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Abstract

It is known that protein complexes involved in the photosynthesis are
remarkably efficient in transfering electronic energy between different
chromophores within the complex. It has also been shown experimen-
tally that these complexes, despite their physiological environment, do
sustain their quantum nature sufficiently long for it to last during the
time it takes for the energy transfer through the complex. These two
discoveries have raised the question whether the effiency of the transfer
could be enhanced by quantum effects in the system of chromophores.

The existence of entanglement in a system is a purely quantum prop-
erty that verifies a strong correlation between individual quantum sys-
tems. This correlation can also be measured by a property called non-
locality, which is a form of correlation that is stronger than what could
be achieved in a classical system.

In this report it is examined whether nonlocality exists between dif-
ferent pairs of chromophores in the Fenna Matthews Olson (FMO)
complex and how this is connected to the amount of entanglement.
In particular, it is tested in what way these correlation properties
are affected by different initial conditions, i.e., which chromophore is
initially excited.

When modeling the chromophores in the FMO-complex as a system
of qubits (quantum two-level systems, consisting of the ground and
excited state of each chromophore) in a closed system dynamics, it is
found that nonlocality indeed exists for some pairs of chromophores. It
seems like the choice of initial condition strongly affects for which pairs
of chromophores nonlocality is found. It is also seen that although
entanglement is a necessary condition for nonlocality to exist, the two
properties do not show a trivial time-correlation to each other.

Keywords: Nonlocality, quantum entanglement, light harvesting com-
plexes, electronic energy transfer.
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1 Introduction

In recent years, there has been an increasing interest in studying biological
systems in terms of information transfer between correlated quantum systems
[1, 2, 3, 4, 5]. This field of research connects chemistry to both physics and
biology and tries to investigate whether organisms and organic structures
may use quantum properties such as entanglement to improve several mech-
anisms. Especially complexes involved in photosynthesis have been heavily
studied since these complexes are known to have a very efficient electronic
energy transfer mechanism between excited state chromophores [6].

Usually these kind of quantum properties cannot be observed in a system
that interacts with an environment (a so called open system) since the
presence of this interaction removes the ”quantumness” in the system al-
most instantly. However it was recently discovered experimentally with two-
dimensional Fourier transform electronic spectroscopy [3] that a such a pro-
tein complex involved in photosynthesis does sustain its quantum nature for
much longer than expected. The same results were obtained by numerical
calculations with realistic decoherence effects [2, 5] and the question was
raised whether this protein complex actually is using the presence of quan-
tum entanglement to make the energy transfer between the chromophores
more efficient.

From quantum information theory, it is known [2, 7, 8] that a more effi-
cient information transport can be achieved when two or more individual
quantum states are entangled, that is; the state of the whole systems cannot
be described as a convex sum of products of individual states. It has been
shown [1] that the chromophores in this protein indeed possess this corre-
lation property, suggesting that the presence of quantumness allows a more
efficient energy transport in the complex [9]. This could serve as an expla-
nation of why a photosynthetic complex provides electronic energy transfer
(EET) with a quantum yield close to unity [5].

Another way of expressing the correlation in a system is the concept of non-
locality. It was originally introduced to contradict quantum theory as a
complete description of reality [10] and the name refers to the belief that
there were some ”local hidden variables” in the system that quantum me-
chanics did not take into account. Thus, for two systems A and B that at
some point in the past have been interacting, it should be possible to predict
the outcome on A without any information about B; the factors from the
past interaction was thought to be hidden in a set of variables. These local
variables then included all information about the system and events that
were separated in space-time should not influence each other.

The existence of nonlocality can be defined in terms of a criterion for a quan-
tity that can be formed for any system; classical or quantum mechanical. It
can be shown, though, that only for entangled quantum systems can this
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criterion be satisfied and hence is the correlation between the two systems
stronger than what could be achieved in a classical system. However, nonlo-
cality is a stronger condition than entanglement since there can be entangled
states that do not satisfy the criterion [11].

The motivation for this project is to connect the concept of nonlocality to the
system of a protein complex involved in the photosynthesis in green sulfur
bacterias and investigate whether this strong correlation property can exist in
such a system. This will be done by solving the time dependent Schrödinger
equation for the protein complex numerically. From this the time evolution
of the system will be known and used in the criterion for nonlocality to see
when and if this correlation exists between different pairs of chromophores
in the complex. In this way, nonlocality in the complex will be mapped as a
function of time for all possible combinations of chromophore pairs. It will
also be tested in what way different initial conditions (i.e. which chromophore
is initially excited while the other ones are still in their ground state) will
affect the process.

By getting insight into how and when these phenomena appear, it is pos-
sible that this knowledge can be used for the development of artificial light
harvesting complexes [12] in new types of solar cells [13, 14] .

Since previous studies [1, 2] on this topic only focused on entanglement and
how the presence of it could affect the energy transfer in photosynthetic
protein complexes, there is a new aspect of the problem to examine the cor-
relations between chromophores in a protein complex in terms of nonlocality.
The first step will then be to investigate the simplest approximation of this
system (no interactions with the environment and hence no temperature de-
pendence) to find out if nonlocality exists and - if it exists - draw conclusions
about the main features of this property in this system. This study can
then act as a platform for further studies and ideas of how to proceed in the
subject.

In this report a very simple model, based on the closed dynamic model (i.e.
the dynamics in the system when the interactions with the protein environ-
ment is not taken into account), is developed to simulate the event of excited
state relaxation before the energy reaches its terminal in the protein complex.

The outline of the thesis is as follows; next section presents the background
and the theory used when examining the problem. Section 3 describes the
methods used and also includes derivations of the formulas that were utilized
for the computations in Matlab. The results are presented and discussed in
section 4. The thesis ends with conclusions and outlook.
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2 Background

The background and theory for this project involves a lot of new concepts
and notations. When reading the following, it is important to keep in mind
that some formulas are written in a way that seems difficult and new, but in
the end it is just a compact way of expressing vector and matrix operations
and most of the calculations are merely basic linear algebra.

There are some concepts that are more important than others in this context
and these can thus be useful to introduce briefly already at this stage.

The existence of entanglement in a quantum system is a strong correlation
property. A correlation for a non quantum system could for example be a
rock splitted in two by an explosion. The two parts will be correlated in the
sense that measuring the momentum and angular momentum of one part,
will immediately give the results for such a measurement on the other part.
Entangled states are even stronger correlated than could ever be achieved in a
classical system. The amount of entanglement in a system can be calculated
in terms of concurrence.

Nonlocality is another way of describing correlations in a quantum system
that are stronger than correlations in non quantum system. In this case,
the formulation is in terms of a criterion that can only be satisfied if there
exists an entangled (quantum) system. At first sight it can be regarded
as unnecessary to introduce another way to study correlations in quantum
systems, but it will be shown further on that these two concepts differs from
each other considering some aspects.

Finally, a chlorophyll molecule is a type of chromophore and the words
will be used exchangeable for the part of the protein complex responsible
of light absorption. When talking about EET in the complex, this is also
refered to as a site. To distinguish the real system from the modeled one, the
term qubit will be used when refering to a site/chromophore/chlorophyll in
the system used for the calculations.

2.1 Light harvesting complexes

2.1.1 Photochemical reactions in photosynthetic organisms

Photosynthetic organisms such as vascular plants, algae and some bacteria,
are using the energy in (sun)light to synthesise carbohydrates from water
and carbon dioxide. The mechanism for capturing and conversion of energy
to chemical energy only differs slightly for these organisms and the process
of importance for all of them is to create Adenosine triphosphate (ATP) and
Nicotinamide adenine dinucleotide phosphate (NADPH) by light-induced re-
actions. ATP and NADPH acts as energy reservoirs and are used to drive the
carbon-assimilation reaction, i.e. the synthesis of reduced organic compounds
such as glucose.
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The process of the light-driven reactions, starts with the absorption of a
photon. This event takes place in special light-absorbing pigments (chro-
mophores). The most common type of such pigments are those from a group
called chlorophylls. There are many different types of chlorophylls, but the
shared features are a polyplanar, cyclic structure with a phythol side chain.
In the cyclic part, there are four inward-oriented nitrogen atoms that are
coordinated with a Mg2+-ion in the centre, see figure 1.
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Figure 1: The structure of a chlorophyll molecule (Bacteriochlorophyll a).

This kind of complex in a molecule has a very good absorption capacity in
the visible light region.

The chlorophylls are bound to a protein, forming a so called light-harvesting
complex (LHC), to keep their positions relative each other fixed. In this way,
the chlorophylls in the protein complex are arranged in a special pattern that
acts as a solid state structure. Some of the chlorophylls are located inside
a so called photochemical reaction centre and these have special properties
that make them able to convert the energy from the light into a charge
separation. The other chlorophylls are called antenna molecules since they
are responsible for harvesting photons.

When an antenna molecule absorbs a photon, it promotes an electron from its
ground state to a higher energy level. Instead of returning to its ground state
by fluorescence or emit the energy as heat, the position in the light harvesting
complex makes the chromophore able to transfer the excited state (also called
an exciton) to another chromophore. The exciton is in this way transfered
to the chlorophylls in the reaction centre. When one of these molecules is
in its excited state, the electron is captured by an electron acceptor close
to the chlorophyll which is then becoming negatively charged. The electron
missing in the chlorophyll is then replaced by an electron from an electron
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donor molecule, creating a positively charged electron hole. Thus, a charge
separation is achieved which in turn is used to drive chemical reactions.

2.1.2 The FMO complex

The system studied in this report is the Fenna Matthews Olson (FMO) com-
plex of green sulfur bacteria. The structure of this complex as well as its
site energies and coupling strengths (these terms will be explained further
on) between them, have been experimentally investigated by different spec-
troscopic methods [4] and it has been used as a model system for larger light
harvesting complexes for more than 25 years.

Unlike other light harvesting complexes, the FMO complex does not include
any antenna molecules but only chlorophylls connected to the reaction centre.
In other words it is not responsible for capturing the light energy but only
transfer it to the reaction centre. The antenna molecules are located nearby
as showed in figure 2.

Figure 2: The FMO-complex and its location between the antenna molecules
and the reaction centre.

The FMO complex consists of three identical units that function indepen-
dently. Each unit binds seven chlorophyll molecules. Hence it is suitable to
restrict the system studied to one of these units. The chromophores in one
unit and their relative position to each other are shown in close up in figure
3.
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Figure 3: The chromophores in the FMO-complex. The site energy for each
chromophore is given in units of cm−1 and the arrows indicates the strongest
couplings in the complex. All coupling terms can be found in the Hamiltonian
for the system, see appendix A.

As can be seen in figure 3, the chromophores are arranged in a sequence. Cal-
culations proposes that the most favourable orientation of the chromophores
are that chlorophylls 3 and 4 are the sites linked to the reaction centre [4].
Studies with masspectrometry [15] are also in accordance with this result
when examining the orientation of the protein complex. Since the structure
of the FMO is known [4], this implies that chlorophylls 1 and 6 are the ones
that gets excited first, why excitation of either of this two can be used as
initial condition for the exciton movement.

2.2 Quantum information

2.2.1 Quantum bits

A qubit or a quantum bit, is a superposition of the states representing a
classical bit (|0〉 and |1〉). The quantum state of the qubit can then be
written as

|ψ〉 = α|0〉+ β|1〉, (1)

where α and β are complex numbers. |α2| + |β2| = 1 in order to have a
normalized state.

It is important to keep in mind though that only by measuring on an infinite
set of identical prepared qubits, it is possible to find α and β and then to
determine the quantum state in equation (1).
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In the FMO-complex, each chromophore will be modeled as a two-level sys-
tem where |0〉 represents the state in S0 and |1〉 the state in S1 [5]. In this way,
the sequence of chromophores can the be treated as a seven qubit system.

2.2.2 Mixed quantum states and the density matrix

A pure quantum state can be represented by a state vector |ψ〉. This is for
example true for the state in equation (1).

For a quantum system that can be in a number of states |ψk〉 with probability
pk, the correct representation is a density matrix ρ defined by

ρ =
∑
k

pk|ψk〉〈ψk|. (2)

States that have to be represented by a density matrix are said to be mixed,
i.e. a mixture of pure states.

In order to find out whether a state is pure or mixed, the trace (i.e. the sum
of the elements in the main diagonal) of the density matrix can be calculated.
For a pure state, Tr(ρ2) = 1 while it is < 1 for a mixed state. In the case
of the system of the chromophores in the FMO-complex, the initial state
is pure, but the time evolution of the total state will ”spread” the state to
become a mixed one.

When a system is described by a density matrix, it is possible to investigate
the state of a subsystem by introducing the reduced density matrix. For a
system (with density matrix ρAB) that is a composition of the two systems
A and B, the reduced density matrix for system A is defined by

ρA = TrB(ρAB) =
dimB∑
k=1

〈bk|ρAB|bk〉. (3)

The reduced density matrix describes the subsystem A.

In the system of the FMO-complex, the two subsystems are any pair of
chromophores (system A) and the rest of the chromophores in the complex
(system B). In this case, dimB = 5 and |bk〉 are the state vectors forming
the space for these 5 chromophores.

2.2.3 The Bell inequality and the concept of nonlocality

As mentioned in the introduction, the quantum mechanical description of na-
ture was not accepted as a complete theory according to some very prominent
physicists like Einstein [10]. What bothers them was that this theory was
not consistent with a deterministic world, that is; a reality that is objective
and independent of an observer. This is not the case in the quantum world;
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a definite state will not appear until we interact with a system and hence
force the wave function to take the value of one of its possible outcomes. In
this sense, there is no meaning to ask what was before we observed.

In the critisism of quantum theory, it was attempted to prove that this de-
scription of reality was not able to maintain both realism and locality in
some quantum systems, where realism is the property for an observable to
be independent of an observer and locality refers to the physical impossibility
that a system would influence another system at distance.

In 1964, John Bell formulated the so called Bell inequality [16] that is a crite-
rion for two correlated systems to have independent probability distributions,
i.e. systems that fulfilled the conditions for realism and locality. It was also
shown that this criterion was violated for some entangled pair of quantum
systems and so they were said to have nonlocal correlations.

Among the Bell inequalities, there is a special form called the CHSH inequal-
ity. Associated to this is an operator B̂CHSH defined as [17, 18]

B̂CHSH = a · σ ⊗ (b + b′) · σ + a′ · σ ⊗ (b− b′) · σ, (4)

where a, a′,b and b′ are unit vectors in R3 and σ is a vector consisting of
Pauli matrices,

σx =

(
0 1
1 0

)
, σy =

(
0 −i
i 0

)
, σz =

(
1 0
0 −1

)
. (5)

The Bell inequality then implies that whenever |〈B̂CHSH〉| ≤ 2, the correla-
tions in the system are local. 〈B̂CHSH〉 = Tr(ρB̂CHSH) for the density matrix
ρ describing the system.

Since the value of 〈B̂CHSH〉 depends on the choice of basis, using this form of
the Bell inequality will require testing for different measurement directions.
Nevertheless, there is a criterion for violating the Bell inequality that is
directly applicable for any mixed two qubit state [17]. This criterion is based
on a quantity that maximizes the expectation value of the Bell operator in
equation (4) for the mixed state of two qubits. To see this, we first note that
any density matrix ρ for two qubits can be written as

ρ =
1

4

(
I ⊗ I + r · σ ⊗ I + I⊗ s · σ +

3∑
n,m=1

tnmσn ⊗ σm

)
(6)

with r and s being unit vectors in R3 and I is the 2× 2 identity matrix. The
first and second term are associated with qubit 1 and 2 respectively and the
last term includes information about their correlation to each other.

For this, one can form a quantity
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M(ρ) = λk + λl, (7)

where λk and λl are the two greatest eigenvalues of the matrix |Tρ|2 = T Tρ Tρ
with Tρ is given as

Tρ =

tx,x ty,x tz,x
tx,y ty,y tz,y
tx,z ty,z tz,z

 . (8)

The elements of Tρ are given as tn,m = Tr(ρσn ⊗ σm) (see equation (6)).

The Bell-inequality is violated if and only if M(ρ) > 1, that is, M(ρ) > 1
is the criterion for nonlocality to exist between two qubits in a mixed state.
The maximum value for M(ρ) is then equal to 2 since 2

√
M(ρ) ≤ 2

√
2.

2.2.4 Quantum entanglement and concurrence

Quantum entanglement is a necessary condition for the existence of nonlo-
cality. For a quantum state of two subsystems A and B, entanglement exists
if the total state cannot be written as a product of individual states [7]

ρAB =
∑
k

pkρ
k
A ⊗ ρkB. (9)

For two qubits, there is a measure of the amount of entanglement; concur-
rence. For all other systems, there are yet no analouge to concurrence since
it is a formidable task to investigate the system in all existing bases.

The concurrence C(ρ) can be calculated as [19]

C(ρ) = max(0,
√
λ1 −

√
λ2 −

√
λ3 −

√
λ4), (10)

where λi, i = 1, 2, 3, 4 are the eigenvalues, in decreasing order, for the non-
Hermitian matrix ρρ̃ with

ρ̃ = σy ⊗ σyρ∗σy ⊗ σy. (11)

2.3 The FMO complex as a seven qubit system

Since Green sulfur bacterias recieve very little sunlight in their natural habi-
tat [1], it is a convenient approximation that the FMO-complex only contains
one excitation at the time. This reduces the Hamiltonian for the system to
a 7 × 7-matrix (which is a subspace of the total Hamiltonian that forms a
128× 128-matrix, where the number 128 comes from the possibility to have
27 different states for 7 qubits).
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For Chlorobium tepidum (a green sulfur bacteria) a Hamiltonian for a closed
system dynamics (i.e. no interactions with the protein environment are
taken into account) for the FMO-complex (one monomer) excitation has
been formed by calculations based on the experimentally verified structure
of the complex [1]. It has the form

H =
∑
i

Ei|i〉〈i|+
∑
i 6=j

Jij|i〉〈j|, (12)

where Ei is the electronic excitation energy of chromophore i when being in
its excited state (described by |i〉) and Jij is the EET coupling term between
chromophore i and j. The coupling term is a parameter describing the elec-
trostatic interaction between the charge distribution of the two chromophores
and depends strongly on the dipole moment orientations of the molecules.
It can be calculated from the chromophore position in the protein complex
structure [4] and is related to the probability for exciton transfer between a
pair of chromophores.

Both the excitation energies and the coupling terms are given in a range
of -0,1 to 420 cm−1, indicating vibrational transitions. For the transitions
between chromophores, this energy transfer mechanism is radiationless. It
can be seen as a transition from an electronic excited donor of a vibrational
excited state to an electronic excited acceptor of a vibrational excited state,
depicting the chromophores as harmonic oscillators.

The explicit form of the Hamiltonian is found in appendix A and more infor-
mation about what the elements in the Hamiltonian represent are found in
appendix C. It should be noted, though, that there are other Hamiltonians
describing the FMO complex based on what experimental and theoretical
methods used to elucidate the excitation energies and dynamics of the pro-
tein [20]. The choice of Hamiltonian in this report is due to the possibility to
compare with previous studies on the existence of entanglement in the FMO
complex.

In order to find the total density matrix for the system, the time dependent
Schrödinger equation,

|ψ(t)〉 = e−
iHt
~ |ψ(0)〉 (13)

= c1(t)|1000000〉+ c2(t)|0100000〉+ . . .+ c7(t)|0000001〉

is solved for the two inititial conditions

|ψ(0)〉 = |1000000〉
and

|ψ(0)〉 = |0000010〉,
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representing initial excitation on site 1 or 6.

The coefficients in equation (13) can be used to form a density matrix for
the system. Thus, solving the time dependent Schrödinger equation for the
Hamiltonian given for the FMO-complex, will yield the density matrix for
the system, which in the site basis (i.e. the same basis as in equation (13)),
can be written as

ρ(t) =
7∑
i=1

ρii(t)|i〉〈i|+
7∑
i=1

7∑
j>i

ρij(t)|i〉〈j|+ ρ∗ij(t)|i〉〈j|. (14)

The reduced density matrix for a subsystem of two chromophores is then
given from equation (3). This matrix is of the form in equation (6) and
can be used to calculate M(ρ) in equation (7). In this way, the amount of
nonlocality (if it exists) between two chromophores in the FMO-complex will
be found as a time dependent function.
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3 Methods

3.1 Violating the Bell inequality for two qubits in the
FMO-complex

The first task of the project is to apply the criterion in equation (7) on the
general form of a reduced density matrix for two qubits in a single excitation
subspace of seven qubits.

3.1.1 Closed system dynamics

As was showed in the background part, the density matrix ρ(t) describing
the time evolution of the excited state in the FMO-complex in a closed sys-
tem, will be of the form in equation (14) and is found by solving the time
dependent Schrödinger equation in equation (13). Such evolutions are said
to be unitary. From this, a reduced density matrix describing the subsystem
of two chromophores i and j are found and will be of the form

ρ(ij) =


1− |ci|2 − |cj|2 0 0 0

0 |cj|2 c∗i cj 0
0 cic

∗
j |ci|2 0

0 0 0 0

 , (15)

∀i ∧ j ∈ {1, 2, .., 7}, i 6= j.

ci and cj are time dependent coefficients in equation (13) even though the
time dependence is not given explicitly.

This density matrix is of the form in equation (6) and can hence be used
to form the matrix |Tρ|2 in equation (8) that is used to find the quantity
M (ij)(ρ) in equation (7) for qubit i and j.

As an example, the tx,x - element in Tρ in equation (8) will be found by
calculating the trace of

ρ(ij)σx ⊗ σx =


0 0 0 1− |ci|2 − |cj|2
0 cic

∗
j |cj|2 0

0 |ci|2 c∗i cj 0
0 0 0 0

 , (16)

which is equal to cic
∗
j + c∗i cj. All the other elements are calculated in the

same manner resulting in

Tρ =

 cic
∗
j + c∗i cj i(cic

∗
j − c∗i cj) 0

i(c∗i cj − cic∗j) cic
∗
j + c∗i cj 0

0 0 1− 2|ci|2 − 2|cj|2

 . (17)
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|Tρ|2 = T Tρ Tρ yields

|Tρ|2 =

4|ci|2|cj|2 0 0
0 4|ci|2|cj|2 0
0 0 (1− 2|ci|2 − 2|cj|2)2

 . (18)

The eigenvalues are thus

{
λ1 = λ2 = 4|ci|2|cj|2
λ3 = (1− 2|ci|2 − 2|cj|2)2

. (19)

Since λ1 = λ2 are degenerated eigenvalues,

M (ij)(ρ) = max{2λ1, λ1 + λ3} = (20)

max{8|ci|2|cj|2, 4|ci|2|cj|2 + (1− 2|ci|2 − 2|cj|2)2}.

Whenever M (ij)(ρ) is greater than 1, there exists nonlocality between sites
i and j in the system of seven qubits. From equation (20) it can be seen
that this is true when ci and cj are large, i.e., when most of the excitation
energy is located on this pair of qubits. The maximum value of M (ij)(ρ)
is obtained when ci = cj = 1√

2
, which implies that the excitation energy is

entirely located on this pair, i.e., that all the other coefficients are zero.

Since ci and cj are time dependent coefficients, the amount of nonlocality will
change over time and it will be interesting to see how this variation behaves
for different pairs of qubits.

3.1.2 Open system dynamics

In open system dynamics, the interactions with the protein in which the
chromophores are embedded, are taken into account. There are different
ways of simulating the dynamics of an open system and a rigorous study
should include a more sophisticated model like the Lindblad equation [21]
for describing the non-unitary evolution of the density matrix. This is out
of reach for this project and as a simpler model it is chosen to introduce a
factor that takes radiative decay of the excitation into account by creating a
new reduced density matrix %(ij),

%(ij)(t) = e−
t
τ ρ(ij)(t) + (1− e−

t
τ )|00〉〈00| (21)

ρ(ij)(t) is the same as in equation (15) and is in other word received from
solving the Schrödinger equation in the closed system. τ is the life time for
the electronic excitation. Explicitly, the reduced density matrix is
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%(ij)(t) =


(1− |ci|2 − |cj|2)e−

t
τ + 1− e− t

τ 0 0 0

0 |cj|2e−
t
τ c∗i cje

− t
τ 0

0 cic
∗
je
− t
τ |ci|2e−

t
τ 0

0 0 0 0

 (22)

From this, the |Tρ|2-matrix in equation (18) is found to be

|Tρ|2 =

4|ci|2|cj|2e−
2t
τ 0 0

0 4|ci|2|cj|2e−
2t
τ 0

0 0 (1− 2e−
t
τ (|ci|2 + |cj|2))2

 . (23)

The eigenvalues are thus

{
λ1 = λ2 = 4|ci|2|cj|2e−

2t
τ

λ3 = (1− 2e−
t
τ (|ci|2 + |cj|2))2

(24)

and

M (ij)(ρ) = max{2λ1, λ1 + λ3} = (25)

max{8|ci|2|cj|2e−
2t
τ , 4|ci|2|cj|2e−

2t
τ + (1− 2e−

t
τ (|ci|2 + |cj|2))2}.

3.2 Finding the time evolution for the system

Next step in solving the problem is to find the coefficients that are used
in equation (19) by solving the Schrödinger equation for the system (see
equation (13)).

Since the time evolution for the seven qubit system is solved numerically
using Matlab, a three qubit, closed system, is solved analytically in order
to get better insight in how parameters like the coupling constant between
two chromophores influences the time dependence of the coefficients. The
calculations are found in appendix C.

3.3 Applying the criterion for nonlocality

The last step is to apply the criterion for nonlocality in the form deduced in
3.1 for the coefficients found in 3.2 .

Nonlocality is calculated numerically using Matlab for all possible qubit pairs
(that is

(
7
2

)
= 21) for both open and closed dynamics and also for the two

possible initial conditions (site 1 or 6 excited).

Since the existence of entanglement is a necessary condition in order to have
nonlocality in a system, the concurrence for all combinations of qubit pairs,
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dynamics and initial conditions is simultaneously calculated and included in
the graphs as a reference. The details about the calculations of the concur-
rence for the reduced density matrix of two qubits are found in appendix B.

The analytical solution for a special case of the three qubit system, can be
found in appendix C.
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4 Results and discussion

4.1 Closed system dynamics

For the closed system, nonlocality is found for the correlations between qubit
1 and 2 and 1 and 3 for initial excitation on qubit 1, and for qubit 5 and 6,
1 and 6 and 2 and 6 for initial excitation on qubit 6.

Chromophores 3 and 4 have lowest site energy (0 and 110 cm−1) and serve as
a sink where the exciton is captured and transmitted to the reaction centre.
Hence it would be interesting if nonlocality was found for a pair of qubits
including one of these two and one of the initially excited qubits (1 or 6 )
since this could be thought of as a ”short cut” for the energy transfer to
the reaction centre. This is the case for qubit 1 and 3 (for initial excitation
on qubit 1) even though the nonlocal correlation is just temporary and very
small.

When the initial excitation is on qubit 1, the nonlocal correlations are just
for the couplings to qubit 2 and 3 which might indicate that this part of
the sequence of qubits acts as a separate system when looking at this initial
condition.

For the other initial condition, excitation of qubit 6, the pattern is different.
In this case, qubit 6 forms nonlocal correlation with two qubits (1 and 2 ) on
”the other side” of the qubits connected to reaction centre (3 and 4 ) even
though the greatest amount of nonlocality is for the correlation with qubit
5.

If the strongest correlations in the network of qubits would be seen as the
main energy transfer path, it can be compared to the site energies of the chro-
mophores since it classically only should be allowed to have energy transfer
to a site lower in energy. Chromophore 6 has the highest site energy of all
chromophores in the complex (420 cm−1) and would classically be able to
tranfer excitation energy to any other chromophore. Maybe this is why ini-
tial excitation of qubit 6 provides nonlocality for the correlations with qubit
1, but not the other way around. On the other hand, qubit 1 does show a
great extent of nonlocality with qubit 2 even though this qubit has higher
site energy. The difference in site energy is smaller though and the coupling
is stronger for this pair than for qubit 1 and 6 .

A more detailed discussion for each pair of chromophores with nonlocal corre-
lations is found below. Site energies and coupling terms for all chromophores
are found in appendix A.

4.1.1 Initial excitation on site 1

The time dependence of the coefficients in equation (10), found from solving
the Schrödinger equation in the closed system dynamics, is shown in figure 4.

17



Since both quantities M(ρ) and C(ρ) are calculated from these coefficients,
the behaviours of them for different pairs of qubits can be understood by
comparing to the time evolution of the corresponding coefficients.

As can be seen in the figure, for initial excitation on qubit 1, the major part
of the exciton energy is located on qubit 1 (red) and 2 (green). These two
coefficients show a very regular oscillation pattern while the other coefficients
reveal a more irregular behaviour.
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Figure 4: Absolute values of the coefficients c1 (red), c2 (green), c3 (blue), c4
(cyan), c5 (magenta), c6 (yellow) and c7 (black) as a function of time when
site 1 is initially excited

The pair 1 and 2 (figure 5) forms the strongest coupling of all chromophore
pairs (J1,2=-96 cm−1) and there is also another noticeable feature for this
couple; chromophore 2 has a higher site energy than chromophore 1 . This
means that the energy transfer from the initially excited chromophore 1 (exci-
ton donor) to chromophore 2 (exciton acceptor) will require additional energy
if the system would be seen as a composition of two separable subsystems.
Maybe the great extent of nonlocality (and hence entanglement) will serve
as an explanation of why this exciton transfer anyway occurs. The causality
is not obvious though and it might also be the other way around; nonlocality
is existing because of the exciton transfer.

The pair 1 and 3 (figure 6) show correlation that is slightly nonlocal at the
peak at 300 fs (figure 6). As all non closest neighbours couples, this pair is
only weakly coupled (J1,3=5 cm−1) indicating that there are other parameters
than the amount of coupling influencing the existence of nonlocality.
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Figure 5: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 1 and 2 as a function of
time when site 1 is initially excited
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Figure 6: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 1 and 3 as a function of
time when site 1 is initially excited

4.1.2 Initial excitation on site 6

The time dependence for the coefficients for this initial condition is found
in figure 7. In this case the excitation energy is mainly located on qubit 5
(magenta) and qubit 6 (yellow). Just as for the coefficients for qubit 1 and
2 when the initial excitation is on qubit 1, these coefficients show regular
oscillations. So do most of the other coefficients as well, but with lower
amplitude. Since there are more cofficients with irregular oscillation pattern
for initial excitation on qubit 1 than for qubit 6, one could predict more pairs
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of chromophores showing a regular pattern for C(ρ) and M(ρ) when looking
at initial excitation on qubit 6 than qubit 1. This can be seen in the figures
presented here, but also in the figures in the separate appendix.
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Figure 7: Absolute values of the coefficients c1 (red), c2 (green), c3 (blue), c4
(cyan), c5 (magenta), c6 (yellow) and c7 (black) as a function of time when
site 6 is initially excited
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When the initial excitation is on site 6, the largest amount of nonlocality
is found between qubit 5 and 6 (figure 8). Unlike the correlation for qubit
1 and 2 with initial excitation on site 1 , the time-correlation between the
amount of entanglement (calculated as concurrence) and the nonlocality is
not as significant as it is for qubit 1 and 2.

Chromophore 5 and 6 are the next strongest coupled pair (J5,6=78,3 cm−1)
and so it seems like for the pairs 1 and 2 and 5 and 6, there is an agreement
between the coupling strength and the amount of nonlocality. As noted
before, there seems to be some other conditions that has to be fulfilled at
the same time for nonlocality to exist. For example, chromophore 4 and 7
are strongly coupled as well (-67 cm−1) but still do not satisfy the criterion.
One condition could be that nonlocality only exist between two qubits if one
of them is the target for initial excitation. This hypothesis is also consistent
with equation (20) together with figures 4 and 7, where it can be seen that a
large portion of the excitation energy is located on the initially excited qubit.
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Figure 8: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 5 and 6 as a function of
time when site 6 is initially excited

Some additional figures that show interesting behaviours are found in a sep-
arate appendix.
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Figure 9: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 1 and 6 as a function of
time when site 6 is initially excited
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Figure 10: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 2 and 6 as a function of
time when site 6 is initially excited

4.2 Open system dynamics

The open system dynamics shows similar behaviour as the closed system,
but with damping. Since the fluorescence life time for an excited state in
the FMO-complex was found to be in the scale of nanoseconds, this does
not affect the dynamics at all in the time range studied (up to 1 ps) and
instead a somewhat artificial excited state life time of 1 ps was used in the
simulations. This can perhaps be within the time scale for the excited state
relaxation by internal conversion.
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Nonlocal correlations is found between qubit 1 and 2 for initial excitation on
qubit 1 and for qubit 5 and 6 for initial excitation on qubit 6 .

Worth mentioning is that concurrence is not as affected by the damping as
the amount of nonlocality is. This is probably due to that concurrence is
proportional to the absolute value of the coefficients (see appendix B) while
the quantity for nonlocality is proportional to the square of them. Neither
of the periodicities are affected by this simulation of an open system. For a
more comprehensive discussion, see below.

4.2.1 Initial excitation on site 1

For this initial condition, nonlocal correlation is only found between qubit 1
and 2 (figure 11) and it only lasts for about 270 fs, constanstly decreasing.
As already noted, there is a distinction between how entanglement and non-
locality are affected by the damping process. It seems like entanglement is a
more robust quantum property than nonlocality in presence of damping.
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Figure 11: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 1 and 2 as a function of
time when site 1 is initially excited
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4.2.2 Initial excitation on site 6

The correlation between qubit 5 and 6 (figure 12) when initial excitation is
on qubit 6, shows similar behaviour as qubit 1 and 2 above; the amount of
nonlocality decreases strongly and lasts only for about 80 fs while concurrence
is more stable over time.
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Figure 12: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 5 and 6 as a function of
time when site 6 is initially excited
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5 Conclusions and outlook

This project has contributed to the investigations of the FMO-complex in
considering the nonlocality between different qubits in the system rather
than the entanglement as in previous studies.

The computations show that nonlocality does exist for some pairs of qubits
in the system. The greatest extent of violation of the Bell inequality is found
for qubit 1 and 2 when initial excitation is on qubit 1 . The observations for
nonlocality in the system studied can be summarized as:

• The amount of nonlocality strongly depends on which site is initially
excited and is only observed for those qubit pairs where one of them
receives the initial excitation of the system.

• Entanglement and nonlocality always occurs simultaneously, but they
do not show a trivial time-correlation. For pairs of qubits that do not
satisfy the criterion for nonlocality, they can even be completely out of
phase.

• The coupling strength between the chromophores seems to influence
the amount of nonlocality. However this is not the only requirement to
have nonlocality in a system since there are examples of pairs of chro-
mophores with little coupling that anyhow show nonlocality. There are
also pairs that forms strong couplings but do not satisfy the criterion.

• It seems like nonlocality is more sensitive than entanglement to open
system effects.

Even though a persistent existence of nonlocality is only verified for a closed
system dynamics, it provides some useful information about the system and
acts as a first step for a deeper investigation of quantum correlations in
systems like the FMO-complex.

For a more rigorous study it is necessary to use a model that simulates the
dynamics of an open system in a more realistic manner. This could for
example be done by solving the Lindblad equation for the system instead of
the Schrödinger equation. Without including such open system effects, there
is a lack of important effects for the energy transport. This can be seen when
looking at the time evolution of the excitation energy in figures 4 and 7; the
exciton is just oscillating in a reversible manner and never really reaches the
qubits 3 and 4, which are connected to the reaction centre.

Except of using a better method for simulating the dynamics in the protein
complex, it could also be interesting to extend the study to have more than
one excitation at the time. The single excitation approximation was appro-
priate for the FMO-complex since the organism in where it is found recieve
very litte light, but may not be as convenient if looking at light harvesting
complexes in plants.
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Since the site energies and coupling terms seems to affect which qubits having
nonlocal correlation, another aspect could be trying to improve the chances to
find nonlocality by systematically modifying the Hamiltionian for the system.
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A Appendix: The Hamiltonian

The FMO-Hamiltonian for C. tepidum in the site basis is given as

H =



200 −96 5 −4.4 4.7 −12.6 −6.2
−96 320 33.1 6.8 4.5 7.4 −0.3

5 33.1 0 −51.1 0.8 −8.4 7.6
−4.4 6.8 −51.1 110 −76.6 −14.2 −67
4.7 4.5 0.8 −76.6 270 78.3 −0.1
−12.6 7.4 −8.4 −14.2 78.3 420 38.3
−6.2 −0.3 7.6 −67 −0.1 38.3 230


(26)

It is calculated in units of cm−1 with a total offset of 12 210 cm−1.
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B Appendix: Calculation of the concurrence

for two qubits in the FMO-complex

B.1 Closed system dynamics

The concurrence C(ρ) for a density matrix describing a mixed state of two
qubits, is given in equation (10). In this case, the density matrix of interest
is the reduced density matrix in equation (15). From equation (5) the Pauli
matrix σy is known. Inserting this to equation (11) yields

ρ̃ =


0 0 0 0
0 |ci|2 c∗i cj 0
0 cic

∗
j |cj|2 0

0 0 0 1− |ci|2 − |cj|2

 . (27)

ρρ̃ =


0 0 0 0
0 |cicj|2 + c∗i cjcic

∗
j 2|cj|2c∗i cj 0

0 2|ci|2cic∗j cic
∗
jc
∗
i cj + |cicj|2 0

0 0 0 0

 . (28)

Since c∗i cjcic
∗
j = cic

∗
jc
∗
i cj = |cicj|2;

ρρ̃ =


0 0 0 0
0 2|cicj|2 2|cj|2c∗i cj 0
0 2|ci|2cic∗j 2|cicj|2 0
0 0 0 0

 . (29)

In order to get the eigenvalues, the equation det(ρρ̃− λI) has to be solved.
Laplace’s formula for determinants for a n×n matrix yields (expansion of the
first column)

det(ρρ̃− λI) =
4∑

k=1

(−1)k+1(−λ)Mk,1 = (−λ)M1,1, (30)

where

M1,1 =

∣∣∣∣∣∣
2|cicj|2 − λ 2|cj|2c∗i cj 0
2|ci|2cic∗j 2|cicj|2 − λ 0

0 0 0

∣∣∣∣∣∣ . (31)

The eigenvalues are thus{
λ1 = λ2 = λ3 = 0
λ4 = 4|ci|2|cj|2

. (32)

That is, the concurrence for the entanglement between qubit i and j is given
by

C(ij)(ρ) = max{0, 2|ci||cj|}. (33)
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B.2 Open system dynamics

The reduced density matrix for the open system is found in equation (22).
Using the same procedure as in the closed dynamic case,

%%̃ =


0 0 0 0

0 2|cicj|2e−
2t
τ 2|cj|2c∗i cje−

2t
τ 0

0 2|ci|2cic∗je−
2t
τ 2|cicj|2e−

2t
τ 0

0 0 0 0

 . (34)

Solving in the same way as for the closed dynamic case, the eigenvalues are
found to be

{
λ1 = λ2 = λ3 = 0

λ4 = 4|ci|2|cj|2e−
2t
τ
. (35)

That is, the concurrence for the entanglement between qubit i and j is given
by

C(ij)(%) = max{0, 2|ci||cj|e−
2t
τ }. (36)
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C Appendix: Analytical solution of a three

qubit system

C.1 Finding the time evolution for the system

The Hamiltonian in equation (12) is used, but only the coupling for nearest
neighbours are taken into account as an approximation, i.e. the term for the
coupling between the first and the third site is set to zero.

The equation to be solved is the same as equation (13), but for three qubits:

|ψ(t)〉 = e−
iHt
~ |ψ(0)〉 (37)

= c1|100〉+ c2|010〉+ c3|001〉

with |ψ(0)〉 = |100〉

Using the condition that Jn,m = 0 whenever n = 1,m = 3 or n = 3,m = 1,
the Hamiltonian will look like

H =

E1 J1,2 0
J2,1 E2 J2,3
0 J3,2 E3

 . (38)

A Hermitian, complex matrix can be written as H = UDU † where U is the
unitary matrix (UU † = U †U = I) and D is the diagonalized form of H. The
elements in D are the eigenvalues of H and are as usual found by solving
the secular equation det(H − λI) = 0. The unitary matrix consists of the
eigenvectors belonging to these eigenvalues. The equation in (37) can then
be written as

|ψ(t)〉 = Ue−
iDt
~ U †|ψ(0)〉. (39)

C.1.1 Special case: E1 = E2 = E3 = 0

The Hamiltonian is

H =

 0 J1,2 0
J2,1 0 J2,3
0 J3,2 0

 . (40)

The eigenvalues are:
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det(H − λI) = −λ[(−λ)(−λ)− J3,2J2,3]− J1,2J2,1(−λ)] (41)

= −λ[λ2 − J2
2,3 − J2

1,2]

=⇒ λ2 = J2
2,3 + J2

1,2

=⇒ λ = ±
√
J2
2,3 + J2

1,2 = ±J,

since H is Hermitian and the J-terms are real numbers (Jn,m = J∗m,n = Jm,n).

∵


λ1 = J
λ2 = −J
λ3 = 0,

=⇒ D =

J 0 0
0 −J 0
0 0 0

 . (42)

To find the unitary matrix corresponding to this matrix, the eigenvectors of
H was found by inserting the eigenvalues, each at a time, into Hūi = λiūi,
where ūi is the eigenvector corresponding to λi. The eigenvectors then have
to be normalized, i.e. 〈ui||ui〉 = 1.

λ1 = J :


J1,2u1,2 = Ju1,1
J1,2u1,1 + J2,3u1,3 = Ju1,2
J2,3u1,2 = Ju1,3

, (43)

=⇒


u1,1 = J1,2u1,2

J

u1,2 = t

u1,3 = J2,3u1,2
J

, (44)

=⇒ ū1 = t

J1,2
J

1
J2,3
J

 . (45)

In the same manner:

λ2 = −J :

=⇒ ū2 = t

−J1,2J

1
−J2,3
J

 . (46)
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λ3 = 0 :

=⇒ ū3 = t

 1
0
−J1,2
J2,3

 . (47)

Normalization of u1 :

〈u1||u1〉 = [t2(
J2
1,2

J2
+ 1 +

J2
2,3

J2
)]

1
2 (48)

= t[
J2
1,2 + J2

2,3

J2
]
1
2 = t

1√
2

= 1

=⇒ t =
1√
2
,

=⇒ ū1 =
1√
2

J1,2
J

1
J2,3
J

 . (49)

In the same manner:

=⇒ ū2 =
1√
2

−J1,2J

1
−J2,3
J

 . (50)

=⇒ ū3 =
J2,3
J

 1
0
−J1,2
J2,3

 . (51)

ū1, ū2 and ū3 are the columns in the unitary matrix,

U =


J1,2√
2J

−J1,2√
2J

J2,3
J

1√
2

1√
2

0
J2,3√
2J

−J2,3√
2J

−J1,2
J

 . (52)

U † =


J1,2√
2J

1√
2

J2,3√
2J

−J1,2√
2J

1√
2

−J2,3√
2J

J2,3
J

0 −J1,2
J

 . (53)

As a test, it was verified that UU † = U †U = I where I is the unity matrix.

Ue−
iDt
~ U † will form a 3× 3-matrix that can be written
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A =

a1,1 a1,2 a1,3
a2,1 a2,2 a2,3
a3,1 a3,2 a3,3

 . (54)

Using this in equation (39),

|ψ(t)〉 = Ue−
iDt
~ U †|ψ(0)〉 = A|ψ(0)〉 (55)

= A|100〉 = |a1,1a2,1a3,1〉 = a1,1|100〉+ a2,1|010〉+ a3,1|001〉.

Comparing this with equation (37), one can see that c1 = a1,1, c2 = a2,1 and
c3 = a3,1, so the coefficients can be found by calculating this elements from

Ue−
iDt
~ U † = U

e−iJt
~ 0 0

0 e
iJt
~ 0

0 0 1

U †. (56)

With the notation that un,m is the element in row n and column m in the
unitary matrix U, the wanted elements can be expressed as

a1,1 = e−
iJt
~ u21,1 + e

iJt
~ u21,2 + u21,3 (57)

=
e−

iJt
~ J2

1,2

2J2
+
e
iJt
~ J2

1,2

2J2
+
J2
2,3

J2

=
1

J2
(J2

1,2

(e
iJt
~ + e−

iJt
~ )

2
+ J2

2,3)

=
1

J2
(J2

1,2 cos(
Jt

~
) + J2

2,3) = c1.

a2,1 = e−
iJt
~ u2,1u1,1 + e

iJt
~ u2,2u1,2 + u2,3u1,3 (58)

=
e−

iJt
~ J1,2
2J

− e
iJt
~ J1,2
2J

−iJ1,2
J

(e
iJt
~ − e− iJt~ )

2i

= −iJ1,2
J

sin(
Jt

~
) = c2.
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a3,1 = e−
iJt
~ u3,1u1,1 + e

iJt
~ u3,2u1,2 + u3,3u1,3 (59)

=
e−

iJt
~ J1,2J2,3
2J2

+
e
iJt
~ J1,2J2,3

2J2
− J1,2J2,3

J2

=
J1,2J2,3
J2

(
(e

iJt
~ + e−

iJt
~ )

2
− 1)

=
J1,2J2,3
J2

(cos(
Jt

~
)− 1) = c3.

As a test, it was verified that c21 + c22 + c23 = 1.

All the coefficients are time dependent, i.e. ci = ci(t), i = 1, 2, 3 and it was
verified that these coefficients do fullfill the initial condition |ψ(0)〉 = |100〉.

C.2 Applying the criterion for nonlocality

To investigate nonlocality, the qubits was studied pairwise and the corre-
sponding coefficients was used in equation (19) to calculate the eigenvalues
λi where λ1 = λ2 is degenerate.

C.2.1 Special case: E1 = E2 = E3 = 0

Qubit 1 and 2:

λ1 = λ2 = 4|c1|2|c2|2 = (60)

=
4J2

1,2

J6
sin2(

Jt

~
)[J4

1,2 cos2(
Jt

~
) + 2J2

1,2J
2
2,3 cos(

Jt

~
) + J4

2,3].

λ3 = (1− 2|c1|2 − 2|c2|2)2 (61)

= (1− 2

J4
[J4

1,2 cos2(
Jt

~
) + 2J2

1,2J
2
2,3 cos(

Jt

~
) + J4

2,3]−
2J2

1,2

J2
sin2(

Jt

~
))2.

As a special case, J1,2 = J2,3 = J√
2

was studied:

λ1 = λ2 = 2 sin2(
Jt

~
)[

cos2(Jt~ )

4
+

2 cos(Jt~ )

4
+

1

4
] (62)

= sin2(
Jt

~
)[cos(

Jt

~
) + 1]2.

λ3 = (1− 1

2
[cos(

Jt

~
) + 1]2 − sin2(

Jt

~
))2. (63)

37



Qubit 1 and 3:

For the special case with J1,2 = J2,3 = J√
2

λ1 = λ2 = 4|c1|2|c3|2 = (64)

1

4
(cos(

Jt

~
) + 1)2(cos(

Jt

~
)− 1)2.

λ3 = (1− 2|c1|2 − 2|c3|2)2 (65)

= (1− 1

2
(cos(

Jt

~
) + 1)2 − 1

2
(cos(

Jt

~
)− 1)2)2.

Qubit 2 and 3:

For the special case with J1,2 = J2,3 = J√
2

λ1 = λ2 = 4|c2|2|c3|2 = (66)

1

2
sin2(

Jt

~
)(cos(

Jt

~
)− 1)2.

λ3 = (1− 2|c2|2 − 2|c3|2)2 (67)

= (1− sin2(
Jt

~
)− 1

2
(cos(

Jt

~
)− 1)2)2.
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Appendix: Additional figures

Closed system dynamics
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Figure 1: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 3 and 4 as a function of
time when site 1 is initially excited
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Figure 2: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 3 and 6 as a function of
time when site 1 is initially excited
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Figure 3: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 4 and 7 as a function of
time when site 1 is initially excited
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Figure 4: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 1 and 2 as a function of
time when site 6 is initially excited
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Figure 5: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 3 and 4 as a function of
time when site 6 is initially excited
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Figure 6: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 3 and 5 as a function of
time when site 6 is initially excited
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Figure 7: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 4 and 5 as a function of
time when site 6 is initially excited
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Figure 8: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 4 and 6 as a function of
time when site 6 is initially excited
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Figure 9: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 4 and 7 as a function of
time when site 6 is initially excited
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Figure 10: Amount of nonlocality (blue curve) and entanglement (red curve)
in a closed system for the correlation between qubit 6 and 7 as a function of
time when site 6 is initially excited



Open system dynamics
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Figure 11: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 1 and 3 as a function of
time when site 1 is initially excited
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Figure 12: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 3 and 4 as a function of
time when site 1 is initially excited
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Figure 13: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 1 and 2 as a function of
time when site 6 is initially excited
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Figure 14: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 1 and 6 as a function of
time when site 6 is initially excited
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Figure 15: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 2 and 6 as a function of
time when site 6 is initially excited
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Figure 16: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 3 and 4 as a function of
time when site 6 is initially excited
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Figure 17: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 3 and 5 as a function of
time when site 6 is initially excited
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Figure 18: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 4 and 5 as a function of
time when site 6 is initially excited
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Figure 19: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 4 and 6 as a function of
time when site 6 is initially excited
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Figure 20: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 4 and 7 as a function of
time when site 6 is initially excited
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Figure 21: Amount of nonlocality (blue curve) and entanglement (red curve)
in an open system for the correlation between qubit 6 and 7 as a function of
time when site 6 is initially excited
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