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Abstract

The nature of excited states of open quantum systems produced by incoherent natural thermal light is
analyzed based on a description of the quantum dynamical map. Natural thermal light is shown to
generate long-lasting coherent dynamics because of (i) the super-Ohmic character of the radiation,
and (ii) the absence of pure dephasing dynamics. In the presence of an environment, the long-lasting
coherences induced by suddenly turned-on incoherent light dissipate and stationary coherences are
established. As a particular application, dynamics in a subunit of the PC645 light-harvesting complex
is considered where it is further shown that aspects of the energy pathways landscape depend on the
nature of the exciting light and number of chromophores excited. Specifically, pulsed laser and
natural broadband incoherent excitation induce significantly different energy transfer pathways. In
addition, we discuss differences in perspective associated with the eigenstate versus site basis, and
note an important difference in the phase of system coherences when coupled to blackbody radiation
or when coupled to a phonon background. Finally, an appendix contains an open systems example of

the loss of coherence as the turn-on time of the light assumes natural time scales.

Keywords: solar radiation, open system quantum mechanics, PC645, light harvestng

(Some figures may appear in colour only in the online journal)

1. Introduction

Interest in light-induced biological processes, such as photo-
synthesis and vision, as well as in the design of energy efficient
photovoltaic systems, and general aspects of noise-induced
coherence has renewed interest in excitation with incoherent
(e.g. solar) radiation. Many of these processes have been stu-
died with coherent laser excitation [1, 2], but we, and others,
have convincingly demonstrated that the dynamical response
of molecular systems to coherent versus incoherent radiation is
dramatically different [3-5]. Specifically, even in the case of
rapid turn-on of the incoherent source, which produces noise-
induced Fano coherences, the steady state that results after a
short time shows no light-induced coherences. This is distinctly
different from the results of pulsed laser excitation, as most
recently shown for coherent versus incoherent excitation with
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the same spectrum [6]. Thus, the coherent pulsed laser
experiments provide important insight into the nature of the
system Hamiltonian and of the coupling of the system to the
environment, but describe coherences in dynamics that is
dramatically different than natural processes [4, 5, 7-15].
Given the significance of the incoherent excitation process,
and the difficulty of doing experiments with incoherent light,
theoretical /computational studies become increasingly important.
As aresult, a number of such computations have been carried out
[3, 4, 10, 11, 14], and insight into dynamics induced by inco-
herent radiation have been obtained. However, a number of
significant issues, addressed in this paper, have not been explored.
These include the origin of the extraordinarily long decoherence
times upon blackbody excitation and primary dependence of
decoherence times on system level spacings [14, 16, 17], differ-
ences in the decoherence arising from blackbody radiation versus
a phonon bath, differences in energy transfer pathways that can
result from laser versus in vivo excitation, and the effect of

© 2017 IOP Publishing Ltd  Printed in the UK
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simultaneous excitation of multiple chromophores in light-
harvesting systems. These issues, of relevance to a wide variety
of processes, are addressed in this paper, using model photo-
synthetic light-harvesting systems as examples.

Specifically, this paper is organized as follows: section 2
develops the molecular interaction with blackbody radiation
from the viewpoint of open system quantum mechanics.
Emphasis is placed on the matrix elements of the quantum
dynamical map, which allows insight for a wide variety of
conditions. The significance of the resultant super-ohmic spectral
density is emphasized and the differences between system-
radiation field and system-phonon bath interaction is noted.
Dynamics results for model systems are provided in section 3
starting with a single chromophore, followed by a model PC645
dimer and the four chromophore PC645 system. Interaction of
the system with an incoherent radiative bath and a phonon bath
are independently characterized, as is simultaneous interaction
with both. Coherences in both the eigenstate and site basis are
discussed. A previously proposed model for excitation with
incoherent light is analyzed and shown wanting, emphasizing
the significance of properly carrying out the full excitation step.
Section 4 summarizes the contributions in this paper to general
theory of light-induced processes in incoherent light, providing
new insights from an open systems perspective.

Note that the dynamics considered in this paper assumes the
instantaneous turn-on of the blackbody radiation. As a con-
sequence, light-induced coherences shown below arise primarily
from the rapid turn-on, and the focus here, as in many other
studies, is how these coherences disappear upon interactions
with the radiative or phonon environment. However, such light-
induced coherences are not expected to occur in natural systems
where the turn-on time is slow in comparison with molecular
time scales [18]. This issue is discussed in the appendix within
an open quantum systems perspective.

2. Light-harvesting antenna systems under
sunlight illumination

2.1. The system

To model electronic energy transfer in a light-harvesting antenna
under sunlight illumination, the electronic degrees of freedom of
the molecular aggregate are considered as the system of interest
and the protein and solvent environment are treated as a local
phonon bath. Sunlight, properly described as thermal radiation, is
allowed to excite the entire aggregate. The total Hamiltonian for
an N-site systems in the site basis |¢;) is then given by

N
H = Z(Eg,-lj + ¢ lej) (efl) — Z i - E@)
J

j=1
~) AT
+ S0 Igilep (e + b
T
i D) o G) k)
+ EZDjk(Ux oy +ayloy )
J.k

N . .
+ 30 seka s + SO 587, 1y

K,s J 1

with €; being the electronic site energy of state |¢;), E, is the

ground state energy and Dy denoting the electronic couplings
between the jth and the kth chromophore. Here, 5,(]) ' (l;,(])) is the
creation (annihilation) operator of a Ith phonon mode of fre-
quency w}f) which is in contact with the jth chromophore.
Similarly with dl‘;s (G s) for the field modes. E(z) denotes the

electric field of the radiation [19] and is given by E@) =

R N L . N2 )
EC @ + B0 with BV () = @k,x(z%) A s (rs)e "

and BT (1) = [E”(1)]'. Note that the effect of the radiation on

the environment is neglected since it is assumed to carry negli-
gible oscillator strength.

2.2. System dynamics

To obtain the dynamics of the electronic degrees of freedom
in the presence of the incoherent radiation and vibrational /
phonon bath, we solve the density matrix dynamics in the
system eigenstate basis {|e)}. The standard master equation
for the reduced density matrix p derived for thermal baths
comprised of harmonic modes (see chapter 3 in [20]), is

; . b bb
Pab = ~1WabPap = D _[Rabea + Rap.cal Pra- @
c,d
Here R‘abb’cd and RBE’Cd account for the non-unitary contribution

to the dynamics by the thermal bath (tb) and by the sunlight,
described as blackbody radiation (bb). These are given by

b,bb
joé}zt:j (t) = 6ac Z szég?i(wde) + 6hd Z the,ec(ww)
e e

= IO @a) — Tiin(wWea)s €)

with
1 = . 1 =
@ == [ arMih ek + o [ ar
’ 2J-x ’ 2 Jo

X MU (r)eieunt — MAOED(mye—ivat],  (4)

The real part of I'5;*®, describes an irreversible redistribution
of the amplitudes contained in the various parts of reduced
density matrix. The imaginary part introduces terms that can
be interpreted as a modification of the transition frequencies
and of the respective mean-field matrix elements. Here
M5 (1), the memory matrix elements (see chapter 3 in [20]),
determine the time span for correlations.

To define these elements more clearly, we denote the

observables of the electronic system that are coupled to the
. - tb .
environment by K " and the observables of the environment that

u

. A tb . .
are coupled to the electronic system by ®,, . Thus, the interaction

. . atb _ stb
term with the thermal bath can be written as -, ¢, ® Kut ,

with a similar form for the coupling to the electromagnetic

radiation. This representation allows us to cast the memory

matrix elements as M5 (1) = 35, G (O KD K S, with

~ th,bb . . .

K> = (a|K, " |b). Here, the reservoir correlation function,
b,bb o bbb _ L /bbb b,bb

Co™ (1), is given by C* (1) = (B () 8" (0))iv,bp»
b,bb b,bb _ [ Ath,bb gtb,bb b,bb

where (P> (1) D>*°(0))p.bp = tr[pe‘qu >0 (1) " (0)] and

<<I>Lb’bb>tb,bb = 0 is assumed. Note that equation (2) is then a

second-order, non-secular master equation that incorporates the



J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 184003

L A Pachon et al

structure of the environment through 'S (w) (see [21] for a
completely general, second-order, non-secular, non-Markovian
master equation).

As is standard, the correlation function for each environ-
ment vibrational/phonon mode in equation (1) is given by

C}b(t) = fo . dww2J}b(w) [coth (%ﬁwﬁ) cos(wt) — i sin(wt)]
where the characteristics of the local environment in the jth
chromophore are condensed in the spectral density

WP (W) = 2N A jw/ 7 (WP + X5). (5)

For the simulations below, identical spectral densities on each
site are taken, with A\ = 100 cm ! and with various values of
the reorganization energy A. Note that here C,, is replaced by
C; since it denotes a single observable coupled to the bath. (As
an aside, we note that spectral densities may be directly deter-
mined from experiment as discussed in [22].)

Consider now the system-blackbody radiative interac-
tion. Despite the fact that we have discussed the spectral
properties of blackbody radiation from the perspective of
open quantum systems [8, 23], the significant aspects of this
formulation has been overlooked in the considerations on the
nature of states prepared and sustained by incoherent light.
Hence, we take pains to obtain the spectral density for
blackbody radiation in detail, with enlightening results.

2.3. Open quantum-system description of the incoherent light

A Cartesian component of the electric field at r = 0 (dipole

approximation) can be written as E, (1) = E(H(t) + E (t) with

/2
i = (v, 2) where B0 = iy, (£5) disae ™

and I:ZE_)(t): [E (+)(t)] Hence the two point correlation
function of the electric field ( {(OE ;(0)) comprises four terms

(E(0E,0) = (B (0 0) + (t)E ')

+ (B OB 0) + (£ O ©0). ©)

With the average value of the number operator for the incoherent
light in a thermal distribution given by (a; ,ay.y/) = —sk

T -]
and that (@ ileks)j = 6ij — kikj/k?, the first term reads

£ (+) o kik; e
(BB (©0) = &(;7) (%‘ kz) g Taking
@ f dk, and using spherical

coordinates dk = k>dkd(}% = c3w?dwd(),, gives the final
expression for the first term as

£
+ (K

the continuum limit ), —

=) ) 7
HE; (0) = ———
< ® ( )> 4egmic3
00 kik; W3
fo dw(é,-j - 7)[eﬁw/kBT — 1]' )

The second term of the right hand side of the equation (6) is
obtained by using the commutation relation between the creation

(+) ~(—)
E70)E;0) =
+ w ] Finally, the last

and annihilation operators and is given by (A

0./'
4F07T f dw ( ij _2) [ o kBT —

two terms in equation (6) are equal to zero since
(ay jay, ) = (axsax ) = 0. Thus, the two point correlation
function of the incoherent light reads

A N VA 00 k,k
(E0E0) = 31; dw((s,,- - k—;)

€0TTC

w3| coth o
2kgT

By assuming homogeneous polarization with only two of the
three components of k contributing to the coupling in each
spatial direction (transversality condition), an additional global
factor of two- thirds appears in the two point correlation function

CP (1) = (Ei(n)E;(0)), giving

)= f, i dww?P (W) [CPP (w)eir

)cos(wt) —1 sin(wt)]. (8)

+ CP(w)e O(w)
1 o ‘
= [ oc dwwIP (w) CP (w) e, ©9)

where 3 = 1/kgT,

WA (W) = %ﬁw3/(4607r203), (10)
C™(w) = coth (%ﬁwﬁ) — 1, and C®(w) = [coth (%/wﬁ) + 1].

In obtaining the last expression, the relations
WA (—w) = —wi (W) and C°(—w) = —C"(w) have
been used. Note the cubic dependence of the spectral density
on w, which defines its super-Ohmic character and which, as
discussed below, allows for small decoherence rates that
support long-lived coherence. Indeed, it is responsible for a
previously noted but essentially unexplained [17], strong
dependence of the decoherence rate on the system level
spacing.

In the long-time regime, t — oo,

1 i
Wee) — —==dw
2 abcd( d) Zf

In what follows, the imaginary part of I’ b «4(t) (spontaneous
emission) is neglected because its contribution, for blackbody
radiation, is very small compared to the real part.

The elements of the Redfield tensor R;E:'gs with a = c and
b = ¢ are associated with population transfer, while those
with @ = b, a = c and d = b relate to coherence dephasing.
For blackbody radiation, these terms read

W (W) CPP (w)

W — Wdc

(11)

I—‘ab cd =

Reavs = 20ab Z Doeca@se) = 2050 wpwpa)s  (12)
ab ab — Z 1—‘be ed(wbE) + Z Fae gb(wae)
aa bb(o) bb aa (0)
= Z[Fbe’eb(wbe) + Fae’ea(wﬂl(c‘)]' (13)

Note that Faa »(0) and be «(0) vanish in equation (13), a
result of the fact that the electronic system observable that is
coupled to the radiation field (see equation (1)) is purely non-
diagonal in the excitonic basis. The vanishing of these terms
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implies, from an open quantum systems perspective, that
blackbody radiation does not induce pure dephasing dynam-
ics, i.e., Tz* = 0. Hence, a significant feature of blackbody
radiation is that it is population relaxation (due to stimulated
emission) that is the source of coherence dephasing, and is
typically slower than pure dephasing.

2.4. Tensor elements of the quantum dynamical map

In solving the dynamics in equation (2), the master equation is
conveniently written as
2 =Ro, (14)
with elements of the N*-th dimensional vector g given by
Oa-1)N+b = P, and the elements of the N* x N*-th dimen-
sional array R by R 1)nyp,c—1)N+d = 10ucOpawWap — Rap,ca-
Since, for the sudden turn-on case, the elements of the
Redfield tensor R are time independent, the differential matrix
equation (14) can be solved exactly, provided that the
eigenvalues and eigenvectors of R, the ‘damping basis’, can
be calculated. Specifically, if the matrix A contains the
eigenvectors of R and L its eigenvalues, g (1) = A 'eHAp (0).
Therefore, the eigenvalues of R dictate the time scales of the
dynamics, and the time evolution of each component of g ()
is a superposition of these time scales. A similar approach can
be carried out for the case of time-dependent R-elements
To allow for effects on any initial state p(0), it is con-
venient to focus on the quantum dynamical map x, which can
be reconstructed experimentally [24], rather than on the time
evolution of the density operator [8, 8, 23-25]. The tensor
elements ,, ., of the quantum dynamical map are defined as

N4

-1
Xab,cd(t) = E :A(afl)Nth,j(eLt)J'jAj,(C*1)+d’
J

15)

so that the time evolution of the density matrix elements
obeys the mapping

pab(t) = Z Xab,cd (t)pcd (0)
cd

(16)

Note that if the system is initially in an incoherent mix-
ture of eigenstates, such as in thermal equilibrium, then the
initial density matrix in equation (4) is diagonal, and a non-
vanishing tensor element y, . (¢) will create coherences due
to the coupling to the vibrational bath or to blackbody
radiation. In particular, if excitation takes place from the
ground state, p(0) = |g)(gl. then the elements yx,, . (t)
coincide with a density element, i.e., p,,(f) = X, ,, (1) The
physical meaning of all the tensor elements x,, .,(t) is dis-
cussed in detail in [8, 23-25].

An enhanced understanding of the important case of slow
turn-on of the light, which shows significantly diminished
coherence contributions [18], can also be obtained using this
open system perspective. Specifically, as shown in the
appendix, one way to treat the slow turn-on problem is by
artificially introducing time-dependent dipole moments,
where the growth of excited state population is seen to slow

down and the amplitude of the generated coherences diminish
dramatically in an adiabatic process.

3. Photoinduced dynamics results

Three examples are considered below as specific applications
of this approach: the case of (i) a single chromophore, (ii) a
dimer, and (iii) a subunit of the PC645 antenna system [26].

3.1. A single chromophore

A single chromophore, considered as a two level system, has
ground state | g ) and excited state | e ). To emphasize the
difference in spectral densities, the influence of the vibrational
bath and the influence of blackbody radiation are considered
separately below.

If the system is only coupled to a vibrational bath of
temperature 7™ then, using the Ohmic spectral density
(equation (5)), the eigenvalues L™ are given by

L® = {0, 0, —iwee — V2, iwee — Y2}, (17)
with w,, = ¢/7 and
tb _ o oA 1 TA
Yee = Lee,ee(0) = 4kgT el 457. (18)

Here 7 = 7 /kgT™ is the thermal coherence time of the
vibrational bath. For convenience below note that the decay
component associated with the eigenvalues of A® is inde-
pendent of the Rabi frequency w,,. The x tensor elements are
given by

Xee,ee = L, Xee,eg = 0, Xee,ge = 0, Xee,gg = 0,
Xeg.eg = ehi, Xegeg = 05 Xegge =05 Xegge = 05
Xge,ee = O’ ]86438 = 0’ Xge,ge = eL;bt’ X!s’é‘,gg = 0’
Xggee =05 Vegee = 05 Xggge =05 Xggge = -

(19)

From equation (16) it is clear that if the total population is
initially in the ground state, then the generation of coherences,
i.e., non-vanishing Pog (1) O P, (1), would occur via the tensor
elements Xeg. g and Xee.cq" However, in this case, these are
zero. That is, no system coherences are generated by coupling
a single chromophore to it vibrations. This result is not altered
if the dynamics is generated by a time-dependent Redfield
tensor, provided that through tensor elements that are iden-
tically zero remain zero under those circumstance [8, 23, 24].
However, this model is minimal, with only one excited state
with no coherence allowed between the ground and (single)
excited state.

If only coupling between the system and blackbody
radiation is considered, the eigenvalues L*® are given by

P> = {0, =200, =20 — iyJwi, — [VeeP s

— 0+ iywi, — [P}

(20)
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for wgg — [72';]2 > 0 with
— bb

bb _ pbb
76g =R eg.,ge

bb
eg,eg (Weg) + Fge,eg(wge)

2
K, Jaw,
- e[l 2)

 3mepcd kpTP®
2 2
ke T*p g 2 1 He

2

- 352megcd 8 gbd 3ﬁ7r60c3w€g’ @D
with g1, = (elfrlg). Here 7 = /i /kgT* is the thermal
coherence time of the blackbody radiation. Note that the
approximative expression in equation (21) assumes a high
temperature regime which simplifies the coth term. Note also
that the eigenvalues in equation (20) display a coherent
regime with (wzg — [’ygg]z) > 0, where oscillations are
observed and an incoherent regime with (wzg — [72’;’]2) <0,
where they are not. There is no analogous transition for a
system coupled to a vibrational bath.

The cubic dependence (square dependence at high
temperature) on w,, of W}E’E in equation (21) is a manifestation
of the super-Ohmic character of blackbody radiation (see
equation (10)). Interestingly, for small energy gaps /i, the
decoherence rate may be substantially smaller than that of the
Ohmic spectral density in equation (5) for which the deco-
herence rate is w,g-independent (see equation (18)). Indeed,
this characteristic feature of blackbody radiation is often
neglected and the radiation is described as white noise with a
constant dephasing rate. However, this w,, dependence may
be significant in the case of hyperfine-transitions-based
atomic clocks (see, e.g., [27]) and, as shown below, it is
important in the description of excitonic energy transfer.

The tensor elements that describe the interaction of the
system with blackbody radiation are

Xbb — %(1 + eLzbbt), bb _ 0,

ee,ee Xee,eg -
bb b Loy
Xee,ge - ee,gg - € )
bb b L. L
Xeg,ee =0, Xeg,eg - 2 a <—fg)e -
+l(1+4 )eLfbr bb _ . bb bb
) eg ’ Xeg,ge - Xge,eg’ Xeg,gg -
bb
bb bb L Yeg  pm,  pob
Xge,ee - 0’ Xge,eg - Z (C — €7 )’
Weg
bb  __ _bbx bb l _ oLy
Xgege = Xeg.eg® ge.88 o (1 —e™),
bb _ bb _ bb _
Xggee = 0, Xggeg = 0, Xgg.ge = 0,
N A
Xegg.gg — 2( +erh,

(22)

with (,, = @, Jwe, and w,, = Jwl, — [755]2. From L and

X is clear that, as anticipated above, the standard free-pure-
dephasing relation holds for the population decay rate kel;,b and

eg.eg —
fact that the decoherence rate is one-half the stimulated

the decoherence rate ’YEE’ namely 'ys; =R®, = %k:;,b. The

Table 1. Parameters for the chromophores in PC645 [26, 29].

Chromophore Transition  Transition dipole
energy (eV) moment (D)

DBV 50/61 C 2.112 132

DBV 50/61 D 2.122 13.1

MBV 19 A 1.990 14.5

MBV 19 B 2.030 14.5

emission rate emphasizes the unusually slow rate of deco-
herence due to blackbody radiation.

3.2. Model PC645

As a second model system, consider a subunit of the protein-
antenna phycocyanin PC645 of marine cryptophyte algae,
where long-lasting coherence in 2DPE experiments examin-
ing energy transfer from DBV to MBV chromophores, has
been reported [2]. Our earlier results [3, 4, 1618, 28] have
made clear that such coherences are a consequence of the use
of pulsed laser excitation, and that the primary information
gained was information on the system-bath interaction post
excitation. Here we examine the more realistic case where,
after rapid excitation, the system continues to interact with the
incident blackbody radiation.

Specifically, consider the two dihydrobiliverdin (DBV)
chromophores and the two meso-biliverdin (MBV) chromo-
phores. The magnitude and orientation of the transition dipole
moments, for this particular antenna system, were recently
calculated [29]. For the purpose of the present discussion, it
suffices to consider them parallel, and with magnitude as
given experimentally in [26]. Table 1 summarizes this
information. We examine several cases.

3.3. A dimer system

Before proceeding with the four chromophore example, it is
illustrative to consider the dynamics induced in a dimer
by incoherent light, specifically, the DBV dimer of PC645
(see table 1). This system has a ground state | g ), two
single exciton states {| ¢ ), | ¢/ )} and a two-exciton state | f ).
The energy gap between the donor and acceptor excited state
energy levels is denoted A.

To focus only on the action of the radiation, the deco-
herence effects of the vibrations on the excited states are set to
zero in equation (1). For example, for excitation from the
ground state, p(0) = |g)(gl. A, () = X;';;Z';(r). Hence, the
x®™P* matrix element satisfies a relation analogous to
equation (2), i.e., X;Z:Zz =Y. R th:i}?gt;’ Furthermore,
following the procedure introduced in the derivation of
equation (14), it is possible to obtain an expression for x%%
for the case of excitation from an arbitrary state.

Interest here is the decay time of the coherence estab-
lished in the single exciton manifold p,,(t) for excitation
from the ground state with blackbody radiation. The main

contribution to XEE, o results from the component with the

eigenvalue L2 of R™ that leads to oscillations at the
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Figure 2. Real (blue marks) and imaginary (green marks) parts of

eigenvalue L, as a function of the transition dipole moment 5., of
the DBV dimer. The continuous red curve depicts R, as a
function of jips,, Whereas the dashed red curve does so for 2Ree ee-

Other parameters are set to simulate the DBV dimer in table 1 and
with Ty, = 5600 K.

with decay rate A" = [RAD].
Figure 1 depicts the functional dependence of 7';‘:, on the
energy gap A (left hand side panel) and on the scaled cou-
pling constant Dy, /A (right hand panel) for typical para-
meters in light-harvesting systems (see table 1 above).
Further insight is afforded by figure 2. For the present
case and at arbitrary temperature it is possible to identify two
well-defined dynamical regimes: (i) a coherent regime for
Wee! > Rebebee, that guaranties that L, has non-vanishing

frequency  w, ~ JA,

imaginary part and (ii) an incoherent regime for w,,s < R e/
that defines a purely real e1genvalue L... The onset of the
transition as a function of Ree/ <o coincides with that found for
the case of a single chromophore above, as discussed in
equation (21), These estimates provide additional insight into
the ‘underdamped’ and ‘overdamped’ regions noted pre-
viously [18, 28]. From figures 1 to 2, it is clear that R,

accounts quantitatively for the decay rate ~" of the
ee

b as a function of the ratio between the coupling strength Dpgy of the DBV dimer and the energy gap A (blue marks)
,as a functlon of the ratio Dy /A (red curve). Other parameters are set to simulate the DBV dimer in table 1 and with Ty, = 5600 K.

superposition between |e¢) and |e¢/). Moreover, in the inco-
herent regime the transfer rate can be approximated
by 2R€b€b€€

In photosynthetic light-harvesting complexes (see
table 1), energy transfer occurs between eigenstates that are
very close to one another, e.g., wy ~ 102 cmfl, and with
transition dipole moments of the order of 10 D. Thus, for
isolated light-harvesting complexes, suddenly turned-on
incoherent light induced dynamics are coherent (see below)
provided that 'y / wyp < 1. By contrast, for atomic or mole-
cular transitions with w,, on the order of 10° cm™!, with
transition dipole moments on the order of 10 D, incoherent
dynamics are expected.

Figures 3 and 4 display the tensor elements X,/ oo» Xee! e
Xee!,e'es Xee'qy fOT Various cases associated with generating
coherences in the singly excited manifold {e, ¢’} from inco-
herent initial states. Specifically, the left panel of figure 3
shows the results in the absence of blackbody radiation, i.e.,
the tensor elements Xee aa» Whereas the right panel displays
the results in the absence of the thermal bath, i.e., the tensor
elements X:B .o A number of significant features, and dif-
ferences between blackbody and phonon baths, are evident.
(1) The thermal bath introduced in equation (1) cannot excite
coherences in the singly excited manifold given population
initially in the ground or doubly excited state; (ii) the tensor
elements induced by the thermal bath in the singly excited
manifold, Xee o and Xe o' aq» are five order of magnitude larger
than those of blackbody radiation; (iii) the tensor elements
induced by the thermal bath in the singly excited manifold,
x‘el;,,ee and Xee o> decay far faster than those induced by
blackbody radiation. This suggests that excitation with sud-
denly turned on incoherent light, can be considered as an
effective coherent excitation over time scales less than the
thermal bath decoherence times. (iv) The tensor elements

ng o and Xee /e are out of phase with one another and the

elements Xee .. and Xee’ee’ oscillate in phase. This char-
acteristic may well be relevant for identifying electronic from
vibrational coherences in light-harvesting systems, a crucial
problem in 2DPE light-harvesting experiments [30].

The left panel of figure 4 displays the results in the

presence of both blackbody radiation and the thermal bath,
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i.e., the tensor elements x The results are relatively

— — — — — = -1 . ., . . . . .
A=13 A=13 A =130cm insensitive to the dipole transition moments: increasing them
2 %1076 by a factor of four, for example, gave qualitatively similar
2 results.
) 0 The long time appearance of stationary coherences
oy : tb+bb tb+bb : . .
e assisted by x,., ag and x, 718 evident in the topmost and
9 5106 lowest panels in figure 4. In accord with [8, 25], the amplitude
_2 f<1071 of these coherence increase with increasing coupling to the
. | vibrations.
Y 0 l'._.'.'. v
§< | 3.4. The PC645 antenna complex
—2 %107} For the multilevel system configuration discussed here (see
2 x107! ‘ ‘ ‘ equation (1)), and for the case of PC645, the dynamics grows
) E in complexity due to the various dipole transitions induced by
-~ 0 Hifipaaans the incident light, and the multiple interactions between
é i energy eigenstates excited by sunlight. For this multilevel
9 %10-1 configuration, the populations and decoherence rates are
B 5 >>Zl 0-8 function of the coupling and energy gaps so that it is not
- | | straightforward to anticipate the behavior of these rates.
f; 0 However, even this case, the approximation RL5 ~ R;’,Eab
>0 holds.
s Y = Excitation under model conditions. Consider first the
-8 ) ) ) © el .
-2 x10 0 500 1000 1500 s case where all chromophores are initially in the ground state,

and where they are initially decoupled from the environment
Figure 4. Tensor elements y'"* for different values of the (the latter is, indeed, an approximation, as discussed in detail
reorganization energy A. Parameters are T® = 300 K, T° = 5600 in [8]), and where the suddenly turned on excitation by
K, and color coding for different A values is shown on top. sunlight induces the dynamics.
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Figure 5. Left panel: time evolution at room temperature of the states associated with the single exciton manifold for different values of A.
Right panel: time evolution at room temperature of coherences of sample superpositions between single exciton manifold states induced by
suddenly turned on sunlight. Parameters are A = 100 em !, T,y = 300 K, Ty, = 5600 K and p@t = 0) = |e) (eiql, i.e., in the ground state.

For the ground state of PC645, the Hilbert space is spanned
by 16 energy eigenstates {|e|), |es), ...|e16)} with eigenvalues
e > ey > ... > ey The single exciton manifold is spanned by
the  projectors  {ler) (enal, lers) (e1sl, leis) (e1al, lers) (ers| }
which are delocalized over the sites. Excitations in chromo-
phores DBVd or DBVc would correspond to populations in
le12) (e12| and |ej3) (e13], while excitations in the chromophores
MBVb and MBVa mainly involve |e 4) (e14] and |e;s) {e;s].

Figure 5 shows the time evolution of the populations of
the eigenstates associated with the single exciton manifold as
well as some of the coherent superpositions prepared between
these states by suddenly turned on incoherent light (sunlight).
The observed linear population growth is expected in low
intensity incoherent light. If there is no coupling to the local
environments (A = 0), suddenly turned on sunlight is seen to
prepare coherent superpositions that last for hundreds of
picoseconds. However, the amplitude of the coherences is
approximately two orders of magnitude smaller than that of
the excited state population and so becomes irrelevant quickly
[14]. Further, when the coupling to the environment is
included (A = 0), the coherent superpositions maintained in
sunlight decay due to the underlying incoherent dynamics of
the local environment. In this case, due to the initial condition
(all the population in the ground state), no coherences
between the ground state and the excited states are present,
i.e., coherences in this case are among excited states.

The left panel of figure 5 also displays an interesting
dependence on A. For example, for (ejs|p;e;2) absorption

increases with increasing value of A, whereas the opposite is
the case for (ej3]p /e13). These considerable differences in the
state populations are a manifestation of the effect of the
coupling of the system to the bath and the associated flow of
population between eigenstates and trace preservation of p ().

Also of interest is the behavior of populations and
coherences as viewed from the site basis. To this end,
we have transformed from the eigenstate to the site basis,
denoted {|ej), |ez), ...}. In this basis the single exciton
manifold is spanned by the projectors {|eg) (€|, |€12) (€1al,
le14) {€14l, |€15) (€15] }, which correspond to the chromophores
MBVa, MBVb, DBVc and DBVd, respectively. Figure 6
shows the time evolution of site basis matrix elements asso-
ciated with the single exciton manifold presented in figure 5.
In this case, coherences are approximately an order of mag-
nitude larger than in the exciton basis, but the populations are
of similar magnitude. Hence, the coherences become negli-
gible as time progresses.

One note is in order. For larger values of the reorgani-
zation energy A, stationary coherences in the long-time limit
in the eigenstate basis are expected to be larger [8]. These
coherences are a direct consequence of the coupling of the
electronic degree of freedom to the vibrational bath [8] dis-
cussed above. Since the focus here is on the nature of the
excited states prepared by sunlight, larger values of the
reorganization values are not considered.

Energy pathways under incoherent and coherent radiation.
As we have previously argued [5] dynamics observed in pulsed
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laser experiments is distinctly different from that observed in
nature due to the coherence characteristics of the incident light.
Here we note a second significant difference arising from the
incident spectrum of the light. In particular, 2DPE studies have
focused on the spectral region associated with absorption in the
DBV _ state (see the figure 1.C in [2]), with energy then flowing
towards the MBV molecules [2]. However, in absence of
vibrations, as shown below, this is not the only pathway asso-
ciated with natural light absorption, where the excitation has a
wider frequency spectrum.

For example, for the ideal unitary case of A =0 in
figure 6, it is clear that the four chromophores DBVc, DBVd,
MBVa, MBVb show essentially the same rate of population
growth, all reaching ~5 x 107 in 1ps. Hence, excitation
with thermal light is completely different than that of pulses
due to its broad spectrum, which simultaneously excites the
four chromophores in accord with the magnitude of the
transition dipole moment (see table 1). For example, excita-
tion of the MBV molecules in figure 6 is due to both direct
excitation by the light as well as energy transfer. Figure 7
quantifies each contribution by showing the dynamics of the
populations when the coupling of the MBV molecules to the
light is turned off for A = 0 (left panel) and A = 13 cm ™'
(right panel). For A = 0, at 2 ps, the population of the MBV
molecules is approximately three orders of magnitude smaller
than the population obtained when the direct interaction with
light is included (see figure 6). For A = 13 cm™' this dif-
ference is reduced, but is still large, being now two orders of
magnitude. This points out the important role of vibrations in

exciton energy transfer even under incoherent excitation. This
is made even all the more evident when examining the case of
A =130cm~!, a value suggested experimentally for the
PC645 system and shown in figure 8. Here (by comparison
with extrapolated results from figure 6) excited MBV popu-
lation arising from direct MBV excitation and from DBV to
MBYV transfer are seen to be comparable in size.

3.5. The requirement for proper preparation

Several studies have been published that ignore the prep-
aration step, where the system is excited by light, and con-
sider that the system starts in a given excited state, after which
the dynamics follows. For example, in the PC645 case such a
study [7] assumed that the sunlight had prepared the system in
eigenstates where the excitations of DBVc and DBVd are
mainly resident. The subsequent effect of sunlight is included
via a master equation of the Lindblad form with a decay rate
[ihablag ~ 250 ps. Our approach allows us to assess the
relevance of this preparation step to the natural light-induced
process.

Consider then the case introduced in [7] where the antenna
is artificially prepared in the excited eigenstate |e|3) (¢;3| and the
interaction with sunlight and the local environment is then
switched on, defining # = 0. Figures 9 and 10 show the resultant
dynamics in the eigenstate and the site basis, respectively. Note
first that the amplitude of the population and the coherences
are approximately five orders of magnitude larger here than in
the case of natural excitation. This implies that the artificial
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Figure 8. Time evolution of the states associated with the single
exciton manifold in the site basis with no coupling of the MBV
molecules to the thermal light and with A = 130 cm ™. Note the log-
scale of the y-axis.

initial condition p(r = 0) = |ej3) (e13| strongly activates the
subsequent interaction with the environment. That is, under these
conditions the dynamics is dominated by the environment, with
marginal influence of the radiation. To quantify this statement,
we calculate the trace distance D(p, py_o) = trlp — Pl
between the density operator driven by the (environment +
sunlight) p, and the density operator driven only by the
environment, f, . For orthogonal states, i.e., completely dis-
tinguishable states, the trace distance would be one. For the cases
depicted in figures 9 and 10, the trace distance is of the order of
10" This clearly demonstrates that the effect of the radiation is
negligible in this case. That is, the coherences observed in
figure 9 have nothing to do with sunlight but are generated by
the non-equilibrium initial condition [8], contrary to an earlier
incorrect assertion [7]. It also emphasizes the need to properly
include the radiative excitation step to study dynamics induced
by incoherent light, as done in this paper.

10

4. Summary

An open systems quantum perspective is adopted to examine
the excitation, via incoherent light, of systems imbedded in a
bath. Specifically, the nature and role of the quantum dyna-
mical maps are analyzed in detail for model components of
light-harvesting systems. Contrasts between the effect of the
radiative bath and the phonon bath are analyzed. In particular,
phonon bath dephasing times are found to be far longer in the
radiative case than in the phonon case due to well described
differences in system-—bath coupling and bath spectral den-
sities. Examination of increasingly complicated models of
components of the PC645 light-harvesting complex shows the
appearance of oscillatory and stationary coherences, the sig-
nificance of multichromophoric excitation that occurs natu-
rally as distinct from localized chromophore excitation that is
carried out in the laboratory, and the importance of properly
treating the light-excitation step to model the true dynamics.
The approach provides a direct means of analyzing a wide
variety of initial conditions within one formalism.
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Appendix. Slow turn-on of the light

To simulate the slow turn-on of the light, it is convenient to
introduce a time dependence of the transition dipole



J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 184003 L A Pachodn et al

| — A=0 — A=13cm! — A=13cm™! | | — A=0 — A=13cm’! — A=13cm™! |
__0.05 — 1x107
& <
< = O AR
& <
0 = _1x10
__Loo —~ 4x107*
E $
< 0.80 1 < 0
< <
770,60 £ 410
__ 020 ~~ B5x107*
$ <
< 0.10 1 < 0
S <
0 = _5x107!
__0.10 —~ 1x107
Iy <
< 0.05 | < 0R
) <
~ ‘ &= -2 ‘ ‘ ‘
% 500 1000 1500 [&5] 1070 500 1000 1500 [ty

Figure 9. Left panel: time evolution at room temperature of the states associated with the single exciton manifold for different A values. Right
panel: time evolution at room temperature of several of the superpositions between single exciton manifold states induced by sunlight.
Parameters are A = 100 cm ™", Ty, = 300 K, Ty, = 5600 K and p(t = 0) = |e13) {ey3|-

|— A=0 — A-13em! — A-13cm!]| |[— A0 — A=13m! — A=13em’
0.45 —~ =37 x107*
3 & i
o -
< 0.40} —
K " ’
0.35 & _52x10°!
0.60 ~, —45x1077
i Ry ,
< 0.50} 1=
5 < ’
7 0.40 = _75x1072
0.15 __—2.8x1072
2 0.10 <
0 0.10} 1 =
< = _3.6x102
= 0.05] { <
0 = _4x07?
0.04 __ 5.4x107°
-3 &
< 0.02) 1 S 44x107?]
& =
T ‘ ‘ ‘ ® 34x107 ‘ ‘ ‘ ‘
0 500 1000 1500  [fs] =XHT07200 400 600 800 [fs]

Figure 10. Description and parameters as in figure 9 but with matrix elements in the site basis.
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Figure 11. Time evolution at room temperature of the populations (left panels) and coherences (right panels) associated with the single
exciton manifold for different values of o with A = 0. Parameters as in figure 5.

moments, namely, u,, = p,, Erf,,(¢), with

2 |wiz3lt/a 5
Erfiz,13(¢) = Efo dz exp(—z?). (A1)

For large o > 1 this can be approximated by Erfj,3(¢) ~

5 )
2wy Thus, 2|wyy,13|/ma can be interpreted as the rate of

ligﬁt turning-on. The method introduces the turn-on rate into the
dipole coupling and is different from that advanced in [18],
where the field populations are altered, but should give similar
results.

Figure 11 depicts the time evolution of the single exciton
manifold of the PC645 subunit discussed above. Clearly, the
slower the turn-on the smaller the coherences.
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