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We present a powerful formalism, disordered collective dynamics using truncated equations (d-
CUT-E), to simulate the ultrafast quantum dynamics of molecular polaritons in the collective strong
coupling regime, where a disordered ensemble of N ≫ 106 molecules couples to a cavity mode.
Notably, we can capture this dynamics with a cavity hosting a single effective molecule with ∼ Nbins

electronic states, whereNbins ≪ N is the number of bins discretizing the disorder distribution. Using
d-CUT-E we conclude that strong coupling, as evaluated from linear optical spectra, can be a poor
proxy for polariton chemistry. For highly disordered ensembles, total reaction yield upon broadband
excitation is identical to that outside of the cavity, while narrowband excitation produces distinct
reaction yields solely due to differences in the initial states prepared prior to the reaction.

I. INTRODUCTION

Molecular polaritons are quasiparticles formed when
molecules are strongly coupled to photons trapped in an
optical cavity. These systems exhibit many exotic phe-
nomena attributed to the hybridization of collective ma-
terial polarization and optical field resonances, and have
garnered significant attention as they hold the poten-
tial to modify energy transfer mechanisms and enhance
chemical reactivity without the need for catalysts [1–17].
In the most common scenario, strong light-matter cou-
pling is achieved by a macroscopic number of molecules
N , where their collective interaction with the optical
mode exceeds the cavity and molecular linewidths. The-
oretical methods that can incorporate effects of inter-
molecular interactions [18–20], multiple optical cavity
modes [21–23], complex vibrational and electronic struc-
ture [24–32], and molecular disorder [23, 33–42], while
considering a large number of molecules, are in much
need to explain experimental observations.

Disorder is an unavoidable feature that can impact
polariton transport [43–46], vibrational dynamics [34],
superradiance [47], and polaron photoconductivity [48].
In this article, we generalize our recently developed col-
lective dynamics Using truncated equations (CUT-E)
method [49], which allows efficient modeling of the quan-
tum molecular dynamics of an arbitrarily large number
of identical molecules, to study disordered ensembles. At
the core of CUT-E lies the exploitation of permutational
symmetries [19, 47, 49–54], which scales the problem from
an ensemble of N → ∞ identical molecules down to a sin-
gle effective molecule strongly interacting with the cav-
ity mode. This effective molecule differs from an actual
single molecule in that its strong coupling to the cav-
ity occurs solely at the Franck-Condon (FC) region. We
lift the constraint of identical molecules, coarse-grain the
disorder distributions, and apply permutational symme-
tries among molecules that belong to the same disorder
“bin.” This approach is numerically exact for sufficiently

short propagation times, where the number of disorder
bins required to reach convergence (denoted as Nbins) is
much smaller thanN . This seemingly simple strategy has
powerful consequences: the resulting d-CUT-E method
maps a disordered molecular ensemble into a single ef-
fective molecule, with amplified number of electronic de-
grees of freedom (DoF) by Nbins. This is both concep-
tually insightful and computationally efficient compared
to conventional methods that include every molecule of
the ensemble explicitly. Although our method is general
and can be applied to arbitrary disorder distributions of
the parameters that shape the potential energy surfaces
(PESs), here we focus on Gaussian exciton-frequency dis-
order and study its impact on various ultrafast molecular
and optical polaritonic properties.
Our study shows that (1) broadband excitation can

modify the reaction yield of the ensemble; however, in
the large disorder regime, such changes can be explained
just by changes in cavity leakage, despite the presence
of the polariton bands in the absorption spectrum; and
(2) narrowband excitation can modify the reaction yield
even in the large disorder regime. In this case, exter-
nal narrowband laser and strong light-matter coupling
allows the selective excitation of high-frequency vibra-
tional states near the upper polariton (UP) band, which
are more reactive than the corresponding excitations of
the lower polariton (LP) band. Since the polariton pro-
cesses involved in the preparation of these states vanish
before the reaction ensues, this phenomenon should be
interpreted as an optical effect and not as a chemical
one.

II. METHOD

To illustrate the method, we assume a single-cavity
mode, neglect intermolecular interactions, and restrict
ourselves to the first excitation manifold. Our molec-
ular model consists of a ground electronic state and
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two diabatically coupled excited electronic states, where
only one of them can couple to the cavity mode. The
molecular model is intentionally simplified to uncover the
universal photochemical and photophysical behavior of
molecular polaritons. In the CUT-E formalism, each dis-
order bin is represented by a single effective molecule with
a collective coupling g

√
N
√
Pi, with Pi being the fraction

of molecules in the i-th bin. Assuming that the molecules
are initially in the global ground state, the CUT-E effec-
tive Hamiltonian in the large N limit is given by (see
Appendix for details)

Ĥ ′
eff =

ωc|1⟩⟨1|+
Nbins∑

i

(
−1

2

∂2

∂q2i
+ Ve1,i(qi)

)
|e1,i⟩⟨e1,i|

+

Nbins∑
i

(
−1

2

∂2

∂q2i
+ Ve2,i(qi)

)
|e2,i⟩⟨e2,i|

+ g
√
N

Nbins∑
i

√
Pi (|e1,i⟩⟨1|+ |1⟩⟨e1,i|)Pi

+ v12,i|e1,i⟩⟨e2,i|+H.c.. (1)

Here, qi is the vector of mass-weighted coordinates of all
vibrational degrees of freedom of molecule i; |gi⟩, |e1,i⟩,
and |e2,i⟩ are the ground and excited electronic states;
Vg/e1/e2(q) are the PESs; v12,i is the diabatic coupling; ωc

is the cavity frequency; â is the photon annihilation op-
erator; and Pi = |φ0,i⟩⟨φ0,i| is the projector onto the FC
state of the i-th effective molecule. Notice that the cavity
mode only couples to the transition to the |e1⟩ electronic
state of the molecules. This Hamiltonian incorporates
the collective interaction between the molecules and the
cavity mode, neglects all single-molecule coupling effects
(which is valid for ultrafast processes if single-molecule
coupling strength is sufficiently weak), and neglect finite
temperature effects [49].

Although the CUT-E Hamiltonian is much simpler
than conventional Hamiltonians granted Nbins ≪ N , it
still involves the vibrational and electronic degrees of
freedom of all bins. Notably, Ĥ ′

eff can be simplified even

more by mapping it to another Hamiltonian Ĥeff [Eq.
(2)] whose Hilbert space increases linearly withNbins (see
the Appendix). This linear scaling is a consequence of the
following considerations: first, restriction to the first ex-
citation manifold implies that only one of the molecules
is electronically excited at a time. Second, molecules
in the ground electronic state do not exhibit vibrational
dynamics, since the only mechanism by which they can
acquire phonons is emission away from the FC region,
which can be neglected in ultrafast dynamics according
to CUT-E [49, 50]. These two features imply that the
exact wavefunction of the system is a superposition of
states in which only one effective molecule showcases vi-
brational dynamics, while the other Nbins− 1 are frozen.
We assume disorder only affects the excited state PESs

Ve,1(q) and Ve,2(q). In this way, disorder bins only ap-

pear as additional “electronic” states. This dramatic
reduction of the original system into a single effective
molecule showcasing 2Nbins excited electronic states is
the main computational contribution of this manuscript.
Its linear scaling with disorder represents a considerable
improvement over methods that add an increasing num-
ber of molecules with parameters sampled from a disorder
distribution, a computationally costly exercise that scales
exponentially with N . A schematic representation of d-
CUT-E is shown in Fig. 1 using two disorder bins as an
example, and the mathematical procedure is explained
in detail in the Appendix.
The d-CUT-E Hamiltonian reads

Ĥeff = ωc|1⟩⟨1|+
Nbins∑

i

(
−1

2

∂2

∂q2
+ Ve1,i(q)

)
|e1,i⟩⟨e1,i|

+

Nbins∑
i

(
−1

2

∂2

∂q2
+ Ve2,i(q)

)
|e2,i⟩⟨e2,i|

+ g
√
N

Nbins∑
i

√
Pi (|e1,i⟩⟨1|+ |1⟩⟨e1,i|)P

+

Nbins∑
i

v12,i|e1,i⟩⟨e2,i|+H.c. (2)

Here, P = |φ0⟩⟨φ0|. The values for Pi and the parameters
that define the PESs can be obtained from a disorder
distribution ρ(ω).
As a proof of principle, and since we are interested

in short-time processes that can be modified by strong-
light matter interaction, we assume that short-time vi-
brational dynamics occurs only along the reaction coor-
dinate and ignore vibrational degrees of freedom orthog-
onal to it [55, 56]. Hence, we use a single vibrational
coordinate per molecule (see Fig. 2).
The final Hamiltonian yields

Ĥeff = (ωc − iκ/2) |1⟩⟨1|

+

Nbins∑
i

(
ω0,i + ων,iD̂(s1,i)b̂

†b̂D̂†(s1,i)
)
⊗ |e1,i⟩⟨e1,i|

+

Nbins∑
i

(
ω0,i + ων,iD̂(s2,i)b̂

†b̂D̂†(s2,i)
)
⊗ |e2,i⟩⟨e2,i|

+ g
√
N

Nbins∑
i

√
Pi (|e1,i⟩⟨1|+ |1⟩⟨e1,i|)P

+

Nbins∑
i

v12,i|e1,i⟩⟨e2,i|+H.c., (3)

where D̂(s1,i) = e(b̂
†−b̂)s1,i is the displacement operator,

and ω0,i, ων,i, and s1,i are the exciton frequency, vibra-
tional frequency, and Huang–Rhys factor for the |e1,i⟩
electronic state respectively. We incorporate cavity leak-
age by adding the imaginary term iκ/2 to the photon
frequency, and the amount of energy that escapes the
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FIG. 1. Linear scaling of the dynamics with the number of disorder bins. The first two panels depict cuts of the PESs along
the reaction coordinate of two different bins, q1 and q2. d-CUT-E projects the two-dimensional vibrational dynamics of the
two bins onto a single nuclear degree of freedom q (third panel).

FIG. 2. Potential energy curves for the molecular system.
Each molecule in our model consists of two diabatically-
coupled excited electronic states and one vibrational degree
of freedom.

cavity by this mechanism can be quantified by calculat-
ing the norm of the wave function ⟨Ψ(t)|Ψ(t)⟩. For the
rest of this work we will consider only exciton-frequency
disorder. Here, disorder affects both |e1⟩ and |e2⟩ equiv-
alently, thus the height of the barrier is the same for all
bins.

To study optical effects, we calculate the linear absorp-
tion spectrum [50, 57–59],

A(ω) = κRe
[
C̃(ω)

]
− 1

2
κ2|C̃(ω)|2, (4)

with C̃(ω) =
∫ Tf

0
dteiωt⟨Ψ(0)|Ψ(t)⟩ and |Ψ(0)⟩ = |φ0⟩ ⊗

|1⟩. To study chemical effects, we calculate populations of
the electronic states |e1⟩ and |e2⟩, which can be thought
of as the “reactant” and “product” states of a photo-
chemical reaction, respectively. The reaction proceeds
via tunneling of the vibrational wave packet from the
|e1⟩ state. We calculate populations for each bin, and
add them up to obtain the total excited state population
of reactant and product in the ensemble,

Pe1(t) =

Nbins∑
i

Pe1,i(t) =

Nbins∑
i

⟨Ψ(t)|e1,i⟩⟨e1,i|Ψ(t)⟩,

Pe2(t) =

Nbins∑
i

Pe2,i(t) =

Nbins∑
i

⟨Ψ(t)|e2,i⟩⟨e2,i|Ψ(t)⟩. (5)

To capture the competition between cavity leakage and
excited-state reactivity, we do not divide the expectation
values by the norm.
Both optical and molecular properties are calculated

for various values of exciton-frequency disorder σ and col-
lective light-matter coupling g

√
N . We use the Gaussian

exciton-frequency distribution ρ(ω) = 1
σ
√
2π

e−
1
2 (

ω−ω0
σ )

2

,

with the cavity frequency being resonant with the ν =
0 → ν′ = 1 transition ωc = ω0 + ων . We discretize ρ(ω)
by restricting its domain to ω0 − 3σ < ω < ω0 + 3σ, and
calculate the values of Pi and ω0,i as

Pi =

∫ ωi,max

ωi,min

dωρ(ω) ω0,i =

∫ ωi,max

ωi,min

dωωρ(ω), (6)

with ωi,min = ω0 − 3σ + (i− 1)(6σ/Nbins) and ωi,max =
ω0 − 3σ + i(6σ/Nbins). Ignoring the tails of the distri-
bution is justified since molecules that fall at the ends of
the energy distribution are off-resonant with the cavity
mode and the polariton windows (see Fig. 3).

FIG. 3. Discretization of exciton frequency disorder. The
frequencies follow a Gaussian distribution and the number of
bins required to reach convergence is proportional to the total
disorder and final propagation time.
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We find that the width of the bins δω required to
reach convergence in optical and chemical observables
obey a simple relation δω ∼ 2π/Tf , where Tf is the
final propagation time. This is not surprising since a
finite propagation time implies a finite energy resolution.
Thus, the number of bins required for convergence obeys
Nbins = 6σTf/2π (see the Appendix B for convergence
analysis). Hence, the computational cost of disorder does
not scale with N , and scales linearly with Nbins ∝ Tf .

III. RESULTS

Broadband excitation.— Figure 4 shows optical and
chemical effects of disorder for Tf = 30 fs, Nbins = 40,
and an initially photonic wavepacket |Ψ(0)⟩ = |φ0⟩ ⊗ |1⟩
(mimicking broadband excitation, Tpulse ≪ TRabi). Final
propagation time was chosen to avoid barrier recrossing
due to the single-mode nature of our model.

Our calculations show that features that would be re-
solved at long timescales, such as vibronic progressions
(small red peaks), vanish as disorder grows comparable
to the collective light-matter coupling [Fig. 4(1a)]. This
is a consequence of damping of the coherent return of
population between the bright state to the cavity mode
[see Fig. 4(1b)]. However, contrary to what intuition
suggests, even if such dampening is significant within the
timescale of the Rabi period TRabi ∼ 2.5 fs, it does not
imply that the UP and LP bands disappear. This is be-
cause only a small amplitude needs to return to the cav-
ity (during the second half of the Rabi cycle) to create
such an optical feature [60, 61]. The reduction in TRabi

that follows from the dampening of Rabi oscillations also
leads to an increase in the Rabi splitting [37, 62]. Thus,
for highly disordered polaritons, collective light-matter
coupling strengths cannot be directly extracted from po-
lariton Rabi splitting.

Figure 4(1c) shows changes in Pe2(Tf ) that correspond
to two regimes of disorder. The low disorder regime
2σ < g

√
N , characterized by a strong dependence of

the reaction yield with σ, and the large disorder regime
2σ > g

√
N , where the reaction yield reaches a constant

value. For low σ and low g
√
N (red, green and blue lines),

disorder leads to higher total reaction yields, but this ef-
fect vanishes for large g

√
N (light blue and black lines)

where “polaron decoupling” takes over [11, 63]. This be-
havior of the reaction yield in the low disorder regime
arises as a consequence of interferences between the vi-
brational wavepackets of the electronic states for each
bin |e1,i⟩, due to their common interaction with the pho-
ton state |1⟩. These Rabi oscillations are significantly re-
duced at large disorder, causing the total reactivity of the
ensemble to be independent of disorder. In this regime,
changes of the total reaction yield upon broadband ex-
citation for different collective coupling strengths can be
explained by differences in cavity leakage (see normalized
product populations in Appendix C).

Figure 4(2a) shows that wave packet interferences in

the large-disorder regime still cause differing reactivi-
ties on individual bins, despite them having the same
PESs. By comparing the total excited state population
Pe1(t) + Pe2(t) with the product population Pe2(t), we
conclude that this difference in product yields of indi-
vidual bins cannot be attributed to differences in their
respective absorption. Additional calculations show that
high-frequency bins become more reactive than those at
low frequency as a consequence of vibronic coupling of
the |e1⟩ electronic state (here, s1 = −1), and that this
effect is suppressed if s1 = 0 (see Appendix D). We
will elaborate on the consequences of this effect when
we consider narrowband excitation. Figure 4(2b) shows
time-dependent total population dynamics for zero, in-
termediate, and large disorder. In the absence of dis-
order, strong light-matter coupling gives rise to large
amplitude Rabi oscillations for Pe1(t) that last even af-
ter the reaction occurs, producing a low reaction yield.
This polaritonic-induced reduction of reactivity (polaron
decoupling) has been explained in previous theoretical
works as a change in the PESs that prevents the nuclei
from moving away from the FC region[11, 53, 63, 64].
However, for intermediate and large disorder, Rabi oscil-
lations are damped before the reaction ensues, polaron
decoupling disappears, and the reactivity reaches a con-
stant value. This constant value corresponds to the re-
action yield outside of the cavity, as shown in Fig. 4(2c),
where we have initiated the system in the bright state

|Ψ(0)⟩ =
∑Nbins

i

√
Pi|φ0⟩ ⊗ |ei⟩, for g

√
N = 0. From

this we conclude that changes in the reaction yield upon
broadband excitation are not possible if reactivity occurs
on a timescale longer than that of Rabi oscillations, even
if the linear absorption spectrum showcases two clear po-
lariton bands [see Fig. 4(a)].

Next, we systematically study how the large-disorder
regime approaches the off-cavity limit by initiating the
dynamics in the bright state, and calculating the total
excited states populations for g

√
N = 0.03 au, increasing

the disorder. This allows us to directly compare the ensu-
ing dynamics with that outside of the cavity (g

√
N = 0).

Importantly, the out-of-cavity population dynamics is in-
dependent of disorder for these initial conditions.

We find that broadband excitation in the large-
disorder regime does not result in different photochem-
istry than outside of the cavity, although the linear ab-
sorption spectrum misleadingly suggests otherwise. As
we discussed before, this occurs because, even for large
disorder, the Rabi splitting in the absorption spectrum
is a feature defined at short times (T ∼ 2.5 fs), for which
disorder has a very minor effect. On the contrary, at the
longer timescales of chemical reactivity, disorder has al-
ready caused decoherence of wavefunction in individual
disorder bins. We also modified the PES of |e2⟩ so that
it lies at higher energies with respect to |e1⟩. Contrary
to the previous scenario, for low disorder, we observe a
polariton-mediated increase in the total reaction yield if
the target state |e2⟩ is 0.02 au blue detuned with respect
to |e1⟩, thanks to the UP having high enough energy to
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FIG. 4. Effects of exciton-frequency disorder on optical and chemical properties of molecular polaritons. Parameters: ω0 = 0.10
au, ωc = 0.11 au, ων = 0.01 au, κ = 0.006 au, v12 = 0.0025 au, s1 = −1, and s2 = −4. (1a) Linear absorption spectrum
for different values of disorder. Disorder suppresses vibronic features and increases the polariton Rabi splitting. (1b) Time-
dependent interpretation of Rabi splitting increase caused by disorder. (1c) Final population of the electronic state |e2⟩ [Pe2(Tf ),
Tf = 30 fs] for different values of disorder and collective light-matter coupling strength. Vertical lines on the disorder axis

correspond to 2σ = g
√
N . As expected, polaritonic effects become immune to disorder for large g

√
N . (2a) Final excited-state

populations of each disorder bin show their reaction yield (red) is different even at large disorder, and not just due to polariton
modified absorption (blue). Bins are ordered from low to high exciton frequency. (2b) Population dynamics of excited electronic

states Pe1(t) (dashed) and Pe2(t) (solid) for 2σ = 0 (gray), 2σ < g
√
N (blue), and 2σ > g

√
N (black). (2c) Population dynamics

of excited electronic states Pe1(t) (dashed) and Pe2(t) (solid) outside of the cavity. The step-like behavior in Pe2(t) is attributed
to the reaction proceeding via tunneling of the oscillating vibrational wavepacket from the |e1⟩ state. Notice the resemblance

between the dynamics in (2c) and (2b) for 2σ/g
√
N = 2/3, 4/3, indicating no polaritonic changes in the PESs in the presence

of disorder.

FIG. 5. Reaction yield in the strong-coupling regime as a function of disorder upon broadband excitation (bright initial state).
(a) Reaction is suppressed with strong coupling; however, as disorder becomes comparable to the Rabi splitting, Pe2(t) resembles
the behavior outside of the cavity. (b) Absorption spectrum A(ω) for the dynamics in (a): strong coupling low disorder (green),
strong coupling-large disorder (black), and outside of the cavity (dashed). Notably, despite well-defined polariton bands for
large disorder, the corresponding reactivity in (a) is similar to the off-cavity case. (c) Same as (a) but shifting the PES of |e2⟩
upwards by two vibrational quanta. In this case, strong coupling enhances the reaction for weak disorder.

allow the barrier crossing. Moreover, we observe that
the behavior is not monotonic and population transfer is
enhanced for low values of disorder, but eventually con-
verges to the dynamics outside of the cavity [see Fig.
5(c)].

Narrowband excitation.— We next examine selective

excitation of either one of the polariton bands (narrow-
band excitation, Tpulse > TRabi). To this end, we ini-
tiate the dynamics in the states |Ψ±(0)⟩ = 1√

2
|φ0⟩ ⊗(

|1⟩ ±
∑Nbins

i

√
Pi|ei⟩

)
, which allocate the same vibra-

tional energy to all bins, and their average energy is that
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of the polaritons.
Figure 6 shows that selective pumping of polariton

bands yields different excited-state reaction yields. As
we might expect from Fig. 4(2a), excitation of the UP
results in a high reaction yield due to selective excita-
tion of the bins with a higher reactivity, while excitation
of the LP results in a low reaction yield. This can be
explained as a cavity-assisted mixing of high-lying vi-
bronic states of the low-energy bins with low-lying vi-
bronic states of the high-frequency bins through Rabi os-
cillations, resulting in excitation of molecules near the
UP with more vibrational energy, and molecules near
the LP with lower vibrational energy. A scheme of this
mechanism is shown in Fig. 7, and numerical evidence
is provided in Appendix D. Notice that this mechanism
is a consequence of the definition of the initial excited
state. Since the laser pulse must be longer than the Rabi
period to selectively excite a single polariton band, both
the external laser and polariton dynamics simultaneously
participate in the creation of the initial states with dif-
fering reactivities. Crucially, there is no reason to believe
that these highly reactive states cannot be created with-
out the cavity’s presence using a different narrowband
linear external laser that efficiently targets high-energy
vibronic progressions through the UP (LP) band. In
fact, both strategies rely on non zero vibronic coupling
to produce frequency-dependent photoreactivity. There-
fore, whether collective strong coupling in the large N
limit provides any advantage to control chemical reactiv-
ity compared to conventional linear optical sources is not
readily apparent, especially in light of recent experiments
that suggest there are no polaritonic effects on chemical
dynamics [65, 66].

IV. SUMMARY

We have successfully introduced the d-CUT-E method
to efficiently simulate the ultrafast dynamics of dis-
ordered molecular ensembles under collective strong
coupling. Our findings challenge the notion that a Rabi
splitting in the linear absorption spectrum inevitably
implies changes in chemical reactivity. This is due to the
disparity in timescales governing optical and chemical
properties. Optical properties primarily manifest at
short timescales when disorder has minimal impact,
while chemical properties emerge at longer timescales.
In the common scenario that disorder is comparable

with the light-matter coupling strength, strong coupling
induces modifications in the reactivity of individual
disorder bins, which can be selectively targeted by nar-
rowband pulses. This phenomenon should be interpreted
as a cavity-mediated initial state preparation effect.
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Appendix A: CUT-E Hamiltonian in the large N
limit for discrete disorder

For simplicity, let us derive Ĥeff when there is a sin-
gle electronic excited state per molecule. The general
polariton Hamiltonian yields

Ĥ =

N∑
i

(
Ĥ

(i)
mol + Ĥ

(i)
I

)
+ Ĥcav, (A1)

where the Hamiltonians Ĥ
(i)
mol, Ĥcav, and Ĥ

(i)
I describe

the energy of the i-th molecule, the cavity mode, and
the light-matter interaction. In our work we use a simple
model that assumes a single cavity mode and neglects
intermolecular interactions, leading to

Ĥ
(i)
mol = ĥ(i)

g |gi⟩⟨gi|+ ĥ(i)
e |ei⟩⟨ei|,

= −1

2

∂2

∂q2i
1+ Vg,i(qi)|gi⟩⟨gi|+ Ve,i(qi)|ei⟩⟨ei|,

Ĥcav = ωcâ
†â,

Ĥ
(i)
I = g

(
|ei⟩⟨gi|â+ |gi⟩⟨ei|â†

)
. (A2)

In a previous work, we showed that, assuming all
molecules are in their global ground state and taking
the large N limit (zeroth-order approximation in CUT-E,
single-molecule light matter coupling g → 0 while keep-
ing g

√
N constant), the time-dependent wavefunction in

the first excitation manifold can be obtained by solving
a simple system of equations of motion (EoM) [49]:

iȦ
(0)
00...0(t) = ωcA

(0)
00...0(t) + g

N∑
i=1

∑
li

⟨φ0|ϕli⟩A
(i)
00...li...0

(t)

iȦ
(i)
00...li...0

(t) =
(
ω0,i + ω

(i)
ν,li

)
A

(i)
00...li...0

(t) + g
∑
li

⟨ϕli |φ0⟩A(0)
00...0(t), (A3)
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FIG. 6. Reaction yield upon narrowband excitation in the strong-coupling and large-disorder regime (parameters: g
√
N = 0.03

au and 2σ = 0.04 au). (a) Total product state population after pumping the UP (solid) and the LP (dashed). (b and c)
Excited-state populations of each disorder bin showing their reaction yield (red) and absorption (blue), after LP pumping
and UP pumping. Larger ratios Pe2,i(Tf )/[Pe1,i(Tf ) + Pe2,i(Tf )] imply higher reactivity. (b) and (c) indicate that the higher
reactivity of the UP bins cannot be explained simply by polariton absorption, which slightly favors the LP bins.

FIG. 7. Mechanism of frequency-dependent photoreactivity in disordered molecular polaritons. Interplay of narrowband
excitation and cavity-mediated interactions between disorder bins results in the preparation of states with different reactivities
after damping of Rabi oscillations and before the chemical reaction. These highly (slightly) reactive bins can be excited at the
UP (LP) frequency, leading to an increase (decrease) of the total reactivity upon narrowband excitation.

where A
(0)
00...0 is the amplitude of the state with

all molecules in the global ground state and 1
photon in the cavity (superscript 0 indicates cav-
ity) |1⟩|φ0,1⟩|φ0,2⟩ · · · |φ0,N ⟩ with frequency ωc, while

A
(i)
00...li...0

(t) is the amplitude of the state where
molecule i is excited in the vibrational state li,
|ei⟩|φ0,1⟩|φ0,2⟩ · · · |ϕli,i⟩ · · · |φ0,N ⟩, with frequency ω0,i +

ω
(i)
ν,li

. Contribution of other states to the total wavefunc-

tion vanish at large N [19, 49, 50].

If the total molecular ensemble consists of Nbins groups
composed of Ni identical molecules each, we can rewrite
the EoM as

iȦ
(0)
00...0(t) = ωcA

(0)
00...0(t) + g

Nbins∑
i=1

Ni

∑
li

⟨φ0,i|ϕli,i⟩A
(i)
00...li...0

(t)

iȦ
(i)
00...li...0

(t) =
(
ω0,i + ω

(i)
ν,li

)
A

(i)
00...li...0

(t) + g
∑
li

⟨ϕli,i|φ0,i⟩A(0)
00...0(t), (A4)

where i now runs over the disorder bins and
∑

i Ni = N .
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By renormalizing the exciton coefficients as Ã
(i)
00...li...0

(t) =
√
NiA

(i)
00...li...0

(t) we get

iȦ
(0)
00...0(t) = ωcA

(0)
00...0(t) + g

√
N

Nbins∑
i=1

√
Pi

∑
li

⟨φ0,i|ϕli,i⟩Ã
(i)
00...li...0

(t)

i ˙̃A
(i)
00...li...0

(t) =
(
ω0,i + ω

(i)
ν,li

)
Ã

(i)
00...li...0

(t) + g
√
N
√
Pi

∑
li

⟨ϕli,i|φ0,i⟩A(0)
00...0(t), (A5)

with Pi = Ni/N . These EoM yield the effective Hamil-
tonian

Ĥ ′
eff =ωc|1⟩⟨1|+

Nbins∑
i

Ĥe,i(qi)|ei⟩⟨ei|

+ g
√
N

Nbins∑
i

√
Pi (|ei⟩⟨1|+ |1⟩⟨ei|)Pi. (A6)

The vibrational projector Pi = |φ0,i⟩⟨φ0,i| implies that
the strong light-matter interaction only occurs at the
Franck-Condon region. Notice that Ĥ ′

eff spans the

Hilbert space formed by the vibrational and electronic
degrees of freedom of all molecules. Equation (1) in the
manuscript is just an extension of this Hamiltonian, ac-
knowledging the product state |e2⟩ and the diabatic cou-
pling between reactant and product v12 (see Fig. 2).

In this article, we are only interested in local observ-
ables (e.g., excited state populations); hence, we can di-
rectly compute them from the effective wave function
evolving according to Ĥ ′

eff [see Ref. [49], Eq. (23)].

However, Ĥ ′
eff can be further simplified. This becomes

clearer if we assume the Franck-Condon state is identical
for each effective molecule, i. e., |φ0,i⟩ → |φ0⟩.

iȦ
(0)
00...0(t) = ωcA

(0)
00...0(t) + g

√
N

Nbins∑
i=1

√
Pi

∑
li

⟨φ0|ϕli,i⟩Ã
(i)
00...li...0

(t)

i ˙̃A
(i)
00...li...0

(t) =
(
ω0,i + ω

(i)
ν,li

)
Ã

(i)
00...li...0

(t) + g
√
N
√
Pi

∑
li

⟨ϕli,i|φ0⟩A(0)
00...0(t). (A7)

One can check that the following effective Hamiltonian and wavefunction leads to the EoM above,

Ĥeff = ωc|1⟩⟨1|+
Nbins∑

i

Ĥe,i(q)|ei⟩⟨ei|+ g
√
N

Nbins∑
i

√
Pi (|ei⟩⟨1|+ |1⟩⟨ei|)P,

|Ψ̃(t)⟩ = A
(0)
00...0(t)|φ0⟩ ⊗ |1⟩+

Nbins∑
i

∑
li

Ã
(i)
00...li...0

(t)|ϕli,i⟩ ⊗ |ei⟩. (A8)

This effective Hamiltonian spans the Hilbert space
formed by Nbins electronic states, but only the vibra-
tional degrees of freedom of a single molecule (see Fig.
1). Again, we can directly compute local observables
from the effective wave function evolving according to
Ĥeff . Alternatively, it can be interpreted as pertaining
to a single effective molecule with Nbins electronic states.

This reduction in the electronic and vibrational degrees
of freedom is a dramatic simplification compared to the
original Hamiltonian in Eq. (A1).

The Hamiltonian in Eq. (3) of the manuscript is an

extension of Ĥeff for two electronic excited states dia-
batically coupled and one vibrational mode per molecule.
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Appendix B: Convergence analysis

In Figure S1 we analyze the convergence in cavity leak-
age Γ(t) = 1 − ⟨Ψ(t)|Ψ(t)⟩, photon population |C(t)|2,
linear absorption spectrum A(ω), and electronic popula-
tions Pe1(t) and Pe2(t), as a function of Nbins. We propa-
gate the initially photonic wavepacket |Ψ(0)⟩ = |φ0⟩⊗|1⟩
for 40 fs.

Appendix C: Effects of cavity leakage in total
reactivity: normalized product populations

Figure 1c of the main manuscript shows the depen-
dence of the total product population of the ensemble
P2(Tf ) at the final time of the simulation (Tf = 30 fs),
as a function of disorder and collective light matter cou-
pling strength, after broadband excitation. Looking at
the large disorder limit, it seems there is a strong de-
pendence of the reactivity on the coupling strength, op-
posite to what we claim in the manuscript. In Figure
S2 we show that such dependence corresponds simply
to differences in cavity leakage. We do this by plotting
renormalized populations P̃2(Tf ) = P2(Tf )/⟨Ψ(t)|Ψ(t)⟩.

Appendix D: Detailed analysis of the reactivity of
each disorder bin

We first calculate the total excited-state populations
(Pe2,i(Tf ) + Pe1,i(Tf )) as well as product populations
(Pe2,i(Tf )), for each of the disorder bins. In the top
row of Figure S3 we can see the larger reactivity of high-
frequency disorder bins arises only under strong coupling,
and cannot be attributed to increase in their respective
absorption. In the bottom row we see that this effect is
negligible in the absence of vibronic coupling.

Second, we carry out a similar analysis for a slightly
modified molecular system, where the |e2⟩ state has been
shifted to higher and lower energy, for all disorder bins
(see Figure S4). In both cases, disorder bins near the
upper-polariton energy still contribute more to the reac-
tivity, and this effect decreases as the barrier for the re-
action gets lower. This is consistent with high frequency
bins having more kinetic energy in the vibrational degrees
of freedom than low-frequency bins. Strong coupling is
required so that UP (LP) can target highly (slightly) re-
active states.

Finally, we provide a further confirmation that higher
vibrational energy endowed to higher-frequency bins. We
analyze the vibrational wavepackets created in the reac-
tant state |e1,i⟩ of each disorder bin, in the strong cou-
pling regime, and right after damping of the Rabi oscil-
lations (5 fs, before the reaction ensues). We calculate
the vibrational energy in each bin and compare it with
its corresponding excited state population. This reveals
that vibrational wavepackets near the upper polariton
band acquire more kinetic energy, which explains their

higher reactivity (see Figure S5). Future works will es-
tablish whether these states can be created outside of the
cavity with conventional linear optical sources.
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FIG. S1. Convergence of the dynamics with the number of bins Nbins. (a) Linear absorption spectrum A(ω). (b) Cavity
leakage Γ(t), (c) Ratio of electronic excited state populations Pe2(t)/Pe1(t). We find that the number of bins Nbins needed to

reach convergence obeys Nbins = 6σ · Tf/2π. Parameters: ω0 = 0.11 au, σ = 0.02 au, ων = 0.01 au, g
√
N = 0.03 au, κ = 0.006

au, v12 = 0.0025 au, s1 = −1, and s2 = −4.
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FIG. S2. Total product population before (a) and after (b)
renormalization of the populations. It is clear from this figure
that variations at large disorder correspond only to differences
in how much energy is lost via cavity leakage.
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FIG. S3. Total excited-state population Pe2,i(Tf ) +Pe1,i(Tf ) and product population Pe2,i(Tf ) for each of the disorder bins as
a function of collective coupling (keeping disorder fixed). Top and bottom rows show calculations with and without vibronic

coupling. Disorder is fixed at 2σ = 0.04 au while collective coupling g
√
N varies from 0− 0.03 au (left to right). In the top row

ωc is resonant with the ν = 0 → ν′ = 1 transition, while in the bottom row ωc is resonant with the ν = 0 → ν′ = 0 transition.

FIG. S4. total excited state population Pe2,i(Tf ) + Pe1,i(Tf ) and product population Pe2,i(Tf ) for each of the disorder bins
after shifting the electronic states |e2,i⟩ up and down by two vibrational quanta (0.02 au).
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FIG. S5. Vibrational energy and population of the reactant

wavepackets, E
(vib)
e1,i

(t = 5fs) and Pe1,i(t = 5fs), for each of
the disorder bins.
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