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Why Lindblad for our work ?
Setting the context
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Setting the context

Solar energy - inorganic solar cells
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Setting the context

Solar energy - organic solar cells
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Setting the context

Problem of the current photovoltaic cells
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Research question )

How to simulate in a reasonable time the dynamics of
LHCs in order to contribute to the improvement of OPV
performance ?




Setting the context

General and specific objectives

General objective

Model the dynamics of the FMO (Fenna-Matthews-
Olson) complex using the Lindblad master equation theory

Specific objectives
@ Write the Hamiltonian of the FMO complex
considered as an open system

@ Derive the general form of its Lindblad master
equation

@ Make a comparison between the gold standard
method (HEOM) and the master equation method
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Continuation of the presentation

@ FMO complex - Open quantum system (OQS)
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FMO complex - Open quantum system (OQS)

Frenkel Hamiltonian




FMO complex - Open quantum system (OQS)

FMO - OQS

Hamiltonian of the OQS
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Dynamics of the FMO complex

Hierarchical equations of motion (HEOM) - Gold standard

o At low temperatures,

N = {{N10, M1, s Mky ooy MK Sy ey {05 ity oovs Miky ooey MK}y oons
{NNos N, ooy NNk ooy MK S}

(4)

On—0 = ps(t) (5)



Dynamics of the FMO complex

Hierarchical equations of motion (HEOM) - Gold standard

@ Hierarchical level
N K
L = Z Z N;y (6)
i=1 k=0
@ Required number of auxiliary density matrices

(N + L)!

Nnumber(ADMs) - NILI (7)

@ For example, if N=3 and K=4,

L = nio + ni1 + N2 + i3+ Mg + g + Nog
=+ N2 + N3 + Mg + N30 + N31 + N32 + N33 + N34
_ (B+15)
Nnumber(ADMs) = 37”-5' = 816 (8)
Accurate results but Large computation times !



Dynamics of the FMO complex

Lindblad theory - Approximations

Separability

At t=0, (S) and (B) are separable

p(0) = ps(0) ® pg(0) == p(t) = ps(t) @ ps(t) + Peorrel

Born approximation

(B) is very large so that it is negligibly affected by (S),
and therefore peorrel & 0

p(t) ~ ps(t) ® pa(t)

Markov Approximation

(B) relaxes much faster than the system evolves

p(t) = pa(t) @ ps(0).
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Dynamics Of dan ope€en System
Derivation of the Lindblad equation

o Isolated system : Schrédinger equation (9) or Liouville -
Von-Neumann equation (10)

_d
ih— [9(t)) = H(t)[v (1)) (9)

d i

—p(t) = —=[H, p(t)] = Lp(t 10

So(t) =~ [ p(0)] = £(2) (10)
@ Rewriting the total Hamiltonian

H=Hs®Ig+ s ® Hg + aH, (11)
@ Without loss of generality, we can decompose

H/:ZS,-®B,-
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Dynamics Of dan ope€en system
Derivation of the Lindblad equation

Picture interaction
é(t) — e%(Hs+HB)fOe%i(Hs+HB)f

Evolution equation of p in the picture interaction

& 3(8) =~ alf(1), (1)

Integration of the equation (14)
3 ) Pt
(8) = 7(0) — yo | ds[fi(s). 7(s)]

(15) in (14) (taking h = 1)
d

2 () = —ialfi(t), 5(0)] — o® /Ot ds[ft;(t), [Hi(s), A(s)

(15)
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Dynamics of an open system
Derivation of the Lindblad equation

@ The operation is repeated

£0(0) = —ialf(©) 40)]—a? [ 5[0, (o). ANIH+O(?)

@ First approximation : interaction force between S and B is
weak, so terms in O(a?) are negligible

E3(t) = —ialf(6). {O)] — o? " aslfu(e). (o). 4]
(17)
e Evolution of system S : partial trace on B
d . d . . ~ ~
$75(0 = Tra 7(0)) =~ Tralf(o). 70) .

o /0 CdsTrg[fs (1), [fi(s), 5()]]
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Dynamics of an open system
Derivation of the Lindblad equation

@ Second and third approximations :
o At t=0, S and B are not correlated

p(0) = ps(0) ® pp(0) (19)
o The initial state of B is assumed to be thermal
pe(0) = exp(—Hpg/T)/Tr[exp(—Hg/T)] (20)

@ Using these approximations and the equation (12), we
compute the first right-hand term of (18)

Traff(e). 70}l = X 3(0)75(0) e[ E ()3m(0)
' ey
70301118 e O)E (1)
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Dynamics Of dan ope€en system
Derivation of the Lindblad equation

@ By setting (E;) = Tr[E,-,oB(O) = 0 from
H= H5—|—ocz +HB+a(ZS,® —(E))) (22)

@ Then the terms of (21) are zero and the evolution
equation (18) becomes

% js(t) = —a® [ asTrslf(e), fuls). AN (23)

@ New approximations
e S and B assumed uncorrelated throughout the evolution
o Correlation time scale 7o, and rexalation time scale 7.q

assumed < Tgys.
p(t) = ps(t) ® pe(0) (24)
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Dynamics Of dan ope€en System
Derivation of the Lindblad equation

@ (23) becomes

jtﬁs(f) = —a? /OtdSTFB[ﬁ/(f% [f(s), As(t) © pe(0)]]

(25)
@ By setting t to oo and s — t — s we obtain a Markovian
equation : Redfield equation

hs(t) = —a? [ dsTralfu(e) (s 1) 5s(0)7s(0)]

(26)
@ Disadvantage of this equation : possibility of having
non-positive OS
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Dynamics Of dan ope€en system
Derivation of the Lindblad equation

@ New approximation to solve the previous problem
HsA = [Hs, A] (27)

e Eigenvectors of HsA form a basis of Hs
@ In this basis, we write

S,' = Z Sf(W) (28)
and
[Hs, Si(w)] = —wSi(w),[Hs, 5 (w)] = +wS"(w)  (29)
@ We return to the Schrodinger representation by writing

gk — eitHs SkefitHs (30)
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Dynamics Of dan ope€en System
Derivation of the Lindblad equation

B(t) =Y e ™S(t) @ E(t) =Y e ™S (t) ® Ex(t)
k,w k,w
(31)
@ Expansion of the commutator in (26)

hs(t) = —a?Tx| [ asie)(e - 5)ps(t) @ fs(0)
_ /0 " dsily(1)ps(t) @ pe(0)Ai(t — )
_ /OOO dsf;(t — s)ps(t) @ pe(0)H,(¢)

+ /OOO dsps(t) ® pe(0)H(t — s)




Dynamics Of an ope€en system
Derivation of the Lindblad equation

@ From eigenvalue decomposition + permutation property
of the trace + [Hg, ps(0)] = 0, we obtain
d . i(w'—w ~
Shs(t)= X (€T [ (1), S )]
w,w’ k,l
T () [Si(), (05 ()] )
(32)
@ The effect of B was absorbed by
M= / dse"“’STrB[E,f(t)I:-_,(t — 5)p5(0),E/(t) = e™stEe~ et
0

d
—ps(t) = D (Tw(w)|Si(w)ps(t), S (')
dt M,( [Sitw)is } (33)

) [Siw), s(8)S¢ )]



Dynamics Of an ope€en system
Derivation of the Lindblad equation

@ Decomposition of 'y,

L (@) + ima(w) (34)

I'k,(w) = 2

i
T(w) = —E(Fk/(u)) = M), (W) = Tu(w) + My(w)
@ Back to the Shrodinger representation, we obtain

jtﬁs(t) = —i[Hs + Hyeorg, ps(t)] + Ek:/w ( ps(t)Sy (w)
(5@, s(0)}
(35)
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Dynamics Of dan ope€en System
Derivation of the Lindblad equation

@ The equation (35) is the first form of the master equation
for open quantum systems

@ To obtain the Lindblad equation itself, we diagonalize the
matrix formed by the coefficients vy (w).

@ The general form of Lindblad is thus

& s(t) = — il8s + B, p5(0)] + 3 (L(@)ps()L ()

L L) ps(0)
(36)

@ The most accurate model is the local thermalising of the |
Lindblad master equation
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Why Lindblad for our work ?
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Datasets for our work

@ For our work we have generated, with the local
thermalising Lindblad model, 3960 trajectories (site 1 +
site 6 initial excited sites) : 1000 for the training, 200 for
the validation and 2760 for the test

@ Each dataset is a D-space consisting of data on the
reorganization energy, the relaxation rate, the
temperature, the number of sites, the first excited site as
well as the time which is introduced in the form of a
temporal functional

@ By using a convolutional neural network (CNN) for our
ML model, and simulating the EET for both short and
long time periods in the FMO complex, we found that
our model is able to capture the coherent EET of short
time dynamics and also predict the asymptotic limit
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A0 complex - Open quantum system (OQS)

CNN architecture used

Y

flatten | input:
(None, 51, 70) | (None, 3570)
Flatten | output:
convld_input | input:
[(None, 105, 1)] | [(None, 105, 1)]
InputLayer | output: -
dense | input:
(None, 3570) | (None, 512)
Dense | output:
convld | input:
(None, 105, 1) | (None, 103, 90)
ConvlD | output:
dense_1 | input:
(None, 512) | (None, 512)
Dense | output:
convld_1 | input:
(None, 103, 90) | (None, 103, 70)
ConvlD | output:

dense_2 | input:
(None, 512) | (None, 512)

Dense | output:
(None, 103, 70) | (None, 51, 70) l

max_poolingld | input:
MaxPooling1D | output:

=

dense 3 | input:

(None, 512) | (None, 13)
Dense | output:
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