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Chiral polaritonics offers promising opportunities to selectively manipulate molecular species based on
their handedness by harnessing unique interaction pathways offered by strong coupling in cavity QED. While
significant progress has been made in understanding the fundamental mechanisms of enantiomer selectivity,
many existing studies focus on perfectly chiral cavities that contain only one type of enantiomer. Here, we
investigate a scenario of imperfect cavities containing varying mixtures of enantiomers. Using a generalized
Hopfield-type model, we systematically explore how the degree of enantiomeric mixing and cavity imperfections
affect chiral selectivity. Our analysis includes both an examination of the cavity’s eigenmode structure and a
quantitative assessment of differential energy transfer into specific enantiomeric species. We demonstrate that
both cavity imperfections and the presence of enantiomer mixtures profoundly modify the polaritonic dispersion.
We also highlight that pushing the system into the deep strong coupling regime—by increasing molecular
concentration—can decrease the efficiency of energy transfer to matter modes. These findings emphasize that
precise cavity design and detailed consideration of enantiomeric composition are essential for achieving optimal

chiral selectivity in practical cavity QED systems.

DOI: 10.1103/p4dp-byb8

I. INTRODUCTION

Chirality refers to the fundamental geometrical property
of an object that cannot be superimposed onto its mir-
ror image by a sequence of rotations and translations [1].
Many naturally occurring molecules exhibit chirality, render-
ing this property critically important across numerous aspects
of human life, including biology [2], chemistry [3], phar-
maceuticals [4], and technological applications [5]. Recently,
substantial progress has been achieved in both theoretical
modeling [6-16] and practical fabrication [17,18] of chiral
optical cavities that selectively support photonic modes of
distinct helicities. Progress has also been made in fabricating
and optimizing individual emitters, such as certain quantum
dots, to exhibit intrinsic properties or external control—such
as maximized directionality-dependent coupling [19] or re-
duced decoherence [20]. This development has given rise to
the emerging field of chiral polaritonics, where the combi-
nation of strong light-matter interactions (cavity QED) and
intrinsic chiral selectivity enables novel possibilities, such
as enantioselective detection [11,21], energy transfer [22,23],
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and enhancement of chemical reactions [24-26]—a prospect
with significant implications for pharmaceutical synthesis and
material science. Further promising theoretical results indi-
cate the possibility of collective radiant behavior [27] and
chirality-dependent photon transport [28].

Despite rapid advancements, several important theoretical
and practical considerations remain underexplored. Notably,
a hallmark of chiral polaritonics is the ability to achieve
discriminatory ground-state energy splittings. The practical
consequences of this discriminatory effect include enantiospe-
cific differences in reactivity [6] as well as rotational spectra
[7]. These splittings can be shown to scale as v/N for a cavity
containing N molecules, extending deep into the ultrastrong
coupling regime [6]. However, potential limitations arising
from diminishing effective light-matter coupling, as antici-
pated due to diamagnetic contributions in the deep strong
regime [29,30], have yet to be thoroughly investigated.

Moreover, the influence of cavity imperfections—arising
from deviations in cavity geometry or symmetry—remains
insufficiently understood, and theoretical analyses often rely
on the simplifying assumption that the cavity contains only a
single enantiomeric species. To address these limitations, our
study incorporates both phenomenological parameters captur-
ing cavity imperfections and the presence of enantiomers of
opposite handedness.

In this work, we aim to address these gaps by connecting
and building on previously established insights to achieve a
deeper understanding of chiral cavity QED. Specifically, we
employ a generalized Hopfield-type model to systematically
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explore the polaritonic eigenmode structure and energy trans-
fer efficiency under conditions of varying coupling strengths
(ranging from weak to deep strong), cavity imperfections, and
enantiomeric mixtures.

This paper is structured as follows. In Sec. II, we intro-
duce our theoretical framework, presenting a variant of the
chiral Hopfield model and highlighting the critical role of the
diamagnetic terms. Subsequently, in Sec. III, we investigate
the polaritonic dispersion within a closed cavity. Our investi-
gation is guided by a focus on the matter content contained
in the polaritonic modes, which provides an intuitive way to
understand how ultrastrong coupling, cavity imperfections,
and enantiomeric mixtures influence the polaritonic charac-
teristics. To complement and validate this analysis, Sec. IV
focuses on evaluating the energy transfer efficiency when the
cavity interacts with an external field. To this end, we use
analytical expressions obtained from an S-matrix approach
that is conceptually similar to previously established input-
output theories [31-33]. Finally, in Sec. V, we summarize our
findings and discuss their broader implications for the design
of efficient and selective chiral polaritonic systems. As our
analysis still focuses on lossless cavities, we include a brief
comment on expected qualitative changes and identify key
directions for future work when dissipation and losses are
taken into account.

II. MODEL HAMILTONIAN

We consider a cavity supporting two helical photonic
modes. The cavity contains enantiomers of different handed-
ness. The coupled system can be described by the Hamiltonian

H = Hy + Hyight-matter + Hiight-light- (D

The first term refers to an uncoupled oscillator ensemble com-
posed of cavity modes, annihilated by a., and bosonic matter
excitations, annihilated by b, given by [32]

Hy = Z olala; + wp Z bib. )
ie{+,—} ie{+,—}

We have assumed the degenerate eigenfrequency wj for the
chiral matter excitations and denoted the cavity mode eigen-
frequencies as . As discussed in Ref. [6], the approximation
of matter excitations as bosonic quasiparticles is justified in
the low-excitation, collective limit. The interaction between
photonic and matter components of the system can be ex-
pressed as [29]

Highomater = ) bun(@l, + @)} + b)), (3)

m,ne{+,—}

where the light-matter coupling constants are modeled similar
to Refs. [6,34] as

Lyn = J/n(1+gm”)» (4)

with the implicit identification + = 1, — = —1. The factor
¥n ~ ~/N, expresses the overall strength of the interaction,
scaling with the square root of the number of enantiomers
belonging to the nth species [6]. In the closely related model

discussed in Ref. [34], it is given by

= /2 5)
Y=\ 2ev"

where V is the cavity volume, €, the vacuum permittivity, and
o the wavelength of the chiral light. The chirality factor g
relates the electric and magnetic transition dipole moments,
d and m, as follows:

_ Im[dm]
P

(6)

The type of coupling is determined by the ratio ZT; [29].
For y, < 0.1w,, the rotating wave approximation (RWA),
obtained by neglecting the counterrotating terms in Eq. (1),
holds well and the system can be described by a Hamilto-
nian similar to the Jaynes-Cummings model [35]. Taking into
account the magnitude of the dissipation rates of light and
matter subsystems allows for the further subdivision of this
region into weak and strong coupling regimes [35]. Since the
present investigation is not focused on dissipative processes,
we refer to this regime broadly as the RWA-applicable region.
The ultrastrong coupling limit (USC), where y, £ 0.1w,, im-
plies the breakdown of the RWA, while a perturbation theory
clearly separating the light and matter degrees of freedom
becomes inapplicable already in the strong coupling limit.
Finally, increasing the coupling even further, so that y, = w)
and beyond, defines the deep strong coupling regime (DSC).
In this regime, any perturbative treatment becomes ineffective,
and the system is only described correctly by joint light-matter
excitations, termed polaritons.

The chirality of matter in this description is captured by the
parameter g and ultimately originates from magnetic dipole
interactions [34,36]. While ideally chiral matter completely
decouples from the cavity mode of opposite handedness and
is thus characterized by g = +1, values for typical molecular
systems are much smaller in magnitude [6]. For the major-
ity of our investigations, we focus on a concrete illustrative
value of g = 0.01 and only depart from it in our discussion
of Fig. 3. Lastly, the diamagnetic (self-)interaction of cavity
photon modes is given by

Hijghttight = Z Dij(a) + ai)(a; +a;). @)
i,je{+,—1}

The coupling constants D;; can be inferred from the re-
quirement of vanishing ground-state currents by the Thomas-
Reiche-Kuhn (TRK) sum rule [37,38]. Analogous to Refs.
[29,30,32], we determine them to be

Z lnilmj — Dij. (8)

w,
n,me{+,—} b

Neglecting the diamagnetic terms is typically a safe as-
sumption for the weak coupling limit [29]. However, as
pointed out in Refs. [29,38,39], beyond this regime, dis-
carding diamagnetic effects leads to incorrect model behav-
ior. In the DSC regime, the diamagnetic term drastically
reduces the light-matter interaction strength, effectively de-
coupling the cavity modes and matter [29]. For these reasons,
we explicitly retain the diamagnetic term in our model.
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Similarly, the commonly employed rotating wave approxi-
mation, obtained by neglecting antiresonant terms coupling
two creators or annihilators, can not be expected to provide
reliable results in the USC regime [40,41]. For that reason,
our model includes both resonant and antiresonant terms.

The Hamiltonian in Eq. (1) can be diagonalized by the
usual Hopfield-Bogoliubov procedure [37] to obtain

H=7) wpb: ©)

The polaritonic operators B;, as entries of a vector g, are
associated with eigenfrequencies w;. Collecting photonic and
matter modes in the vector

(10)

the vector of polaritonic operators f is obtained via the linear

transformation 7’
p c
p <pT> (cT)’ (i

where p, ¢, p', ¢’ denote column vectors. In the following, we
distinguish the radiation and matter modes from the (noninter-
acting) polaritonic eigenmodes of the cavity by referring to the
former as bare modes.

The model described by Eq. (1) is closely related to stan-
dard representations of chiral cavities [6,34] when one cavity
mode is neglected. In Appendix A, we demonstrate that the
correlated ground state energy derived from our Hamiltonian
exhibits the expected scaling behavior with the square root of
the enantiomer number, consistent with ab initio calculations
[7]. We take this as an indication that our model is capable
of qualitatively predicting physical phenomena in realistic
systems.

In the following, we study the impact of mode imperfec-
tions and enantiomeric mixtures on the ability of the cavity to
discriminate efficiently between matter of differing chirality.
We will focus on the properties of a closed cavity first. For
that, we study the resulting modifications to the polariton
dispersion in Sec. III, using an intuitive measure of chiral
selectivity in terms of the difference in positive and negative
chirality matter content directly derived from the polaritonic
eigenvectors. Having gained a conceptual understanding of
the closed cavity, we compute the differential energy transfer
efficiency from an external source employing an S-matrix
approach to supplement and validate these findings in Sec. I'V.
We expect this differential energy transfer to be a potential key
quantity, e.g., for enantioselective catalysis, and point out its
relation to the intuitive selectivity measure.

To limit the main investigation to the essential physics at
play, we preemptively constrain the parametric freedom in our
model by considering the positive and negative helicity modes
of the photonic sector to occupy degenerate eigenfrequencies.
The case of spectrally detuned cavity modes is considered
separately in Appendix B.

III. POLARITON DISPERSION

A. Perfectly chiral cavity, single-handed matter

The primary purpose of chiral cavities is their ability to
selectively address different enantiomers. An often considered
scenario focuses on a chiral cavity supporting a single mode
of pure helicity containing a single enantiomer species [6]. In
this section, we first revisit this scenario and study the prop-
erties of the associated polaritonic modes. We then contrast
this with the behavior of the system when the assumptions of
enantiomeric purity and cavity perfection are forgone.

Aside from their eigenfrequencies, a useful property char-
acterizing cavity polaritons is their similarity to the bare
modes. For the ith polaritonic mode, the contribution it re-
ceives from the jth bare mode is defined as [29]

Cl — |Tij|2
/ Zk |Tik|2’

where the matrix entries 7;; compose the linear transfor-
mation in Eq. (11). As noted in Ref. [29], this quantity
converges to 1 for a polariton consisting purely of the jth
bare mode. Such a behavior assigns it the role of an indica-
tor of (de)coupling, since a polariton mixing different bare
modes is generically expected to facilitate enhanced interac-
tion between them. While its primary purpose is to illustrate
the fundamental physical processes involved in the chiral
polariton model studied here, its qualitative connection to ex-
perimental observables is discussed in Ref. [29]. For instance,
the spontaneous emission rate attains its maximum if C ; indi-
cates a perfect mixture of light and matter [29]. This argument
is solidified in Appendix C, where a close connection between
Eq. (12) and the energy transfer efficiency from an external
source is demonstrated, forming the basis of Sec. IV. For
simplicity, we denote the positive and negative matter content
of the ith eigenmode by C’. and C”, respectively.

We first recapitulate the familiar case of a perfectly chi-
ral cavity containing a single type of enantiomer by setting
y_- =0 in Eq. (1) and disregarding the mode of negative
helicity. As a result, the light-matter coupling matrix /,, in
Eq. (4) is reduced to a single, nonzero entry /. We consider
the impact of the coupling parameter y; on the polaritonic
dispersion and the matter content of the associated modes.
The results for an exemplary system are displayed in Fig. 1.
Increasing the coupling strength leads to the usual level re-
pulsion behavior of the upper and lower polaritonic branches
in the strong coupling limit [42]. For small values of the
coupling constant y,, the matter content of the polaritonic
modes allows them to be well identified with those of an
uncoupled system. For our exemplary system, the lower po-
lariton remains a matter-dominated state, while the upper
polariton predominantly comprises light. Increasing y. leads
to a larger degree of light-matter mixture, as the two bare
modes undergo stronger coupling. Notably, and in agreement
with previous results [29], this is not a monotonous trend, as
the diamagnetic terms in Eq. (7) reduce the effective coupling
strength. Into the DSC regime, where y, > 1, the effective
coupling diminishes: the matter content of the lower polariton
becomes dominant again, while the upper polariton reverts to
a mostly photonic state. While these results are consistent with
established behavior in nonchiral systems, their implications

(12)
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FIG. 1. Polaritonic eigenfrequencies w, normalized by the matter
excitation frequency w, annotated by matter content C,. Different
coupling regimes, as defined in the main text, are indicated by
background colors: the RWA-applicable region is indicated by a blue
background, while the DSC and USC regimes are marked by green
and cyan hues, respectively. The cavity contains a single type of
enantiomer with g = 0.01 and supports only one mode of positive
helicity at % = 1.2w;. The lower polariton is matter dominated
at low coupling strength, whereas the upper polariton is primarily
photonic. As the interaction strength y, grows, light and matter
are more mixed. However, this behavior is nonmonotonous. When
approaching the DSC regime, i.e., where y,/w;, > 1, the effective
coupling decreases, leading the lower polariton to regain matter
dominance, while the upper polariton increasingly loses its matter
content.

in the context of chiral light-matter coupling have not yet been
explored.

B. Perfectly chiral cavity, mixed-handed matter

We now turn to the additional presence of enantiomers of
the opposite handedness. The key property of interest is the
discriminatory interaction of the cavity with different enan-
tiomeric species. To this end, we operationalize this chiral
selectivity as the difference in matter content of positive and
negative handedness, defined as

_. (13)

A'=CL-C!

As equal mixing of positive and negative chiral matter modes
with light is not expected to facilitate chirality-sensitive in-
teractions, larger values of A indicate an increase in chiral
selectivity.

We start by considering nonzero values for y_, while
keeping the negative helicity cavity mode turned off. Con-
sequently, the light-matter coupling matrix [,, in Eq. (4)
contains two nonzero entries, /.4 and /;_. The results are
displayed in Fig. 2 for a resonant system at y,/w, = 0.1.
The introduction of enantiomers of negative handedness leads
to the appearance of a third polaritonic branch. In the limit
y_ = 0, this branch can be identified with a noninteracting
matter mode of pure negative chirality (solid line in Fig. 2),
while the two branches energetically surrounding it corre-
spond to the upper and lower polaritons in Fig. 1 (dashed
and dotted line in Fig. 2). Upon increasing y_, negative and

—= 05 ——.
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FIG. 2. (a) Polaritonic eigenfrequencies w. The cavity is con-
sidered at resonance with w°+ = wyp. Enantiomers of both chiralities
are present with g = 0.01 and y, is set to 0.lw,. The branches
originating at w ~ 0.9w, and w ~ 1.1w, (dashed and dotted line)
correspond to the lower and upper polaritonic branches visible in
Fig. 1, while a third branch at w, (solid line) emerges. (b) Excess
content of positive chirality matter, A, defined in the main text,
where identical line styles encode identical polaritons to those in
(a). Increasing y_, positive and negative matter components mix in
all modes, slightly increasing the splitting between upper and lower
polariton branches. The excess content of positive chirality matter
in the upper and lower polaritons diminishes, signifying suppressed
chiral selectivity.

positive matter components mix, as manifested by a decreas-
ing value for A in the upper and lower polariton branches.
The magnitude of A decreases also for the branch at w,, and it
tends from a larger negative value to zero. Upon racemization
at y; = y_, the excess matter content of positive chirality in
the lower and upper polaritons is greatly reduced, indicating
suppressed selectivity even in a perfectly chiral cavity. This
finding of suppressed chiral selectivity under racemic condi-
tions, even within a perfectly chiral photonic environment, has
not been previously highlighted.

The results above have been obtained for relatively weakly
chiral matter, expected for most naturally occurring molecules
[43]. Thus, one might anticipate that matter possessing a
stronger intrinsic chirality could better preserve the selective
advantages offered by a perfectly chiral cavity. This expec-
tation indeed holds true. To illustrate this, we specifically
examine the adiabatic continuations of the upper and lower
polariton branches. As clearly shown in Fig. 3, the excess
content of positive chirality matter remains consistently ele-
vated when the intrinsic chirality parameter, g, takes higher
values (typically above 0.5). In particular, the limit g =1
corresponds to a scenario where negative chirality matter
completely decouples from the cavity mode that is designed
to couple to the positive chirality matter. Consequently, vari-
ations in the coupling parameter y_ cease to influence the
system dynamics in this regime. This underscores that strong
intrinsic chirality effectively shields the polaritonic modes
from undesirable mixing, thereby robustly maintaining the
cavity’s chiral selectivity.

C. Imperfect cavity, mixed-handed matter

We now investigate the effect of cavity imperfections, man-
ifesting themselves through the introduction of cavity modes
with opposite helicity, thereby diminishing the cavity’s abil-
ity to interact with enantiomers selectively. In this scenario,
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FIG. 3. Polaritonic eigenfrequencies, annotated by A, as a func-
tion of y_/y, and intrinsic matter chirality g. All remaining
parameters are identical to Fig. 2. The plot highlights how a stronger
intrinsic chirality (g 2 0.5) preserves the excess positive chirality
matter content in the upper and lower polariton branches. In the
perfect-chirality limit (g = 1), negative chirality matter fully decou-
ples from the cavity mode, making the system dynamics insensitive
to variations in y_. Such a decoupling demonstrates that strong
intrinsic chirality effectively protects polaritonic modes from unde-
sirable mixing and preserves the chiral selectivity initially provided
by the cavity.

the light-matter coupling matrix /,,, in Eq. (4) is taken into
account. To systematically study this effect, we follow an
approach similar to that described in Ref. [34], by scaling
the coupling strengths of the negative helicity mode through a
dimensionless parameter d defined as

ly—>d-(1—g-n). (14)

In this way, the negative helicity mode can be gradually
switched on from d = 0 and then tuned to a fully achiral
cavity at d = 1. In Fig. 4, results are displayed for a resonant
system filled with a racemic mixture at y;/w, = 0.1. The
four bare modes (two light and two matter excitations) lead
to the emergence of four polaritonic modes. The energetically
highest and lowest lying remain identifiable with the upper
and lower polaritonic modes discussed so far. They undergo
a further split while the additional two modes remain mostly
inert energetically and localized around wj;. While the system
initially favors positive chirality, this advantage tends towards
numerical zero at d = 1, where the cavity becomes achiral, as
shown in Fig. 4(b).

Moreover, the reduction in positive matter content follows
a highly nonlinear trend and occurs predominantly for rela-
tively large values of the parameter d. This suggests a certain
resilience of the system’s chiral selectivity against moder-
ate imperfections. Only when cavity imperfections become
pronounced, approaching full achirality, does the system sig-
nificantly lose its preferential coupling to positive chirality
matter.

Lastly, we study the interplay of cavity imperfections
and degree of enantiomeric mixture by investigating the

() (b)
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FIG. 4. (a) Polaritonic eigenfrequencies w as a function of the
phenomenological cavity imperfection parameter d. The negative
and positive chirality photon modes are considered energetically
degenerate with 0} = «?, and the cavity is filled with a racemic
mixture with y, = y_. All remaining parameters are identical to
Fig. 2. Four polaritonic modes emerge from the bare two light and
two matter excitations. The highest and lowest modes are identifiable
as upper and lower polaritons, undergoing additional splitting, while
the remaining two modes remain energetically stable and localized
near wy. (b) Excess content of positive chirality matter, A, defined in
the main text, where identical line styles encode identical polaritons
to those in (a). The excess positive chirality content initially favors
positive chirality matter but progressively diminishes toward zero as
the cavity approaches full achirality (d = 1). The strongest reduction
in chiral selectivity occurs primarily at large values of d.

characteristics of the adiabatically continued upper and lower
polaritonic branches as a function of y_ and d. The results
displayed in Fig. 5 illustrate a largely complementary effect
exhibited by both parameters: the energetic split is magnified
and the chiral selectivity A is reduced. However, the dominant
impact on the reduction of A can be ascribed to the presence
of opposite-handedness enantiomers, encoded in y_, while the
cavity imperfection d plays a much less pronounced role.

1.25
1.20
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w/wy, 1.10
1.05 0.4
1.00
0.95 0.3 4
0.90
0.2
0.0
0.1

i 02 00
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FIG. 5. Polaritonic eigenfrequencies w, as a function of y_/y,
and cavity imperfection d. The system is characterized by otherwise
identical parameters as those in Fig. 2. The adiabatically contin-
ued upper and lower polaritonic branches reveal the complementary
roles of cavity imperfections (d) and enantiomeric mixture (y_).
Increasing either parameter enhances the energetic splitting while
simultaneously reducing the chiral selectivity A, highlighting their
combined detrimental impact on chiral selectivity.
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Although the influence of cavity imperfections has been
previously considered, the present analysis reveals a previ-
ously underexplored robustness of chiral selectivity against
moderate photonic imperfections. Notably, significant degra-
dation of selectivity only arises near the fully achiral limit,
underscoring the dominant role of molecular composition
over cavity symmetry in determining chiral discrimination.

To summarize this section, we have first shown that in-
creasing the coupling strength initially enhances matter-light
interactions but eventually leads to a diminishing effective
coupling in the USC regime. Second, introducing mixtures
of enantiomers reduces chiral selectivity in a perfectly chiral
cavity, though strongly chiral matter can counteract this loss
by effectively decoupling the undesired enantiomer. Third,
cavity imperfections that introduce modes of opposite helicity
cause a nonlinear but significant decline in chiral selectivity,
especially at high levels of imperfection. Fourth, enantiomeric
mixtures and cavity imperfections act in tandem, collectively
magnifying the loss of chiral discrimination and emphasizing
the necessity of careful system design to maintain optimal
selectivity.

IV. ENERGY TRANSFER EFFICIENCY

In the preceding section, we developed a physical un-
derstanding of how cavity imperfections and enantiomeric
mixtures influence polariton characteristics, especially the
chiral selectivity defined in Eq. (13). We now validate and
supplement this analysis by considering the system under
external illumination. In particular, we will study how the
coupling coefficients of the photonic cavity modes to an ex-
ternal classical field and the degree of enantiomeric mixture
influence the energy transfer efficiency.

For this purpose, we introduce a classical field ¢(¢) that
excites the system at the initial time ¢+ = 0 with amplitude A,
as follows:

¢(1) = Aod(1). 5)

Its interaction with the cavity modes is given by the following
Hamiltonian:

Hin(t) = ¢(t)(c_a_ +cyay) +He, (16)

where we have introduced the coupling coefficients c_, ¢
to parametrize the electromagnetic selectivity of the cavity.
At c_ = 0, light of negative helicity is completely prevented
from interacting with the cavity, similar to established pro-
posals for realizing chiral cavities [10]. We choose these
coefficients frequency-independent [32] and real [29]. Build-
ing on the insights from earlier established studies that
employed input-output approaches to describe cavity behavior
[31,44], these parameters closely correspond to those arising
in a full quantum treatment of coupled modes inside and
outside the cavity, as derived from the complete Maxwell
solutions for a specific system. We determine the S matrix
from Eq. (16) that maps incoming to outgoing states as

[You) = S [¥in) » a7

where the outgoing state is considered at temporal infinity. As
the incoming state, we choose the joint polaritonic vacuum,

defined by
pil0) =0, (18)

for all operators p;. The expected energy transfer to a matter
mode is then given by

AE; = oy (Woul (b)) B! 1¥ou) » (19)

where the operator b’ is taken in the interaction picture at tem-
poral infinity. As shown in Appendix C, the energy transfer
can be obtained analytically using standard manipulations. To
this end, we write the inverse transformation of Eq. (11) as

(X Y
r-(5 D) 2

with submatrices X and Y. Following the derivation in
Appendix C, the energy transfer can be determined from these
matrices according to

AEjof = |+ ) YY ;. 1)

The ¢ number z; is given by
=Y Xibi+ Y Yo, (22)
J J

where

¢; = —iZC[()_(zj+71j)~ 23)
]

The quantities above have an intuitive interpretation: ¢;
represents the sum of light-matter contributions to the jth
polariton. These contributions are weighted by their associ-
ated coupling coefficients. In turn, z; projects these weighted
polaritonic sums back onto the ith bare mode. Finally, we
define the energy transfer efficiency 7; to a given mode as the
fraction of the total transferred energy it receives

AE;

(24)

From the discussion above, we observe a close similarity
between the implications of the current expression and those
of Eq. (12). The underlying physical reasoning behind using
Eq. (12) is that polaritonic modes exhibiting purely photonic
or purely matter characteristics do not facilitate enhanced
light-matter interactions. This principle is captured explic-
itly in Eq. (24): since the coupling coefficients C; isolate
the components of the polariton that interact with external
illumination (i.e., the cavity modes), the efficiency of energy
transfer into matter modes diminishes when the polaritonic
modes become purely photonic or purely matterlike.

It is instructive to contrast our approach with established
methods based on input-output theory. In such frameworks,
the system is partitioned into electronic and optical input and
internal quantities, with the latter integrated out, leading to
an effective non-Hermitian, dissipative dynamics governed by
quantum Langevin equations [32]. By contrast, our method
retains a fully Hermitian, closed-system description: we com-
pute the exact S matrix for a unitary evolution under a
time-dependent Hamiltonian, incorporating the external exci-
tation via a classical field. This approach is closely related
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FIG. 6. Energy transfer efficiency n, for a cavity supporting
a single positive helicity mode containing enantiomers of positive
chirality only. The efficiency is not a monotonous function of ., but
rather declines considerably in the DSC regime. The external illu-
mination is coupled to the cavity mode with ¢, = 1, while all other
parameters are identical to those in Fig. 1. The coupling regimes of
RWA-applicable, USC, and DSC regions are indicated by identical
background colors as in Fig. 1.

to the paradigm of time-dependent perturbation theory, and
the resulting redistribution of energy reflects enantioselective
excitation differences in the final, mixed light-matter state.
Notably, genuine dissipative effects, although neglected here,
can still be incorporated on phenomenological grounds.

A. Transfer in a perfect cavity

We illustrate the immediate consequence of this corre-
spondence in Fig. 6, where we display the energy transfer
efficiency for a perfectly chiral cavity as a function of the
coupling parameter y.,. The corresponding closed cavity has
been studied in Sec. III A. The energy transfer efficiency is
notably enhanced as the system transitions into the strong
and ultrastrong coupling regimes. However, as the coupling
strength further increases into the DSC regime, characterized
by y4+ > wp, the efficiency begins to decline. This behav-
ior aligns well with previous findings [29] and is consistent
with the discussions presented in Fig. 1. It is important to
emphasize that while the efficiency of energy transfer to the
matter modes decreases in this regime, the absolute amount
of energy deposited continues to rise monotonically with
increasing coupling strength y,. Consequently, even though
stronger coupling facilitates greater total energy transfer, it
simultaneously leads to a reduced efficiency. Practically, this
indicates that increasing molecular concentration within the
cavity can elevate the overall deposited energy (and thus
potentially enhance processes such as reaction rates), but at
the cost of a reduced efficiency. Aside from its novelty in its
present form, this finding implies fundamental limits on the
efficiency of enantioselective energy transfer at deep strong
coupling in chiral polaritonics.

B. Transfer in an imperfect cavity

Based on these insights, we again focus on the USC
regime where the highest possible coupling efficiency is

1.001 =
S 0.951
E
&
S
£.0.901
| Y-/ = 0.05
It v-/7+ =025
Toss{ T ¥-/7+ = 0.50
— /74 =0.75
m—/v+ =085
0.80 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0

c_/ey

FIG. 7. Differential energy transfer efficiency n, —n_, as a
function of the external coupling ratio c_/c, for different values of
the ratio of enantiomeric coupling constants, y_/y.. The dependence
on c_/cy is not strictly monotonous for all degrees of enantiomeric
mixtures. In particular, for smaller values of y_/y,, the differential
efficiency initially increases with c_/c.. and reaches a variable peak
before declining again. The appearance of the peak can be attributed
to the fact that the presence of negative handedness enantiomers
and negative helicity modes facilitates new interaction pathways
for energy to be transferred to the positive handedness enantiomer,
compared to a purely chiral cavity. This suggests that optimizing a
cavity of this type for enantioselectivity may require the presence of
opposite-handedness modes. In contrast, for larger y_/y, values, the
efficiency decreases monotonically with increasing c_ /c,, reflecting
a shift in the balance of enantiomeric interactions that suppresses
this beneficial indirect coupling. We have checked numerically that a
racemic mixture at y_ = y, exhibits a differential efficiency of zero
at c_ = ¢y, as expected.

achieved, and we consider a two-mode cavity filled with a res-
onant enantiomeric mixture to compute the differential energy
transfer efficiency ny — n_. Figure 7 displays the impact of
opening the interaction channel to external light of negative
helicity for different chiral coupling parameters y_/y,. No-
tably, the functional dependence of ;. — n_ does not present
itself as strictly monotonous.

For smaller values of the coupling ratio y_/y4, the
differential energy transfer efficiency exhibits a distinctly
nonmonotonous dependence on the ratio c_/c. Initially, as
c_ increases from zero, we observe an enhancement in the
differential efficiency, peaking at a finite, nonzero value of
c_. Following this peak, further increases in c_ result in
a noticeable decline. This behavior can be understood by
considering that the hybridization between cavity modes is
inherently bidirectional: introducing an external excitation
channel for the negative helicity mode (increasing c_) does
not merely siphon energy away from the positive helicity
mode. Instead, it activates indirect interaction pathways con-
currently, enabling additional energy flow into the positive
helicity mode, thereby boosting the differential efficiency in
an intermediate parameter range. Conversely, for larger values
of y_/y4, the differential energy transfer efficiency mono-
tonically decreases with increasing c_. This basic behavior
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FIG. 8. Differential energy transfer efficiency n,. — n_ depend-
ing on external coupling c_/c, and enantiomer coupling y_/y..
The trend observed in Fig. 7 is visible: form smaller values of
the enantiomer coupling, 7. — n— follows a nonmonotonous trend.
The larger impact in reducing the absolute value of the differential
efficiency is clearly played by the enantiomer coupling.

arises because the balance of enantiomeric interactions fun-
damentally shifts under these conditions, effectively reversing
the previously beneficial indirect coupling pathways into pre-
dominantly detrimental ones close to racemization. A more
complete picture is presented in Fig. 8.

Our analysis underscores the subtle interplay between
cavity chirality, coupling symmetry, and external excitation
conditions. Properly tuning these parameters is crucial for
optimizing chiral selectivity and energy transfer efficiency,
highlighting the necessity of carefully engineered cavity con-
figurations to leverage USC regimes effectively.

V. CONCLUSION

In conclusion, our study has systematically explored the
interplay between cavity chirality, intrinsic molecular hand-
edness, and imperfections arising from cavity design and
enantiomeric mixtures. Utilizing a generalized Hopfield-type
model, we revealed that while enhancing the coupling strength
initially improves chiral selectivity and energy transfer effi-
ciency, deeper progression into the USC regime eventually
diminishes the effective light-matter interaction due to dia-
magnetic effects. Furthermore, the presence of enantiomeric
mixtures introduces additional complexity, notably reducing
the differential chiral selectivity even in ideally chiral cavities.
Importantly, our analysis has shown that strongly chiral matter
can partially mitigate this reduction by effectively decoupling
from undesired interaction channels.

Cavity imperfections, which manifest as unintended cou-
pling to modes of opposite helicity, exacerbate this loss
of selectivity. While moderate imperfections have limited
effects, significant deviations from ideal cavity conditions
rapidly degrade chiral discrimination. Importantly, we demon-
strated that cavity imperfections and enantiomeric mixtures
interact synergistically, significantly amplifying their detri-
mental impact on selectivity.

Although we have incorporated imperfections within a
Hermitian framework and extended the model with that to-
ward a form of pseudoloss, our analysis does not include the
effects of realistic cavity dissipation. For moderate loss rates,
we anticipate that energy transfer predictions derived from our
S-matrix approach will qualitatively align with normalized
integrated absorption spectra. However, genuine decoherence
mechanisms, such as those arising from molecular vibrations,
may significantly suppress effective light-matter coupling and
limit enantioselective catalytic processes [45]. A promising
direction for future work involves extending this framework
via a full input-output theory or ab initio quantum electro-
dynamical treatments, to more accurately capture the role of
dissipation and noise.

Ultimately, our findings highlight the necessity of care-
fully balancing molecular concentrations, intrinsic chirality,
and cavity design imperfections to maintain optimal chiral
selectivity and energy transfer efficiency. The nuanced un-
derstanding developed here provides valuable guidance for
the future design and experimental realization of efficient and
selective chiral polaritonic systems.
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APPENDIX A: GROUND-STATE ENERGY SCALING

Denoting the ground-state energy of a perfectly chiral cav-
ity supporting only a single positive helicity mode filled only
with enantiomers of positive (negative) chirality by E; (E_),
we define

SE=E, —E_. (A1)
As discussed in Refs. [6,7], this quantity follows a square-root
behavior as a function of the number of enantiomers N, which
in turn scales with /N ~ y+. In Fig. 9, we demonstrate this
behavior as additional validation of our model in Eq. (1).

APPENDIX B: CAVITY MODE DETUNING

In the main text, we have always considered spectrally de-
generate cavity modes with w?r = " . To model more realistic
proposals for chiral cavities [10], we forgo this assumption
and introduce a spectral detuning between the two modes as
follows:

Aw =0’ — . (BI)

Figure 10 displays the differential energy transfer com-
puted according to Eq. (24). Similar to the effect of
negative-enantiomer coupling displayed in Fig. 10, we ob-
serve a nonmonotonous trend.
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FIG. 9. Difference in correlated ground-state energies of a res-
onant cavity with a single mode of perfect positive helicity, where
Y+ =y- =y. The number N of molecules is proportional to
(y /wy)*. Enantiomeric chirality is determined by g = 0.01. The
dashed orange line following 8E = 0.02y /w;, ~ 0.02+/N serves as
a guide to the eye.

APPENDIX C: S-MATRIX APPROACH

In the following, we derive the S matrix for a matter-loaded
cavity coupled to a classical external field in natural units.
Our analysis is conceptually similar to the cavity input-output
formalism presented, e.g., in Refs. [30,31], but replaces the
quantum Langevin equation with a unitary S matrix. Our
model describes a collection of N bare bosons annihilated by
operators c;, i € [1, N], coupled to a classical external source,
described by the N-vector f, assumed to be of compact tem-
poral support. The general Hamiltonian is then given by

H = (c' c)(% 1%9) (CCT> +(f ?)(CCT) (C1)

— C
=a'Da + (f f)(cf), (€2)
0.00121 —
0.00101
<
| 0.00081
+
<
0.0006 m—c_[c; =0
c_Jey =0.1
0.0004 1 —_— e, =05
0 2 1 6 8 10
Aw/wy

FIG. 10. Differential coupling efficiency n, — n_ for different
values of the coupling ratio c¢_/c,. The considered cavity contains
a racemic mixture and all other parameters are identical to the ones
used in Fig. 7.

where couplings have been absorbed into the classical fields
and the matrix D denotes the kernel of the Hamiltonian. No-
tably, setting f = 0, our model introduced in Eq. (1) is of
this form. The kernel can be diagonalized by a transformation
effected by the matrix 7'. This leads to the basis of polaritonic
operators f3;, introduced in Eq. (11), describing an uncoupled
bosonic system with eigenfrequencies w;. Denoting by 1y the
identity matrix in N dimensions, we define

Iy O
G:(O _1N>. (C3)

The diagonalizing transformation 7 and its inverse can be
expressed in terms of submatrices X and Y [47] as follows:

T _yt
T = ( e ) ()
T = (iﬁ )5() (C5)

where the submatrices are obtained from the eigenvectors of
GD [47]. Inverting Eq. (11), the Hamiltonian takes the usual
form for an ensemble of driven harmonic oscillators

H=Y 2wppi~iy (Fpi—Fip)).  (C6)

Hy Hint

where we have neglected an additive constant and introduced
the c vector of the transformed field as

F =i(fX + fY). (C7)

Going to the interaction picture via the transformation

U, 1) = e =), (C8)
we obtain
] ¥ _ —i2w;t
p; =U"(t,10)piU(t,19) = pie (C9)
i)' = |m;) (C10)

Hy () = =i ) Fe ®'pi+iy Fie®™'pl,  (Cl)
i i

where n; denotes the ith polariton number. The S matrix is
the usual map of input and output states, set at r = —oo and
t = 00, respectively

[Wou) = S [Win) - (C12)
The S matrix can be expressed as the time-ordered product

S ="Texp [—i/ dtHim(t)i|,

o0

(C13)

where T expresses time ordering. Alternatively, S can be
computed via its Magnus expansion [48]

S = exp [Q2(c0, —00)] (C14)

Q1) =) Q.1

i=1

(C15)
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Q(r,1") = —i/ drHin(7) (Cl16)

Q1) = —/ dS/l dt[Hin(s), Hin(T)]. (C17)

In our case, the Magnus expansion closes after the second
term, resulting in

o0
S = exp [ / dry —Eeiz‘“”pi+17,<ei2“’f’pj:|, (C18)
o &

where we have suppressed a phase without influence on ex-
pectation values. By defining

b = / ” dtFi(t)e 21 | (C19)

oo

we note that S turns into a product of displacement operators
creating coherent states labeled by ¢;

s =[] (C20)
D(¢) = exp(¢ip; — ipi) (c21)
D(¢:)10) = |¢;) - (C22)

This agrees with standard results for driven bosonic modes
[49], specialized to the multimode hybrid light-matter excita-
tions at hand. Choosing the joint vacuum as the initial state,
we obtain

Wou) = [ [D(@)10) =[] I¢) - (C23)

We can compute the energy transferred to the ith bare bosonic

mode of bare frequency ! as

AE; = 0 (Woul (1) () (1) Wou) , (C24)

at t = o0o. Using Eq. (11) and removing indeterminate phase
factors via the standard causal prescription w; — w; + 0%,
we obtain

1
zi = Zyij(pj + ZYijq_bj-
J J

For the driving field, we consider a delta-peaked classical
source. Coupling to the /th cavity channel is encoded by pa-
rameters C;, [ € [1, N]. We model these coupling parameters
as spectrally constant [32] and real [29], leading to

¢i = —i ZCI(YH +Yi),

1

(C26)

(C27)

which are the expressions used in the main text. We now
remark on the limitations and applicability of the assumption
of a delta-peaked source. One may alternatively consider a
Gaussian source, assumed to be normalized (the normaliza-
tion prefactor cancels out when computing transfer efficiency)
and centered at ¢+ = 0 for simplicity, such that

1 _2
f) = 271028 272, (C28)
This modifies Eq. (C19) to
¢ = e T (€29)

Introducing the characteristic timescale 7; of the ith polariton
oscillation as

2
T =—,

Wi

(C30)

we infer that the delta-pulse approximation remains valid as
long as the temporal width o of the pulse is sufficiently small
compared to this timescale, i.e.,

T.>o.

We have verified numerically that our results remain qualita-
tively unchanged for values of o up to approximately 10% of
the smallest polaritonic timescale T;.
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