes needed

to capture the relevant energies for the hybrid system.

The excitonic Hamiltonian Ĥex is given by the expression

Ĥex =

N−1∑
n=0

(h̄ωex + λ)σ̂†nσ̂n, (S5)

where h̄ωex = Ee − Eg is the excitation energy between the ground and excited states, λ is the

reorganization energy due to exciton-phonon coupling, defined in Eq. S12. Furthermore, σ̂†n and

σ̂n correspond to the raising and lowering operators for the excitons (electronic degrees of freedom

(DOF)). We consider a linear chain of molecules, each centered at xn, with a uniform spacing

L = xn − xn−1, and satisfying the boundary condition xN = x0, forming a simulation box of size

NL.

The light-matter interaction ĤLM term is expressed as1–4

ĤLM =
∑
k,n

√
ωk

2
λ · µ̂n(Rn)(âke

ik∥·xn + â†ke
−ik∥·xn), (S6)

where xn = n ·L is the center of mass location of the nth molecule, λk =
√

1
ϵ0V

êk is the coupling for

a given mode and wavevector k, λ = |λk|, and µ̂n(Rn) is the dipole operator of the nth molecule.1

In Figs. 1 and 2 in the main text, we consider the configuration of dipoles coupled to the

transverse magnetic (TM) polarization (p-polarization), and Eq. S6 simplifies to

ĤLM =
∑
k∥

N−1∑
n=0

gk

(
â†kσ̂ne

−ik∥xn + âkσ̂
†
ne

ik∥xn

)
, (S7)

where the k∥-dependent light-matter coupling strength gk in Eq. S6 is

gk = h̄gc

√
ωk(k∥)

ωk(0)
cosθ. (S8)

In Eq. S8, gc is the single-molecule coupling strength, tan θ = k∥/k⊥, and cos θ = |µ̂ · ê| account for

the relative dipole orientation with respect to the TM field polarization. A schematic illustration

can be found in Fig. S1 in Ref. 5.
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ො𝑥
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(1,1,1)෠𝑋 = Ƹ𝑒TE

Ƹ𝑧

Lab Frame: ෠𝑋, ෠𝑌, መ𝑍 Molecular Frame : ො𝑥, ො𝑦, Ƹ𝑧

Mirror

Mirror

Figure S1: Schematic illustration of a BODIPY molecule inside the optical cavity. In the molecule’s
reference frame, denoted by x̂, ŷ, and ẑ unit vectors, the cavity’s electric polarization points along
the (1,1,1) direction. In the lab frame (cavity’s frame, denoted by X̂, Ŷ , and Ẑ unit vectors, the
cavity polarization points along the X̂ direction. The two frames are related by a set of ordinary
3D-rotations.

For the light-matter coupling term in Eq. S6 in the ab initio CPA simulations (reported in

Fig. 3c and Fig. 4 of the main text), we define the reference frame of a single BODIPY molecule as

residing in the XY-plane. We then choose the TE cavity polarization direction, in the molecular

frame, to be êTE = (1, 1, 1) /
√
3 for all molecules. In the cavity frame, the TE polarization points

êTE = X̂ = (1, 0, 0). These two frames are related by a set of 3D-rotations.

For the model system, each exciton is coupled to its own phonon bath modes, with the bath

Hamiltonian described by

Ĥb =

N−1∑
n=0

∑
ν

(
1

2
P̂ 2
n,ν +

1

2
ω2
νR̂

2
n,ν

)
, (S9)

and the system-bath (exciton-phonon) coupling term described by

Ĥsb =

N−1∑
n=0

σ̂†nσ̂n ⊗
∑
ν

Cn,νR̂n,ν . (S10)

Here, ων is the frequency for the νth phonon mode, R̂n,ν and P̂n,ν are the position and momentum

operators for the νth vibrational mode in the nth molecule. The bath coupling constants, cn,ν , are
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models as the Debye spectral density6

J (ω) =
π

2

∑
ν

C2
n,ν

ωn,ν
δ(ω − ωn,ν) =

2λωbω

ω2
b + ω2

, (S11)

where λ is the reorganization energy as presented in Eq. S5, and ωb is the characteristic frequency

of the phonon bath. Further, λ can be formally defined as

λ =
2

π

∫ ∞

0
dω

J (ω)

ω
=
∑
ν

C2
n,ν

ω2
n,ν

. (S12)

Polaritonic States and Dark States.

The polaritonic states are defined from the GHTC Hamiltonian without the bath and exciton-

phonon terms. Here, we consider the Hamiltonian Ĥpl as follows

Ĥpl = Ĥex + Ĥph + ĤLM, (S13)

which excludes the exciton-phonon coupling Ĥex−b in the polariton Hamiltonian, as opposed to the

previous work that includes them in the definition of the polariton Hamiltonian.3,7

We define the bright states |Bα⟩ and dark states |Dκ⟩ of the collective matter exciton as

|Bα⟩ =
1√
N

N−1∑
n=0

exp
(
−2πi

nα

N

)
|En⟩ =

1√
N

N−1∑
n=0

exp(−ikαxn)|En⟩, α ∈ {−M
2
, · · · ,M

2
}, (S14a)

|Dκ⟩ =
1√
N

N−1∑
n=0

exp
(
−2πi

nκ

N

)
|En⟩ =

1√
N

N−1∑
n=0

exp(−ikκxn)|En⟩, (S14b)

where the κ index for the dark states is

κ ∈
{
−N

2
, · · · ,−

(
M
2

+ 1

)}
, and κ ∈

{
M
2

+ 1 · · · , N
2

}
, (S15)

and there are a total of N − M of dark states. Further, kα = 2πα/(NL), kκ = 2πκ/(NL), and

xn = nL. The value κ does not have a matching α index, and thus, these dark states will not mix

with the photonic DOF with kα. Further, we set the indices in Eq. S14b such that the αth bright

state couples to a photon mode with wave-vector kα. Additionally, we define dark states |Dκ⟩ with
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indices κ that are greater than ±M/2 (c.f. Eq. S14b).

Due to the light-matter coupling, the bright states |Bα⟩ hybridize with the photonic states. In

the current model, there are a total of M photonic states {|kα⟩} and a total of M bright exciton

states (Eq. S14b). The hybridization of bright exciton states and photonic states generates a total

of 2M upper and lower polariton states, expressed as

|+, kα⟩ = cosΘN |Bα⟩+ sinΘN |kα⟩, (S16a)

|−, kα⟩ = − sinΘN |Bα⟩+ cosΘN |kα⟩, (S16b)

where the mixing angle ΘN is

ΘN =
1

2
tan−1

(
2
√
Ngk(kα)

ωex + λ− ωk(kα)

)
∈ [0,

π

2
). (S17)

The dark states (Eq. S14) on the other hand, do not couple to the photonic DOF because

there is no matching k index from the photonic DOF. These diabatic definitions of polariton and

dark states will be used to interpret the quantum dynamics of the population relaxation process

presented in Fig. 1 and Fig. 2 of the main text.

GHTC Model Parameters.

In simulations of the GHTC model Hamiltonian, the excitonic energy was taken to be h̄ωex =

1.96 eV, and the fundamental photon frequency was taken to be h̄ωc = 1.90 eV (which is ωk at

the normal incidence k∥ = 0) for the model used in Figs. 1-2 in the main text. There, N = 10001

molecules and M = 283 modes were chosen, keeping the ratio of N/M ≈ 35. The inter-molecular

spacing is set to be L = 40 Å, and the total light-matter coupling strength is fixed at
√
Ngc = 120

meV.

Spacial Distribution of the Polariton Wavepacket. To interpret the spatial distribution

of the polariton wavepacket at time t and position xn, we define the time-dependent polariton state

(without the ground state component)

|ψ(t)⟩ =
N−1∑
n=0

cn(t) |En⟩+
∑
α

cα(t) |kα⟩ ≡ |ψex(t)⟩+ |ψph(t)⟩, (S18)
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and define the spatial distribution due to the excitonic part |ψex(t)⟩ and photonic part |ψph(t)⟩

separately. The polariton states |±, n⟩ in real space are obtained by taking a discrete Fourier

transform of Eqs. S16a and S16b using the basis eikαxn = ei
2πα
NL

·(nL) = ei
2πnα
N .

This leads to the following expressions

|+, n⟩ =
∑
α

[
N−1∑
n′=0

Xkα

N
eikα(xn−xn′ )|En′⟩+ Ckα

eikαxn

√
N

|kα⟩

]
, (S19a)

|−, n⟩ = −
∑
α

[
N−1∑
n′=0

Ckα

N
eikα(xn−xn′ )|En′⟩ −Xkα

eikαxn

√
N

|kα⟩

]
, (S19b)

where Ckα = sinΘN and Xkα = cosΘN are the Hopfield coefficients of the polariton state with

wavevector kα. The spatial distribution of the polariton wavepacket is thus given by |ψ±(xn, t)|2 =

|⟨±, n|ψ(t)⟩|2, and the full expression for |ψ±(xn, t)|2 is

|ψ+(xn, t)|2 =

∣∣∣∣∣∑
α

N−1∑
n′=0

Xkα

N
eikα(xn−xn′ )c′n

∣∣∣∣∣
2

+

∣∣∣∣∣∑
α

Ckα

eikαxn

√
N

cα

∣∣∣∣∣
2

+ 2Re

[∑
α

N−1∑
n′=0

Xkα

N
eikα(xn−xn′ )c′n ×

(∑
α′

Ckα′
eikα′xn

√
N

cα′

)∗]
, (S20a)

|ψ−(xn, t)|2 =

∣∣∣∣∣∑
α

N−1∑
n′=0

Ckα

N
eikα(xn−xn′ )c′n

∣∣∣∣∣
2

+

∣∣∣∣Xkα

eikαxn

√
N

cα

∣∣∣∣2

− 2Re

[∑
α

N−1∑
n′=0

Ckα

N
eikα(xn−xn′ )c′n ×

(∑
α′

Xkα′
eikα′xn

√
N

cα′

)∗]
. (S20b)

The last term in Eq. S20a and Eq. S20b describes the interference between the excitonic part and

the photonic part of the polariton wavepacket.

The dark state wavepacket in real space is obtained by taking the discrete Fourier transform of

Eq. S14, and this gives

|D, n⟩ =
∑
κ

1

N

N−1∑
n′=0

eikκ(xn−xn′ )|En′⟩. (S21)

The spatial distribution of the dark state wavepacket is given by |ψD(xn, t)|2 = |⟨D, n|ψ(t)⟩|2, and

is computed as

|ψD(xn, t)|2 =

∣∣∣∣∣∑
κ

1

N

N−1∑
n′=0

eikκ(xn−xn′ )cn′

∣∣∣∣∣
2

. (S22)

S7



The above polariton and dark state density dsitribuitons are used in Fig. 2 of the main text.

Transient MSD simulations. We compute the polariton group velocities and MSDs from the

contributions of the polariton and dark state wavepackets

|ψ(xn, t)|2 = |ψ+(xn, t)|2 + |ψD(xn, t)|2, (S23)

where we only count the |+⟩ and dark state contribution, for the MSD reported in Fig. 1 of the

main text.

The transient MSD is expressed as

σ2(t) = ⟨ψ(t)|(x̂− ⟨x̂⟩)2|ψ(t)⟩ =
∑
n

|ψ(xn, t)|2 · (xn − ⟨x̂⟩)2, (S24)

where ⟨x̂⟩ is the centroid of the initial polariton wavepacket (at t = 0) in position space. We use

this expression to compute the transient MSD for the model systems (Fig. 1b in the main text).

II. Polariton Quantum Dynamics Propagation Method For Model Systems

In this work, we treat the excitonic and photonic systems as the quantum DOF, while the phonon

bath as the classical DOF. By doing this, we describe the polariton dynamics associated with

ĤQ = Ĥ − Ĥb using TDSE and evolve the phonon bath DOF associated with Ĥb + Ĥex−b using

Ehrenfest mean-field force. Here, we consider the single excitation subspace in our simulation. In

this subspace, we consider the following matter or photonic excitations

|En⟩ = |en⟩
⊗
m ̸=n

|gm⟩
⊗

k∥∈{kα}

|0k∥⟩ (S25a)

|kα⟩ = |G⟩
⊗

k∥ ̸=kα

|0k∥⟩ ⊗ |1kα⟩ , (S25b)

where |gn⟩ and |en⟩ represent the ground and excited states of the nth molecule, respectively, and

|G⟩ =
⊗
n
|gn⟩ represents the matter ground state. The excitation of the αth photon mode with in-

plane wave-vector kα is given by |1kα⟩, while |0kα⟩ represents the vacuum state of the αth photonic

mode.

S8



Details of the L-MFE approach.

To perform the transport simulations, Ehrenfest dynamics is employed, where we simulate an

ensemble of trajectories with varied initial conditions. Within each trajectory, the exciton-photon

wavefunction is propagated in accordance with the equation

−ih̄ċ(t) = ĤQ(R(t))c(t), (S26)

where c(t) = [{cn(t)}, {cα(t)}]T are the expansion coefficients, with a total of N exciton coefficients

cn(t), a total of M photonic coefficient cα(t). The nuclear coordinates are updated according to

Newton’s equation of motion

∂Rn,ν

∂t
= Pn,ν ,

∂Pn,ν

∂t
= Fn,ν (S27)

where the bath modes experience the force from the potential energy surface generated by |ψ(t)⟩,

Fn,ν = −∇Rn,ν ⟨ψ(t)|(Ĥex−b + Ĥb)|ψ(t)⟩ (S28)

= −ω2
νRn,ν − |cn(t)|2 · Cn,ν ,

where we used the diagonal structure of bi-linear system-bath interaction in the HTC Hamiltonian

(Eq. S10), and only |En⟩ has the exciton-phonon coupling (whereas |kα⟩ does not). Here, Cn,ν is the

exciton-phonon coupling strength between phonon mode Rn,ν and exciton state |En⟩, see Eq. S10.

The CPA approximation corresponds to explicitly taking the |cn(t)|2 → 0 limit, and resulting in

Fn,ν ≈ −ω2
νRn,ν for the HTC model Hamiltonian.

The cavity loss (photon loss) dynamics from state |kα⟩ to state |G⟩ is formally described using

the Lindblad super operator L̂α = |G⟩⟨kα|. The dissipator L accounts for the cavity loss channel,

causing the system to relax

L[ρ̂Q] =
∑
α

Γc

(
L̂αρ̂QL̂

†
α − 1

2
{L̂†

αL̂α, ρ̂Q}
)
, (S29)

which can be formally unravelled8 as

cα(t+ dt) = cα(t)e
−Γcdt, (S30)
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and the coefficients of the ground state change by the amount

c0(t+ dt) = eiϕ
√
|c0(t)|2 + (1− e−Γαdt)|cα(t)|2, (S31)

where the random phase ϕ is drawn from a uniform distribution

P(ϕ) =
1

2∆ϕ
, ∆ϕ ≤ ϕ ≤ ∆ϕ (S32)

and the width of this distribution is determined by numerically solving the transcendental equation

sin(∆ϕ)

∆ϕ
=

|c0(t)|√
|c0(t)|2 + (1− eΓcdt)|cα(t)|2

. (S33)

Details of this algorithm can be found in Ref. 8.

III. Details of Quantum Dynamics Simulations in the Model Systems.

Polaritonic Initial Conditions.

We used polariton wavepackets that are localized over the molecules but centered around a

given value of kα as the initial conditions. To generate these wavepackets, we define the polariton

states |ΦJ⟩ as follows

Ĥpl |ΦJ⟩ = EJ |ΦJ⟩ , (S34)

where Ĥpl = Ĥex + Ĥph + ĤLM, and the state |ΦJ⟩ has the polariton energy EJ . Additionally, we

note that the polariton states obtained from diagonalization take the form

|ΦJ⟩ =
∑
n

c̃n,J |En⟩+
∑
α

c̃α,J |kα⟩ , (S35)

where c̃n,J and c̃α,J are the excitonic and photonic components of the Jth polariton state, respec-

tively.

To obtain a spatially localized polaritonic initial state, corresponding to a specific energy window

E ∈ [E0 −∆E/2, E +∆E/2] (generated from initial laser excitation), we expand the initial state in
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terms of the polariton states defined in Eq. (S34) as follows

|ψ(0)⟩ =
∑
J

aJ |ΦJ⟩, (S36)

where aJ = ⟨ΦJ |ψ(0)⟩ is the expansion coefficient of the initial state |ψ(0)⟩ onto |ΦJ⟩, with aJ yet

to be determined. For the initial excitation in the energy window E ∈ [E0 −∆E/2, E +∆E/2], we

consider those {|ΦJ⟩} such that the polariton energy EJ ∈ [E0 −∆E/2, E +∆E/2]. The coefficients

aJ are then generated by minimizing the spread of the wave packet ∆x2 in the excitonic space,

defined as3

∆x2 =
∑
n

ρnx
2
n −

∑
n

(ρnxn)
2, (S37)

where ρn = |⟨En|ψ(0)⟩|2/
∑

m |⟨Em|ψ(0)⟩|2 is the normalized probability of occupying molecule

located at xn, and |En⟩ is defined in Eq. S25a. In the single-excited diabatic basis, ρn is expressed

as

ρn =
|
∑

J aJ c̃n,J |2∑
m |
∑

J aJ c̃m,J |2
, (S38)

and the spread of the wavepacket ∆x2 is given by

∆x2 =
∑
n

x2n|
∑

J aJ c̃n,J |2∑
m |
∑

J aJ c̃m,J |2
−
(

xn|
∑

J aJ c̃n,J |2∑
m |
∑

J aJ c̃m,J |2

)2

. (S39)

Eq. (S39) is used as input in the basin hopping algorithm to determine the optimal set of coefficients

{aJ} that minimizes the spread of the wavepacket. Here, we use the basin hopping algorithm9 to

determine an optimal set {aJ} that satisfies the above condition. To streamline the computations,

we note that the number of polariton states within a given energy window is significantly smaller

than the total number of states in the system. Thus, we use an iterative eigenvalue algorithm,

specifically the ARPACK library,10 to isolate the relevant polariton states for the optimization

task.

Nuclear Initial Conditions for the model systems.

For the model used in Figs. 1-2 in the main text, initial bath conditions were sampled from the
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analytic form of the Wigner distribution for a Gaussian bath

[ρ̂R]W(R,P) =
∏
n,ν

2 tanh

(
βh̄ων

2

)
exp

{
− tanh

(
βh̄ων

2

)(
ω2
νR

2
n,ν

h̄2
+
P 2
n,ν

h̄2ω2
ν

)}
(S40)

which are sampled using the Gaussian random number generator based on the Box–Muller method.

L-MFE Simulation Details.

All results are obtained with an ensemble of 250 independent trajectories. Convergence tests are

performed with up to 1000 trajectories. The nuclear time step used in L-MFE method is ∆t = 2.5

fs, where during each nuclear propagation, there are 100 electronic propagation steps with a time

step dt = 0.025 fs. The nuclear EOM in Eq. S27 is numerically integrated with the velocity Verlet

algorithm (with Force expression in Eq. S27) and the TDSE (Eq. S26) is solved with the RK4

algorithm. For each electronic time step, the Stochastic Lindblad loss described in Eq. S30-Eq. S31

is applied to update the photonic coefficients in order to capture the Lindblad loss dynamics of the

cavity modes.

For the L-MFE simulations, we sample Eq. S11 by using a total of Nν = 35 bath modes (for

each molecule) for various values of λ meV, and ωb = 6.2 meV. The bath parameters are sampled

using the procedure outlined in Ref. 11 as follows

Cn,ν = 2

√
λ
tan−1(ωmaxτν)

πNνων
, (S41a)

ων =
1

τν
tan

(
ν

Nν
tan−1(ωmaxτν)

)
, (S41b)

where τν = 1/ωb, ωmax ≫ ωb is the maximum frequency when discretizing the bath frequencies.

Here, we choose ωmax = 20ωb.
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IV. Details of the ab initio electronic structure and polariton transmission spec-

tra simulations

For the transmission spectra shown in Fig. 3a,b in the main text, we consider a single independent-

mode Hamiltonian as follows

Ĥpl(R, kα) =

N−1∑
n=0

Ĥel(Rn) + ωkα â
†
kα
âkα +

√
ωkα

2
λkα · µ̂(Rn)(â

†
kα

+ âkα), (S42)

where Ĥel(Rn) ≡ Ĥn− T̂Rn is the electronic Hamiltonian of molecule n [c.f. Eq. 1 of the main text]

and λkα ≡
√

1
ϵV êTE.

Solving the polaritonic eigenvalue equation (Eq. S42)

Ĥpl(R, kα) |ΦJ,kα(R)⟩ = EJ,kα(R) |ΦJ,kα(R)⟩ , (S43)

we obtain in mode-specific polaritonic eigenfunctions |ΦJ,kα(R)⟩ and eigenenergies EJ,kα(R). Here,

we use the single excitation subspace, as described in Eq. 4 in the main text.

These eigenenergies and eigenstates are then used to compute the mode-specific kα-resolved

(angle-resolved) transmission spectra through the following expression

TJ(ω, kα) =
〈
NJ,kα · δ(h̄ω − EJ,kα(R))

〉
R
. (S44)

Here, NJ,kα = ⟨ΦJ,kα(R)|â†kâk|ΦJ,kα(R)⟩ is the photon number expectation value associated with

polariton state J . The polaritonic density of states (delta function) was weighted by the photonic

character for that polariton polariton branch to give the transmission spectra. The delta function

in Eq. S44 was broadened with a Gaussian of width σ ≈ kBT = 26 meV (room temperature

fluctuation). The brightest two correspond to the UP and LP branches at a given kα away from

the zero light-matter detuning region (anti-crossing region).

The ensemble average ⟨...⟩R represents an average over geometries sampled from the Born-

Oppenheimer Molecular Dynamics simulations, with a similar computational protocol reported in

our earlier work.12 In this work, we simulated 2 ps of Born-Oppenheimer molecular dynamics for 540
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BODIPY molecules at ∆t = 1 fs nuclear time step in the canonical ensemble (i.e., constant NVT,

with T = 300 K) using Langevin dynamics, as implemented in the SQD code13 which interfaces

with the Gaussian 16 software package.14 The molecular ground state energies and forces were

computed using the semi-empirical AM1 Hamiltonian15 while the excited states’ energy and dipoles

of these organic molecules were computed using linear-response formalism in the Tamm-Dancoff

approximation (TDA-AM1). The dipole-filed coupling term µ̂(Rn)·êTE is then computed, using the

output of µ̂(Rn) in Cartesian coordinates in 3D. Discarding the first 1.0 ps for equilibration, each

of the 540 BODIPY molecules contains a 1000 fs-long trajectory, including data for the electronic

transition energy and electronic transition electric dipole vectors. Note that we explicitly corrected

the phase of the transition dipole, which is necessary due to the arbitrary phase of the transition

density as obtained by the TDA eigenvalue equation.

To compute the mode-resolved TM spectra from the linear response frequency domain (Eq. S44),

the Hamiltonian for each kα (see Eq. S42 and Eq. S43) was built with 108 molecules, and the

ensemble average was performed over a total of 5000 snapshots. Note that when computing by

using Eq. S42, we are assuming the single-mode limit of the original many-mode Hamiltonian

(Eq. S6). It has been theoretically justified that as long as a homogeneous molecular distribution

is satisfied, the eigenspectrum and linear spectra would be identical, see Eq. 10-Eq. 16 in Ref. 16.

V. Details of the ab initio polariton quantum dynamics simulations

Parameters of Ab Initio CPA Simulations. For the ab initio CPA simulations presented in

Figs. 3-4 of the main text, we use Ñ = 108 BODIPY molecules and M = 51 cavity modes with

the mode frequency obtained based on Eq. S4 The inter-molecular spacing is set to be L̃ = 1500

Å, such that the simulation box size ÑL̃ is the same as for the model system. In simulations of the

GHTC model Hamiltonian, the mean exciton energy from the ab initio simulation fluctuate around

Ee − Eg ≈ 3.25 eV, and the fundamental photon frequency was taken to be h̄ωc ≈ 3 eV (which is

ωk at the normal incidence k∥ = 0) for the transport results presented in Fig. 3C and Fig. 4 in the

main text. For the transmission spectra presented in Fig. 3A-B in the main text, a different value

of the cavity frequency h̄ωc ≈ 2.5 eV was chosen, in order to clearly demonstrate the anti-crossing

behavior under the strong coupling conditions as shown in Fig. 3b of the main text.
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To connect with the experiments, one can estimate the inter-molecular distance of BODIPY

molecules, based on the concentration as L = 40Å, based on the molecular concentration reported

in Ref. 17. Here, for the ab initio simulation, we choose a much larger distance L̃ = sL, where

s = 37.5 is the scaling factor. Here, we demonstrate that as long as ÑL̃ = NL, where Ñ = N/s,

the transport physics is preserved, given that ΩR ∼ 2
√
Ñ λ̃c is fixed. i.e. when choosing λ̃c =

√
sλc.

This is because for the original system with intersite distance L, kα = 2π
NL · α, with α ∈

[−N/2, N/2]. With a scaled parameter choice,

k̃α =
2π

ÑL̃
· α with α ∈

[
−Ñ

2
, ...,

Ñ

2

]

=
2π

N
s · sL

α with α ∈
[
−N
2s
, ...,

N

2s

]
=

2π

NL
α with α ∈ 1

s

[
−N

2
, ...,

N

2

]

As such, by scaling L to L̃ = sL, we are effectively sampling 1
s -th fraction with the same Brillouin

zone with 1
s -th number of grid points as earlier. On the other hand, the k-grid point density does not

change within the Brillouin zone kα ∈
[
−N

2s , ...,
N
2s

]
, becaue the grid point distance ∆k = 2π

ÑL̃
= 2π

NL .

The only thing that is changing is the part of the Brillouin Zone (BZ) that is being considered in

the simulation. By choosing s = 37.5, we are considering 1/s ≈ 3% of the full 1st BZ, which covers

the range of disorerson we reported in Fig. 3b. As such, this choice captures the important part

of the transport dynamics within the relevant Brillouin Zone. Further, this will not impact the

light-matter coupling term in Eq. 2 of the main text. Recall that the phase factor in the coupling

term is

e−ikαxn = exp

[
−i 2π
NL

· α · (Ln)
]
= exp

[
−i 2π
ÑL̃

· α · (L̃ · n
s
)

]
(S45)

where we have fewer sites, but the phase factor remains the same. This gives fewer terms in the

sum of the number of molecules Ñ On the other hand, our choice of Ñ gives a much smaller number

of dark states, which is Ñ − M that is on the same order as the number of polariton states M.

For the result presented in this work, which has an initial UP excitation and decay to dark, the

transport dynamics are not significantly impacted.

Initial Polariton Condition. For the ab initio CPA simulations to compute the MSD (Fig. 3c
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and Fig. 4 in the main text), the polariton initial condition was prepared on UP state, with the

same numerical methods described in Eq. S36 to Eq. S39, with a center energy of UP as E0 = 3.38

eV, and a energy window ∆E = 0.1 eV.

For the classical path approximation (CPA), the nuclear trajectories for molecule n, Rn(t), are

pre-computed using the ground state forces

Fn = −∇nEg(Rn(t)). (S46)

These trajectories are the same data as those used for the generation of the mode-resolved trans-

mission spectra outlined in the previous Section.

We expand exciton-photonic degrees of freedom (DOF) quantum mechanically

|ψ(t)⟩ =
N∑

n=1

cn(t) |En(R(t))⟩+
∑
α

cα(t) |kα⟩ . (S47)

The polariton quantum dynamics is propagated with

ih̄
∂

∂t
|ψ(t)⟩ = ĤQ(R(t))|ψ(t)⟩, (S48)

where |ψ(t)⟩ is represented using Eq. S47, ĤQ = Ĥ −
∑

n T̂Rn is the polariton quantum subsystem

Hamiltonian including excitonic and photonic DOFs without the nuclear kinetic energy [c.f. Eq. 2

and Eq. 6 of the main text]. We use N = 108 molecules coupled to the cavity in order to perform

the ab initio CPA simulation, allowing us to have five independent realizations (ab initio CPA

trajectories) for solving Eq. S48. The details of the electronic structure are provided in the previous

section. We use L-MFE dynamics approach8,18,19 to simulate the polariton transport quantum

dynamics in a lossy cavity for the ab initio systems, through stochastic Lindblad dynamics using

the same algorithm described in Eq. S30-Eq. S33. The EOM in Eq. S48 is numerically solved using

the RK4 algorithm, with a time step dt = 1/500 fs.

Spacial Distribution of the Polariton Wavepacket. To obtain the spatial distribution

of the polariton wavepacket at time t and position xn for ab initio transport simulations, we
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diagonalize ĤQ(R(t)) to obtain

ĤQ(R(t)) |ΦJ,ξ(R(t)⟩) = EJ,ξ(R(t)) |ΦJ,ξ(R(t))⟩ , (S49)

where |ΦJ,ξ(R(t))⟩ and EJ,ξ(R(t)) are the eigenvectors and corresponding eigenenergies of the

Hamiltonian. Here, we use the label ξ to denote which polaritonic state the eigenvectors corre-

spond to, that is ξ ∈ {+,−,D}, and the index J represents the inclusion of states in that particular

polaritonic class. The spatial distribution of the polariton wavepacket is given by the projection

onto the polaritonic eigenvectors, such that for the UP and LP wavepackets, we have

ψ±(xn, t) =
∑
J

⟨En|ΦJ,±(R(t))⟩⟨ΦJ,±(R(t))|ψ(t)⟩, (S50)

and for the dark states wavepacket, we have

ψD(xn, t) =
∑
J

⟨En|ΦJ,D(R(t))⟩⟨ΦJ,D(R(t))|ψ(t)⟩, (S51)

The contribution from UP and dark state are expressed as

|ψ(xn, t)|2 = |ψ+(xn, t)|2 + |ψD(xn, t)|2. (S52)

The transient MSD is expressed as

σ2(t) = ⟨ψ(t)|(x̂− ⟨x̂⟩)2|ψ(t)⟩ =
∑
n

|ψ(xn, t)|2 · (xn − ⟨x̂⟩)2, (S53)

where ⟨x̂⟩ is the centroid of the initial polariton wavepacket (at t = 0) in position space. We use

this expression to compute the transient MSD for the ab initio CPA simulation reported in Fig. 3c

and 4 of the main text.
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Figure S2: (a) Dispersion curve of the photon (red dots) and matter (blue dots) (b) Group
velocities vg of polaritons for various reorganization energy λ in a lossless cavity. (c) Group
velocities vg of polaritons for different cavity quality factor Q with phonon reorganization
energy λ = 36 meV. The open circles in (b) and (c) are evaluated from wavepackets with
quantum forces on the nuclei, and the open squares are evaluated from wavepackets with
the CPA.

VI. Additional Numerical Results

Polariton Group Velocity Calculation with CPA using model systems

Fig. S2a presents the energy diagrams for the UP and LP bands formed from hybridizing the pho-

tonic band and the excitonic band. The LP and UP bands are color-coded based on their photonic

character. The collective light-matter coupling strength is
√
Ngc = 120 meV. These polariton states
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are analytically expressed in Eq. S16 . The initial excitation conditions are indicated in Fig. S2

using black dots on the LP branch, which corresponds to a pulse with a narrow energy bandwidth

(to model the experimental condition in Ref. 3). The group velocity is extracted using the algo-

rithm detailed in the previous work,3,5 e.g., see Eq. S60-Eq. S61 in the Supporting Information of

Ref. 5.

Fig. S2b and S2c shows vg with different initial energies (corresponding to different k∥ in

Fig. S2a). In Fig. S2b, we show results for a lossless cavity (Γc = 0) with varying reorganization

energy, and in Fig. S2c, we show cavities with varying Q factor while fixing the bath parameters

(λ and ωf ). The solid black line indicates the group velocity obtained as vg = ∂ω−/∂k∥. The open

circles with different colors are vg for the excitonic system with different reorganization energy λ

in Fig. S2b, and different Q factor in Fig. S2c. With an increase in λ, vg decreases, which indi-

cates that the polaritons move at a reduced vg due to increased exciton-phonon coupling, which

was previously referred to as the group velocity renormalization.3 Similarly, decreasing Q causes

vg to decrease due to rapid attenuation of the photonic contribution to the polariton wavepacket.

Increasing the excitonic character (increasing E) causes more renormalization of vg, in agreement

with the results in Ref. 3. The open squares with different colors are vg computed with the CPA.

We see from these results that vg computed from wavepackets propagated using the CPA is in good

agreement with vg computed with wavepackets propagated by evaluating all contributions from the

nuclear force terms.

VII. Further Discussions on CPA

The classical-path approximation (CPA),20–22 drastically reduces the cost of the electronic struc-

ture calculations and enables large-scale, accurate quantum dynamics simulations. However, when

having a small number of quantum states, CPA often faces challenges in providing accurate quan-

tum dynamics for ab initio simulation of photochemistry20,23 and in spin-boson model dynamics

(especially at a low temperature24,25), due to the non-negligible nuclear forces. In this work, we the-

oretically demonstrate that CPA remains valid for the polariton transport dynamics, as long as the

dynamics themselves are delocalized among many excitonic states. To the best of our knowledge,

this is the first time that the general validity of CPA in polariton transport dynamics is theoreti-
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cally investigated, as well as being used in combination with the ab initio on-the-fly simulations to

investigate the transport dynamics.

Note that Ref. 26 assumes CPA and derived an analytic expression for group velocity renor-

malization, which agrees with the MFE simulations that do not assume CPA. This previous work

provides an indirect test of the validity of CPA, and focuses only on group velocity, which does not

contain the full information of transport. Here, we provide a direct test of CPA by performing the

same level of simulations with the full nuclear gradient and with CPA, to directly test every possible

quantum dynamical behavior of transport, including MSD, group velocity, population dynamics,

and spatial-temporal polariton wavepacket. Because of these explicit and direct tests of CPA, we

realized the reason behind the validity of CPA, which is that the delocalization of the wavepacket

makes the approximation valid.

Theoretically, it is also possible to create a local initial excitation at just one site. We expect

that the validity of CPA will break down at least for the early time dynamics when polaritons

are so localized among just a few molecules. On the other hand, as the dynamics progress, the

wavepacket will spread out in real space, due to the collective light-matter couplings where cavity

modes are coupled to all molecular excitations (c.f. Eq. S1), and we expect that CPA will regain

validity for those delocalized stages of the dynamics.

For a higher excitation subspace, such that exciton-exciton interactions become important (in

the context of many-body quantum dynamics of exciton polaritons), CPA could have a higher

chance to break down.27 This is because27 the non-adiabatic, state-dependent force ∝ Nex ·

|cn(t)|2∇n[Ee(Rn) − Eg(Rn)], where Nex is the number of excitons in the system,27 which it-

self could be large. in Ref. 27, up to Nex ∼ 103 was investigated. On the other hand, as long

as the dynamics are delocalized, |cn(t)|2 ∼ 1/N , so as long as Nex ≪ N in the simulation (say

N ∝ N ∼ 104−106), CPA should remain valid even for the case of transport in the higher excitation

subspace. Of course, for ab initio simulations, this means that more molecules are needed when

considering a large Nex. Finally, our work is limited by the accuracy of the MFE dynamics, which

itself could be less accurate for non-adiabatic dynamics compared to the other available trajectory-

based method.19 The validity of CPA in MFE simulations suggests that the state-dependent nuclear

forces play a negligible role in the polariton transport dynamics. Nevertheless, the CPA ground
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state forces are still based on a classical approximation, and one could replace them with ground

state quantum forces for the nuclei in future investigations.
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