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Abstract: The energy transfer in molecular aggregates is generally hard to de-
scribe in a simple yet effective manner. There is often a trade-off between the
accuracy of simulated results and the level of understanding of the underlying
physics. To understand the evolution of a system with electronic degrees of free-
dom, understanding the influence of the system’s evolution on the evolution of
the bath is also required. To obtain an insight into the bath evolution, we in-
troduce an exact factorization of the density matrix elements representing an
entangled state of the bath and the system. We leverage this factorization to
derive iterative quantum master equations. Iterative treatment of bath evolution
is then used to derive a corrected memory kernel with correlation functions in
a local basis with the assumption of linear harmonic oscillators as modes of the
bath. This approach attempts to improve existing perturbative master equations
in a regime of weak interaction between the system and the bath. To judge the
improvement achieved, we apply the theory to systems with the finite bath of
small size.
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Introduction

The theory of Open quantum systems studies how a set of molecules interacts
with its environment using quantum mechanics. We are interested in a better
description of molecular aggregates as they model the photosynthetic antennae
in plants and some types of bacteria. In our case, the relevant degrees of free-
dom are electronic excitations of photosynthetic antennae inside light-harvesting
complexes. The environment (also often referred to as bath) degrees of freedom
are not directly relevant to the problem we are interested in studying. Those in-
clude vibrational modes of photosynthetic antennae, but also vibrational modes
of protein embedding and even its conformational changes. In general, the in-
teraction between the system and the bath leads to the system losing its pure
quantum state [CCCT20] [Man20]. Quantum master equations (QME) [VAM13]
are a set of equations that describe the dynamics of open quantum systems. The
QME have been widely used to study the behaviour of open quantum systems,
including energy transfer in light-harvesting complexes. The strongest point of
the QME is the generality of this approach. An important tool is the density
matrix defined in 1927 by J. von Neumann [Neu27] and L. D. Landau [Lan65].
Its reduced form describes the evolution of an open quantum system.

Redfield equations are a particular type of QME. These equations were first in-
troduced by A.G. Redfield in 1957 [Red57] and have been widely used in the study
of open quantum systems, including in the context of light-harvesting complexes.
Those equations are second-order QME with an assumption of weak interaction
between the bath and the system. In the derivation of these equations, one has
to use Born approximation and Markov approximation. Over the years, various
modifications and extensions to the Redfield equations have been proposed, in-
cluding methods for incorporating non-Markovian effects [BPP02]. The Lindblad
equations are another set of equations that can describe the dynamics of open
quantum systems. These equations were first introduced by G. Lindblad in 1976
[Lin76]. The Lindblad equations have several key features that make them a
valuable tool for studying open quantum systems. For instance, the Lindblad
equations preserve the trace and positivity of the density matrix. Forster the-
ory explains the mechanisms of energy transfer between two or more molecules
[F648]. In Forster theory the energy is transferred through the oscillating elec-
tric dipoles of the molecules. This theory, as opposed to Redfield equations and
Lindblad equations, is valid when the interaction between the molecules is weak.
The situation studied in this work is of strongly coupled molecules in a molecular
aggregate, subject to weak interaction with the surrounding molecules forming a
thermodynamic bath of a certain temperature.

A different approach than QME is used in the Hierarchical Equations of Mo-
tion (HEOM) method [TK89]. HEOM work particularly well when the system
is strongly coupled with a bath, as it allows for incorporating non-Markovian
effects. Also, HEOM tries to cover the missing gap in theories between weakly
interacting molecules and strongly interacting molecules. It can reliably describe
Lorentzian line shape; however, this is also its limitation. The main disadvantage
of HEOM is its black-box character and the corresponding the level of insight into
the underlying physics. Here the development of master equations is justifiable



as they are much simpler to understand.

Understanding the quantum effects in photosynthesis and hence a good de-
scription of energy transfer can help us to design better ways for solar energy har-
vesting, Mohseni et al. (2014) [MOEP14], and Scholes et al. (2011) [SFOCvG11].

The behaviour of the bath is generally unknown, and it appears that in order
to achieve a reasonable evolution of the system, we must also correct the evolution
of the bath in some way. In other words, the reduced density matrix acts on itself
through its coupling with the bath. Throughout this work, we are working within
the regime of weak coupling and are interested in the time perturbation approach
rather than perturbation in energy states. In an attempt to approximate the
evolution of the bath, we have introduced various approximations, which we refer
to as ansatzes for the bath. In this work, we aim to further rigorously formulate
those approximations in order to establish a solid foundation for the treatment
of the bath.

Our primary focus in this work is twofold. First, we want to consider finite
systems and determine whether we can identify any ansatzes or observations that
would help us justify the bath’s treatment for infinite systems. As we use linear
harmonic oscillators for modes of bath, every mode has an infinite number of
states. In the limit of low temperatures, we can take a fixed number of states for
every mode and work with purely finite systems. Second, we want to develop a
suitable correction for the bath in the case of infinite systems with a finite number
of modes. This is a special case of infinite systems. This correction should be an
improvement over the Redfield equations and their assumption of constant bath
in time (in the interaction picture), which considers an infinite number of modes.
Later in the work, we will introduce iterative treatments of the bath, the reduced
density matrix, and the memory kernel and propose Iterative Quantum Master
Equations. These equations can be rearranged so that the bath does not need
to be explicitly expressed. Hence, we would only work with the reduced density
matrix and reduced density matrices from previous iterations.

Later in the work, we confirm that the direct correction of bath evolution is not
possible without considering system evolution and its effect on the bath. Hence,
we were motivated to test an iterative approach, which will take sequentially into
account also the evolution of the system. The iterative approach of correcting
bath evolution with the previous history of bath evolution and the previous his-
tory of the system improves the Redfield equations for a regime of weak coupling.
However, after we expand the corrected form of the memory kernel in terms of
the correlation function of the first order, we see that this correction is not triv-
ial. It is concluded later that the correction and the rate of correction provided
by the iterative ansatzes are relatively small. However, the quality of numerical
results may be affected by the fact that we use finite systems. We also suggest
testing the corrected memory kernel with infinite systems, as there is a hope for
a better rate of convergence. This work was successful as we gained a better
understanding of how to correct bath evolution in quantum master equations.
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1. Open Quantum Systems

Pigment-protein complexes, such as photosynthetic complexes in plants and algae,
can be modelled as open quantum systems (OQS). In this context, the system
degrees of freedom (DOF) refer to the electronic states of the pigment molecules
within the complex. In contrast, the bath DOF refers to the vibrational states
of the pigment molecules and the electronic, vibrational and rotational states of
the surrounding proteins and solvent molecules.

The interaction between the system and bath DOF plays a crucial role in the
function of photosynthetic complexes, as it allows for the transfer of energy from
the light-absorbing pigment molecules to the rest of the complex. This energy
transfer ultimately drives the chemical reactions that produce usable energy in
the form of ATP and NADPH.

1.1 Effective Hamiltonian

The effective Hamiltonian is an operator that acts on the system’s state and
determines how the system evolves. In the case of an OQS, the Hamiltonian
typically consists of a system part Hg and a bath part Hpg, which describe the
dynamics of the system and the bath, respectively. We also have to consider
an interaction Hamiltonian H; that allows the system to interact with the bath
part. Now it is clear that the overall Hamiltonian consists only of those three
parts H = H5+HB—|—H].

The effective Hamiltonian is a simplified version of the full Hamiltonian that
captures the essential features of the system-bath interaction. We move away
from the quantum chemistry point of view instead of taking the density matrix
of the whole system, where the density matrix depends on the space coordinates
of every atom. We assume discrete states of antennae and many assumptions for
the bath that allow us to reduce the overall Hamiltonian’s complexity drastically.

1.1.1 Two-level system with LHO bath

In this section, we will take a closer look at a two-level system with linear har-
monic oscillators (LHOs) on the ground and an excited state that models the
bath. Taking LHO as the model for a vibrational bath is an approximation to
a certain degree. However, the potential energy surface (PES) can be approxi-
mated as quadratic near equilibrium. The harmonic approximation is often used
in the study of molecular vibrations, which are the normal modes of motion of a
molecule. In general, the Hamiltonian looks like the following

~_mol

H " = (g4 + Hp) lg)Xg| + (ec + Hp) e)e], (1.1)



where HJ; is not the same as Hp. The difference in Hj is defined by the shifts
and frequencies in LHO potentials

~_mol

H qmmwawmgmnﬂ?@wm

, (1.2)
+ 3 (Tt Bt - ) ol

where index k& denotes different modes in bath and Tk is kinetic element. We
assume in this work that the vibrational frequencies are unchanged between the
ground and excited states, and the only difference is the displacement of the
PES. The PES of the bath is typically highly multidimensional, and it is not
linearly dependent on every coordinate. However, in such cases, a normal mode
analysis can be performed to obtain the normal coordinates and normal modes of
motion. In this work, we will focus on the effective Hamiltonian and assume that
a normal mode analysis can be carried out in all cases. Therefore, when we refer
to coordinates or modes, we will always be referring to the normal coordinates or

~_mol
normal modes of the molecule or aggregate. We will show H  can be rearranged
in a such way that Hp will be same for ground and excited state

~_mol hw A how R
H " =¢,4]g)Xg| + (ee +> 2'“d2> leXe| + > (Tk + 2’“612)
k k
— > hwidyqy, e)el .
k

(1.3)

The final form of system, bath and interaction Hamiltonians is shown below,
where \™°!' denotes the reorganisation energy for two the level system

A~ mol o o ﬁwk
Hy" = e lg)gl + (cc + X" e)el . A™! = 3
k
~_mol hwk R R
Hy, = ZT(%"’Q%) (1'4)

The index k in H j;zl denotes different vibrational modes. In this case, we are
considering a single molecule, so we only need one index to distinguish between
the different vibrational modes. Later, we will also need to differentiate between
the modes bound to different molecules. In the Frenkel excited model, we only
consider the ground and excited electronic states for each molecule (e.g. HOMO
and LUMO), hence the notation "mol”. The bath Hamiltonian can be expressed
using the elements of an orthonormal basis

i = 30 M ek 4 1) [h) e (15)
k

1.1.2 Aggregate with LHO bath

In this section, we will construct an aggregate composed of many two-level sys-
tems and include electronic coupling between them in order to model the real
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scenario of electronic coupling between molecules. We will begin by defining
the basis using the Frenkel exciton model. In the whole system, there is one
global ground electronic state and exactly n locally excited electronic states for
n molecules. The electronic basis of the system can be expressed as follows

n

l9) = H 9) 5

i=1

o (1.6)
lex) = let) [T lon) -

=
where |e}) is excited electron state for single molecule. Next, we will extend this
basis by adding the non-shifted LHO basis

1) = lg) [€)169) - - 165)
|a) = lea) 1E)1E) - - 162) - - 1€5) (1.7)
1€5) = 1;[ €%), sefg.el

where ak denotes LHO state on a-th molecule and on k-th mode. In this section,
we won't be going into details of shifted LHO states, which is explained in a
separate Section 1.2. It is not necessary to differentiate which modes are coupled
to which states at this point, but it can be useful in the case where we are working
with the shifted LHO basis and want to maintain consistency. The case for the
shifted LHO basis is similar

1) = 1€)E) - -- 165)

ja) = [EDIE2) - Je2) .. 1€D) 18)
&) =TLie™, 1en =TT e,

except that the information about which molecule is excited is now encoded in
the vibrational basis. It is important to note that the state |a) is a compact
notation for the actual values of the vibrational states ‘fgk> or £3k>. More infor-
mation on the difference between the shifted vibrational basis, and the non-shifted
vibrational basis can be found in Section 1.2.

Once the basis is defined, we can proceed to the definition of our Hamiltonian.
We begin by taking the product of the two-level Hamiltonians defined in Eq. 1.4
and then add electronic coupling to the new system Hamiltonian

Al ~_moly ~_molg A~ _mols A~ moly,

Og=H "o "o "®..0H

Al A/ n Y

Hg = (gl Hglg) l9Xgl + > (ex] Hg ler) lex)ex] (1.9)
k=1

A ~_ Il
Hg=Hg+ Y Jylee;| =D e+ Jijle)esl.
ij i ij
In the second row, we took global ground state and single excited states out of
the new Hamiltonian, and we are working on the non-shifted LHO basis. We con-
struct the bath Hamiltonian by adding the bath Hamiltonians from each molecule



Hp= z e
= Z P+ ar) (1.10)
_ Z Z 5ak><£ak:

ak gak

+1)

where in the second row, the sum is over molecules a, modes k, and correspond-
ing LHO states piq%. In the last row, we express the bath Hamiltonian in the
orthonormal LHO basis. The interaction Hamiltonian is also constructed by
adding together the interaction Hamiltonians from each molecule

Hy = Zﬂiilb\ Xal
a=2 (1.11)

= - Z hwakdak@ak |6a><ea| .
ak

It is important to note that every electronic state |e,) has its own interaction
Hamiltonian from the a-th molecule. Contributions from different modes are
summed within this electronic state depending on the shift and frequency.
When working with the shifted LHO basis, the situation becomes more com-
plex. The bath Hamiltonian and system Hamiltonian remain unchanged, but the
interaction Hamiltonian undergoes a transformation. In the shifted LHO basis,
the elements in Eq. 1.11 will be zero. This is because the interaction Hamilto-
nian has been transformed from block diagonal matrices onto block off-diagonal
matrices in the electron basis. We will now focus on the system Hamiltonian

Hs =3 e+ Jijleae] (1.12)
i iJ

It is important to understand that the electronic coupling J;; is always diagonal
in any basis because Hg and Hp have to be separable in Hy. However, taking
J;; from the definition (1.12) and considering the non-shifted version of Hamilto-
nian for one molecule (1.4), the original form of J;; in shifted basis will also be
transformed onto off-diagonal elements in vibrational basis. These contributions,
which are due to the shift of modes, belong to the interaction Hamiltonian. Thus,
the general definition of the interaction Hamiltonian with any shift d is given by

Jav = (alg) (g|b)

= 1;[ s 1;[ (evler. (1.13)

Note that the actual states ’§§7k> or ‘§2k> are defined by the states |a) or |b).
In the case that we are working with a non-shifted LHO basis, we are ending
with block diagonal interaction Hamiltonian

=S AV |a)al, (1.14)



where the AV operators contain coordinates of the corresponding modes as shown
in Eq. 1.11. In the bath interaction picture, we obtain

ZUB AV UB( ) la)al

S AT

In the interaction picture in the system and bath in the local electron basis
and non-shifted vibrational basis, the evolution does not happen for populations
alone as we do not know the exact form of Ugq(t) for a # b, due to the electronic
couplings J,; in the system Hamiltonian

(1.15)

HI ab — Z US ac AV ( >0S,cb(t) |a><b| . (116)

Finally, we consider the case where we work with the excitonic electron basis
and either the shifted or non-shifted vibrational basis. The electronic basis is
defined as basis in which the system Hamiltonian is diagonal

s = 3 calaal. (1.17)
e
As a result of the transformation of operators during the diagonalisation of the

system Hamiltonian, the block diagonal form of the interaction Hamiltonian will
disappear, and we will be left with a general form in respect to system states

(ol [z AV, |a><a|] 8) = 5" AV, (ala) (18)

= AV 5.

(1.18)

In this case, the interaction picture can be simplified for the system part, but the
bath part remains for off-diagonal elements of the interaction Hamiltonian

() N N
Hyos = USa'y t)AV 5(t)Us,sa(t) [7)0]
7%

=Y et Mg AV 5(t)dsae ™= M [y )(6] (1.19)

07

iw 9 1
et aBtAvaﬂ(t) la)B|, wap = ﬁ(ga —£3).

It should be clear from the alphabet used whether we are working in a local
electronic basis or an excitonic basis. Latin letters will correspond to local electron
states, Greek letters will correspond to excitonic states. Sometimes, Latin letters
may be used for excitonic states, but this will always be explicitly stated. We
also believe that it should be clear from the context of the equations.

1.2 Shifted and non-shifted LHO basis

In the previous section, we demonstrated how to derive the model Hamiltonian
for a single molecule. We selected the case where we express the LHO for the

10



excited electronic state using the LHO vibrational states of the ground state.
This shifting transforms the elements of one basis into a new one, with the newly
shifted LHO basis remaining orthonormal

&) =)
€Y = D(dur) [€) (1.20)
D(dak) = exp [_dak%] = exp l—il;g (aak - ‘ﬂm)]»

where index a denotes a-th molecule in the aggregate, index k denotes k-th mode
on the molecule and fak> denotes specific LHO state. This shift operator is real.

Hence we have the following symmetry for given state [£%* >
(€oMeek) = (2% D(dar) €57
ak| At a
= (& D'(dar) |3*) (1.21)
= (&gt

The full basis within the Frenkel exciton framework can be expressed using the
shifted LHO basis. To denote the excited vibrational basis for a molecule a, it is
necessary to consider shifts in all modes connected to the molecule. We will define
the shift operator for molecule a, D,, as the operator that shifts the LHO states
corresponding to the modes on molecule a. We can rewrite the transformation of
states in Eq. 1.20 using this new shift operator as follows

&%) = Dalgsk)
ak 2 ak (122>
€g>:Db€g>7 a’#b
Next, we need to define how to transform the state of the whole molecule
€2) = Dalg)
= b ff le) (1.23)
k=1
€)= Dylsg), a#b,

where m, denotes the number of modes on a molecule a. The final step is to de-
termine the transformation of the aggregate state. Using the state transformation
in Eq. 1.23, we must add all states for the molecules that are not being shifted.
From now on, we will define a multi-index for all vibrational indices of LHOs
as a = (&1, &mys -5 &ats s Eamuy -+ &nts - -+ s Enm,, ). The transformation of

11



Figure 1.1: Shift operator can be used to determine how to transform states from a
global ground state to state with excitation on a-th molecule in local basis, or how to
transform state with a-th molecule excited to state with b-th molecule excited.

the aggregate state can be written as follows

cala) = Dalg)
DT TT )]
b#a
_Caﬁ ﬁ &) P, H o) (1.24)
b0t
= cabH IT|¢) TT |&e)
b;gk:l k=1

on the first line states |a) and |g) denotes aggregate states and not electonic
states. On the second line, the shift operator for the molecule acts only on
states corresponding to a-th molecule. On the next line, we can see the result
of the transformation with shift operator D,. The shift operator can be used to
determine the transformation of coefficients while switching from a non-shifted
basis to shifted basis.

eulo) = o T T ) TT |e)

yon! h=t (1.25)
= Zcbbab—b |b> )
b

where under sum over b states, we understand all states of the whole system
that have excited molecule b. On the last line, we can see the same state with
transformed coefficients ¢, as a decomposition of one state |a) into all states |b)
for excited molecule b. Alternatively, we can look at the shift operator as an
operator that transforms coefficients of the ground state into an excited state or,
said differently, excites a particular molecule within the ground state basis. Both
transformations Eq. 1.24 and Eq. 1.25 are visualised at the Fig. 1.1. How does
shift operator works on one LHO mode can be seen at Fig. 1.2.

The inverse of the molecular shift operator is defined as a shift operator, but

12



with all coordinate displacements negative

l9) = D_, |a)
~bDuly (1.26)
D_,D,=1

In order to examine the trace over bath DOF in both the non-shifted and
shifted vibrational bases, we must first consider the trace in the non-shifted LHO
basis. This is given by

tr{p} = zb:tr{i)ab} |a)bl,  pap = {al Pb) (1.27)

where the electronic states of the system are denoted by a and b. The trace over
bath DOFs is similar to a standard trace operation but preserves the DOFs of the
system. Next, we consider the shifted LHO basis, where the populations remain
unchanged, but the coherences are calculated using a non-orthonormal basis. In
general, we have

(&Meak) #1, da > 0. (1.28)

It is impossible to evaluate the trace using the same bra and ket states in shifted
LHO basis. One solution to this problem is to transform all states in the coher-
ences into ground states of the aggregate and then evaluate the trace over the
bath DOFs as is done in the non-shifted vibrational basis. The procedure for this
operation is outlined as follows

tis{p} = 3 tr{D-upwD-s | la)O] (1.20)

When using the shifted operator to transform from the non-shifted basis to
the shifted basis, we can visualise this process for a single mode as follows

,,,,,,,,,,,

Figure 1.2: The left side represents LHO states of one mode in a non-shifted basis.
The dashed LHO states represent the true position of LHO states which are expressed
by the non-shifted basis. On the right side, we have a representation of shifted excited
states. Transformation of coefficients from non-shifted basis to shifted basis is possible
with shift operator D of depicted mode.

1.3 Correlation functions for LHO bath

1.3.1 Definition

The correlation function, as a property of a system, is a valuable and practical tool
for the development of the theory derived here. When the memory kernel contains
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a trace over the bath DOFs and the bath is in equilibrium, we can consider the
correlation function in its normal form, using the interaction Hamiltonian from
Eq. 1.15

C(t) = trp {AV () AV, | (1.30)

In our work, we define the correlation function as a tensor C,p.q of two-time
variables

Cabcd(tla t2> = trB {Avab@l)Avcd(tQ)ﬁ}eq} . (131>

In the local basis, however, it makes sense to write interaction Hamiltonian with
just one index AV,, = AV,,, and we will later also understand that correlation
function with two indexes is in a local basis and with four in excitonic basis

Com(ta,11) = trp { AV, (1) AV (t2)ibeq } (1.32)

In the local basis we have clearly C,,,(t2,t1) = 0umChrn(ta,t1). We often see
definitions of correlation functions with single-time variable. Our definition (1.31)
is equivalent to definition (1.30), and a reader can find the discussion in Appendix
Al

We will also focus on second-order correlation functions. By examining equa-
tion (1.31), we can write down similar second-order correlation functions in the
exciton basis

Coabedefgn(ti, ta, s, ta) = trp {Avab(tl)Avcd(t2)Avef<t3)AVgh(t4)ﬁ]eq} - (1.33)

In a similar fashion, as we defined in Eq. 1.32, we can define the correlation
function of the second order in the local basis

Crmpi(t1, b2, 3, 14) = trp {Avn(tl)A‘A/m(tZ)A‘A/k(tS)AVl<t4)'LAUeq} - (1.34)

In this work, we only consider the LHO modes in the bath. Hence, we can
derive an exact form of the first and second-order correlation functions. For the
local basis, we will consider the interaction Hamiltonian for the n-th molecule in
the aggregate

AVn(t) = hzwnudnuanu(t)
v (1.35)
5> nudna (@l (t) + anu(t)).

For the correlation function of the first order, we can arrive at the following
solution derived in Subsection 1.3.2

Cnm<t17 t2> - Cnm(tl - t2)

2 w%udiu twnu (t1—t2) —iwny (t1—t2)
= h 5anT(n(wnu)e nellit2) 4 (n(wpy,) + 1) wnelin=t2)y,

(1.36)

where wy,, is the frequency of u-th LHO mode on n-th molecule and n(w) is
Bose-Einstein distribution for a thermal equilibrium of LHO bath mode

(1.37)
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Usually, it is desirable to express our equations in terms of reorganisation energy
Anw and Huang-Rhys factor S,

hw A 1
nu dQ nu — *dQ
2 nu’ h/wnu 2 nu
Alternatively, we can rewrite correlation function (1.36) into the following
Cnm (th t2) =
- hénm Z Wnk)\nu(n(wnu)eiwnu(tl_tQ) + (n(wnu) —+ 1)€—iwnu(t1—t2))

)\nu =

Snu =

S,.. (1.38)

— [20m Y2 S (o)) - () + 1) erer7t2) - (139)
k
= W28umSn 3 Wiy (n(Waa) e 7+ (n(wy) + e 702)),
k

where at the last line, we applied S,,, = S, because the shifts in modes within
the same molecule are the same. The decomposition of the second-order correla-
tion function into first-order correlation functions is simple and more on that in
Subsection 1.3.2

Cnmkl (tl, t?a t3, t4) = 5nm6klenm (tla t?)Cmm (tg, t4)
+ 5nk5ml0nn (tla tB)Omm (t27 t4) (140)
+ 5nl5mk0nn (tla t4)Cmm (t27 t3)

It is easy to spot that the correlation function of the first order in exciton
basis is just a linear combination of correlation functions of first order expressed
in local basis

Capys(ti,tz) = trp {Avaﬁ(tl)Avvé(Q)@eq}
= ; (afn) (n]8) (lm) (m8) trp { AV (1) AV (2) g | (1.41)
= an: {a|n) (n]B) (y[m) (m6) Crm(ty, t2)-
Similarly, it holds for the correlation function of the second order

Oa,B’yEuuen (tlu t27 t37 t4)
= trp { AVas(t1) AV 5(t2) AV (£3) AV o (£4) g }

= >_ {aln) (nlB) {vIm) (ml6) (ulk) (Klv) (€|l) (IIn)

nmkl
X Cnmkl (t17 t?a t3a t4)

There is a crucial property of correlation functions in any basis, namely the
conjugate of the correlation function to the function in Eq. 1.31.

Copea(ti, ta) = trp {(Avab(tl)vcd(b)@eq)*}
= trp {0 V0y(t2) AV (11) )
= trp {Vcd(t2)AVab(t1)@eq}
= Cegav(ta, 1)

Similarly, for the correlation function of the second order, we have similar property

(1.42)

(1.43)

bedefgh(t1t2,t3,t4) = Cynefedan(ta, ts, ta, 1), (1.44)
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1.3.2 Higher orders

In this subsection, we present a general diagrammatic representation of multi-
point correlation functions. This simplified notation may help the reader with a
derivation of higher orders of correlation functions in the future. We begin with
the simplest example possible, which is the first-order correlation function with
a single mode

C(t1,t2) = trp { AV (0)V (tQ)a} }
= RAwid* trp {UJr U(t) U (t2)qU (t2 )ﬁ)eq}
= h2 2d% trp {U (1 — 1)U (ty — 1) qibeq |

2d22<ay Ut(ty — to) la)a| (@b + a)UT(ty — t1)(a" + @) |a) Weq.q-

In the next step, we must consider all the combinations of paths of creation and
annihilation operators that will result in the same state |a). In this case, we only
work with a single mode, so the situation is relatively straightforward

(a| UT(t; — ta) |a)a| (@' + @)U (t — t1)(a" + @) |a) =
= 00 (g — 1| Ul (ty — 1) |a — 1)

+(a+1) (a+ 1| UMt —t1) [a + 1) wega

(1.46)
iw(a+1/2)(t17t2)6iw(a71+1/2)(t27t1)

= ae
+ (a + 1)eiw(a+1/2)(t1—t2)6iw(a+1/2)(t2—t1)w

weq,a

eq,a

= AWeq L L) weq gewiti=t)

With the knowledge of Bose-Einstein distribution, we can sum over all states a
of LHO mode

2
C(tl,tg) _ h2w2d2 (n(w)e—iw(—h-i-tz) + (n(w) + 1)6—iw(+t1—t2)). (147)

The expansion (1.46) can be alternatively obtained by following two diagrams

a+1 a+1 /\
' \/ Weq e T2 a (@ + wegqe™(Th1712)
a—1 a—1

Where on the diagram on the left, the LHO state a is annihilated and replaced
with state a—1 (reading from left to right). The first line goes from a higher state
to a lower one. Therefore, it will contribute with —¢;. The following line tells us
that we replaced state a — 1 with a. The state was increased; therefore, it will
contribute with +t5 in the exponential. Every line contributes with factor \/a;
hence overall factor is a. The factor is always taken from the higher state of the
line. Similarly, we can continue on the second diagram with only the difference
of signs in ¢; and t5, and every line contributes with factor v/a + 1 instead of \/a.
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We will now proceed with the correlation function of the second order. As
explained in the previous section, we can use similar diagrams to simplify the
derivation of the final formula as in Eq. 1.47

a—+2

R At

and now we have six terms in total. In the same order as the diagrams are
shown from left to right, we will lay down all the elements of decomposition of
second-order correlations function

ﬁ4
C(t17 t27 t37 t4) = Zw4d4 Z |:

a

72'(.0(7251 7t2+t3+t4) 7iw(7t1+t27t3+t4)

+a(a — 1)weq o€ + a*Wey €

+ (CL + 1)aweq aefiw(7t1+t2+t37t4) + (CL 4 1>aweq aef’iw(+t1*t27t3+t4)

+ (a+ 1)wg, Je—wrti—tatts—ta) 4 (a+2)(a + 1)we, a€—iw(+t1+t2—t3—t4)}
(1.48)

With the knowledge of (n?) = 2(n)?+ (n) we can rewrite Eq. 1.48 to the following

h4
Cltr,ta, ta, ta) = —w'd!|
+ 2n2<w)67iw(7t17t2+t3+t4) + (2n2< ) ( ))6 —t1+to— t3+t4)
+ (2n2<w) + zn(w)>€7iw(*tl+t2+t3 ts) +(2 2(w + 2n((w))e” iw(+t1 —ta—tz+ta)
+ (2n%(w) 4 3n(w) + 1)e~whi—tetta=ta) 4 (9n2()) 4 dn(w) + 2)6_i“(+t1+t2_t3_t4)}

(
+ C(t1,t2)O(ts, ta) + Cltr, t3)C(ta, ta) + C(tr, t4)Cta, t3),

(1.49)

where we have to note that it is possible to rearrange all six terms in such a
way that we decompose the second-order correlation function into the first-order
correlation functions. This was also proven in a more abstract way in [Fox78].

In the second part of this subsection, we address the decomposition of higher
correlation functions when working with multiple modes. Instead of using indices
a for molecules and k for the specific mode on the molecule, we simplify this
notation to a single index n. As a result, the frequency of the node wgy; becomes n,
and similarly for other quantities. This allows us to avoid the need to differentiate
between modes originating from the same molecule or not, and we only need to
consider whether the modes are the same or not.

We say that the correlation function is of the n-th order when it contains 2n
interaction Hamiltonians under the trace operator

Clty,. .. tn) = trp {AV(t1) .. AV (t2n)ibeg }- (1.50)

After clarifying the notation, we can try to decompose the correlation func-
tions of the first three orders. The correlation function of the first order is the
trivial case because obviously, for LHO bath, we have the following property

Cnm(tlatQ) = 6nm0nn(t17t2)7 (151)
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where the case of n # m implies C,,,(t1,t2) = 0 as for any odd number of the
coordinate operator ¢, for the same mode n we won’t end up on the same state
we have started. We have to note that evolution operators Ug(t) are diagonal in
our basis

(a4, (t) - . 4, (tanr) Ja) = 0. (1.52)

We propose the following notation for the decomposition of correlation functions.
We will represent the trace over bath DOF with an undirected cyclic graph where
every node represents one operator. The top node will represent the operator of
bath in equilibrium @.,. Then we lay down all the interaction Hamiltonians AV
in counter-clockwise order starting from AV(tl). We will only note the nodes by
the index of the mode

Weq

AV (1) AV, (t2) n m

and there is no point in assigning an index to @, because it will be the same
in every correlation function. The decomposition in Eq. 1.51 can be noted with
those diagrams as follows

VANVAN

and we must also consider d,,,,. It is important to note that we have not included
the deltas that ensure the correlation functions in separate cycles have different
indices or that multiple indices are enforced in the same correlation function. The
decomposition of the second-order correlation function can be written as follows

n ) n k n m n n
m k n k m n m m

This decomposition can also be written by a standard notation as

Onmkl (t17 t27 t3, t4) = 5nm6klenm (tla t?)Cmm (tg, t4)
+ 5nk5ml0nn (tb tB)Cmm (t27 t4) (153)
+ (Snlémkcnn (tla t4)Cmm (t27 t3>

For the third-order correlation function, we have the following diagrammatic de-
composition
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= + +
m o n 0 m 0 m o
kool kool no Eon
n P n n
+ +
m n m 0]
kool kool

Finally, in this case, we can see why a reader would consider the diagrammatic
method for higher-order of correlation functions

Crmpiop(t1, ta, t3, ta, 5, ts) =
+ (5nm0,m(t1, tQ)Ckl0p<t3, t4,15, t6)
+ 0nk Crn (t1, £3) Crntop (2, ta, t5, t6)
+ 5nlCnn(t1,t4)Omkop(t t3, 15, 6)
+ 5n0(]m(t1,t5)0mklp(t t3, 14, 6)
+ 5annn(t1, tg)kalo(tg, t3, t4, t5).

(1.54)

1.3.3 Limit of high temperatures

In general, we assume that correlation functions are complex functions of time.
In this subsection, we are interested in the limit of high temperatures where the
correlation functions become real. Looking at Eq. 1.36, we will get the limit of
high temperatures

Crm(t1,t2) = h6nm anu =y (Wna) €OS(Why (B — t2)), (1.55)

and it is clear that we have the following property

Crm(ty, t2) = Ceqap(ta, t1). (1.56)
For the correlation function of the second order, we have a similar property. We
will discuss the diagonal part in the limit of high temperatures
Cnnnn<t17 t27 t37 t4) =
+ Rt Zw w2 A2 d2 (W) (W) | €OS(Wnu(t1 — t2)) cos(wpy(ts — 1))

nu-"nv-nu TL’U

+ co8(wnu(t1 — 3)) cos(wny(ta — ta)) + cos(wWpu(t1 — t4)) cos(wpy (t2 — t3))
(1.57)
With properties Eq. 1.56 and Eq. 1.57, we can see that any permutation 7 €

S, of time variables and indices inside Eq. 1.40 will lead to the same correlation
function of the second order

Crmiei(t1, ta, t3,ta) = Crinmpn (T(t1, t2, s, ta))

1.58
Cabedefgh(tista, ts,ta) = Criavedef,gn) (T(t1, L2, t3, 1a)). ( )
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Figure 1.3: On the left side, we depict a wavepacket in a ground state of the selected
mode. Upon laser excitation, this wavepacket becomes excited but maintains its shape.
In the shifted LHO basis, this excited wavepacket can be represented using shifted
LHO states and the inverse of the shift operator, D. On the right side we can see the
reorganisation energy A.

1.4 Initial state

In this work, we assume that the initial condition models the scenario of ultra-fast
laser excitation. The initial condition for the system and bath are as follows

—Hg/kpT —Hp/kpT

e
Peq = Ty e—Hs/ksT’

e

= T (1.59)

Weq
where kp is a Boltzmann constant, 71" is temperature, and the whole distribution is
called Boltzmann canonical thermal equilibrium. We propose the initial condition
for the whole system as

W(t = 0) = pote (1.60)

where py is the initial reduced density matrix for the system. This is justifiable by
Condon principle that, in our case, implies that the wavepacket will not change
its shape because the excitation is ultra-fast. What is the structure of p,? We
make another simplification and we will consider only nonzero populations. We
assume that the whole population that was present in the global ground state
|g)(g| is distributed over populations of single excited states

pPo = an len)enl, an =1. (1.61)

in other words, this assumption prohibits the system from starting with non-
zero coherences. It would also be sufficient to use only the initial condition
p(t = 0)y = 1 as any initial condition can be decomposed into multiple initial
conditions of p(t = 0)4 = 1.

To clarify the numerical part of simulations, we want to explain the bath basis
that was used. Depending on our basis, the initial state will look different. In
the shifted basis, we can see the situation at Fig. 1.3, where in order to calculate
the initial state, we have to use the shift operator D (1.20). In the non-shifted
basis, the calculation of the initial state is without the shift operator, see Fig 1.4.
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Figure 1.4: On the left side, we depict a wavepacket in a ground state of the selected
mode. In the non-shifted LHO basis, the excitation of this wavepacket results only
in a transition to an excited state, while the coeflicients for vibrational states remain
unchanged.

1.5 Reduced density matrix and relative bath
part

In this section, we investigate the separation of the density matrix into the so-
called relative bath part (RBP). The motivation behind obtaining a reduced
density matrix (RDM) from the W (t) is clear, as we need RDM to describe the
relevant DOF effectively. The RDM is obtained by taking the trace over bath
DOF and is given by

p(t) = trg{W(t)}. (1.62)
The structure of RDM in electronic basis is as follows
pt) =D pam(®)n)(ml,  pum(t) = tra{(n|W (t)|m)}. (1.63)

We are also motivated to define a remainder of W () with respect to RDM. We
define a new operator using the RDM and we will call it the RBP with respect
to the RDM, or simply the RBP

dm(t) = — WD) ) =1, (1.64)

trg{ (n[W (t)m)}
where states |n) and |m) denote electronic states, hence (n|WW (t)|m) is an operator
and has the size of the whole system basis. Now, we can split the whole density
matrix W (t) into two parts without losing information about the system. The
trace of this operator doesn’t have to be equal to one, but the altered condition
with trace over bath DOF is fulfilled. Adding RDM and RBP looks like the

following
W(t) = 3= prn () @ (£) )] (1.65)

Over the following pages we will use factorisation in electronic basis many times.
Hence, we are motivated to define formal oprator & that will simplify the notation

A

W(t) = p(t) @ w(t). (1.66)

21



This operator should not be interchanged for tensor multiplication ®, because
that operator will give completely different result

P @ W(t) = 3 prum (t)wen(t) [nE)mu|, (1.67)

nmév

where n, m are electronic states and &, p are vibrational states. Another property
of the separation into RDM and RBP is that the evolution is applied to both parts
of the density matrix

@ w(0)U(t) (1.68)
)

Later we will use this factorisation to separate QME into the RDM and the RBP
equations governing the evolution.
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2. Standard theories

In this chapter, we will briefly derive two important approaches for solving evo-
lution for OQS, QME in Section 2.1 and Redfield equations in Section 2.2. In
the last Section 2.3, we explain how we solve integrodifferential equations (IDE)
to desired numerical precision.

2.1 Quantum Master Equation

The starting point of this section is the division of the whole Hamiltonian in the
system part, bath part and the interaction part

H=Hs+Hp+H;=H,+ Hy, (2.1)

where Hg € Hg and Hp € Hp. Starting with the Liouville-von Neumann equa-
tion (LvN)

0 VNN
aw(t) = —ﬁ[H7 W(t)]
P P (2.2)
= — S Ho, W) - 5 [, W)
Next, we can move to the interaction picture with respect to H,
O, 0 i s
AUUREGONOE0)
= 1 Hoe H () U() + U ) {;W(zﬁ)} Uo(t)
FUSOW O = o)t 2.3
1 A oa 0 »
— LU0 o, W (]U6(0) + UL (1) 217 (6| Vo)
(Pey A (D)
= 11, ). 7 ),

where in the second line of this equation, we derived expressions for all three
operators. In the third line, we substitute the time derivative of the density
matrix with the LvN, as given in Eq. 2.2. Finally, on the last line, we eliminate
the commutators with the operator H,.

Deriving QME may be approached by directly integrating differential equation
2.3 twice. We want to show this simple approach as first

(1)

W & (1)

(t) =W 70 (), W (7).

(to) —; t: ar[B (), W (2.4)

and now we will substitute this result into the right side of Eq. 2.3 ending with
just integrated form of LvN, which is QME for system and bath



It can be shown that higher orders of the QME can be considered within the
vibrational basis of the LHO but do not contribute significantly to the expansion.
The second approach involves formally solving the LvN using the superopera-

tor technique. We define the superoperator as the commutator of the interaction
Hamiltonian in the interaction picture.

0 - () b1y i D

—W (t) = —=L7 ()W

() = —e0)
Such a form of LvN in superoperator notation is solved simply in Liouville space
as a simple exponential of time-dependent operator

(to), (2.7)

(1)

@, coww=m w7 @ (26

1 ~ (D)

(t) = exp_, (— 7 t dLﬁ”(ﬂ)W

to

~ (I
W()

where exp_, denotes time ordered exponential. We can rewrite Eq. 2.7 into
following form

() (D) (1)

)= (t) — L [ an (8P ). P 1)

h to
i I S PRy
- ﬁ/ dtl/ dt2[H[ (tl)a [HI (tQ)vW
to to
+ ...

W

(t)] (28)

Taking the first two elements of such an expansion and plugging into LvN (2.3)
will leave us with QME for system and bath as written in Eq. 2.5.

Applying trace over bath DOF to both sides of derived QME of system and
bath (2.5) will leave us with a recipe for QME for RDM, except the true QME
for the system would be closed in respect to RDM

25000 =~ g {1 (0,77 1)1

t

h2 to

) . w (2.9)
ar e {171 0, 1, (). W (1)}

where we usually set ¢y to zero and we denote p(t) = trp {W(t)} Also, it is
important to realise that this equation has to be solved together with bath DOF.

2.2 Redfield equations

At the beginning of this section, we make the assumption that the coupling
between the system and the bath is weak. In this case, it is natural to choose the
excitonic basis as the system basis, as this basis represents the stationary states
of the system

coo(t) = 1 [Hs. plt)

paa<t> - paa(o) - COHSt.
Pap(t) = pas(0)eest,

(2.10)

It follows that when we introduce a weak interaction between the system and the
bath, we must correct the elements pu(t) and p,s(t), but only to a small extent
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(see Eq. 2.10). Thus, we conclude that the excitonic basis is the preferred basis
in the case of weak coupling to the bath. We adopt the initial condition

W(0) = p(0) @ g (2.11)

and, therefore, can omit the first element in the QME for the RDM (QME-RDM),
as given in Eq. 3.14, by setting o =0

uBﬁﬁ?@memn}:o (2.12)

In this section, we consider the case of an infinite bath with an infinite number
of bath DOF. It is reasonable to assume that the bath remains constant in the
interaction picture, such that

9 . Lt ~ (1) ~ (1) () (D)

5P (0) = =55 | drteg §[H (@), [Hy (7): 3 Ped (1) g (7) [e)l]
e (2.13)
£ (D) (D) (T N
~= g [ e {1 0.1 (01, 200 ) ek
0 cd
where the approximation for the evolution of the bath in the interaction picture

1S

S

D) g, 0D(t) = e |c)d| = @°. (2.14)
cd

We proceed to expand the double commutator under the integral sign. By working
in the excitonic basis and using the first-order correlation function (see Eq. 1.31),
we find that it simplifies the final form of the equations if we switch from the
interaction picture to the interaction picture of the bath for the RDM. This
corresponds to working in the Schrodinger picture for the RDM

p(t) = Us()p® (1)UL (). (2.15)
The equation in Eq. 2.13 can be rewritten as
0 A
Ty = 2 A
1 (1) (D) A (1) - t
— [ sy s {0, 1 (¢ = 1p (¢ = 7) @ g el UL,
(2.16)

In the equation above Eq. 2.16, we changed boundaries of the integral sign with
the substitution 7 = ¢t — 7/, and then we changed 7" back to 7. We will use the
Markov approximation, which assumes the slow evolution of the system, as we
discussed at the beginning of this section.

POt — 1)~ p(). (2.17)

The new form of an approximated equation is

() () (2.18)
— g L arUsytea {1 00,1 (¢ = 75 (0) @ g o] UL(0).
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Next, we are going to show how to simplify the first product generated by two
commutators

(D)

~ (I)
Us(t) trp {HI () H'

(=P () @ 0 UL(t) =

— Ug(t) trs {Ug(aU;(z)ﬁ,UB(t)Us(t) «
)

Lt — ULt —HUg(t — 7 -7
x Ug(t = m)Up(t — 7)H,Up(t — 7)Us(t — 7) (2.19)
(

= trp { H UL(-7)UL (=) H Up(—7)Us(=7)p(t) @ @}

~ () <01l
— trp {HIHI (—T)wO} P(t),

where in the first step of this derivation, we expanded the interaction picture
operators in terms of the evolution operators of the system and the bath. In the
second step, we cancelled the evolution operators of the system on either side of
the trace, which is possible because the trace over bath DOF only acts on the
Hilbert space of the bath. We also utilised the fact that the evolution of the bath
does not alter a thermalised bath, such that UL (t)e,Ug(t) = feg. In the last
step, we made use of the fact that the trace over bath DOF does not act on the
RDM and can be taken outside of the trace. A similar argument can be made
for the remaining three products from the two commutators, and the final result
is given by

(—T)ﬁ(t)ﬁ)oﬁj} (2.20)
A (D) N\ n0F ~ ~0 7 ~ (I)
—trp s H; p()W H(—7) ¢ +p(t)trg s " H(—7)H,; " ¢ |.
The equation form in Eq. 2.20 is still too general. We will assume the form of

interaction Hamiltonian as mentioned in [BPP02], and we are assuming a local
basis for the system Hamiltonian

H, = > AV, [n)n| = > AV, K, (2.21)

where K, is a projector onto the state [n)(n|. We can now rewrite Eq. 2.20 with

{ )

— trp { AV (= 7)o AV i } K (=7)p(t) K (2:22)
{
{



Next, we would like to express these elements in terms of correlation functions as
shown in Subsection 1.3.1

tr5 {AVin(=7) AVpieg} = trp {Up(T) AV UL(T) AV iy | =
= trp {Us(T )AV UT( YAV ey } G

o | A (2.24)
(] A1) 18) = [ drCu(r)eer (] Ko |5)

plugging it back to Eq. 2.22, we will get back the Redfield equations

0
5790 = =3 (Hsplt)] + 35 X [Kup(OAL(0) + A, (0O,
(2.25)
~ KaAu()p(t) = (DAL
We may express the local Redfield equations (2.25) in an excitonic basis

0
£p(t) = —iets 5 30 (K pas DA (1) + e

n 8 (2.26)

KOWAM;( )p(;@(t) + h.c. y

where A5 = (a| A, |3) and K7y = (o] K, |B).

In the previous section, we introduced a new operator, the RBP. In this sec-
tion, we demonstrated that the Redfield equations are obtained under the as-
sumption of RBP as a bath in thermal equilibrium. The introduction of the RBP
allows us to set simply the bath at equilibrium, and this assumption will lead to
Redfield equations. By formally defining the RBP as a separate operator from
the RDM, it becomes clear that corrections to the RBP may be made to obtain
improved equations that surpass the Redfield equations.

2.3 Solving QME as delayed differential equa-
tion

Solving IDEs presents a significant numerical challenge. In previous work, we em-
ployed a fourth-order Runge-Kutta method to solve the QME (3.14) at equidis-
tant time points t = (0, ¢y, ..., ty), which required storing all operators in memory
for constant evaluation of the commutators under the integral sign. However,
this approach is prone to error, particularly at the initial stages of the QME, due
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to the high error of the integral on the right side at lower numbers of steps in
the interval [0,¢]. While an adaptive step Runge-Kutta method could potentially
address the "cold start” issue for IDEs, it introduces other technical difficulties.

An alternative approach to numerically solving IDEs is to rewrite them as de-
layed differential equations. Suppose we have a function F' that can approximate
the integral on the right side using a sufficient number of past values of

hQ
’/ { [HY)( ),W‘”(T)” —F<t;W(I)(7),0§T<T>

In our work, we approximate the integral using the QuadGK.jl Julia package.
Julia is a language designed for high performance and uses JIT compiler. Once
this challenging step is completed, we can solve the delayed differential equa-
tion (DDE) using a method such as Tsit5 and the integral with Gauss-Kronrod
quadrature (QuadGK.jl). For each step ¢ of the Tsit5 method, we evaluate F

QW (0 = - [I:IY)( ) W(I)(O)} _ iF <t; W(I)(T)70 <7< T> (2.27)

S €int-

using previously evaluated W(I)(T) with 0 < 7 < 7. If some W(I)<T) has not
yet been evaluated, the DDE solver is called to evaluate these steps to the de-
sired precision. The Tsit5 method takes as input a desired precision eppg, which
consists of both an absolute and a relative tolerance.

The same approach can be made for QME-RDM if we know the evolution of
RBP @ (7). Let us denote the constant element

o . i A (D), s () 1 A
Dy — _ (D)
prid (t) = htrBHHI (t), W (O)H hQF (tvp (7),0<7< T)
‘F (t% p(r),0< T < T) - (2.28)

_ /Ot dr trg { {ﬁli”(t), {ﬁlin(r),f}(”(f) @ @(I)(T)] ” - ‘ < Eing.

This thesis also includes the development of an open-source package called Open-
QuantumSystems.jl, written in the Julia language. For the calculations presented
in this work, version 0.2.0 of the package was used. Currently, this version of the
package only supports the analysis of finite systems and is available on GitHub
[Her22].
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3. Extension of standard master
equations

Our derived theory is divided into three parts. The first part will discuss the direct
correction of bath evolution in Section 3.3. Then we will discuss the numerical
results for finite systems in Section 3.4. The second part is about the derivation
of iterative treatment to RDM and bath evolution in Section 3.5. Then we will
discuss the numerical results for finite systems in Section 3.6. The third part will
go beyond finite systems, and we will derive corrected memory kernel or, in other
words, corrected Redfield equations in Section 3.7.

3.1 Notation

In general, the ansatz aims to find a suitable substitution for @) (¢) without
explicitly applying the evolution of the entire system to the RBP. Therefore,
we refer to any approximation of the exact solution as an ansatz and use it
to solve a modified QME. This section will introduce a notation that will be
used throughout the rest of the derivations. Since the QME is written in the
interaction picture, it is appropriate to use the interaction picture notation for
the RBP. While we often work exclusively in the interaction picture, we may also
include the interaction picture notation for clarity. The RBP is defined in the
basis of the entire system, and we can see the notation for different electron states

o (t) = Zb @y (1) |a)b| . (3.1)

Later, we will propose methods to obtain improved versions of the RBP. The
starting point for these improvements is the zeroth iteration of the RBP, denoted
by @° or by 2% in the interaction picture. Suppose we already have a method
f that can be used to obtain a corrected version of the RBP for a given time
domain t. This can also be referred to as the first iteration or correction of the
RBP. Subsequent improvements follow a similar pattern

a*O(t) L5 0t O) L 2O L (32)

for every t in the specified and bounded time domain.

3.2 Testing numerical stability of QME solution

Solving QME numerically is no simple task because QME is formulated as an
integrodifferential equation. Since we are solving at the same time a delayed
differential equation and numerical integral on the right side of QME, we have to
have the quality of the solution under control. At each step, we can diagonalise
the defined Hamiltonian and use it for the exact evolution of RBP

A

wl)(6) = UNOU @)@ ©0) T (1)T(1)

IS (3.3)
= Uy(Q)U(t)weU (1)U (1),
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where by Uy we understand the evolution operator for only Hy = Hg + Hp
Hamiltonian.

3.3 Direct correction of ansatz

In this section, we will propose several possible treatments for the bath without
solving QME for RDM first. We assume here that the evolution of RDM doesn’t
have to be taken into account while correcting RBP. This approach has limita-
tions, but the simulations’ conclusions will provide insight into the behaviour of
this type of open quantum system.

3.3.1 Constant ansatz

In the previous work [Her20], we proposed a constant ansatz that approximates
the evolution of the bath in the interaction picture as relatively slow compared to
the evolution of the RDM. This can be justified by the argument that the bath is
infinite and at equilibrium at the beginning of the simulation, and any effect of
the system on the bath will be negligible. In this work we will include this ansatz
for comparison in all results

~ (I ~
W) (1) = Weq (3.4)

for all a, b electronic states.

3.3.2 Linear ansatz

For short periods of time, it makes sense to use Taylor approximation of evolution
operators on both sides of RBP. We could also use Baker—Campbell-Hausdorff
formula in the general form

1

2 add Y + ..., (3.5)

1
exp(X)Y exp(—X) =Y +adx Y + o ady Y +

where adx Y aef X,Y|. We can substitute X = —iHt and Y = e and we will
h q

obtain the following for the first three elements

Wap(t) = exp (—;ﬁt) @(0) exp (—FZ]:H)

h
= w(0) +ad_, @(0) + 21' adQ_%-Ht W(0) + ... (3.6)
— #(0) — ; [, (0)] ¢ - ;h i1, (i, ()] + ..

We could select as many elements as we want, but we could, for simplicity,
take just the first constant element and the first linear element. The linear ansatz
of the first kind is an approximation to the exact bath part in Schrodinger picture

(3.7)



We will use the abbreviation L1 ansatz for this type of correction of RBP in
equilibrium.

We will approximate the evolution operators on both sides of the RBP using a
higher number of corrections. We will achieve greater accuracy by using smaller
time intervals. This is motivated by the inherent limitations of finite, bounded
evolution operators of the form

U(t) = lim o (2) o =0 - ; [i1,0]t (3.8)

k—o0

For a chosen value of n, we propose a new ansatz, referred to as the "linear ansatz
of the second kind.” It is given by

a (1) = Ul (it (Z) (0)
= uo ( ) Zweq |a)(b

This ansatz will be referred to as the L2 ansatz for the purpose of correcting the
RBP in equilibrium. For instance, the notation L2-100 implies that & = 100 in
Eq. 3.9.

(3.9)

3.3.3 Evolution of populations in relative bath part

An additional step to constant evolution in the RBP is to incorporate the partial
evolution of a population. By partial evolution, we mean the evolution of the
selected population state with a corresponding part of Hamiltonian. The ansatz
is defined as follows

WD) = US(8) | Ua(t)iveg U (1) |a)al + Z g |aXb]| (3.10)
a;éb

where evolution operator for populations U (1) is defined as

Ualt) = Udalt)
1 N 3.11
= exp {—h (a| H |a) t} : (3.11)

We will call this ansatz as Ul ansatz for this type of correction of RBP in equi-
librium.

3.3.4 Evolution of populations and coherences in relative
bath part

We want to try this rather naive approach of including the evolution of coherences
with off-diagonal elements of the whole Hamiltonian

@D (8) = U)X OanltoeqU s (1) (3.12)
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Here the partial evolution operators for RBP in equilibrium is defined as electron
parts of the whole Hamiltonian

A A

Uab(t) = Uab(t)

i . (3.13)
— oxp [— (a| I |b) t} .

h
It is worth noting that the efficacy of such an approximation depends on the
choice of bath basis. This may initially appear counterintuitive, but the fact
that the vibrational basis can be either shifted or unshifted results in a distinct
realization of the interaction Hamiltonian, as discussed in Subsection 1.1.2. This
ansatz will be referred to as the U2 ansatz for the purpose of correcting the RBP
in equilibrium.

3.4 Simulations of various direct corrections

In this study, we focus on simulating systems with a finite basis and examine the
impact of corrections made to the constant ansatz on our results. We will explain
how to interpret the results of these simulations, which are expressed in the
interaction picture relative to Hy = Hg+ Hp and the Schrodinger picture and can
be expressed in either the local or exciton basis. All calculations were performed
in a local basis, and the results presented in this section were calculated using the
non-shifted basis, as discussed in Section 1.2. The choice to utilise the non-shifted
basis for the majority of our results was primarily due to computational efficiency.
It was found that for the small size of the basis and the fact that the trace in the
non-shifted basis is more straightforward to evaluate than in the shifted basis,
numerical solutions of the QME through delayed differential equations could be
obtained more quickly. In this section, we set absolute and relative tolerance
to 10~* when calculating integrals and evaluating delayed differential equations.
The abstol and reltol are parameters for the solvers that solve DDE and integral
on the right side of QME (3.14), see Section 2.3. We also want to note that since
the transition between the ground electronic state and the excited states is not
allowed with the Hamiltonian we have defined in Section 1.1, we don’t have to
inspect the evolution of the ground state.

In this work, we consider a two-molecule aggregate, with a single mode at
each molecule. Each LHO mode has three states. The initial state is prepared as
described in Section 1.4 with w; = 0.7 and wy = 0.3, and the bath is thermalised
at T'= 10 K prior to laser excitation. The coupling between the molecules is set
to J = 50 cm~!. The frequencies of the modes are set to w; = wy = 200 cm™!,
and the energy gap of the molecules is set to AE = 200 cm™*, indicating that
the molecules are in coherence after excitation. The strength of the interaction
is set through the Huang-Rhys factors to S; = Sy = 0.05. In the first graph
(3.1), we can observe that in the absence of interaction (S; = Sy = 0), there
is no evolution in the interaction picture of the system. When the LHO modes
of the excited molecules are not shifted, the Hamiltonian can be decomposed
into the Hamiltonians of individual molecules. With non-zero shifts of the LHO
modes, we can see a complex evolution at first glance. It is also evident that
the exact evolution is periodic, as we are working with finite systems. The exact
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solution was obtained through the diagonalisation of the full Hamiltonian and
the determination of the evolution operators at any given time with float-point
precision. We also want to note that the choice of energy gap and frequencies
of modes is arbitrary and doesn’t matter much as we are working with finite
systems. Those parameters will only change the length of interesting dynamics.

On the graph, we can also see the dynamics using the constant ansatz, which
is an approximation to the exact dynamics used in previous work [Her20]. In
these graphs, we will always compare the approximate solution obtained using
various types of ansatzes to the exact solution obtained through Hamiltonian
diagonalisation. We may also compare the results to the Redfield equations for
finite systems, as discussed in Section 2.2, which serve as a test for QME solution.
Every QME with an ansatz is calculated as a delayed differential equation with a
numerically solved integral on the right side, as described in Section 2.3. Referring
back to Fig. 3.1, we can see that the constant ansatz begins to diverge from
the exact solution around ¢t = 400 fs. Similarly, in Fig. 3.2, we can observe
the evolution in the interaction picture and in the local basis of the system for
coherence pg). In this case, the constant ansatz begins to differ from the exact
solution around the same time as for the populations.

In the Schrodinger picture, the evolution appears to be more complex. Exam-
ining Fig. 3.3, we see the evolution of the population in a local basis. Similarly,
Fig. 3.4 shows the evolution of the coherence in a local basis. It may seem to the
reader that the constant ansatz is a better approximation in the Schrédinger pic-
ture, but this is only because the Hamiltonian of the system includes an energy
gap and couplings that produce the most prominent frequency visible in both
graphs. In general, we are not interested in the dynamics produced by the sys-
tem but rather in the dynamics caused directly by the interaction with the bath.
Therefore, in this section, we only present graphs in the Schrodinger picture to
explain the dynamics.

Another way to compare the evolutions is in the exciton basis, which repre-
sents the dynamics in the states of the system. Therefore, any deviation from
stationary states indicates that the interaction between the system and bath is
responsible for this deviation. In Fig. 3.5, we can see the evolution of the pop-
ulation, and in Fig. 3.6, we can see the evolution of the coherence. In this
representation, it is clear that the constant ansatz fails to describe the popula-
tions’ dynamics accurately. Still, it captures the most important aspects of the
dynamics of the system’s coherence.

After providing a detailed description of how to interpret the results of the
simulations, we can now proceed to compare the results of direct corrections to the
constant ansatz. In Fig. 3.7 and Fig. 3.8, we compare the constant ansatz (3.4),
the L1 ansatz (3.7), the L2 ansatz (3.9), the Ul ansatz (3.10), and the U2 ansatz
(3.13). The L2 ansatz was evaluated with & = 10. It is clear that the L1, Ul, and
U2 ansatzes perform worse than the constant ansatz and the Redfield equations.
In the case of the L2 ansatz, we see improved performance, but the solution
diverges and becomes unstable at the end of the simulation. The interaction
between bath and system was set with Huang-Rhys factor S; = S5 = 0.1.

In the next numerical experiment, we demonstrate that the L2 ansatz can be
used to obtain a more accurate solution if corrected more times over the course of
the simulation. In Fig. 3.9 and Fig. 3.10, we see that with a higher value of k, the
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number of corrections to the RBP, the solution improves. This approach confirms
that the evolution of the bath or RBP holds the key to the correct evaluation of
the RDM. It is important to note that with a higher number of corrections, such
a solution of delayed differential equations becomes more computationally expen-
sive, with a complexity of O(k). This ansatz is only suitable for demonstrating
the evolution of the RBP and its importance in the overall dynamics, even in
weak interaction scenarios.

The next numerical experiment looks at Ul ansatz (3.10) and U2 ansatz (3.13).
Looking on Fig. 3.13 and on Fig. 3.14 there is very little difference in evolution
obtained with Ul and U2 ansatz. We can also notice that both ansatzes perform
badly as the evolution progresses without further degradation. With increasing
the strength of the interaction between bath and system with Huang-Rhys factor
S; = Sy = 0.1 we can see that the solution doesn’t preserve the positivity of
RDM, Fig. 3.15 and on Fig. 3.16.
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Figure 3.1: Population of the first molecule in time with interaction picture and local
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basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), Ul

(3.10) and U2 ansatz (3.13). Both modes have S} =
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Figure 3.16: Population in time with exciton basis (top). The baseline is the evolu-
tion of the system with interaction (bottom). We see the comparison of the solutions

obtained by Redfield, constant ansatz (3.4), Ul (3.10) and U2 ansatz (3.13).
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3.5 Iterative treatment of the ansatz

We used the trace over bath DOF to define the complementary operator to RDM
and that is RBP defined in Section 1.5. By splitting the whole density operator
into two parts, we can also split the QME into the set of IDE. Instead of solving
the system of equations for the RDM and RBP, we will solve them sequentially.
The RBP can only be evaluated in the case of finite systems exactly.

3.5.1 Derivation of the general approach

The motivation for any derivation of ansatz is to find a closed form for QME with
respect to RDM. Even if we don’t lend immediately to such a closed form, it is
numerically solvable from our view of point because we are working purely with
finite systems. Perhaps we would write down the QME in the form of RDM and
RBP without any approximations taking place. Later we will try to remove the
RBP from the equations. The equations for RDM are

0 (1) __1‘ ~ (1) ~ (I)
s ® == 0.0 )] 1

1 0 0 ) . (3.14)

RO ON RGERRC] N
Obtaining equations for RBP is similar, taking the QME for the density matrix for
the whole system W(t) We will select a certain electron state and the following
part of density matrix Wab(t) for that, we will divide the right and the left side
of QME by corresponding RDM p(t)

0= (#0070 )
1 gt . (I) (D) A n
g [, w10, 10 e e | L
S0 =~ [ 0.0 0] 516
i b o [0 B0 e o]

The first element is a constant with respect to RBP and is not interesting, as it
turns out later. However, when laying down corrected forms of the bath it has to
be included. We will denote it with

(ol [ 170,57 )] 1) (317)

P (t)

For the sake of symmetry, we will also denote by memory kernel double commu-
tator without a trace over bath DOF

Myaealt, 7)o ()05 (7) = tal [ 1770 [ 17 () o2 ()05 (7) el ] 1)
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The new compact notation of QME for RBP is

o . i 1 N
= g?@):—hzcw(t)—w S [ Mo att 1D (720 (7
i ( )(7_> o (3'19)
= 2K, Z/ A7 My apea(t, 7) P52 00 (1),

Par’ (t)

where in the second step, we moved p((l? (t) to the right side of the equation,
as the RDM operator can be propagated to the right side through the memory
kernel, which consists only of linear operations. We will now focus on the right-
hand side, where we can see the ratio of two elements of the RDM. This ratio
is not constant over the time length of the simulation, even if we assume that
the evolution of the RDM in the interaction picture is slow and use the Markov
approximation. The next step will involve solving the QME for the RBP, which
requires the integration of the above equation. For the sake of clarity, we will
rename the time variables 7 to ¢y and ¢ to t;

0 R R
[ | ot = atfio) - a0
0 (9 1

()

—/ dtl{ ; (t1) ——Z/ dto M wabcd<t17t2)p((:d)( ) ((:fl)<t2)]

~ (I ~ (I
o) (t) =) <o>

)
Ped (t2)
—|—/ dt1|: (tl hZ E / dt2 wabcd(t17t2) (?) t2 wgi)<t2):|
Pab ( 1)

We are left with an exact form for solving the QME, separated into the RDM and
the RBP. From this point, the quality of the approximate equations will depend
on the assumptions we take into account.

The immediate observation from the previous equation is that we are now
working with an IDE similar to the QME for RDM (3.14). However, we want to
avoid solving the system of QME for RDM and QME for RBP simultaneously
and rather solve it in iterations for the ansatz itself. From now on, we will call the
QME for RDM as QME-RDM and the QME for RBP as QME-RBP. In QME-
RDM we assume that the equations are closed with respect to p(t) with known
evolution for @" (t). We can note such abstract steps as follows

oD () PEPM D@y, pD(t) = QME-RDM (0 D(1)), (3.21)

where we left the dependency on time variable ¢ to remind us that we are solving
IDE on the selected time interval for any ¢ or as a set of points {#;}¥,.

A similar can be done for the RBP if we will solve the differential equation
(ref) with already known pD(t), but with unknown @V (¢). Notation is similar
as previously defined

pD ) MEEM oD@y, D) = QME-RBP(D(¢)). (3.22)

It is possible to solve the QME with respect to p(t) and @ (t) at the same time,
without calculating these operators at any point during the simulation, using the

44



evolution operators U(t). When comparing our results to the exact solution, we
can solve the system by diagonalising the Hamiltonian. We may be interested
in testing the numerical stability of the solution for the IDE. However, there is
no need to use the QME for obtaining p)(¢) and @) () apart from in finite
systems. In the case of infinite systems, it is not possible to solve the QME-RBP.
An interesting scenario is when we solve the RDM and the RBP one after the
other instead of solving them simultaneously. In order to solve the RDM and
the RBP, we must start with one of them and have a sufficiently good guess for
its evolution in order to converge to the exact solution. The obvious choice for
the RBP is the constant ansatz. A similar choice for the RDM may be made, as
no dynamics is present in the bath and the system is perfectly separable. The
iterative solution is shown here

@D () MEBDM 51,(1) 4y QUERBP 51,(1) () QUE-RDM 2,(1) () QUIERBP. 3 53)

Convergence of such a series can’t be guaranteed, and also, we can’t guarantee
that we will end up with the solution obtained directly from QME in the basis
of the whole system, which is the exact solution.

Instead of QME-RBP, we can however select altered differential equations with
approximations that will allow us to construct similar sequences. In general, we
will have an altered version of QME-RBP as some function F' that will describe
the process of obtaining @*"™)(¢) with using only @™ (¢) and @"*")(t), where
1 < k starting again with the constant ansatz

ﬁJO’(I)(t) QME-RDM

R

—

pOwa 0w
D (h) QME-RDM

PO ()
W

L)
S0 ) (3.24)

The rest of this chapter will focus on deriving such function F.

3.5.2 Iterative Quantum Master Equations

In this section, we will show the equations derived from QME that are the foun-
dation stone for all the successive approximate treatments. We will write the
QME-RBP again as in Eq. 3.20

~ (I ~ (I
@ (t) = ) <o>

() 3.25
+ / dtl { (tl h2 Z/ dtz w abcd(tb t2)£§(z) EZ ; f (I) (t2) ( )

This differential equation for RBP is not closed in repect to RBP, because it uses
RDM. We are motivated to derive a form of differential equations where we are
not required to solve RDM and RBP at the same time. We have to start with
reasonably good initial conditions for both RBP and RDM. Now comes the key
step to derive our iterative approach. In Eq. 3.19 we will use the results of RBP
from the previous iteration on the right side to obtain the new results on the left
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side of the IDE. To get (k+1)-th corrected RBP with known k-th corrected RBP
we can write

A k+1,(1 . 0,(1
a5 ) = a% (o)

k,(I)
+/ dtl{—lC (t1) — Z/ dta M, wabcd(tlatQ)p ()E ; ! (1)),

pab tl

(3.26)

where the RBP, @) (¢) is not know and is calculated with known p*((t) and
k- )( t). The intial condition stays the same after correction

ﬁ)];;rl’(l) (0) = @2}7(1) (0). Also, we want to note that this is the natural selection for
an unknown function F' in the previous section. The reduced dynamics should
use only the RBP from the previous iteration. The equations that describe the
evolution of the RDM are as follows

0
SO0 = Kt Wz/dﬂ%ﬂ @Dy (0). (3.27)

When the result of such iterative treatment of RBP is the evolution of RDM, we
don’t have to assume elements K, and K,,. This is proven later in Subsection
3.7.1. We managed to derive Iterative Quantum Master Equation (IQME) that
can be numerically solved only for a finite basis. In the case of infinite bath and,
therefore basis the RBP is impossible to represent on standard computers. For

convenience, we will use an abbreviation for this treatment as I ansatz. Also, for
the convenience of the reader, we will state the full form of those equations

 k41,(1) . 0,(I) vt 1 i
aly ) = ol 0) — & [ dti—r— (ol [ 0), W) 1)
b C )

;gfftmmapﬂmi(Wﬂ““uwwﬂngg
é?tpz: MO = 5 {<al [FIY) (®), W(O)] } b)
_ 7;%:/; drtrg {(al {ﬁif) (1), [ﬁif) (7), @D (T)H |b)} D (.
C (3.28)

3.5.3 Iterative ansatz with Markov approximations

The motivation for this section comes from the observation that systems de-
scribing electron-phonon interactions that have infinite bath often exhibit slow
evolution in the interaction picture. It may seem flawed to use a such approxi-
mation in finite systems, but we want to test the quality of such approximation
in our scenario. We can test this property of slow evolution in the interaction
picture in our dynamics for finite systems.

In the first step, we will assume that the evolution of the bath is slow, and
therefore the evolution of the RDM in the interaction picture is slow. We will
assume that p)(t;) ~ p)(t). This can be achieved by substituting t=t—t
in the first integral and assuming that p)(t —t;) ~ p)(t). After this step, we
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have to switch back to ¢; from ¢}. The result is the IQME with the first Markov
approximation

o " i1 0,
i) =l 0) -+ | i s o al |7 (12). W )] 1)
ab

k,(I)

S ) e o [ ), 17 ) 080 ]| 1 i

g0 =~ {fal [ 0. 0]

2 [ drms {(al [0, [1), 00 0]} ok ).
‘ (3.29)

We will call this ansatz as I.M1 ansatz for this type of correction of RBP in
equilibrium.

The second approximation that can be done after we obtained 1.M1 is also
to assume that the evolution of the bath is slow and take it into account while
formulating the correction. Similarly as in deriving Eq. 3.29 we will use t, =
t; — ty and assume that @D (t; — t,) ~ @Y (t;). After this step, we have to
just substitute ¢, back for ¢, and we are left with @@ (t,) ~ @"(t;). This
approximation is only made in equations for RBP

B0 o~ R(D) (E 1 { i }
W t)=w 0)—— dt; ——(a t b
00 = i)~ [t o [ 00,50

Z// dtadts (al |17 (1), [ 1" (12), Ak(l)(1)|c>(d|”|b>p%€d((ll))(m
O i) = — L g {{al [ 0.0

Pab (t)
ot h }’b>
~ X [ drem {al [0, [0 )00 |}t ),
‘ (3.30)

We will refer to this ansatz as the I.M2 ansatz for this type of correction of the
RBP in equilibrium. The I.M1 ansatz and the [.M2 ansatz are expected to give
the same results in the first iteration of the IQME. It is important to note that
in a finite basis, the RDM and RBP can be exactly calculated for any ¢; € [0, ]
and used in the next iteration. However, for an infinite basis, this approach is
not possible and the RBP cannot be calculated explicitly.

3.6 Simulations of iterative treatments

In this section, we present numerical results for finite systems using the itera-
tive ansatzes I ansatz (3.28), .LM1 ansatz (3.29), and [.M2 ansatz (3.30). For
guidance on interpreting the following sequence of graphs, refer to Section 3.4.
The primary focus of this section is to demonstrate that the iterative approach
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is superior to the constant ansatz (3.3) in certain regards and also to show that
the iterative ansatz can be used to improve the evolution of the RDM sequen-
tially. We begin by calculating the RDM evolution using the constant ansatz
(3.4) under the assumption of a bath in equilibrium. It should be noted that
this approximation is only valid for weak interactions between the bath and the
system, given the size of the system we are considering. However, this serves as
a starting point for sequential improvement. Unless otherwise stated, the results
for RDM evolution from the constant ansatz will be evaluated over 500 steps on
the entire interval. We utilise interpolation to apply the I ansatz (3.28) to the
obtained results, where the initial RDM p*) (t) must be specified. For practical
purposes, we interpolate the RDM at a fixed set of points rather than solving de-
lay differential equations with arbitrary precision and ¢;, as such equations would
be computationally infeasible to solve in a reasonable timeframe. We employ the
Interpolations.jl package and the Interpolations.BSpline(Interpolations.Linear())
engine for this purpose. Following the application of the I ansatz, the I.M1 ansatz
and the [.M2 ansatz are also applied using the results from the constant ansatz,
resulting in p""(t;) and @) (;) at 500 points, which are then interpolated in the
same manner. This process is repeated until the desired iteration is reached. It is
worth noting that the interpolation of results from the previous iteration leads to
approximately equal computation times for each subsequent correction. In this
section, we set the absolute tolerance (abstol) and relative tolerance (reltol) for
integral calculation and delay differential equation evaluation to 1074,

As in Section 3.4, this section considers a two-molecule aggregate with a single
mode at each molecule. Each LHO mode has three states. The initial state,
W (t = 0) is prepared as described in Section 1.4 with w;=0.7 and w;=0.3, and
the bath is thermalised at 10 K prior to laser excitation. The coupling between
the molecules is set to J=50 cm~!. The frequencies of the modes are set to
w1=wy=200 cm ™!, and the energy gap of the molecules is set to AE=200 cm™!,
indicating coherence between the molecules after excitation. The strength of
the interaction is controlled via Huang-Rhys factors, with values of S1=.55,=0.05.
Unless otherwise stated, the system configuration will remain as described above.

We are thrilled to investigate the performance of our ansatzes. Examining Fig.
3.17 and Fig. 3.18, we can immediately observe that the iterative approach begins
to diverge around t=300 fs, which is a more favourable outcome compared to the
direct approach (Section 3.4), where the first deviation from the exact solution
occurred between 100 fs - 200 fs. A second notable observation is that the results
from the .LM1 ansatz and the I.M2 ansatz are identical. This simply confirms
the behaviour of Eq. 3.29 and Eq. 3.30, where, due to the fact that @>)(¢) is
constant in time, the second approximation does not make a difference in the first
iteration. Therefore, from now on, we will not present results from the I.M1 and
[.M2 ansatzes concurrently. We can also clearly see that the I ansatz performs
similarly to the constant ansatz, though it is less stable over time. In contrast,
the [.LM1 and I.M2 ansatzes are closer to the exact solution. The populations for
the second molecule have the same qualitative properties for every ansatz, with
the exception of the initial population being f)lgé(l)(O) = 0.3 due to the values of
w;=0.7 and wy=0.3 in the initial state (Section 1.4). Examining Fig. 3.19 and
Fig. 3.20 where the interaction is set to S; = Sy = 0.1, we can see that [.M1
ansatz and [.M2 ansatz are still able to provide a better solution than Redfield
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equations.

In the next numerical experiment, we utilise the same set of parameters, but
we also apply an additional iteration of the I ansatz. Examining Fig. 3.21 and
Fig. 3.22, we can deduce that the second iteration exhibits divergence. When
an iterative method exhibits divergence, it suggests that the current iteration
no longer provides a useful approximation to the desired solution. With higher
interaction that has Huang-Rhys factor S; = S5 = 0.1 the quality of all ansatzes
degrades as seen in Fig. 3.23 and Fig. 3.24. This is in fact, suggests that
iteration of RDM and RBP in Eq. 3.22 when not calculated at the same time,
but sequentially does not converge when the interaction is strong. That being
said, it is worth noting that the iterative ansatz used in this experiment has
demonstrated promising results in the first iteration. As seen in Fig. 3.17 and
Fig. 3.18, the first iteration of the I ansatz performed comparably to the constant
ansatz, albeit with slightly lower stability over time. Additionally, the I.M1 and
[.M2 ansatzes showed even closer agreement with the exact solution. These results
suggest that the iterative ansatz has the potential to significantly improve upon
the constant ansatz, at least for certain parameter regimes.

It may occur to the reader that the selection of iterative ansatzes is only
effective for the first iteration in general. However, we are now moving on to
another numerical experiment. Examining Fig. 3.25 and Fig. 3.26, we can
see that both the I.LM1 and I.M2 ansatzes continue to improve the evolution of
the RDM in the second iteration. One fascinating observation is the relatively
small difference between the RBP in the I.M1-2 and [.M2-2 iterations. This
suggests that the influence of the bath (RBP) on the correction of the bath itself
(RBP) is relatively minor and that the contribution from the system (RDM) is
more significant, at least in the ¢y variable in 3.28. We also inspected scenario
with stronger interaction, where Huang-Rhys factors were set to S; = S = 0.1.
Looking at Fig. 3.27 and Fig. 3.28, we can see that [.M1 ansatz and [.M2 ansatz
provide better solution than Redfield equations, but I.M2 ansatz is less stable over
time. The correction obtained with I.M1 is most prominent in excitonic basis.
This finding may have significant implications for understanding the bath’s role in
the overall system dynamics. The continued improvement of the RDM evolution
in the second iteration of the I.M1 and [.M2 ansatzes is also worth noting. This
demonstrates the potential for iterative ansatzes to provide increasingly accurate
approximations to the exact solution as the number of iterations increases. While
the current experiment only considers up to the second iteration, it is possible
that further iterations may yield even better results. In conclusion, the present
numerical experiment has shown that the iterative ansatzes continue to improve
the RDM evolution in the second iteration, with the I.M1 and [.M2 ansatzes
showing particularly promising results. The relatively small difference between
the RBP in the .M1-2 and [.M2-2 iterations suggests that the contribution from
the system is more important in the correction of the bath. Further research
may reveal the full potential of iterative ansatzes for improving the accuracy of
approximations to the exact solution in a wide range of systems and parameter
regimes.

To demonstrate that the improvement of the iterative ansatzes does not
plateau at the first correction, we present another numerical experiment as de-
picted in Fig. 3.29 and Fig. 3.30. Here we can see that the correction of the I.M1-
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3 iteration is smaller than that of the I.M1-2 iteration, which in turn is smaller
than the correction of the I.M1-1 iteration. While it is not yet clear whether
convergence to the exact solution is guaranteed, these results suggest that the
iterative ansatzes may continue to improve the accuracy of the approximation as
the number of iterations increases. Further investigation with a larger computa-
tional power and a wider range of parameters would be necessary to confirm this
possibility. However, it is also worth considering the potential limitations of the
current formulation of the iterative ansatz as presented in Eq. 3.29. It is possible
that a different approach to the splitting of the QME into IQME (as shown in
Eq. 3.28) may yield better results. For example, a non-symmetrical splitting
may be more effective at capturing the dynamics of the system. While further
exploration of alternative formulations of the iterative ansatz is beyond the scope
of this work, which aims to provide motivation for improvements in the treat-
ment of infinite systems, it is an interesting direction for future research. Further
investigation into the potential benefits and limitations of different approaches
to the iterative ansatz may lead to significant advances in our understanding of
complex quantum systems and the development of more accurate and efficient
numerical methods for their simulation.

We want to show further that this approach might be the right step towards
correcting Redfield equations. We were curious about how the iterative ansatz
performs on different strengths of interactions. The strength of the interaction is
determined by the value of Huang-Rhys factors on the first mode S; and the
second mode S5. Conveniently we have only two modes and therefore, it is
possible to do a so-called scan of various S; and Sy with all different parameters
kept constant. For simplicity, we are keeping the other parameters as stated at
the beginning of this section, and we are only changing S; and S;. We propose
a function that can score how well the ansatz is performing with respect to pys,
which in our case, is always the evolution of RDM from the exact solution. We
want to note again that the exact solution is obtained by diagonalisation of the
Hamiltonian. In this work, we will use the following scoring function

Hpnm z ‘prefnm( )H
sore(pnm) = ogss (3 R e (331

where Cgmootn 1S @ smoothing constant for the cases where the reference RDM may
be zero and it is set t0 Csmootn=10"". Note that the more negative the score is,
the better the alignment with the exact solution. Please also note that the score
around value zero is considered insufficient because that would translate into, on
average 10% error from the exact solution.

We can now proceed to analyse the scan results for S; and Sy, as depicted in
Fig. 3.31. Each square in the heatmap corresponds to a simulation in which the
ansatz’s evolution of the RDM is compared to the exact solution using the scoring
function (3.31). The QME test solution, whose purpose is to verify the adequacy
of the integration tolerances (reltol and abstol) as described in Section 3.2, consis-
tently yields scores below a minimum threshold of minus four. We observe that
Redfield equations and the constant ansatz (3.4) provide similar performance,
while the Ul ansatz (3.10) and U2 ansatz (3.13) generally perform worse than
Redfield equations, particularly for stronger interactions. As previously noted in
Section 3.4, the Ul ansatz and U2 ansatz yield identical results in all cases. The
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I ansatz (3.28) exhibits a number of missing values, which occur when the nu-
merical solution rapidly diverges and a longer simulation time would be required
to obtain a result. Therefore, we decided not to compute all combinations of S;
and Sy in these cases. Finally, the M1 ansatz (3.29) and [.M2 ansatz (3.30)
give consistent results, as expected. It is noteworthy that the assumption of a
slow evolution of the RDM is only valid when the shifts of the two modes are
comparable, which is not the case for the I ansatz. The assumption of a slow
RDM is further discussed in Subsection 3.5.3.

The logical next step is to compare those scores between different ansatzes,
which is exactly what we did in Fig. 3.32. The first heatmap compares the
performance of constant ansatz to Redfield equations. When the difference is
negative, then the Redfield equations give more precise results, and when the
difference in score is positive then the constant ansatz performs better. To explain
the scale, we have to look back at Eq. 3.31. Plus, one point difference means that
we improved the average percentage error in comparison to the exact solution by
order of ten. Overall, the constant ansatz, Ul ansatz, and U2 ansatz tend to
perform worse than the Redfield equations, even for weak interactions. However,
the I ansatz and [.M1 ansatz consistently show improvement over the Redfield
equations and constant ansatz for weak interactions. It is worth noting that the
I.M1 ansatz performs worse than the I ansatz for certain values of S; > Sy, which
may be due to the relatively short simulation time of ¢ = 531 fs. It is possible
that this artefact would disappear in longer simulations. It should be noted that
the simulations for this particular scan required approximately 300 CPU days,
and the numerical solution of QME scales with O(#?), where ¢ is the maximum
time in the simulation.

In our examination of the weak interaction limit, the iterative ansatz has
shown promising results. We, therefore, conducted a further scan of the combi-
nations of S; and S, with a maximum value of S; = 0.1. The differences in scores
for the interaction picture in the local basis for populations are depicted in Fig.
3.33. For very weak interactions, the score becomes noisy due to a degradation
in the numerical stability of the QME solution, and higher values of the relative
tolerance (reltol) and absolute tolerance (abstol) would be desirable. However, in
order to maintain consistency throughout the scan, we decided not to change the
tolerance values, which could potentially affect the score itself. We can conclude
that for similar weak interactions in both modes, the I ansatz performs better
than both the constant ansatz and the Redfield equations. On the other hand,
when the interactions are not roughly equal in both modes, the [.M1 ansatz pro-
vides a superior solution compared to the constant ansatz and Redfield equations
for weak interactions. A similar conclusion can be drawn for coherences in the
interaction picture (Fig. 3.34), where the I ansatz performs better with different
values of S7 and Sy, but worse when the shifts are similar. Additionally, the I
ansatz performs slightly better than the I.M1 ansatz with respect to the exact
solutions, but the I.M1 ansatz consistently outperforms the Redfield equations.
Examining coherences in the interaction picture and local basis (Fig. 3.34) and
populations in the excitonic basis (Fig. 3.35), we can again observe that the
I ansatz generally performs better in weak interactions compared to the 1.M1
ansatz in relation to the exact solution. Still, the I.M1 ansatz provides a better
correction compared to the Redfield equation. In the case of infinite systems, the
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[.LM1 ansatz is the preferred choice for further treatment, as it does not require
intermediate calculations for the RBP. However, for infinite systems, it is not
clear which iterative correction would be the best candidate. Taking into account
the convergence discussed earlier in this section, the I.M1 ansatz would be the
best choice for aggregates with two modes. This will be further discussed later
in the discussion.

To further illustrate the comparison of ansatzes in the previously mentioned
scan, we present an example simulation for S; = 0.075 and S = 0.02 in Fig.
3.36 and Fig. 3.37. It appears that the I ansatz performs slightly better in terms
of time. However, this observation is debatable as the rating does not consider
oscillations in time, in which case the I.M1 ansatz performs better.
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Figure 3.17: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), I (3.28),
I.M1 (3.29) and I.M2 ansatz (3.30). Both I.M1 and I.M2 ansatz give the same results.

Both modes have S; = S5 = 0.05.
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Figure 3.18: Population of the first molecule in exciton basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4), I (3.28), I.M1 (3.29) and I.M2
ansatz (3.30). Both modes have S; = Sy = 0.05.
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Figure 3.19: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), I (3.28),
I.M1 (3.29) and I.M2 ansatz (3.30). Both I.M1 and I.M2 ansatz give the same results.

Both modes have S; = .55 = 0.1.
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Figure 3.20: Population of the first molecule in exciton basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4), I (3.28), I.M1 (3.29) and I.M2
ansatz (3.30). Both modes have S; = Sy = 0.1.
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Figure 3.21: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4) and I
ansatz (3.28). Note that I-1 and I-2 mean that iterative ansatz was applied one time
to the solution from constant ansatz (I-1) and a second time from the solution of I-1
(I-2). Both modes have S; = Sy = 0.05.
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Figure 3.22: Population of the first molecule in exciton basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4) and I ansatz (3.28). Both modes
have S1 = S92 = 0.05.
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Figure 3.23: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4) and I
ansatz (3.28). Note that I-1 and I-2 mean that iterative ansatz was applied one time
to the solution from constant ansatz (I-1) and a second time from the solution of I-1
(I-2). Both modes have S; = Sy = 0.1.
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Figure 3.24: Population of the first molecule in exciton basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4) and I ansatz (3.28). Both modes
have S1 = SQ =0.1.
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Figure 3.25: Population of the first molecule in time with interaction picture and
local basis (top). The baseline is the evolution of the system with interaction (bottom).
We see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), I
ansatz (3.28), L.M1 ansatz (3.29) and I.M2 ansatz (3.30). Note that I.M1-2 is the second
iteration of I.M1-1 and similarly for I.M2-2. Both modes have S7 = Sy = 0.05.
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Figure 3.26: Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see the comparison of
the solutions obtained by Redfield, constant ansatz (3.4), I ansatz (3.28), I.M1 ansatz
(3.29) and I.M2 ansatz (3.30). Both modes have S; = Sy = 0.05.
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Figure 3.27: Population of the first molecule in time with interaction picture and
local basis (top). The baseline is the evolution of the system with interaction (bottom).
We see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), I
ansatz (3.28), M1 ansatz (3.29) and I.M2 ansatz (3.30). Note that I.M1-2 is the second
iteration of I.M1-1 and similarly for .M2-2. Both modes have S7 = Sy = 0.1.
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Figure 3.28: Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see the comparison of
the solutions obtained by Redfield, constant ansatz (3.4), I ansatz (3.28), .LM1 ansatz
(3.29) and I.M2 ansatz (3.30). Both modes have S; = Sy = 0.1.
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Figure 3.29: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4) and
I.M1 ansatz (3.29). Note that I.M1-2 is the second iteration of I.M1-1 and similarly for
I.M1-2 and I.M1-3.
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Figure 3.30: Population of the first molecule in exciton basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4) and I.M1 ansatz (3.29). Note that
1.M1-2 is the second iteration of I.M1-1 and similarly for I.M1-2 and 1.M1-3.
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Figure 3.31: On every heatmap we can see the performance of the stated numerical
solution in comparison to the exact solution scored with Eq. 3.31. We can compare
the fitness of QME test as explained in Section 3.2, Redfield, constant ansatz (3.4), Ul
ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28), I.M1 ansatz (3.29) and I.M2 ansatz
(3.30). The colour bar scale is set to [-4, 1]. Every rectangle represents one simulation,
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where the rectangle is not filled the numerical solution diverged.
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Figure 3.32: On every heatmap we can see the comparison of the performance for
different approaches in comparison to the exact solution scored with Eq. 3.31 for a
population in interaction picture in local basis. We see comparison of Redfield, constant
ansatz (3.4), Ul ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28), I.M1 ansatz (3.29)
and I.M2 ansatz (3.30). The colour is set to be symmetrical around zero but can have
different maxima in every case. Every rectangle represents one simulation, where the
rectangle is not filled the numerical solution diverged or there is no difference.
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Figure 3.33: On every heatmap we can see the comparison of the performance for
different approaches in comparison to the exact solution scored with Eq. 3.31 for the
population in the interaction picture in local basis. We see comparison of Redfield,
constant ansatz (3.4), Ul ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28) and I.M1
ansatz (3.29). The colour is set to be symmetrical around zero but can have different
maxima in every case. Every rectangle represents one simulation, where the rectangle
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Figure 3.34: On every heatmap we can see the comparison of the performance for
different approaches in comparison to the exact solution scored with Eq. 3.31 for the
coherence in interaction picture in local basis. We see comparison of Redfield, constant
ansatz (3.4), Ul ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28) and I.M1 ansatz (3.29).
The colour is set to be symmetrical around zero but can have different maxima in every
case. Every rectangle represents one simulation, where the rectangle is not filled the

const. ansatz - | ansatz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

5

Redfield - | ansatz

=

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

5

Redfield - const. ansatz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

S,

0.15

0.10

0.05

-0.05
-0.10
-0.15
-0.20

-0.25

0.25
0.20
0.15
0.10

0.05

-0.05
-0.10
-0.15
-0.20

-0.25

Sy

Sy

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

const. ansatz - I.M1 ansatz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

5y

Redfield - I.M1 ansatz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

5y

I.M1 ansatz - | ansatz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

5y

numerical solution diverged or there is no difference.

63

0.1

0.3

0.2

0.1



const. ansatz - | ansatz const. ansatz - I.M1 ansatz

0.1 0.75 0.1
0.09 0.09
050
0.08 0.08
0.07 0.25 0.07
0.06 0.06
~ o ~
©n o005 ©N o005
0.04 0.04
0.03 0.03
0.02 -0.50 0.02
0.01 0.01
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
5 5
Redfield - | ansatz Redfield - I.M1 ansatz
0.1 0.75 0.1
0.09 0.09
050
0.08 0.08
0.07 0.25 0.07 0.25
0.06 0.06
> 0 - 0
©n o005 © o005
0.04 -0.25 0.04 -0.25
0.03 0.03
-0.50
0.02 0.02 050
0.01 0.01
-0.75
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
5 5
Redfield - const. ansatz I.M1 ansatz - | ansatz
0.1 025 0.1 0.50
0.09 0.20 0.09
0.08 015 0.08 025
0.07 010 0.07
0.06 005 0.06
> 0 - 0
©n o005 © o005
0.04 - | -0.05 0.04
0.03 - | -010 0.03 ~025
0.02 -015 0.02
0.01 -020 0.01 050
—0.25 L S -0
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
5 5

Figure 3.35: On every heatmap we can see the comparison of the performance for
different approaches in comparison to the exact solution scored with Eq. 3.31 for the
population exciton basis. We see comparison of Redfield, constant ansatz (3.4), Ul
ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28) and I.M1 ansatz (3.29). The colour is
set to be symmetrical around zero but can have different maxima in every case. Every
rectangle represents one simulation, where the rectangle is not filled the numerical
solution diverged or there is no difference.
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Figure 3.36: Population of the first molecule in time with interaction picture and local
basis (top). The baseline is the evolution of the system with interaction (bottom). We
see the comparison of the solutions obtained by Redfield, constant ansatz (3.4), I (3.28)
and I.M1 (3.29).
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Figure 3.37: Population of the first molecule in excitonic basis (top). The baseline is
the evolution of the system with interaction (bottom). We see the comparison of the
solutions obtained by Redfield, constant ansatz (3.4), I (3.28) and I.M1 (3.29).
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3.7 Correction of memory kernel

As previously discussed in Subsection 3.5.3, we have presented several approaches
for solving the RBP iteratively within finite systems, where all operators can be
evaluated. However, in the case of an infinite bath, the RBP becomes a purely
theoretical construct, and it is not feasible to calculate it exactly with current
computational capabilities. Therefore, it is of great importance to consider the
next step in any future work, which is to derive the form of the memory kernel
without explicitly writing the RBP in that form. This endeavour will allow us to
achieve the exact result corresponding to higher-order correlation functions, which
can be numerically challenging to work with. However, through the examination
of the LHO bath, we will discover that higher-order correlation functions can be
decomposed and can be reduced to lower-order correlation functions, resulting in
a clearer understanding of the problem at hand.

3.7.1 Perturbation of relative bath part in memory kernel

At this point, we stand in a vast desert. The horizon is distant, and it is unclear
which way to step forward. We will show the path by which the end result
was obtained so that the motivation behind each step is clear. We also want
the notation to be clear and sufficiently readable so that we will often use the
Liouville superoperator defined as

cit) =200, P00 =7 1), 0. (3.32)

For clarity, we will rewrite all pieces needed for this subsection, the QME-RDM
(3.14) becomes

D) — —; r {c(t)w(”(())}

" (3.33)
- /0 dr tep { L)L) (7) @ 2D (1)},

where we placed ty = 0, and we know the evolution of RBP. At this moment, we
select the initial RBP as constant

Ao(I) Zweq| (3.34)

and we would like to know the exact formula of k-th correction of RBP. Tak-
ing the iterative general ansatz for RBP (3.26) we can rewrite it with Liouville
superoperator as

N " it 1 . N

(1) = g = | iy [Lap0) @ 20 0)]
. La " . o (3.35)
2 / dtl/ dto—4— Plb )(tl) {E(ﬁ)ﬁ(b)P (t2) ©® W (tz)Lba

where in fact p(t) @ 0D (t) = ptV )( )®ﬁ) Using the iterative ansatz again
t)

(3.26) and substituting Eq. 3.35 for @*)(¢) in the second integral we will get
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the second corrected RBP

2D () = @D ( h/ dt1 1) ® L(t)p(0) @ 2*D(0)

1
R

i t
Yy

)
X L
P (ts)

it td tld t2d t3d 1 LS
Y Lan [ [ [ o 20
+< h) ~/O 1/() 2 0 3 0 4&2,(1)(t1)@ (1) (Q)X

ﬁQ’(I) (t2>
X
P (t3)

where we used the following property of operator ad

1
SYOTEN Oup la)(b],
ﬁk’( () szb ) | >< |

/ dt, dtzw @ﬁ(tl)ﬁ( )pQ’(D(tQ) @wo,(l)%)
0
@ L(t5)p" 1 (0) @ ™7 (0)

@ L(t3)L(La)p D (ts) @ @D (ty),

(3.36)

(3.37)

where |a) and |b) are again electron states. We are also working with all electronic
states a, b. The second order of perturbed RBP (3.36) is difficult to read. We

will use the following substitutions for superoperators to make it clear

= ———— @ L(t)p(0) ® O,
pht) (t1)

~ 1 ~
ANF(t1, )0 = PO @ L(4) L) (t) ® O.
Pt

The first correction of RBP (3.35) will become

(1) = a0 / dt A1) (0)
1
h2/ dtl/ dta AAY(t, 1)@ "D (t,).

The second correction can be rewritten as

2.1 () — 0D UL A2 0D
() = @O (t) - /0 dt, A2 ()™ (0)
i\ [t f 2 ~0,(I)
+ <_h) /0 dtl/() dtQAA (tl,tg)w ’ (tg)

\3 [t t1 ta
+ <_12i> / dtl/ dtg/ Ats AAN2(Ly, t5) AL (t5)w D (0)
0 0 0

it h 2 s 2 1 0,(
+ (—h) / dtl/ dtQ/ dtg/ Aty AN (ty, 1) AA (g, t) "D (ty).
0 0 0 0

(3.38)

(3.39)

(3.40)

(3.41)

Similarly, we could write the third correction for RBP, but we are interested only
in the first correction. In every (k+1)-th correction of RBP, we need to calculate

the corrected RDM with the previous k-th correction of RBP (3.27).
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Higher-order convolutions are notoriously difficult to compute for general sys-
tems. Is there a way to simplify such corrections? We can attempt to write them
down and see if any simplifications arise. The next step will involve considering
the following approximation

AR ()0 = A(t)O = L(t)0, (3.42)

AANR(t,1)0 = AA(ty, )0 = L(8)L(t2)O. (3.43)
Rewriting Eq. 3.41 with such approximation gives us simply
1 t

> (1) = @D (¢) — % / dt A(t)a™ D (0)
0
iNZ ot t1 s
+ <_h) / dtl/ dtQAA(tl,tg)ﬁjo’( )(t2>
0 0

i

3 , .
H(op) fan [ an [ asanim)awe o)
0 0 0
i 4 t t1 to t3
’ (_h) / ah / dt?/ dt3/ dtaAA(ty, 1) AA(ts, )" D (t,)
0 0 0 0

and now it is obvious that we can write down the initial guess for RBP more

wisely, saving us almost half of the terms. Without further ado, we will lay down
the initial guess for RBP again

= g e - [ are(r) 5 g (3.45)

Now, the first and the second correction of RBP becomes

(3.44)

A ) |
o0y = D) - / dt; / b AA (b1, )2V (t,),

@* D) = a®D(t) — hg/ dtl/ At AA(ty, t2) "D (L)

1 h
+ 7/ dtl/ dtg/ dtg/ dt4AA(t1, tg)AA(tg, t4)ﬁ)0’(1) (t4)
R Jo 0 0 0

(3.46)
Such corrections of (k+1)-th order can be expressed as
1
) = atO(r) - — / dt, / dta AA (1, t) D (2y), (3.47)

This intermediate result can be solved with time-ordered exponential to express
the infinite amount of corrections to RBP

~ 1
7 :exp%[ = / dty / dtQAA(tl,t2)] 0.0 (1)
1 o
e [ = o [t [ dAA @ )] S la) (3.48)
ab
7 1 .
— ﬁexp_> |: h2 / dtl/ dtgAA tl,tz :| T)%:’weq ]a><b
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whereby @ we denote an infinite number of corrections to RBP, that can differ
from w. Such formulation, however, doesn’t solve our problem, and it gives
us only insight into the consecutive corrections when approximations Eq. 3.42
and Eq. 3.43 are considered. When plugging time-ordered exponential into the
memory kernel we will get following

M (ty,ta,w(t)) =

— trp {c(tl)qtz)em [— ;2 / ® ity / ° dt4AA(t3,t4)} S ya><b|}

) 1 to t3
~ g {E(tl)ﬁ(tg)exp_} [— = [t [ dtans, )| x
h h2 Jo 0

< [l arein) S iy o .

(3.49)

It has been shown that the first term of the expansion always contains an even
number of Liouville superoperators £(t). Conversely, the second term consistently
comprises an odd number of £(t). However, it is known that using an odd number
of interaction Hamiltonians with a bath in equilibrium results in a trace of the
bath DOF equal to zero [Muk95]. This implies that the second term is necessarily
zero. As a result, all corresponding terms in the expansion, regardless of order,
will also be zero when plugged back into the memory kernel. Consequently, it is
safe to disregard the linear term in the initial guess of RBP (3.45), as it can be
confidently assumed that

D) = ijweq la)b| . (3.50)

Discussion about an odd number of interaction Hamiltonians also holds for su-
peroperators A¥(t;) and AA*(t;,,) as the corrected RDM alters only the values
of electronic parts, but doesn’t change the fact that every delta contributes with
a new order of bath coordinates. Therefore we can again write the (k+1)-th
correction as

1
2
keeping in mind that this correction has to be used in the memory kernel in the
end. The closed form could also be written down, but that will not be used in

this work. Rather than writing higher orders of bath corrections, we will stick for
now to the first correction. Finally, writing it down as

WO (4) = @b (1) — / dtl/ dts AAFTY (8 )™ (1), (3.51)

. 1 1
= g |a)b| — ﬁ/o dty A dt2m L(t2) Zpab (t2)Weq |a)b] .

1

(1)

t ! " # S1(I) ~0,(I)
_ ﬁ/o dt; ) dtgm 7 {HI (t1)7 [HI (tg),pab (t2) D W (t2)H’
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(3.52)

After such a long proof of why we can omit the second element from the first
correction of RBP we can evaluate the memory kernel with the first and zeroth
corrections. We will start with the zeroth order in the memory kernel

M(ty, ta; @*D) = trp { {ﬁ(f)(tl), {ﬁlf) (t2), @0*”@2)” }

~ () ~ (I) R ~ (I) R ~ (1)
— try {HI () HY (1)@ (tQ)} —trp {H, ()@ D (t,) E (tQ)} (3.53)

~ () “ ~ () “ ~ (I) ~ (I)
—trg {H, (t2) @D () E (tl)} ¥ trg {w0’<f>(t2)HI (ta) FI (tl)}.

We shall consider using an excitonic basis for electronic DOF and shifted or non-
shifted vibrational basis for reasons detailed in Section 1.3

Mabcd(tla t?; @07(1)) = Z eiwaen—i_iw“h trB {Avae (tl)AVec(t2)ﬁ]eq}5db

_ eiw“ct1+iwdbt2 trp {Avac (tl)wqude (t2)}
o A A (3.54)
_ eiwactativaty ¢ {Avac(t2)wqude(t1)}

LY ettt g {weqwde(mweb(tz)}5ac.

The next step will be in expressing these traces over bath DOF into correlation
functions with definitions in Eq. 1.31 and Eq. 1.32

Mapea(ts, to; @O’(I)) =
= 3 ety )+ € (11,000 (355)

iwact1Fiwapt iwactaticapt
— eWacll db QCdbac(tQ; tl) — e b 1Cdbac(t1>t2)‘

Following equation is considered as the biggest achievement of this section. Indeed
we can move to the memory kernel with the first correction for RBP

Maealtr 2 00) = Mt ;547
1 t2 t3 R (I) . (I)
_ ﬁ/@ dt3/0 dtstrp {HI (t1), {HI (t2), 3.56)

g [0 (B 0.0 0 @000 el

ed cd ab

Evaluating all sixteen elements presents a challenging task, but we are well-
equipped to tackle this problem. Additionally, it is desirable to provide a cor-
rected version of the memory kernel free of major approximations. To facilitate
this calculation, it may be advisable to divide the process into two parts, with
the first part focusing on the outer two commutators

U 1) E ()0

2) —i, ()0l (1) 357
3) —H, (t;)0H] (1) |
8 +OH ) H (1),

70



The second part will make clear what are the elements from the inner two com-
mutators

a) +97—7— @ 1y (t5) Y} (1)p" D (t0) @ 0D (1)

) ety © Ay ()01 © 8O0 (1) 555
¢) — o ® HY (00 D (t0) @ 00O () Y (1) |
d) + b ® PO () @ 2D (L) (L) ) (ta).

We have to do the following, take elements from Eq. 3.58 and substitute it into
Eq. 3.57 for operator O, this way we will produce sixteen elements 1a), 1b), ...
4d). After previous steps we are ready to jump into the exact formula for the
first correction of memory kernel, we won’t be writing down M_peq(t1, to; o ))
as it is already expressed in Eq. 3.54 or Eq. 3.55

Mab0d<t1’ ta; ﬁ)L(I)) = Mabcd(tla lo; @0’(1))_

1 t2 t3
- ﬁ/() dt?)/o dt4|:M1a_Mlb_M10+M1d_M2a+M2b+Mzc—M2d

— Msq + Msy + M. — Msg + Myq — May — Mye + Maq|.
(3.59)

In this section, we demonstrate how to express the first element in an exciton
electronic basis. The remaining elements will be presented in their final form
without derivation. To enhance readability, we will utilise Latin letters rather
than Greek letters, even when working in an exciton basis. We begin by examining
the element involving the trace over the bath DOF, as denoted by 1a)

~ (1) ~ (1 ~ (1)
[Mm}abcd(tl,tz,t&tz;) = (a|trp {HI (t1)H; ©H; (t3)x

ﬁl,(f) (tg)
~ () “

x Hy (t) pis” (t4)iveq |eXd] ¢ b)

—_ Z e’iwaetleiweftg eiwfgtg eiwgct4 %

efg

ow{AvwanAvqua1)Avm@@Akunm;N i [

1
oDt (3.60)
L,(I)
. t
- Z Qae ef,fg, gc(tla t27 t3, t4)p1(71()(t4; X
efg Pra U3
X trp {Avae(tl)wemmf/ fg(tg)AVgc(t4>@eq}5db
1,(1)
t
= Z Qae,ef,fg,gc<t17 t27 t37 t4)pifl(f)(4)cae,ef,fg,gc(tla t27 t37 Z54)5dba
efg pfd (tS)

where in the second row, we utilised the diagonal nature of the evolution operator
in an excitonic basis. The third row employed the ability to extract the RDM
from the trace over bath DOF. Finally, the last line utilised the definition of the
second-order correlation function and the multi-frequency as defined in Subsection
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1.3.2

Qabed.ef,pn(ti, ta, tg, ty) = earlielveal2 glverts gionts

3.61
= Qabedef,fh (3:61)

where the last notation €24 cqcf fn is just shortened version in case we will have
the time variables in the mentioned order. For the transition from an exciton
basis back to a local basis, we will use the following constant

abed = {@ln) (n[b) (c|m) (m|d)
Kot gn = {aln) (nlb) (clm) (m|d) (e|k) (k|f) (gll) (IR} .
Finally, we can take M, rewritten in Eq. 3.63 and using the property of corre-

lation function of second order for LHO bath Eq. 1.40 we can freely express M,
in terms of the correlation function of the first order and the diagonal part

(3.62)

{Mm} abcd(th ta,t3,t4) =
1,(I)
Pea (1t
= Z Qae’ef,fg,gc(t17 t27 t3’ t4> 1d(1 ( :

Kk Crmi(t1, t2, t3,14)dap
egh (t3 nmkl

ae,ef,fg,9c

- Z Qae,ef,fg,gc(th t27 t37 t4) 1 (I
egh (t3

xZ( - nn<t1,t2>c (ts,t4)

+ K o Con (11, 8) Can (b, £4) + K2 Coun (1, £4) o (2, ) ) Gt
(3.63)

Using this decomposition into correlation functions of the first order, we can
rewrite the whole corrected memory kernel 3.59 into the following long-expression
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Mapea(ts, to;w"D) =
+ Z [eiwaeh-i-iwectz K. Cnn(tla t2>6db + eiwdet1+iwebt2Kggeann (tb t2)5ac}
en

ae,ec

_ Z [elwaCtl+debt2Kggfachn(t2, tl) + elwactz+iwapty Kg}:}accnn (tlv tz)]

1 to t3
- = dt / dt
w ats [

1,(1)
P 21
=+ Z Q(JLe,ef,fg,gc 57(1)( ) Z ( ggg}fr}g,gccnn(tla 752)C'mm(t3a t4)
efg pra - (t3) nm

+ S&Tré??}g,gccnn (tl’ tS)Cmm (t27 t4) + ::76721}979601171 (t].a t4)C’mm (t2a 7f?)))(sdb

1,)
ty
+ E (_de,ae,ef,fcpi (1)( ) § (Kgg}gz?gf,fccnn(t%tl)cmm(t%t?))
efg pf}) (t3) nm

+ Kapae et feCnn(ta; t2)Cram (t1,t3) + Kipuere s 1eCnn (ta, t3) Crum (1, t2))

p ty
- de,ae,ef,fcii(T() Z (Kggfgzgf,fccnn (tg, tl)Cmm (t27 t4)
oD (1)
+ Kggjgé?gf,fccnn (t37 tQ)Cmm (tla t4) + Kgﬁ22f7fccnn (t3; t4)Cmm (tla t?))
pei” (1)
+ Qdf,fb,ae,ec ifl(l) Z (K%T,L})Zzbe,eccnn(t% tS)Cmm(tb t2)
Pepy * (t3) nm
+ K%Tj}%zbe,eccnn (t47 tl)cmm (t3; t2) + K(%ftr}?ge,eccnn (t47 t2)Cmm (t3; tl))
— Qavae,ef, fe ifl([) Z (Kggf;ré?;f,fccnn (t2,t1)Crum (3, ta)
+ Kg[:;ﬁj?ﬁfccnn (t27 t3)0mm (tla t4) + Kg[:?zzt?ﬁfccnn (t2a t4)0mm (tla t3))
pei” (1)
+ Qdf,fb,ae,ec ii(l) Z (Kgftlﬁ,rge,eccnn (t4, tQ)Cmm (tl, tg)
+ K:z??}%jge,eccnn (t47 tl)Cmm (t27 t3) + Kgfir}?g?;le,eccnn (t47 tB)Cmm (tZ; tl))
plv(l) (ta)
+ Qdfafb:a&@fi ifl([) Z (K%?ﬂze,econn(t?n tQ)Cmm (tl, t4)
Pef (t3) nm
+ K(Zfir}%ze,eccnn(ti’n tl)cmm (t2a t4) + Kz%”r,%l,ge,eccnn (ti’n t4)Cmm (t2a tl))
pL(I) (ta)
- Qde,ef,fb,aciii(T Z (Kggfg‘?}bﬂccnn (t47 t3)Cmm (t2a tl)
Pecf (t3) nm
+ Kggfg}?}b@ccnn (t47 t2>0mm (t37 tl) + ngﬁ?%ﬂccnn (t4, tl)Cmm (t37 t2))
L(I)

ty
- de,ae,ef,fcpii(lif) Z (Kggfg?f,fccnn (t17 tQ)Cmm (t37 t4)

+ Kglﬁzgjgf,fccnn(tlv t3)0mm(t27 t4) + Kgl)%?,gf,fccnn(tla t4)0mm(t2a t3))

73



L)
t
+ Qdf:fbﬂ&ecpllj,(li)(zo Z (K(%Lﬁjge,eccnn (ta,11)Cram(t2,t3)
Pef (t3) nm

+ Kg‘ir}rbljge,eccnn (t4, tZ)Cmm (tla t3> + KZ‘?}?Z&,@CC”” (t4a t3)Cmm (tla t2))

1,(1)
P ty
+ Qdf:fb’ae’ec 57(1)( ) Z (K%T,L}rége,eccnn (t37 tl)Cmm (t27 t4)
+ K%?}‘%,Tge,eccnn (t37 tQ)Cmm(tlv t4) + K%%nge,eccnn (t37 t4)Cmm (th tZ))
pl,(I) (t1)
- Qde,efvfb,ac ijd(]) Z (Kggfg”?b,accnn(t% t3)Crm (t1, t2)
Py (t3) wm
+ Kgx;}?b@ccnn (t47 tl)cmm(t& t2) + Kggg??b@ccnn(tlh tQ)Cmm(tZSa tl))
pei (14)
+ Qdf,fb,ae,eci(’i(T Z (K(%Tfﬁjge,eccnn (t27 Z‘El)cfmm <t37 t4)
Pad (t3) nm
+ Kcrl}tr}%fge,eccnn (tz, t3)Cmm(t1a 754) + K%?}?ge,eccnn (tz, t4)C’mm (tl, tg))
(D)

1
p 2!
— Qde,ef,fb,ac id(l) (7) E (Kggg}f?bﬂccnn (t47 tZ)Cmm(tla t3)
Pae (t?)) nm

+ ngﬁler}t?bﬂccnn (t47 tl)Cmm(t2a t3) + ng,me??b@ccnn(tlh tS)Cmm(t27 tl))
et (14)
- Qde,ef,fb,acid(T Z (ngrfg{?bvaccnn <t37 t2)Cmm(t17 t4>
Pae (t3) nm

+ Kggﬁ;}?b@ccnn l3, tl)cmm(t2a 754) + Kggg??b@ccnn(t& 754)C'mm(t27 tl)))

(

pl,(I) (t1)

+ Z Qde,ef,fg,gb id(]) Z (Kggg}?g,gbcnn (t47 t3)cmm(t27 tl)
efg pey (t3) wm

+ K b Con (b4, £2) Con (3, 41) + K27 . Conn (4, 11) o (£, £2)) Bac |-
(3.64)

We have successfully derived the exact memory kernel for the first correction
of the RBP, utilising only first-order correlation functions. It is worth consider-
ing whether it is possible to express the memory kernel Mpeq(ty, t2; b )) using
correlation functions other than those of the LHO bath. For example, in the case
of overdamped harmonic oscillators, it would be necessary to determine whether
the decomposition of the second-order correlation function (1.40) holds for more
general correlation functions.

It is important to note that, by substituting the expression for @Y into the
memory kernel Mpq(t1,to; ﬁ)l’(l)), we have effectively removed the dependency
on the RBP and are left with the expression Mpq(t1, to; ﬁl’(I)). With this re-
vised form of the memory kernel, we can bypass the calculation of the RBP in
Eq. 3.23. We can then repeat the steps for higher-order corrections to obtain

Mapea(t, to; ,52’(1 )) and calculate the next perturbed density matrix f)g’(l )

@0 () PEEPM H100) () QVEIDM 52.(1) 4y QVELOM 53,(1) () EEPM (3 65
where in QME-RDM, we utilise the memory kernel without explicitly writing the

RBP, but rather using the density matrix from previous iterations. While it is
technically possible to express higher orders of corrections in the same fashion, the
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meaning of such a memory kernel in those equations would be difficult to compre-
hend and infeasible to use in IDEs from the numerical point of view. Therefore,
we propose the following approximation. Instead of using the fully substituted
memory kernel for higher corrections of the density matrix (e.g. 2)3’([)), we will
only use the first correction of the memory kernel with the substituted density
matrix from the last correction. For example, for the correction of ﬁk_l’m, we
would use the first correction of the memory kernel Mpeq(ty, to; ﬁk’(l)). All sub-
sequent steps will involve appropriate approximations within Mpeq(t1, to; bk’(f )).
This approximation assumes that the higher order of corrections doesn’t con-
tribute anything new to the corrected memory kernel.

It may occur to the reader that the derived expression for Mp.q(t1, to; fvl’(l))
could be integrated over t3 and t4 with the knowledge of the explicit form of the
correlation function Eq. 1.36. However, this is not possible as we are working with
IQME, and the RDM part pi’(I) (t4) appears in every term of the corrected memory
kernel. A patient reader who has already visited Subsection 3.5.3 may correctly
infer that we may assume that the evolution of the RDM in the interaction picture
and in the exciton basis is slow, such that for short times of the simulation, we
can approximate pi’(n (ta) =~ Pi&m (t3). This allows us to integrate parts of the
corrected memory kernel Mypeq(t1, to; b )) over t3 and t4. In fact, we will still end
up with the same time complexity for numerical calculations as for the Redfield
equations. Such integration would generate equations spanning several pages and
not provide any new physical insights. We leave this task to the reader. However,
in order to explicitly integrate memory kernel, approximations to RDM have to
be done, which will lead to less precise answers on the final corrected RDM
in time. It could be possible also decompose RDM in time into an orthonormal
function of time, and using Fourier transform, we could decompose RDM into such
orthonormal functions and integrate them in the memory kernel as explained in
this section. In this work, we wanted to avoid any decomposition into orthonormal
functions because we wanted to stay exact in terms of numerical calculations.

It is possible to take the corrected memory kernel Mpeq(t1, to; b )) and con-
sider only populations in exciton basis. That will cancel out two terms and make
the whole expression a little bit more readable
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Maabb (tla t2; ﬁ)L(I)) = Z |:6iwaet1+iwebt2 Caeeb(tla t2)5ba + eiwbﬁt1+iweat2 Obeea (t17 t2)5abi|

e
iwabt1+iwpat Wwaptztiwpat
— 'Wabtitiwy ZCbaab(t27t1) — gWabtatiw 1Cbaab(tlvt2)

I)
t
h2/ dt3/ dty ZQae eb,bf, fbl(i)(él)cae,ebﬁﬁfb(tlat%t37t4)6ba
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3.7.2 Discussion about decomposition into a linear com-
bination of first-order correlation functions

Is it possible to find out suitable approximation that would make it possible
to express the memory kernel with the correction to bath only using correlation
functions of the first order?” When correcting ansatz linearly, we saw in the results
(Section 3.4) that such modifications are rather short-sighted and insufficiently
robust to describe the properties of finite systems. We want to reduce the com-
plexity of the correction and, at the same time, preserve the majority of the
correction.

In order to provide insight into the motivation for the chosen approximation,
we will demonstrate the reasoning behind its selection rather than simply present-
ing it. Previous work has demonstrated that further corrections to the RBP can
be obtained by adding additional interaction Hamiltonians under the trace over
bath DOF. However, to stay within the realm of first-order correlation functions,
we will restrict ourselves to using no more than two interaction Hamiltonians
in the interaction picture. Examining the previously obtained element M, and
its corresponding integrals, we will attempt to identify an approximation that
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satisfies these constraints while still effectively describing the system
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and there are five combinations in which it is possible to eliminate two of the
interaction Hamiltonians, resulting in a simple correlation function. We denote
this integrated element as a function of two-time variables. If we choose to omit
any of the first two Hamiltonians, represented by the combinations (¢, t5), (¢1,t3),
(t1,t4), (ta,t3), or (t2,ts), it would effectively mean that the form M, (t1,t2) is
dependent on an only one-time variable. However, such a crude approximation
would compromise the final form of the corrected QME-RDM and its character, as
it would not accurately represent the meaning of the memory kernel in the QME.
To maintain a nonzero and approximated form of M7, (¢1,t2), we must consider an
odd number of interaction Hamiltonians instead. One option is to approximate
the Hamiltonians (¢3,t4), or more specifically, their action on the RDM added
to the RBP. A simple and intuitive choice is to take an approximation for a
slowly evolving bath in the interaction picture, which is equivalent to the Markov
approximation. We will now demonstrate the steps involved in this approximation

t2 ts (D) (D) T .
|ty [ atatel @) 00 [0 k) @ @ Oe)] e |d) =
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where in the third row, we used the substitution t4; = t3 — ¢}, then changed ¢/
back to t4 and finally, on the last row, we used the approximation that

[ﬁL(z) (ts — ta) @ ™D (t5 — t4)Lf — pi}(f) (t3)Weq
= s - 1)
f e (3.69)
~ pef (t3)weq
)

These steps definitely moved us forward to something usable. However, we would
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still have to use the history of RDM f)l’(])(tg) under the first integral sign
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to t3 ~ (
= [/0 dtg 0 dt4<C|HI (tg—tg)HI

Despite using the Markov approximation to solve for the dependency of the RDM
on t3 and t,, two interaction Hamiltonians still act on the RBP @%) (t2), which
has the size of the entire system. In order to remove these Hamiltonians from the
trace over the bath DOF, it would be necessary to reduce them to constant oper-
ators acting on the RBP. One potential approach towards achieving this drastic
approximation is to assume that the action of the two interaction Hamiltonians
on the RDM in equilibrium does not alter the RDM. This assumption would allow
us to simplify the correction and maintain a reasonable level of accuracy
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With additional approximation, rho ( )(tg) ~ p"D(ty), the approximated ele-
ment of the memory kernel would look like following
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here we can see clearly that such approximations will lead to nothing useful.
Another possibility is to avoid Markov approximation but still assume that the
RBP will remain in equilibrium (3.72). We have to be observant and add division
by the length of interval on which we are integrating [0, 4] contribution of RDM
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(3.73)

It is worth noting that while it is possible to evaluate Mabcd(tl,tQ;fUl’(I)) and
obtain nonzero elements; the following property must be satisfied in order for the

corrected RBP to adhere to the definition of RBP

trp{al D} = 1. (3.74)
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Our analysis indicates that the assumption of a constant bath in the first cor-
rection of the RBP is flawed (3.73). As a result, we are unable to express the
corrected RBP as linear combinations of first-order correlated functions. While
it is theoretically possible to map the exact solution onto correlation functions of
the first order with time-dependent coefficients, this approach does not provide
any additional insight. It appears that the bath correction from equilibrium can-
not be derived solely from the bath itself but rather requires the use of interaction
Hamiltonians. At least, this is the case within the approximations considered in
this study.

3.7.3 The limit of high temperature

In Subsection 3.7.1, we were able to derive a correction to the Redfield equations
for an infinite bath comprising LHO modes. However, we have not yet considered
the scenario where we have only a finite number of modes. When working with
finite systems, it is necessary to avoid the high-temperature limit unless we can
afford a larger number of states on each mode. This can be computationally
demanding. Fortunately, we were able to derive the corrected memory kernel
Mabcd(tl,tg;ﬁjl’m) for an infinite number of states, allowing us to examine the
high-temperature limit safely.

At high temperatures, the correlation function for the LHO bath (see Eq. 1.36)
is approximately real. While this correlation function is expressed in the local
electron basis, the transformation into the excitonic basis will simply result in ad-
ditional prefactors for Cy,,(t1, t2). Examining the derivation of Mpeq(t1, to; b ))
in Subsection 3.7.1, we can see that there are only five unique combinations of
real second-order correlation functions due to the property described in Eq. 1.58.
Upon examining the decomposition of the memory kernel Mpeq(ty, to; ﬁ)l’(f)) in
Eq. 3.59, we see that these groups of identical real correlation functions are
present

Cucef,fg.ge(ti,ta, t3,ts) : {Mia}

Cuc,ef.fedn(ti, ta, ts, ta) © { My, Mic, Mag, M3, }

Caeee.podf (t1, t2, ta, ta) © { Mg, Moy, Moc, May, Mg, My, } (3.75)
Coe.foef.fe(ti,to, ts, ta) o« {Moag, Msg, Myy, My}

( ):
Cob, fgefde(ti,ta, ts, ta) o {Myq}.

With separated groups of real correlation functions we can simplify Mpeq(t1, to; i ))
into the following form
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3.8 Discussion of findings

In the previous study, [Her20], it was found that the constant ansatz provided
a satisfactory approximation only for short lengths of simulations. Results were
obtained by using the RK4 method to evaluate operators within a finite basis,
which was dependent on the step size chosen. However, it was observed that the
QME might exhibit slow evolution at the beginning of an evolution in interaction
picture, known as a “cold start”. A the beginning of the simulation, small errors
in the evolution will only increase with the length of the simulation. We have
successfully addressed this issue in the present work by accurately solving the
IDEs to the required precision, as outlined in Section 2.3. Additionally, we have
carefully determined the necessary precision for stable results for specific types
of problems and have consistently evaluated the stability of the QME solution,
as described in Section 3.2. Overall, we can confidently assert that the numerical
aspect of the problem has been effectively addressed for finite systems.

In this chapter, we attempted to directly correct the evolution of the bath
part (RBP) in Section 3.3. As discussed in Section 3.4, the constant ansatz (3.4)
provides a good approximation for the evolution of the bath and is generally su-
perior to Redfield equations. We also attempted to utilise the entire Hamiltonian
in conjunction with the Taylor approximation of evolution operators for the evo-
lution of the RBP. These corrections are the L1 ansatz (3.7) and the L2 ansatz
(Eq. 3.9, in which a higher number of linear corrections are applied to the bath
in the L2 ansatz). The limitation of this approach is that polynomial evolution
correction is generally valid for a limited simulation duration. However, we were
able to demonstrate with these ansatzes that more precise corrections in the bath
will eventually lead to the correct evolution of the RDM. This emphasises the
importance of correcting the evolution of the bath, even when working with fi-
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nite systems. As a next Ul ansatz (3.10) and U2 ansatz (3.13) demonstrate that
it is not sufficient to take only the evolution of different electronic parts of the
RBP, but the transport between parts of RBP has to be taken into account. This
transport can be obviously taken from the correct evolution of the RDM, but
that is inaccessible to us.

After demonstrating the limitations of directly treating the bath without ac-
counting for the evolution of the RDM, we proposed an iterative method for
calculating the QME (QME). This approach involves calculating the RDM and
the RBP in a sequential manner, using the previously obtained results for each
iteration. As discussed in Section 3.6, this method is numerically feasible for a
finite number of modes and states, which we refer to as IQME.

Through simulations of integrodifferential equations in Section 3.4, we found
that our proposed iterative treatment of the RBP is effective for weak inter-
actions, as seen in the first correction. The iterative treatments using Markov
approximation, namely the I.M1 ansatz (3.29) and the .M2 ansatz (3.30), also
showed promise in correcting the evolution of the RDM for weak interactions in
higher orders. However, we observed that the correction itself converged to a
solution different from the exact solution, indicating that the current formulation
of IQME, which applies equal corrections to the RDM and RBP, may not be
optimal.

Despite this, we demonstrated that, for aggregates with only two modes, the
[.LM1 ansatz provides a generally better solution for weak interactions than Red-
field equations. This suggests that IQME may be a promising direction for cor-
recting the evolution of the bath in the regime of weak interactions and beyond
the scope of Redfield equations.

In the final sections of this chapter, we successfully derived the first correction
to the memory kernel, which is a direct correction to the constant ansatz kernel
and, in turn, a minor correction to the kernel in Redfield equations. While ex-
tending this approach to higher-order corrections is possible, we believe this may
not be the most effective method for consistently correcting the bath’s evolution
while maintaining the equations’ simplicity.

Instead, we propose using the first correction of the memory kernel as a way to
consistently correct the evolution of the RDM even for higher orders of correction.
This approach utilises only the previous results of the RDM evolution and still
allows for relatively simple integration of the memory kernel over two hidden time
variables. We utilised the fact that the gaussian bath allows for the decomposition
of higher-order correlation functions, resulting in a final form of the corrected
memory kernel that only contains products of first-order correlation functions.
We also do not believe it is possible to derive the correction of the memory
kernel using only a linear combination of first-order correlation functions without
decomposition into orthonormal functions of time for the RDM (as discussed in
Subsection 3.7.2). Additionally, we derived the corrected memory kernel for the
high-temperature limit.
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Conclusion

In this work, we tried various ansatzes for bath evolution so that we end up with
a more precise solution for system evolution in comparison to Redfield equations.
Redfield equations assume constant evolution of the bath in the interaction pic-
ture, and all our corrections start from the assumption of constant bath evolution.
Within this work, we implemented a method that can directly solve the integrod-
ifferential form of altered quantum master equations to chosen precision.

In the first part of this work, we defined several direct corrections of bath
evolution without incorporating the evolution of the system directly into those
corrections. These proposed corrections provided insight into the behaviour of an
aggregate with two molecules. Not in the form of satisfactory correction, but on
the other hand, confirming that the correction of the bath without consideration
of the evolution of a system is not simply sufficient. We are concluding that in
order to correct the Redfield equation while still working with the system and
bath separately, one has to take into account the effect of system evolution on
bath evolution.

We defined the formal remainder of the reduced density matrix that we call
the relative bath part. Both operators together give us full information about the
whole system. This split of density operator allows us also to split the quantum
master equation and to derive the so-called Iterative Quantum Master Equation
that uses reduced density matrix and relative bath part. This iterative approach
can be numerically solved for finite systems for both the system and bath parts.

In the final step of our analysis, we expressed the corrected version of the bath
evolution solely in terms of the evolution of the system and bath at equilibrium.
This allowed us to write the first corrected bath evolution in terms of the first
corrected evolution of the reduced density matrix. This led to the derivation of
the first corrected memory kernel, which determines the evolution of the system
given an initial condition. We also proposed that this correction can be used for
the sequential improvement of system evolution using the results of the previous
evolution. To obtain altered iterative master equations, we applied the Markov
approximation. This part of the analysis was successfully validated for the aggre-
gate with two molecules, demonstrating convergence towards the correct solution
and superior performance compared to the Redfield equations in the regime of
weak interaction. This is a promising result for potential applications as the spec-
tral density function can be modelled by an infinite number of weakly coupled
modes.

We believe there might also be two reasons why we do not observe better
improvement while simulating the systems in this work with respect to exact
dynamics. It is possible that finite systems are not well suited for a reliable
comparison of our new iterative treatment with exact dynamics. We suggest
inspecting the memory kernel with linear harmonic modes in the bath but with
an infinite size of bath basis and a finite number of modes. The second point is
that iterative treatment with the same rate of correction for the evolution of the
system and the evolution of the bath may always converge slowly.

Overall, we can conclude that this work’s results managed to improve Redfield
equations in a regime of weak interaction. This result is not entirely satisfactory
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for two reasons. The improvement could be more remarkable, and the new mem-
ory kernel is rather complex. The fact that now we know that this path won’t
lead to surprisingly good improvement can also be considered a positive result.
We risked going into the unknown, and we found out how far we could go.

As a next step, we suggest numerically confirming the convergence for a finite
number of modes and higher orders of corrections to ensure that the convergence
property is satisfied. Additionally, we propose revising the equations in such a
way that the correction of the solution for system and bath evolution will be done
quicker in favour of the system part.
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evolution of the system with interaction (bottom). We see the
comparison of the solutions obtained by Redfield, constant ansatz
(3.4), U1 (3.10) and U2 ansatz (3.13). Both modes have S; = S5 =
0.05. . . L
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solu-
tions obtained by Redfield, constant ansatz (3.4), Ul (3.10) and
U2 ansatz (3.13). Both modes have S; =Sy =0.1. . .. ... ..
Population in time with exciton basis (top). The baseline is the
evolution of the system with interaction (bottom). We see the
comparison of the solutions obtained by Redfield, constant ansatz
(3.4), U1 (3.10) and U2 ansatz (3.13). Both modes have S; = Sy =
0.1,
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4), I (3.28), I.M1 (3.29)
and [.M2 ansatz (3.30). Both .M1 and I.M2 ansatz give the same
results. Both modes have S; =S, =0.05.. . . . . ... ... ...
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3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4), I (3.28), L.M1 (3.29) and I.M2 ansatz (3.30). Both
modes have S; =S5, =0.05. . . . .. ... ... ... ...
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4), I (3.28), I.M1 (3.29)
and [.M2 ansatz (3.30). Both I.M1 and I.M2 ansatz give the same
results. Both modes have S; =S, =0.1. . . . .. ... ... ...
Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4), I (3.28), M1 (3.29) and I.M2 ansatz (3.30). Both
modes have S1 =S5, =0.1. . . . . . . ... ... ... .. ...
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4) and I ansatz (3.28).
Note that I-1 and I-2 mean that iterative ansatz was applied one
time to the solution from constant ansatz (I-1) and a second time
from the solution of I-1 (I-2). Both modes have S; = Sy = 0.05.

Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant

ansatz (3.4) and I ansatz (3.28). Both modes have S; = Sy = 0.05.

Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4) and I ansatz (3.28).
Note that I-1 and I-2 mean that iterative ansatz was applied one
time to the solution from constant ansatz (I-1) and a second time
from the solution of I-1 (I-2). Both modes have S; = S, =0.1. . .
Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4) and I ansatz (3.28). Both modes have S; = S, = 0.1.
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4), I ansatz (3.28), I.M1
ansatz (3.29) and I.M2 ansatz (3.30). Note that I.M1-2 is the
second iteration of I.M1-1 and similarly for [.M2-2. Both modes
have S;1 =5, =0.05. . . . . . . ...
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3.26

3.27

3.28

3.29

3.30

3.31

3.32

Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4), I ansatz (3.28), I.M1 ansatz (3.29) and 1.M2 ansatz
(3.30). Both modes have S; =S5, =0.05. . ... ... ... ..
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4), I ansatz (3.28), I.M1
ansatz (3.29) and 1.M2 ansatz (3.30). Note that I.M1-2 is the
second iteration of I.M1-1 and similarly for [.M2-2. Both modes
have S; = So=0.1. . . . . . . . .
Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4), I ansatz (3.28), .M1 ansatz (3.29) and I.M2 ansatz
(3.30). Both modes have S; =S, =0.1. . ... ... .. .....
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions
obtained by Redfield, constant ansatz (3.4) and I.M1 ansatz (3.29).
Note that I.M1-2 is the second iteration of [.M1-1 and similarly for
ILM1-2 and LM1-3. . . . . ...
Population of the first molecule in exciton basis (top). The baseline
is the evolution of the system with interaction (bottom). We see
the comparison of the solutions obtained by Redfield, constant
ansatz (3.4) and I.M1 ansatz (3.29). Note that I.M1-2 is the second
iteration of I.M1-1 and similarly for .M1-2 and I.M1-3. . . . . . .
On every heatmap we can see the performance of the stated nu-
merical solution in comparison to the exact solution scored with
Eq. 3.31. We can compare the fitness of QME test as explained in
Section 3.2, Redfield, constant ansatz (3.4), Ul ansatz (3.10), U2
ansatz (3.13), I ansatz (3.28), M1 ansatz (3.29) and [.M2 ansatz
(3.30). The colour bar scale is set to [-4, 1]. Every rectangle repre-
sents one simulation, where the rectangle is not filled the numerical
solution diverged. . . . . . .. ... L
On every heatmap we can see the comparison of the performance
for different approaches in comparison to the exact solution scored
with Eq. 3.31 for a population in interaction picture in local basis.
We see comparison of Redfield, constant ansatz (3.4), Ul ansatz
(3.10), U2 ansatz (3.13), I ansatz (3.28), I.M1 ansatz (3.29) and
[.M2 ansatz (3.30). The colour is set to be symmetrical around
zero but can have different maxima in every case. Every rectan-
gle represents one simulation, where the rectangle is not filled the
numerical solution diverged or there is no difference. . . . . . . . .
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3.33

3.34

3.35

3.36

3.37

On every heatmap we can see the comparison of the performance
for different approaches in comparison to the exact solution scored
with Eq. 3.31 for the population in the interaction picture in local
basis. We see comparison of Redfield, constant ansatz (3.4), Ul
ansatz (3.10), U2 ansatz (3.13), I ansatz (3.28) and 1.M1 ansatz
(3.29). The colour is set to be symmetrical around zero but can
have different maxima in every case. Every rectangle represents
one simulation, where the rectangle is not filled the numerical so-
lution diverged or there is no difference. . . . . . . . . .. ... ..
On every heatmap we can see the comparison of the performance
for different approaches in comparison to the exact solution scored
with Eq. 3.31 for the coherence in interaction picture in local basis.
We see comparison of Redfield, constant ansatz (3.4), Ul ansatz
(3.10), U2 ansatz (3.13), I ansatz (3.28) and 1.M1 ansatz (3.29).
The colour is set to be symmetrical around zero but can have
different maxima in every case. Every rectangle represents one
simulation, where the rectangle is not filled the numerical solution
diverged or there is no difference. . . . . . .. ... ... ...
On every heatmap we can see the comparison of the performance
for different approaches in comparison to the exact solution scored
with Eq. 3.31 for the population exciton basis. We see comparison
of Redfield, constant ansatz (3.4), Ul ansatz (3.10), U2 ansatz
(3.13), I ansatz (3.28) and [.M1 ansatz (3.29). The colour is set
to be symmetrical around zero but can have different maxima in
every case. Every rectangle represents one simulation, where the
rectangle is not filled the numerical solution diverged or there is
no difference. . . . . ..o
Population of the first molecule in time with interaction picture
and local basis (top). The baseline is the evolution of the system
with interaction (bottom). We see the comparison of the solutions

obtained by Redfield, constant ansatz (3.4), I (3.28) and I.M1 (3.29). 65

Population of the first molecule in excitonic basis (top). The base-
line is the evolution of the system with interaction (bottom). We

see the comparison of the solutions obtained by Redfield, constant
ansatz (3.4), I (3.28) and IL.M1 (3.29). . . ... ... ... ....
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A. Attachments

A.1 Correlation function properties

There is a case when we are able to simplify the correlation function to the
form similar to 1.30 and that is when we select exiton basis for system and used

properties of interaction Hamiltonian in interaction picture as shown in section
1.1.2

trp {HI ws(t)H, v5(t2)

— e’bwaﬁtl Fiw~ st tr

"

Lt AVaﬁUB(tl)UB(tg)AVwUB(tg)weq}

3

Lt AVagUB(tl)UB(tg)AVW;weqUB(Q)} (A1)
”

Vg
— elwaﬁtl‘i’lwwétQ tr {

= ewasthitiwsstz tpp ST () — t9) AV 0gUp(t — to) AV, Weq}
— pWaptitiwysta trp {Avag(h - Q)A‘A/yélweq} )

where in the second line we used the fact that the evolution operator of system is
diagonal and frequencies are defined in section 1.1.2. In the third row we used the
equilibrium property of the bath which stays that UL(t)ﬁ)eqUB(t) = Weq. In the
next row we used the fact that we can rotate operators under the trace sign and
in the last row we wrote part of interaction Hamiltonian in interaction picture in
more compact form that can be also written as correlation function of one time
variable

OQ/B’Y(S(t) = trp {Avaﬁ (t)AV’yéﬁjeq} . (AQ)

Similarly, we can discuss the correlation function of the second order in a
similar fashion. Rearranging the evolution operators of the bath will lead us to
the following form

Copyspven(ti, ta, 1y, ty) = eostTiwnstativulsivents
N A oA N
X trp {UB(t1 AV s st — 0)AT s (A3)
At N .
UB(tg — tQ)AVW,UB(tg — t4)AV€nweq}.

The trace over bath DOF with all operators inside is in fact dependent only on
three-time variables, for example setting 7 = t; —t4, 7o = to —t; and 73 = t3 —t
will lead us to the following
Caﬁ’y&m/er] (7—17 T2, T3) =
At ~n ot A ~
~ trp {UB(Tl)AvaﬁUB(Tz)AvngB(Tg)AvquB(ﬁ et Tg)Avmweq}.
(A.4)

Therefore we showed that the correlation function of first order is in fact function
of one time variable and the correlation function of the second order is a function
of three time variables.
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