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ABSTRACT: The presence of loss mechanisms governed by
empirical timescales can profoundly affect the dynamics in
molecular systems, leading to changes in their spectra. However,
incorporation of these effects along with the system's interaction
with the thermal dissipative environments proves to be challenging.
In this work, we demonstrate the possibility of utilizing the recently
developed path integral Lindblad dynamics (PILD) method to
study the linear spectra of molecular aggregates. PILD presents a
uniquely powerful simulation technique for retaining the effects of
the vibrations in a numerically exact manner through the
Feynman−Vernon influence functional while incorporating the
effects of losses in an empirical manner using the Lindbald master
equation. As illustrations of this technique, we provide examples
taken from chiral excitonic and polaritonic aggregates for which we simulate both the absorption spectra and circular dichroism
(CD) spectra. We demonstrate that the effect of loss on particular states can differ not just on the basis of the symmetries of the state
but also on the basis of complicated “interactions” of the structured dissipative environments with the system and its loss
mechanisms. Due to the different selection rules between the absorption and CD spectra and the relative intensities and broadening
of the peaks, the two linear spectra together give an interesting insight into the contributions of the various eigenstates to the
correlation functions. While the focus here is on linear spectroscopy, it should be possible in the future to use PILD to study
multidimensional spectra under loss mechanisms as well.

1. INTRODUCTION
Spectroscopy is one of the most basic tools for characterizing
chemical systems. While absorption spectra give an insight into
the electronic structure, circular dichroism (CD) spectra
provide insights into the geometry of chiral systems. These
spectra are broadened due to the coupling of the eigenstates to
environment degrees of freedom, which are usually thermally
populated. Simulations of the exact line shape proves to be
challenging owing to the continuous manifold of environ-
mental states participating in the dynamics. The presence of
loss mechanisms in many systems additionally broadens the
spectral features in probably unpredictable ways. This extra
broadening due to loss mechanisms poses a further challenge
to any predictive endeavor. Methods based on wave functions
such as density matrix renormalization group1−4 or multi-
configuration time-dependent Hartree5 and its multilayer
formulation6,7 have been pushing the limits of what is
computationally tractable; however, they still are inadequate
in describing the dynamics in the condensed phase where a
continuum of environment degrees of freedom are thermally
populated.

Methods that simulate the reduced density matrix (RDM) of
the system overcome many of these challenges by integrating

an appropriately selected set of environment modes. This
tracing over the environment, however, makes the dynamics
non-Markovian. Various approximate methods like the Bloch−
Redfield master equation8,9 and the Lindblad or the Gorini−
Kossakowski−Sudarshan−Lindblad master equation10,11 treat
the bath perturbatively or make a Markovian approximation for
the dynamics. Generally for strongly coupled condensed phase
environments, such perturbative methods perform poorly.
Mixed quantum classical methods like surface hopping12,13

treat the environment classically and make ad hoc approx-
imations about the nonadiabatic transitions. The biggest
problem with these methods is that while simple, their results
cannot be improved systematically. Feynman’s path integral
approach14 provides an alternate route to simulating such
systems that is numerically rigorous. The environment modes
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are incorporated in a nonperturbative manner using the
Feynman−Vernon influence functional.15 The hierarchical
equation of motion16,17 and the quasi-adiabatic propagator
path integral (QuAPI)18,19 and later developments on
them20−29 provide lucrative ways of implementing path
integral for large open quantum systems. Recent applications
on large biomolecular aggregates29−32 show the full power and
applicability of these methods in simulating large systems.

While exact quantum dynamical simulations are becoming
increasingly feasible through the combination of path integral
methods and tensor network methods,26,33 these methods
demand detailed characterization of the system−environment
interaction through the spectral density. This can often be
quite challenging. Consider, for example, the loss of an exciton
at particular sink sites to the “special pair” in photosynthetic
aggregates, the spontaneous emission of the excited state of
molecules in a Frenkel exciton transport chain, or the loss of
photons from leaky cavities. While in principle, one can
describe these processes using harmonic environments, it is not
always possible to characterize such environments using proper
spectral densities. The commonly used Gardiner−Collett
form,34 for instance, describes a leaky cavity using a flat bath
spectrum where the system−environment coupling constant is
independent of the frequency. Use of such fictitious baths can
often induce artifacts stemming from the particular functional
form used, which is not uniquely defined.35 In addition to
these spectral density-related artifacts, one also increases the
cost of the simulation. For most of these loss processes, the
relevant timescale is probably the single most reliable property
that is available. Further information about the form of the
spectral density often stems from assumptions of convenience
about the system. In such cases, it can often be more judicious
to forego an attempt to describe the environment and resort to
incorporation of the effect solely through the empirical
timescale that is readily available.

Dissipative dynamics governed by empirical timescales can
be described quite efficiently by non-Hermitian descriptions of
the system. However, the non-Hermiticity results in non-
unitary dynamics, which leads to spurious effects in correlation
functions and spectra. The Lindblad master equation, which
maintains the unitarity of evolution, offers a lucrative
alternative to these non-Hermitian descriptions in simulating
such systems. Now, while the Lindblad approach is good for
the loss mechanisms, it is not accurate for incorporating the
non-Markovian effects of thermal vibrations. A combination of
the fully semiclassical partial linearized density matrix36,37 with
the Lindblad master equation has been used to study the effect
of losses on the 2D electronic spectra of polaritonic aggregates
by Mondal et al.38

Recently, one of us has developed an efficient approach
toward combining numerically exact QuAPI simulations,
accounting for the nonperturbative non-Markovian bath
effects, with the Lindblad master equation to account for
such empirical loss mechanisms at no extra cost.39 This path
integral Lindblad dynamics (PILD) approach guarantees a
positive definite dynamical map for the dynamics. Being based
on QuAPI, it is able to handle arbitrary structured thermal
environments fully quantum mechanically. Moreover, different
loss mechanisms can be studied at no additional cost. The
impact of the loss of an exciton on the dynamics in the Fenna−
Matthews−Olson complex was explored.39

Here, we extend the PILD approach to simulate the line-
shapes of linear spectra of aggregates in the presence of loss

and attempt to answer the natural question: how does the
spectrum of a system get affected by the presence of these loss
mechanisms? Can we quantitatively simulate the spectra in the
presence of these losses without losing accuracy in terms of
describing the thermal vibrations in the system? These losses
become especially interesting in cases of excitonic molecular
wires where the exciton is lost at one site and excitonic
polaritons where the cavity is known to be lossy. In Section 2,
we summarize the PILD framework39 and extend it to allow
the study of linear spectra. In Section 3, we describe the chiral
molecular aggregates that are of interest. We explore the
absorption and CD spectra under different loss cases,
incorporating the full effects of the structured thermal
environment. While one might be tempted to make simple
generalizations about the impact of loss on the absorption and
CD spectra, it seems that little can be simply stated beyond the
fact that loss, in general, broadens peaks and decreases their
intensities. We show that which peak is broadened and by what
amount is a nontrivial problem. While we try to find rules of
thumb that provide more insight, the complex nature of the
emergent phenomena makes it practically impossible to do so.
Consequently, it is important to have a way to simulate a
system rigorously and to discover the effects in a particular
case. It is this exercise that is enabled by PILD, which allows
for a simple incorporation of processes described by empirical
timescales in rigorous numerical simulations for the first time.
Finally, we end by providing some concluding remarks and
future directions in Section 4.

2. METHOD
Consider an open quantum system described by a system−
environment decomposed Hamiltonian

= +H H H0 env (1)

where H0 is the system Hamiltonian and Henv is the
Hamiltonian describing the environment and its interaction
with the system. For a typical exciton transport system, the
system can be defined in terms of the singly excited subspace
spanned by |j⟩ representing the excitation occurring on the jth
molecule, with all other molecules in the ground state. The
resultant Hamiltonian has the well-known Frenkel form

= | | + | | + | |
> > >

H j j h j k k j( )
j

j
j k

jk0
0 0 (2)

where εj is the energy of the locally excited state on the jth
molecule and hjk is the amplitude for the excitation to hop
from the jth to the kth molecule. Notice that this Hamiltonian
is expressed in the so-called first-excitation subspace. For the
simulation of spectra, it will be necessary to augment the basis
with the electronic ground state, |0⟩, which has all of the
monomers in the ground state.

The environment includes the thermal solvent to which the
system is exposed and the molecular vibrations of the system.
Under linear response, these modulations can be mapped on to
baths of harmonic oscillators that locally interact with a
monomer

= + | |
>

H
p

x c x j j
2

1
2j b

jb
jb jb jb jbenv

0

2
2 2

(3)

where ωjb is the frequency of the bth harmonic mode that
interacts with the jth molecule and cjb is the corresponding
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coupling. The mapping of a molecular solvent onto this set of
harmonic baths is done through the bath spectral density

=J
c

( )
2

( )j
b

jb

jb
jb

2

(4)

For a molecular solvent, Jj(ω) can be calculated using
molecular dynamics simulations.40−42 In addition to this
environment, the system also has loss mechanisms that cannot
be readily described in this Hamiltonian formalism. These
would be incorporated using the Lindblad master equation10,11

using a set of Lindbladian jump operators, Lj. Therefore, we
need a way to simulate the RDM of the system in the presence
of both the thermal environment and the jump operators.

According to the PILD39 approach, the loss mechanisms are
incorporated using a modified Nakajima−Zwanzig master
equation.43,44 If the initial state is uncorrelated,

= H Z(0) (0) exp( )/env , then the time-evolution of
the RDM corresponding to the system is given by39

i
k
jjj y

{
zzz

= +

+ { }† †

t
i

t t

L t L L L t

( ) ( ) ( ) ( ) d

( )
1
2

, ( )

L L L

j
j

L
j j j

L

( )
0

( )

0

( )

( ) ( )

mem

(5)

where t( )L( ) is the time-evolved RDM for the open quantum
system under the influence of the Lindbladian jump operators,

= [ ·]H ,0 0 is the system Liouvillian, is the memory kernel
corresponding to the thermal environment, and τmem is the
memory length.

Obtaining the memory kernel, , is extremely challenging
because of a circular dependence of on the dynamics of the
reduced system. Various approaches have evaluated using
the dynamics from uncontrolled approximations like classical
trajectory simulations.45,46 Previous work46 has shown that
using these approximate memory kernels to solve the
Nakajima−Zwanzig master equation leads to dynamics that
is significantly more accurate than the dynamics that produced
the memory kernel. We, on the other hand, use the framework
of transfer tensor method,20 which decomposes the dynamical
maps , t( ), o f the reduced sys tem defined by

=t t( ) ( ) (0), in terms of transfer tensors Tk defined as

=
>

T k t T k m t( ) (( ) )k
k m

m
1 (6)

such that the time evolution of the system can be expressed
as

=
=

t T t( ) ( )n
k

L

k n k
1 (7)

where LΔt = τmem. These transfer tensors can now be related
to the memory kernel as

= +T t t( )k k k0 ,1
2

(8)

where =t iH t iH t( ) exp( / ) exp( / )0 0 0 is the dynam-
ical map corresponding to the bare system, H0.

To obtain the transfer tensors Tk, and consequently the
memory kernels k, the dynamical maps, t( ), are simulated
using path integrals. These dynamical maps propagate the

RDM of the system in the presence of the environment.
Suppose that at the initial time, the system is in a separable
state with the environment in a thermal equilibrium,

= H Z(0) (0) exp( )/env . Then the dynamical map
of the system in the presence of the environment can be
obtained using nonperturbative, numerically exact path integral
methods18,19

=N t N t( ) ( ) (0) (9)

| | = | |

× | |

× | | [{ }]

± ± ± ±

± ±

± ± ±

± ±
s N t s s t s

s t s

s t s F s

( ) ... ( )

( ) ...

( )

N
s s

N N

N N

i

0 0 1

1 0 2

1 0 0

N1 1

(10)

where si± is the state of the system at ith time point and F[{si±}]
is the Feynman−Vernon influence functional15 along the path
{si±}, which makes the dynamics non-Markovian. The
interactions between different time points caused by environ-
mental effects, which are encoded in the influence functional,
are related to the spectral density, eq 4, and the bath response
function.42 Once the bath has been properly parameterized,
there are no further approximations involved in eq 10.

With the memory kernels k in hand, we discretize eq 5 to
finally get the RDM at the nth time-step with the incorporation
of loss mechanisms39

i
k
jjj y

{
zzz

= +

+ { }

=

† †

t t

L L L L t

( )

1
2

,

n
L

n
L

k

L

k n k
L

j
j n

L
j j j n

L

( )
0 1

( )

1

( ) 2

1
( )

1
( )

(11)

Equation 11 encodes the nonequilibrium dynamics of the
reduced density matrix of the system. The goal here is to
simulate the line shape of the linear spectra of the system. To
this end, an arbitrary linear spectra is related to the Fourier
transform of a system time correlation function of the form

= [ ]C t A t B( ) Tr ( ) (0) (0)A B (12)

where ρ(0) is the initial equilibrium density matrix, and A and
B are the appropriate system operators. While simulation of
time-correlation functions using the Nakajima−Zwanzig
master equation formalism typically requires one to account
for the initial correlation between the system and the bath
through an additional correction term, it is generally not
possible to give a closed-form representation to this term.
However, one can “learn” it from exact simulations.47

Interestingly, given the structure of the Frenkel−Holstein
Hamiltonian and that of the absorption and CD spectra, the
initial equilibrium density matrix can often be replaced by a
density matrix with no initial system environment correlation

= H
Z

(0) (0)
exp( )env

env (13)

which obviates the need for the correction term in the master
equation. (Notice that this is not always the case. For instance,
in the case of simulating the emission spectrum, one cannot
construct an uncorrelated initial condition. One has to
necessarily take care of the simultaneous system−environment
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equilibration. However, for absorption and CD spectra, this is
true.) One can define a time-evolved quantity

= [ ]t iHt B iHt( ) Tr exp( / ) (0)exp( / )B env (14)

which can be computed using PILD for an arbitrary
environment. Now, the correlation function can be obtained
as CA−B(t) = Trsys[AρB(t)]. The subscripts, sys and env, denote
partial trace over system and environment degrees of freedom,
respectively.

The two specific cases of linear spectra that are studied here
as examples are the absorption and CD spectra. The
absorption spectra is the real part of the Fourier transform
of the transition dipole moment autocorrelation function48 (A
= B = fμ)

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑe C t t( ) Re ( ) di t

abs
0 (15)

where μ = ∑jμj is the total transition dipole moment
constituted by the individual molecular transition dipoles, μj.
For a molecular aggregate, the CD spectrum is defined in
terms of the correlation function with A = m and B = μ as48

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑe C t t( ) Im ( ) dt

mCD
0 (16)

where the magnet ic moment of the aggregate ,
= ×m r( )i

j j j j2
given that the jth molecule with a

transition dipole of μj and excitation energy εj is located at rj.
The CD spectrum is instrumental in analyzing orientational
chirality in molecular aggregates. Using the correlation
function-based definitions of the spectra allows for an exact
simulation of the line shape for a particular environment at a
particular temperature.

3. NUMERICAL RESULTS AND ANALYSIS
As illustrations of simulating spectra using PILD, we explore
the spectra of two different classes of systems, the first being
that of an excitonic molecular aggregate, which is described by
a Frenkel−Holstein Hamiltonian given in eq 1. The
corresponding system as defined by eq 2 has N bacterio-
chlorophyll (BChl) molecules of equal monomer excitation
energy (εj = ε for all j) that interact in a nearest-neighbor
fashion (hj,k = 0 for |j − k| > 1) in two different geometries, the
right-handed helix (hj,j+1 = 363 cm−1) and the right-handed
creeper (hj,j+1 = −363 cm−1) where the coupling strength hj,j+1
reported by Tretiak et al.49 has been used. Notice that the helix
is an H-aggregate, whereas the creeper is a J-aggregate. The
consecutive individual molecular transition dipoles of both
arrangements are rotated counterclockwise by

6
. For the helix,

the molecular centers are all aligned along the z-axis, whereas
the displacement vectors for consecutive molecules make an
angle of

4
with the z-axis and the projections of their position

vectors in the xy-plane make an angle of
6
with each other for

the creeper geometry. The intermolecular distance for the
creeper is 0.79 times that of the helix. Both of these
arrangements are graphically depicted in Figure 1. We will
refer to these nonplanar aggregates with nonparallel transition
dipole moments simply as nonplanar aggregates, while any
planar aggregate with parallel transition dipole moments will
be called a planar aggregate.

The vibrations associated with the BChl monomers have
been incorporated using the Huang−Rhys factors correspond-
ing to the 50 most strongly coupled vibrations as reported by
Raẗsep et al.50 These include only relatively rigid molecular
vibrations which contribute sharp features to the spectral
density. To make the system more realistic, we have
augmented the spectral density using a Brownian bath
described by a Drude−Lorentz spectral density with a
reorganization energy of 109 cm−1 and broadened the
aforementioned sharp features stemming from the rigid
vibrations using Lorentzians of width 10.97 cm−1. The
resultant spectral density is shown in Figure 2. The

temperature is set to 300 K. The dynamics of systems with
such structured and strongly coupled environments is
particularly difficult to simulate for many approximate
methods.

The second class of systems whose spectra we explore is
excitonic−polaritonic in nature. The same BChl aggregates
that were described below are put inside a cavity. The system
can now be written as

= | | + | + | + | + |

+ | | + | | + | |

+H j j h j j j j

c c
N

c j j c

( 1 1 )

1
( )

j
j

j
j j

j
j

0 , 1

c
(17)

Figure 1. Geometries of molecular aggregates: right-handed helix
(left, blue) and right-handed creeper (right, red).

Figure 2. Spectral density corresponding to a BChl molecule with a
total reorganization energy of 327 cm−1.
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where |c⟩ is the state with all the molecules in the ground state
and the cavity in the excited state, ωc is the frequency of the
cavity, and Ωj is the coupling of the jth monomer to the cavity.
Assuming the electric field of the cavity mode to be aligned
with transition dipole moment of the first monomer, we take

= ( )jcos ( 1)j 6
where Ω = 403.28 cm−1 and ℏωc = ε,

which is the common excitation energy for all the monomers.
It is also important to note that the cavity is not coupled to a
thermal environment.

Both spectra are governed by correlation functions involving
the total transition dipole moment of the aggregate. This is
obtained as

= | | + | |j j( 0 0 )
j

j
(18)

Notice that the transition dipole moment operator does not
involve the cavity.

We will explore the effect of loss from a particular monomer,
|j⟩, with a decay time constant, τ, on the absorption and CD
spectra in various cases. This can be described by the Lindblad
operator Lj = τ−1/2|0⟩⟨j|. Additionally, in the cases of excitonic-
polaritons, the cavities are generally leaky. This loss can be
captured by the corresponding Lindblad operator Lc = τc

−1/2|
0⟩⟨c|. The simulations are done using the path integral
Lindblad method39 with the transfer tensors being generated
using the time-evolving matrix product operator algorithm23

with multiple baths33 as implemented in the open-source
QuantumDynamics.jl simulation framework.51 The inclusion
of loss through PILD guarantees certain conserved quantities
in the form of sum rules. The area under the linear spectra,
being related to the zero time value of correlation functions, is
invariant with the loss incorporated in the system.
3.1. Spectroscopy of Excitonic Molecular Aggregates.

We start by exploring the spectra of the excitonic molecular
aggregates under losses with different decay times. Consider a
BChl dimer in the creeper and the helix formations. In Figure
3, we show the absorption and CD spectra for the system with
decay times τ = 25, 50, and 75 fs along with that of the loss-less
dimer (in solid curve). The profile of the absorption peak of
helix is significantly more structured and broader than that of
the creeper. It is usual for H-aggregates to have more
broadened spectra compared to the J-aggregates when coupled
with structured vibrational bath among other factors.52

However, unlike the usual planar H- and J-aggregates, these
chiral dimers do not necessarily have only a single peak. Both
of the eigenstates can be bright, as seen quite clearly in the
helix absorption spectrum. The CD spectrum shows a positive
first and a negative second Cotton feature for the helix
geometry, which is opposite to that of the creeper geometry
despite both geometries being right-handed.

It is notable that, while the two expected peaks
corresponding to the two bright excitonic states for a
nonplanar dimer are not easily discernible from the absorption
spectrum (especially for the creeper), it is possible to clearly
locate them from the CD spectrum due to the switching signs
and all over lower absolute amplitude of the latter. The
absorption spectrum is positive semidefinite. Consequently,
the broad intense peaks can more easily overshadow the
nearby peaks. Furthermore, the relative intensities of the
absorption spectrum and the CD spectrum are also different
because of the different correlation function they derive from.
For the absorption spectrum, even in absence of the vibrations,
there would be a differential intensity for the two different
peaks corresponding to the two eigenstates (see Table 1 in
Appendix C). The extreme case is that of the planar J- and H-
aggregates, which completely suppress the peak intensity for
the lower and the higher excitonic peak, respectively. In CD
spectra, this is not the case. As we demonstrate in Appendix C,
the intensities for both peaks have the same relative magnitude
in the absence of the vibrational environment. Thus, the
difference in intensity that we see between the two peaks of the
CD spectrum in Figure 3 is an effect of the environment alone.

In Figure 3, it is clearly seen that although both the helix and
the creeper geometries have the same absolute chirality, the
CD spectra have different Cotton effects. This is in apparent
contradiction of the often-used exciton-chirality (EC) rule,
which uniquely maps the sign of the lowest-energy Cotton
couplet to the absolute chirality of the aggregate.53−55

However, Swathi et al.56 have shown that, consistent with
our results here, the EC mapping is reversed between the H-
and J-dimers. Finally, it should be mentioned that there is no
reason to expect the broadening of the peaks in the absorption
spectrum and the CD spectrum to be similar.

With stronger losses, we note in Figure 3 that the
attenuation of the spectral features increases, and there is a
corresponding broadening of the peaks in order to satisfy the
previously mentioned sum rule that keeps the area under a
linear spectrum constant. This is also accompanied by an
increasing red shift of the absorption spectrum. (This is also
seen in the absence of the dissipative environment as
demonstrated in Appendix A.) The red shift of the ω < ε
peak seems to be higher than that of the ω ≥ ε peak. These
observations also extend to the CD spectrum, where the shift
and attenuation due to loss mechanisms are apparently more
prominent for the sharper peaks (or troughs).

From the dimer as a representative case, we proceed to
investigate the effect of exciton system size vis-a-̀vis decay time
τ in Figure 4a,b. We look at the dimer, trimer, tetramer, and
pentamer with the same nearest-neighbor intermolecular
couplings. Losses with a decay time of τ = 50 fs are applied
to each of the unique sites in the aggregate. For the trimer and
tetramer, monomers 1 and 2 constitute the two distinct sites of
decay, while for the pentamer, monomer 3 is an additional
unique site. While we observe a red shift in the absorption
spectra for the J-creepers, where all peaks lie in the region (ω
− ε) < 0 (Figure 4b), there is a blue shift for the H-helices for

Figure 3. Absorption and CD spectra of BChl dimers in helix (blue)
and creeper (red) geometries for different decay times, τ = 25
(dotted), 50 (dashed), and 75 fs (dash-dot) and the loss-less case
(solid).
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peaks in the region (ω − ε) ≥ 0 and a red shift for peaks in the
complementary region for all system sizes on the inclusion of
loss (Figure 4a). This is a consequence of the presence of the
thermal environment. (Absence of the thermal bath leads to
the peaks coming closer to each other and to ε, as we discuss
further in Appendix A.) The impact of a loss on a single site is
seen to decrease with increasing system size. Moreover, decay

at the central monomer is more effective in attenuating the
intensity of spectrum than the decay at other sites owing to
symmetries of the system.

For the J-type creepers, the sign of the first CD peak is
consistently seen to be negative at all sizes of the aggregates.
However, it is interesting that all of the H-type helices do not
show the same sign of the first peak of the CD spectra. For the
case of the helix trimer, one sees the initial peak become
negative instead of the positive peak seen in the other helices.
This further shows that the EC mapping between the CD
spectra and the corresponding geometry is more tenuous.
Earlier, we discussed the inconsistency between a helix and
creeper dimer. Now we note the inconsistency between helices
of different sizes. However, this pattern can be explained for
the bare system through a calculation of the rotational
strengths48,57 of each of the excitonic states as outlined in
Appendix B. Also, as seen in the case of the isolated pentamer
(Table 1 in Appendix C), for both the creeper and the helix,
there are only three states that are CD active.
3.2. Spectroscopy of Excitonic−Polaritonic Systems.

As a second class of systems of interest, we consider excitonic
systems coupled with a plane-polarized cavity mode. In Figure
5, we see how upon coupling to the cavity mode, a monomer
absorption peak splits into two polaritonic peaks correspond-

Table 1. Absorption and CD Peak Heights for Isolated Excitonic Aggregates as a Function of Aggregate Sizea

excitonic aggregate helix creeper

ω′ (cm−1) σCD (ω′) σabs (ω′) ω′ (cm−1) σCD (ω′) σabs (ω′)
dimer −363.0 +0.5 0.13 −363.0 −0.5 1.86

+363.0 −0.5 1.86 +363.0 +0.5 0.13
trimer −513.86 −0.16 0.02 −513.36 −1.57 2.45

0.0 +1.73 0.50 0.0 +1.73 0.50
+513.36 −1.57 2.45 +513.36 −0.16 0.02

tetramer −587.35 +0.09 0.04 −587.35 −3.19 2.81
−224.35 −0.31 0.02 −224.35 +3.41 1.06
+224.35 +3.41 1.06 +224.35 −0.31 0.02
+587.35 −3.19 2.81 +587.35 +0.09 0.04

pentamer −628.73 0.0 0.0 −628.73 −5.20 2.99
−363.0 +0.10 0.13 −363.0 +5.10 1.86

0.0 0.0 0.0 0.0 0.0 0.0
+363.0 +5.10 1.86 +363.0 +0.10 0.13
+628.730 −5.20 2.99 +628.73 0.0 0.0

aω′ = ω − ε.

Figure 4. Absorption and CD spectra of BChl dimer (red), trimer
(blue), tetramer (orange), and pentamer (green) for decay time of τ =
50 fs at monomer 1 (dotted), monomer 2 (dashed), monomer 3
(dash-dot), and the loss-less cases (solid).

Figure 5. Absorption spectrum of BChl monomer with (purple) and
without (black) an optical cavity for decay time of τ = 50 fs at
monomer (dotted), cavity (solid; darker shade), and the loss-less case
(solid; lighter shade).
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ing to the lower energy “lower polariton” and higher energy
“upper polariton”, which are the two eigenstates of eq 17. In
the absence of any loss, the upper polariton shows a broader
line shape, which correlates with a shorter lifetime in
comparison to the lower polariton. We notice that, similar to
the excitonic systems, the decrease in intensity and broadening
of peaks on the inclusion of loss mechanisms are not equal. It
is more for the lower polariton than for the upper polariton.

The difference between the impact of the cavity loss and the
monomer loss becomes especially noticeable for the lower
polariton. This is entirely due to interaction of the environ-
ment with the different polaritons because the contributions of
the monomer and the cavity to both the polaritons are half.
Consequently, if the only effect was how much was the leaky
site contributing to the polariton, both peaks should behave
identically. Here, we notice that the lower polariton |L⟩
experiences a red shift, while the upper polariton |U⟩
experiences a blue shift, leading to an increase in the Rabi
splitting (the energy difference between |L⟩ and |U⟩). This
emergent phenomenon corresponds to the strong coupling
regime as discussed using the P(E) theory.58,59 However, while
the P(E) theory deals with the environment in an approximate
manner, using PILD, we quantitatively account for the effects
of the thermal environment in a nonperturbative manner
through the Feynman−Vernon influence functional.15 This
effective expansion of the polaritonic spectrum is opposite to
the compression observed in the absence of the dissipative
environment, as demonstrated in Appendix A, and con-
sequently enabled by the presence of the dissipative environ-
ment.

Finally, in Figure 6a,b, we demonstrate the absorption and
CD spectra for the BChl dimer and trimer coupled to a cavity
mode. While a polaritonic system described by the popular
Holstein−Tavis−Cummings (HTC) model has only two
bright states,60 here we have more. The appearance of only
two bright states in the absorption spectrum of the HTC
model is a result of the model dealing with planar aggregates
with no intermonomer couplings. In fact, a violation of either
of these two conditions can increase the number of bright
states. We demonstrate this in Appendix C where we list the
intensities of the CD and absorption peaks corresponding to
the different polaritons. Additionally, while we see an exact
reversal of peak positions and their absorption and CD
intensities for an isolated system between the helix and creeper
as noted in Table 2 of Appendix C, the thermal environment
disrupts this, otherwise, symmetric change.

We further notice in both geometries that the effect of a loss
at the cavity is qualitatively different from that at the
monomers, which, of course, is expected since, unlike the
monomers, the cavity is not coupled to a thermal environment.
Moreover, none of the monomeric sites are equivalent due to
different monomer-cavity couplings Ωj, and consequently, the
impact of loss at each monomer is different which, in
particular, is more pronounced for the case of the trimer
where ΔΩj,k(=|Ωj − Ωk|) is larger than that for the dimer. For
the helix geometry, the lowest and highest energy CD peaks
seem to remain relatively unaffected by cavity loss. The
intermediate peaks are all highly damped. The effect seems to
be reversed for the creeper geometry (Figure 6b). This is again
due to the differential impact of the thermal environment on
peaks lying on either side of ω = ε. Thus, there is a more
marked decrease in the lifetime of particular polaritons due to
the loss mechanisms in the presence of thermal environment.

Additionally, it is interesting that the first CD couplet
resembles the excitonic system, but one must be cautious in
inferring the geometry of the aggregate solely from the first CD
couplet as the broadening and attenuation of two close peaks
due to the thermal environment may lead to misleading signs
of CD peaks as in the case of the creeper dimer where the
second CD peak is positive despite the isolated creeper dimer
having a negative intensity for the same (see Table 2 in
Appendix C).

4. CONCLUSIONS
In this paper, we present a numerically rigorous study of the
impact of empirically described loss mechanisms on two
different linear spectra, absorption spectra and CD spectra, of
condensed phase systems using the recently developed PILD
method. Empirical loss mechanisms are often incorporated
using non-Hermitian descriptions, which make the time-
evolution nonunitary. This has spurious effects on the spectra.
PILD ensures that the dynamical maps are unitary and,
consequently, avoids such spurious effects. An additional
benefit of PILD is that one can get the effect of these loss
mechanisms at no extra cost while maintaining the accuracy of
the method and the rigor of accounting for the effects of the
thermal dissipative environment. One of the consequences of
the accuracy of these simulations is that the area under the
spectra is invariant with the changing timescale of the losses.

Figure 6. Absorption and CD spectra of BChl dimer (red; left y-axis)
and trimer (blue; right y-axis) in an optical cavity for decay time of τ =
50 fs at monomer 1 (dotted), monomer 2 (dashed), monomer 3
(dash-dot), cavity (dimer: orange, trimer: purple), and the loss-less
cases (solid).
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Intuitively, one might think that the effect of loss is a
broadening of the spectrum. This is indeed the primary effect.
However, the details are much more complex. Different peaks
get broadened by different amounts based on where the loss is
present. The presence of the environment that couples to the
system has the potential to change the impact of the empirical
loss on the spectra as well. Additionally, this excess broadening
is also accompanied by a shift of the peaks. Our current work
provides a rigorous framework allowing simulations to
quantitatively predict the spectra of condensed phase systems
in the presence of empirical loss.

We consider the absorption and CD spectra of chiral
excitonic aggregates and chiral polaritonic aggregates formed
by these systems inside a nonchiral, plane-polarized cavity. The
numerically exact spectra of the excitonic aggregates are
already quite complicated. We show that different peaks are
attenuated at different rates. The contribution of a state, which
stages the loss, to an exciton, while an important consideration,
is not the only factor that determines the amount by which the
relevant peak would get attenuated. The vibronic couplings
due to the thermal environment couple different excitons
together, leading to a rather convoluted impact of the loss on
various peaks. We also consider the effect of loss on aggregates
of different sizes. Because the loss considered here is localized
on a single site, for the same decay time constant τ, the impact
is the highest on the small aggregates. The relative attenuation
decreases with growing size of the aggregates. It should,
however, be noted that while not explored here, PILD is
capable of dealing with multiple loss sites simultaneously.

The presence of the cavity adds to the complexity of the
problem. The excitonic absorption peaks split into multiple
polaritonic peaks. We report probably the first numerically
exact path integral simulations of CD spectra of chiral
aggregates in a cavity. The chirality of the different polaritonic
peaks interacts in unexpected manners. For a monomer or a
dimer, for instance, the upper polariton is attenuated
significantly less than the lower polariton.

We also demonstrate that the behavior of lossy excitonic and
polaritonic aggregates in the presence and absence of
dissipative environments differ in a qualitative fashion. In the
absence of the dissipative medium, the peaks broaden and
come closer to each other on decreasing the loss decay
constant. In the context of polaritonic cavities, this is exactly
what is known from the so-called coupled-oscillator theory
using non-Hermitian descriptions of the system.58 This is
irrespective of the relative magnitudes of the lossy decay and
the intersite couplings. However, this observation changes
when the dissipative environment is brought into the picture.
According to P(E) theory,58,59 for the cases of strong intersite
coupling relative to the decay, peaks broaden and move apart.

In the weak coupling regime, they broaden and come together,
similar to the case of the isolated system. Through our
simulations of numerically exact spectra of chiral aggregates,
we have demonstrated that though we do not have a single
intersite coupling to provide a scale, the emergent effect of the
complex interactions leads to a phenomenon that is close to
the case of the strong coupling limit as described by P(E)
theory.58

While some of these effects are intuitive, many others are
not. Additionally, the magnitude of a particular effect cannot
be predicted without simulations of specific systems under the
exact conditions. This necessitates rigorous simulation frame-
works for predicting the spectra in these open quantum
systems. In this work, we demonstrated the effectiveness of
PILD in providing the exact spectra in the presence of loss
incorporating the dissipative environment in a nonperturbative
manner using the path integral calculations. While the current
work is primarily about the simulation method, we hope that
the surprising differences between the impact of the cavity and
molecular loss on spectra will serve to motivate further
experimental explorations of similar ideas. The ability to
understand and predict the spectra provides a powerful handle
on the properties of these complex aggregates. This would be a
topic of exploration and study in the future, where PILD will
provide the basis for the exploration of multidimensional
spectra and how loss changes them. Furthermore, equally
interesting is the prospect of understanding transport in
complex systems with losses, and these numerically exact
methods promise to be exceptionally useful in understanding
such transports, the routes involved, and relative efficiencies.
These facets will be developed in the near future.

■ APPENDIX A

Spectra of Lossy Systems without Vibrational Decohering
Environments
To understand the changes better, we demonstrate the impact
of the loss analytically on the spectra of a planar excitonic
dimer and a monomer interacting with a cavity mode without
any thermal environment. This can be done analytically and
enables separation of impact caused solely by the loss versus
that caused through the mediation of the environment.

Consider first the excitonic dimer without the dissipative
environment as defined in eq 2 with equal monomer excitation
energy ε and intermonomer coupling as h12(=h21). As in the
cases described earlier, there is a loss with a time-scale of τ on
the second monomer given by L2 = τ−1/2|0⟩⟨2|. For simplicity
of analysis, we assume that the decay time scale is relatively
weak, > | |h4 12

. This would typically be the case because the

electronic couplings between the monomers would be stronger

Table 2. Absorption and CD Peak Heights for Isolated Polaritonic Aggregates as a Function of Aggregate Sizea

polaritonic aggregate helix creeper

ω′ (cm−1) σCD (ω′) σabs (ω′) ω′ (cm−1) σCD (ω′) σabs (ω′)
dimer −367.21 +0.48 0.14 −599.47 −0.36 1.32

−232.26 −0.12 0.52 +232.26 −0.12 0.52
+599.47 −0.36 1.32 +367.21 +0.48 0.14

trimer −515.89 −0.20 0.04 −666.80 −1.28 2.00
−179.78 +0.08 0.42 −28.88 +1.41 0.53
+28.88 +1.41 0.53 +179.78 +0.08 0.42

+666.80 −1.28 2.00 +515.89 −0.20 0.04
aω′ = ω − ε.
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than the time-scales of a loss process. The transition dipole
moment operator is defined in eq 18 with equal magnitudes μ
for each monomer.

The absorption spectrum can now be calculated using the
relation 15 to get
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of two Lorentzians centered at ω+ = ε/ℏ + a and
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If h12 > 0 (H-type dimer), the intensity of the peak at ω−
would be very small and can be neglected. Consequently, on
decreasing τ (i.e., a stronger decay), the dominant peak at ω+
shows a red shift owing to the decrease in the value of a. A
similar analysis shows that when h12 < 0 (J-type dimer), the
peak at ω+ would have a negligible height, and the peak at ω−
shows a blue shift. Notice that having a loss gives rise to a
nonzero amplitude of the other peak as well. The peak at ω−
(ω+) would be typically symmetry forbidden for an H-dimer
(J-dimer). However, here we see these peaks gaining small
nonzero intensities. For < | |h4 12

, both the peaks merge into

one at ε/ℏ. This result is similar to what one observes using
non-Hermitian descriptions of loss in the so-called coupled-
oscillator model.58

Similarly, for a monomer-cavity system defined with eq 17
for a cavity resonant with monomer excitation energy, ℏωc = ε,
monomer-cavity coupling Ω, and transition dipole moment as
defined in eq 18 with magnitude μ, we consider two cases with
a loss on the cavity Lc = τ−1/2|0⟩⟨c| and a loss on the monomer
L1 = τ−1/2|0⟩⟨1|. The corresponding absorption spectra for the
loss on the cavity and the monomer are
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Here, =a 1
16

2

2 2 , which is the same as a but with h12

replaced by Ω, while the symbol in superscript parentheses
denotes the site of loss.

We can now see from relation 20 that for the loss on cavity,
instead of shifting in the same direction, the lower-energy
polariton shifts to blue, whereas the higher-energy polariton
shifts to red. This is exactly opposite to what we saw in the
presence of the dissipative media (Figure 5). However, with
relation 21 for the loss on monomer, there is no conspicuous
shift in the spectrum. It is also to be noted that the line shape

for the two polaritonic peaks are symmetrical despite the
inclusion of loss at any site.

■ APPENDIX B

Rotatory Strengths for Peaks of Excitonic and Polaritonic
Aggregates
Here, we discuss the rotatory strength matrix for bare excitonic
and polaritonic aggregates in the absence of thermal dissipative
environments. Consider a general aggregate, either excitonic or
polaritonic, described by a Hamiltonian H0 with N molecules
located at rj with transition dipoles j. The cross-correlation
function between the transition dipole moment and the
magnetic moment can be refactored as follows48,57

t R I t i t( ) Re d ( )exp( )
ij

ji ijCD
0 (22)

where

= · ×R r r( ) ( )ji i j j i i j (23)

= | |I t e j i( )
1

2
Tr ( e )ij

iE t iHt/
env

/g

(24)

where H is the total Hamiltonian including the environment.
The rotatory strength matrix is R and I(t) is the line shape
function. Now, this is defined in the molecular basis. We want
the strengths corresponding to the different eigenstates of the
system Hamiltonian H0, |ej⟩. These states, |ej⟩, correspond to
excitons in the molecular aggregates and polaritons in the
presence of cavities. It is possible to transform the spectrum
from a molecular basis to the eigenstate basis

t RI t i t( ) Re d Tr( ( ))exp( )CD
0 (25)

| | | |t e R e e I t e i tRe d ( ) exp( )
ij

i j j i
0 (26)

For an isolated system in the absence of a dissipative
environment, the transformation is simple. The line shape
function matrix I(t) is diagonal in the |ej⟩ basis. It is the
presence of the dissipative environment that couples the
different eigenstates. Consequently, the peak heights for an
isolated system are proportional to the matrix element of the
rotatory strength matrix corresponding to the particular
eigenstate, ⟨ej|R|ej⟩.

| | +e R e E E( ) ( / / )
i

i i i gCD
(27)

■ APPENDIX C

Absorption and CD Peak Heights for Isolated Excitonic
and Polaritonic Aggregates
Here, we present the absorption and CD peak positions and
their heights for the excitonic and polaritonic systems
discussed in Section 3 in the absence of a thermal
environment.

Notice in the following Tables 1 and 2 that in the absence of
the thermal environment, the absorption and CD peak heights
are exactly reversed (modulo a proportionality constant)
between the helix and the creeper. In particular, for the
excitonic aggregates, the peak positions of the creeper and helix
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coincide albeit with reversed peak heights. The excitonic
creeper always has a negative first peak and a positive second
peak in the CD spectrum, which grow more intense with the
size of the aggregate, as also seen in the presence of a thermal
environment. However, there is no apparent pattern for the
excitonic helix with regard to the sign of the first CD peak. We
see that the sign of the first peak of the helix keeps alternating
between a positive and a negative sign. This apparently simple
pattern for helices is further complicated by the fact that some
times, like in the case of an excitonic pentamer, the first CD
peak has zero intensity. In that case, effectively, the first peak
that is symmetry allowed would be positive again. For the
polaritonic aggregates, we see more than two bright polaritonic
states in the absorption spectra as noted and discussed in
Section 3.2. The polaritonic creepers’ first CD couplet, unlike
in the excitonic case, shows no regular pattern. All these
patterns are consistent with the spectra calculated in the
presence of the solvent.
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