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Green sulfur bacteria is a photosynthetic organism whose light-harvesting complex accommodates a pigment-protein complex called Fenna
Matthews-Olson (FMO). The FMO complex sustains quantum coherence and quantum correlations between the electronic states of 7 sep
arated chromophores as energy moves with nearly &1@@antum efficiency to the reaction center. We present a method based on the
guantum uncertainty associated to local measurements to quantify discord-like quantum correlations between two subsystems where one |
a qubit and the other is a qudit. We implement the method by calculating local quantum uncertainty (LQU), concurrence, and coherence
between subsystems of pure and mixed states represented by the eigenstates and by the thermal equilibrium state determined by the FM
Hamiltonian. Three partitions of the seven chromophores network define the subsystems: one chromophore with six chromophores, pair:
of chromophores, and one chromophore with two chromophores. The robustness of the LQU method allows quantification of quantum
correlations that had not been studied before, identification of the strongest correlations in qubits networks , and a possible implementation
in dynamical models to study efficient energy transport pathways. Finally, we take the LQU of the most quantum correlated subsets of
chromophores as the signature of the non-classicity of the system to study physical properties such as populations, energy fluctuations, an
specific heat. We find that a Schottky-like anomaly in the specific heat identifies the availability of energy levels, which in turn define the
relation between a measurable macroscopic magnitude and non-classical resources.
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1. Introduction port the FMO complex sustains electronic coherence between
the seven chromophores. Coherence lasts for at least 300 fs
In the initial stage of photosynthesis, light is absorbed byat room temperature, long enough to impact energy trans-
pigment-protein complexes (PPC) and the electronic excitafer dynamics [8-10]. In the FMO protein, the functional
tion energy is transfered to a reaction center (RC), where #pole of coherence manifests in an interplay between coher-
charge separation reaction occurs [1]. ent dynamics of the system and incoherent effects of envi-
Green sulfur bacteria is a photosynthetic organism whosE&Pnment that assists quantum transport efficiency [4, 11-14].
light harvesting complex is composed of a chlorosome anSUPsequent two-dimensional electronic spectroscopy experi-
tenna anchored to aggregates of a protein called Fennglents [15,16] a}nd atheoretical examination [17] demonstr.ate
Matthews-Olson complex (FMO) [2, 3]. The FMO complex that the excitation coherently moves through two al'tern.a'twe
serves as a quantum wire that delivers electronic energy frofanergy transfer pathways depending on the site that s initially
the chlorosome to the RC with a quantum efficiency close t&*Cited-
100% [4]. Quantum correlations between different parts of a system

The FMO complex is a trimeric protein of identical sub- are a true signature of their non-classical nature. Quantum
units which function independently of each other. Subunitgliscord is a quantifier of quantum correlations that includes
of the FMO complex consist of twg sheets that form a hy- €ntanglement as a subset and is more robust than entangle-
drophobic pocket which holds 7 strongly coupled pigmentment against environment influences [19, 20]. Quantum dis-
molecules, called chromophores or bacteriochlorophglls cord can be exploited as a useful resource to perform tasks
(BChla) [2, 3]. in manners that are classically impossible like the implemen-

Quantum coherence can be used as an operational (fation of quantum computation and quantum communication

source to acomplish tasks that would not be possible by clag2"0tocols [21-26].
sical means [5—7]. Ultrafast two-dimensional electronic spec- Investigations in the energy transfer dynamics of the
troscopic experiments have revealed that during energy tran&MO complex have revealed the existence of bipartite and
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global entanglement between the electronic states of spatiallgssociations in qubits networks. The identification of the
separated chromophores [14, 27-31]. These studies of exa@trongest associations as subsystems of three sites serves to
tation dynamics in the FMO protein show that entanglementnvestigate whether it is possible to relate quantum corre-
lasts for 1-2 ps under Markovian models and for over 4 ps untations with energy transport pathways. Finally, we take
der more accurate non-Markovian models. According to theéhe LQU of the most quantum correlated subsets of chro-
authors, the fact that the entanglement lifetime is comparableophores as the signature of the non-classicity of the sys-
with the timescale of energy transfer in the FMO complex,tem to study physical properties such as populations, energy
a few picoseconds, suggests that quantum correlations mdljctuations, and specific heat. This analysis shows that the
benefit excitation transport. Interestingly, quantum discordavailibility of energy levels determined by increasing temper-
between pairs of chromophores lives for longer times tharature dictates the relation between a measurable macroscopic
entanglement [29]. A functional role for quantum correla- magnitude and non-classical resources.
tions in pigment-protein complexes is consistent with coher-  This paper is organized as follows: Sec. 2 describes the
ence enhancing properties of energy transport like efficiencgquantum states that emerge from the excitonic Hamiltonian
or robustness [4, 11-14]. We believe that the results of reef the FMO complex; Sec. 3 describes the aspect of quan-
cent research where it is demonstrated that entanglementtism coherence that defines it as a quantifiable resource to
maximum along the two electronic energy transfer pathway®e consumed in quantum information protocols; Sec. 4 de-
also support the idea of a functional role for quantum cor-velops the LQU method of quantifying quantum correlations
relations [32—34]. Three investigations have studied the rolén a chromophores network; Sec. 5 shows results of LQU,
that non-classical correlations between chromophores play iooncurrence and coherence in subsystems of pure and mixed
energy transmission efficiency: two of them [35, 36] did notstates of the FMO complex; finally, in section 6 we present an
find any conclusive results and the third [37], with positive overview of the implementation of the LQU approach: use-
results, was subject to harsh criticism from the group whdulness, advantages, limitations and scope.
first quantified entanglement in the FMO protein [30].

Th_e minimum quantum contribution tq the uncertai.nty 2. Model for the FMO complex chromophores
associated to the measurement of composite systems with lo- network
cal observables is known as local quantum uncertainty (LQU)
[38]. Recently, it has been proved that LQU meets the criteThe EMO protein is a trimer constituted of three identical
ria for a discord-like quantifier of quan_tum correlations. The monomers which function independently. For this reason, we
LQU approach has been used as a reliable measure to chargge ;sed on electronic energy transfer (EET) in only one of the
terize nonclassical correlations in a few frameworks [39-44].,onomers. Each monomer has a 7 chromophores network

The general motivation for studying coherence and quansmpedded in its structure. In the network, wave functions

tum correlations in light-harvesting structures is that the pregf the chromophores are distant enough from each other to
cise characterization of these quantum resources is essentigl,er|ap,

on the one hand, for understanding their functional relation  The electronic state of chromophore goes from its

with the energy transfer mechanism and, on ther Other, to bground statdmg> to the first excited electronic Statme>
able to construct naturally robust quantum devices based qjjnen it absorbs a photon from the light-harvesting com-
that mechanics. Our principal aim is to demonstrate that thgjex. EET through the chromophores network takes place

Local Quantum Uncertainty is a highly flexible, robust, andgne excitation at the time so we use the site bélsig } with
consistent metric to characterize quantum correlations, whicy, — 1 7.

is and a novel approach that had not been studied before. We Im) = |me) H Ing), (1)
determine the Local Quantum Uncertainty in subsets of the i I
chromophores network in a Gibbs thermal ensemble becau

n#m

Where the base vectdm) stands for siten in the excited

MLtate while the rest of the sites are in the ground state. The
Mholecular state represented py) is called a site exciton.
Thus, the excitonic HamiltoniaH is expressed as:

correlated at long times depends on the thermal equilibriu
state reached by the system.

Specifically, we implement the LQU method in subsys-
tems of pure and mixed states represented by the eigenstates 7
and by the thermal equilibrium state determined by the FMO H= Z Epn|m)(m| + Z Vinn |[m) (nl, @)
Hamiltonian from Chlorobium tepidum. Remarkable advan- m=1 m#n
tages of the LQU approach discussed in this work over othewhere site energiek,,, are the optical transition energies for
methods are: LQU is a discord-like quantifier of quantumeach site and interaction terrifs,,, of energy transfer corre-
correlations so it is more general than the entanglement basegpond to dipole-dipole electric interactions between pairs of
techniques, LQU is easier to calculate than direct definitiorsite excitons.
of quantum discord, the LQU approach can be readily imple-  Adolphs and Renger [45] calculated individual excitation
mented in dynamical systems, and the LQU method flexibil-energiesE,,, running a genetic algorithm that takes site en-
ity allows to describe the sets with the strongest non-classicargies as parameters that are optimized to fit experimental
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linear absorption spectra and linear and circular dichroismaverage under selective incoherent operations (strong mono-
interaction termd/,,,,, were calculated using structural data tonicity), C' does not increase under mixing of quantum states

from the FMO protein crystal. (convexity). Thel; norm of coherencé€’;, [5, 6] defined by:
We find the delocalized exciton eigenstafgd/)} and
energy eigenvalueg ;} by solving the Hamiltonian eigen- Cr(p) = > Ipijls (8)
value equation: i#j
H|M) = enm|M), (3)  fulfills the former conditions so we will use it as a proper

measure of coherence. Fordadimensional Hilbert space
with a reference basi§|i)};—o.... 4—1 the maximally coher-
ent state is:

d—1
M) = epllm), 4) W y) = %Zm. 9)
m 0

M o : . . For the statg¥,) the I, norm of coherence’;, takes the
wherec;,, is the probability amplitude associated to eigen value:Cy, (|W4)) = d — 1. We have introduced the quantifi-

state| M) for sitem to be in the excited state. Each eigenstate

{|M)} has associated a density matfp,} whose repre- able aspect of coherence to compare it with quantum corre-
sentation in the site basis reads: lations and to investigate the relation between two different

quantum resources.
par = [M)(M| =" 2 m) (n], 5) o
mn 4. Quantum correlations in C? @ C? systems

where the density matrix elements of the eigenstates are:

with M = 1,...,7. Eigenstateg|M)} are a quantum super-
position of site excitons:

.....

The first proposals for measuring the non-classical share of
correlations were based on the nonseparability of the subsys-
tems stateg,e., quantum entanglement. However, entangle-
ment does not account for all non-classical correlations be-
cause separable mixed states usually contain quantum corre-
lations. Quantum discord is a more general quantifier of non-
classical correlations than the entanglement based ones [48].

Ain = Cm G (6)
and the superindeX/ indicates the eigenstate they belong to.

If the system is in thermal equilibrium the mixed state can
be written as:

1 1 Quantum discord is based on the idea that by measuring one

Pt = 7 Xp (—0H) = 7 ZeXp (=Benr) [M)(M] of the subsystems one can extract the share):j classicalgi]nfor-
M mation. Except for a few simple cases quantum discord is

— Z A Im)(n], hard to compute, nevertheless a seemingly disadvantageous
mn feature of quantum mechanics (uncertainty) provides an eas-

ier method for calculating quantum discord.
There is a close link between quantum-induced uncer-
tainty and quantum correlations that can be exploited to es-
1 tablish a discord-like quantifier of quantum correlations [38].
Mo = 7 ZeXp (—Bem) A, (7)  In quantum systems the measurement uncertainty may have
M classical and quantum contributions. If the state to be mea-

whereZ = tr{exp (—(H)} is the partition functiong =
1/kpT is the thermal energy factor and:

are the density matrix elements when the state is spanned ?r%”ed s incohere_nt_in the_ observablg eigenbasis the measure-
terms of the site basis. ment outpl_Jt statistics will be c_la_ss_lcal. n_1ea_sureme_nt of a
pure state is completely deterministic and it will exhibit zero
variance but for mixed states the contribution to the variance
3. Coherence as a quantifiable resource comes from classical uncertainty due to the mixedness of the
state. In states displaying coherence, the measurement uncer-
In quantum information science, coherence is used as a réainty has two contributions, apart from the classical random-
source that is consumed to perform tasks that are not possibieess that comes from the mixing, there is a quantum random-
by classical means. The resource theory for coherence inteness that is intrinsic to coherence. This quantum randomness
prets physical laws as constraints on the set of free quantumanifests in the interference pattern of the outcome statistics
operations to be implemented on quantum states. If a coheand is an additional quantum component to the uncertainty.
ent state is the resource to be consumed then the set of free The quantum contribution to the uncertainty is due to the
guantum operations are incoherent operations and the avaiton-commutativity between the stateand the observable
able free states are incoherent states. A proper measure Af [39]. A reliable measure of quantum uncertainty is zero
coherence&” must fulfill the following conditionsC'(p) = 0 if and only if p and K commute p is a eigenstate oK or a
whenp is a incoherent state; does not increase under in- mixture of eigenstates df), does not increase under classi-
coherent operations (monotonicity}), does not increase on cal mixing and is equal to the variance for pure states. The
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Wigner-Yanase skew informaticfp, K) [49], defined by: where the matrix elements 6 45),; are:

_ 1 12 5-]?
I(p,K) - —2tr{[p ’K] ’ (10) (WAB)ij =tr {p1/2 (O’iA®]IB>p1/2 (O'jA®HB)}. (16)
fulfills the former conditions so we will use it as a convenient
measure of quantum uncertainty. Equation [L5) involves the maximization of a quadratic

We have identified the quantum share to the measurgorm which results in:
ment uncertainty and quantified it by a measure of the non-
commutativity between the stajeand the observablé’. Ualp) =1 = Amae {Wan}, (17)
Now we will proceed to establish the relationship between
guantum uncertainty and quantum correlations. In a bipartitevhere\,,.x {Wag} is the maximum eigenvalue of the ma-

system only zero discord states: trix (Wag)i;. The closed form (Eq.116) and Eq. [17)) to
B S\ 11 calculate LQU between two subsystems where one is a qubit
P= Zpi|ZA><LA| ®PB; 11) and the other is a qudit is suitable to characterize quantum

] correlations in qubits networks like the FMO protein.
can commute with local observabl&s, @15 (vectors{|ia) }

form an orthonormal basis whefé, is diagonal). If the bi-
partite system shares non-classical correlations its quantu®  Resylts
state does not commute with any local observdble® g '

and single observable measurementsiowill display anin- e cajculated quantum resources in pure and mixed states
herent qguantum uncertainty. The minimum skew mforma-Of the FMO protein. Pure states are constituted by the

tion associated to a local measurement on ;ubsys@em eigenstateg| M)} of the FMO Hamiltonian; with respect to
called local quantum uncertainty (LQU) and will be denoted i/ 4 states, improper mixtures come from subsystems of
by Ua(p): the eigenstates and statistical mixtures are the thermal equi-
Ualp) = I%inz(% K,®1Ip), (12)  librium state and its subsystems.
A

S To demonstrate the advantageous features of the LQU ap-
where the minimization is over the set of local observablesyroach we will follow this method: (1) to define families of

with non-degenerate spectrum. It can be proven that the LQUartitions in the system, (2) to determinate the quantum states
fulfills the requirements to be a discord-like quantifier of non-5nq (3) calculate the LQU between subsystems. We choose
classical' cprrelations. in bipartite states [38, 39]. There i§ hree three ways to divide the seven chromophores network;
geometric interpretation of the LQU that suggests a relatioach partition defines a family of quantum correlations.

with symmetric discord: the LQU is the minimum Hellinger When the system is described by a eigenstaté the
distance between the staidefore and after a local root-of- 1, -oa tamilies of quantum correlatiofig,, f-, f} were cal-

unlt_|¥ unitary .operr?torﬁas .bien apphed ESI]. | ob bi culated using the density matricgs}}, pi2, p%3} and if the
0 minimize the skew information, the local observable ;¢ is in thermal equilibrium the density matrices corre-

'Id(A can be para.lmetrlzed using the Pauli matrices and thgponding to the three families of quantum correlations are
Identity operator: {pl*, p, p{*}. The spectral decomposition of the density

Ky =ai- o+ Bla, (13)  matrices is:
oo . fi — Z fi | At ) fi (18)
wherea, 3 are complex scalarsj is a unitary vector and Py Po.p1Pg,p/ \Py.pls
o4 = (04,0y4,0,) are the Pauli matrices. Thus, the skew in- P

formation is: where theg index specifies if the family of quantum corre-

I(p, Kx@1p) =a’I(p, - 54 @1p). (14) lations is calculated in a eigenstate £ M) or in thermal
equilibrium (g = ¢).

The advantage of this approach "?S in.the existence of a To calculate LQU between subsystems we need to obtain
closed form to calculate the LQU for bipartite systems Wherethe(WAB)g':fl matrices, this is accomplished by inserting Eq
1] 1 .

A'is a qubit andB a qudit of dimensior (p is a state defined ; e
on an Hilbert spac€” © C%): (18 in Eq. (16):

U =minZ(p.n-0J I ,
alp) =minZ(p, - G4 ©1p) Wap)%" = 3"\ el ollaloli o, ® Inlol,)
prq

=1- rngxtr{pl/2 (- -541p)
" X <(p§l,q‘o-jz41 ® HB[ ‘<P§lp> (19)
x pt/? (734 ®@15)}
Eq. (19) is the general formula that we will use to calculate
=1 —max > (Wap)imning, (15)  the three families of quantum correlations in the eigenstates
ij and in thermal equilibrium state.
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FIGURE 2. LQU between between one chromophdi@, } and
the remaining 6 chromophorgs’;, C¢, C., ...} for the thermal
5.1. Family f, equilibrium state as a function of temperature. {ay 3,4, (b)
r=1,2,5,6,7.
The first family f; corresponds to the LQU between one
chromophore{C,.} = Subsystem A; and the remaining mophores network are 3 and 6; and the eigenstates that con-
6 chromophoreqC;, Cy, C,,...} = Subsystem B; (with tribute the most to the correlation 6% andC, with the rest
s,t,u,... £ r). Correlations from familyf; display a global of the chromophores network are 1 and 2. In Fig. 1b) we
perspective on the chromophores individual participation andee that the eigenstates that participate the most to the LQU
had not been calculated before. The quantum correlations aff C; andC'; with the rest of the chromophores network are
family f; involve the whole network so the density matri- 2, 4, 5, and 7; and the eigenstates 5 and 7 have the highest
ceSp{\} and p{l correspond te,; andp; from Eg. §) and  values of LQU for the correlations betweély and the rest
Eq. (7). of the chromophores network.

In Fig. 1, two histograms show the LQU between  The next step is to extend the quantum correlations anal-
Subsystem A; andSubsystem B; for the seven eigen- ysis of pure states, represented by the eigenstates, to the state
states{|M)} of the FMO Hamiltonian. The information of in thermal equilibrium. In Fig. 2 we show the LQU between
chromophoreg’;, Cs, Cs, andCy is in Fig. 1a) and the in- individual chromophoreSubsystem A; and the remain-
formation of chromophore§’s, Cs, andC; is in Fig. 1(b). ing 6 chromophoreSubsystem B; as a function of tem-

Fig. 1(a), we see that the eigenstates that contribute the mogerature for the state in thermal equilibrium. In Fig. 2a) we
to the correlation ofC; andC, with the rest of the chro-  show the LQU of chromophoré&s; andC, with the rest of
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0.7 - P The comparison facilitated by the parametric curves allows to
o 1.5 - e see that the LQU of chromophof& andC), is a monotoni-
0.6 - - /’ y cally increasing function of the coherence. We do not present
S ' g 1.0 1/ the corresponding parametric curves for chromophargs
1= 0.5 S ,;, Cs, Cs, Cg, or C; because they do not have an important
g 0510 77 lobal participation.
5 0.5 1 ./. ’Il g p p
o
[t i T T T ,/ ,’ .
> 04 0 200 400 4 / 5.2. Family f,
£ A
2 53 Temperature [51/ // The second familyf, accounts for the LQU between
= 7= chromophore{C,} = Subsystem A, and chromophore
o 0.2 - R4 {Cs} = Subsystem B (with » # s). Family f> will serve
§ ) //,/ two purposes: to provide information about the specific as-
= ,/’/’ sociations of chromophores that sustain the quantum correla-
0.1+ _,-/,/ tions defined by familyf, and to make a comparison with an
el -3 entanglement quantifier of two qubits.
0.04 ==~ —— & We determine the quantum correlations defined by fam-
0 :5:0 0 '75 1 ;)O 1 '25 1 :50 1 '75 ily fo in subsystems of two chromophores. We calculated the
) ' ' ) ' ' partial trace to the state of the whole systggover 5 sub-
Coherence systems to obtain the quantum states of two chromophores:
) _ 5 . e .
FIGURE 3. The main panel shows LQU between between tr‘)s(pg) Pg , where they index specifies if the family of

one chromophore{C,} and the remaining 6 chromophores guantum correlations is calculated in a eigenstate-(M)

{C,,Cy,Cy, ...} as a function of coherence, with= 3,4. The ~ OFin _thermal equili_briumj =1). o _ _
inset shows coherence of the seven chromophores network as a First, we examine the associations determined by family
function of temperature for the thermal equilibrium state. f2 in the lowest eigenstates of the FMO Hamiltonian but in

Fig. 4 we only present results from the ground state. For the
the chromophores network. At low temperatures, chrolowest eigenstates the highest correlation is between chro-
mophoresC; andC, are the most quantum correlated with mophoresC's andCy. In decreasing order, correlations that
the rest of the network. This can be explained if we recall thaglso stand out when the system is in the first excited state are:
the eigenstates with the greatest contribution to the LQU be{C7, Cs}, {Cs, Cs}, {C7, Cs}, {C7,C5}, and{Cs, C4}.
tweenCs (or C4) and the rest of the network are the ground  After studying correlations in the eigenstates, we used the
state and the first excited state. In Fig. 2b) we show théhermal state to establish reliability of the LQU approach by
LQU of chromophore€’;, Cs, Cs, Cg, andC; with the rest  comparing it with concurrence (a valid quantifier of entangle-
of the chromophores network. Regarding the associations ahent in the two qubit subspace). We calculate concurrence
Fig. 2b), the values of LQU are marginal in amplitude andand LQU in all the combinations of pairs of chromophores
the curves show a local maximum around 100 K. Besides thbut only show the pairs with the highest values.
difference in values of LQU, we separated the associations of
family f; in two sets because in Fig. 2a) the LQU is a strictly

decreasing function while in Fig. 2b) the LQU first decreases, r 0.6
then increases and finally decreases again as the temperatu
rises. The LQU of the associations in Fig. 2b) takes low val- 0.5
ues at low energies because the eigenstates 1 and 2 do nt E
have an important participation; as the temperature increase: 04 .:',’
so does the LQU because eigenstates 3, 4, and 5 start to pa L 0.3 =
ticipate. At high temperatures, quantum correlations vanish ) g
in Gibbs states because all the eigenstates are equally prok L0 %
able,i.e., the mixedness is maximum and the non-classical g
correlations are lost. - 0.1

To investigate the relation between two different quantum
resources we calculated the quantum coherence of the syster | . _- - 0.0
and compared it with LQU. In the inset of Fig. 3 we plot 45 6
the quantum coherencg, of the seven chromophores as a 3 4 5 6 7 12 3 ynored
function of temperature for the thermal equilibrium state. As Chromphores C“\'o‘“"

expected, coherence vanishes as the temperature rises. Intt..
main panel of Fig. 3 we use temperatdreas parameter to FIGURE 4. LQU between chromophorgs’,.} and {C;} for the
obtain curves of LQU versus coheren€€y, (T), LQU(T)).  ground state.
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064 - - 34 A direct result for any pair of chromophord«”,., C,}
' A 4' with quantum state;og2 is that thel; norm of coherence
- ': 4'3 Ci, (pf?) is equal to the concurrend@(p/2). To see this,
£ 031 | 3'2 first consider that atX’ matrix reads:
[¢] 1 -
§ 044 1 Qu 0 0 Qu
1 A
5 |I X = 0 QQZ Q23 0 (20)
c \ 0 @32 Q33 0
=] 0 3 . 1 Q O O Q
=i \ 41 44
& \ .
3 0.2 \‘ There is a direct form of calculating concurrencein
o \ density matrices of two qubits [50]. The concurrerd¢eX)
v} \ [P
901 . IS:
- _“—’"-::-:':.:?..-.___ C(X) = 2max {0, |Q1a] — V/Q22Q33, |Q23]
1 1 1 1 1 1
0 100 200 300 400 500 Q }
—VQ11Qu4 - (21)
a) Temperature [K]
0.8 This is useful because the quantum state of two chro-
‘\\ === 34 mophore§ C,., C;} is a X matrix:
0.7 v —= 45 .
\‘ ....... 4-7 Zm;é'r‘(,)s /\mm )\?) )2 8
0.6 \ f
3-2 2 — T TS
\“ /)g 0 Agr )\gs O ) (22)
g 0.5 7 \ 0 0 0 0
g 0.4 - ‘\\ where the elements?  are defined in Eq.6) and Eq. [7).
o \ In the specific case of two site excitons, the elements
8 0.3 ‘\ {Q14,Q41,Qu44} are zero, therefore for any pair of chro-
N mophores{C,., Cs} with quantum statc,e;g;2 the concurrence
0.2 1 B is simply:
- IR C(pf?) = 2N, (23)
' S LT T With the matrix in Eq. 22) we can also express the co-
0.0 1 : : : : . herence for the state of two chromophofés., C.}:
0 100 200 300 400 500 3
Oy, (pf2) = 2|09, 24
b) Temperature [K] ll(pg ) ot (24)

FIGURE 5.a) LQU and b) concurrence as a function of temper-
ature for chromophore paifgC's, Cs}, {C4,C5}, {C4,C7} and

{C3,C5}.

which is equal to the concurrence, as can be seen inZ2B). (
5.3. Family f3

Now that we have evidence that LQU is a valid quantifier
of quantum correlations in subsystems of the FMO com-

Figure 5a) exhibits LQU curves for the paif€’s, Ca},  plex we search triads of chromophores whose association
{C4, G5}, {C4, C7}, and{Cy, Cy}; while Fig. 5b) presents  reqits in stronger correlations than those found in bipar-

the corresponding concurrence curves. In Fig. 5, there is g systems. To do so, we calculated LQU between one
gualitative and quantitative similarity between LQU and Con'chromophore{CT} — Subsystem Az and pairs of chro-
currence curves. At low temperat.ures the LQU between thﬁwophores{(}s,(}t} — Subsystem Bs (With s,¢ # 7).
pair {Cs, C4} is an order of magnitude greater than for any\e considered all possible combinations but only present re-
other pair. The reason for this is the high value of LQU forg,t5 of selected triads with the following behavior: LQU
both the ground state and the first excited in this pair. Th'sbetweenSubsystem A3 and Subsystem Bs is stronger
behavior was also present between the subsystems with thg, LQU betweer{C,} and any individual chromophore
highest values of quantum correlations of famyly ({C,} or {C}}) from Subsystem B;. The search and se-

The rest of the pairs, with weaker contributions to thelection of strongly correlated triads of chromophores was
guantum correlations, also show a qualitative similarity be-accomplished by virtue of the robustness of the LQU ap-
tween LQU and concurrence curves. These results confirmproach. In the FMO complex, quantum correlations between
that the LQU approach is a reliable method for measuringSubsystem A 3 and Subsystem Bz had not been calcu-
guantum correlations in subsystems of the FMO complex. lated before.
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We calculated the partial trace to the state of the whole § 0.4 - ,-//
systemp,, over 4 subsystems to obtain the quantum states of > ’7
three chromophoresr,,(p,) = p)?, where they index spec- E 65 ‘7
ifies if the family of quantum correlations is calculated in a E /-f/
eigenstate = M) or in thermal equilibrium ¢ = ¢). 3 02 4 475
We continue with the analysis in sets of three chro- S i
mophores considering the eigenstates with lower energy but 9 01 4 ,}4"
in Fig. 6 we only present an histogram with results from the ' ‘*4""
ground state. Results show that for both the ground state the 6.6 P
sets with the highest values of LQU are chromoph@yevith ' r T T T T
the pair{C3, C;}, chromophore’s with the pair{C5, Cy}, b 0.2 0.4 0.6 0.8 1.0
and chromophor€’, with the pair{Cs, C5}. ) Coherence

After considering the eigenstates we will broaden the

analysis to the thermal state. In Fig. 7, we presenlFIGURE 7. LQU between_chromophore[s()r} and{C;, i} for
the thermal state as function of a) temperature and b) coherence.

the selected triads where the LQU between one chro-
mophore Subsystem A3 and a pair of chromophores
Subsystem Bj is function of temperature a) and coher-
ence b). Figure 7 shows the sets of chromophores wity.4. Quantum correlated subsets of chromophores in
the highest values of LQU{(Cy, C3,C7}, {C3,Cs, Cy}, and the physical framework of the FMO system in ther-

{C4, Cs5,C5}). Quantum correlations of the sets in Fig. 7a) mal equilibrium

are strictly decreasing functions of the temperature. At low

temperatures, the LQU of the triads in Fig. 7 is an order ofThe FMO protein mediates excitation energy transfer be-
magnitude greater than for the other triads. Again, the reasofween the chlorosomes and the reaction center. Chro-
behind this is the high value of LQU for both the ground statemophores 3 and 4 are the linker pigments between the FMO
and the first excited in these associations. This behavior wagomplex and the RC. We use the thermodynamic equilibrium

also present in the most quantum correlated associations &tate in Eq. (7) to calculate the functional dependence of the
chromophores in familieg, and f5. populations on the temperature, cf. Fig. 8. At low temper-

With respect to the parametric curves of LQU versus co-atures and when thermal equilibrium state has been reached,
herence, results show that the triads of chromophores witthe highest probability is finding the system in the localized
the highest values of LQU,Cyy, C3,C+}, {Cs,C5, C,}, and  excited statg3) followed by [4). As the temperature rises,
{Cy4, Cs,C5}, display a functional relation with their coher- the seven sites are equally probable to be excited.
ence. A monotonically increasing function was also present We evaluate the relation between most correlated sets of
in the strongest associations of chromophores in famflies chromophores and population of site 3, the most probable of
and fs. the linker pigments to be excited when thermal equilibrium
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0.8 1 - and specific quantum correlations will also be present when
V'~ 0.6 ~-- stel analyzing efficient energy transfer pathways
i ul.q‘ ...... site? ) ] .' .
0.7 i X 0.4- —.- site3 As an intermediate step, before searching for a relation
1 = sited between non-classicity and a measurable macroscopic mag-
067 g 0.2 —.- site5 nitude, we evaluate the fluctuation of the enettyx H)?) =
1\ 9 - site6 (H?) — (H)? in the frame of the canonical ensemble. In
0 057 \ 004= : | — site? the inset of Fig. 9, we plot the functional dependence of
£ \ 0.25 0.50 0.75 statistical variance(AH)2> on the absolute temperature to
3 0.4 7 \.\ Population site 3 show that an indicator of uncertainty associated to the mea-
§_— 59 - surement of energy increases with temperature. On account

of the increasing temperature and the system losing quantum
coherence, the mixedness augments, so the contribution to
the variance mostly comes from classical uncertainty.

With this result we can now evaluate the relation between
the variance, that accounts for both classical and quantum
uncertainty, and the LQU, a quantifier of the quantum contri-

T T T T T bution to the uncertainty. In the inset of Fig. 10, we show
0 200 400 600 800 1000 a parametric curve of the fluctuation of the energy versus
Temperature [K] the LQU of chromophore”; with the rest of the network,

FIGURE 8. The main panel shows the populations of the seven sites-€- (LQU (), <(AH)2> (T)) We see that as temperature
as function of the temperature. The inset shows the LQU betweerfises, there is an inverse correlation between total uncertainty
C3 and the rest of the network as a function of the population of associated to the measurement of energy and the minimum
site 3. quantum contribution of the uncertainty. In the inset of Fig.
10, we also show an exponential fit for the energy fluctuation
as a function of the LQU{(AH)?) = aexp (—bLQU'/?) +

o
N
1

o
=
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FIGURE 9. The main panel shows the specific heat at constant vol- w T T T 1
ume as function of the temperature. The inset shows the energy 0.00 0.25 0.50 | s
fluctuation of the systertii ) — (H)? as a function of the temper- 0.0 1 LQU 3-124567 -
ature. T T T T
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state has been reached. In the inset of Fig. 8 we show a Local Quantum Uncertainty

parametric plot of the LQU betyvegn site 3 and the rest of theFlGURE 10. The main panel shows the specific heat at constant
network versus populatlon_qf site i, (933 (T), LQU(T)). volume as function of the LQU associated to the most correlated
These results show a positive correlation between charge @l psets of chromophoreise. C; with the rest of the network(s

the site that delivers energy to the reaction center and nongith C;, andCs with {C2, C4}. The inset shows the energy fluctu-
classicity, measured by LQU, as a function of the temperaation of the systeniff?) — (H)? as a function of the LQU between
ture. The relation between linker sites of the transfer networlCs and the rest of the network.
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To evaluate the relation between non-classicity and anomaly manifests itself as a maximum in the specific heat
measurable macroscopic magnitude we begin by analyzinghen the energy gap; = €1 — ¢ of a two-level system is
the functional dependence of the specific heat at constant volixed [51].

_ 2 2 (Ei
ume on the temperatu®, = ((AH)")/kT* (Fig. 9). We A multilevel system might presents multiple peaks in the

choose specmc hgat measurement; .b ecause they Cons'[.'tgi?ecific heat that correspond both to the discrete energy gaps
an essential technique for characterizing fundamental excitay _ ¢, —¢, that become available as temperature increases

tions involved in phase transitions.
. . and to the degeneracy of each energy level [51].
The system presents a Schottky-like anomaly in the spe- g y 9y 511

cific heat data as a function of temperature. The Schottky In @ model for a multilevel system in thermal equilibrium
|  with no degeneracies, the specific héatis:

((A1(A] — Ag) + Ag(Ag — Aq)) exp(—(Ag + Ay)/KT) exp(—A1/KT)(A?)+exp(—Ay/KT)(A3)
(KT)2(1 + exp(—A1/KT) + exp(—Ay/KT)) (KT)2 (1 +exp(—A1/KT)+exp(—Ay/KT))’

whereA; = €1 — g and Ay = &5 — ¢ [51]. In the FMO
Hamiltonian there are no degeneracies so the double pe

structure that shows up in the specific heat of Fig. 9 is asy, e system, determination of the quantum state and calcu-
sociated to the energy gaps andA, becoming accesible. |4tion of QU between subsystems. Partitions are selected
To investigate the relation between non-classicity and g, gefine two subsystems where one is a qubit and the other
measurable macroscopic magnitude, in Fig. 10 we preseqt 5 q it (in the FMO complex the qubit corresponds to a
a parametric plot of specific heat versus the LQU of thegj,qie site and the qudit can be any number of sites). Deter-
strongest associationsL.QU (1), C (7). In Fig. 10, we  mination of the guantum states is achieved by calculating the
can clearly see that the double peak structure of the heat @ resnonding partial trace to the density matrix of the whole
pacity Is CO”S‘?Wed- . i . system. Calculation of LQU is accomplished by selecting the
The peak in specific heat at the right, associated to the,5vimum eigenvalue of a x 3 matrix. The LQU method

prevalence of the energy levelgande,, shows thatas tem- ¢ is a quantum state of site excitons therefore it can be
perature rises from 0 te 50 K the LQU is constant, present readily implemented in dynamical models.

the highest values, and the specific heat sharply increases o

from 0 to 0.3. The eigenstate analysis shows that by accesing 10 Show the versatility of the LQU method, we cal-

to the lowest energy levels, ande,, the system presents culated quantum correlations between subsystems that had
specific non-classical features with the highest values. Therdl€ver been considered befoiies.,, LQU between individ-
fore, at low temperatures, the fast increment in the capacity df& chromophores and the remaining 6 chromophores (family

the system to absorb heat energy is related to the prevalende)- Correlations from familyf; present a global perspective
of specific non-classical correlations. As the temperature in®f the chromophores individual participation. Results of fam-

creases and LQU decreases from 0.6-td).3 the specific 1Y /1 show that chromophorés; andC, are the most quan-
heat remains constant. The peak in specific heat at the lefym correlated with the rest of the network. In subsequent
associated to the availibility of the energy gap = =5 — <o, part|t_|9ns, the_ro_bustness of the LQU allows us t_o find the
shows that when the values of LQU are marginal in amp"_speuﬁc. associations of chromophores that sustain quantum
tude CLQU < 0.1) the heat capacity decreases from its max-correlations of chromophores; andC.

imum value around 0.5 to 0. Therefore, by accesing to higher To validate the LQU as a discord-like quantifier we com-
energy levels, the second peak in the specific heat is not apared it with a valid entanglement quantifier of two qubits
sociated to high values of quantum features. The analysis qtoncurrence). The LQU-concurrence comparison was made
the parametric plot in Fig. 10. shows that the availability ofusing the thermal equilibrium state for all the combinations
energy levels determined by increasing temperature dictatesf two chromophores (family,). According to results of

the relation between specific heat (a measurable macroscogf@mily f», quantum correlations of chromophokggandC,
magnitude) and LQU (a quantifier of the non-classicity na-with the rest of the network mainly arise from the following

e LQU method consists in selecting families of partitions

ture of the FMO network). pairs of chromophores{Cs, Cy}, {C4,Cs}, {C4,C7}, and
{C2, C5}.
6. Conclusions LQU between chromophoreSs and C, is an order of

magnitude higher than for any other pair but, as the relation
This article presents a systematic LQU based method inbetween pairs suggests, by adding a specific third site the
tended to examine the structure of quantum correlations imssociation strengthens even more. Associations suggested
pigment-protein complexes. To do so LQU, concurrence, antly family f, are confirmed by results of family; which
coherence were computed in subsystems of pure and mixeshow that the most quantum correlated triads &@rg:with
states of the FMO complex from green sulfur bacteria. {C4,C4} , Cy with {C3,C5}, andCy with {C5, C7}.
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Three additional results were found: (1) By comparing  The relation between strong quantum correlations and en-
the LQU approach with entanglement based techniques iargy transport pathways is consistent with previous research
pairs of chromophores we proved that the former is a valicof multipartite entanglement in the FMO protein [32—34].
discord-like quantifier of quantum correlations. (2) WhenlIn our work, we show that the LQU is a promising metric
we calculated quantum correlations using the eigenstates wand provides a framework to establish the posible relation of
found that some subsystems have high values of LQU in thguantum energy transmission with the non-classical correla-
ground and first excited state. When considering the state dfons in the FMO complex.
these subsystems in thermal equilibrium we found that they The non-classicity of the system, represented by the LQU
have remarkably high LQU at low temperatures. This relatiorof the most quantum correlated subsets of chromophores, can
is present in the three families. (3) A monotonically increas-be used to analyze physical properties such as populations,
ing function between two quantum resources, coherence arghergy fluctuations, and specific heat. As the temperature
guantum correlations, is present in the most correlated assdses, the number of accesible states is increased and the dou-
ciations of familiesf; andfs. In all associations of family- ble peak structure that shows up in the specific heat reflects
coherence equals concurrence. the availability of the energy gags, andA,. The first peak,

One of the most interesting problems in quantum biologywhere the states, ande; prevail, shows a correspondence
is finding out if quantum correlations in light harvesting com- between a sharp increase in heat capacity and constant LQU.
plexes play a functional role enhancing energy transport effiThe second peak, where the statgse;, ande, are avail-
ciency. Investigations addressing this issue did not find anwgble, the quantum signatures of the system are marginal and
conclusive results [35, 36] or were subject to criticism [37]. heat capacity begins to diminish. Thus, the accessibility of
In our work, we quantified quantum resources in a systenenergy levels, mapped by the specific heat, defines the rela-
that remains in the same state as time elapses: the systemntiisn between a measurable macroscopic magnitude and non-
either in a stationary state or in thermal equilibrium. We didclassical resources.
not work with a dynamic model so we cannot directly relate  The benefits of the LQU approach over other techniques
our results with excitation transport efficiency. Neverthelessare: (1) being LQU a discord-like quantifier it is more gen-
there is a previously reported relation between the most quareral than the entanglement based techniques, (2) LQU is easy
tum correlated subsets of the chromophores network and the compute because the inherent minimization process asso-
two energy transport pathways in the FMO protein [32-34]. ciated with discord reduces to finding the maximum eigen-

In the FMO complex, the excitation coherently movesvalue of a3 x 3 matrix, (3) LQU permits characterization of
through two alternative energy transfer pathways dependingorrelations that had not been studied before (farfiiland
on the site that is initially excited [15-17]. When chro- f;), (4) the LQU method discloses the strongest associations
mophoreC; is the initial excited pigment, the excitation in qubits networks and (5) the LQU technique can be readily
propagates through pathway. C1 — C; — C3 — Ci;  implemented in dynamical systems. The principal limitation
and when the initial excited pigment is chromophdrg,  of the LQU approach is that it is a bipartite quantifier so it
the excitation is transferred through pathw@y Cs —  cannot offer a global measure of quantum correlations.
Cs,C7 — Cy — C3. We found that in thermal equilibrium We introduced a quantum information method based on
the strongest non-classical associations of chromophores ajgcal quantum uncertainty to comprehensively characterize
C3 with {C, Cy}, Cy with {C3, C5}, andCy with {C5,C7}. non-classical correlations in subsystems of the FMO com-
The quantum correlation @f; with {C>, Cs} involves chro-  plex. Identification of the most quantum correlated subsys-
mophores from pathwayl: C; connectsC; of the initial  tems reveals a detailed map of the exceptionally efficient
stage withC'y of the final stage. The quantum correlati@is  structure of the FMO complex. The study of biological net-
with {C3, C5} andCy with {C3, C7 } involve chromophores  works has potential applications in engineering and quantum
from pathwayB: C, connects”; /C7 of the initial stage with  information technology.

C5 of the final stage. According to our results, once thermal

equilibrium is established, the subsets of chromophores with

the strongest quantum correlations are the final stage of thAcknowledgments
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