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ABSTRACT: The generalized quantum master equation
(GQME) approach provides a rigorous framework for deriving
the exact equation of motion for any subset of electronic reduced < i
density matrix elements (e.g, the diagonal elements). In the , = homegencos Toms ad " 7
context of electronic dynamics, the memory kernel and ewin | | g

Coordinate GQMEs —og)

A B o i 4 6 & W 1w

inhomogeneous term of the GQME introduce the implicit coupling v

to nuclear motion and dynamics of electronic density matrix

elements that are projected out (e.g., the off-diagonal elements), allowing for efficient quantum dynamics simulations. Here, we focus
on benchmark quantum simulations of electronic dynamics in a spin-boson model system described by various types of GQMEs.
Exact memory kernels and inhomogeneous terms are obtained from short-time quantum-mechanically exact tensor-train thermo-
field dynamics (TT-TFD) simulations and are compared with those obtained from an approximate linearized semiclassical method,
allowing for assessment of the accuracy of these approximate memory kernels and inhomogeneous terms. Moreover, we have
analyzed the computational cost of the full and reduced-dimensionality GQMEs. The scaling of the computational cost is dependent
on several factors, sometimes with opposite scaling trends. The TT-TFD memory kernels can provide insights on the main sources
of inaccuracies of GQME approaches when combined with approximate input methods and pave the road for the development of
quantum circuits that implement GQMEs on digital quantum computers.
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1. INTRODUCTION spatially and temporally compact quantities is typically much
lower than the dimensionality of the overall system since it is

Quantum dynamics simulations are central to theoretical
determined by the number of reduced density matrix elements

studies of many areas of chemical and technological

applications, including charge and energy transfer in photo- included in the subset of interest, allowing for efficient
synthetic and photovoltaic systems and a wide range of simulations.
reactions with nonadiabatic dynamics and photochemical Considerable progress has already been made toward
processes, including spin and vibrational energy relaxation, as calculating the aforementioned memory kernels and inhomq-
well as polaritonic chemistry.' "> Despite considerable geneous terms without resorting to perturbation theory.' "'~
progress over the past few decades, the development of Much of that progress has been based on the strategy
efficient methods for simulations of quantum dynamics introduced by Shi and Geva,”” which relies on formally exact
remains an outstanding challenge for studies of complex relationships between the memory kernel and the inhomoge-
molecular systems at finite temperature.'*~>° This is primarily neous term and projection-free inputs (PFIs) that are given in
due to the computational cost of quantum-mechanically exact terms of two-time correlation functions of the overall system.
simulations, which scales exponentially with the number of These PFIs can be obtained from quantum-mechanically exact
degrees of freedom in the system, thereby making such or approximate (e.g., semiclassical or mixed quantum-classical)
simulations intractable in most complex molecular systems of input methods.'”*" >
practical interest. Thus, reduced-dimensionality approaches In this paper, we introduce exact memory kernels and
that can offer more favorable scaling are highly desirable. inhomogeneous terms obtained from quantum-mechanically

The Nakajima—%%anzig generalized quantum master exact tensor-train thermo-field dynamics (TT-TFD) simula-
equation (GQME) """ provides a formally exact general- tions.”** To the best of our knowledge, this is the first
purpose framework for modeling quantum dynamics in
reduced dimensionality. It can be obtained for any subset of
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reduced density matrix elements by using suitable projection
operators.'” When focusing on electronic dynamics, the effect
of projecting out nuclear degrees of freedoms (DOFs) and {
electronic density matrix elements not included in the subset of :
interest is accounted for by the memory kernel and the
inhomogeneous term of the GQME. The dimensionality of those
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application of TT-TFD to calculate memory kernels and
inhomogeneous terms of GQMEs. Previously, exact memory
kernels have been obtained by the Geva,”” Shi,*’™>° Makri,”"
and Rabani’"*****% groups. This paper extends the avallable
exact results to include the memory kernels and inhomoge-
neous terms of the modified GQME and reduced-dimension-
ality GQME approaches for the spin-boson model. We
demonstrate the capabilities of the GQMEs as applied to
benchmark simulations of electronic relaxation dynamics in a
spin-boson model system, including calculations based on
various types of reduced-dimensionality GQMEs. The spin-
boson model provides a useful framework for modeling
molecular systems with coupled electronic states. The resulting
quantum-mechanically exact memory kernels and inhomoge-
neous terms can serve as benchmarks for assessing the accuracy
of approximate memory kernels and inhomogeneous terms
obtained by approximate input methods. In addition, the
reported quantum-mechanically exact memory kernels and
inhomogeneous terms enables the development of quantum
circuits for the implementation of GQMEs on digital quantum
computers, which we report in the upcoming work.”®

The paper is organized as follows. The objectives and scope
of our approach are presented in Section 2, the GQME
formalism is outlined in Section 3, and the protocol used for
calculating the PFIs via TT-TFD is described in Section 4. The
utility of combining the GQME and TT-TFD approaches is
demonstrated for the benchmark spin-boson model in Section
S. Also included in Section S is a comprehensive comparison
between the TT-TFD-based quantum-mechanically exact
results and the corresponding approximate results based on
PFIs obtained with an approximate linearized semiclassical
mapping Hamiltonian method."”” Concluding remarks are
provided in Section 6. Additional graphs and computational
details are included in the Supporting Information (SI).

2. MODEL SYSTEM

We focus on molecular systems exhibiting nonadiabatic
quantum dynamics such as photosynthetic and photovoltaic
molecular assemblies, commonly described by the following
model Hamiltonian:

N,

A= Z i) (j1 + 2 Vilj) (Kl
j=1 jik=1

j#k (1)

Here, I:IJ is the nuclear Hamiltonian when the system is in

diabatic electronic state Ij) [I:I] =P’/ + V](ﬁ)] , with index j
N,), while
ﬁNn) are the mass-weighted

running over the N, electronic states (j = 1, 2, ...,
R = (ﬁl,...,ﬁNn) and P = (B, ..,
position and momentum operators of the N, > 1 nuclear
DOF, and {f/]—klj # k} are coupling terms between electronic
states which can be either nuclear operators (non-Condon
case) or constants (Condon case). Throughout this paper, a
circumflex symbol over a variable (e.g, B) indicates an
operator quantity and a script font (e.g, L) indicates a
superoperator.

For simplicity, we assume that the initial state of the overall
system has the single-product form,

p(0) = (0) ® 6(0) (2)
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Here, p(0) = Tr,{p(0)} and 6(0) = Tr,{p(0)} are the

reduced density operators that describe the initial states of
nuclear DOF and electronic DOF, respectively, while Tr{-}
and Tr,{-} represent partial traces over the electronic and
nuclear Hilbert spaces, respectively. The methodology
presented in this paper is not limited to factorized initial
states, as introduced by eq 2, and can be applied to arbitrary
initial states.*’

The time-dependent propagation of the initial state,
introduced by eq 2, according to the Hamiltonian introduced
by eq 1, yields the propagated state j(t) at time ¢, which is
described by the following density operator:

pA(t) — —th/hA (0) ® G(O)elHt/h =e —iLt/hA (0) ® 6(0)
)
Here, L(-) is the overall Liouvillian superoperator

(£L(:) = [H, -]). The reduced electronic density operator
6(t) at time ¢ is obtained by tracing out the nuclear, as follows:

8(6) = T p(D) = Y o (Dlj)(K

jk=1

(4)
The electronic populations and coherences are given by

(t) = (jl6(H)lj)} and {o; k(t) = (jl6(t)lk)lj # k}, respec-
t1ve1y. These quantities are of particular interest, because

their time evolution underlies electronic energy, charge, and
coherence transfer dynamics, as well as electronic decoherence.

3. GQMES IN REDUCED DIMENSIONALITY

The GQME formalism can be applied to derive exact
equations of motion for electronic observables while keeping
the input regarding other DOFs in the system to the minimum
necessary to account for their impact on dynamics. To this
end, we begin with the well-known Nakajima—Zwanzig
GQME (whose derivation is outlined in the SI),

Qi —iprosny - L [ QLN r Al
L0 = —PLPH() ~ /0 AP L EQLPp(t — 1)

! —iQLt/hy A
- EPLE Qp(0) 5)
where P is a projection superoperator.'”'® Here, Q is the
projection superoperator complementary to P (Q = I — P),
I is the identity superoperator, and £ is the Liouvillian
superoperator as in eq 3. Integrating eq S, we obtain the time-
dependent projected state P (t). Importantly, there is a lot of
flexibility in the choice of P to select the specific quantity of
interest. '’

In this paper, we focus on quantities of interest
corresponding to a subset of electronic reduced density matrix
elements {c,(t)}. For example, {g,(t)} may include all N
electronic reduced density matrix elements (i.e., all populations
and {a,(t)} =
{011(t), s 1N (1), oy Oy (8), oy oy (1) }; Or only the diagonal
electronic reduced density matrix elements (i.e., the
populations of the corresponding electronic states), in which
case {g,(t)} = {oy,(£), - UNgNg(t) }; or just the single diagonal

coherences), in which case

term describing the time-dependent population of state I1), in
which case {0,,(t)} = {6,;(t)}. The GQME of an element

]k(t) in a specific subset of electronic reduced density matrix
elements {5,,(t)} is defined as

https://doi.org/10.1021/acs.jctc.2c00892
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d
Sou(t) = =+ B (Lo 1)
lmE{ub
-y T K5 (D)ot = 1) + 1 (1)
Ime{ab}
(6)

Equation 6 is different for different subsets of electronic
reduced density matrix elements. It can be obtained by first
defining the projection superoperator

> Tr{()H ® 1,74}15,(0) ® )k

jke{ab}

PsetA
(7)

where A is a general overall system operator, {ab} are the
indices matching the subset of electronic reduced density
matrix elements {c,,(t)}, and 1, is the unity operator in the
nuclear Hilbert space. Equation 6 can then be obtained by
substituting the projection superoperator P** defined in eq 7
into eq 5, tracing over the nuclear Hilbert spaces, and applying
(jl from the left and lk) from the right, with a detailed
derivation included in the SI (section S.1.2). Note that, because
the sum in eq 7 goes over the elements of the subset of
interest, P*" will be different for different subsets and,
therefore, the equation of motion in eq 6 will also be different,
even for the same element when it is in different subsets. For
example, if we are looking at one subset {c,,(t)} = {6,,(£)} and
another subset {c,,(t)} = {0,,(t), 6,,(t)}, the equation of
motion for oy,(t) given in eq 6 will be different for the first
subset versus the second subset. These different equations of
motion are exact, so if exact input methods are used to obtain
the terms on the right-hand side (RHS) of eq 6 for y,(t), the
results will be the same. However, if approximate input
methods are used, the results can differ o

In eq 6, (‘Ejk,lm>2J (r), and I
elements (jk, Im) of the projected Liouvillian superoperator,

memory kernel superoperator, and inhomogeneous term operator,
respectively, which are defined as follows:

(L = Te{ (K @ 1,7L£5,(0) @ I1)(ml}

set

i k (t) are the matrix

(8)

(1) = Tr{<u><kl ® 1,V Le QL (0) @ y(ml)
(©)
and
L = —%Tr )k @ 1,) L@
x [p(0) = D 4,(0) ® )(mla,(0)
Ime{ab} (10)

These quantities are subset-dependent, so they will differ
depending on the chosen subset of electronic density matrix
elements of interest. Given that N, is the number of matrix

set
elements of interest included in {6,,(t)} (1 < N, < N,%), the

projected Liouvillian (£) and memory kernel K**(r)
set X N

superoperators can be represented by N, et

matrices,

aset
whereas the 1nhom0geneous term operator I (t) can be

represented by an N,-dimensional vector in Liouville space.
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Calculating the projected Liouvillian is typically straightfor-
ward. The memory kernel and inhomogeneous term satisfy
Volterra integral equations, so they can be obtained from the
PFIs."” The Volterra equation for the memory kernel is given

by
=X 7
uve{ab}

Y [Tl - K

uve{ab
(11)

om(7)

k uv(7)<'£uv lm)n

=i ‘ jk,lm(T)

where the PFIs are given by

From(®) = %Tr{kal ® 1,7 L e 47 (0) ® l)(ml}

7‘:jk,lm(7) =

—#Tr{(liﬂkl ® 1,V Le " Lp (0) ® y(ml})
(12)

The Volterra equation for the inhomogeneous term is given by

Alsket(t) - Ik(t) +i Z klm(t)alm(o)
Ime{ab}
+i ),

| e Pt = 1)

uve€{ab} (13)
where the additional PFI ij(t) is given by
5 __ i ; TN p a—iLlt/hg

Note that Zk(t) =

of the commonly encountered form /(0) = p (0) ® la)(al

(where la) is one of the electronic basis states), as is the case
for the applications reported in this paper. A more-detailed
discussion of the derivation, properties, and significance of eqs
11—14) can be found in ref 19 and in the SIL

Most previous studies have been based on direct calculations
of the aforementioned PFIs.'”***~* However, when using an
exact input method, the PFIs can also be accurately obtained as

Trn{e—i.&/hp;(o) ® ie}
that evolves the electronic reduced density operator, as

Fi, 2o(t) when the overall initial state is

derivatives of the propagator U(z) =

follows:*"*

6(r) = U(7)6(0) (13)
with matrix elements,

Uy o(2) = Te(() (K @ 1,) ™ 5/",(0) @ ()

(16)

Specifically, we obtain the PFIs {F ,(7), F; ;k m(T)} from
{ jk,lm(T) }, as follows:*"*

F i in(T) = i(Lljk,lm(T) ?jk,lm(T) = ’(.L.[;k,zm(f) (17)

PFIs {F, klm(r), ;k m(T)} calculated from U(z) generate

exact memory kernels and inhomogeneous terms when U(7)
is obtained from exact inputs. Therefore, we can calculate them
in terms of numerical derivatives of U(r) obtained from
quantum-mechanically exact TT-TFD simulations, as de-
scribed in Section 4.

https://doi.org/10.1021/acs.jctc.2c00892
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4. TENSOR-TRAIN THERMO-FIELD DYNAMICS ) e—ﬁﬁn/z > ~>
o o 10,(8)) = k) ® IF

4.1. Hamiltonian. The molecular Hamiltonian introduced /Z(ﬂ) = 1)

by eq 1 can also be written as the sum of a purely electronic
Hamiltonian I:IE ® 1, plus a purely nuclear Hamiltonian
ie ® I:In, and an interaction term between the electronic and
nuclear DOF, H,,:

ﬁ=ﬁ8®in+ie®ﬁn+ﬁm (18)
Note that this division is not unique, in the sense that different
choices of I:IE, I:In, and I—AIP_,, are possible.43 However, the results
are invariant to those choices when a quantum-mechanically
exact method like TT-TFD is applied, since no physical or ad
hoc approximation is introduced.

4.2. Thermo-Field Dynamics Method. We start out by
noting that the dynamics of p(t), which is governed by a
Hamiltonian of the form of eq 18, is described by the quantum
Liouville equation,

d i A

—p(t) = ——[H, p(t)]
The TT-TFD method™***”** provides a general, numerically
exact approach to solve eq 19 that is particularly efficient when
P (t) can be represented as a low rank matrix product state. In

our simulations, the state is described by 5'/?(t) [instead of
p(t)], represented as a tensor-train vector in an extended
Hilbert space (the so-called double Hilbert space described
below). The Liouville equation given in eq 19 is replaced by an

equivalent equation of motion for j'/?(t), which can be
written in the form of a Schrddinger-like equation in the
double Hilbert space. For a high-dimensional system,
computational efficiency is achieved by using a tensor-train

representation”®>*~%° of the extended state vector 5'/*(t). The
remainder of this section outlines the TT-TFD methodology
used for calculating the PFIs needed to obtain the memory
kernel and inhomogeneous term of the GQMEs.

The initial density operator of the overall system is of the
form introduced by eq 2. The initial electronic density operator
is given by 6(0) = ly)(yl, where ly) is one of the electronic
basis states, while the initial nuclear density operator is

p(0) = e_ﬂH"/Zn(ﬁ), where Z,(f8) = Tr,{e "™} Therefore,

A

Z,(p) (20)

However, we note that the TT-TFD method is not restricted
to initial states of this simple form and can be analogously
applied to propagate any arbitrary initial state.

The TFD representation is only applied to the nuclear
density operator of the system, since the same dynamics is
obtained for the initial state introduced by eq 20, regardless of
whether the electronic density operator is included or not in
the TFD representation.”” We let {lk)} be an orthonormal

basis that spans the physical nuclear Hilbert space $, and {Ik)}
be an orthonormal basis that spans a fictitious nuclear Hilbert

p0) =yl ®

space (also known as the tilde space) 5n, which is an exact
replica of § . Next, we define the so-called nuclear thermal
vacuum state:

1114

where one should note that the sum includes only terms
k) ® k) with k=k, s o that
le:k k) ® Ik) =10) @ 10) + 11) ® 1) + ... We note that
ﬁn(O) can be obtained from 10,(f})), upon taking the outer

product with its dual and tracing out the fictional degrees of
freedom as follows:

Tr {10,(8))(0,(B)1} = 4,(0)

where Tr{-} is the partial trace over states k) in the tilde space

D,
Substituting eq 22 into eq 20, we obtain the initial density
operator of the overall system ) (0) represented in terms of the

ket vector ly,(f, 0)) = ly) ®10,(p)), as follows:
p(0) = Trf{ly/},(ﬂ; 0)><l[€/(ﬂ, 0)I} (23)

Note that, in eq 23, only the initially thermalized nuclear
density operator is represented by a ket vector in the double

(22)

space 571 ® 9, whereas the initial electronic density operator

[¥){yl corresponds to a pure state in the electronic Hilbert
space.
We define the overall system ket vector Iy, (5, t)), such that

P(E) = Trllyg (B, ) (6, )

where p(t) evolves according to the Liouville equation (eq
19). This can be fulfilled by evolving Iy, (S, t)) according to the
so-called TFD Schrodinger equation (as shown in the SI),

d i
Elwy(ﬂ) t)) = _ng%(ﬁ; t)>

(24)

(25)

where H=H ® 1, with 1, = ZEUE)(IEl being the identity
operator of the tilde space. Moreover, we note that the same
physical system dynamics can be obtained by defining H in eq
25, as follows:

AH=A®Ii,-1®84, (26)

where 1 = 1, ® 1. Remarkably, H, can be any operator in the
nuclear tilde space since H, does not impact kets in the
physical space and its effect on the dynamics vanishes upon
taking the partial trace over states in the tilde space.””

The preparation of the initial thermal wavepacket Iy, (/,0)),
according to eqs 21 and 22, requires the explicit evaluation of
the quantum Boltzmann operator, which can be computation-
ally challenging for systems with high dimensionality.
However, when the initial nuclear Hamiltonian is harmonic,
the initial thermal wavepacket can be obtained by taking
advantage of the thermal Bogoliubov transformation. Therefore,
we can generate the nuclear thermal vacuum state from the
double space ground state 10,, 0,) using the following unitary
transformation:

ly, (8, 0)) = ly) ® e™l0,, 0,) o
where G is given by53’54”66
6= _iz 91'(&1&1 - aJT&JT)
j (25)

https://doi.org/10.1021/acs.jctc.2c00892
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with 9] = arctanh(e_ﬂmf/ )

, where {ﬁ}-, ﬁ;} and {d;-, d;} are the
creation and annihilation operators associated with the jth
nuclear DOF in the physical and tilde Hilbert spaces,
respectively.

Substituting eqs 27 and 28 into eq 25, we obtain

Wg y(ﬂr t)> - Hé)h//(; y(ﬂ) t)) (29)

with Iy, (6, 0)) = ) ® 10, 0), Iy, (B, 1)) = €ty (8, 1)),
and Hy is defined as
H() — eiéHe—ié (30)
The time-dependent thermal state Iy, (f,t)) is represented
as

My g

h//g,y(ﬂ) t)) = Z X(B, t; jl;-")jd)lj1> ®.Q l]d>

Jyo ey

(31)

where d is the overall number of DOF (d = 1 + 2N,) and {lj;)}
is the basis set with k = 1, ..., d. We determined the size of the
basis according to the convergence test, including two
electronic state eigenvectors and the 10 nuclear harmonic
eigenvectors for the nuclear DOF.

The time- and temperature-dependent expansion coeffi-
cients {X(f, t; ji, ., ja)} correspond to an n; X -+ X ny; complex
array which requires storage space and computational effort
that grows exponentially with d. Thus, we avoid the curse of
dimensionality by 1mp1ement1n the TFD wavepacket in the
tensor-train (TT) format.**~

4.3. TT Format. The TT format of X € C"*"™" involves
a trainlike product of d tensor cores, which are three-mode
tensors, X, € C'-"
X(jyy -y jg) can be evaluated by multiplication of the cores, as
follows:

%, with ry = ry = 1. Any particular element

6o 7
) = Z z Z X1(a0; jI; ‘11)X2(a1; jZ; az)

a=1 a=1 a;=1

X(j1 sy

~ Xy(ag_y, jpp ag) (32)

This can also be written in compact matrix product notation,
as follows:

X(jl ) '"’jd) = Xl(jl )Xz(]z) Xd(jd)

with matrix X,(j) € C*"" defining the jth slice of X;.

The central idea of the TT format is to generalize the
concept of factorization. Each physical dimension i is factorized
as an individual core (ie, X;). Entanglement with other
physical dimensions is established through the auxiliary indices
a;_; and a;. The TT-ranks ry, ..., ry introduced by eq 32 remain
small for a low level of entanglement and when they are ry = -
=ry =1, the TT format of X is a factorizable product.

Equation 32 shows that the TT format allows for
compressed representations of X, since it requires storage of
X, .y X, with dn7* elements when r, = - =r,_, =F and n, =
= ny = n. For small 7, such a representation bypasses the need
to explicitly store all n? elements of X, thus offering an
exponential advantage in storage and computational effort.

In TT-TFD, the initial state |l//97y(ﬂ, 0)) =ly) ® 10, 0)

takes an initial single-product form and is prepared as a rank-1

(33)

1115

tensor train. The transformed TFD Schrodinger equation is
then solved with the TT-KSL method.®”*® The TT-KSL
propagator evolves the wavepacket according to the time-
dependent variational principle (TDVP) by evolving the time-
dependent state on a fixed-rank T'T manifold. Comparisons to
other TT propagators have shown that TT-KSL is quite
accurate and efficient.”*’

4.4. Projection-Free Inputs from TT-TFD. The PFls
required for calculating the memory kernel and inhomoge-
neous term of the GQME are computed by using the TT-TFD
methodology. According to eq 16, the matrix elements
(u‘k,lm(f) are obtained, as follows:

]
Ly (o)|z><m|e’H’/h(|k><,| ® 1)}
(34)
Since TT-TFD requires an initial electronic state that is in a
pure state ly), in the following, we write Il)(ml as ly){yl;
however, we note that all U(7) elements with off-diagonal
initial electronic density matrices can be expressed as linear

combinations of pure-state populations (see the SI).

We use Ik)(jlj)(jl = k){jl to rewrite Uy (7) as

;k lm(T)

= Tr, (e ™ (0)ly }(rle ™ ()l @ 1,))

= Tre,n{e_’HT/hA(0)|J/><Y|61H1/h(|k><}| ® L)) ® 1,}
(35)
From this equation, noting that Trf{ll//y(ﬂ, T)><l//},(ﬂ, )} =

(L{jk,yy(T)

e_iﬁf/hp; (0)|y)(y|eim/h, we perform a cyclic permutation to

obtain

Tr, {Tr A (G @ LB, ) (B, DI ® 1,)})
(36)

From here, we use h//jk,w(‘r)) = (lk){(jl ® in)ll//y(ﬂ, 7)) and

(Lljk,yy(r) =

1 1, (7)) = e”Gm/jkw(T)) = ()il ® 1,0y, 4(B, 7)) to obtain
(L(jk,yy(f) = Tre,nf{h//]] y},(ﬂ; T)><l//jk,7y(ﬂ) T)l}
<l//11 77(T)h//jk,yy(7)>
= <%1jj7}’(7)|%1jk}’7(7)> (37)

which provides the elements of U(z) after obtaining
lyr, (B, 7)) by integrating eq 29.

5. APPLICATIONS

In this section, we report simulations of electronic population
dynamics based on four types of GQMEs. The GQMEs
correspond to different subsets of electronic reduced density
matrix elements used to describe the underlying dynamics (see
Section 3). As described in Section 4, the memory kernels and
inhomogeneous terms are calculated from PFIs obtained via
the quantum-mechanically exact TT-TFD method as applied
to five different realizations of a benchmark spin-boson model
Hamiltonian. We also compare the quantum-mechanically
exact memory kernels and inhomogeneous terms obtained
with TT-TFD inputs to calculations based on an approximate
linearized semiclassical (LSC) method."”

The reduced electronic density matrix for the spin-boson
model, introduced in Section 5.1, consists of four matrix
elements: {opp, Ops, Gap, Oast, Where ID) and IA) correspond
to the donor and acceptor electronic states, respectively. We

https://doi.org/10.1021/acs.jctc.2c00892
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Table 1. Spin-Boson Model and Simulation Parameters
model parameters numerical parameters
model € r p I3 w, @ ox N, At

1 1.0 1.0 5.0 0.1 1.0 S 60 1.50083 X 107°

2 1.0 1.0 5.0 0.1 2.0 10 60 1.50083 x 1073

3 1.0 1.0 5.0 0.1 7.5 36 60 1.50083 x 1073

4 1.0 1.0 5.0 0.4 2.0 10 60 7.50415 x 107*

6 0.0 1.0 5.0 0.2 25 12 60 1.50083 x 1073

consider GQMEs for the following four subsets of matrix
elements: (1) {opp, Opa, Oapy Oast (the full density matrix);
(2) {oppy 0as} (the populations-only subset); (3) {opp} (the
donor single-population subset); and (4) {044} (the acceptor
single-population subset). The TT-TFD-based PFIs, obtained
by taking numerical derivatives of the time evolution operator
U(7) [see eq 16], are compared to PFIs obtained via an LSC-
based method denoted LSCII [also referred to as the LSC
initial value representation (LSC-IVR) method”’]. Reference
44 provides a detailed discussion of the protocols used for
calculating PFIs via LSCIL

5.1. Spin-Boson Models. The spin-boson model provides
a useful framework for studying molecular systems where the
dynamics involves two coupled electronic states. In the
simplest form, the electronic coupling is independent of the
nuclear coordinates (the so-called “Condon approximation”).
The nuclear motion in each electronic state is described by
harmonic potential energy surfaces (PESs) with distinct
equilibrium energies and equilibrium positions. As such, the
spin-boson model has been widely used for describing a wide
range of chemical dynamical processes, including charge and
energy transfer (e.g, Marcus theory), nonadiabatic dynamics,
photochemistry, spin energy relaxation and dephasing, vibra-
tional energy relaxation, and, more recently, polaritonic
chemistry where the photonic DOF can be described as
harmonic oscillators and therefore grouped with the nuclear
DOE,13-1671

The spin-boson Hamiltonian is defined according to eq 1

with {I:I]} and {\A/;k - V}k}, which are defined as follows:

N, 132 1
A A A 2 A
HIEHD=€+ZL+_wk2Rk_Ck‘Rk
k=1 2

N A2
N N 4 P
HZEHA=—£+ZL

k=1
Vo=EVoa=V=Vyp =T

1 A2 A
+ Ewszk + CkRk

(38)

Here, 2¢ is the energy difference between the donor (D) and
acceptor (A) states with nuclear coordinates at equilibrium,
and the electronic coupling between donor and acceptor states
is defined by the positive constant I' (the Condon
approximation).

The discrete set of N, frequencies {w;} and electron—
phonon coupling coefficients {¢;} of the nuclear modes are
sampled from an Ohmic spectral density with an exponential
cutoff:

N — o zh

n -/,
BT PN
2

N, 2
J@) =23 b0 - w)
(1)) Zgwk o — W

(39)
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Here, ¢ is the Kondo parameter, which determines the
electron—phonon coupling strength, and w, is the cutoff
frequency, which determines the characteristic vibrational
frequency.*

The Hamiltonian introduced by eqs 1 and 38 can be
rewritten in terms of the harmonic oscillator raising and
lowering operators, as follows:

Ck
~/ Zwk

where 6, and &, are the x- and z-Pauli matrices. The

Nn
A=e6+T6,+ ) wdla -6, (4 + &)

k=1 (40)

corresponding rotated double space Hamiltonian H, intro-
duced by eq 30 can then be obtained in closed form, as

follows:>*7*
Nn
Hy=e6, + 16, + ), o(ala, — aa)
k=1

Ok

2w,

((a, + ﬁ,j') cosh(6,) + (&, + d,j) sinh(6,))

(41)
Using eq 41 in place of the mathematically equivalent eq 30
facilitates the implementation of TT-TFD by avoiding the

need to calculate e’ and e numerically.
The initial state is defined according to eq 2 with the initial
electronic state 6(0) = ID){(DI and the initial nuclear state:

. e_/}(ﬁn‘*ﬁA)/z
pn(o) = Trn{e_/j(ﬁD+IfIA)/2} (42)

Five different models are analyzed, as defined by the sets of
parameters listed in Table 1, corresponding to models 1, 2, 3,
4, and 6 of refs 43, 44, and 19. Model S was not included
because the reference exact results are known only for short
final times, compared to the lifetime of the electronic
relaxation dynamics. Models 1—3 correspond to systems with
a finite energy bias between the donor and acceptor states (¢ =
1.0), differing with respect to the value of w. Model 4
corresponds to a biased system (e = 1.0) with a higher Kondo
parameter (£ = 0.4) relative to models 1—3 (£ = 0.1). Model 6
corresponds to an unbiased system (e = 0.0). All results are
obtained using an integration time step At = 1.50083 X 1073
"' except for Model 4, which required a smaller time step of
At = 7.5041S x 107* I'"! to fully converge. Quantum-
mechanically exact QuAPI results for models 1—4 are taken
from ref 39 and results for model 6 are taken from ref 35.

5.2. GQMEs. The following subsections outline four types
of GQMEs examined by our simulations, corresponding to the
analysis of quantum dynamics for different subsets of
electronic reduced density matrix elements.

5.2.1. Full GQME for All Electronic Density Matrix
Elements. Here, we consider the GQME where the quantity

https://doi.org/10.1021/acs.jctc.2c00892
J. Chem. Theory Comput. 2023, 19, 1111-1129


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

of interest includes all four reduced electronic density matrix
elements, {,,(£)} = {opp(t), opa(t), Gap(t), Gaa(1)}:

. N=2
é Z <‘£jk,lm>galm(t)

_ Z / dr 7<ﬁ111 (D)ot — 7)

I,m=1

d
Eajk(t) =-

(43)

where jk € {DD, DA, AD, AA}. The memory kernel
superoperator K™(z) is represented by an
N> X N’ =4 X 4 time-dependent matrix whose matrix

elements are obtained by solving the following Volterra
equation:

KE(D) = iF () = — Z

uu—

+ i Z f L G T/)(Kiuul,llm(f/)

u,v=1

k uv( )<‘£uv m>n

(44)

where the PFIs {F.
eq 12.

5.2.2. Populations-Only GQME for Diagonal Elements of
the Reduced Electronic Density Matrix. Here, we consider the
GQME for the quantity of interest that includes only the
diagonal matrix elements of the reduced electronic density
matrix (i.e., the populations-only GQME), such that {c,,(£)} =
{opp(t), oan(D)}:

Z / dr K% (D)ot — 1)

where j € {D,A}. The memory kernel superoperator K*°?(7)
is represented by an N, X N, = 2 X 2 time-dependent matrix,
with individual matrix elements obtained by solving the
following Volterra equation:

i, m(7)} and {F i, (7)) are introduced by

d
% =

(48)

;olfk(T) =ity kk(T) + 12 / dr’ 75, (7 = T)KEF()
(46)

where the PFIs {T kk(r)} and {F,

12.

5.2.3. Single-Population Scalar GQMEs for One Diagonal
Element of the Reduced Electronic Density Matrix. Finally,
we consider the two single-population scalar GQMEs for the
case where the subset includes either only the population of
the donor state (opp) or only the population of the acceptor
state (0,,), such that {o, ()} = {opp(t)} or {o4(t)} =
{oaa(t)}, respectively:

d t onor
~oon(t) = - fo dr KR (D)ot — 7)

5,u(7) } are introduced by eq

(47)

_GAA(t) = / dr (](acceptor( )GAA(t T) +IZ;Cerr(t)
(48)

Note that the inhomogeneous term does not vanish in the case
where {0,,(t)} = {oas(t)}. Also note that the memory kernels

dD‘B“};D(T) and K3:%2"(7), as well the inhomogeneous term
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IP(t), are scalar in this case and can be obtained by
solving the following Volterra equations:

K5io(®) = Fonon(e) +1 [ dr' Fop (e = DI EER()
(49)

Wﬁfpt"( ) = 1’FAAAA(T) + 1/ de’ Fupanlz = 7 )‘Kaccepm( Bl
(50)

t
B0 = T aaol0) +1 [ b Tyt = D)
(51)

where the PFIs TDD,DD, TAA,AA, TDD’DD, TDD’DD, and
Faapp(7) are defined by eq 12.

5.3. Input Methods. It is important to note that the four
types of GQMEs, outlined in the previous subsections, call for
the same input of PFIs defined by eq 12. The different types of
GQMEs differ only with respect to the specific matrix elements

of F(z) and ¥ () that are required to calculate the memory
kernel and inhomogeneous term. For example, calculating the
memory kernel for evolving the full set of reduced density
matrix elements according to eq 43 requires calculation of all

16 matrix elements of F(z) and Vil (7). In contrast, calculating
the memory kernel of the donor single-population GQME (eq
47) requires only a single matrix element of each of the

matrices representing 7(7) and 7 (7).

The matrix elements of #(7) and #(z) can be determined
using a wide range of numerically exact or approximate
propagation methods. Since the matrix elements of #(z) and

F (1) are given in terms of two-time correlation functions of
the overall system,'” the only requirement for a propagation
method is that it should be able to calculate such quantities,
either exactly or approximately.

In this paper, we compare and contrast two input methods:
the quantum-mechanically exact TT-TFD method described in
Section 4 and the approximate semiclassical LSCII method,
previously described in ref 19. The inclusion of the LSCII
input method is done for the sake of comparison between the
memory kernels and inhomogeneous terms as obtained from
an approximate input method with those obtained via an exact
input method, with the intent of exploring the main sources of
inaccuracy when approximate input methods are used.

For the LSCII method, we calculate 7:;'k,lm(f) and 7':}-,6,1,”(7)
directly as described in ref 19. For the TT-TFD method, we
calculate the N> X N,> elements of the time evolution operator
of the electronic reduced density matrix U(z) introduced by
eq 16. Then, F,(7) and

numerical derivatives according to eq 17. For the results
given in this paper, the numerical derivatives were calculated
using the second-order finite central difference method
available in the NumPy Python library. The same time step
is used for both LSCII and TT-TFD (see Table 1) and 10°
trajectories were used for LSCIL

Once the PFIs have been obtained with either TT-TFD or
LSCII propagation, the memory kernels and inhomogeneous
terms of the GQMEs are calculated via an iterative algorithm
that solves the corresg)ondmg Volterra equation (see eqs 44,
46, 49, 50, and 51)."”* The different types of GQMEs (see
eqs 43, 45, 47, and 48) are then solved numerically for the

7'7],,('1,”(1') are obtained from

https://doi.org/10.1021/acs.jctc.2c00892
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Population Difference for All Models and Types of GQMEs
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Figure 1. Electronic population difference ¢,(t) = opp(t) — 044(t), as a function of time for all models in Table 1. Shown are exact QuAPI results
(black circles) and results obtained based on the following: direct application of TT-TFD (solid cyan line); the full density matrix GQME of the
form of eq 43 with TT-TFD-based PFIs (dashed magenta line); a populations-only GQME of the form of eq 45 with TT-TFD-based PFIs (dashed-
dotted red line); and a combination of the two single-population scalar GQME:s of the form of eqs 47 and 48 for opp(t) and 644(t), respectively,

with TT-TFD-based PFIs (dotted blue line).

electronic density matrix elements via a Runge—Kutta fourth-
order (RK4) algorithm.

5.4. Results. Figure 1 compares the time-dependent ,(t) =
opp(t) — 0aa(t), showing the differences of electronic
populations for the five realizations of the spin-boson model
outlined in Section 5.1 (see Table 1). These results are
obtained by using the four different types of GQMEs outlined
in Section 5.2, with PFIs computed with the TT-TFD method
as described in Section 4. These results provide a clear
demonstration of the rather remarkable fact that all four
GQME;s correspond to exact equations of motion for the electronic
populations and thereby reproduce the same exact population
dynamics when a quantum-mechanically exact input method
like TT-TED is used, even though they are quite different in
form and dimensionality.

Next, we focus on model 4 for a more-detailed analysis, with
the analogous analysis for the other models provided in the SI.
Figure 2 compares the population relaxation dynamics for
model 4 (see Table 1), obtained with different types of
GQMEs and memory kernels calculated by TT-TFD and
LSCII input methods. The population relaxation dynamics
generated via the LSCII-based populations-only GQME is in
excellent agreement with the exact results. At the same time,
the population relaxation dynamics generated via the LSCII-
based single-population GQME:s is inaccurate. The origin of
this discrepancy can be traced back to the fact that the LSCII-
based single-population GQMEs do not conserve population
(e, opp(t) + oan(t) # 1).

Figures 3 and 4 show the real and imaginary parts of the TT-
TFED full memory kernels for model 4, as compared to the real
and imaginary parts of the LSCII memory kernels for the same
model.'” Each figure includes 16 graphs, corresponding to the
elements of the 4 X 4 memory kernel matrix. Since the
memory kernel for the full electronic density matrix GQME is
represented by a 4 X 4 matrix, it has elements in all 16 graphs
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in Figures 3 and 4. In contrast, the memory kernel of the
populations-only GQME is represented by a 2 X 2 matrix (see
eqs 45 and 46). The real and imaginary parts of the four
elements of the populations-only memory kernel are shown in
Figures 5 and 6. The memory kernels of the two single-
population GQMEs are scalar (see eqs 47—50) and their real
and imaginary parts are each therefore shown in one graph
(the top left corner for the donor single-population GQME
and the bottom right corner for the acceptor single-population
GQME in Figures S and 6, respectively).

We start the analysis with the memory kernel in the case of

the GQME for the full electronic density matrix, K ™(z). In
this case, it can be shown analytically that the quantum-
mechanically exact memory kernel matrix elements, whose real
and imaginary values are given in the top and bottom rows of

Figures 3 and 4, respectively, should vanish [i.e., ‘Kg%DD =

full full full full
Kpppa(t) = Kppap(r) = Kppaal(t) = Kiapp(?) =
W?EDA(T) = Wﬂm(f) = WﬂAA(r) = 0]. This can be seen
by casting the memory kernel in the following alternative form
that was derived in ref 43:

K A(5) = IO 01L € QL (00N
(52)
where -Ezerc(') = [27;1 I:I]U><]|) ] = [I:Izem) ] For any sys-

tem satisfying the Condon approximation, V;, — Vj (such as

the spin-boson model under consideration in this paper), eq 52
is equivalent to eq 44, with the proof given in Appendix A of
ref 43. The fact that

=FW¢Z@Wﬂ

j=1

la){alL,... = §, Ja)(alH, — &, Ha)(al = 0
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Figure 2. Electronic population difference 6,(t) = opp(t) — 644(t), as
a function of time for model 4 in Table 1. Shown are exact QuAPI
(black circles) and TT-TED (cyan lines) results; LSCII result (purple
lines); and full GQME (upper plot), populations-only GQME
(middle plot) and combination of two single-population scalar
GQMEs (lower plot) results obtained with TT-TFD-based PFIs (blue
line) and LSCII-based PFIs (red line).

then implies that (ngz],lcd(f) =0.

While the real and imaginary parts of the TT-TFD-based
memory kernel matrix elements in the first and fourth rows of
Figures 3 and 4 are nonzero, they are much smaller than the
matrix elements in the second and third rows. This behavior is
consistent with the above-mentioned analytical result, with the
small nonzero values attributable to numerical noise.

Note that (.E)g can also couple density matrix elements (see
eq 43). For the spin-boson model under consideration here,

o-I I o

<£>0=—F 2e o T

" I 0 -2 —-T
o I -T o (53)

Importantly, while the DDAD, DDDA, AADA, and AAAD
elements of (.E)g are nonzero, the DDAA, DDDD, AADD, and
AAAA elements of (L)) vanish. This implies that, in the case of

the full GQME for the spin-boson model, population transfer
from the donor (opp) to the acceptor (6,,) corresponds to a
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two-step process. It starts with population-to-coherence
transfer induced by coupling between opp and op, or o,p
via the Liouvillian term and then proceeds to coherence-to-
population transfer induced by coupling between op, or o,p
and 0, via the Liouvillian term and the memory kernel term.

Comparison of the eight matrix elements of the memory
kernel that couple populations and coherences, namely,

full full full full full full full
{K bppar Kppans K paoos Kpaass K avoos K apaas K aapas
WﬂAD}, reveals several trends:

e The agreement between TT-TFD and LSCII is

significantly better for the matrix elements {W%gDD,
full full

K baass K appps

(e, K o, KL, KR L At the same time,

the four matrix elements {1 =~ gl oot

(Kff.:g aa) than for the matrix elements

V(ﬂAD} are significantly smaller than the remaining four
. full full full full
matrix elements {K 5appy Kpaaar Kaponr K apaal:
Thus, LSCII appears to capture the larger-amplitude
matrix elements better than the smaller ones. Given the
expectation that the larger-amplitude matrix elements
would play a more significant role in the dynamics, this
observation is consistent with the relative accuracy of the

LSCII-based GQME.

e Whereas the real parts of the larger matrix elements
{WfﬁﬂADD, W%ﬂAAA, W%DD, W%M} are seen to be
relatively short-lived (compared to the population
relaxation time scale, see Figure 1) and exhibit a
monotonic decay, the imaginary parts are seen to be
oscillatory and do not appear to decay. Note that the
oscillatory behavior of the imaginary parts obtained via
LSCII is damped, compared to exact results obtained via
TT-TFD. The observed damping is likely a manifes-
tation of the quasiclassical nature of LSCII, which limits
its ability to accurately capture coherent quantum
dynamics. Since one expects the real parts to dominate
population relaxation rates, the relative accuracy of the
LSCII-based GQME can be attributed to the ability of
LSCII to capture the real parts rather well.

Examination of the remaining nonvanishing matrix elements,
full full full
{Kpapar Kpaanr Kappas

trends:

W%AD}, reveals the following

e The real parts of W%ﬂDA and 'KfXgAD are significantly

larger and less oscillatory than the real parts of WSKAD

and (K%DA. This implies that the dynamics of the
coherences op, and o, is dominated by dephasing
(with rates dictated by KL and KL, ) and that
coherence-to-coherence transfer (with rates dictated by
Kl o and KU ) is significantly slower than
dephasing. This is consistent with the secular approx-
imation (also called the rotating wave approximation),
which is often invoked to eliminate coherence transfer
terms from perturbative quantum master equations.73

LSCII appears to capture the real parts of
(K KDy K KR4} rather accurately.
LSCII also appears to be less accurate when it comes
to capturing the corresponding imaginary parts, with the
inaccuracy manifested by an overdamping of the
oscillatory behavior. This behavior is similar to that

https://doi.org/10.1021/acs.jctc.2c00892
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TT-TFD vs. LSCII for the Real Part of the Full Memory Kernels for Model 4
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Figure 3. Real parts of the matrix elements of the memory kernel of the GQME for the full electronic density matrix ['Kﬁl“(‘r) in eq 44] for model
4, as obtained from TT-TFD-based PFIs (solid blue lines) and LSCII-based PFIs (dashed red lines). Similar graphs for the other four models are

provided in the SI.
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Figure 4. Imaginary parts of the matrix elements of the memory kernel of the GQME for the full electronic density matrix [(Kﬁﬂl(f) in eq 44] for
model 4, as obtained from TT-TFD-based PFIs (solid blue lines) and LSCII-based PFIs (dashed red lines). Similar graphs for the other four
models are provided in the SL

Given that population transfer is mediated by the coherences

noted above, regarding other matrix elements, and is in the case of the full density matrix GQME, the accuracy

consistent with the quasiclassical nature of the

ati hich LSCIT is based of the real parts of the LSCII-based
approximations on whic is based.
PP (el L, K et KA ) likely plays an important
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Figure S. Real parts of the matrix elements of the memory kernels for the populations-only and single-population GQMEs for model 4, as obtained
from TT-TFD-based PFIs and LSCII-based PFIs. Shown are the matrix elements of three different memory kernels: (1) The memory kernel of the
populations-only GQME [K?°(z) in eq 46], which has four elements (DDDD, DDAA, AADD, and AAAA) and is depicted with solid cyan lines
for the results from TT-TFD-based PFIs and dashed magenta lines for the results from LSCII-based PFIs; (2) and (3) The single-element memory

kernels of the scalar single-population GQMEs [W%%’%D(r) and KRy

(7), in eqs 49 and S0, respectively], which are depicted in the DDDD and

AAAA panels, respectively, with solid green lines for the results from TT-TFD-based PFIs and dashed yellow lines for the results from LSCII-based
PFIs. Graphs with the results for the other four models are provided in the SI.

role in the ability of the LSCII-based GQME to accurately
predict the population relaxation dynamics (see Figure 2).
Next, we consider the memory kernel in the case of the
GQME for the electronic populations, K?**(r) (see eqs 45
and 46). In this case, the memory kernel is given in terms of a
2 X 2 matrix that consists of the memory kernel elements in
Figures S and 6: {KDBon Kiban Koo Khwaal: The
dimensionality of K*°?(z) should be contrasted with the

‘Kﬁ’“(r), for which the same four matrix elements vanish. Since
the coherences have been projected out for this GQME, the
memory kernel gives rise to direct coupling between
populations, as opposed to population transfer being mediated
by the coherences. As a result, donor-to-acceptor population
transfer corresponds to a one-step process.

Comparison of the TT-TFD-based and LSCII-based real
and imaginary parts of {KB5on, KEBan Kiaon K amaa
reveals the following notable trends:

e The real parts of those four memory kernel matrix
elements are comparable in size and exhibit a damped
oscillatory behavior that is longer-lived than the

nonvanishing matrix elements of Whll(r). This behavior
is consistent with previous studies'”*® and can be traced
back to the fact that, in this case, the memory kernel also

1121

must account for the impact of the projected-out
electronic coherences on the electronic populations.

e LSCII is highly accurate when it comes to reproducing
the real parts of the exact TT-TFD-based
{ Ko Kobas Koo Khaal- Given that the real
parts of the KP’(7) matrix elements dominate the
population transfer kinetics, this observation is con-
sistent with the previously made observation that the
LSCII-based populations-only GQME can reproduce
the population relaxation rather well."

e Whereas the imaginary parts of
(K on KEBua KEbop KhEa} computed with
TT-TED vanish, the corresponding LSCII values do
not. The discrepancy is due to errors in the calculation
of ¥

j]'mm(T) elements with LSCII, which generates a
small real part for the 7.—~jj,mm(r) elements, which should

be purely imaginary. However, the failure of LSCII to
accurately predict the imaginary parts does not appear to
impact the accuracy of the population transfer kinetics,
since the imaginary parts are 2 orders of magnitude
smaller than the real parts.

Finally, we consider the scalar memory kernels in the donor

and acceptor single-population GQMEs, K& (7) and

https://doi.org/10.1021/acs.jctc.2c00892
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Figure 6. Imaginary parts of the matrix elements of the memory kernels for the populations-only and single-population GQMEs for model 4, as

obtained from TT-TFD-based PFIs and LSCII-based PFIs. Shown are the

matrix elements of three different memory kernels: (1) The memory

kernel of the populations-only GQME [KF°?(7) in eq 46], which has four elements (DDDD, DDAA, AADD, and AAAA) and is depicted with
solid cyan lines for the results from TT-TFD-based PFIs and dashed magenta lines for the results from LSCII-based PFIs; (2 and 3) the single-

element memory kernels of the scalar single-population GQMEs [7(%(305[)(‘[) and

Kxnta (7), in eqs 49 and S0, respectively], which are depicted

in the DDDD and AAAA panels, respectively, with solid green lines for the results from TT-TFD-based PFIs and dashed yellow lines for the results

from LSCII-based PFIs. Graphs with the results for the other four models

are provided in the SI.

K (z), respectively (see eqs 47—50). In this case,
WdDCBIBrD(T) is given by the top-left corner element and
KR (7) is given by the bottom-right corner element in
Figures 5 and 6. Comparison of the real and imaginary parts of
Jedonor () and KAF(7) computed with TT-TED and
LSCII reveals the following notable trends:

e The real parts of WdD(B'BrD(T) and KGR (7) are

comparable in size and exhibit a damped oscillatory
behavior with a lifetime similar to that of the
populations-only memory kernel elements.

LSCII is highly accurate for reproducing the real part of
the exact TT-TFD-based 7(%%‘%3)(1). The accuracy is
somewhat lower for reproducing the real part of
(](acceptor(l_).

While the imaginary parts of Koo (1) and K5 ()
computed with TT-TFD vanish, the corresponding
LSCII values do not. However, the failure of LSCII to
accurately predict the imaginary parts does not appear to
impact the accuracy of the population transfer kinetics,
since the imaginary parts are 2 orders of magnitude
smaller than the real parts.

1122

In Figure 7, we show the real part of the inhomogeneous
term of the acceptor single-population GQME, I, (t), which is

the only GQME with an inhomogeneous term considered in

Model 4
0.8 . . . .
— TT-TFD
0.7}

LSCll

0.6f
0.5¢
0.4f
0.3
0.2

Re[I44(t)]

0.1
0.0

-0.1

0 10 12 14

Figure 7. Real part of I,,(7) (see eq 51) for model 4, as obtained
from TT-TFD-based PFIs (solid blue lines) and LSCII-based PFIs
(dashed red lines). Similar graphs for the other four models are
included in the SIL
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this paper. The imaginary component is not shown, because it
is zero for the results from both TT-TFD-based and LSCII-
based PFIs. In the figure, we see that the inhomogeneous term
from LSCII-based PFIs is slightly overdamped, compared to
the inhomogeneous term from the TT-TFD-based PFIs.

To understand the origin of the inaccuracies in the LSCII-
based single-population GQMEs relative to the populations-
only GQME, we note that any such inaccuracies must come
from inaccuracies in 7(7) and # (7), as the subsequent steps of
the GQME approach are exact. To this end, in Figure 8, we
show the imaginary components of the matrix elements of
F(z), in Figures 9 and 10, the real and imaginary components
of the matrix elements of 7 (7) that are used as PFIs to obtain
the memory kernels for the single-population and populations-
only GQMEs. The real parts of F(z) are not shown, because
they are zero for these elements from both LSCII and TT-
TED. These figures clearly show that, although the LSCII-
based #(7) and ¥ (7) matrix elements can be rather accurate,
there are significant deviations from the exact ones. The
deviations are the origin of any inaccuracies in the memory
kernels obtained from them.

We now show that, although the errors in #(7) affect the
memory kernels of both single-population and populations-
only GQMEs, the effect is weaker on the latter because of error
cancellation. To see this difference in effect, we note that
KB op(7) and (KdD%’f’];D(T) are obtained from the PFIs via eq
46 and 49:

1123

KB5,pp(7) = i¢DD,DD(T) + iA/OT d7 [Fpp,pp(7 — T)KEE op(7)
+ TDD,AA(T - T/)WRKK),DD(T/)]
(](dDoIl;,oIl;D(T) = ij:DD,DD(T)
41 A Fop ool = K ED(E)

(88)
Importantly, the integrand on the right-hand side of eq 54

(54)

. . . . . POP
gives rise to inherent error cancellation, since KB ,(7) and
pop . . . .
KExpp(t) are of opposite sign, which causes the errors in

F(z) to cancel when they are correlated. Such correlation is
observed for all of the models that we studied, e.g,, in Figure 8,
most evidently at t = 1.9 I, the approximate method
significantly overestimated both Fpp () and Fpp 4a(7).
On the other hand, eq 55 does not allow for such error
cancellation, thereby making the single-population GQMEs
less accurate than the populations-only GQME.

5.5. Computational Cost. In this section, we examine the
scaling of the computational cost of the GQME approach with
TT-TED as the input method, with respect to GQME type.

We begin by considering the time step used to calculate the
TT-TFD-based PFIs to obtain the converged memory kernel
and the inhomogeneous term. In contrast to LSCII, which
required a similar time step for all GQMEs,"” the time step
needed for convergence is found to decrease with decreasing
dimensionality. More specifically, although the results shown
above are all for a time step of At = 0.00150083 I'"" (except
for model 4, see Table 1), the time step needed for
convergence for the full density matrix GQME is in the

https://doi.org/10.1021/acs.jctc.2c00892
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Figure 9. Real parts of the DDDD, DDAA, AADD, and AAAA matrix elements of F (1) (see eq 12) for model 4, as obtained via TT-TFD (solid
blue lines) and LSCII (dashed red lines). Similar graphs for the other four models are included in the SL

range of At = 0.00300166—0.00450249 I'}, in contrast to the
time step of At = 0.00150083 I'""! that was required in the case
of the populations-only and single-population GQMEs (except
for the populations-only GQME of model 4, which required a
time step of At = 0.000750415 I'™").

In ref 19, we noted that the direct calculation of ﬁk,lm(f)

given in eq 12 required calculation of the dynamics for more
electronic initial conditions than only lj){(kl due to terms
involving off-diagonal components of the Hamiltonian in the

initial state. However, although direct calculation of ﬁk‘lm(f) is
necessary when using approximate input methods, when using
exact input methods, we can obtain ﬁk,lm(f) from q/ljk,lm(T) as

described in eq 17. Therefore, we only need to calculate the
dynamics for the initial electronic state lj)(kl to obtain
%k,lm(f) and, subsequently, 7_-jk,1m(f) and ﬁk’lm(f) through
eq 17. As a result, there is a significant reduction in the number
of initial electronic states necessary to calculate the PFIs
needed for the reduced-dimensionality GQMEs compared to
the full GQME. More specifically, although the full GQME
approach requires simulating the dynamics for four initial
electronic states in the case of a two-state system, the
populations-only GQME requires only two initial electronic
states, the acceptor single-population GQME approach
requires two initial electronic states (with one of them due
to the inhomogeneous term), and the donor single-population
GQME requires only one initial electronic state. Thus,
reduced-dimensionality GQMEs significantly enhance compu-
tational efficiency with regard to the number of initial states

1124

that must be simulated when exact input methods such as TT-
TFD are used.

Next, we consider the cost of obtaining the memory kernels
from the PFIs. The computational complexity of each iteration
in the Volterra algorithm for the memory kernel is expected to

be O(N2,), where N, is the number of matrix elements in a

row of the memory kernel matrix (e.g, N, = N;* for the full
GQME, N,... = N, for the populations-only GQME, and N,,, =
1 for the single-population GQMEs). This is true regardless of
the input method used and, therefore, the cost of each iteration
of the Volterra algorithm increases dramatically with memory
kernel size. The computational complexity of each iteration in
the Volterra algorithm for the inhomogeneous term scales
more favorably at O(N?,,) but may still become restrictive with
increasing dimensionality. However, note that the inhomoge-
neous term often is not needed for the larger-dimensional full
and populations-only GQME approaches.

The number of iterations required for the iterative Volterra
algorithm for the memory kernel to converge is also rather
sensitive to the type of GQME and the dimensionality of the
electronic observable of interest. More specifically, whereas 2
iterations are required for calculating the single-population
memory kernels and 2—3 iterations are needed in the case of
the populations-only memory kernel for all the models, 5—7
iterations are required for the full GQME approach.

An inhomogeneous term is only required for the acceptor
single-population GQME approach and would be required for
any GQME approach where the set of electronic states that it
projects onto does not include the initial electronic state.
Because of the scaling of the Volterra algorithm for the

https://doi.org/10.1021/acs.jctc.2c00892
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Figure 10. Imaginary parts of the DDDD, DDAA, AADD, and AAAA matrix elements of F(z) (see eq 12) for model 4, as obtained via TT-TFD
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Table 2. Memory Time of Each GQME Approach for Each Model”

. Input / Populations-Only - /
Model # Method Full GQME GQME Donor GQME | Acceptor GQME
1 TT-TFD 5.5034 14.7534 14.7534 14.5034

LSCII 5.25415 14.7541 14.5041 14.5041
9 TT-TFD 1.65348 14.4035 14.9035 14.4035
LSCII 3.00415 14.2541 14.2541 14.2541
3 TT-TFD 9.5034 13.7534 13.5034 14.0034
LSCII 7.25415 9.25415 12.0041 11.5041
4 TT-TFD 14.6539 5.65386 14.9039 11.9039
LSCII 4.00415 5.75415 13.5041 8.75415
6 TT-TFD 9.65348 10.4035 13.9035 13.6535
LSCII 12.7541 14.7541 14.2541 13.5041

“In this table, the colors are to provide a visual aid, with red indicating a memory time above 12 I'"!, yellow indicating a memory time from 9—12

'), and green indicating a memory time below 9I'"".

inhomogeneous term, it is generally only favorable to use a
GQME approach that requires an inhomogeneous term when
the dimensionality of the set of electronic states projected onto
is small.

The converged memory time for each of the models and
GQME types is found using the algorithm outlined in the SI of
ref 19. The basic premise of the algorithm is to first calculate
the dynamics at the highest possible memory time, t,.mmaw
based on the maximum time of the PFI dynamics and then
proceed backward in memory time to find the shortest
memory time that keeps each element and time step of the
electronic density matrix within a convergence parameter when
compared to the same element and time step of the dynamics
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with the highest possible memory time. For the models studied
in this paper, the highest possible memory time was ¢, max =
15 T'"". The converged memory time for each model and
GQME approach is given in Table 2. In agreement with the
results for LSCII in ref 19, the full GQME typically
corresponds to the shortest memory time and the reduced-
dimensionality GQMEs require significantly longer memory
times, particularly the single-population GQMEs. Whereas the
RK4 algorithm is expected to have computational complexity
O(tmem), the cost of a single iteration of the Volterra algorithm
for the memory kernel has quadratic computational complexity

o(#2

< em)- Thus, situations where the reduced dimensionality of

https://doi.org/10.1021/acs.jctc.2c00892
J. Chem. Theory Comput. 2023, 19, 1111-1129


https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=fig10&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00892/suppl_file/ct2c00892_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00892?fig=tbl2&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

the electronic observable of interest leads to longer memory
time increase the computational cost.

The computational cost of the GQME approaches, with
respect to dimensionality, is therefore dependent on several
factors with different and, at times, opposing scaling trends.
Thus, the computational cost benefits of reduced-dimension-
ality GQMEs are dependent on the balance between these
trends, and further work is needed to determine whether using
a reduced-dimensionality GQME provides a way to signifi-
cantly reduce computational cost.

6. CONCLUDING REMARKS

We have implemented the TT-TFD method to obtain
quantum-mechanically exact memory kernels and inhomoge-
neous terms for different types of GQMEs that describe the
dynamics of electronic DOF for the spin-boson model. We
have analyzed a GQME for the four-element full electronic
reduced density matrix, a populations-only GQME for the two
diagonal elements, and single-population scalar GQMEs for
single diagonal elements. We have also demonstrated that all
four GQMEs are exact equations of motion and thus
reproduce the same exact population dynamics when para-
metrized by a quantum-mechanically exact input method such
as TT-TFD, although the four GQMEs are different in form
and dimensionality.

Advancing the capability to calculate quantum-mechanically
exact memory kernels and inhomogeneous terms for different
types of GQME:s is highly desirable for multiple reasons:

e First, note that the memory kernels and inhomogeneous
terms in the case of quantum open systems serve a
similar role to that of the Hamiltonian in the case of
closed quantum systems. More specifically, similar to
how analyzing the properties of the Hamiltonian is often
used to shed light on the closed quantum system
dynamics it gives rise to, one expects that knowing what
the quantum-mechanically exact memory kernel and
inhomogeneous term look like and how they depend on
various parameters and different choices of projections
could shed light on the open quantum system dynamics
they give rise to.

Second, quantum-mechanically exact memory kernels
and inhomogeneous terms are particularly valuable to
evaluate the capabilities of PFIs obtained with
approximate input methods, as shown in our compar-
isons of memory kernels and inhomogeneous terms
obtained with exact TT-TFD and approximate LSCII
simulation methods.

Third, quantum-mechanically exact memory kernels can
be used as benchmarks to assess the accuracy of various
types of perturbative quantum master equations
(QMEs).”*~*" More specifically, while the GQMEs
correspond to the exact equations of motion of the
subset of dynamical quantities of interest, the derivation
of perturbative QMEs relies on approximate expressions
for the memory kernels that are based on treating
various terms in the Hamiltonian, such as the system-
bath coupling or electronic coupling, as small
perturbations. Thus, comparisons of the perturbative
memory kernels to the exact kernels can provide a better
understanding of the accuracy of perturbative methods

and their range of validity.
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e Fourth, in certain situations, simulating the quantum
dynamics via a GQME may be more cost-effective than
the direct use of the numerically exact quantum
dynamics method. More specifically, restricting the use
of a quantum-mechanically exact method with regard to
calculating the PFIs can provide a more efficient route to
obtain the dynamics of the quantity of interest,
compared to extracting it from the overall system
dynamics. The computational cost analysis of the TT-
TFD-based GQME approach provided in this paper
constitutes an important step toward understanding
when and how simulating the quantum dynamics via a
GQME approach is advantageous, compared to the
direct use of the numerically exact quantum dynamics
method.

Various extensions of this study would be highly desirable,
including combining the GQME approach with other
quantum-mechanically exact and approximate input methods,
calculating memory kernels and inhomogeneous terms for
other types of dynamical quantities of interest, and exploring
the capabilities of the GQMEs on other benchmark models.
Work on such extensions is currently underway and will be
reported in future publications.
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