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Intermolecular van der Waals interactions are central to chemical and physical phenomena rang-
ing from biomolecule binding to soft-matter phase transitions. However, there are currently very
limited approaches to manipulate van der Waals interactions. In this work, we demonstrate that
strong light-matter coupling can be used to tune van der Waals interactions, and, thus, control the
thermodynamic properties of many-molecule systems. Our analysis reveals orientation dependent
intermolecular interactions between van der Waals molecules (for example, H2) that depend on the
distance between the molecules R as R~3 and R°. Moreover, we employ non-perturbative ab ini-
tio cavity quantum electrodynamics calculations to develop machine learning-based van der Waals
interaction potentials for molecules inside optical cavities. By simulating fluids of up to 1,000 Hz
molecules, we demonstrate that strong light-matter coupling can tune the structural and thermo-
dynamic properties of molecular fluids. In particular, we observe collective orientational order in
many-molecule systems as a result of cavity-modified van der Waals interactions. These simulations
and analyses demonstrate both local and collective effects induced by strong light-matter coupling

and open new paths for controlling the properties of condensed phase systems.

Van der Waals interactions are ubiquitous in
chemistry and physics, playing important roles in di-
verse scientific fields ranging from DNA base stack-
ing to 2D material interlayer interactions.[1-3] There
has been a long history of attempting to elucidate
the origin of van der Waals interactions;[4, 5] the first
quantum mechanical derivation was performed by
London in the 1930s using second-order perturbation
theory.[6] London found that two molecules that do
not have permanent dipoles (e.g. Hs), which we refer
to as van der Waals molecules, have an attractive in-
teraction between them that scales with the distance
between the molecules R as R~°.[6] This R~% at-
tractive force is commonly used as the long-distance
asymptotic form of van der Waals interactions in
many force fields and to correct van der Waals in-
teractions in ab initio calculations, which have both
achieved great successes in modeling thermodynamic
properties in a variety of matter systems.[7, 8] De-
spite van der Waals interactions being central to
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many properties of molecular and condensed mat-
ter systems, limited approaches have been proposed
to manipulate intermolecular van der Waals interac-
tions. However, applied electromagnetic fields have
been shown to modify van der Waals interactions
between atoms and molecules,[9-12] and Haugland
et al.[13] recently showed numerically that van der
Waals interactions are significantly altered by strong
light-matter coupling in optical cavities. These stud-
ies open the possibility of controlling the properties
and structure of molecular fluids by tuning the light-
matter coupling parameters, the coupling strength
and frequency.

The goal of this work is to understand how the
structure of molecular van der Waals fluids can be
modulated using enhanced vacuum electromagnetic
quantum fields, for instance inside an optical cav-
ity. To this end, we leverage recent developments
in cavity quantum electrodynamics (QED) simula-
tions and neural network pair potentials to simu-
late a fluid of one thousand Hy molecules strongly
coupled to a single photon mode (Fig. 1). By an-
alyzing how cavity-mediated intermolecular interac-
tions depend on the orientation of the Hy molecules
both relative to the cavity polarization vector and
relative to one another, we can explain how cavi-
ties impact the structure and orientational order of
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FIG. 1. (A) Schematic representation of the findings from our simulations of a fluid of Hy molecules outside and
inside a cavity. Specifically, orientational order can be observed inside a cavity whereas the Ha molecules can rotate
freely outside of a cavity. (B) Diagram describing the computational workflow used in this work. Ab initio cavity
quantum electrodynamics (QED) calculated energies and corresponding symmetry preserving features of many 2H,
configurations are used to develop neural network-based intermolecular pair potentials capable of being utilized in
path integral molecular dynamics simulations of fluids of H2 molecules.

molecular van der Waals fluids. The findings re-
ported herein should readily be transferable to other
molecules and light-matter regimes (e.g. vibrational
polaritons) given the generality of the cavity QED
Hamiltonian used in this work.[14-19]

In molecular dynamics (MD) simulations, the nu-
clei move along electronic potential energy surfaces.
In the cavity case, where the photon contributions
are added, these surfaces have been termed polari-
tonic potential energy surfaces.[20-22] In both cases,
the total potential energy of N Hs molecules can be
calculated as a many-body expansion,

Eiwta =Y Ea+ > Eap+ »  Eapc+ .,
A (A,B) (A,B,C)
(1)

where E4 represents the single-molecule energies,
FE 4B represents the intermolecular interaction ener-
gies between all unique pairs of molecules, and so
on for higher-body terms. In this work, we focus
on contributions to the total energy in Eq. 1 arising
from at most two-body interactions. The three-body
and higher-body terms are significantly smaller than
the two-body interactions per interaction, see the

Supplementary Materials (SM) for details. Outside
the cavity, the one-body term does not depend on
the orientation of the Ho molecule. On the other
hand, inside the cavity, the molecule-field interac-
tion causes the one-body energies to depend on the
orientation of the Hy molecules with respect to the
optical cavity polarization vector, €. Furthermore,
the two-body energies depends on the orientation
between the two molecules as well as their orien-
tation relative to the field as a consequence of the
anisotropic polarizability of Hy molecules, in con-
trast to isotropic polarizabilities of atoms.[9-12]

We calculate EF4 and Eup by solving the
Schrédinger equation for the cavity QED Hamil-
tonian in the dipole approximation with a single
photon mode using accurate coupled cluster (QED-
CCSD-12-SD1) and near exact full configuration in-
teraction (QED-FCI-5).[23] Our single photon mode
has a coupling constant of A = 0.1 a.u. and energy
of hw, = 13.6 eV unless specified otherwise. While
this coupling constant is rather large, we detail be-
low how the cavity-modified local interactions and
cavity-induced collective effects depend on A. We
also show how the collective effects grow with system
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FIG. 2. (A-C) Snapshots taken at thermal equilibrium from the path integral molecular dynamic (PIMD) simulations
in the case of (A) no cavity (orange), (B) cavity-modified one-body term but no cavity two-body term (green), and
(C) cavity-modified one-body and two-body terms (blue). For these three cases, the (D) molecular bond axis of
molecule A to molecular bond axis of molecule B (045) angular probability distribution function, P (ag) and (E)
molecular bond axis to cavity polarization vector (64c), angular probability distribution function, P (64.), are shown.
(F) molecular bond axis to cavity polarization vector (64c), angular probability distribution function, P (fa.), are
shown for four different simulations containing different numbers of Ha molecules. All PIMD simulations shown in
this figure were performed using neural networks trained with CCSD (no cavity) or QED-CCSD-12-SD1 with A = 0.1

a.u. (cavity) calculated energies.

size; thus, we can approximately model larger sys-
tems by using a larger coupling constant (see SM).
More than 100,000 Hy dimer configurations are used
as inputs to a fully-connected neural network that
serves as our intermolecular pair potential, which is
trained and tested against the calculated energies.
The trained potential energy functions were care-
fully tested, and, in the SM, we demonstrate that
our machine learning models are fully capable of re-
producing the potential energy surfaces. In Fig. 1B,
we show the computational workflow used in this
work schematically. In this study, we focus on path
integral molecular dynamics (PIMD) simulations in
order to account for quantum nuclear effects. Our
PIMD simulations of fluids of Hy molecules were per-
formed with a fixed number of molecules (N), tem-
perature (T'), and volume (V). All PIMD simula-

tions presented herein were performed with a molec-
ular density of 13 molecules per nm?, temperature
of 70 K, and N = 1000 unless otherwise specified.
More details on the simulations, including compar-
isons of QED-CCSD-12-SD1 with QED-FCI-5, com-
parisons of MD with PIMD, and additional param-
eter regimes (e.g. smaller \ values), are provided in
the SM.

The structural properties of the molecular van der
Waals fluids are analyzed using PIMD simulation
trajectories. In Fig. 2, we summarize the main find-
ings of our PIMD simulations for three cases: 1) no
cavity (orange), 2) cavity-modified one-body term
but no cavity two-body term (green), and 3) cavity-
modified one-body and two-body terms (i.e. cavity
case, blue). Fig. 2A-C show representative equilib-
rium configurations for these three cases, and the



A B C
o A Cav Dan Deon
=~ |d 3 oo —
S | 20 oo TOOOT
| AT L3 T T
z €. A2 o | €
>—2 AT RO g
S o R E W o
£ g s 4 I o o o o o
- w & A2 ' w -0.6
w c PP c
3 sS4 §r- "X Re R S ° o
—
® &85 o ccsp g
9] @ © QED-CCSD-12-SD1 s
= 4 L-Fit (CCSD) .08 °
=-6 '\, L-Fit (QED-CCSD-12-5D1) £~ i
Cavity-L-Fit (QED-CCSD-12-5D1)
~20 T ; : —— : _
3 6
B4 (rad.) R (R) g 1 ©¢

FIG. 3. (A) Energy difference, AE, between a single H, molecule inside a cavity aligned perfectly along the cavity
polarization vector, £, and different angles relative to the cavity polarization vector. The inset shows the energy
of a single molecule within a cavity increases with 2. (B) Intermolecular interaction energies, Fap, and fits to a
Lennard-Jones type potential given by Eq. 3 (dashed lines) and cavity-modified Lennard Jones type potential given
by Eq. 4 (solid line). (C) Intermolecular interaction energies, Fap, at 25 A for various high symmetry molecular
orientations and cavity polarizations. All calculations shown in this figure were performed using QED-CCSD-12-SD1

with A = 0.1 a.u.

full videos of the simulations are available as Sup-
plementary Movies. The radial distribution func-
tions (Fig. S12 in the SM) have peaks representing
the first and second solvation shells, confirming that
we are simulating a rather dense fluid of hydrogen
molecules. The impact of the cavity-modified inter-
molecular interactions is rather small in the radial
distribution functions, but is very pronounced in the
orientational order of Hy molecules both relative to
other Hy molecules (645, Fig. 2D) and relative to the
cavity polarization vector (64, Fig. 2E, F). Fig. 2D
shows that the cavity-modified one-body and two-
body energies both enhance the probability of find-
ing two molecules oriented parallel with one another
(i.e. O4p5 = 0, ), with the cavity-modified two-body
energies being the dominant driver of the orienta-
tional order shown in Fig. 2D. The orientational or-
der relative to the cavity polarization vector is shown
in Fig. 2E. The orange line in Fig. 2E shows that
the Hy molecules have no preferred orientation axis
outside the cavity, consistent with the global rota-
tional symmetry of the electronic and nuclear Hamil-
tonian in absence of the field. However, the pres-
ence of the bilinear coupling and dipole self-energy
terms break this symmetry such that Hy molecules
prefer to orient their bond axis in specific orien-
tations relative to the cavity polarization vector.
Fig. 2E demonstrates that both the cavity-modified
one-body and two-body intermolecular interactions
contribute to this orientational order. Specifically,
the green line in Fig. 2E shows that the cavity-
modified one-body term causes Hy molecules to pref-
erentially align perpendicular to the cavity polariza-

tion vector (i.e. 64 = 5). On the other hand,

the blue line in Fig. 2E highlights how the inclusion
of cavity-modified two-body terms counteracts this
effect and leads to the Hy molecules preferentially
aligning parallel to the cavity polarization vector
(i.e. 04c = 0,7). The collective nature of the cavity-
modified intermolecular interaction is observed in
Fig. 2F. In particular, we find that for a small num-
ber of molecules (e.g. N = 2) the one-body term
dominates and the molecules preferentially align per-
pendicular to the cavity polarization vector. As N
increases for a fixed coupling, it becomes more and
more likely to find an Hy molecule with its bond
axis oriented parallel to the cavity polarization vec-
tor due to the cavity-modified two-body interaction
energies. Interestingly, we find that for N = 144
the one-body and two-body effects effectively cancel
one another, which leads to no orientational order
(Fig. 2F).

Although we performed non-perturbative calcula-
tions, perturbation theory can be used to analyze
and understand the major findings of our PIMD
simulations. The complete analysis is provided in
the SM. We summarize our key findings here and
in Fig. 3. The cavity modifications to the one-body
energies, F 4, results in the Ho molecules aligning
their bonds orthogonal to the cavity polarization.
This occurs because Hs is most polarizable along its
bond axis, and, from perturbation theory, we can ob-
tain an expression for the cavity-modified one-body
energy as

Ei‘aVity ~ E5° cavity 4 (a cos® Oac + cvg sin®fa.),

(2)
where a) and ) are the polarizabilities of molecu-
lar hydrogen along its bond axis and perpendicular



axes, respectively, and c is a positive scalar constant
proportional to the molecule-cavity coupling squared
(i.e. c < A?). Eq. 2 is in agreement with the ab initio
calculations shown in Fig. 3A.

In terms of the cavity modifications to the two-
body energies, Fig. 3B shows the intermolecular in-
teraction between two Hy molecules as a function of
the center-to-center distance (R). The impact of the
cavity on this dissociation curve at first glance ap-
pears modest, even for the rather large light-matter
coupling of A = 0.1 a.u., but these modifications
have profound impacts on the structural and ther-
modynamic properties of molecular van der Waals
systems for a few reasons. First, a standard inter-
molecular van der Waals interaction potential given
by

no cavity __ Ce
EAB - ﬁ + Eshort—rangea (3)

where Fghort-range accounts for the short-range re-
pulsion between van der Waals molecules and the
R~% term is the usual attractive London dispersion
interaction, is not applicable inside an optical cav-
ity (Fig. 3B).[9-12] A modified interaction poten-
tial that includes angle-dependent terms that scale
as R~3 and R° is necessary inside an optical cavity
such that the interaction between two van der Waals
molecules is given by

it €o C3 Ce
E,angl V= ﬁ + ﬁ + ﬁ + Eshort-range' (4)

These interactions arise as early as second-order per-
turbation theory (see SM Eq. S9).[9] The R interac-
tion between a single pair of molecules is rather weak
(co < A*) as shown in Fig. 3C. However, due to its
long-range nature, a single molecule interacts with
all other molecules, and, thus, the collective effect of
this interaction can become large in many-molecule
simulations. Importantly, this interaction strength
depends on the orientations of both molecular bonds
relative to the cavity polarization (Fig. 3C). Specif-
ically, the interaction energy is minimized when the
molecular bonds of both molecules are parallel to
the cavity polarization vector, because the interac-
tion strength of this term is related to the prod-
uct of the polarizability of each molecule along e
(co x aacape). And because ¢y is always nega-
tive, this R? intermolecular interaction increases the
probability of finding Hy molecules parallel to the
cavity polarization vector (Fig. 2E,F) and enhances
the molecule-molecule orientational ordering in the
cavity (Fig. 2D). The collective nature of this inter-
action is demonstrated in Fig. 2F where the orien-

tational order switches from perpendicular to par-
allel to € as the number of Hy molecules increases
from N = 2 to N = 324, and the orientational
order continues to increase as N increases beyond
N = 324 to N = 1000. Both the cavity-modified
R~% and cavity-induced R~3 interactions scale with
A2 at lowest order. Importantly, the R~ interaction
is not a result of the cavity inducing a dipole mo-
ment in the Hy molecules but rather an interaction
taking place via the cavity mode. As discussed in
the SM in more detail, the intermolecular angle and
molecule-cavity angle dependencies of the perturba-
tion potential combine to create the orientational
order shown throughout Fig. 2.

In summary, we have demonstrated that strong
light-matter coupling to a single photon mode can
have profound impacts on the properties of molecu-
lar van der Waals fluids by combining exact ab initio
cavity QED calculations with path integral molecu-
lar dynamics simulations of one thousand molecules.
We found that cavity-modified single molecule and
intermolecular interaction energies result in signifi-
cant molecular orientational order, even in the fluid
phase. We look forward to seeing future experi-
mental and theoretical studies that aim to eluci-
date how processes such as ion and molecular dif-
fusion, intermolecular energy transfer,[24-26] and
chemical reactivity[16, 27-31] are impacted by the
unique properties of molecular fluids in cavity QED
reported here.
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I. AB INITIO CALCULATIONS

The Hamiltonian used in the ab initio calculations
is the single mode Pauli-Fierz Hamiltonian in the
length gauge

H=H,+ )\\/g((d —{(d))-e)(b+bl)  (S1)
)\2

(= (d)) &) + wibl,

+
where H, is the electronic Hamiltonian, A is the bi-
linear coupling, w, is the cavity frequency, d is the
molecular dipole, e is the cavity polarization vec-
tor, and b and b’ are the photon annihilation and
creation operators, respectively.

All electronic structure calculations are run using
an aug-cc-pVDZ basis set. The optical cavity is de-
scribed by a single linearly polarized mode coupling
parameter A is set to 0.1 a.u. and the cavity energy
hw, is 13.6 €V, unless otherwise specified.

As shown and discussed in Ref. [1], cavity quan-
tum electrodynamics Hartree-Fock (QED-HF) and
current QED density functional theory (QEDFT)
implementations do not describe intermolecular
forces properly, especially van der Waals interactions
in which they fail to predict an attractive interac-
tion between van der Waals molecules. Therefore,
we performed the ab initio simulations with QED
coupled cluster (QED-CCSD-12-SD1) and QED
full configuration interaction (QED-FCI).[2] QED-
CCSD-12-SD1 is an extension of QED-CCSD-1, as
described in Ref. [3], with two-photon excitations.
The QED-CCSD-12-SD1 cluster operator is

T =Ty + Ty + Sib" + Sabt + 410" + 12(b1)2, (S2)

where 77 and 75 are singles and doubles electron
excitations, S;bf and S,b' are singles and dou-
bles coupled electron-photon excitations, and ~;bf



and v, (b")? are singles and doubles photon excita-
tions. The reference state is QED-HF' as described
in Ref. [3]. QED-FCI calculations are run with up to
five photons (QED-FCI-5) to ensure that the energy
with respect to photon number is converged.

We use QED-CCSD-12-SD1 instead of QED-
CCSD-1 (equivalent to QED-CCSD-1-SD1) because
the two-photon excitations are important for prop-
erly modeling the two-body interactions, as tested
against QED-FCI-5 calculations. Without two-
photon excitations, the two-body interactions have
the wrong sign in the case of molecules separated by
large distances (e.g. molecules separated by more
than 1 nm). This is visualized in Fig. S1.
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Fig. S1: Calculated intermolecular interaction
energies for a Co, configuration of 2H, with the
cavity polarization vector parallel to the
center-to-center intermolecular distance vector. All
calculations shown in this figure were performed
with A = 0.1 a.u

In all of our calculations, we use a linearly polar-
ized optical cavity with a single photon frequency
and single polarization vector. In most experiments

J

_da-dp | 3(da-R)(ds-R)

1_
i = R3 R®

where AdA = dA — <dA> and AdB = dB - <dB>
are the fluctuations of molecule A and molecule B’s
dipoles, respectively and d4 and dp are the dipole

as of today, the optical cavity is not limited to
just one polarization, but rather it hosts two de-
generate cavity modes with orthogonal polarizations
(both cavity mode polarization vectors are perpen-
dicular to the cavity wavevector). Since the molec-
ular orientations aligns with the transversal polar-
ization, we expect that a standard optical cavity,
which has both polarizations, will interact with the
system differently. In particular, we expect that for
few molecules, the molecules will orient along the
wavevector k, perpendicular to both cavity polar-
ization vectors. For many molecules, we expect that
the molecules will align perpendicular to k, in the
plane defined from the two transversal polarization
vectors.

II. PERTURBATION THEORY

As we demonstrate throughout this work, strong
coupling to a single photon mode fundamentally
changes the length scales and orientational depen-
dence in which van der Waals molecules interact
with one another. In this section, we explain these
observations by performing perturbation theory in
a similar spirit as Fritz London did in 1930[4-6]
but with additional perturbative potentials associ-
ated with coupling to the cavity. This analysis shows
cavity-mediated intermolecular interactions between
van der Waals molecules that scale with R~ and dis-
tance independent, R°, interactions in addition to
modifications to London dispersion forces that have
an R~% dependence.[7-10]

The total Hamiltonian is given by H = H® + H!
with

H°=H, s+ Hep+wb'b (S3)

where b' and b are photon creation and annihilation
operators for the cavity mode of frequency w,. and
H. 4 and H,. p refer to the electronic Hamiltonians
of molecules A and B, respectively. The perturba-
tive Hamiltonian (H') includes the dipolar coupling
between molecules A and B, in the spirit of Lon-
don’s first derivation of van der Waals interactions,
and the light-matter coupling to a single cavity mode

2

C A
+ )\\/Z(e Ada+e-Adp)(b+ ) + (e Ada +e- Adp)? (S4)

(

operators for molecule A and molecule B, respec-
tively. Recall that in this work we are working with
van der Waals molecules such that both molecules do



not have permanent dipoles (i.e. (d4) = (dg) = 0).
The first-order correction to the energy is given

by
E' = (g|H'[g)

where |g) denotes the ground state of the total sys-

(S5)

tem, |g) = |g4)|98B) |g.) where molecule A, molecule

|
N

E' = Z-({gal(da - €)%ga) +
)\2
(EA +Ep)
[
where B} = (gal(da-€)’lga) and B} =

(9B|(dB - €)*|gB) are the dipole self-energies of
molecule A and molecule B, respectively. In Eq. S6
we have used the facts that there are no photons in
the ground state of the cavity ((g.|b7b|g.) = 0) and
that for van der Waals molecules, by definition, there
is no permanent dipole ((ga|dalga) = (da) = 0 and
(9BldBlgs) = (dp) = 0). The fact that molecules
A and B do not have permanent dipoles allows us
to express B} and E} with a different formula, i.e.

Bl =

(94l(da - €)*[ga) (S7)

(gal(da €)1 (da-€)lga)
= |leal(da-e)lga)*

where |e4) is an excited state of molecule A. An

J

2
B?—_ |(eaep|Vaglgags)|

B, and the cavity are in their ground states. In this
illustrative perturbation theory, we are interested in
the asymptotic behavior for when molecule A and
molecule B are far away from one another; thus, the
antisymmetry of the total electronic wavefunctions
is ignored. Substituting in Eq. S4 into Eq. S5, we
obtain

(98/(dB '€)2|QB>)

(S6)

important observation here is that both E} and E}
are single molecule terms and are always positive; we
will return to these facts after deriving the second-
order energy correction.

The second-order correction to the energy is given
by

Z | e|H1|g

(S8)

where |g) is the ground state of the bi-molecule sys-
tem with energy E, and |e) indicates an excited state
of the bi-molecule system with energy E.. Substi-
tuting Eq. S4 into Eq. S8 along with some simplifi-
cations we obtain the second-order correction to the
energy to be

eaep|Vaplgags) (ealda - €lga) (epldB - €|gB)

_)\22<

eaen ECA - EQA +E€B - EgB eaen EeA - EHA +E€B - EgB
DS wc Z| (ealda - elga)l Z| (epldp - lgp)|’
we+ Ee, — Ey, we+ Eepy — Egyy
2
[ L featda-2rlan] D) 63' -)"lgn)| o 5 feallda-)loa) {esl(dp - lon)
4 en Ee, — gA EgB eaen Ee, - EgA + Eep — Egs
A2 A

—EABdO+>\2EABd1+ (EAdl +EBd1)

where we defined

d-dg
BT

3(da- R)(dp -

R5

R)

Vag = — (S10)

Z(E?A,d? + E]23,d2 + EE\B,dQ)

(59)
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Ei g.q2 are defined as

Fip o0 =— (S11a)
AB.d eAze:B E.,—FE;, +E.,—E,;,
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where |ga) (lgg)) is the ground state of molecule  is given by
A (B) with energy E,, (Ey,), lea) (ler)) indicates \2
an excited state of molecule A (B) with energy F. , [eavity _ o cavity El . E 919
(E.y,), and (ealdalga) ({ep|dp|gr)) is the transi- A A Ty 2 (Ba+ Adl) (512)
tion dipole moment of molecule A (B) associated no cavity 9
with the excited state. Eq. S9 is an important re- =E, + ? Z [ {ealda - lga)l
ea

sult in this work, and the physical interpretation,
origin, and implications of each term are worth ex-
ploring in detail. Ei&do in Eq. S9 is the typi-
cal attractive London dispersion interaction with its
prototypical R~ dependence (as each Vap scales
with R=3). The remaining terms all arise from in-
teractions through the cavity mode. E?% B, con-

tains a single V4 g matrix element giving an R~3

this term. Interestingly, this term also contains dot
products of transition dipole moments ({e4|dlga))
with the cavity polarization vector (g). This R™3
term is central to this work as it says that van der
Waals molecules inside a cavity have this interesting
interaction length scale that also has unique, cou-
pled molecule-molecule and molecular-cavity angle
dependencies. E% A and E% prare very similar to

EA and EB except that EA 4 and EB 41 arise from
the bilinear coupling term and have the opposite sign
as Fl and E}. Specifically, to second-order in the
coupling A, the one-body energy (e.g. molecule A)

| {ealda - €lga)®
+ EeA - EgA

wcz

A similar energy term can be derived for molecule
B as well. We want to emphasize that EY arises
from the dipole self-energy term in first-order per-
turbation theory (Eq. S6) and E7 ; arises from
the bilinear coupling term in second-order pertur-
bation theory (Eq. S9). Interestingly, £} and E1247 g
only exactly cancel if the cavity frequency is much
larger than the electronic transition energies (w. >
E.,—E,,). Thus, for Hy molecules with a cavity in
the electronic regime (w. = 13.6 €V here) the total
energy of a single molecule ends up increasing with
A? (main text Fig. 3A). For Hy molecules, the one-
body energy reaches a minimum when the molecular
bond is perpendicular to the cavity polarization vec-
tor (04c = 5). Intuitively, this occurs because H is
most polarlzable along its bond axis Wthh leads to
S, | ealda - €lga) /(Be, — E,,) = eTae being
largest when 64, = 0, 7.



Ei a2 E129 a2 and E2 AB.a2 arise from two factors
of the dipole self-energy part of Eq S4 and, thus,
scale with A\*. While E?2 A2 and EB, 42 are correc-
tions to the one-body energies, Ei B.d2 impacts the
two-body energies (i.e. intermolecular interaction
energy). Furthermore, this term has no R depen-
dence, and, thus, E?2 AB.d> is the first term that we
have dlscussed that gives rise to the collective orien-
tational order reported in the main text. The mag-
nitude of this term is greatest when both molecules
have their bonds oriented along the cavity polariza-
tion vector (g), because e’ ase and e” ape are both
largest in the case which both of their bonds are ori-
ented parallel to €. And because of the negative
sign in front of this infinite range interaction term,
it contributes to lowering the energy of molecular
configurations in which the molecular bonds of the
hydrogen molecules are oriented parallel to the cav-
ity polarization vector, as shown in Fig. 3C of the
main text.

III. MANY-BODY INTERACTIONS

The many-body expansion,

E= ZEA+ZEAB+ Z Eapc + ..

ABC

(S13)

is a routinely used expansion for modeling and gain-
ing insight into intermolecular forces.[11] For van der
Waals type intermolecular forces, the higher-order
interactions such as Eapc quickly become negligi-
ble with distance and they can be assumed to be
much smaller than the lower-order terms at large dis-
tances. QED electronic structure calculations allow
us to test if the three-body and higher-order terms
can be ignored for the strong light-matter coupling
cavity QED Hamiltonian with similar parameters
used in the calculations of the main text. In Table
S1 and Fig. S2, we show the intermolecular inter-
actions for molecules separated far apart, 25 A. As
expected, QED-HF does not capture the dynamic
correlation and cannot describe the intermolecular
forces arising from neither the cavity nor the van der
Waals forces. QED-CCSD-1 captures the dynamic
correlation, but the sign of the two-body interaction
is not consistent with QED-FCI. Adding just one
more term to the cluster operator of QED-CCSD-1,
the two-photon (b7)? term in QED-CCSD-12-SD1,
yields a sufficient description of the two-body inter-
actions. For QED-CCSD-12-SD1, we find that the
higher-order terms quickly approach zero even for
the very strong coupling A = 0.1 a.u. From pertur-
bation theory, we find that the N-body interactions
are sensitive to the light-matter coupling strength
and scale as A2V (see Fig. S2).

A few additional key points about the many-body
expansion of van der Waals interactions in the con-
text of the nonrelativistic cavity QED Hamiltonian
given in Eq. S1 are worth mentioning here. Be-
cause the three-body interactions have opposite sign
to the two-body interactions (Table S1), we expect
that the collective orientational order induced by the
infinite range cavity-induced interactions would be
reduced by including the three-body terms in the
molecular dynamics simulations. While the three-
body terms are insignificant on a per interaction
basis, the lack of distance (R) dependence in the
cavity-induced interactions, see Eq. S9, results in all
molecules in the simulation interacting with all other
molecules independent of how far away they are
from each other. In a simulation with n molecules,
there are n(n — 1)/2 ~ n? two-body interactions,
n(n—1)(n—2)/6 ~ n® three-body interactions, and
similarly for higher-order terms (Table S2). There-
fore, there must exist a number of molecules where
the total three-body energy is larger than the total
two-body energy. This makes it very challenging to
extrapolate our results to truly macroscopic systems.
Extending these microscopic equations and calcula-
tions to truly macroscopic systems remains an open
question.

Method 1-body 2-body 3-body 4-body
QED-HF 204.9 0.0000 0.0000 0.0000
QED-CCSD-1 107.5 0.3238 -0.0571 0.0042
QED-CCSD-12-SD1 107.1 -0.5600 0.0104 -0.0004
QED-FCI-5 106.7 -0.6601

Table S1: Cavity-induced N-body effects for
different QED electronic structure methodologies
with A = 0.1 a.u. The cavity energy is
hw. = 13.6 €V and polarization perpendicular to all
molecules. The molecules are placed on the edges
of a line (F4p), equilateral triangle (E4p¢) and
square (Eapcp), all with side lengths of 25 A. Al
numbers in the table are meV. QED-FCI-5 is too
computationally expensive for more than two Hy
molecules in the aug-cc-pVDZ basis set.

1-body 2-body 3-body 4-body
Scaling with coupling A2 A A\C B
Number of terms ) (%) () ()

1
Table S2: The number of interactions and scaling
of the cavity-induced interaction energy in the Nth
body of the N-body expansion for a system with n
molecules.
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Fig. S2: N-body effects for different coupling
strengths A. All calculations are performed on N
Hy molecules with QED-CCSD-12-SD1. The cavity
energy is hw. = 13.6 eV and polarization
perpendicular to all molecules. The molecules are
placed on the edges of a line (E4p), equilateral
triangle (Fapc) and square (Eapcp), all with side
lengths of 25 A.

IV. MOLECULAR DYNAMICS

A. Training Potential Energy Functions for
Simulating Fluids of Hs

1. Neural Network-based Pairwise Interactions

We developed neural network-based potential en-
ergy functions (NNPs) for the pairwise interaction
of a pair of hydrogen molecules using ab initio en-
ergy data with CCSD, FCI, QED-CCSD-12-SD1,
and QED-FCI levels of theory. The potential energy

functions have the forms,

; 0
EZ(]’BCaV‘W = Cexp €xp(—aR) — 661_%6} (S14)
Ecavity — gro cavity 03{0} 60{9} (815)

AB - ~2b R3 R()

where coxp, a, Cs, €3, Co are represented by neural net-
works (NNs). Each NN takes symmetry preserved
features of a pair of molecules as input. Sym-
metry preserved features that have been selected
as the input for the machine learning (ML) model
to get the pairwise interaction energy are shown
pictorially in Fig. S3 and are listed in Table S3.
In the case without the cavity field, the interac-
tion energies are obtained using the input features
Ora,0rB,048, ||R|. For the cavity case, additional
terms that depend on the cavity polarization vec-
tor are added. In particular, 64.,05., and Or. are
added and ||R| is replaced by Rcap and Reap =
Ctanh(||R|| /C), where C is a cutoff distance. In
order to account for molecular and exchange sym-
metries, cos 20 and sin 20 are used for any 6 € © =
{GRA, GRB; HAB, 0A57 935, QRE}. For each of Cexpy @,
cg, C3, we are using F(©, pr)—i—F((:)7 Rcap) where ©
and Rcap are calculated by switching the index of
the two molecules. For ¢y, only Type 1 features as
tabulated in Table S3 were used.

The mneural network model has four fully-
connected layers including a linear output layer.
The other three linear layers have CELU activation
functions.[12] The number of neurons per layer is 64
in our model. To train the model, we used energy
data points of pair configurations that are gener-
ated using a classical MD simulation of liquid Hs.
10° pair configurations generated by MD simulation
were used to compute energies with CCSD level of
theory for training model when no cavity is present.
While the pair configurations generated by MD sim-
ulation were good enough to train a model without a
cavity, long range pair configurations are extremely
important to train the model with a cavity. Simi-
larly, short range pair configurations are very crucial
to accurately reproduce the corrected short range re-
pulsion energies in the potential energy functions in
the presence of a cavity. While MD of liquid H,
produces good random configurations with various
possible orientations, the probability of finding short
range pair configurations is low in an MD simulation.
In order to include sufficient number of configura-
tions at short range, we randomly select 10% of the
total configurations obtained from MD simulation of
liquid Hy molecules and scale the intermolecular dis-
tance to be within 2 — 5 A. A similar strategy was
followed to generate very long range configurations



Type of feature Features
Type 1 0820 4., sin 20 4. ,cos 20p., sin 205,
Type 2 cos 20Re, sin 20r.c, cos 20r 4, sin 20r 4
cos 20r B, sin 20r B, cos204p, sin204p
Type 3 Ctanh(||R]] /C)

Table S3: Input features involved in the energy
contributions.

between 18 — 90 A for 10% of the total configura-
tions. A total of 121,000 data points, including both
the additional short range and long range configu-
rations, were used to the train the NN model to the
QED-CCSD-12-SD1 calculated energies in the cav-
ity case. For training using the QED-FCI calculated
data, we use a smaller data set of 30,000 calculated
energies. In order to train the model on this smaller
data set, we initialize each NN with the parameters
obtained from our QED-CCSD-12-SD1 fits, which
was trained using a larger data set of 121,000 cal-
culated energies. We use the Adam optimizer [13]
with 87 = 0.90 and By = 0.99. And we utilize a
constant learning rate of 107° and a batch size of
32. 90% of the total data points were used in the
training data set and the remaining 10% were used
as a test data set. All training and testing protocols
were implemented with PyTorch.[14]

The energies of the ab initio (CCSD) calcula-
tions and the ML predicted energies of the pairs of
molecules without a cavity field are shown in the Fig.
S9A. A linearity plot shows the accuracy of the pre-
dicted energy using our ML model. Apart from the
linearity plot, we scanned potential energy curves
for a few selected orientations of pairs of molecules.
These results show that the ML predicted potential
energy curves for pairs of hydrogen molecules are in
good agreement with the potential energy curves ob-
tained from ab initio calculations. These plots are
shown in Fig. S9B. A linearity plot comparing the
ab initio (QED-CCSD-12-SD1) calculations and the
ML predicted energies with the cavity field turned
on are shown in Fig. SI0A. Potential energy curves
(Fig. S10B) were scanned for Doy configuration of
a pair of molecules along three different cavity po-
larization directions with respect to the molecular
bond axis. These plots shows that our ML model
accurately reproduces the ab initio potential energy
curves.

2. Single Molecule Potential Energies

Single molecule potential energies involve intra-
molecular chemical bonds and the cavity-modified
single molecule contributions. Intra-molecular
chemical bonds were modeled within the harmonic

Fig. S3: Symmetry preserved features that are
considered while generating the pair interaction
potential using a neural network based machine
learning model are shown here. Various angles

between a pair of molecule which are considered as
input features are shown. R is the distance vector
of the center of mass (COM) of molecule A and
molecule B. ¢ represents the cavity polarization.
Orientation of the molecules are completely
specified by various angles {6}.

ML
QED-CCSD-12-SD1  »

00 05 1.0 15 20 25 30
04, (rad.)

Fig. S4: Energy of a single Hy molecule inside a
cavity with respect to cavity polarization vector,
using it ab initio QED-CCSD-12-SD1 and ML.
Single molecular energy at € = 0.0 was set to zero
while plotting energies of both QED-CCSD-12-SD1
and ML.



approximation. We like to emphasize that the intra-
molecular interaction energy does not play a signif-
icant role in determining the properties that we fo-
cused on in this study.

Single molecule energies in the presence of a cavity
field is important. Training of the cavity-modified
single molecule energies has been done with a linear
regression method. The following form of energy
function is trained for the single molecule energies,

3 2
Ex=) Cpsin2nf+» Dycos2nf  (S16)

n=1 n=0

where 6 is the angle between the molecular bond axis
and the cavity polarization vector. C,, and D,, are
the trainable parameters. Fig. S4 shows the accu-
racy of fitting single molecular energies with respect
to the ab initio, QED-CCSD-12-SD1 calculations.

B. Molecular Dynamics

Molecular dynamics (MD) simulations were used
to compute the statistical properties of fluids of Hs
molecules at 70 K by employing the potential en-
ergy functions, generated by our machine learning
models. For computing the statistical behaviour of
the system both classical MD and path integral MD
(PIMD) were used.

1. Classical Molecular Dynamics

NVT ensemble MD simulations were carried out
using Langevin dynamics with a time step of 1.0
femtosecond (fs) and the friction coefficient for the
Langevin dynamics was chosen 0.0005 a.u (20.7
ps~!). Random initial atomic velocities and random
initial positions were provided to run MD. In order
to use ML potentials generated with PyTorch, we
also implement the MD engine with PyTorch. The
integrator used here is described in Ref. [15]. Forces
were computed using the PyTorch autograd module
and the PyTorch MD simulations were performed
using GPUs.

Since we are simulating a fluid system, the system
was confined within a spherical volume, similar to a
cluster of molecules. In practice, a stiff harmonic
potential was used to confine the center of the mass
of each molecule within a spherical volume with ra-
dius R. (see Fig. S5). Adopting such a boundary
condition was necessary in order to account for non-
decaying nature of the pair interaction potential in-
side of an optical cavity. In order to simulate various
different system sizes, R, is scaled appropriately to
preserve the overall molecular density.

2. Path Integral Molecular Dynamics

In the previous section, we discussed the MD sim-
ulations in which the nuclei were considered as clas-
sical particles. However, for light nuclei such as hy-
drogen atoms, this assumption could lead to serious
problems in predicting the statistical properties be-
cause of strong quantum nuclei effects, especially at
low temperatures. In order to account for quantum
nuclei effects in our MD simulations, we performed
path integral molecular dynamics (PIMD) simula-
tions.

Usually PIMD simulations require a large num-
ber of beads to converge thermodynamics proper-
ties at low temperatures. Herein, we used the gen-
eralized Langevin equation (GLE) in PIMD, which
can significantly reduce the number of beads.[16-
18] In the GLE formulation,[19] each bead of the
simulated system is coupled to several extended de-
grees of freedom with an appropriate drift matrix
and a diffusion matrix to approximate a friction ker-
nel function. We used 8 extra degrees of freedom
in GLE and the drift matrix and diffusion matrix
used in GLE were generated by an online tool called
GLE4AMD (http://gledmd.org/) with the maximum
physical frequency set to Wmax = 9608 cm~'. With
the GLE formulation, we observed that using 32
beads are able to converge the simulations whereas
more than 128 beads are needed to converge the re-
sults without the GLE formulation. We have de-
veloped an interface to i-PI [20] to run the PIMD
simulations using our ML potentials.

C. Radial Distribution Functions

The radial distribution functions (g(r)) of fluid of
Hs molecules are computed from the PIMD trajec-
tories of 1,000 molecules. As the system we simu-
lated has a spherical volume without any periodic
boundary, computing a bulk-like g(r) (i.e. a g(r)
that converges to 1 in the long distance limit) is not
straightforward. In order to compute g(r) from such
a spherical system, the following steps are taken.
First, a bulk-like core region is chosen within a cer-
tain cutoff distance R;.

M) = >0 b(r-wl) (17

i, R;<Ri

For the " molecule located at r; with R; = |r;| <
Ry, h(|r —r;]) is the histogram of all distance be-
tween any other molecules and the i*"* molecule with
(Jlr —r;]) < R2, Ry + Rs < R. and Ny is the num-
ber of molecules inside R;. Second, the average over
each frame of MD or PIMD as well as the average



Fig. S5: Schematic diagram of the radius cutoff
that are used in computing radial distribution
functions. R, is the distance at which a high
energy potential barrier has been applied. R; is the
radius of core region where surface effects due to
the spherical boundary are minimal and molecules
found within the radius of Ry are used to compute
the histogram of pairwise distance for the
calculations of the radial distribution functions.

over number of beads was computed in the calcu-
lations of the radial distribution functions. Lastly,
the averaged h(|r|) was normalized by the average
density and 4772, In this study, Ry = 6.0 A and
Ry =12 A was used.

D. Angular Distribution Functions

We also computed angular distribution functions
for the angle between the molecular bond axis of
molecule A and the molecular bond axis of molecule
B (0ap) and angular distribution functions for the
angle between the molecular bond axis of molecule A
and the cavity polarization vector (fa.). The prob-
ability distributions of fap and 6. are proportional
to sin(fap) and sin(fac), respectively, if molecules
A and B can rotate freely without any interactions.
In order to emphasize the energy contribution, we
computed the potentials of mean force by scaling the
probability distributions of Oap and 0. with their
corresponding sine functions. In the case of PIMD,
the average over each frame and the average over the
number of beads are considered when computing the
histograms.

V. ADDITIONAL RESULTS

A. Comparison of Radial Distribution
Functions

We compute the radial distribution function at
three different situations when (1) cavity polariza-
tion is not active, (2) cavity-modified one-body term
is active but cavity modified two-body term is not
active, and (3) both cavity modified one-body and
two-body terms are active. We have observed differ-
entiable changes in radial distribution function for
three different situations. This indicates the differ-
ence in equilibrium structure when cavity polariza-
tion is on. The results are shown in Fig. S12.

B. Comparison of Classical MD and PIMD

In this section we compare the results of our classi-
cal MD and the PIMD simulations with A = 0.1 a.u.
Based on Fig. S6, it is evident that classical MD and
PIMD qualitatively follow the same trend when an-
gular distribution function of 65, and #ap are com-
pared. In particular, one observes a strong orienta-
tional alignment of the molecules along direction of
the cavity polarization vector occurring inside of an
optical cavity. Inclusion of nuclear quantum effects
does not change the overall conclusion. However, the
extent of alignment of the molecules inside the cav-
ity in our PIMD simulations is considerably reduced
compared to our classical MD simulations.

C. Comparison of QED-FCI-5 and
QED-CCSD-12-SD1

Here we compare our results of classical MD simu-
lations using the ML potentials obtained from QED-
FCI-5 and QED-CCSD-12-SD1 calculations. As
summarized in Fig. S7, we see that classical MD
with ML potentials that are obtained from the two
different levels of ab initio calculations qualitatively
match each other. However, the intensities in the an-
gular distribution functions of 6. and 05p for the
two cases are different. These differences are due
to the quantitative differences in predicting the in-
teraction energies using these two methods (see Fig.
S1).

D. ) Dependent Molecular Alignment

Two different A values were considered in our
study. In the main text, we focused our discussion
on the results with A = 0.1 a.u. In this section, we



—_
(6]

Op¢ (Classical MD) —e—
0pp (Classical MD) —e—

—_
o

(6]

Angular distribution function

0.0
6 (rad.)

10

Angular distribution function

00 05 1.0 15 20 25 3.0
0 (rad.)

Fig. S6: Angular distribution functions of molecular bond axis of molecule A to the molecular bond axis of
molecule B (6ap) and angular distribution functions of molecular bond axis of molecule A to the cavity
polarization vector (fac) for 1,000 Hy molecules of a (A) classical MD simulation and (B) PIMD
simulation are shown. Pair interaction potentials used for the MD simulation were obtained by training an
ML model with the calculated energies from QED-CCSD-12-SD1 level of theory.
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Fig. S7: Angular distribution functions of molecular bond axis of molecule A to the molecular bond axis of
molecule B (6ap) and angular distribution functions of molecular bond axis of molecule A to the cavity
polarization vector (65.) for 1,000 Hy molecules of a classical MD trajectory with the NN potentials
obtained from training the ML model on (A) QED-CCSD-12-SD1 and (B) QED-FCI-5 data sets.

study the properties of a system with A = 0.02 a.u.
and compare these results with the results obtained
using A = 0.1 a.u.

In order to train a model with A = 0.02 a.u. im-
portant NN parameters for ¢y and c3 were trans-
ferred and scaled from our training model with A =
0.1 a.u. together with the perturbation theory anal-
ysis. The accuracy of the model has been tested
by plotting the energies obtained from the NNPs
against the ab initio energies. A linearity plot is ob-
tained as shown in Fig. S11A. Additionally, scanned

potential energy curves of several selected pair con-
figurations are in good agreement with ab initio po-
tential energy curves. Some of these plots are shown
in Fig. S11B. The accuracy of our ML model is fur-
ther justified with in Fig. S11C, where we show that
our ML model correctly predicts the long range in-
teraction energy with different directions of the cav-
ity polarization vector.

A significant difference in the angular distribu-
tion functions of 6. is observed when the results
of two different A\ values are compared for 1,000 Hy



molecules. The distribution function of 8. for 1,000
H; molecules with A = 0.02 a.u. (Fig. S8A) shows
molecular alignment perpendicular to the cavity po-
larization (6a. = %). On the other hand, we observe
in Fig. S6A that the angular distribution function of
0 a. is maximized in the direction of cavity polariza-
tion vector (6a. = 0,7) when A = 0.1 a.u. This can
be explained from our perturbation theory analy-
sis where we showed that the cavity-modifications
to the single molecule energies scale with A2 and the
extremely long range pairwise interaction scales with
A%, Thus, the importance of the pairwise interaction
decreases much faster than the single molecule en-
ergy contribution as A decreases. In this particular
example of 1,000 Hy molecules with A = 0.02 a.u.,
the single molecule energy dominates whereas, with
A = 0.1 a.u., the pairwise interaction energy domi-
nates. 0ap qualitatively follow the same trend as we
observed for 1,000 Hy molecules with A = 0.1 a.u.;
however, the intensity of the peak is reduced which
suggests a weaker synchronization of molecular ori-
entations. This is shown in the inset of Fig. S8A.

From the above discussion, we understand that
the energy contributions from a single molecule can
be altered by (1) changing the number of molecules
with a fixed A, and (2) changing the value of A for
a fix number of molecules. We ran simulations con-
sidering these two possibilities. For the first pos-
sibility, we reduced the number of molecules from
1,000 to 108 while keeping A equal to 0.1 a.u., and
we compute the angular distribution function for
Oa.. We find that in the 108 molecule simulation
the preferential alignment of the molecules is per-
pendicular to the cavity polarization vector, which
is opposite to the alignment of 1,000 molecules with
A = 0.1 a.u. (aligned parallel to the cavity polar-
ization vector). These results are shown in Fig.
S6A and Fig. S8B. For the second possibility, we
simulate 1,000 molecules with a reduced value of
A = 0.02 a.u. The angular distribution function
of 0. in this simulation is qualitatively similar to
the results obtained in the first possibility with the
molecular alignment perpendicular to the cavity po-
larization vector (see Fig. S6A and Fig. S8B). All
of our numerical simulation results reported in this
section further confirm the conceptual validity of our
perturbation theory analysis.
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Fig. S8: Angular distribution functions of molecular bond axis of molecule A to the molecular bond axis of
molecule B (6ap) and angular distribution functions of molecular bond axis of molecule A to the cavity
polarization vector (6.) for 1,000 Hy molecules of a classical MD trajectory with the NNPs obtained from
the training ML model on (A) QED-CCSD-12-SD1 and A = 0.02 a.u. coupling constant are shown. A
zoom-in figure of O, is shown in the inset. (B) Angular distribution functions of molecular bond axis of
molecule A to the cavity polarization vector (6a.) of 108 molecules with A = 0.1 a.u. (dashed line) and
1,000 molecules with A = 0.02 a.u. (solid line) are shown.
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Fig. S9: (A) Pairwise interaction energies obtained from ab initio, CCSD calculation (without cavity) and
ML predicted energies are plotted. (B) Scanned potential energy curve for Day,, Coy, and Do, configuration
of a pair of molecules using NNPs and from ab initio calculation are shown.
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