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Strong coupling electron-photon dynamics: A real-time investigation
of energy redistribution in molecular polaritons
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We analyze the real-time electron-photon dynamics in long- and short-range energy transfer using a real-time
quantum electrodynamics coupled cluster model, which allows for spatial and temporal visualization of transport
processes. We compute the time evolution of photonic and molecular observables, such as the dipole moment
and the photon coordinate, following the excitation of the system induced by short laser pulses. Our simulations
show that intermolecular interactions and light-matter strong coupling lead to modified electronic polarization
compared to the undressed molecules. The developed method can simulate multiple high-intensity laser pulses
while explicitly retaining electronic and electron-photon correlation and is thus suited for nonlinear optics and
transient absorption spectroscopies of molecular polaritons.
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I. INTRODUCTION

When a molecular excitation strongly interacts with a con-
fined optical mode (e.g., in a Fabry-Pérot cavity), hybrid
light-matter states, called polaritons, are formed. Polaritons
have recently attracted interest from chemists due to pioneer-
ing experiments proving modifications in chemical properties,
such as photochemistry and ground-state reactivity [1–9].
Several works have suggested a modified electronic dynamics
under light-matter strong coupling, showing, e.g., changes
in lifetimes [1,10], selection rules in multiphoton absorption
[11], and energy transfer [12–18], as well as enhanced non-
linear optical properties [19–23]. The proper understanding
of such experimental findings in cavity-modified chemistry
requires a microscopic model of the electron-photon inter-
play. To this end, theoretical methods that merge quantum
optic models and theoretical chemistry have been proposed
in recent years. Ab initio quantum electrodynamical meth-
ods, such as quantum electrodynamics coupled cluster [24]
(QED-CC) and quantum electrodynamics density functional
theory (QEDFT) [25–27], are based on electronic structure
theory [28,29] to provide a nonperturbative description of the
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light-matter interaction, though, in general, limited to few
molecules due to the computational costs. Other approaches
treat the electronic degrees of freedom and the light-matter
interaction at a lower level of theory but focus on the collective
nature of polaritons starting, e.g., from Tavis-Cummings-like
[30] models with parameters obtained from electronic struc-
ture calculations [31–33].

In this paper, we take another step forward in the ab initio
description of molecular polaritons by explicitly modeling
laser-driven molecules in quantum cavities. We present the
first development and implementation of the real-time quan-
tum electrodynamics coupled cluster method (RT-QED-CC).
Real-time electronic structure methods have made signifi-
cant progress [34] and, recently, some have been extended
to molecular polaritons such as real-time (RT) quantum
electrodynamics configuration interaction [35,36], real-time
QEDFT [22,37–39], as well as semiclassical methods with
a self-consistent coupling between the molecule and classi-
cal cavity modes [40]. Coupled cluster methodologies are
very successful, both for the ground and the excited states
[28], and their real-time implementations are suited for the
electronic dynamics under strong and ultrashort laser pulses
[41–46]. The ab initio QED-CC parametrization of the po-
laritonic wave function, which includes electron-electron and
electron-photon correlation [24,28], provides a nonperturba-
tive description of the electron-photon dynamics. We can
hence reliably describe both the long-range photonic corre-
lation and the short-range intra- and intermolecular electronic
forces. The RT-QED-CC method is therefore suited for study-
ing the interaction of molecules and aggregates with confined
optical modes from the weak to the ultrastrong coupling
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regime, even under external high-intensity and ultrashort elec-
tric pulses (linear and nonlinear excitation regimes). Our
method can support the study of quantum light spectroscopies
[47–53], high-order harmonic generation [19–21], and multi-
photon and transient (pump-probe) spectroscopy of molecular
polaritons [10,11,54,55]. As a case study, we here focus on
photon-mediated energy transfer as a clear example of ex-
perimentally [12–16] and theoretically [17,56,57] investigated
electron-photon dynamics with potential applications in light-
harvesting systems.

Our method allows spatial and temporal visualization of
the transport process, following nonperturbatively the pho-
ton dynamics and the electronic density displacement, giving
us access to molecular observables such as the molecular
multipoles. Moreover, the ab initio QED-CC wave func-
tion includes electron-photon correlation [24], and we thus
describe nonperturbatively the effect of the molecule on
photonic quantities such as the photon coordinate, without re-
sorting to a few-level or perturbative description of the system.
Our results highlight different timescales in the electron-
photon dynamics, the role of dark states, and the modified
interaction of polaritons with external pulses. Moreover, RT-
QED-CC can also nonperturbatively model the short-range
electronic energy transfer (Förster and Dexter), offering a
clear discussion of the similarities and differences with the
photonic channel. We find that when both light-matter strong
coupling and intermolecular forces are relevant, the local
electronic dynamics is further complicated and does not re-
semble the purely electronic or photonic process. Our results
thus support the recent hypothesis that electronic properties
can be modified from the interplay of light-matter strong
coupling and local intermolecular interactions [58,59]. While
our method is so far designed for electronic strong coupling
(ESC), we believe the concepts we developed for energy re-
distribution can also be applied to vibrational strong coupling
(VSC) [18,60–62], and the method could be extended to in-
clude nuclear motion [63].

The paper is organized as follows. First, we briefly intro-
duce the theory behind ab initio quantum electrodynamics
(QED) and describe the QED Hartree-Fock (QED-HF) and
QED-CC methods. Next, we provide a detailed description
of the real-time QED-CC wave function and discuss the
information we can extract by explicitly modeling the
photonic degrees of freedom. We then apply the RT-QED-CC
method to study energy transfers in molecular polaritons.
Finally, we summarize the main results presented in the
paper and discuss future perspectives and applications of the
developed framework.

II. AB INITIO COUPLED CLUSTER
FOR MOLECULAR POLARITONS

In this section, we introduce the QED-HF and QED-CC
methods and focus on the real-time description of the QED-
CC parametrization. The photons are described at the same
level as the electrons in a polaritonic wave function. To this
end, we employ the nonrelativistic Pauli-Fierz Hamiltonian in
the dipole approximation, Born-Oppenheimer approximation,
and length representation [64,65], here expressed in second

quantization and atomic units

H =
∑

pq

hpqEpq + 1

2

∑
pqrs

gpqrsepqrs + hnuc

+
√

ω

2

∑
pq

(λ · d )pqEpq(b† + b)

+ 1

2

∑
pqrs

(λ · d )pq(λ · d )rsEpqErs + ωb†b, (1)

where Epq = ∑
σ a†

pσ aqσ and epqrs = EpqErs − δqrEps are the
spin-adapted singlet electronic operators in second quantiza-
tion, where the indices p, q, r, and s label the one-electron
basis [28]. The quantities hpq, gpqrs, and d pq are the one-
electron, two-electron, and dipole integrals, respectively. The
operators b† and b create and annihilate photons of a single
effective photon mode of frequency ω. Finally, λ = λε is
the light-matter coupling strength of the photon field along
its polarization ε. The coupling λ is connected to the field
quantization volume Vc,

λ =
√

4π

Vc
, (2)

and increases with the electromagnetic confinement in optic
devices. It is thus treated as an external parameter to be set
in the Hamiltonian. The first term in Eq. (1) is the elec-
tronic Hamiltonian routinely employed in quantum chemistry
[28], the second term is the bilinear light-matter interaction,
and the last term describes the energy of the photon field,
while the third line is the dipole self-energy, which originates
from the transformation from the velocity to the length form
of the Hamiltonian and ensures numerical stability [64,66–
68]. The Hamiltonian in Eq. (1) is employed for the ab initio
QED-HF and QED-CC methods [24], which we briefly de-
scribe in the following sections.

A. QED-HF

The QED-HF wave function |R〉 is the direct product of a
Slater determinant |HF〉 and a photonic state, in the following
expressed as a linear combination of the states (b†)n|0〉 with
coefficients cn:

|R〉 = |HF〉 ⊗
∑

n

(b†)n|0〉cn, (3)

where |0〉 is the photon vacuum. The optimal parameters are
obtained from the variational principle by minimizing the
expectation value of the Hamiltonian in Eq. (1) [24]. The
orbitals are obtained by diagonalization of the QED-HF Fock
matrix, while the photon state is a coherent state determined
by the molecular dipole moment [24],

|R〉 = |HF〉 ⊗ UQED-HF|0〉 ≡ UQED-HF|HF, 0〉, (4)

where

UQED-HF = exp

(
− λ · 〈R|d|R〉√

2ω
(b† − b)

)
. (5)
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B. QED-CC

The QED-HF wave function of Eq. (4) provides the
reference state of the QED-CC parametrization, and the
coherent-state transformation is handled via a picture change
of the Hamiltonian [24,65]. The QED-CC wave function is
thus defined in the QED-HF coherent-state representation
H̃ = U †

QED-HFH UQED-HF, that is, the Hamiltonian used to de-
termine the CC amplitudes is transformed using Eq. (5):

H̃ =
∑

pq

hpqEpq + 1

2

∑
pqrs

gpqrsepqrs + hnuc

+
√

ω

2
(λ · (d − 〈d〉QED-HF))(b† + b)

+ 1

2
(λ · (d − 〈d〉QED-HF))2 + ωb†b. (6)

As for the electronic coupled cluster [28], the QED-CC wave
function is given by an exponential parametrization

|QED-CC〉 = eT |HF, 0〉, (7)

where the cluster operator T includes electronic, photonic,
and electron-photon excitations [24]. In this paper, we use the
QED-CCSD-1 model [24], which includes single and double
excitations in the electronic space and a single excitation for
the photon

T = Te + Tint + Tp, (8)

where

Te =
∑

ai

taiEai + 1

2

∑
aib j

taib jEaiEb j, (9)

Tint =
∑

ai

saiEaib
† + 1

2

∑
aib j

saib jEaiEb jb
†, (10)

Tp = γ b†. (11)

In these equations, i and j label occupied orbitals, and a and
b label virtual orbitals of the QED-HF reference determinant.
The operator Te is the electronic cluster with singles tai and
doubles taib j electronic excitation amplitudes [28], while Tp

includes a single photonic amplitude γ and creates field ex-
citations in the coherent-state representation [24,69]. Finally,
Tint creates simultaneous excitations in the matter and pho-
ton manifold via the single-1-photon sai and double-1-photon
saib j amplitudes. In the same way, the QED-CC dual state is
defined as

〈�| = 〈HF, 0| +
∑
μ,n

t̄μn〈μ, n|e−T , (12)

where t̄μn are the Lagrangian multipliers for the |μ, n〉 exci-
tation [24,28]. The amplitudes and the multipliers are then
obtained as in standard CC theory by projection of the
Schrödinger equation.

The QED-CC parametrization allows for a flexible ground
state description, including electron-electron and electron-
photon correlation. Following the same approach as for
electronic CC, we can then obtain information on the
molecular-polariton excited states using the equation of
motion or response formalism [24,28,65,70,71]. These ef-
fectively time-independent approaches rely upon the Fourier

transformation of any perturbation applied to the system. In
the following, we describe a different approach based on a
real-time propagation of the CC amplitudes.

C. Real-time QED-CC

We aim to study the time evolution of the electron-photon
system subject to an external field V (t ) such as an elec-
tric pump. The total Hamiltonian is thus H̃ + Ṽ (t ) [in the
QED-HF coherent state representation of Eq. (6)], and we
parametrize the time evolution using time-dependent am-
plitudes T (t ) and a complex global-phase parameter α(t ),
similarly to electronic TD-CC [41–46]

|QED-CC〉(t ) = eT (t )|HF, 0〉eiα(t ). (13)

The amplitudes are obtained by projection of the time-
dependent Schrödinger equation [41,70,71]

dα

dt
= −〈HF, 0|(H̃ + Ṽ (t ))eT (t )|HF, 0〉, (14)

dtμ
dt

= −i〈μ, 0|e−T (t )(H̃ + Ṽ (t ))eT (t )|HF, 0〉, (15)

dγ

dt
= −i〈HF, 1|e−T (t )(H̃ + Ṽ (t ))eT (t )|HF, 0〉, (16)

dsμ

dt
= −i〈μ, 1|e−T (t )(H̃ + Ṽ (t ))eT (t )|HF, 0〉, (17)

and analogous equations hold for the QED-CC dual state (fur-
ther details are provided in the Supplemental Material [72]).

While response theory would rely on a perturbative ex-
pansion to obtain linear and nonlinear response functions in
the frequency domain [65,70,71], we numerically propagate
the amplitudes and multipliers in time. We thus study the
electron-photon dynamics computing the mean values of ob-
servables 〈A〉 at each time step:

〈A〉(t ) = 〈�(t )|A|QED-CC(t )〉. (18)

The information in the frequency domain can then be obtained
via a Fourier transform of Eq. (18). Notice that in QED, we
have access to additional observables from the explicit mod-
eling of the photon field compared to the standard electronic
simulation. We can thus describe photon quantities such as the
field coordinate q = b+b†√

2ω
, which is connected to the electric

field of the photons in the cavity, or the number operator
Nph = b†b. We must then account for the picture change of
the QED-HF coherent state transformation in Eq. (5) since
the QED-CC wave function is defined for the Hamiltonian in
Eq. (6) [65,73,74].

The RT-QED-CC approach allows for the description of
the electron-photon dynamics under ultrashort and intense
classical electric fields,

V (t ) = d · Eext (t ) = d · E0(t ) cos(ωextt + ϕ), (19)

where E0(t ) is an envelope function that describes the shape of
the external pulse, and the field-molecule interaction is in the
length gauge and dipole approximation. Moreover, the explicit
modeling of the photon field provides additional flexibility in
the operator V (t ). Since we retain the photonic degrees of
freedom explicitly, the description of the external light source
is not limited, in principle, to the semiclassical expression in
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Eq. (19). This would require a multimode description of the
field in the Hamiltonian in Eq. (1) and the wave function,
and we could then prepare and propagate the system, e.g.,
in the electronic ground state superimposed with a proper
photon wave packet. Nevertheless, unless very few-photons or
nonclassical light is employed, the classical and nonclassical
description of the pump should give similar results, so in this
paper we focus on the classical interaction term of Eq. (19).
In addition, while standard molecular spectroscopy focuses
on the molecular degrees of freedom, in a QED framework,
we can also study the effect of perturbations that couple di-
rectly to the photon field (for instance, via external currents),
such as

V (t ) = A0(b + b†), (20)

V (t ) = iB0(b − b†), (21)

and subsequently follow the evolution of molecular
observables.

The RT-QED-CC method thus allows for a nonperturbative
coherent and correlated time-dependent description of the in-
teraction of photons and molecules, permitting the modeling
of transient spectroscopies for molecular polaritons, quantum
light spectroscopies, molecules in laser fields, and electron-
photon entanglement [10,11,47,49,52,53,75].

III. RESULTS AND DISCUSSIONS

In this section, the RT-QED-CCSD-1 method is employed
to study photon-mediated energy transfers. The RT-QED-
CCSD-1 equations have been implemented in a private branch
of the eT program [76], and the computational and implemen-
tation details are provided in the Supplemental Material.

A. Intermolecular energy transfer

Electronic intermolecular energy transfer has been exper-
imentally [12–16] and theoretically [17,56,57,60,77] investi-
gated due to its potential applications in technologies, e.g.,
solar cells and light-harvesting systems. The theoretical sim-
ulation of such processes has been performed with simplified
methods [17] and collective Tavis-Cummings-like approaches
[56,57]. We here provide an ab initio QED-CC simulation in
the time domain.

As a simple system to study the long-range polaritonic en-
ergy transfer, we consider two identical but perpendicular H2

molecules in the xy plane, with the cavity field tuned to their
first bright molecular excitation (see Fig. 1). The light-matter
coupling strength is here set to λ = 0.01 a.u. with polarization
ε = (1/

√
2, 1/

√
2, 0), such that both the H2 are coupled to

the optical environment. The intermolecular distance is large
enough to suppress any electronic coupling between them
(D = 50 Å). The molecular geometries and further computa-
tional details are provided in the Supplemental Material. In
Fig. 1, we show selected snapshots of the differential elec-
tronic density (compared to the ground state) in the xy plane
following the interaction with an ultrashort classical electric
pulse [see Eq. (19)] centered at t = 20 a.u. and polarized

along the x direction (parallel to one of the H2).1 The densities
are computed at each time step of the simulation from the CC
density matrix

Dpq = 〈�(t )|Epq|QED-CC(t )〉, (22)

where p and q label the one-electron molecular orbitals, and it
is visualized on a grid. While the electric field polarizes both
molecules (see the second panel of Fig. 1), only one of them is
excited after the pulse has passed because of their orientation.
In the absence of the photon coupling, the electron density of
the excited molecule oscillates in time while nothing would
happen to the second H2. However, when the system is coher-
ently coupled to an optical environment such as a Fabry-Pérot
cavity, the excited molecule can transfer energy to the photon
field, which, in turn, excites the other H2 molecule. In Fig. 1,
we thus visualize the ultralong energy transfer mediated by
the cavity field. For computational reasons, we used a specific
orientation to selectively excite only one H2. However, longer
pulses can be used to selectively excite a single species and
thus trigger a cavity-mediated energy transfer between differ-
ent molecules in quantum cavities [12–16]. Notice that since
no decoherence or decay is introduced in the simulation, the
excitation will be transferred back and forth between the H2

molecules in a quasiperiodic fashion. The photon losses, as
well as the radiative and nonradiative decays of the molecular
excitations, affect the dynamics, and they could be modeled
phenomenologically, e.g., adding an anti-Hermitian term in
the Hamiltonian [79], or using a multimode description of the
photon field [80].

The electron-photon dynamics is more easily analyzed by
studying the time evolution of observables such as the dipole
moment d and the photon coordinate q = (b† + b)/

√
2ω. In

the upper panel of Fig. 2, we plot the x and y components
of the dipole moment for the process pictorially illustrated
in Fig. 1. The y component of the dipole moment provides a
simple measure of the excitation of the second H2. The panel
illustrates the fast density fluctuations, while their envelope
shows the slower energy transfer between the molecules.
The time evolution of the dipole moment for the undressed
(out-of-cavity) electron dynamics is reported in the
Supplemental Material, and does not show any energy transfer
due to the large distance between the molecules. To follow
the excitation of the quantum cavity, we report the photon
coordinate 〈q〉 = 〈b† + b〉/√2ω in the lower panel of Fig. 2.
Photon and matter observables show out-of-phase oscillations
and seem to display a different time period, with two
maxima for 〈q〉 in a single (back-and-forth) energy transfer
between the H2 molecules. The reason for this (apparent)
period difference is that each 〈q〉 maximum refers to one
of the H2 transferring their excitation to the photon field.
This is illustrated more clearly using two slightly different
molecules, stretching the bond length of the H2 along y. The
dipole moment components and the photon coordinate for
this system are illustrated in Fig. 3. The photon and matter
degrees of freedom now exhibit the same characteristic time,
but there are still two maxima in the photon coordinate for the
back-and-forth energy transfer. However, the two peaks are

1Videos of the energy-transfer dynamics are available in Ref. [78].
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FIG. 1. Electron density displacement (compared to the molecular ground state) for two identical but perpendicular H2 molecules placed
on the xy plane at different times. The distance between them is D = 50 Å and the light-matter coupling strength is λ = 0.01 a.u., with photon
polarization oriented such that both molecules are coupled to the cavity ε = (1/

√
2, 1/

√
2, 0). The molecules are perturbed by an ultrashort

classical electric pulse centered at 20 a.u. (second panel), but only the H2 parallel to the classical electric field is excited after the pulse passes.
The density of the excited molecule then oscillates in time. However, in a quantum cavity, the excitation is transferred to the photon field,
which in turn excites the other H2, thus allowing for ultralong range energy transfer. As time passes, the second molecule transfers its energy
back to the photon field and eventually to the first molecule since no decoherence is present so far in the simulations.

now different as they refer to molecules with slightly different
excitations transferring energy to the optical field. From
Fig. 3, it is also clear that there are more timescales involved
compared to Fig. 2, as can also be inferred from a simple
Jaynes-Cummings (JC)-like analysis. The system in Fig. 1
is described as two identical two-level oscillators coupled to

the cavity field. There are then three different eigenstates: the
upper |UP〉 and lower |LP〉 polaritons, and one dark state |DS〉
(of the same energy as the H2 excited state and the photon)

|UP〉 = 1√
2

( |e1g20〉 + |g1e20〉√
2

+ |g1g21〉
)

, (23)
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FIG. 2. Dipole moment d components (upper panel) and photon
coordinate 〈b†+b〉√

2ω
(lower panel) for the dynamics depicted in Fig. 1.

The y component of the dipole moment provides a simple measure
of the excitation transfer between the H2 molecules, while the photon
coordinate illustrates the photon excitation inside the cavity.

|DS〉 = |e1g20〉 − |g1e20〉√
2

, (24)

|LP〉 = 1√
2

( |e1g20〉 + |g1e20〉√
2

− |g1g21〉
)

, (25)

where ep (gp) refers to the pth H2 molecule in the excited
(ground) state, and 0 (1) to the zero- (one-) photon states.
Note that the dark state |DS〉, while showing no contribution
from the photon field, has a nonzero transition dipole moment
due to the different orientation of the molecules

〈g1g20|d|DS〉 = 1√
2

(〈g1|x1|e1〉,−〈g2|y2|e2〉, 0)T . (26)

After the pulse has passed, the system is still mainly in the
ground state (linear excitation regime) superimposed with the
polaritonic and dark states:

|e1g20〉 = 1
2 (|UP〉 + |LP〉 +

√
2|DS〉). (27)

FIG. 3. Dipole moment d components (upper panel) and photon
coordinate 〈b†+b〉√

2ω
(lower panel) for the dynamics of two slightly

different H2 molecules (of bond lengths 0.76 Å and 0.78 Å), with
orientation, cavity field, and external pulse as in Fig. 1. The system
is thus endowed with three distinct polaritonic states (lower, middle,
and upper polaritons). Since the two undressed H2 excitations are
slightly different, the maxima in the photon coordinate envelope
(second panel) are now different, contrary to Fig. 2.

The interference between the involved states thus generates
the modulation of the oscillation amplitude (quantum beats)
in Fig. 2. There are indeed three faster timescales associated
with the excitation energies of the polaritonic and dark
states, while there are two slower timescales in the envelope
variation given by the Rabi splitting (UP-LP energy splitting)
and the LP-DS energy difference. In fact, the LP-DS and
UP-DS energy difference is the same and is exactly half the
Rabi splitting. The role of the dark state is here to localize
the wave function on one of the H2. On the other hand, when
the hydrogens are different, as in Fig. 3, three polaritonic
states are formed: the UP, middle (MP), and LP polaritons.
Using a JC-like model with parameters obtained from the
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CCSD electronic structure simulations, we obtain a simple
approximation for the polaritonic states:

|UP〉 ≈ 0.60|e1g20〉 + 0.31|g1e20〉 + 0.74|g1g21〉, (28)

|MP〉 ≈ 0.75|e1g20〉 − 0.55|g1e20〉 − 0.37|g1g21〉, (29)

|LP〉 ≈ 0.29|e1g20〉 + 0.77|g1e20〉 − 0.56|g1g21〉. (30)

Since the energies of |e1g20〉 and |g1e20〉 are different, all
three states now show a different localization on the two
molecules and a contribution from the photon field, and we
have

|e1g20〉 ≈ 0.60|UP〉 + 0.29|LP〉 + 0.75|MP〉. (31)

In this case, three distinct timescales are present in the enve-
lope variation (from the MP-LP, MP-UP, and LP-UP energy
differences) [56], which explains why the photon revival in
Fig. 3 differs from the first oscillation. In Figs. 2 and 3, we
also see that the efficiency of the transfer changes. This can be
understood from Eq. (31), where we see that the MP and UP
contribute more than the LP in the initial state. The MP and
LP are mainly localized on the |e1g20〉 state, while the LP has
a larger contribution from the |g1e20〉 excitation, contrary to
the identical-hydrogens setup where both states contribute the
same to the eigenvectors [see Eqs. (28)–(30) and (23)–(25)].
The MP is known to be a fundamental state in the energy
transfer process [16,56]. In the following, we discuss how the
simultaneous effect of electronic and polaritonic pathways
for energy transfer affects the molecular polarization.

Electronic energy transfer in chemistry usually arises
from a dipole-dipole (Förster) or electronic-exchange (Dex-
ter) mechanism, and both are highly dependent on the distance
and orientation of the involved molecules [81]. Dexter en-
ergy transfer requires strong electronic couplings and is thus
relevant only for very short distances, while the Förster
mechanism decays as the sixth power of the intermolecular
separation 1/R6. The Förster energy transfer also requires
dipole-allowed molecular transitions and depends on the rela-
tive molecular orientation. On the other hand, the polaritonic
mechanism is virtually distance independent, only requiring
that both species show bright (dipole-allowed) molecular ex-
citations coupled to a quasiresonant optical device [17,56,57].
Since the CC parametrization is size extensive and includes
electron correlation, our method can reasonably describe in-
termolecular forces and is thus also suited for interacting
molecules. We thus study the molecular dynamics when both
the electronic and polaritonic energy transfer mechanisms are
present simultaneously. In Fig. 4, we report the energy trans-
fer between two H2 molecules with the same parameters as
in Fig. 1, but for a shorter intermolecular distance D = 5Å.
The last panel of Fig. 4 shows the out-of-cavity (no QED)
simulation of the x and y dipole moments, which illustrates the
energy transfer due to the electronic coupling. The dynamics
of the photon coordinate is very similar to the case of very
distant hydrogens in Fig. 2. On the other hand, the dipole
moment reported in the first panel of Fig. 4 shows that the
molecular behavior is not as clean. While we recognize that
both the electronic and polaritonic energy transfer mecha-
nisms are involved, their interplay produces a dynamics which
is different from both Fig. 2 and the out-of-cavity case in the

FIG. 4. Dipole moment d components (upper panel), photon
coordinate 〈b†+b〉√

2ω
(middle panel), and reference dipole moment simu-

lation (no QED, lower panel) for the dynamics of two perpendicular
but identical H2 molecules at a distance of 5 Å. Due to electronic
coupling, there is an energy transfer even in the absence of the photon
field mediation.
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FIG. 5. Dipole moment d components (upper panel), photon
coordinate 〈b†+b〉√

2ω
(middle panel), and reference dipole moment simu-

lation (no QED, lower panel) for the dynamics of two perpendicular
H2 molecules with a slightly different bond length at a distance of
5 Å. The electronic coupling is highly dependent on the excitation
energy, the orientation, and the distance between the molecules and,
compared to Fig. 4, little energy exchange occurs without the photon
mediation.

last panel of Fig. 4. In Fig. 5, we show the same simulation
for two slightly different H2 molecules. Due to the different
excitation energies, almost no energy transfer occurs without
the photon field involvement (last panel), while two distinct
photon maxima are highlighted due to the coupling of the
different H2 molecules to the optical device, as in Fig. 3. In
this case, the intermolecular forces play a less relevant role, as
revealed from the out-of-cavity simulation, and the dynamics
resembles the one in Fig. 3. Therefore, Figs. 4 and 5 show that
when both the electronic and light-matter coupling are rele-
vant, the microscopic response is altered compared to the case
when only one of the two interactions is present. These results
hint in the same direction as recent theoretical and experi-
mental works [58,59,67] which suggested modified electronic
properties from the interplay of intermolecular forces and
light-matter strong coupling. While RT-QED-CC is designed
for electronic strong coupling, we expect similar processes
to occur in vibrational strong coupling. These changes in the
electronic polarization might then contribute to some effects
observed in polaritonic chemistry, such as crystallization and
assembly [82–84], modified interactions in aggregates, and
solutions [58,59].

Finally, we investigated how the electron-photon dynamics
changes with the light-matter coupling strength λ and the
number of identical replicas N of the system (see also the
Supplemental Material). Since the timescale of the photon-
mediated energy transfer depends on the Rabi splitting, it is
inversely proportional to λ and the square root of N . That
is, the timescale depends only on the inverse of the collective
coupling strength λ

√
N , which means that such processes are

relevant in the thermodynamic limit N → ∞, λ
√

N = const
and the timescales can be reduced by simply increasing the
molecular concentration in the optical device. This is shown
in the Supplemental Material for the systems of Figs. 2 and
3 (identical and different H2 molecules). At the same time,
the energy absorbed and the dipole moment oscillation ampli-
tudes scale linearly when increasing the number of replicas
N subject to the same external pulse. This is physically
reasonable and is correctly modeled via the size intensivity
and extensivity of the CC parametrization for the electrons
[28,85]. On the other hand, the oscillation amplitudes of the
photon coordinate scales as

√
N . The amplitude of matter and

photon observables thus scale differently with N , while both
are fundamentally independent on λ.

B. Photon generation and modified electron-photon dynamics
via classical pulse sequences

We now focus on the energy transfer and electron-photon
dynamics induced by multiple classical electric pulses. In
Fig. 6, we report the time evolution of the dipole moment
and photon coordinate induced by two short classical electric
pulses centered at 20 a.u. and 550 a.u. for the same system
depicted in Fig. 1. The second pulse is switched on just before
the maximum transfer between the two H2 molecules, and the
undressed (out-of-cavity) electronic dynamics is reported in
the last panel for reference. Notice that no energy transfer
occurs outside the cavity because of the large separation be-
tween the molecules, as can be inferred from the absence of
the y component of the dipole moment in the lowest panel.
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FIG. 6. Dipole moment d components (upper panel), photon
coordinate 〈b†+b〉√

2ω
(middle panel), and reference dipole moment simu-

lation (no QED, lower panel) for the dynamics of two perpendicular
but identical H2 molecules at a distance of 50 Å. The system is
excited via two ultrashort pulses centered at t = 20 a.u. and 550 a.u.,
where the second pulse is switched on just before the maximal energy
transfer between the two H2 molecules shown in Fig. 2.

TABLE I. Energy of the (H2)2 system before and after two
ultrashort external electric pulses centered at t = 20 a.u. and 300
a.u.. For the undressed electrons, the molecule oriented along y does
not participate in the simulation and the second pulse stimulates
energy emission. In the QED simulation, after some energy has been
transferred between the two H2 molecules, the second pulse (slightly)
excites the molecule along x again.

Energy (a.u.) Initial Pulse 1 Pulse 2

RT-QED-CC −2.32991 −2.31173 −2.31083
RT-CC −2.32998 −2.31180 −2.31296

The H2 oriented along the external electric field (x axis) is
excited again by the second pulse, causing a sharp change of
the x component of the dipole moment. At the same time,
the photon coordinate varies smoothly, but its envelope is
modified compared to Fig. 2. Without the second pulse, the
photon coordinate amplitude would decrease almost to zero,
as shown in Fig. 2. After the H2 along x is excited by the
second pulse, the photon coordinate increases again, and its
envelope amplitude never decreases to zero. This means that,
through classical electric fields and their coupling only to
matter, we generated photons in the optical device that the
molecules will not completely absorb as in the vacuum Rabi
oscillations of Fig. 2.

Another interesting point of the dynamics in Fig. 2 is the
photon coordinate maximum, which occurs before the energy
transfer between the H2 is complete. In Fig. 7, we show the
dynamics of the system under the influence of two pulses
centered at 20 a.u. and 300 a.u.. The central time of the second
pulse now roughly corresponds to the first maximum of 〈q〉
in Fig. 2. In Table I, we report the energy of the system
(inside and outside the cavity) before and after each pulse.
It is interesting that the optical device changes the interaction
of the second pulse with the molecules. In the reference (no
QED) simulation, the second pulse triggers a spontaneous
emission as the system has lost energy after the interaction.
Nevertheless, its effect is small enough that no sharp change
in the dipole moment is shown in the last panel of Fig. 7.
For the photon-dressed electrons, the molecules again gain
energy from the pulse, as can be inferred from Table I. In
this case, the dipole moment along x still does not show a
sudden envelope modification, but there is a sharp change in
the envelope of the photon coordinate. As in Fig. 6, the am-
plitude of the photon coordinate oscillations does not reduce
to zero, contrary to Fig. 2, which means that there is always a
nonzero number of photons inside the cavity. However, the
photon coordinate amplitude is larger than Fig. 6, and the
second H2 molecule almost completely deexcites, contrary to
the significant dipole moment along y shown in Fig. 6 after a
complete oscillation. Thus, multiple classical pulses can trig-
ger nontrivial photon dynamics in a quantum optic device and
alter the photon-mediated energy transfer between molecules
in the strong coupling regime. In particular, even though the
interaction operator in Eq. (19) couples the external field only
to the electronic degrees of freedom, shape changes can be
obtained even in photonic quantities, as seen from the photon
coordinate in Fig. 7.
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FIG. 7. Dipole moment d components (upper panel), photon
coordinate 〈b†+b〉√

2ω
(middle panel), and reference dipole moment simu-

lation (no QED, lower panel) for the dynamics of two perpendicular
but identical H2 molecules at a distance of 50 Å. The system is
excited via two ultrashort pulses centered at t = 20 a.u. and 300
a.u., where the second pulse is switched on roughly at the maximum
amplitude of the photon coordinate q shown in Fig. 2.

FIG. 8. Ground to excited state transition densities for three
selected excited states of the succinic semialdehyde C4H6O3. The
colors indicate different signs in the transition density values. The ex-
citation energies and the transition moments are reported in Table II.
States I and III are mainly associated with the aldehyde moiety, while
state II is an excitation of the acidic group.

C. Intramolecular electron-photon dynamics

While we have focused so far on intermolecular energy
transfer, the described effects apply equally to intramolecular
processes. As a chemically interesting system, we focus on
the succinic semialdehyde C4H6O3 illustrated in Fig. 8. In
Fig. 8, we also report the transition density of three selected
electronic excited states, whose excitation energy and dipole
moments are reported in Table II (computational details and
additional data can be found in the Supplemental Material).
States I and III are primarily associated with the aldehyde
moiety, while state II is an excitation of the acidic group.
The molecule is then excited using a pulse centered at the
energy of state II and polarized along x, thus coupling to
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TABLE II. Excitation energies (eV) and product of the CCSD
left and right transition dipole moments along x, y, and z
〈L|dp|CC〉〈�|dp|R〉 (a.u.) for the excited states of the succinic semi-
aldehyde C4H6O3 depicted in Fig. 8.

State Energy (eV) x (a.u.) y (a.u.) z (a.u.)

I 7.144 0.0035 0.1041 0.0002
II 7.407 0.3813 0.0066 0.0000
III 7.802 0.1489 0.1681 0.0010

states II and III. For the QED simulation, the optical device is
tuned to the undressed (out-of-cavity) excitation III reported
in Table II, with moderate coupling strength λ = 0.05 a.u. and
polarization along the xy axis. The photon field is thus coupled
to all three reported states, while the other excitations of the
molecule are less relevant as they are highly detuned and
carry lower transition dipoles. The inspection of the density
displacement after the interaction with the pulse shows that
both the aldehyde and the acid group are excited. The acidic
moiety shows a more significant density displacement (and
thus excitation), as expected since the pulse carrier frequency
is tuned to state II and from its larger transition moment
along x (see also the Supplemental Material). In the first
panel of Fig. 9, we report the time evolution of the x and y
components of the dipole moments inside (solid lines) and
outside (reference, dotted lines) the cavity. The results clearly
show larger fluctuations for the y dipole moment in the QED
environment compared to the noncavity case. States I and III
are thus more involved in the polaritonic system than in the
purely electronic dynamics. In addition, the absorbed energies
(5.554 × 10−5 a.u. and 4.640 × 10−5 a.u. for the QED and
reference electronic calculation, respectively) show a more
favorable interaction of the external pulse with the polaritonic
system. Therefore, the restructuring of the energy landscapes
promoted by the light-matter strong coupling fundamentally
changes the nature of the molecular excitation and can lead to
more efficient interactions with external probes.

In the second panel of Fig. 9, we report the photon co-
ordinate corresponding to different quantum pictures: the
QED-HF coherent state representation, the length gauge, and
the velocity gauge. That is, the computed quantities are

〈b† + b〉√
2ω

(t ), (32)〈
b† + b −

√
2
ω

λ · 〈d〉QED-HF

〉
√

2ω
(t ), (33)

〈
b† + b +

√
2
ω

λ · (d − 〈d〉QED-HF)
〉

√
2ω

(t ), (34)

where Eq. (33) corresponds to the operator b†+b√
2ω

in the
representation of Eqs. (1) and (34) to the same opera-
tor in the velocity gauge Hamiltonian [64–66,74]. These
three quantities thus represent distinct observables. In par-
ticular, the photon coordinates of the velocity and length
gauge describe the electric and displacement field operators,
respectively [66,86]. While for the H2 system, the differences
in the computed values of these quantities are less relevant,

FIG. 9. Molecular (upper panel) and photon (lower panel) ob-
servables as a function of time for the succinic semialdehyde
C4H6O3. The cavity photon is resonant to state II of Table II and
its polarization is along the xy axis, and thus coupled to all three
states. Upper panel: Time evolution of the x and y components
of the dipole moment inside (solid lines) and outside (reference,
dotted lines) the cavity. The enhanced fluctuations (compared to the
reference calculation) along y prove a larger cavity-induced energy
transfer from state II to states II and III. Lower panel: Time evolution
of the photon coordinate of different quantum pictures. The three
reported quantities refer to different observables (the photon coordi-
nate in the velocity and length gauge are proportional to the electric
and displacement field operators, respectively), and the plot reminds
us that care must be taken in identifying the correct mathematical
expression for the physical observable of interest, as the results can
change dramatically. We notice that the photon coordinate of the
QED-HF coherent-state representation, although it does not have a
clear physical significance, is similar to the photon coordinate of the
velocity representation. This occurs because the permanent dipole of
the molecule is already partially taken into account at the QED-HF
level.

the permanent dipole moment of C4H6O3 effectively shifts
the photon coordinate values, as seen from Fig. 9. The fast
oscillations of the photonic observables have an opposite sign
of the oscillations in the y dipole moment, that is, they are de-
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phased by π . Figure 9 thus numerically shows the importance
of correctly identifying the mathematical operator describing
physical observables. When reporting theoretical results, care
must then be taken, specifying the Hamiltonian representa-
tion, the operator expression and its physical meaning since
results can be very different and comparison between different
simulations can lead to misunderstandings [65,66,73,74,86].
We also notice that, although the photon coordinate of the
QED-HF representation in Eq. (32) does not correspond to
any clear physical observable, its values provide a reasonable
approximation of the velocity gauge photon coordinate during
the whole simulation. This is a consequence of the coher-
ent state transformation of Eq. (5), which partially accounts
for the molecular dipole moment at the mean-field (HF)
level of theory. Finally, we remark that, although different
quantum pictures should be equivalent, numerical simulations
performed in different representations will lead to different
results due to the truncation of the matter and photon Hilbert
spaces. From a molecular point of view, the length gauge
is more convenient as the transition dipole moments decay
rapidly with the energetic separation of the states, and thus
good results can be obtained using truncated basis sets [74].
On the other hand, for extended systems such as solids, the ve-
locity representation provides a more convenient formulation
for the long wavelength approximation [87].

In addition, when the excited molecule transfers energy
to the photon field, it can then be redistributed among all
the states relevantly coupled to the optical device. The cav-
ity field thus favors an energy redistribution from the acidic
moiety to the aldehyde group (long-range energy transfer) via
states I and III and vice versa. Notice, however, that these
transfers of excitations are not equally feasible: state II has
a larger transition dipole moment than I, and thus its coupling
to the photon field is favored. The cavity also promotes an
excitation rearrangement of the aldehyde, transferring energy
from state II to state I. The intramolecular energy transfer
between distant moieties of a large molecule is a chemically
relevant potential application of electronic strong coupling.
We thus speculate that electronic and vibrational strong cou-
pling could affect charge migration and excitation transfer,
which should be further investigated. In a sample with a large
number of molecules, both inter- and intramolecular energy
transfer would occur, and it might be challenging to separate
the two effects. However, single-molecule (or few-molecule)
light-matter strong coupling has been achieved in plasmonic
cavities and the developed method and concepts apply equally
to such devices.

IV. CONCLUSIONS

In this paper, we presented development and implemen-
tation of a real-time coupled cluster method with quantized
electromagnetic fields (RT-QED-CC). Our model can describe
the real-time electron-photon dynamics of molecules coupled
to optic devices such as microcavities or plasmonic struc-
tures [88], providing the time evolution of both matter and
photon observables. Moreover, the CC parametrization in-
cludes both electron-photon and short-range electron-electron
correlation. The correlated ab initio description of light and
matter can be used to simulate the QED dynamics under

both intense external fields (linear and nonlinear excitation
regimes) and considerable light-matter coupling strengths
(weak to ultrastrong coupling). The method is also suited
to describe the local intermolecular forces, which require a
reliable description of the molecular density, and how they
could be modified by their embedding in a structured optical
environment, which is also suggested to induce local chemical
effects [58,67,89].

We then applied the developed method to investigate
the electron-photon dynamics of polariton-mediated energy
transfer processes. Our method allows for a microscopic
description of the electron-photon dynamics. The QED-CC
wave function gives us access to the dipole moments and the
photon coordinate, which provide a clear quantitative descrip-
tion of the system’s evolution in the time domain. The spatial
visualization of the transport process is also obtained from the
computed molecular density. In addition, the CC wave func-
tion parametrization also allows for a quantitative description
of electronic processes, such as Förster or Dexter energy
transfer. We find that when both the polaritonic and elec-
tronic pathways are present in the system, the single-molecule
dynamics is more involved. The electronic displacement is
not a simple superposition of that of the two mechanisms.
Our results then suggest that when both light-matter strong
coupling and intermolecular forces play a relevant role, their
interplay can fundamentally change the electronic properties,
in agreement with some recent works [58,59,67]. Such local
polarization changes can contribute to some of the chemi-
cal modifications observed in polaritonic chemistry [8,58,82].
We then show that energy exchange and electronic dynamics
is also modified for intramolecular processes, providing a
channel alternative to molecular vibrations. We thus specu-
late that experimental investigations of intramolecular charge
and energy migration under electronic and vibrational strong
coupling could provide unique applications of polaritonic
chemistry. Finally, we show that multiple classical pulses can
alter the energy transfer dynamics and generate nontrivial
dynamics of real photons inside the optical device. While our
method is focused on ESC, we believe the developed concepts
are also valid for VSC [18,60–62].

The developed method is well-suited for supporting the
study of experiments, including nonlinear optical processes
[19–23], quantum-light [47–53], multiphoton, and transient
absorption spectroscopies of molecules and molecular polari-
tons.[10,11,54,55] The study of nonlinear excitation regimes
and pump-probe experiments in optical cavities will be in-
vestigated in future works, providing further insights into
cavity-modified chemistry.

Videos of the energy transfer dynamics and output files are
available in Ref. [78].
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