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In this work, we combine the density functional tight-binding (DFTB) approach with a light-matter
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Hamiltonian beyond the long-wavelength approximation to simulate vibrational polaritons formed by

coupling molecular vibrations to confined radiation inside a Fabry-Pérot optical cavity. Here, we

develop a parallelized propagation scheme with lightweight inter-CPU communication by exploiting

the sparse nature of the light-matter interactions in the real space representation. We find that

the computationally expensive Born charges required for our propagation can be replaced with the
computationally inexpensive Mulliken charges to obtain qualitatively accurate linear spectra espe-
cially when the nonlinearity (arising from molecular vibrations) of the light-matter interaction term
is not substantial. However, the same approach may not be suitable to be used for studying cav-
ity modification of energy transport or chemical dynamics as this approximation leads to spurious
heating of the light-matter hybrid system. We demonstrate the utility of this on-the-fly approach to
compute angle resolved polaritonic spectra of water. We implement our approach as an open-source

computational package, CavOTF, which is available on GitHub.

1 Introduction

A series of experiments have suggested that ground-state chem-
ical reactions can be modified by coupling molecular vibrations
to quantized vacuum radiation inside an optical cavity. 7 In this
light-matter coupling regime, namely the vibrational strong cou-
pling (VSC) regime, molecular vibrational modes hybridize with
the confined photonic modes to form vibro-polaritons which have
been suggested to modify chemical dynamics in the absence of ex-
ternal illumination®. Such couplings can lead to either enhance-
ment3 1112 or suppression2213 of bond-breaking processes (or
produce no measurable change[E'[m). These effects are resonant,
emerging when the cavity mode is tuned to a specific molecular
vibration, thereby opening up the possibility to achieve chemi-
cal selectivity by tuning cavity frequenc. Thus, VSC
represents a fundamentally new and non-invasive approach to
controlling chemistry, requiring no external pumping or chemical
reagents; instead it harnesses the ever-present vacuum fluctua-
tions of confined radiation.

However, VSC remains far from a fully reliable or broadly ap-
plicable strategy for controlling ground-state chemical reactivity.
This is because these remarkable experimental observations cur-
rently lack a clear connection to established chemical principles
or molecular morphology, or even a semi-empirical framework
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to guide expectations does not yet exist. Significant challenges
also persist in interpretation, particularly in disentangling gen-
uine cavity-induced changes from other experimental factors as
well as in the reproducibility of experimental results.20-22 These
limitations underscore the need for a clear microscopic under-
standing of cavity-modified ground-state chemical reactivity and
the need for accurate modeling of light-matter interactions to un-
ambiguously distinguish the role of cavity radiation in modifying
ground-state chemical reactivity, 21723

Recent theoretical works that study a simple single-molecule-
single-cavity-mode model system find resonant modification of
chemical kinetics under vibrational strong coupling. In con-
trast, theoretical works that consider an ensemble of molecules
coupling to one cavity mode predict little or no change in chemi-
cal reactivity under similar conditions®23, This discrepancy raises
a fundamental question about what essential physics may be miss-
ing in these current theoretical descriptions. Likely limitations
include the use of the long-wavelength and single-mode cav-
ity approximations, as well as simplified molecular models that
neglect vibrational anharmonicity and bond dissociation. Re-
cently, Li and co-workers have introduced mesoscale simulation
approaches that enable atomistic modeling of molecular ensem-
bles within optical cavities.2232 However, these methods typi-
cally rely on classical force fields, which are inherently nondisso-
ciative and thus unable to fully capture the chemical complexity,
and reactive character intrinsic to real molecular systems.

In this work, we develop an on-the-fly molecular dynamics
approach in which part of the Hamiltonian is evolved in real
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Real Space Description
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Fig. 1 Schematic illustration of light-matter interactions and the real-reciprocal used here for propagating vibro-polariton dynamics. Schematic illustration of light-matter

interaction (a) in the standard multi-mode dipole gauge description and (b) in real space. (c) Schematic illustration of the algorithm used here and implemented in our

computational package CavOTF .48

space, while the rest is propagated in reciprocal space. This
strategy enables the development of a highly parallelized com-
putational algorithm that requires only light inter-CPU commu-
nication. In our approach, the electronic structure of matter is
solved using the self-consistent-charge density functional tight
binding (DFTB-SCC) approach, with each CPU responsible for
propagating a distinct portion of the macroscopic system. We
find that dipole derivatives (Born charges), required for propagat-
ing the dynamics, fluctuate significantly during propagation and
cannot be replaced with their time-independent values (i.e., par-
tial charges), as is commonly assumed when using classical force-
fields, for achieving quantitative accuracy when propagating the
cavity-coupled dynamics. Interestingly, we find that for com-
puting qualitatively accurate linear spectra, the computationally
cheaper Mulliken charges can be used in place of Born charges,
especially when the nonlinearity in the light-matter interaction
term is not substantial. However, such a replacement should not

2| Journal Name, [year], [vol.],

A

be made for analyzing cavity-modified energy transport proper-
ties or chemical reactivity as this replacement leads to a signifi-
cant heating of the system, as expected.

Using this framework, we demonstrate proof-of-principle sim-
ulations of a system containing over 8000 atoms, coupled to an
ensemble of cavity modes. We present angle-resolved infrared
spectra of liquid water under vibrational strong coupling, target-
ing both the asymmetric stretch and bending modes. We antic-
ipate that this computational tool will allow for in silico experi-
ments providing new opportunities to harness confined vacuum
radiations in optical cavities to modulate and catalyze chemical
reactivity. Based on our computational framework we develop a
computational package, namely “CavOTF"48 | which is publicly
available on our GitHub repository.
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2 Theory

To demonstrate the feasibility of our on-the-fly approach for simu-
lating vibrational polaritons beyond the long-wavelength approx-
imation, we adapt a modified Holstein-Tavis-Cummings Hamilto-
nian. However, we assume that the field is approximately uniform
at the level of an individual matter cell which can be referred to
as a local long-wavelength approximation.2142:50 Eollowing prior
works3H21b2 we consider a simple two-dimensional world ex-
tending in x and y, with cavity quantization in the y direction and
the molecular system extending in the x direction. The cavity radi-
ation modes follow the dispersion relation (k) = cv/(n/L)? +k?
where k = 2% (j=0,+1,£2....) is the in-place wavevector with L
as the lengtfl of the supercell extending in the in-place direction
x (in this work, we use Ly = 8 x 10° a.u.), L denotes the mirror
separation and c is the speed of light in the cavity medium. This
simplified setup is used to demonstrate the core concept, while
the model can be readily extended to three-dimensional molec-
ular systems and to include multiple polarization directions. To
describe the formation and dynamics of vibrational polaritons, we
use the following microscopic light-matter Hamiltonian, formu-
lated in the dipole gauge beyond the long-wavelength approxima-
tion>12354 and expressed in mass-weighted coordinates within
atomic units (A= 1) as:

ﬁLM = I:IM + Zwk <d; - Zf]: (Rn)Mn)
k n

X <ak — ;fk(R,,)Mn) . ey

Here, the operators d}: () denote the photon creation (an-
nihilation) operator corresponding to the k-th cavity mode with
frequency wy. Further, Ay denotes the bare matter Hamiltonian,
written as a sum over N independent cells located at R, =n-a
(a is the lattice constant), each containing the same number of
molecules. Following recent work=Y, we treat the cells as non-
interacting, and denote the total dipole operator of the cell n by
M,,. The total matter Hamiltonian can be written as

A=Y Av, =Y. T+ Val{raj}) @)
n n,j

where fn‘, ;j is the nuclear kinetic energy operator for the jth
atom in the nth box and V({r,;}) represents potential energy
surface of the molecular subsystem. The light-matter coupling
enters through the projected dipole operator, M,, = (& - {I,,), where
[1,, is the total dipole operator of nth box and & = £ is the polariza-
tion direction of the cavity field which has been approximated to
be independent of the in-plane wave-vector k since the polariton
spectra is probed near k — 0.

For a Fabry-Pérot cavity, the spatial dependence of the cavity
field at the cell positions R, is characterized by the mode function

80 eikR,, (3)

fk(Rn) = \/w—k s
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where g is the light-matter coupling constant. In atomic units, it
can be written as gg = Sogﬁé where V is the quantization vol-
ume. The light-matter Hamiltonian in Eq[T]can be more explicitly

written as

I'AILM = I:IM + Z a)kaidk —O—g% Z eik(R”iR'”)MmMn
k

m,n.k
80XV (afe M 1 M), @
n.k

This Hamiltonian is schematically illustrated in Fig. [Th. Ac-
cording to Eq. |4} all photonic modes interact with all molecu-
lar boxes. Although the full light-matter system described with
Eq. [ can be propagated with a parallelized algorithm on a typi-
cal high-performance computing cluster (HPC), we pursue a real-
reciprocal-space propagation scheme that allows for a straightfor-
ward (lightly-communicating) hub-and-spoke parallelization us-
ing Python’s socketserver.

Since the light-matter coupling term plays a role only around
k — 0, we make the simplifying approximation ./@(go-tn) ~
/@0 (go-Mn). The photon creation and annihilation operators
are then transformed into real-space field operators using d, =
ﬁ Y ec g Pl Note that Yy HRRy) — N § ;- This transforma-
tion localizes the interaction in real space (illustrated in Fig. )
and the total Hamiltonian is then expressed as

2
Him :HM+ZwkaA/‘(aAk+nZénﬂn+ 1 2 ZAr% )
- ~ 200 45

where 1 = v2Ngoay denotes the collective light-matter coupling
st'rength, and g, = ﬁ (éz + ay) is the real space photonic coor-
dinate.

In this work, we propagate the dynamics of the nuclear and
photonic degrees of freedom classically, i.e. {#, j,4.} — {rnj qn}-
The equations of motion for both the nuclear and photonic co-
ordinates are derived from the Hamilton’s equations of motion
and integrated in time using a velocity-verlet-like scheme. The
forces F,"; and Fy ; acting on the nuclear and photonic degrees of

: n,j
freedom, respectively, are written as

din 0Py du
Fr{?j = _anan({r”\/}) —N4qn dr = — wzn dr ’1'7
) n,j

(6)

d (1. ~
By = =M= - (2 Zp%+wk2q%)7 )
n k

where g = \/ﬁ(dz +d) and p = iﬁ(&z —dy). Here, we com-
pute the term —V,, ;V,({r, ;}) on-the-fly using the DFTB-SCC ap-
proach. We integrate the equation of motion of the photonic and
nuclear degrees of freedoms using the following scheme that uses
a server-client (hub-and-spoke) architecture (schematically illus-
trated in Fig. [Ip):

Step 0. [Initialization. The matter degrees of freedoms
{rn,j(0),p, ;(0)} at r =0 are obtained from a long (150 ps)
NVT DFTB trajectory. = The photonic degrees of freedom
{gr,Pr} are then initialized performing a constrained molec-
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ular dynamics simulation of the Hamiltonian, Hpy({r.; =
rn.j(0), pnj = Pn,;(0)}) using a simple velocity-verlet algorithm
where {r, j,pn ;} are frozen.

Step 1. Real-space propagation on clients. ~We evaluate
—Vn,jV,,({rn_j}), Up, dpy/dry ; (computed numerically, and up-
dated every three steps). Using these quantities, the nuclear de-
grees of freedom are fully evolved over a single time step ¢, while
the photonic momenta are only partially evolved, with their evo-
lution occurring solely due to the localized light-matter coupling
term. Specifically, we update the nuclear and photonic degrees of
freedom as,

(et D) =m0+ LB 0.0y ®
pus (142 = pus) + LEB s 0. n0h) )
(64 80) = 1 (0) + pu (14 %)& (10)

P j(t+68t) = pnj (l + %)
B (gm0 an

- - ot
p;l(t +61r) = pil (l + ?>
g

32

Ey ({rn j(1 +81),qn(1)}) (12)

Step 2. Receive photonic coordinates from client and perform
fourier transformation on server. In this step, the server receives
all photonic variables {g,, p},} from all the client CPUs and evalu-
ates the Fourier transformed reciprocal-space photonic variables
{4, p}.} using the following expression

/ ! «
G (t+61) = ﬁ(ak+ak) 13)
Pt +81) = iy D (a — ) 14)

where we introduce the classical complex variables {a;} (and
their complex conjugates {a; }) which are obtained as

N-1 sl 48 L
a= ¥\ oy (a0 + 022 )i a1s)

Step 3. Photonic propagation in the reciprocal space on server.
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The photonic variables {gy, p;} are propagated analytically using
Gi(t + 8t) =G (¢t + 8t) cos(ay8t)
+ P (t + 8t) sin(w8t)/ wy
Pr(t+8t) =pj(t + 8t) cos(anAt) — o

G, (t + 8t) sin(aySt). (16)

Step 4. Perform inverse Fourier transformation on server and
broadcast photonic coordinates to clients. Time propagated k-space
photonic variables {gy, i} are inverse Fourier transformed to ob-
tain real space photonic variables {g,, p,} using the following ex-
pressions

Oxygen

L
-0.5 0.0 0.5 1.0

Vu (a.u.)
2.0

1.51
1.0
0.5 (Vip)
0.0

Vu (a.u.)

-1.01 <VOM>
V(,)/x,

—1.54

-2.0 T T T .
0 100 200 300 400 500

Time (fs)

Fig. 2 (a) Born charges distribution of Oxygen and Hydrogen atoms in liquid

water and (b) their time-dependent fluctuations.
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(e +60) = = (ar ) an
Pult +61) = i,/?(a;; —ay) (18)

where {a,} (and their complex conjugates {a;}) are obtained as

N—1  n
o Wy (. lpk(t + St) ik-R,
an = kgo = (qk(t+5t)+7)e a9

(3

The updated values are then sent to all clients. Each client
receives only its corresponding pair (gn, pn)-

Step 5. Repeat. Continue from Step 1 for the next time step.

Computational details. Molecular dynamics simulations were
performed using the density functional tight binding (DFTB)
method with second-order self-consistent charge (SCC) correc-
tion. This semiempirical quantum mechanical approach provides
a balance between accuracy and computational efficiency, en-
abling simulations of systems containing hundreds of atoms over
picosecond timescales.>>% We note that prior work studying
light-matter interactions have also used DFTB to obtain the mat-
ter’s electronic structure, 0061

In this work, for each I:IMn, a periodic cubic simulation cell
of size 10 A was constructed, containing 33 water molecules to
match the experimental density of bulk liquid water. Periodic
boundary conditions were applied in all three spatial directions.
Canonical (NVT) molecular dynamics simulations were carried
out at 300 K using a Nosé-Hoover thermostat and a time step of
0.5 5.2 Each trajectory was propagated for 150 ps, and atomic
coordinates were recorded every 1 fs. Five independent NVT tra-
jectories were generated for statistical sampling. From the equili-
brated portion of each trajectory (after 80 ps), 100 configurations
with velocities were randomly selected. These were then used to
initiate microcanonical (NVE) simulations, each propagated for
~2 ps with the same time step of 0.3 fs. Electronic structure
calculations during the simulations were performed using SCC-
DFTB with Brillouin zone integration approximated via I'-point
sampling of a 3x3x3 folded supercell, implemented using the
‘SupercellFolding’ scheme in DFTB+.23 A detailed list of parame-
ters is provided in the Supporting Information.

3 Results and Discussion

In this work, the primary computational bottleneck arises from
evaluating the derivative of the dipole moment du,/dr, ; (Born
charges), with respect to nuclear motion. In typical classical force
fields, atomic partial charges are fixed parameters; consequently,
the Born charges reduce to a time-independent constant value
duy/dry j = z, ;. In our DFTB-based simulations, atomic charges
are time-dependent and fluctuate along the trajectory. In Fig.
we show the time-dependent Born charges on the O and H atoms,
labeled as Vou and Vyu, respectively. We calculate these Born

charges using the simple forward finite difference approach, i.e.,

Vﬂn,j ~ “n(rn‘j“'garj;ji_un(rn,j)‘
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Fig. 2a presents the Born charge distribution for the O and H
atoms sampled from a dynamical evolution of 500 fs. We observe
a broad distribution of O’s Born charges, with the majority lying
between -1 and 0 with a mode near -0.6. H atoms show a much
sharper distribution with its peak appearing near +0.3 and most
values distributed between -0.2 and +0.8.

In Fig. 2b we present time-dependent Born charges as well as
their statistical averages (Vou) and (Vyu). Clearly, the time-
dependent fluctuation are large. These large variations illustrate
a possible limitation of the presently employed bi-linear (with
linear dipole moment) light-matter couplings in prior theoreti-
cal works, which have had limited success in explaining cavity
modified ground-state chemical kinetics in the collective coupling
regime.®23 Neglecting the fluctuations in the Born charges, un-
derestimates the strong anharmonic nature of molecular vibra-
tions, misrepresenting the actual light-matter interaction under
VSC. While outside the scope of the present work, our compu-
tational tool enables investigation of non-linear and anharmonic
effects in cavity modification of ground-state chemical reactivity,
which will be pursued in our future work.

In this work, we study the modification of the molecular and
photonic spectra in the VSC regime. The cavity modified molecu-
lar spectra were computed based on linear response theory, where
the spectral intensity I,(®) is computed from the dipole moment
autocorrelation function:

In(©) > @* [ " dr cos(or) (u(1)1(0)

~ co2< /O dr cos(wz)y[px(z)ux(on> (20)
where (...) denotes statistical averaging, and .7 is a smoothening
function (a weighted moving average) which allows us to obtain
reasonably converged spectra with a few number of trajectories,
as was done in Ref. [64] We used 40 individual trajectories to com-
pute the molecular spectra which couple to single cavity mode.

Fig.[3c shows the simulated molecular spectra featuring a peak
corresponding to the H-O-H bending mode in bulk water outside
of the cavity (schematically illustrated in Fig. [3p). This particular
peak appears at ~0.19 eV with a narrow profile and is in good
agreement with past experimental and theoretical works. 0260

In Fig. 3, we illustrate the cavity modified molecular spectra
when considering a single radiation mode coupled to a single box
of water (99 atoms). The light-matter Hamiltonian for this re-
duced system is written as

2
A = i + oo + ndoflo + ~— ¥ 2. @1
205 7

Here we have adjusted the mirror spacing to tune the cavity fre-
quency fiay to 0.19 €V, to be in resonance with the H-O-H bend-
ing mode. As expected, light-matter interactions lead to a Rabi-
splitting (~0.024 eV for n =21 a.u. chosen here) with two peaks
corresponding to the upper (+) and lower (—) vibro-polaritons.

In this calculation, we used the computationally expensive Born
charges in propagating the dynamics of the light-matter hybrid
system. In Fig. [3f we explore the possibility of using the com-
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Fig. 3 Schematic figure of water (a) outside and (b) inside an optical cavity. Simulated molecular spectra spectra of H-O-H bending motion (c) outside and (d) inside of

the cavity under vibrational strong coupling. The effects of using Mulliken vs Born charges on (e) temperature and (f) cavity modified molecular spectra.

putationally inexpensive Mulliken charges as an approximate re-
placement for the Born charges in order to compute the cavity
modified spectra. Recent works®7®8 that study laser-matter in-
teractions using DFTB used Mulliken charges for propagating dy-
namics. Fig.[3f shows that the Mulliken charges do provide rea-
sonably accurate polaritonic spectra illustrating an efficient route
to computing vibro-polariton linear spectra.

However, such an approximation (replacing Born charges with
Mulliken) does lead to long-time heating of the system, making
it potentially incompatible for studying cavity modified chemical
dynamics or energy transport. Fig.[3e compares the temperature
fluctuations over 1 ps. We observed that the temperature fluctua-
tion of water does not exceed the ~307 K, when the Born charges
were used (red curve).
charges exhibit a continuous heating: it exceeds the 310 K within
250 fs and continues to rise over 320 K (orange curve).

In contrast, simulations using Mulliken

In Fig. [h-c, we illustrate the effect of total light matter cou-
pling 1 given in Eq.[5|on molecular spectra. Here, we have tuned
the cavity frequency /o to be in resonance with the H-O-H bend-
ing mode. It shows that as 7] increases from 7 to 31 a.u. (where
No = 0.0001 a.u.), the upper and lower polariton peaks separate,

6| Journal Name, [year], [vol.],

N

reflecting an increase in the Rabi-splitting from 0.012 eV to 0.036
eV, proportional to the total light matter coupling (e 717), as is ex-
pected from a simple Jaynes—-Cummings model®®51 (note that
n is the total coupling between light and matter and it does not
depend on the number of water boxes or number of molecules).
This indicates the lack of anharmonic or nonlinear effects in this
particular molecular vibration which also explains the success of
using the Mulliken charges in this specific instance.

In Fig. [4f-h, we show the effect of n (chosen as multiples of
Mo = 0.00034 a.u., a constant) on molecular spectra when tuning
the cavity frequency to 0.43 eV. This frequency is nearly in res-
onance to the H-O-H symmetric stretching mode that appears
at ~ 0.43 €V, in the bare molecular spectrum shown in Fig. 4.
In the bare molecular spectrum, the symmetric and asymmetric
H-O-H stretching vibrations can be observed at ~ 0.43 €V and ~
0.47 eV, respectively. Unlike in H-O-H bending mode the vibro-
polariton modes formed here combines two molecular vibrations
with one cavity radiation mode leading to more complex polari-
ton modified molecular spectra. With an increase in 1, from 1y to
319 (here ng =0.00034 a.u.), we observe these two peaks moving
farther apart.
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Fig. 4 Cavity modified molecular spectra and angle resolved photonic spectra under vibrational strong coupling. Panels (a)-(d) show cavity modified molecular spectra
at various light—-matter coupling strengths for 19 = 0.0001 with @y =0.19¢eV, and panels (f)—(i) show the corresponding spectra for 19 = 0.00034 with @y =0.43eV. Angle
resolved photonic spectra are shown in panel (e) for @y =0.19 eV and in panel (j) for wy =0.43 eV.

In addition to these single cavity mode calculations, we now
present the angle resolved vibro-polariton spectra which are com-
puted from the photonic autocorrelation function /i (@) which is
expressed as

(@) = 02 [ dr cos(or) (a(1)3(0)

~ w2< /0 dr cos(wt)y[qk(t)qk(o)}> 22)
where g, is the photonic position in the reciprocal space. We com-
puted this dispersion using 5 independent trajectories (for which
we found to converge the polariton spectra for this specific setup).
Each trajectory includes 81 localized cavity radiation modes, with
each mode coupling to a box of water each containing 33 water
molecules as schematically shown in Fig. [Ip. In our simulation,
we kept the total length constant, Ly = 8 x 10* a.u. Each water box
was placed at a uniform distance, resulting in a lattice constant
of 0.987 x 10* a.u., which is appropriate for computing spectra.
However, when studying energy transport or chemical reactivity,
the value of @ must be carefully chosen and should be used as a
convergence parameter.

Fig. shows the angle resolved vibro-polariton spectra as a
function of the in-plane cavity wave-vector k with the k = 0 cavity
mode tuned to 0.19 eV. Thus, k = 0 cavity mode is in resonance
with the H-O-H bending vibration, forming the upper and lower
polariton bands. When k increases, the cavity photon energy
rises while the molecular vibrational energy remains flat. This

causes the upper polariton branch to become increasingly pho-
tonic, while the lower branch becomes increasingly matter-like at
higher %.

In Fig.[4], we tuned the cavity mirror spacing to adjust the cav-
ity frequency of the k = 0 cavity mode to be 0.43 eV. Here we
can clearly see two flat bands, corresponding to symmetric and
asymmetric stretching modes simultaneously hybridized with cav-
ity band leading to the formation of three polaritonic bands.

Finally in Fig. |5, we compute the angle resolved spectra and
benchmark the usage of Mulliken charges as an approximate re-
placement of Born charges. Here we tune the photon frequency to
resonate with the H-O-H bending (0.19 €V) or H-O-H stretching
frequencies (0.43 eV) as well as two off-resonance frequencies
0.16eV and 0.22eV. Fig. [Bh-c show that the spectra computed
using Mulliken charges closely match those obtained with Born
charges, capturing all qualitative features of the spectra. In con-
trast, in Fig. [5(d) we observe noticeable deviations in the angle
resolved spectra when Born charges are replaced with Mulliken
charges. This is because the cavity modes are simultaneously cou-
pling to the H-O-H symmetric and asymmetric stretching which
are known to exhibit substantially more nonlinearities in compar-
ison to the bending motion®?. This illustrates that in the presence
of substantial molecular nonlinearity the use of Mulliken charges
is insufficient and should be approached with caution.

4  Conclusion

In this work, we propagate the dynamics of strongly coupled
vibro-polaritons, formed by coupling molecular vibrations with

1] |7
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confined radiation modes inside an optical cavity, where molec-
ular potentials, dipoles and their gredients are computed on-
the-fly. In our approach, we adapt a real-space description of
the light-matter interaction and exploit its sparsity to devise a
low-communication, hub-and-spoke server—client parallelization
scheme. Using this approach, we develop an open-source code
CavOTF48 which is available on GitHub.

We illustrate the utility of our approach by computing the cavity
modified molecular and angle resolved photonic spectra. Obtain-
ing the dipole gradients, namely the Born charges, is the com-
putational bottleneck of our approach as they are evaluated nu-
merically. We find that Mulliken charges can often be used as a
computationally inexpensive replacement for computing qualita-
tively accurate linear spectra. However, when substantial molec-
ular nonlinearity persists, this approach produces less accurate
linear spectra. As expected, using Mulliken charges leads to spuri-
ous heating of the system and therefore should not be used when
studying cavity modified chemical dynamics or cavity modified
energy transport.
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The code is available on Github! with the data corresponding to the figures (as well as
the codes to generate the figures) also available in a separate repository2.
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