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ABSTRACT: When photoactive molecules interact strongly with confined light modes in
optical cavities, new hybrid light—matter states form. They are known as polaritons and
correspond to coherent superpositions of excitations of the molecules and of the cavity
photon. The polariton energies and thus potential energy surfaces are changed with
respect to the bare molecules, such that polariton formation is considered a promising
paradigm for controlling photochemical reactions. To effectively manipulate photo-
chemistry with confined light, the molecules need to remain in the polaritonic state long
enough for the reaction on the modified potential energy surface to take place. To
understand what determines this lifetime, we have performed atomistic molecular
dynamics simulations of room-temperature ensembles of rhodamine chromophores
strongly coupled to a single confined light mode with a 15 fs lifetime. We investigated
three popular experimental scenarios and followed the relaxation after optically pumping
(i) the lower polariton, (ii) the upper polariton, or (iii) uncoupled molecular states. The
results of the simulations suggest that the lifetimes of the optically accessible lower and

upper polaritons are limited by (i) ultrafast photoemission due to the low cavity lifetime and (ii) reversible population transfer
into the “dark” state manifold. Dark states are superpositions of molecular excitations but with much smaller contributions from
the cavity photon, decreasing their emission rates and hence increasing their lifetimes. We find that population transfer between
polaritonic modes and dark states is determined by the overlap between the polaritonic and molecular absorption spectra.
Importantly, excitation can also be transferred “upward” from the lower polariton into the dark-state reservoir due to the broad
absorption spectra of the chromophores, contrary to the common conception of these processes as a “one-way” relaxation from
the dark states down to the lower polariton. Our results thus suggest that polaritonic chemistry relying on modified dynamics
taking place within the lower polariton manifold requires cavities with sufficiently long lifetimes and, at the same time, strong
light—matter coupling strengths to prevent the back-transfer of excitation into the dark states.

n general, molecules cannot be treated in isolation but have to

be understood as embedded in and coupled to the
electromagnetic field surrounding them. This applies even
when the field is in its vacuum state, and leads to properties such
as the Lamb shift or spontaneous emission from excited states.
In free space, these are typically small corrections and can be
neglected in many cases (e.g., emission lifetimes are normally on
the order of nanoseconds, much slower than the electronic and
nuclear dynamics determining most photochemical reactions).
The situation is different when molecules are placed inside
optical or plasmonic cavities,”” because these photonic
structures can modify the vacuum field to such an extent that
photonic degrees of freedom also become important.”* These
structures not only confine the light to smaller volumes,
increasing the coupling strength, but also restrict the number of
photonic modes available to interact with the molecules. The
confinement furthermore enhances the light—matter interac-
tion, which can become strong enough for the photonic and
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molecular degrees of freedom to hybridize into new light—
matter states, known as polaritons.”’

We summarize the main consequences of strong light—matter
coupling from a molecular standpoint here, with more detailed
descriptions available in the literature.”” Within the single-
excitation subspace accessed under weak driving, strong
coupling between N molecules and a single confined light
mode leads to the formation of N + 1 coherent superpositions of
excitations in each of the molecules and of the confined light
mode:"’
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Here, Ig;) and le;) are the electronic ground and excited states of
molecule i, while I1) or 0) indicates if the confined light mode is
excited or not. The S and @' are expansion coefficients

(3,18 + 1a* = 1), and the index k labels the N + 1 single-

excitation eigenstates of the strongly coupled molecule—cavity
system. If the excitation energy of the molecules (hv;) is similar
to the frequency of the confined light mode (fw,,,), the energy
gap, or Rabi splitting (AQR*™), between the lowest (k = 1, i.e.,
the lower polariton, LP) and the highest (k = N + 1, i.e,, the
upper polariton, UP) hybrid light—matter states is proportional
to the square root of the number of molecules (N) that are
strongly interacting with the confined light mode of the cavity

)

where p,o" is the transition dipole moment of the molecular
excitation, € is the vacuum permittivity, and V_,, is the effective
mode volume of the confined photon with energy #®.,,. Note
that we have assumed perfect alignment between the molecular

dipole moments and the cavity electric field

(B = +Jhw.,,/2€,V,,) here for simplicity. The lower and
upper polariton have the highest contribution of the cavity

mode. Since the cavity typically dominates the response under
external driving, the absorption spectrum of the cavity—
molecule system then contains two peaks corresponding to
the lower and upper polaritons, located below and above the
absorption maxima of the molecules and the cavity (Figure 1).
Due to their smaller cavity contribution, the other N — 1 levels
are typically far less visible and are thus referred to as “dark”
states.

The hybridization of light and matter into polaritons not only
delocalizes the excitation over many molecules (eq 1) but also
changes the molecular potential energy surfaces, and thus
provides a new way to control photochemistry'®~"” and
photophysics.”’">* To manipulate reactivity with confined
light, however, the polariton lifetime should exceed the time it
takes for the molecules to react on the modified potential energy
surface. As polariton lifetimes are mostly determined by the
cavity quality factor (Q-factor), one may thus expect that very
high-finesse cavities would be required, in particular for slower
photochemical reactions. However, results of recent time-
resolved pump—probe experiments on various strongly coupled
systems suggest that the lower polariton inherits the excited-
state lifetime of the molecules, rather than that of the cavity.**~>

While this finding could have major implications for the
teasibility of polaritonic catalysis,7’27_29 an alternative explan-
ation for the slow emission from the lower polaritonic state in
these experiments is that the strongly coupled system undergoes
transitions into the hybrid “dark” states, which act as a reservoir
that slowly replenishes the polariton modes.”**°~*" Because
these dark states lack a strong contribution from the cavity
photon (a* in eq 1), their decay is dominated by the excited-
state lifetimes of the molecules, which are typically much longer.
Results from time-dependent quantum dynamics simulations on
simplified molecule—cavity systems, in which the nuclear
degrees of freedom were modeled as one or many harmonic
oscillators and treated to various levels of approximation,
support this notion.””~** Although the vibrational structure of
the molecules was included, the harmonic approximation, which
was necessary to solve the Schrodinger equation, restricts these
simulations to nonreactive systems. To overcome this limitation
and model the effects of strong light—matter coupling on the
dynamics of even larger ensembles of realistic molecules, we
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Figure 1. (a) Schematic depiction of the cavity—molecule systems
studied in this work. Note that although a typical Fabry-Pérot cavity is
illustrated here, the cavities in our simulations more closely resemble a
plasmonic nanocavity, in particular when there are only a few
molecules. (b) Cavity transmission spectrum. (c) Absorption spectrum
of the rhodamine model in water outside of the cavity. (d) Absorption
spectrum of the cavity with 16 (black), 32 (red), and 64 (green)
solvated rhodamine molecules in the cavity volume.

recently proposed a multiscale molecular dynamics approach
based on hybrid Quantum Mechanics/Molecular Mechanics
(QM/MM) simulations.” Here, we apply that approach to
model the relaxation dynamics of up to 1000 rhodamine
molecules strongly coupled to a confined light mode with a
lifetime of 15 fs.

Because the number of polaritonic states equals the number of
molecules in the cavity plus one (eq 1) and the energy gaps
between these states are very small, the dynamics have to be
simulated in a dense manifold of coupled states.”*> While
Tully’s fewest switches surface hopping (ESSH) algorithm* has
been highly successful for modelin_g non-adiabatic dynamics in
systems with few electronic states,”” the number of semiclassical
simulations required to achieve convergence when there are
hundreds to thousands of near-degenerate states precludes
FSSH for modeling the dynamics of the large ensembles of
strongly coupled molecules in this work. We therefore rely on
Ehrenfest, or mean-field, dynamics instead®® and integrate the
time-dependent polaritonic wave function, expanded in the basis
of the time-independent polaritonic states (eq 1)
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Figure 2. Top panels: populations of the polaritonic states (Ic,(t)I%, eq 3, all colors) in simulations of 64 molecules in a nanocavity with single-photon
field strength E_, = \/fAw,.,,/2€,V.
splitting on resonance of 260 meV, eq 2, after excitation into the lower polariton (LP, a,d); into the upper polariton (UP, b,e); and into a molecular
excited state that is 156 meV above the UP (c,f). The population of the ground state with no photon present (i.e., lg;g,*-g-gn)10)) is plotted as green
dashed lines. The insets in a and b show the ground-state population for the first S fs and an exponential fit (red line). Middle panels: populations of the
bright lower (magenta) and upper (cyan) polaritons and the sum of the dark states (black). States are considered bright (dark) if the contribution of
the cavity photon (la*I%) is above (below) 0.05. Bottom panels: time-resolved emission spectra (sunset color scheme) after photoexcitation into LP
(g), into UP (h), and into a state above the UP (i). The photoabsorption spectrum of this cavity—molecule system is shown at the right of panel i.

= 0.00014 atomic units (0.7 MV cm™"), corresponding to a mode volume of 7275 nm”® (leading to a Rabi

av

N+l our Ehrenfest dynamics simulations is available as Supporting
¥(t)) = 2 Ck(t)h//k> Information (SI).
k ©) We have simulated ensembles of up to 1000 rhodamine

molecules including the solvent environment and a confined

along the N classical molecular dynamics (MD) trajectories light mode with a resonance frequency of w,,, = 4.2 eV, tuned

cav

evolving on the mean-field potential energy surface. The force near the absorption maximum of the rhodamine molecules

on atom g is then (Figure 1), which is 4.18 eV at the CIS/3-21G//Amber level of

. QM/MM theory (SI). The cavity photon lifetime is taken as

E = —(Y(t)IV,HI¥(t)) 15 fs, corresponding to a decay rate of 7, = 66.7 ps~' (line-

N+1 N+1 width fy,,, = 0.04 eV), in line with previous experiments.26 This

=— Z Z cj(t)q(t)(y,"l%ﬁly/) lifetime depends on the accuracy of the nanofabrication process,

kool 4) the thickness of the mirrors, and the cavity material.’ In the

simulations, the dissipation of the cavity photon is modeled ad

and we use the unitary propagator in a local diabatic basis to hoc as a first-order decay process of polaritonic states with a
integrate the coefficients, ci(t).* The complete description of contribution from the confined light mode®
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Figure 3. Absorption spectra (first column) and state populations after excitation into the lower polariton (second and third columns) and upper
polariton (fourth and fifth columns). The dashed green line is the ground-state population. Two systems are shown: 576 (top panels) and 1000

molecules (bottom panels) in a nanocavity with single-photon field strength of E,,

=0.0001 atomic units (0.5 MV cm™"), corresponding to a mode

volume of 14,259 nm?>. In panels b, d, g, and i, the populations of all adiabatic polaritonic states are plotted (i.e., lc;(t) 2 eq 3, all colors). In panels ¢, e, h,
and j, the populations of bright lower and upper polaritons are shown in magenta and cyan, respectively, while the total dark-state population is plotted
as a single black line. States are considered bright (dark) if the contribution of the cavity photon (la*?) is above (below) 0.05.

p(t + At) = p,(t) exp[—7, Ja" ()P At] (3)
where p(t) = Ic.(t)I? is the population of polaritonic state y; at
time ¢, @* the contribution of the photonic mode to that state (eq
1) and At the time step of the classical MD simulation (0.1 fs;
see SI for further details). The cavity lifetime is illustrated by the
finite line width of the cavity transmission peak in Figure 1b.

Two types of ensembles were investigated. In the first, all
molecules started from the same initial coordinates, but with
different nuclear velocities selected randomly from a Maxwell—
Boltzmann distribution at a temperature of 300 K. In the second
set of simulations, both initial coordinates and velocities were
selected randomly from QM/MM trajectories of a single
Rhodamine molecule in water. Assuming instantaneous and
resonant photoexcitation, the simulations were started in either
the upper or lower polaritonic states. While for the ensembles
with the same initial coordinates, the lower and upper polaritons
can be identified without ambiguity as the eigenstates with the
lowest and highest eigenvalue of the cavity—molecule
Hamiltonian, the identification is more complicated for the
heterogeneous room temperature ensembles, where the
excitation energies form a distribution due to structural
heterogeneity (Figure 1c). Because in this situation there are
multiple states with a significant contribution of the cavity
photon, the initial state of the simulation was a superposition of
all polaritonic states below (LP) or above (UP) the transmission
maximum of the cavity, weighted by their photonic contribu-
tions (i.e., [ in eq 1).

Regardless of the cavity mode volume (V,,) or the number of
molecules (N), the results of our molecular dynamics
simulations, shown in Figures 2, 3, and S6—S8 (SI), suggest a
relaxation process that involves the transient population of
“dark” states, if these are available. After pumping the upper or
lower polariton in ensembles of molecules with the same starting
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coordinates (i, same excitation energies), but different
velocities, the relaxation initially occurs through direct photo-
emission, as evidenced by the rapid buildup of the ground-state
population (dashed green line in Figure 2) and the concomitant
decline of the initial polaritonic states. Because the upper and
lower polaritons are approximately equal mixtures of the
molecular excitations and the confined light mode at the start
of the simulations, the initial rate of this radiative decay process
is approximately the product of the cavity decay rate (y.,,, eq S)
and the photonic component of the polariton (la™*/"?I* % 0.5, eq
1). As shown in the insets of Figure 2a,b, the rise of the ground-
state population in the first few femtoseconds indeed follows a
simple exponential function with a decay constant of 0.5y.
However, while the system relaxes, non-adiabatic coupling with
the “dark” states triggers population transfer from both the
upper and lower polaritons into these states. As the dark states
have a much smaller contribution of the cavity photon, direct
emission is reduced significantly and the rate at which the
ground-state population builds up decreases. Nevertheless,
because population transfer is reversible and also occurs from
the dark states back into the bright upper and lower polaritons,
radiative decay continues, albeit at a much lower rate (lower
panels in Figure 2).

The observation that the population transfers from the upper
polariton into the “dark” states and eventually into the lower
polariton is in good qualitative agreement with experiments that
probed prolonged photoluminescence from strongly coupled
cavity—molecule systems after pumping the upper polar-
iton,”***#35°% while more recently, population transfer from
the lower polariton into the “dark” state manifold has also been
suggested on the basis of anti-Stokes emission measured after
pumping the lower polariton.51 Thus, the results of our
simulations do not support the conjecture that the polaritons
inherit the excited-state lifetime of the molecules,”*™>° but
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Figure 4. Absorption spectrum (left panel) and state populations after excitation into the lower polariton (middle panel) and upper polariton (right
panel) of a single molecule strongly coupled to a nanocavity with a mode volume of 99 nm?, corresponding to a single photon field strength of E,,, =
0.0012 atomic units (6.2 MV cm™"). The dashed green line is the ground-state population.

rather suggest that nonradiative scattering into dark states,
which are sometimes referred to as the “exciton reservoir”,>">>>°
controls the polariton relaxation, in agreement also with
previous calculations on simpler molecular models.***>**

To mimic experiments in which a molecular electronic state
lying above the upper polariton is pumped,“’%’52 we added a
structure from the equilibration trajectory that has a geometry in
which the Sy — S, excitation energy (4.48 eV) is higher than the
upper polariton (4.32 eV) to the cavity. Because of the larger
excitation energy, the highest electronic state in these cavities is
localized on this molecule. After excitation into that state, the
initial decay process is slower than when the UP or LP is pumped
directly (Figure 2c,f). We attribute this difference to the much
lower photonic contribution to this state in the cavity. However,
due to non-adiabatic transitions, both upper and lower
polaritonic states as well as the other dark states become
transiently populated. Because only states with a significant
photonic contribution can emit efficiently, as evidenced by the
photoluminescence spectra in Figure 2i, the transient population
of upper and lower polariton increases the decay rate. The
results of these simulations confirm that excitation of uncoupled
states leads to the transient population of the optically accessible
polariton states, in particular, the lower polariton (Figure 2f).
However, as with excitation directly into the UP or LP,”>*' the
total lifetime of the polaritonic photoluminescence is controlled
by the competition between, on one hand, direct photoemission
determined by the cavity decay rate and, on the other hand,
transient population of the dark states, and thus exceeds the
cavity lifetime (bottom panels in Figure 2).

To investigate the effect of structural disorder among the
chromophores, we randomly selected initial coordinates and
velocities from equilibrium QM/MM trajectories of uncoupled
thodamine. In Figure 3, we plot the time evolution of the
populations with 576 and 1000 rhodamine molecules in the
cavity. In line with the results obtained when the molecules have
the same starting coordinates, there is competition between
direct photoemission (dashed green line) and transitions into
the dark states, when these are available (Figure 3). In the case of
576 and 1000 molecules, the single-molecule coupling is held
constant, so that the Rabi splitting increases by a factor of

1000/576 = 1.3, with the effect that for the 1000 molecule
ensemble, the polariton lies outside the absorption band of the
uncoupled molecules. The simulations show that decay through
photoemission is most efficient in this case. Additionally, this
direct radiative decay channel is more efficient for the LP than
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the UP, as illustrated by the faster buildup of ground-state
population when the LP state is pumped. The reason for this
difference is that from the UP, “dark” states are more accessible,
and hence these nonradiative “dark” states become populated to
a much larger extent (compare Figure 3h and j).

When there is only a single molecule inside the cavity (Figure
4), which has been realized experimentally, for example, by
Baumberg and co-workers,”” there is a non-adiabatic population
transfer between the upper and lower polaritons in addition to
direct photoemission. However, because the cavity is tuned near
the excitation maximum of the molecule, both states have strong
photonic character (Io*1* ~ 0.5) and the system rapidly decays to
the ground state (green dashed line) from both polaritonic
states, with a rate controlled by the cavity lifetime y,,. The
transient population of the lower polariton after pumping the
upper polariton (Figure 4c) was also observed in recent tensor
network simulations of a single strongly coupled molecule by del
Pino and co-workers,” as were the oscillatory features due to the
activation of coherent vibrations of Franck—Condon active
modes upon photoexcitation.

Comparing the relaxation process between simulations with
the same number of molecules but different cavity mode
volumes (Figures S6—S8) or, equivalently, different single-
photon field strengths E_,,, we observe that decay through direct
photoemission increases if the cavity mode volume decreases. In
Figure 5, we plot the total population that remains excited at
100 fs after photoexcitation into the LP as a function of the Rabi
splitting. Because non-adiabatic population transfer into the
dark states competes with direct photoemission from the lower
polariton, the overall decay rate is determined by the
accessibility of the dark states. As the non-adiabatic coupling
between states is inversely proportional to the energy gap, the
most accessible states are the ones at or near resonance with the
lower polariton.

The distribution of the dark states, i.e., their density of states
(DOS), is very similar to that of the uncoupled molecules (red
curve in Figure Sb) and, hence, closely matches the absorption
spectrum of the bare molecule (Figure 1c).*” Indeed, the
overlap, evaluated as the integral between the DOS of the lower
polariton (left black peak in Figure Sb) and the DOS of the bare
molecules (red; see SI for details of this calculation), shows the
same trend as the excited-state survival rate, estimated as the
excitation remaining in the system at 100 fs after photoexcitation
(Figure Sa). This observation suggests that the rate of
population transfer into the dark states is controlled by the
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Figure S. Total population remaining in the excited-state manifold,
NH e, (t = 100 fs)P%, containing the LP, N — 1 dark states, and UP, at

100 fs after photoexcitation into the lower polariton as a function of
Rabi splitting (black lines in a and c). In panel a, there are 32
Rhodamine molecules in cavities with various single-photon field
strengths (E, in atomic units). In ¢, the number of molecules in the
cavity is varied from 4 to 32, while keeping the cavity field strength
constant at 0.0006 au (3.1 MV cm™!, 396 nm® mode volume). Error
bars are estimated from five independent simulations. The green peaks
in panels b and d show the overlap between the LP (left dark peak) and
the dark states (red peak). The trend of this overlap is shown as the
green line in panels a and c.

DOS of the dark states at the polariton energy level, as suggested
by Coles et al.>* Thus, our results suggest that the efficiency of
remaining in the lower polaritonic state, which is essential for
manipulating photochemistry,”'>*”** can be estimated directly
from the overlap between the polaritonic and molecular
absorption spectra. In other words, the simple picture of
photochemistry occurring on polaritonic potential energy
surfaces under strong coupling only applies (in the many-
molecule case) if the Rabi splitting is large enough for the
polaritons to be energetically well-separated from the bare-
molecule states, extending similar observations for the
absorption spectra in extremely simplified model molecules.’

To further verify the validity of this overlap argument, we have
also varied the number of molecules, while keeping the cavity
mode volume, or quantized field strength, constant. In Figure Sc,
we plot the total excited population remaining at 100 fs after
pumping the lower polariton, as a function of Rabi splitting.
Again, the trend follows the overlap between the DOS of the
lower polariton on one hand and the DOS of the molecules on
the other hand (Figure 5d). Since the energy level of the LP is
determined by the square root of the number of rhodamine
molecules (eq2), while the DOS of the dark states scales linearly
with the number of molecules, the overlap has a maximum when
there are eight molecules in our cavity. Indeed, with eight
molecules inside the cavity, the population of dark states at
100 fs is the highest, confirming that the accessibility of these
states is determined by their overlap with the optically active
lower polariton.
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Because vibronic progression cannot be modeled in classical
MD simulations, the molecular spectra appear as a single
heterogeneously broadened peak without vibrational structure
(Figure 1c). Because vibronic progression extends the spectrum
toward higher energies on the blue side of the absorption
maximum, we could thus underestimate the overlap between the
upper polariton and the dark states. In contrast, because the
lower polariton is situated below the (vertical) absorption
maximum, the effects of vibronic progression on the overlap
should be much smaller, possibly even negligible.

The observation that the overlap between the bright and dark
polaritonic states governs the lifetime of the molecule—cavity
system is supported by experiments that probed the photo-
luminescence in strongly coupled systems after pumping the
lower polariton. For molecules with very narrow absorption
bands, such as J-aggregates, there is minimal overlap between the
dark states and the lower polariton already at moderate Rabi
splittings. Without involvement of dark states, the relaxation
process after pumping the lower polariton is thus dominated by
ultrafast radiative emission. In low-finesse cavities, this decay is
difficult to detect, in both stationary and transient measure-
ments, in line with experimental observations.”* >
for molecules with a broad absorption band, there is significant
overlap between the bright and dark polaritonic states even for
large Rabi splittings. Because in addition to ultrafast direct
photoemission from the LP, there is also population transfer into
the long-lived dark state manifold due to this overlap, the
apparent lifetime of the LP emission is prolonged and hence
detectable.”*"?
suggest occupation of polaritonic states above the LP due to a
redistribution of the thermal energy. This thermal population of
polaritonic states can account not only for the observation of
anti-Stokes emission after pumping the LP,”" but also for the
temperature-dependent emission from the UP.”> We believe
that our findings could be relevant for designing molecule—
cavity systems for polaritonic chemistry, in which access to dark
states may compromise the control of photoreactivity due to
modifications of the lower polaritonic potential energy sur-
face.712-1427,28,54

In summary, we have performed MD simulations of
ensembles of rhodamine molecules strongly coupled to a single
confined light mode. The results of the simulations suggest that
relaxation of the optically active polaritons involves both direct
photoemission with a rate controlled by the cavity lifetime as
well as transitions into the “dark” state manifold, or “exciton
reservoir”.””*> Because the transient population of the dark
states, which lack a strong photonic contribution, delays the
photoemission, the molecule—cavity system has a much longer
lifetime than the cavity alone, in line with previous experi-
ments>*72633 k37394245 Burthermore, our

6
In contrast,

The results of our simulations furthermore

and theoretical work.
simulations also suggest that the efficiency of transitions into the
dark states is determined by the overlap between the densities of
the dark and bright polaritonic states, which can be inferred
directly from the absorption spectra. Because both radiative
decay and radiationless transitions into the dark-state manifold
compete with the dynamics on the polaritonic energy land-
scape,”* controlling photochemistry with cavities requires both a
long-lived cavity mode and a large Rabi splitting. In followup
work, we will further address these issues for photoreactive
molecules in a cavity.
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