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ABSTRACT: The Fenna−Mathews−Olson (FMO) complex
present in green sulfur bacteria is known to mediate the transfer
of excitation energy between light-harvesting chlorosomes and
membrane-embedded bacterial reaction centers. Due to the high
efficiency of this transport process, it is an extensively studied
pigment−protein complex system with the eventual aim of
modeling and engineering similar dynamics in other systems and
using it for real-time application. Some studies have attributed the
enhancement of transport efficiency to wavelike behavior and non-
Markovian quantum jumps resulting in long-lived and revival of
quantum coherence, respectively. Since dynamics in these systems
reside in the quantum-classical regime, quantum simulation of such
dynamics will help in exploring the subtle role of quantum features
in enhancing the transport efficiency, which has remained unsettled. Discrete simulation of the dynamics in the FMO complex can
help in efficient engineering of the heat bath and controlling the environment with the system. In this work, using the discrete
quantum jump model we show and quantify the presence of higher non-Markovian memory effects in specific site pairs when
internal structures and environmental effects are in favor of faster transport. As a consequence, our study leans toward the
connection between non-Markovianity in quantum jumps with the enhancement of transport efficiency.

I. INTRODUCTION
Photosynthesis is one of the primordial processes in nature
that provides energy to sustain life. The dynamics of
photosynthetic organisms, which have successfully harvested
and transferred solar energy for several billion years, is far more
efficient than any man-made device known to date.1−4 Decades
of studies have attributed the remarkable efficiency of the
photosynthesis process to light-harvesting antenna complexes
that are funnelling the excitation energy from captured
photons to a reaction center, where it is converted to chemical
energy. Photosynthetic complexes have differences based on
their living conditions and habitats, but all follow the same
procedure: they absorb solar energy (photons) in the form of
electronic excitation by an antenna, and then this excitation is
transported to a reaction center where charge separation
transforms it into a more stable form of energy.5,6 The most
simple and well-studied examples of such a light harvesting
system are found in green sulfur bacteria, which is an organism
that depends only on sunlight as a source of energy. Its
antenna is quite large and made out of chlorosomes, which
allows it to thrive in extremely low light conditions. A special
kind of structured complex can be found in them, called the
Fenna−Matthews−Olson (FMO) complex. These complexes
connect the antenna to the reaction center.7,8 They are small in
size, water-soluble, and most importantly, they transport

excitation from the antenna to the reaction center with more
than 90% efficiency. Even though these excitons are short-lived
with lifetimes of less than a nanosecond, the efficiency of the
transport process has motivated and encouraged intense
research in the direction of understanding and modeling
environment assisted energy transport.9−12

Mathematical modeling to mimic the observed dynamics is
one of the most effective ways to understand the dynamics in
these photosynthetic complexes. In 2007, a new model was
presented with evidence for wavelike behavior and the
presence of quantum coherence during these exciton trans-
port .13 Photosynthesis usually occurs at ambient temperature,
and the presence of quantum coherence at such a temperature
for 300−500 fs led to numerous research efforts in the
direction of exploring environment-assisted quantum transport
to find further evidence for the presence of quantum coherence
for high transport efficiency.14 Numerous studies have outlined
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the structural details of the FMO complex and that has been
used to study and understand the dynamics in quantum-
mechanical framework.15 In the widely accepted form, the
FMO complex is a trimer formed by three identical monomers
that each bind seven Bacteriochlorophyll-a (BChla) molecules,
since monomers function independently, without loss of
generality, studies are restricted to a single monomer. There
are seven sites in the FMO complex, and it is assumed that
there is at most one exciton in the complex at any time.
Considering one exciton at any time is a reasonable
assumption because these bacteria usually receive very less
sunlight. The initial excitation occurs at site 1 or 6 and is
transported to the sink at sites 3 and 4, the two dominant
pathways for exciton transfer are (1 → 2 → 3) and (6 → (5, 7)
→ 4 → 3).16 We would also like to note that the dynamics in
FMO complex is also studied as a dimer using Bloch-Redfield
equations.17 In this work we will focus on the FMO complex as
a trimer formed by identical monomers.
In the wavelike description of dynamics in the FMO

complex which has put forward the contribution of quantum
coherence for better efficiency, the wave function of the
excitation enters a superposition state of multiple combined
pigments instead of the excitation transferring from pigment to
pigment sequentially. The wave function enters the super-
position state due to the strong electronic couplings between
chromophores resulting in delocalized exciton state. This
process enables the rapid and coherent transfer of excitation
along multiple paths at once and finds the shortest route from
the antenna to the reaction center.18 A more rigorous and
generic theoretical treatment of the FMO complex in the
quantum mechanical framework has been presented in two
seminal works by Plenio and Huelga19 and Mohseni et al.,20

respectively. There, it has been shown that only coherence
dynamics cannot transport exciton with such high efficiency,
and the interplay between coherent dynamics and environ-
mental induced noise transports exciton with such high
efficiency. For these studies, the FMO complex and its
surrounding environment have been modeled into an open
quantum system setup, and quantum master equations have
been used to solve these problems.21,22

Studies have also shown that the coherence might be helpful
in transport dynamics, but it does not contribute to the high
efficiency of this exciton energy transport dynamics.23 Another
recent study argues that the contribution from quantum
coherence is minute at best in photosynthesis transport
processes.24 Other than quantum coherence, quantum features
like entanglement and quantum memory effects (non-
Markovianity) have been explored additionally to find their
impacts on this highly efficient transport process. The presence
of bipartite entanglement in the dynamics of FMO complex
has been reported,16 and its usefulness in quantum
technologies has been studied. Studies have also reported the
role of non-Markovianity these types of efficient transport
processes.25,26 In spite of all these studies, the role of quantum
features and quantum advantage in photosynthesis continues
to remain unsettled paving way for further investigations.
In addition to all these studies, quantum simulation of the

dynamics in the FMO complex has also been explored. In the
quantum simulation approach, one can engineer the dynamics
and control the parameters that could effectively lead to the
observed phenomena and improve our understanding of the
complex properties in the FMO system. With noisy
intermediate-scale quantum (NISQ) devices27 being available,

FMO complex systems which are defined on a 7-site system
can be simulated on a smaller number of qubit, NISQ devices.
Quantum simulators are available in two different formats:
analog quantum simulators and digital quantum simulators.
Analog quantum simulators use continuous-time evolution
equations, and the evolution protocol has to be explicitly
worked for each system on which it is simulated. Digital
quantum simulations use universal quantum gates to simulate
the discrete-time evolution equation, which provides flexibility
and universality over analog quantum simulation.28,29 Analog
quantum simulations of the FMO complex have been reported
using ultracold atoms,30 superconducting circuits,31,32 and an
NMR quantum computer.33,34 A setup for digital simulation of
the FMO complex has also been reported, but their study does
not include the interplay of coherent dynamics and quantum
jumps.35 Recently, a framework for digital quantum simulation
for FMO complex has been presented which explicitly includes
the interplay of coherent dynamics and quantum jumps,36 and
a general algorithm form of FMO complex dynamics in open
quantum dynamics framework has also been reported.37 Using
the controllable parameters in the discrete-time evolution
framework composing of an interplay of coherent dynamics
and quantum jumps,36 one can quantify nontrivial quantum
features in the dynamics and have a better understanding of
the high-efficient exciton transport process of FMO complex.
In this work, using the discrete-time quantum jump model

to study dynamics in the FMO complex we study the dynamics
between site pairs and quantify the nontrivial quantum features
which may aid the high transport efficiency. For modeling the
quantum dynamics explicitly between site pairs, we have
prepared a theoretical framework by adopting the conceptual
understanding from the previous generic framework where all
sites are considered as the system and protein environment as
the bath.36 For our study, only the specific site pair is
considered as a system, and the remaining sites along with the
protein environment are treated as the bath. In particular, we
have studied the non-Markovian memory effects in the
dynamics between different site pairs of FMO complex. To
identify and quantify the non-Markovian memory effects in the
dynamics we have used trace distance and the Breuer−Laine−
Piilo (BLP) measure, respectively. The BLP measure is based
on the quantification of the flow of information between the
open system and its environment using the rate of change of
the trace distance. In BLP measure, the information flow is the
rate of change of the trace distance between the quantum
states .38 The numerical simulation results show the presence
and quantify the non-Markovian memory effects in some
specific site pairs. This memory effect is controlled by the
structural features of the FMO complex (site couplings and site
energy differences) and environmental influence. This result
can be useful for studying the finer details of the photo-
synthetic complex. Our results match with previous theoretical
findings of the presence of the non-Markovian memory effect
and explicitly quantify the non-Markovian memory effects in
those conditions where internal structures and environmental
effects are in favor of faster transport. Our approach using the
site pair and bath model signifies that a digital simulation
method provides flexibility in controlling the dynamics and is
universal and implementable in near-term devicees.
This article is organized as follows, in section II we present

the model with open quantum system framework to model the
system-environment coupling, study site-pair dynamics, and a
method to quantify the non-Markovian behavior in the
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dynamics. In section III we present the results for different
pairs of sites in the FMO complex and analyze non-Markovian
behavior in the dynamics, and in section IV we conclude with
the summary of our observations.

II. MODEL AND METHODS
The FMO complex serves as a transport channel in green
sulfur bacteria which transports the exciton energy from site 1
or site 6 to site 3. The dynamics of the FMO complex systems
are championed by quantum features and can be modeled into
open quantum system dynamics. Thus, its quantum and
dissipative effects can be captured using a combination of
Kraus operators and unitary quantum evolution. By using those
discrete time evolution operators the exciton energy transport
in the 7-site FMO complex can be effectively and efficiently
simulated using the digital quantum simulation framework .36

Thus, in this work we use the previously proposed open
quantum system framework of energy transfer in the 7-site
FMO complex to prepare a simulation framework for site pairs
(2-site system).
In Figure 1(a), the schematic structure of FMO complex is

shown where each sphere represents a BChl site. Initial

excitation occurs at site 1 or 6 and it is transported to sink sites
3 and 4 using sites 2, 5, and 7 as pathways in different possible
configurations.
A. Framework for Simulating the 2-Site System. At

the time of working with a specific site pair, we can treat the
specific site pair with other sites as the system and the protein
environment as the bath or the specific site pair as the system
and the protein environment with other sites as the bath
(effective environment). In Figure 1(b) we have shown two
configurations of site pairs where the rest of the sites are also
treated as the environment along with the protein environment
to study the dynamics between the pairs. In the first case, the
system will be represented by 3 qubits, and in the second case,
the system will be represented by 1 qubit (as for representing
2n−1 sites, we need a minimum of n qubits). If we treat the
bath with minimum of 1 qubit, then in the first case we have to
deal with 4 qubits or 24 dimensional space, and in the second
case we have to deal with 2 qubits or 22 dimensional space.
The second option has been chosen here to allow for less
computational complexity.

For simulating site pairs of the FMO complex in the
discrete-time framework, we need to first initialize the state,
follow it up with state evolution by taking all environmental
effects into consideration, and measure the final state. Before
initializing the state, we will demonstrate this problem using an
illustration.
In Figure 2, the two level system is shown where the two

levels are denoted by |0⟩ and |1⟩. The two sites of the FMO

complex are mapped into these two levels. The bath induces a
jump between these two sites. Here, the jump probability is
denoted by γi→j where i and j are two sites. The initial system-
environment state can be represented by

(1)

At the time of evolution, we need to capture the dissipative
environmental effects as well as its internal unitary dynamics.
The dissipative effects can be represented in form of
environment-induced quantum jump which is implemented as

The evolution can be implemented as quantum channel by
writing the Kraus operator representation in ref 36 in matrix
from. The matrix form of the evolution operator can be written
as

(3)

where M1 and C are both matrices given by

(4)

(5)

Here, our main goal is to focus on the dynamics between the
two sites of FMO, so the coherent dynamics between two sites
is implemented by

(6)

where

Figure 1. (a) Schematic structure of the 7-site FMO complex where
each sphere represents a BChla site. Sites 1 and 6 represent the initial
site where excitation occurs. Sites 3 and 4 represent the sink site to
which excitation gets transported though intermediate sites 2, 5, and
7. (b) Schematic of two site pair systems where the rest of the sites are
also treated as the environment.

Figure 2. Schematic illustration of the two level system which is used
to represent two sites where the bath induces jump between the sites
with probability γi→j.
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(7)

and

(8)

The γ values of eq 2 and the Hamiltonian HC of eq 8 have
been taken from refs 39−41. The combined system and
environment state is evolved as per eqs 3 and 6, and the
density matrix at time t will be

(9)

By tracing out the environment at each step we can see
whether the reduced dynamics of system has any non-
Markovian effects.
B. Trace Distance and BLP Measure. The trace norm of

a trace class operator A is defined by ∥A∥ = tr|A|, where the
modulus of the operator is given by . If A is self-
adjoint, the trace norm can be expressed as the sum of the
moduli of the eigenvalues ai of A counting multiplicities

This norm leads to a natural measure for the distance
between two quantum states ρ1 and ρ2 known as trace distance

(10)

For pair of sites i and j, ρi(0) = |i⟩⟨i| and ρj(0) = |j⟩⟨j|. Trace
distance is calculated for these two states as a function of time.
Due to information flow between the open system and the
environment we will see the change in trace distance with time.
If the information is lost to the environment from the system,
we will only see a monotonic decrease in trace distance.
However, along with the decrease if we observe some
nonmonotonic behavior (small oscillations), it is considered
as an indication of information back flow from environment to
the system and presence of non-Markovianity in the dynamics.
Small fluctuations in trace distance does not help us to quantify
and compare the non-Markovian behavior between different
site pairs effectively. Therefore, BLP measure which calculates
the rate of change of trace distance between quantum states is
used to quantify the non-Markovianity in the dynamics. The
BLP measure is defined as follows

(11)

where

(12)

According to this definition, the non-Markovian process will
have a positive finite value for where the value of the
Markovian process of will always be 0.38,42,43 We will use
trace distance to detect the presence of non-Markovianity in
the dynamics. The BLP measure will help us to quantify the
non-Markovianity between different site pairs and identify the
site pairs with dominating non-Markovian behavior.
C. Framework for Tunable Bath Couplings. FMO

dynamics depends on environmental assistance, and in this
framework, the environmental effects are implemented using

quantum jumps. For the site-pair evolution, eq 2 is an
implementation of a quantum jump, which happens due to the
effect of environment on the system, and eq 6 is an
implementation of coherent dynamics which is due to
couplings between different sites. For variable system-bath
coupling, quantum jump rates will be affected by the coupling
constant. Now in this scenario, the environment-induced
quantum jump is implemented as follows

where χ ∈ [0, 1]. For this scenario, the modified matrix M1
(M′1) will take the form

(14)

and the density matrix at time t will be

(15)

III. RESULTS AND DISCUSSION
Each site pair of the FMO complex has different features which
facilitate the exciton energy transfer through specific paths.
Thus, our primary goal is to check whether non-Markovianity
or memory effects have any influence on the exciton energy
transfer dynamics of the FMO complex. For doing that some
selected site pairs are simulated using the framework presented
in section II. In addition to that, trace distance and BLP
measure are calculated to detect the presence of non-
Markovianity and quantify non-Markovianity, respectively, in
the dynamics.
At the time of exciton energy transfer, it is transferred from

site 1 or 6 to site 3, mainly through two dominant transfer
pathways, which are 1 → 2 → 3 and 6 → (5, 7) → 4 → 3 as
shown in Figure 1(a). Thus, we have chosen 3 site pairs that
are in the dominant transfer pathways (directly connected
pairs) and other 3 site pairs that are not in the dominant
transfer pathways to find the difference in the dynamics among
the pairs.
Figures 3−Figure 5 presents the numerically calculated trace

distance as a function of time (fs) for site pairs with dominant
transfer pathways, (1, 2), (3, 4), and (7,4) and site pairs which
are not in dominant transfer pathways (3, 5), (2, 5), and (3,6).
The blue line curves with triangular symbols are for those site
pairs present in the dominant transfer pathways, and the green
line curves are for those site pairs which are not present in
dominant transfer pathways. We see that for site pairs from
dominant transfer paths the trace distance does not decrease
monotonically like we see for site pairs which are not from
dominant paths. For dominant transfer paths we can see small
oscillations in trace distance with time; that is, D(Φ(ρ1),
Φ(ρ2)) is increasing for some t ≥ 0, which means that
information is coming back into the system from the
environment. This indicates that those pair of sites have
non-Markovianity in the dynamics. The presence of non-
Markovianity or memory effects in the dominant transport
pathways of the FMO complex is an interesting result that is
obtained here by simply considering site pairs in discrete-
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simulation framework, and it clearly concurs with previous
theoretical understandings from earlier studies using hierarch-
ical equations of the motion (HEOM) approach .25 Our site-
pair approach is a computationally simplified discrete evolution
that can be simulated using quantum circuits .36

It can be understood that the site pairs present in the
dominant transfer pathways have site coupling much higher
than the others. Site coupling plays a very important role in
exciton energy transfer because on the basis of site couplings
the exciton delocalizes in between sites, which introduces a
wavelike behavior resulting in speedup of transport. From this
result, we can say that the non-Markovianity which is present
only in some specific site pairs depends on the site coupling, an
internal feature of the system. But from the trace distance
measure we cannot quantify the non-Markovianity between the
site pairs and explicitly identify the most prominent pairs along
the dominant pathways. In Figure 6 we have shown the trace

distance for the three site pairs with dominant transfer
pathways, and it is difficult to identify the most prominent
pathway. Therefore, BLP measure is used to explicitly
quantified the presence of non-Markovianity for those site
pairs with dominant couplings. For weakly coupled pairs, the
trace distance decreases monotonically with time; thus, the
BLP measure is zero for such pairs according to eq 11.
Figure 7 shows the change of the BLP measure with time for

all those sites where the trace distances do not decrease
monotonically. In the case of site pairs 4−7, the non-
Markovian oscillations stay longer than for site pairs 1−2

Figure 3. Trace distance as a function of time for site pairs 1−2 and
3−5. For the directly connected sites (1−2) we can see a small
oscillation in trace distance whereas a monotonic decrease is seen for
the pair which has no direct connection.

Figure 4. Trace distance as a function of time for site pairs 3−4 and
2−5. For the directly connected sites (3−4) we can see a small
oscillation in trace distance whereas a monotonic decrease is seen for
the pair which has no direct connection.

Figure 5. Trace distance as a function of time for site pairs 4−7 and
3−6. For the directly connected sites (4−7) we can see small
oscillation in trace distance whereas a monotonic decrease is seen for
the pair which has no direct connection.

Figure 6. Trace distance as a function of time for the three dominant
transfer pathways which show non-Markovianity. From the plots we
can note that the trace distance measure does not allow us to clearly
identify the dominating pathway.

Figure 7. BLP measure as a function of time for different site pairs
with dominant pathways. The BLP measure quantifies the non-
Markovianity and we can see that the non-Markovian oscialltion stay
for long for site pair 4−7 compared to other pairs.
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and 3−4. As a result, in Figure 7 we can see that the BLP
measure grows with time and also has a higher value. In the
other two cases, the BLP measure has a lower value and almost
saturates after a certain time.
This result is consistent with other theoretical findings that

the non-Markovianity decreases with increasing site energy
difference. Site pair 4−7 has much lesser site energy difference
than site pairs 1−2 and 4−7; as a result, site pair 4−7 has
higher non-Markovianity. If we look into the FMO complex,
the physical understanding is that it is possible to have
decreasing non-Markovianity with increasing site energy
difference: as the energy difference increases, the site coupling
becomes less significant and the sites become more
independent resulting in decrease in non-Markovianity. Until
now, we have explored non-Markovianity based only on the
internal feature of the FMO complex, but the external
environment plays an important role in the exciton energy
transport dynamics; thus, it is important to know how
environmental effects impact non-Markovian behavior. The
variable parameters in the discrete framework used in this
works make it easier to see such effects.
Figures 8−Figure 10 show the trace distance as a function of

time with different system-bath coupling strength for different

site pairs, 1−2, 3−4, and 4−7, respectively. The values are
calculated for four different coupling constants ranging from 1
to 0.4. One common conclusion that can be drawn from all

these plots is that the weakly coupled environment leads to less
non-Markovian oscillation than the strongly coupled one. In
case of strong system-bath couplings, the environment has
more influence on the system; thus, the lost information from
he system is getting stored in the environment for some time
and again coming back into the system after some time. Thus,
we observe more non-Markovian oscillations in the case of
strong system-bath couplings.
Next, we have quantified non-Markovianity using BLP

measure for these site pairs in the case of coupling constant 1
(high level coupling) and 0.4 (low level coupling).
Figures 11−Figure 13 shows the BLP measure as a function

of time plot for the site pairs 1−2, 3−4, and 4−7, respectively.

From the observations we can conclude that in case of low
level system-bath coupling (coupling constant = 0.4), BLP
measure is zero which denotes no information back-flow into
system indicating that it is a Markovian dynamics, where in the
case of high-level system-bath coupling (coupling constant =
1.0) the BLP measure gives a non-zero value which denotes
information back-flow into the system from environment
indicating the existence of non-Markovianity in dynamics.
Thus, here we can see that by using variable system-bath
couplings, it is possible to tune and interchange between non-
Markovian and Markovian dynamics. It is also important to
note here that the system-bath couplings depend on temper-

Figure 8. Trace distance as a function of time for site pair 1−2 with
tunable system-bath couplings. With an increase in coupling strength
we see an increase in non-Markovian oscillation.

Figure 9. Trace distance as a function of time for site pair 4−3 with
tunable system-bath couplings. With an increase in coupling strength
we see an increase in non-Markovian oscillation.

Figure 10. Trace distance as a function of time for site pair 4−7 with
tunable system-bath couplings. With an increase in coupling strength
we see an increase in non-Markovian oscillation.

Figure 11. BLP measure as a function of time with strong and weak
system-bath couplings for site pair 1−2. No information back-flow is
seen for weak coupling.
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ature, thus by tuning the temperature it is possible to
interchange between Markovian and non-Markovian dynamics.
In our study, the dynamics between site pairs of the FMO
complex were numerically simulated using a discrete-time
quantum jumps model on a classical computer. The
information about their dynamics and the presence of non-
Markovianity has been calculated using trace distance and the
BLP measure method. From our results, it can be established
that the presence of non-Markovianity in some specific site
pairs depends on the internal structure of the FMO complex
and the influence of the environment. The model also shows
that the specific site-pair dynamics and environment can be
simulated using a two qubit quantum simulator.

IV. CONCLUSIONS
We have presented a theoretical framework for using an
environment-driven quantum jump model to study site-pair
dynamics of FMO complex. The site-pair description along
with the tunability of system-environment coupling presented
in this work has paved the way to engineer the dynamics and
explore the presence of quantum features across variable
coupling parameters. We have used trace distance to establish
the presence of non-Markovian memory effects and the BLP
measure to quantify the memory effect between site pairs with
variable system-environment coupling strength. This memory
effect is controlled by the structural features of the FMO

complex (site couplings and site energy differences) and
environmental influence. Our results using the discrete-time
approach match with previous theoretical findings using the
continuous-time approach and show that non-Markovian
memory effects are present in those conditions where internal
structures and environmental effects are in favor of faster
transport. Unlike in previous results, using the BLP measure
we could also quantify the BLP measure and establish that the
higher degree of non-Markovianity results in dominating
pathways for faster transport. BLP measure could also show
that the memory effect is zero even for dominant pathways
when the system-environment coupling is weak. Therefore,
critical coupling strength is important to see the memory effect
even for the prominent pathways.
We may conclude from these results that the non-Markovian

memory effects facilitate energy transfer by giving special
importance to certain site pairs that help the exciton to travel
through a certain direction from antenna to sink. This study
also sheds light on the fact that memory effects can help in
noise-assisted transport dynamics, which can be useful for real-
life applications. The simple site-pair unitary dynamics and
environment driven quantum jump model presented here is
ideal for discrete (digital) quantum simulation and provides
universality. Therefore, the same kind of framework can be
applied to model and study the dynamics in other chemical
complexes.
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