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Abstract

Nonadiabatic quantum dynamics plays an important role in a wide range of chemical
reactions and femtochemistry experiments. However, numerically converged simulations
are typically only affordable for small size systems because the computational efforts gener-
ically increase exponentially. This thesis is devoted to the theoretical analysis of two can-
didates of simulation methods for large size systems, linearized phase space methods and

quantum simulations.

Linearized phase space methods, for instance, fully linearized methods, partially lin-
earized methods, and symmetrical quasi-classcial windowing, approximate the quantum
dynamics as the classical dynamics, and quantum effects are accounted for by Monte Carlo
sampling of the initial quantum phase space. The major drawback is that the sampling
of independent phase space trajectories neglects quantum coherence and interference. For
condensed phase simulations, this limitation fortunately is only minor. Different linearized
phase space methods are mainly characterized by the initial electronic phase space selec-
tions, and it is believed that the choice of electronic phase space determines the accuracy of
the method. While there are lots of numerical results to support this argument, a rigorous
theoretical analysis is still outstanding. Rewriting fully and partially linearized methods in
a unified expression, we establish a rigorous measure of the short-time accuracy, the intra-
electron correlation, which has a close connection to the initial electronic phase space. The
methods with correct intra-electron correlation are more accurate in the short-time region for
various chemical motivated models than the methods with a wrong one. For various popular
linearized phase space methods, including many fully and partially linearzied methods, we
also give either a proof of correct intra-electron correlation sampling or an explicit violation
example. Our theoretical analysis gives an explanation of the accuracy order of linearized
phase space methods reported in the literature. Moreover, the intra-electron correlation can

be a guideline for the development future linearized phase space methods.

Further, we introduce the generalized discrete truncated Wigner approximation (GDTWA),
which is a well-established linearized phase space method in the field of quantum lattice
models, into chemistry. The GDTWA uses the Wootters’ discrete phase space for electrons,

which can sample the intra-electron correlation correctly for diagonals states. We reformu-
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late the GDTWA in the unified expression of linearized phase space methods, which shows
that the GDTWA is a fully—partially hybrid method. With the help of this reformulation,
we not only reduce the computational efforts, but also demonstrate a reduced zero-point
energy accounting without an explicit zero-point energy parameter in the GDTWA. Numer-
ical benchmarks on scattering models and linear vibronic coupling models show a robust
performance on various chemical motivated models. Also, we develop two GDTWA, ap-
proach I and II, for a particle in gauge vector potentials. Theoretical analysis shows that
the two approaches favor the simulation of synthetic gauge field and on-the-fly simulation
of molecular dynamics in the adiabatic representation, respectively. Our numerical results
of ultracold atoms, linear vibrionic coupling models as synthetic gauge fields, as well as
on-the-fly simulations of linear vibronic coupling models confirm the analysis.

To overcome the difficulty of simulating quantum mechanics arising from exponentially
increasing Hilbert space, quantum simulations use controllable quantum devices which obey
the rule of quantum mechanics. Nowadays, the imperfect controls of quantum devices have
a huge impact on the accuracy of the simulations. Specifically, when the errors of the imple-
mentations break symmetries of the system, simulation results could even be qualitatively
wrong. We rigorously develop an experimentally feasible linear penalty method to suppress
the symmetry-breaking errors. Numerical benchmarks of the lattice gauge theory and the
hydrogen molecule show good performances on protections of symmetries, local observ-
ables, and wave functions.

Our theoretical analysis on both linearized phase space methods and quantum simu-
lations illustrate the possibilities of simulating large size systems with large potential for

applications in quantum chemistry and related areas.



Kurzfassung

Die nichtadiabatische Quantendynamik spielt eine wichtige Rolle in einer Vielzahl von
chemischen Reaktionen und femtochemischen Experimenten. Numerisch konvergierte Sim-
ulationen sind jedoch nur fiir kleine Systeme erschwinglich, da der Rechenaufwand expo-
nentiell ansteigt. Diese Diplomarbeit widmet sich der theoretischen Analyse von zwei Kan-
didaten fiir Simulationsmethoden fiir gro3e Systeme, linearisierte Phasenraummethoden und

Quantensimulationen.

Linearisierte Phasenraumverfahren, beispielsweise vollstdndig linearisierte Verfahren,
teilweise linearisierte Verfahren und symmetrisches quasi-klassisches Fenstern, approximieren
die Quantendynamik als klassische Dynamik, und Quanteneffekte werden durch Monte-
Carlo-Sampling des anfanglichen Quantenphasenraums berticksichtigt. Der Hauptnachteil
besteht darin, dass unabhéngige Phasenraumtrajektorien Quantenkohérenz und Interferenz
vernachldssigen. Dies hat jedoch keine grolen Auswirkungen auf Simulationen mit kon-
densierter Phase. Verschiedene linearisierte Phasenraumverfahren sind hauptséchlich durch
die anfangliche Auswahl des elektronischen Phasenraums gekennzeichnet, und es wird all-
gemein angenommen, dass die Wahl des elektronischen Phasenraums die Genauigkeit des
Verfahrens bestimmt. Obwohl es viele numerische Ergebnisse gibt, die dieses Argument
stiitzen, fehlt bisher eine rigorose theoretische Analyse. Indem wir vollstdndig und teilweise
linearisierte Methoden in einen einheitlichen Ausdruck umformulieren, etablieren wir ein
rigoroses MaB fiir die Kurzzeitgenauigkeit, ndmlich die Intra-Elektronen-Korrelation, die
eine enge Verbindung zum anfénglichen elektronischen Phasenraum hat. Die Methoden mit
korrekter Intra-Elektronen-Korrelation sind im Kurzzeitbereich fiir verschiedene chemisch
motivierte Modelle genauer als die Methoden mit falscher. Fiir verschiedene gingige lin-
earisierte Phasenraummethoden, einschlieBlich vieler vollstindig und teilweise linearisierter
Methoden, wir geben auch entweder einen Beweis der korrekten Intra-Elektronen-Korrelations-
Sampling oder ein explizites Verletzungsbeispiel. Unsere theoretische Analyse gibt eine
Erklarung fiir die Genauigkeit verschiedener linearisierter Phasenraumverfahren, die in der
Literatur berichtet wurden. Dartiber hinaus kann die Intra-Elektronen-Korrelation eine Richtlinie

fiir zukiinftig vorgeschlagene linearisierte Phasenraummethoden sein.

Weiterhin fithren wir die verallgemeinerte diskrete trunkierte Wigner-Néherung (GDTWA)
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in die Chemie ein, die eine etablierte linearisierte Phasenraummethode im Bereich der Quan-
tengittermodelle ist. Das GDTWA verwendet den diskreten Phasenraum von Wootters fiir
Elektronen, der die Intra-Elektronen-Korrelation fiir die diagonalen Zustdnde korrekt sam-
peln kann. Wir formulieren die GDTWA in dem vereinheitlichten Ausdruck linearisierter
Phasenraumverfahren neu, und eine solche Neuformulierung zeigt, dass die GDTWA eine
vollstindig—teilweise hybride Methode ist. Mit Hilfe dieser Neuformulierung kann man
nicht nur den Rechenaufwand reduzieren, sondern wir demonstrieren auch eine reduzierte
Nullpunktenergiebilanzierung ohne expliziten Nullpunktenergieparameter in der GDTWA.
Numerische Benchmarks fiir Streumodelle und lineare vibronische Kopplungsmodelle zeigen
eine robuste Leistung fiir verschiedene chemisch motivierte Modelle. Aullerdem entwick-
eln wir zwei GDTWA, Ansatz [ und II, fiir Partikel in Eichvektorpotentialen. Theoretische
Analysen zeigen, dass die beiden Ansitze fiir die Simulation des synthetischen Eichfelds re-
spektive die On-the-Fly-Simulation der Molekulardynamik in der adiabatischen Darstellung
zu bevorzugen sind. Unsere numerischen Ergebnisse fiir ultrakalten Atomen, linearen vi-
bronischen Kopplungsmodellen als synthetische Eichfelder sowie on-the-fly-Simulationen
von linearen vibronischen Kopplungsmodellen bestdtigen die Analyse.

Um die Schwierigkeit zu tiberwinden die Quantenmechanik zu simulieren, die sich aus
dem exponentiell zunehmenden Hilbert-Raum ergibt, verwenden Quantensimulationen steuer-
bare Quantenhardware, die der Regel der Quantenmechanik gehorcht. Heutzutage hat die
unvollkommene Steuerung von Quantengeriten enorme Auswirkungen auf die Genauigkeit
der Simulationen. Insbesondere wenn die Fehler der Implementierungen Symmetrien des
Systems brechen, konnen Simulationsergebnisse sogar qualitativ falsch sein. Wir entwick-
elnrigoros eine experimentell durchfiihrbare lineare Penalty-Methode, um die symmetriebrechen-
den Fehler zu unterdriicken. Numerische Benchmarks fiir Gittereichtheorien und das Wasser-
stoffmolekiil zeigen gute Leistungen beim Schutz von Symmetrien, lokalen Observablen
und Wellenfunktionen.

Unsere theoretische Analyse sowohl linearisierter Phasenraummethoden als auch Quan-
tensimulationen illustriert Moglichkeiten zur Simulation groBer Systeme, mit Auswirkun-
gen auf eine Vielzahl von Anwendung in der Quantenchemie und verwandten Forschungs-

gebieten.
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Quantum dynamics in Chemical Systems

- Introduction and Background






Chapter 1
Introduction

Understanding chemistry quantitatively at the molecular level is the theoretical foundation
of many ultimate goals of chemists’, for instance, designing new molecules from the bottom
up, manipulating chemical reactions, etc. The particular challenge of the understanding is
the complexity of numerically solving Schrodinger equation with large numbers of degrees
of freedom (DOF), which are proportional to the sum of electron numbers and nuclei num-
bers. The fundamental limitation comes from the exponentially increasing Hilbert space in
quantum mechanics. A typical strategy of reducing the computational efforts is employing
the Born—Oppenheimer approximation for stationary problems. Thanks to the large mass
difference between electrons and nuclei, one can treat these two types of DOFs separately.
First, one can neglect the nuclear kinetic energy operator and treat nuclear configurations
as parameters, then perform the electronic structures computations (solving eigenequations
of the electronic Hamiltonian) for different nuclear configurations to determine the poten-
tial energy surfaces (PESs), and giving the so-called electronic states as eigenstates. The
Born—Oppenheimer approximation (also called adiabatic approximation) states that the to-
tal wave function can be approximated as the product of one electronic state and the nuclear
wave function [, ff]. The number of DOF of the electronic Hamiltonian is proportional
to the electron numbers under the framework of the Born—Oppenheimer approximation for
stationary problems. Meanwhile, electronic structure computation algorithms with polyno-
mial complexity are often good enough approximations [B-L4], which can further reduce
the computational efforts. However, high precision electronic structure computations for
large size systems are still extremely expensive, or even impractical.

For many interesting phenomena, for instance, site-to-site energy transfer dynamics

in light-harvesting/photosynthetic pigment complexes [[L7,[L§], spectroscopy of molecules
[P, 1], molecules in cavities [R0-R§], chemical reactions [R9], and femtochemistry [B(],

stories are much more complicated. In these scenarios, transitions between electronic states

are no longer negligible, and the Born—Oppenheimer approximation breaks down, which



are referred to as nonadiabatic quantum dynamics [B1],B2]. One must use the group Born—
Oppenheimer approximation, in which the total wave function is expressed as multi-electronic
states weighted by their own time dependent nuclear wave functions [[]]. Because the elec-
tronic states are time independent and pre-determined by electronic structure computations,
one can regard them as an additional discrete DOF coupled with nuclear DOFs. The molec-
ular Hamiltonian under the framework of group Born—Oppenheimer approximation can be
generated accordingly, for details, see chapter 2. To summarize, solving the time dependent
Schrédinger equation for a molecule is transferred as a two-step problem. The first step is
performing electronic structures computations (a time independent eigenequation problem),
and the second step is solving the time dependent Schrédinger equation for nuclei coupled
with a discrete electronic DOF. Nonadiabatic quantum dynamics is often referred to as the

second step of the problem.

The state-of-the-art numerically converged algorithm for nonadiabatic quantum dynam-
ics, multiconfiguration time dependent Hartree (MCTDH) method [B3-B3], still suffers
from the exponentially increase of Hilbert space. Hence, for systems with a large num-
ber of DOFs, convergence—i.e., a systematic approach towards the exact results—cannot
be reached. There are similar substantial limitations in other competitors in terms of nu-
merically converged algorithms despite a great deal of efforts that have been made in recent
years. For instance, multilayer MCTDH (ML-MCTDH) [BG-B§] and matrix product state
(MPS) [B9, ] require low entanglement between different DOFs, quantum Monte Carlo
(QMC) [|1], B2] suffers from the sign problem, etc. These limitations make their applica-
tions for systems with large numbers of DOFs restricted. Additionally, the computational

efforts of these algorithms are not cheap either.

In a word, the requirement of huge computational efforts for systems with large DOFs,
which arises from the incompatibility of quantum mechanics and classical computers, is
troublesome for the simulations. In order to perform simulations for systems with large
numbers of DOFs, one has to either do more approximations, or use the hardware beyond
classical computers. In this thesis, we will discuss two possible solutions from these two
aspects, approximating the quantum dynamics as classical dynamics, and using quantum
devices simulating quantum systems, which are referred to as linearized phase space meth-
ods [#3-Bd] and quantum simulations [BI-B3], respectively. Linearized phase space meth-
ods can give reasonable predictions in various models, but they cannot reach the exact results
systematically. Quantum simulations can achieve accurate results but suffer from imperfect
control of quantum simulators. The aim of this thesis is to understand the key factors of the
accuracy of linearized phase space methods as well as quantum simulations, and improve
the accuracy of them. We will mainly focus on their applications on orthodox nonadiabatic

quantum dynamics, and give short discussions on the application of electronic structure



computations as well as nonadiabatic quantum dynamics under a novel framework [Bd,B7]
in chapter 6. Also, we point out that the application ranges of the two methods are not lim-

ited to the nonadiabatic quantum dynamics. In fact, they have lots of applications in the
field of gauge theories [B§-94], quantum lattice models [#7, #8,52], and so on.

The linearized phase space methods, which only account for the quantum effects in the
initial phase space, are not numerically converged methods. Such approximations neglect
quantum coherence and interference, but still give reasonable accuracy for condensed phase
problems. Independent phase space trajectories make the algorithms trivially parallelizable,
and the Monte Carlo sampling of initial phase space makes the computational efforts insensi-
tive to the numbers of DOFs. Roughly speaking, all linearized phase space methods sample
the nuclear DOF in the Wigner phase space, and different methods are mainly characterized
by the electronic phase space choices [B2,03,0d]. There are lots of numerical benchmarks
showing the electronic phase space choices have a huge impact on the accuracy of methods,
while rigorous connections are still not well-established in the existing literature. Such a
connection will be established in chapter 3 of this thesis. Additionally, we will also present
an advanced linearized phase space method, generalized discrete truncated Wigner approxi-
mation (GDTWA) [B7,4#8,62,p3], and its two variants, GDTWA for particles in gauge vector
potentials (gGDTWA) approach I and approach II, in chapter 4.

An alternative computing paradigm to calculations on classical computers is currently
emerging in the form of quantum simulation. Quantum simulations require a specific type
of hardware, quantum simulators [B1-83], which obey the rule of quantum mechanics. The
spirit of quantum simulations for nonadiabatic quantum dynamics is similar to the wind
tunnel experiments for aerohydrodynamics, i.e., let nature compute itself [B3]. If one can
control the quantum simulators perfectly, quantum simulations can give quantitative predic-
tions for quantum dynamics. However, realistic realizations of quantum simulations always
have errors. Specifically, while errors in present quantum simulators are moderate, they are
nonetheless far away from negligible, in particular also because they can violate the sym-
metries of the target model. In chapter 6, we will present an experimentally feasible linear

penalty method to suppress errors in quantum simulations.

The thesis includes three parts. The first part has two chapters, this introduction and
chapter 2, where we review the common procedures of investigating nonadiabatic quan-
tum dynamics, including group Born—Oppenheimer approximation, constructing diabatic
Hamiltonians, electronic structure simulations, numerically converged methods for nuclear
dynamics, and typical models of nonadiabatic processes. Linearized phase space methods
will be presented in the second part (chapter 3 and 4). In chapter 3, we will show that intra-
electron correlation is a rigorous measure of the short-time accuracy for linearized phase

space methods. We also use the intra-electron correlation to explain the order of the short-



time accuracy observed in previous references. In chapter 4, we will present the theoretical
analysis and numerical benchmarks of GDTWA, which is a well-known linearized phase
space methods for quantum lattice models, here applied to chemical systems. These results
show that GDTWA is also a good method for various chemical models. We also further
develop two GDTWA methods for particles in gauge vector potentials, which has a close
connection with linear vibronic coupling models and on-the-fly simulations. The third part
(chapter 5 and 6) will discuss quantum simulations. In chapter 5, we will review the basic
knowledge of quantum simulations, including digital quantum simulations, analog quantum
simulations, quantum algorithms, fault-tolerant quantum computation, noisy intermediate
scale quantum era, quantum error correction, and quantum error mitigation. In chapter 6, an
experimentally feasible quantum error mitigation technique, the linear penalty method, will
be discussed. The method is rigorously derived from the quantum Zeno effect [07-P9]. Nu-
merical results of lattice gauge theory and hydrogen molecule show excellent performances
on protecting symmetries, local observables, and wave functions. Chapter 7 concludes the

thesis.



Chapter 2
Hamiltonian of chemical systems

In the last chapter, we briefly reviewed the standard routine for nonadiabatic quantum dy-
namics. In this chapter, we will further discuss it with detailed deviations, including the
group Born—Oppenheimer approximation, diabatization for constructing the molecular Hamil-
tonian, electronic structure computations, and MCTDH. Furthermore, we will also present
the commonly used models in nonadiabatic quantum dynamics. Numerical results of MCTDH,
and other numerically “exact” (converged) methods on typical models, provide standards for

benchmarking new methods for nonadiabatic quantum dynamics.

This chapter is organized as following. In the first section, we introduce the group
Born—Oppenheimer approximation and diabatization methods. In the second section, we
show how to compute the electronic structure. In the third section, we review one of the
most successful numerical converged methods for quantum non-adiabatic dynamics, the
Multiconfiguration Time Dependent Hartree (MCTDH) method. Tully models, spin-boson
model, site-exciton model, linear vibronic coupling (LVC) model, and atom-in-cavity model

are described in the fourth section.

2.1 Molecular Hamiltonian

A molecular (non-realistic) Hamiltonian is the summation of five terms [P}, [[0d], the nuclear
kinetic energy operator T, the electronic kinetic energy operator T, the Coulomb potential
energy between nuclei and electrons V,,_,,, the Coulomb potential energy arising from nuclei
nuclei repulsion ‘711,11, and the Coulomb potential energy arsing from electrons electrons

repulsion Vg _g,

A

H = Tn + Tel + ‘Z}lfel + ‘Zlfn + ‘A/elfn . (21)

7



8 Molecular Hamiltonian

In the position coordinate space, the explicit form of each term can be expressed as

. Jo V2
T, =— — (2.2)
et 2mj
Nei 2
. V2
Ta=-) =" (23)
a=1
Nn Nel Z
’ _ J
Van==3_2 . (24)
j=1 a=1 "J¢
Na N,
=> 3 Ak 23)
j=1 k=1 "7
R Nel Nel 1
mﬁzzﬁ, (2.6)
a=1p8=1"¢

where atomic units are used. /N, and [V, are the numbers of electrons and nuclei, respec-
tively. Z; are charges of the nuclei, and m; represent the masses of nuclei. R;;, = |R; —Ry|
is the distance between electrons, r,3 = |r, — rs| is the distance between nuclei, and
rja = |R; — 1| is the distance between nuclei and electrons. V? and V2 are the Laplace
operators for nuclei and electrons, respectively. Notice that R; is a vector, therefore, we

also use I?; 1, 72 and R, 3 to represent its three components, which will be used later.

2.1.1 Born—-Oppenheimer expansion

Solving the time dependent Schrddinger equation for the Hamiltonian Eq. (R.1]) directly is
impracticable. However, the huge mass difference between nuclei and electrons provides the
possibility to treat nuclei and electrons separately. Eq. (2.1)) can be divided into two parts,
the nuclear kinetic energy operator term Tn, and the electronic Hamiltonian term ﬁel =
Tel + ‘A/el,el + ‘A/'n,n + V;l,n. For given nuclear position coordinates R, one can diagonalize

the electronic Hamiltonian f]el

He ’a(R’» = Va<R’> ‘CZ(R)) ) a=1,2--- 7N/7 (27)

where the basis is complete when N’ — oo. |a(R)) is called adiabatic basis and E,(R) is

called potential energy surface (PES). The total wave function can be expanded as

(R, 1) = xa(R,1)|a(R)) . (2.8)

This type of the expansion is Born—Oppenheimer expansion. The time dependent Schrodinger

equation and the molecular Hamiltonian for the column vector

)Z(R, t) = [Xl(R7 t); XQ(Rv t)a e 7XN/(R7 t)]T (29)



Molecular Hamiltonian 9

can be expressed as

0 (x,t) = HY(x,1) (2.10)
N’
Z A 2.11)
— 2m;

where V,;, = V0,5, and (Aijjab = (a(R)|V, |b(R)) is called first derivative coupling. Usu-
ally, the adiabatic states are chosen as real functions. Therefore, the diagonal terms of first
derivative coupling are zero (Aima = 0. The drawback of a real adiabatic basis is that the
electronic basis could be no longer single-valued. We will discuss it more on the fourth sec-
tion of this chapter. The explicit expression of off-diagonal terms of first derivative coupling

can be obtained by the definition of adiabatic basis
0=V ‘Va<R’)5ab = V <CL<R)| f{el ‘b(R»
= (Vi(R) = Va(R)) (a(R)| V; [b(R)) + (a(R)| V; Ha |b(R))
= (Vi(R) = Va(R))d; + (a(R)| V; Hat p(R)) | (212

(a(R)| V;Hq |b(R))

= dju = (a(R)| V; [b(R)) = V.(R) — V;(R)

The first derivative coupling can be extremely huge when PESs are nearly degenerate (avoided
crossing), or even singular when PESs are degenerate (conical intersection, Col, and other
types of intersections [[LO1]]). We stress that there are no approximations in Eq. (2.§) and
Eq. (R.11)). They are exact when N’ — oo for arbitrary values of parameters.

In fact, the wave function Eq. (2.8) and the Hamiltonian Eq. (R.11]) describe a particle in a
static non-Abelian gauge field (also called a non-Abelian gauge potential). For convenience,

we use the gauge Hamiltonian [P}, [L00]

d A
I:I _ Z (pcan,j - Aj(x))2 + V(X)
_ i [ﬁgan,j B ﬁcan,jAj (X) B AJ' (X>ﬁcan,j]

ij

+V(x) + B(x), (2.13)

instead of Eq. (R.11]) to describe the system. In Eq. (R.13), the canonical momentum Dean,j
satisfies the canonical commutation relation [x;, pi] = id,i, and

~

Az
B= 2.14
2, 214
7=1
where we drop the argument for simplicity. /lj is gauge vector potential in the language of
gauge theory. The Hamiltonian Eq. (2.13)) for a particle in gauge vector potentials will also

be used in the last section of this chapter, and chapter 4.
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Onecansetd =3N',x; = Rj1, xjin = Rjo, Tjvon' = Rj3, mj = mjins = Mjson,
A; = idjy, Aj n = idjo and Aj oy = id;s for 1 < j < N’ in Eq. (2.13) to obtain
Eq. (R.11). The advantage of Eq. (2.13) over Eq. (R.11)) is that different degree of freedoms
(DOFs) can have different mass. To be more explicit, three DOFs of R; have the same
mass in Eq. (R.11]), while all DOFs of Eq. (2.13) can have different masses. Such a differ-
ence could happen when non-Cartesian coordinates are used. Meanwhile, the knowledge of
gauge theory also makes general conclusions easier for Eq. (2.13).

The gauge curvature of the system ( Eq. (2.13)) )

Fy, = 0;A, — 0 A; — i[A;, Ay, (2.15)

~

and kinematic momentum pyin j; = Pean,; — A; are gauge co-variant

e .
T, =Tj,
At _ Tra ’\T
Piinj = Uprin,;U',

= OV

. SR A (2.16)
AL =UA;UT —i(0;U)U",
Fl, = 0,4, — 0, A, —i[A}, A}] = UFuUT,
' (x)) = U la(x)) ,
where U = U (x) is an arbitrary unitary (gauge) transformation.
The gauge curvature Ajk = 0 when the basis |a(x)) is complete
0; Ay — 0L A,
= ila) (b] (9 (a] Dk b) — B (a] D; |b))
a,b
= ila) (o] ((9;alkb) — (;b|0ka))
. 2.17)
=Y ila) (bl ((D5alc) (c|ogd) — (D;ble) {clha))
a,b,c
== ila) (b] ((aldse) (c|Oub) = (aldhe) (cld;b))
a,b,c

A more insightful proof is to construct the unitary transformation to make all gauge vec-
tor potential vanish. Consider a complete nuclear position independent basis set |a’) (a/|,
a’ = 1,2,--- N, then such unitary transformation can be constructed as Uy, () = (d'|b).
The basis which can make gauge vector potential vanish is so-called diabatic basis. This
property simplifies simulations of nuclear dynamics a lot. Apparently, the basis |a’) (d/|,

a’ =1,2,--- N'is a diabatic basis. When |a’) is chosen as the eigenstate of the electronic
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~

Hamiltonian at certain nuclear geometries xg, H (Xo), the basis is so-called crude diabatic
basis. The price of using diabatic basis is that the electronic Hamiltonian is no longer diag-
onal (a'| H |b) # 0.

2.1.2 Group Born—Oppenheimer Approximation

Modern computers can only do the finite operations. We need to find a reasonable trun-
cation of Eq. (2.8). The huge mass difference between nuclei and electrons suggests that
the time scales of nuclear motion and electronic motion are separate. Born—Oppenheimer
approximation supposes that fast electrons can adjust to the slow nuclei instantly. Thus,
the total wave function is always a product state of the nuclear wave function [f},[100] and

adiabatic electronic state

V(x,1) = Xa(x,1) [a(x)) , (2.18)

which yields the time dependent Schrédinger equation [[l]]

d A2 A
(1) = [3 52 4+ V(0,1 219)
< J

J

The time-independent (stationary) form of Born—Oppenheimer approximation is more often

used,
Eoxa(x,1) = [Z % + Vo(x)]xa(x, 1) . (2.20)
- j

J

The application range of Born—Oppenheimer approximation is not limited in the molecular
Hamiltonian. It can also be used in the other systems with time scale separation of motions.
Born—Oppenheimer approximation is equivalent to ignoring the transition between y,(x, t)
and y,(x,t) for b # a. Apparently, Born—-Oppenheimer approximation breaks down when
flj is no longer small. This happens when two or more PESs are nearly degenerate for
some x. Instead, group Born—Oppenheimer approximation should be used in this scenario.
The idea of group Born—Oppenheimer approximation is similar to Born—Oppenheimer ap-
proximation. We suppose there is a group of adiabatic states a = 1,2,--- , N which are
energetically separated from other states [, [[00]. We denote electronic states within the
group as g. Group Born—Oppenheimer approximation states that the time dependent wave
function is always spanned by g, and the transition between g and other states are negligible.
This ansatz yields the effective Hamiltonian

szié@md—gmz

2mj

+ V9 4 K (2.21)

J=1



12 Molecular Hamiltonian

where Agg ) and V9 are the operators spanned by g and K represents the dressed potential

d
K9 — ZZ <3j@|;>mfj|3jb> | (2.22)
J=1 cdg

Due to the fact that group states are energetically separate from other states, K© is
negligible. The major difference between Eq. (R.13) and Eq. (R.21) is that the gauge curva-
ture of Eq. (R.21) is not always zero. In fact, the group Born—-Oppenheimer approximation
is the common strategy to implement artificial gauge fields in neutral-atom systems [[L0Z].
The product terms of gauge vector potential and canonical momentum are unfavorable for
numerical simulations. Unfortunately, we cannot always find a diabatic representation to
make all gauge vector potential vanish. However, it is possible to find a quasi-diabatic rep-
resentation to make gauge vector potential non-vanish, but small enough to be negligible in

practice.

2.1.3 Diabatization methods

As we mentioned in the above subsection, the non zero gauge vector potential is unfavor-
able for simulations, and one has to find a diabatic or quasi-diabatic representation to make
gauge vector potential negligible. According to the gauge transformation Eq. (R.14), the
existence of a diabatic representation requires that Fj(,f) must be zero for all j, k. Generally,
this condition does not always hold. However, when the group electronic states span the
whole Hilbert space [[L03], or the system is one dimensional [[L04], a diabatic representation
can exist. The first scenario can be referred to as crude diabatic basis, and has already been
discussed in subsection Sec. 2.1.2. The proof for the second scenario is straightforward.

When the system is one dimensional,

ﬁv](]g) _ ajAﬁg) . 8jA§g) . Z-[A;g)’ A;g)]

0. (2.23)

Therefore, we can construct the adiabatic-to-diabatic (ATD) gauge transformation by solv-

ing the equation [[L03,[103,[10d]
0= (j(g)Agﬂ) _ Z'ajU(Q) ’ (2.24)

which gives
U9 (x) = U9 (xg) — i / U9 (x)AY) (x) - ds, (2.25)
r
where I is the integration path from x; to x, and NG (x) is the vector of which j-th com-
ponent is Agg) (x).
For a general non-1d system not in the crude diabatic basis, we cannot expect that there

exists a gauge transformation to make all gauge vector potential vanish. The gauge vector
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potential that can be eliminated by gauge transformation is called removable part, while
the other part is called nonremovable. In practical applications, it is sufficient to remove
most of removable part, especially the singular part. One can use the integration of the
Euclidean norm of gauge vector potential to describe the quasi-diabaticity [B,[L0d, [[07] of

quasi-diabatic basis
[ dn S m{agrapy. (2.26)
k J
Minimizing Eq. (2.26) gives
> oA =0, 2.27)
J

Z aj([j(g)Agg)U(g)T — (0,0 U9 =0, (2.28)
J

where the subscript qd represents the gauge vector potential in the quasi-diabatic basis. In
the language of gauge theory, Eq. (2.27) is the Lorentz gauge. It has been proved [] that
Eq. (2.27) is optimal for two-state systems, i.e., it removes all the removable part.

Now we are at the position to discuss diabatization methods. Popular diabatization meth-
ods can be classified into four categories [[], derivative-based, enforcing the smoothness of
wave functions, enforcing the smoothness of observables, and fitting PESs.

Derivative-based methods try to construct quasi-diabatic basis from the gauge vector
potential (first derivatinves). In principle, Eq. (2.28) should be the equation to be solved.
However, it is too complicated for numerical solutions. Instead, the gauge vector poten-
tial in the quasi-diabatic basis and the gauge ADT gauge transformation are obtained by
Eq. (2.29). When the diabatic basis does not exist, the solution Eq. (2.29) is path-dependent.
Another problem is that singularity in the gauge vector potential of adiabatic basis causes
an instability. Choosing a safe integration path [[L0§] and decomposing the gauge vector
potentials [[L03]] can mitigate these problems.

Derivative-based methods are the most accurate diabatization methods. When the dia-
batic basis exists, they will give the exact results. The major drawback is that to compute
first derivatives in lots of grids is very expensive. Instead, more approximate but numeri-
cally cheap diabatization methods are sufficient to remove most of removable part for prac-
tical applications. Usually, the huge gauge vector potential suggests the rapid change of
wave functions. Hence, quasi-diabatic basis can be obtained by enforcing the smoothness
of wave functions. The methods belonging to this category include block-diagonalization
[[[07, [[09], the principle of configurational uniformity, effective Hamiltonian formalism
[[[10], 1 11]] based on quasidegenerate perturbation theory, and so on [[[12H114]. One can also
enforce the smoothness of observables to obtain the quasi-diabatic basis. Possible choices
include dipole moments [[[1311§], quadrupole moment [[L19], the transition dipole mo-
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ment [[12(]]. Specifically, it has been shown that singular part of gauge vector potentials can
be removed by diagonalizing almost any Hermitian operators [[[21]].

When the symmetry of the system is known, using quasi-diabatic basis to fit PESs with-
out the information of wave function is possible. The simplest fitting is Landau—Zener ap-
proach for collision problems [[[22-123]. Consider a two-level 1d system with an avoided

crossing, the electronic Hamiltonian near the crossing in the diabatic representation can be

. ag b
Hel;d - < ) ) (229)
b —aq

where a, b are fitting parameters, and ¢ is the nuclear DOF. Diagonalizing this Hamiltonian

expressed as

gives the following PESs
Vi =+va%¢g> + b2. (2.30)

Fitting PESs methods can also remove the singularity of gauge vector potentials [[126-128]].

The details will be discussed in the Sec. 2.4.4 with an epxlicit example of two-state-two-
mode LVC model.

To summarize, we briefly reviewed the construction of the molecular Hamiltonian under
the framework of the group Born—Oppenheimer approximation for MCTDH computations

in this section.

2.2 Electronic Hamiltonian

In this section, we briefly review the electronic structure theory of the molecular Hamilto-
nian. As we stated in the last section, the PES calculation is necessary for quantum non-
adiabatic dynamics. We will start from the second quantization representation of the elec-
tronic Hamiltonian, then introduce the Hartree—Fock method and post-Hartree—Fock meth-
ods. We will focus on the state ansatz of each method, rather than numerical implementa-

tions.

2.2.1 Second quantization representation of electronic Hamiltonian

For a general many-body system, the most convenient representation is second quantization.
First, we will construct the second quantization representation of fermions. Consider a com-
plete basis set (spin orbitals) of a single particle {|#1) , [¢2) ,- - - ,|¢1)}. Fora particle in the
continuum space, the completeness is achieved when L — co. The Fock states [[129,[130]

are defined as

’nlan%'“ 7nL> ) (231)
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meaning that n,, particles reside in the state |¢,), « = 1,2, --- , L. The occupation numbers
satisfy n, € {0, 1} because of Pauli principle. The state with all zero occupation num-
bers is called vacuum state |vac). As a comparison, the first quantization representation
(wave function) of state Eq. (2.31]) cannot be written as a naive product-form because it
contains the unphysical information, “which particle is in which state”. Additionally, the
naive product-form wave function cannot account for the correct particle exchange sym-
metry, either. To be more explicit, suppose that the total occupation number of the Fock
state is N, = ) n,, and the state the particles occupy is g1, o, - - - , gn, , then the naive

product-form wave function is

\Il(rlalv ro0o, - 7rNLUNL) = ¢Q1 (rh 01)¢Q2 (r2’ 02) U ngNL (rNL7UNL) 3 (232)

where r labels the spatial coordinate and o labels the spin coordinate. Eq. (£.32) tells us
that particle g; is in the state ¢,.. To eliminate the redundant information and account for
the anti-symmetric property, the correct wave function must be a Slater determinant which

is generated by the symmetrization procedure,

1 ¢QI (Tlagl) U ¢QNL (TNUUNL)

Np!

U(ri01,r209, - ,TN,ON,) =

(2.33)

(blh (TNL7 UNL) e ¢QN (TNL7 UNL)

The Fock state avoids the complicated symmetrization procedure. First, it only tells us
the physical information “how many particles are in each state”. Second, the algebraic prop-
erties of creation and annihilation operators encode anti-symmetric property of fermions.

The creation and annihilation operators of fermions are defined as

CLL |n17n2a"' 70047"' anL> = (_1)26<anﬁ |n17n27"' 71047"' anL> 3 (234)
CLL|TL1,’I’L2,"‘ 71047'” anL> - (_1>26<anﬁ |n1)n27"' 70047'” 7nL> ; (235)
[aa,a5]+ = [ar];’a’g]+ =0, [aa7a’g]+ = 6045 ai = (CLL)2 =0, (2.36)

where 1, means the occupation number of state |¢) , is one, 0, means the occupation number
of state |¢) , is zero, and [, |, is the anti-commutator.

The particle number operator on the state |¢,) is 7, = al,a,. The other operators can
also be constructed in the second quantization representation. In the molecular Hamiltonian,
the electronic operator can be divided into two parts, the one-body operator H; and two-
body operator H,. The one-body operator H; = T o + ‘A/el_n = Zjv iz(rj) acts on a single
electron, and the two-body operator H, = Vol = % Zj\;k g(rj, 1)) acts on two electrons.

H,, H, and H,) in the second quantization representation can be expressed as
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Hy =) hapalas, 2.37)
a’/B
1

=3 Y Jassababasa, (2.38)

a,B,y,0
1

Hg = hepalas+ 5 > gagvsalabasa, (2.39)

Ot,ﬁ avﬁf}ﬂ(s
where
hag = Z/dr@b r,0)h(r)¢s(r, o), (2.40)

Jofys = Z/drdub r,0)¢5(r',0")g(r, 1) ¢, (r, 0)ps(x', o). (2.41)

For convenience, we dropped out hats in annihilation and creation operators. One can check
that matrix elements of operators in the first quantization and second quantization represen-
tation coincide with each other. Eq. (2.39) is the most general formalism of an electronic
Hamiltonian in the second quantization representation. One of the major advantage of sec-
ond quantization representation is that the operator takes a unified formalism regardless of
the particle numbers. One can also use the second quantization representation to describe
the system with particle creation and annihilation, in which first quantization representation
completely fails.

For closed-shell molecules, the single particle basis set is usually chosen as the product

of the same spatial orbital and spin-z polarized spin functions,

(t|da) = op(r) [1), (rldasr) = @p(r) 1) , (2.42)

where @ = 2p — 1. Therefore, we will use the symbol po, where p = 1,2,--- | L/2 and
o =t1,], instead of « to label the closed-shell single particle basis. We also define the
complete basis for the spatial orbitals |¢1) , |p2) , ‘gp 1/2). Because of the absence of
the spin variables in H and ¢, we can shift the summation of the spin variables in Eq. (2.40)
and (R.41)) to Eq. (2.39), then the electronic Hamiltonian can be expressed as

el - Z Z h qapga'qa +3 Z Z gpqrsapg qg/asa’ara ) (243)

0,0’ p,q,r,s

where
hpg = / dr(r)h(r)p,(r) (2.44)

Ipars = / drdr’ o, (r) g (r') g (r, ¥')pr (r) s (r') - (2.45)
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The total electronic spin and electronic number are conserved quantities. The expression
of them [[129-131]] for the closed-shell molecules are

N=>"> dl,am, (2.46)
o P

L1
S, = 5 Z(a;Tam — a;wam) : (2.47)
p
Sp=> ala,, (2.48)
P
S_=> alay, (2.49)
p

(2.50)

A complete set of commuting observables of the electronic Hamiltonian without other sym-
metries consist of Hy, gz, N and S2. Therefore, we should choose the approximate energy
eigenstates as eigenstates of S, and S2. The multiplicity (degeneracy) of an energy level is
25 + 1, where S is the total spin angular momentum. Singlets, doublets, triplets, quartets
and quintets are referred to as S = 0,1/2,1,2,3/2. It is instructive to consider common
examples of singlet, doublet and triplet states. A Fock state with zero unpaired electrons
is a singlet state (S = 0), and a Fock state with one unpaired electron is a doublet state
(S = 1/2). The triplet state is little bit complicated. For simpliticy, we consider a Fock
state with two unpaired electrons and two spatial orbitals. There are four different possible

Fock states. Triplet (S = 1) and singlet (S = 0) states are the superpositions of them

1014, 11y, Ogp, 1)
S=1: 114, 01y Lo, Ony)

2.51)
5 (114, 00y, 02, 1y) + |01, 1y, 1oy, 00y))
1
S=0": —(|114, 01y, 0o, 117) — |04, 113, 194, 0 .
\/5(! 115 01y, Oap, 1yp) — [O14, Tay, Log, 04))

One can contruct other singlet and triplet states by adding arbitrary paired electrons to
Eq. @51,

We also introduce the Fock state, as well as creation and annihilation operators of bosons
[[[3d]. The second quantization formalism of bosons is similar to the fermions. The spin-
statistical theorem for bosons states that the wave function of bosons (spin-integer-particles)
system is invariant if two particles are swapped. Therefore, the occupation number for each
single particle state n, € Ny, and the wave function in the first quantization representa-

tion should be a permanent rather than the determinant. In order to encode the symmetric
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property, the creation and annihilation operators of bosons are defined as

O/L|n1,n2,"',na,"‘,nL>: na+1‘n17n27'”7na+17"'7nL>7 (252)
al, [ni,na, -+ Mgy np) = /g na, g, e — 1o ), ne 0, (2.53)

aL|n1,n2,---,0a,--- 7nL>:07 (254)
[

[0, a) = [a] a%] =0, aa,a;] = 0np - (2.55)

)

The boson creation and annihilation operators directly connects to the position and mo-
mentum operators of quantum harmonic oscillators because the energy quanta of quantum

harmonic oscillator is the phonon,

Qo + al Ao — al
To = L Pa = <, 2.56
N 7 (2.36)

We will use the harmonic oscillator representation of bosons in Sec. 2.4.5.

2.2.2 Hartree-Fock method and beyond

The Hartree—Fock method is the simplest method for the electronic structure calculations,
and it is also the foundation of most of the more advanced methods. The Hartree—Fock
method approximates the wave function as a single Slater determinant, i.e., electronic con-
figurations where we can clearly know which orbitals are occupied and which are not.
Historically speaking, Douglas Hartree approximated the many-body electron wave func-
tion as a product of single particle wave functions in 1927 [[132H133]. In 1930, Vladimir
Fock [[136,[137] and John C. Slater [[[3§] independently pointed out that Hartree’s approx-
imation does not preserve the particle exchange symmetry. Futhermore, Fock [[134,[137]
used the Slater determinant wave function to resolve the problem.

The wave function ansatz of the Hartree—Fock method [[[29,[130, [[39] for the ground

state of a close-shell system is

Ne/2
_ Tt
Vo)yp = H (ajyaj,) [vac) . (2.57)
j=1
In this subsection, we use j, k, - - - to represent occupied orbitals, and a, b, - - - to represent
virtual orbitals. p, ¢, - - - represent an orbital regardless of occupied or virtual. Let us check

the application range of the Hartree—Fock method first. The exact wave function is a super-
position state of all possible configurations (up to a normalization factor),

() = [Yo)yp + Z Z C?;ajmajo’ (Wo)p + - - (2.58)

o,T  a,j

We call |Ug) ;- ground state configuration or physical vacuum, af,a;, |¥o)yp single exci-

tation configuration or 1p-1h (one particle one hole) configuration, and so on. Hartree—Fock
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wave function is a good approximation when the weight of ground state configuration dom-
inates. However, when the weights of two or more configurations of the ground/excited
state are competitive, the single configuration Hartree—Fock completely breaks down. This
happens when the state is approximately degenerate. Multiconfigurational self-consistent

field (MCSCF) methods [[140-143]], for instance complete active space self-consistent field
(CASSCF) are often used in this scenario, rather than the Hartree—Fock method.
The energy of the Hartree—Fock wave function (Hartree—Fock energy) is

Enp = (Yol Ha [Wo) e =2 s + ) (205850 — Gyis) - (2.59)
j ik

Hartree—Fock orbitals are determined by minimizing Fyp with the restriction (¢, |p,) = pgs

min|Eyp — 2 > i ((ilen) — 0] (2.60)
7,k

where 415, are Lagrange multiplies. This yields the equation

FloyIr) = palee)I7) , |7)=1),14) (2.61)
F=>"Y fzqa;c,aqg : (2.62)
fr =t : Pt + Z(ngkjl = gjkij) » (2.63)
fot = fio = hat+ 3 (29jast = Gjaig) = 0. (2.64)

J

where F is the Fock operator, and the matrix elements between two virtual orbitals of Fock
operator f,;, is undetermined by variational principle. Eq. (2.61)) is a remarkable property
of the Hartree—Fock ansatz. It states that acting with the Fock operator on an occupied spin
orbital can only get a superposition of occupied spin orbitals. The corollary of Eq. (2.61)) is
Brillouin’s theorem: the Hamlitonian matrix elements between the ground state configura-
tion and single excitation configurations are always zero.

It is not hard to verify that the Hartree-Fock wave function is invariant under unitary

transformations.

05 =Y Uik lox) - (2.65)
k

Therefore, we can choose a specific basis to make Fock operator diagonal,

Floylo) = elar) o) (2.66)

F=>">" fuaj,as, (2.67)

o k|l
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where ¢, is the orbital energy, and the spatial orbitals |p;) which satisfy Eq. (.64) are canon-
ical Hartree—Fock orbitals. Eq. (2.66) is a self-consistent equation since the electron is in the
mean field generated by all the other electrons. For this reason, Hartree—Fock method is also
called the self-consistent field method (SCF). In practical numerical simulations, canonical

Hartree—Fock orbitals are expanded as linear combination of atomic orbitals (LCAO)
o) = e lx) - (2.68)
Subjecting Eq. (2.68) to Eq. (2.61)) and projecting on (x|,
Z FuwCrw = Z Sw€iCly (2.69)

where F),, are matrix elements of the Fock operator between the atomic spin orbitals,

Fuw = (7] Ol F ) I7) (2.70)

and Sy, = (Xu|Xo) are matrix elements of the overlap matrix. Eq. (2.69) is called Roothaan
equations, and it is a set of generalized eigen-equations because of the non-orthogonality of
atomic orbitals.

The variational principle here only determines the occupied orbitals. However, one can
assume that virtual orbitals also satisfy the similar eigen-equations of the Fock operators.
Regardless whether the orbitals are occupied or virtual, the eigen-equations, Fock operators,

and orbital energies are

F 0q) IT) = €qlwg) |T) (2.71)

F=>"3" fruthag. (2.72)
o pg

Jpq = Ppg + Z(ngqu — Gipgj) = €p0pq s (2.73)

J

where 7 can be either spin up or spin down. The Hartree—Fock wave function is the eigen-
state of Fock operator. The eigenenergy of the Fock operator is the summation of the occu-

pied orbital energies, rather than Hartree—Fock energy,

Ne/2
FlOo) s =2 6| To)yp - (2.74)
j=1

The physical meaning of orbital energies is given by Koopmans’ theorem,

€; = Eur — p (Yol a;r'gHelaja Vo) ur (2.75)
€a = HF<\II0| aaUHelalo |‘I/0>HF — Eyr, (2.76)
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where o can be either spin up or spin down. Clearly, the orbital energy of occupied orbital
is the ionization potential under the conditions that all orbitals are frozen, and the orbital
energy of virtual orbital is the electron affinity under the conditions that all orbitals are
frozen. The ionization potential predicted by Koopmans’ theorem for the outer shell orbitals
are usually reasonable. However, Koopmans’ estimations for ionization potential of inner
shell orbitals and electron affinity are less accurate, because the relaxation of orbitals and
electron correlations are not negligible.

Although the variation procedure of Hartree—Fock method is for the ground state, we
can approximate excited states as the excitation configurations. One can also perform the
SCF for the excited states to construct more precise virtual orbitals [[[44].

Before moving to post-Hartree—Fock methods, we point out that the Hartree—Fock method
is not limited to the closed-shell system. The Hartree—Fock method for the open-shell system
is similar to the closed-shell scenario. Due to the fact that spin up states and spin down func-
tions share the same spatial orbitals, the closed-shell Hartree—Fock is also called Restricted
Hartree—Fock (RHF). The RHF wave function is a singlet state. For the open-shell system,
one can choose either spin up and spin down functions that share the same spatial orbitals
(restricted open-shell Hartree-—Fock method, ROHF), or spin up and spin down functions
that have different spatial orbitals (unrestricted Hartree-—Fock method, UHF). ROHF and
RHF wave functions are the eigenstates of 52, However, UHF wave function ansatz suffers
from the spin contamination, i.e., the solutions of UHF methods are not the eigenstates of
S2.

The accuracy of Hartree—Fock is not enough for the usual chemical systems. The elec-

tron correlation energy can measure the accuracy of Hartree—Fock method
Ecorr = EHF,lim - Eexact ) (277)

where Eyr jin, 15 the Hartree—Fock limit energy. It is the Hartree—Fock energy in the com-
plete basis, which represents the lowest energy of a single Slater determinant. The Hartree—
Fock limit energy can be obtained by extrapolating with increasing the atomic orbitals. De-
spite its limitations, the Hartree—Fock method is the starting point of post-Hartree—Fock
methods. The computational cost of Hartree—Fock is low, and it is qualitatively correct
in lots of cases. Many advanced methods based on Hartree—Fock method, so-called post-
Hartree—Fock methods, have been developed to account for the electron correlation energy.
The single Slater determinant in the Hartree—Fock method is called reference state of post-
Hartree—Fock methods. When single Slater determinant ansatz of Hartree—Fock method
breaks down, the MCSCF wave function should be considered as reference states. Post-
Hartree—Fock methods which use MCSCF wave function as reference states are called Mul-

tireference (MR) methods. The methods in this subsection are single reference methods if
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not specified otherwise. We will briefly review Moller-—Plesset (MP) perturbation theory,
Configuration Interaction (CI) method [§], and Coupled Cluster (CC) theory [H]. There
are also various methods to account for the electron correlations which we will not cover
in this thesis due to the length limit, for instance, Density matrix renormalization group
(DMRG) [B-], Matrix Product States (MPS) [B,0], Quantum Monte Carlo (QMC) [[L0,[L1]],
Density functional theory (DFT) [[[2,[13]], and time dependent density functional theory (TD-
DFT) [[4-]d].

Moller—Plesset (MP) perturbation theory is a many-body version of Rayleigh—Schédinger
(RS) perturbation method to calculate the ground state corrections. The unperturbed Hamil-
tonian is defined as the Fock operator, and the perturbed Hamiltonian is H, — F. The

summation of the zeroth and first order MP energy gives the Hartree—Fock energy

Ne/2

Enpo = p(Pol F Vo) pgp = 2 Z €5
j=1

Enipr = (Yol (Hea — F) Vo) gr = Eur — Empo

(2.78)

and the higher order perturbations give corrections. The n-th order MP method is so-called
MPn, the simplest non-trivial MP method being MP2. For the excited states, a well-known
method based on the MP theory is the algebraic diagrammatic construction (ADC) scheme
for the polarization propagator [[143,[144]. Similar to MP method, n-th order ADC method
is called ADC(n). There are also generalizations to multireference cases such as multiref-
erence Moller—Plesset perturbation theory and complete active space second-order pertur-
bation theory (CASSPT2) [[[47-154].

The Configuration Interaction (CI) method is a wave function-based post-Hartree—Fock
method. CI wave function is the linear superposition of all possible electronic configura-

tions. The ansatz of the CI ground state wave function (up to a normalization factor) is

(To)ey = (1+C) [ Wo)yp (2.79)
where
C = cral aje + Z S mal ajeal g+ (2.80)
oT  a,j o,0',7,7" a,b,j,k

Notice that this parameterization is identical to the exact wave function Eq. (2.58) if we
account for all the possible configurations, which means that CI method is exact for the
given basis set in this case. CI with all possible configurations is so-called Full CI (FCI)
or exact diagonalization (ED). The cost of FCI scales exponentially with the system size,
and thus can only be applied to small size systems. In practical simulations for large size
systems, the truncation of the excitation configurations is required. CIS, which only ac-

counts for the single excitation configurations, for ground state calculations is identical to
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Hartree—Fock because of the Brillouin’s theorem. Therefore, the commonly used truncated
CI for ground state calculations is CISD (only accounts for the single and double excitation
configurations). The parameter equations of truncated CI are determined by the variational
principle

min %ol Ha [Yo)or (2.81)

¢ cr{Wol¥o) ey

One of the major problem of truncated CI is that it is not size-consistent, which is an

important property of electronic structure calculations. If the energy summation of two
non-interaction subsystems £4 + Ep (calculation results) is identical to the energy of the

total system FE 45 (calculation result), the method is size-consistent. For the CISD method,

(1+ CA?D) |\I/0>A,HF ® (1+ CAtSBD) |\I/0>B,HF # (1+ CA?}?) |\I'0>AB,HF ) (2.82)

where C‘é“D is the operator ' with the truncation to single and double excitations for system
A. For this reason, CISD is not size-consistent.

The excited state CI is similar to the ground state CI. We only need to replace the refer-
ence Hartree—Fock configuration with the excitation configurations [[L53]. For scenarios in
which single reference CI fails, one can instead use multireference CI (MRCI) [[154H163]].

Another well-known wave function-based post-Hartree—Fock method is Coupled Clus-
ter (CC). Unlike the CI employing a linear parameterization strategy, CC uses the exponen-

tial parameterization,
[Wo)oe = exp <T> R Z) (2.83)

where

jo aTa’]U ]Uko’aaTa]UabT’akU +oeee (284)

oT a,j o0 a,b,j,k

Full CC with all possible excitation configurations (up to N) is equivalent to FCI. How-
ever, truncated CC has a tremendous difference from truncated CI due to the exponential
parameterization. First, truncated CCs are size-consistent. Second, the right (ket, [¥¢) - =
exp (T) |Wo)yp ) and left (bra, o (¥o| = pp(¥o exp(—T) ) CC wave functions are

not Hermitian conjugate because the exponential coupled cluster operator exp (T) 1S non-
unitary. Third, the parameters in CC are obtained by projecting the eigenvalue equation

ansatz
exp <—T) Ho exp (T) Uo)yr = Bec [Wo) e » (2.85)

on (V| as well as other excited electron configurations

HF<\I/0‘ exp<—T> Hq exp(f) |‘I’0>HF = Ecc

A A (2.86)
HF<\I/eX| eXp<_T> Hel eXp <T> |\IIO>HF = O’
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where ;. (U] is an arbitrary excitation configuration.

Truncated CCs can also be combined with the perturbation theory. The most successful
combination CCSD(T) [[L64]], in which triple excitation configurations are accounted for
perturbatively, is known as the gold standard in quantum chemistry. The generalization to
the multireference scenario is also possible [[163]. CC for excited states computations are not
as straightforward as for CI, and specific techniques for instance, Linear response coupled
cluster (LR-CC) [[16d] and Equation-of-Motion Coupled-Cluster Theory (EOM-CC) [[L67],
should be employed.

CC has a close connection to the quantum computations. In fact, unitary coupled clus-
ter (UCC) [[168, [169], of which the exponential coupled cluster operator exp (T — TT> is
selected as a unitary operator, is widely used in variational quantum eigensolver (VQE)
algorithms. For the detailed discussion, see Sec. 5.1.4.

To summarize, we briefly reviewed the Hartree—Fock method and several successful
post-Hartree—Fock methods for electronic structure computations, which provide the nec-

essary data for the construction of molecular Hamiltonian.

2.3 Multiconfiguration Time Dependent Hartree Method

In this section, we briefly review the most successful numerically “exact” (converged) quan-
tum nuclear dynamics algorithm, Multiconfiguration Time Dependent Hartree (MCTDH)
Method [B3-B3]. MCTDH is based on time dependent variational principle (TDVP). When
the variational space is the full space, MCTDH is exact. MCTDH is very efficient for 4~18D
systems. Its multilayer extension, Multilayer Multiconfiguration Time Dependent Hartree
(ML-MCTDH), can be applied to systems with hundreds even thousands DOFs [Bd]. We
will use the numerical results of MCTDH as the standard for benchmarking GDTWA in
chapter 4.

MCTDH can also be used in open quantum systems. One can discretize the bath DOFs
and perform computations on the wave function for the total systems. Temperature effects
can be considered with the help of Monte Carlo sampling [Bf]. Other methods to treat
open quantum systems include quasi-adiabatic path-integral (QUAPI) [[L70] and reduced
hierarchical equations of motion (HEOM) theory [[L71]].

2.3.1 Time Dependent Variational Principle

There are three widely used different time dependent variational principles [[173]: Dirac-
Frenkel variational principle, McLachlan variational principle, and Lagrange variational

principle. Suppose the time dependent wave function |¥(¢)) is approximated as a parametrized
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trial state |®(0(¢)), and |V (0)) = |P(6(0))). Generally |P(6(¢))) does not fulfil the Schrodinger
equation

d 0 :

15 12(0(1))) = 1o, |®(0(2))) 0 = H|®(6(1))) , (2.87)
because the restrictions of |®(6(t))) make the equation overdetemined. i 2 |®(6(t))) 0 is in
the variational manifold, while H |®(6(t))) is not. The Dirac-Frenkel variational principle

directly projects Eq. (2.87) onto the variational manifold

(0 (0(t))] (H — Z’%) [2(6(1))) = 0. (2.88)

McLachlan variational principle solves Eq. (2.87) by least squares methods

d
min |[(H —i—) [®(6()) |, (2.89)
412(60(1))) dt
which gives
d
Im (52 (0(1))| (H — i =) [2(0(1)) = 0. (2.90)

Schrodinger equation can also be obtained by minimizing the action

to
5/ GL =0, SL(t) = 5L(ts) =0,
b 2.91)

L= (W(0)| (1 — H) N

Lagrange variational principle is obtained by replacing |¥(¢)) with |®(0(¢))) in the Lagrange
Eq. (2.91]), which gives

Re (50(0(t))| (H — z%) 1B(8(1)) = 0. (2.92)

When the parameters are complex, i |®) is in the variational manifold if | ®) is in the vari-
ational manifold, which makes three TDVPs equivalent. This is the usual case of classical
computers. Many efficient algorithms have been developed based on TDVP, for instance,
MCTDH and TDVP-MPS [[173,[174]. Apparently, TDVP is equivalent to Schrédinger equa-
tion when the variational manifold is the full Hilbert space. TDVP preserves the norm and

average energy

< (@la) =0,

dt (2.93)

o) H D) = 0.

dt

TDVP is also extremely useful in quantum simulations. The quantum state ansatz is
generated by the unitary quantum gate, thus the variational parameters are real. In this case,
McLachlan variational principle is the most convenient TDVP [[172]. TDVP can also be

generalized to mixed states, dissipative dynamics, and imaginary time evolution [[L72].
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2.3.2 Standard Methods and Time Dependent Hartree Methods

Before moving to MCTDH, we will introduce standard method, and time dependent Hartree
(TDH) approach first. MCTDH can be identical to both of them in certain cases.

Consider a f DOFs distinguishable particles (nuclei) quantum system with Hamiltonian
H. We will show how to find the numerical solution of the time dependent Schrédinger
equation of this system. Modern computers can only deal with finite number of operations.
Therefore, the first step is always to truncate the basis, in one way or another. We will use
spectral methods, i.e., projecting wave function and observable onto certain finite basis sets,
to derive the EOMs, and discuss the discrete variable representation (DVR) in the numerical
implementation subsections.

The standard method is to truncate the basis set of each DOF and use the wave function

ansatz

N1 No Ny

O(qr,qo ) = D D> Chup, X (@)X (@2) X (ap), (2.94)
J1=1j2=1 Jr=1
(f)

where y is

convenience, we introduce the symbol J = (jy,--- ., jf), xg = H£:1 X;. Applying TDVP
to the ansatz Eq. (2.94), the EOMs are obtained

(qy) is time independent basis set for DOF f, and Ny is the number of basis. For

iCr=> (xtlHxs)Cs. (2.95)
J
The convergence is checked by increasing N,.. Eq. (2.93) is formally identical to the
Schrdédinger equation, and thus is exact for the given basis sets. The standard method is an
analog of FCI. N/ time dependent coefficients need to be solved in the standard method.
When we estimate the numerical efforts and memory, we always suppose the number of basis
sets of all DOFs are identical to /N for simplicity. The computational effort and memory
of the standard method blow up exponentially. Usually, the convergence requires at least
N = 10. Therefore, the standard method can only be used in 4 atoms (6D) systems (10°
coefficients). For the detailed estimation on the computational efforts, see the numerical
implementation subsection.
TDH is the simplest time dependent method for a f DOFs distinguishable particles quan-
tum system. The relation of TDH and MCTDH is similar to Hartree-Fock method and
MCSCEF. The wave function ansatz of TDH is

f
(g1, g0, qp.t) = a(t) [ dulant) (2.96)

k=1

where ¢, is single particle function (SPF). SPFs are futher expanded as linear superpositions
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of primitive time independent basis sets

Ny

Se(aet) = > i (X (an). (2.97)

Jr=1
The total time coefficients of TDH is 1 + N f, which is much less than the standard method.
The choices of SPFs and a(t) are not unique even with the normalization restriction on
SPFs. The wave function can be rewritten as the product of a single hole function (SHF)

&) and a SPF Or
©<QI7 q2, 545, t) = gbfi(ql‘m t)cb(ﬁ) ) (298)

where « can be arbitrary, and arguments of &%) are ¢ and all ¢ except ¢... The wave function

is invariant under the following gauge transformation

qg,{(q,{,t) = b(t)Pr (g, 1) ,

i (2.99)
o) = o /p(t),

where b(t) is an arbitrary modulus 1 time dependent complex function.
In order to eliminate this gauge freedom [[L] and make the EOMs of a(t) and ¢, (g, t)

unique, we introduce the constraint

: ~ : . d
i <¢H ¢H> = z/dqncb,c(qmt)%m(qmt) = gx(1). (2.100)
The norm conservation of SPFs implies that g, (¢) are real. The EOMs of SPFs and a(t) are
given by
d /
ima=(E— > gna, (2.101)
k=1
d
i tn = (H" = B+ g.)6x, (2.102)

where E is the average energy and H*) is called a mean-field

E = (9| H|®) , (2.103)

We decompose the Hamiltonian into two parts, the single DOF operator h(*), which only

acts on x-th DOF, and the residual or non-separable part Hg

H=> h"+ Hy. (2.105)

TDH is exact when different DOFs of the Hamiltonian are decoupled (Hgr = 0)
H=> H,, (2.106)

H™ = (W] H |9W)) = H,. (2.107)
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When the non-separable part of the Hamiltonian is small, we can expect that TDH will give
a qualitatively reasonable results. However, it is not the case for most chemical systems. We
need to find a method which can achieve exact (converged) results while remaining numer-
ically tractable for not too small systems. Here, MCTDH, which can interpolate between
standard method and TDH, is a method by choice.

2.3.3 Wave Function Ansatz and Equation of Motion

The MCTDH wave function ansatz is
nyg f
q)<q17qQ7"' 7qf7 Z ZAjl ]f H¢§f qlﬂ ; (2108)
k=1

where Aj;, ;. (t) is the A-vector, and gbg:) (gx, t) are time dependent orthonormalized SPFs.
Similar to TDH, ¢§:) (g, t) are also expanded by the primitive time independent basis

Nk

3 (gest) = 3 ()X (g, (2.109)

in=1
Both SPFs and A-vectors are optimized by TDVP. The key idea of MCTDH is to use a
relatively small optimal time dependent basis set to describe the system quantitatively. This
type of wave function is also known as a Tucker tensor, one of the tree tensor networks. The
convergence should be checked by increasing NV,; and n, for all k. Apparently, MCTDH is
equivalent to the standard method when n, = N, for all k. When n,, = 1 for all xk, MCTDH
is equivalent to TDH.

For convenience, we introduce the following notations,

J =, 5 08), (2.110)

Ay=Aj s (2.111)
f

oy =] (2.112)
k=1

Similar to TDH, MCTDH wave function can be expressed as a summation of the product
of SPFs ¢\ (g, t) and SHFs @)

Qg g, 1 qpt) = D 0 (g )O) (2.113)

where k can be arbitrary, and arguments of <I>l(”) are ¢t and all ¢ except ¢.. The explicit
expression of SHF is

Nk—1 Nk+1

1 ‘nfl .n 1
Z Z Z Z Aj e Jf¢( ) ¢§‘i_1 )¢§i++11) s ¢§'f) , (2.114)

j1=1 Jr—1=1Jr+1=1 Jjr=1
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The wave function is invariant under the following gauge transformation

QH7 ZU ¢l q.'m )7
(2.115)

o) = (U™,
le=1

where ( )J_k1 represents the matrix elements of the inverse of matrix. The constraint which
fixes gauge freedom is a matrix in MCTDH

g =i (0”9 |of) =i (o}|8) . (2.116)

The common choices of §*) are either §**) = 0 or §**) = h(*), For convenience, we intro-

5(F)

9

duce the gauge modified Hamiltonian
Hy=H-=Y §*. (2.117)

Apparently, H, = H when ¢ = 0, and H, = Hg when §*) = h(*)
In order to derive EOMs, Hamiltonian matrix elements between each configuration, the

mean fields of MCTDH and density matrix of each DOF given by SHFs are required,

Hg;JL - <®J’ H ’q)L> (2118)
HE) = (o0 o) | (2.119)
i) — <q>§.*‘) ( )> . (2.120)

Notice that the mean field is a matrix for each DOF in MCTDH, rather than a number for
each DOF in THD. Hg.jr, Hr./L, ”H(l and ’H il ) can be defined in the same way.

Applying TDVP to MCTDH wave function ansatz Eq. (2.108), we obtain EOMs of SPFs
and A;

iA; = Z He. s AL (2.121)

i\ = Zgjf)qb,“ — Py ZZ (9) 194%) 61" (2.122)

where P(*) is the projector of x-th DOF

k) _ (k) (%)
P =3 gl > <¢j (2.123)
j=1
More explicitly, when we choose ) = h(*)
idy = Z Hrr AL, (2.124)

Zh 6" + (1 PY) )26 GiHEe, @129)
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and when we choose §*) = 0
iA; = Z/HJLALa (2.126)

L
i) = (1= PSR (1 - POYST ST (0 HE 6. (@2.127)
l l k

We will examine the EOMs in some limiting cases. When Hpy is zero, different DOFs
of the system are decoupled. Both MCTDH and TDH are exact in this case. When n, = 1
for all x, EOMs of MCTDH, Eq. (2.121]) and (.122), reduce to EOMs of TDH, Eq. (2.101])
and (R.102), respectively. Eq. (2.121)) is formally identical to the EOM of standard method
Eq. (2.99) except two differences: 1. H,. s 1s time dependent due to the time dependent
SPFs; 2. There is a gauge contribution in H,. ;.. Eq. (2.122) tells us that SPFs rotate to the

tangent subspace of SPFs except for the gauge contribution.
iPWG =3 prgg) (2.128)
l

Therefore, SPFs are time independent if they are complete and §*) = 0. Eq. (R.121]) is also
identical to the EOM of the standard method Eq. (£.93) in this scenario.

The inverse of density matrix in Eq. (2.122)) suggests that EOMs of MCTDH can be sin-
gular. In fact it almost always happens since the initial state is usually prepared as a Hartree
product. In numerical simulations, the singularity is solved by adding a small regulariza-
tion parameter e to the small eigenvalue of the density matrix. The small eigenvalue of the
density matrix suggests that unoccupied SPFs rotate to the correct direction rapidly. This is
known as the self-healing of MCTDH. In this sense, the initial unoccupied SPFs can be cho-
sen arbitrarily. There are other techniques to solve the singularity of MCTDH, for instance,
other advanced regularization schemes [[173,[176], EOMs without singularity [[177-{179],
and spawning optimal unoccupied SPFs on-the-fly [[L80].

We suppose n, = n and N, = N for all x for the memory estimation. The detailed
discussion of computational effort estimation will be presented in the next subsection. The
total number of time dependent coefficients of MCTDH is fnN +n/, which is still an expo-
nential function of f. However, the base of the exponential function reduces from N to n.
When n < N, the reduction is huge. To reduce computational efforts and memory further,
we can group several DOFs into one logical DOF. This is so-called mode-combination of
MCTDH. The mode-combination MCTDH wave function ansatz is

q)(qlv q2, - an7t) = ¢(Q17 QQa e 7@17’ t) = Z e ZAﬁ]p(t) H ¢§:)(Qfm t) 5
J1 Jp k=1
(2.129)
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where

Qr =(qm,qﬁz,--- ) (2.130)
O (Qut) = Y 8T XD (gen) -+ X" (gea) (2.131)

11°%g

and n represents the new numbers of SPFs to reach the convergence. Again, we suppose all
7, are identical for the estimation of computation efforts. If 77 = n?, the mode-combination
MCTDH wave function ansatz is identical to the ordinary MCTDH wave function ansatz,
thus, we gain nothing. However, n reaching convergence in mode-combination is usually
much smaller than n¢. As a rule of thumb, 7 & nd, or even smaller, therefore, the reduction
of computation efforts is huge. Mode-combination MCTDH can be used in ~ 20D sys-
tems. The limitation of mode-combination MCTDH is that SPFs become multidimensional
functions. If one over combines DOFs, the propagation of SPFs will be much more slower
and mode-combination MCTDH loses its efficiency. Empirically, 2-mode combination and
3-mode combination are relatively efficient.

MCTDH can propagate multidimensional functions efficiently. Following the spirit of
MCTDH, one can use MCTDH type expansion hierarchically to build wave function ansatz
for larger size systems. More explicitly, Eq. (R.131]) is formally identical to the standard
method (FCI type expansion). One can replace the FCI type expansion by the MCTDH
type expansion. This can be regarded as adding a new layer between primitive basis and A-
vector. One can also treat SPFs qbg-”) (Qx,t) in Eq. (£.129) as “primitive basis sets”, then the
FCI type expansion of Eq. (.129) can be replaced by MCTDH type. To do such operations
recursively, the new wave function ansatz can be built. This is so-called multilayer MCTDH
(ML-MCTDH) [B4-B8], which is known as a hierarchical Tucker tensor. ML-MCTDH can
be used in hundreds or even thousands DOFs systems.

The application range of MCTDH is not limited to the quantum nuclear propagation
dynamics (distinguishable particles). The extension to quantum nuclear propagation with
multi-PES electronic DOF is straightforward [[L81]]. The first extension is to add an addi-

tional coordinate to describe the electronic DOF

f

O(qr,q2, -+ ,q5, ) = Z ZX:AJI ps H Ngo, )0V (o, 1), (2.132)

where « is discrete and represents the diabatic electronic states. Ordinarily, there are only
few PESs that need to be considered. Therefore, the SPF of electronic DOFs is chosen as a

complete time independent basis

oS (o, t) = b4 - (2.133)
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One can re-write Eq. (R.132) as a single-set formalism

(I)(QI;QQa s dr, Q@ t Z ZZSA,]l st H qli7 . (2.134)

~

The reason why Eq. (2.134) is called single-set formalism is that different electronic states

share the same nuclear SPFs. The Hamiltonian of the system can be expressed as

H=> H|a)(p] (2.135)

A more sophisticated wave function ansatz is multi-set formalism

qD(Qla g2, 7Qf7 Oéat) = Z (I)(a)<q17 qo, - 7Qf7t> |Oé> y (2136)
f

(g1, qa, - 5,0, 1) Z ZAJI o) T 6% (g 1), (2.137)
k=1

in which different electronic states have different nuclear SPFs. The formalism can represent
the wave function more efficiently when the dynamics of in the different diabatic states are
quite different. For a given o, SHFs, the gauge constraints, projection operator and density

matrix can be defined similar to ordinary MCTDH. The EOMs of multi-set formalism are

Sy AR 139
=1 L

ns ng np
i¢§n,a) Zg(na (K, (1- pl&, a)) (Ia(n, )) gﬁklaﬁ)(b(ﬂ B) . (2.139)

B=1 k=1 I=1

where

Hg(aﬁ) — B _ Q(W)(Sag, (2.140)

afs o «Q B
HED) — <c1>f,) HP <1><L)> , (2.141)

(k,aB) (a,K)
e = (of

He?) ‘CI) 7). (2.142)

MCTDH can also be used in quantum dynamics of spin chains and indistinguishable
particles. Specifically, the particle exchange symmetry must be considered for the applica-
tion to indistinguishable particles. This can be achieved by either transferring to the second
quantization representation (MCTDH-SQR) [[L82,[L83], or using the permanent for bosons
(MCTDHB) [[184, [[83] and slater determinant for fermions (MCTDHF) [[184, [183] wave
function ansatz in the first quantization representation. With the help of TDVP of mixed

state, dissipative dynamics, and relaxation, MCTDH can be extended to these scenarios.
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The extension to non-Hermitian Hamiltonians is extremely useful in the scattering prob-
lem [B3]. Artificial complex absorbing potentials are often added in the non-interaction
region to absorb the wave function, which can avoid the long grids (large basis sets). One
can also use the MCTDH type wave function ansatz and variational principle to find the

eigenstates and eigen energies of the system.

2.3.4 Numerical Implementations

In this subsection, we will briefly review three numerical techniques [B3] to improve the
numerical efficiency of MCTDH, constant mean-field integration (CMF), DVR [[L84], and
the product form of potential representation. The most expensive operations in MCTDH
is to propagate A-vector and the build-up of the mean-fields. In contrast, the propagation
of SPFs is rather cheap ~ sfnN?. CMF can reduce the numbers of mean fields build-up.
DVR and the product form of potential representation can make mean fields build-up more
efficient. All three techniques can improve the efficiency of the propagation of A-vector.
Notice that MCTDH EOMs Eq. (R.121p.122)) are coupled non-linear differential equa-
tions. They can be solved by standard integrators such as Runge—Kutta integrator and
Adams—Bashforth—-Moulton integrator. Due to the fact that H,.;;, and mean fields ’H,(ﬁ';)
must be constructed at each time step, this integration approach is called variable mean-field
(VMF) approach. However, the time scale separation between rapidly oscillating A-vectors,
SPFs and slowly oscillating H,. sz, Hz(;;) makes VMF inefficient. One way to resolve this
problem is to propagate A-vector and SPFs while keeping H,. ;1 and 7—[,(;) constant during

a larger time step 7

iAy=> HeAL, (2.143)
L
i) =D g0l + (L= P YO (0)RHT — g Yol @149)
l l k

where bars over quantities indicate they are constants during the time step 7. Compared with
VMF approach, the EOM of A-vector is linear, which means adapted integrator like Short
Iterative Lanczos integrator can be used. On the other hand, H,. 1, 7—[,(;) and density matrix
need to be built much less than VMF approach. Although the above strategy is simple
for the practical numerical simulations, it shows the key idea of CMF approach. More
sophisticated higher-order CMF approach is used in practical simulations. We point out that
CMF approach violates the energy conservation. If one finds that the energy deviation is
unacceptable, a smaller 7 must be used.

Both standard method and MCTDH use DVR primitive basis sets. The matrix multipli-
cation operations (x| H |x) and (P |V |®;) are demanded for the propagation of standard

method and A-vector in MCTDH, respectively. Hamiltonian can be separated into two parts,
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the kinetic operator and potential operator. Potential matrix is diagonal in the DVR basis,
therefore, matrix multiplication can speed up drastically by using DVR. In this sense, DVR
plays an important role in the standard method, while it has a loose connection to MCTDH.
However, a specific type DVR, correlation DVR (CDVR) [[187] built by SPFs, is one of the
choice to improve the efficiency of propagating A-vector. We will briefly review the role

of DVR and CDVR in the standard method and MCTDH, respectively.

Consider the projector onto the subspace S spanned by the finite basis sets
N
P=>"l¢) (@5l - (2.145)
j=1

The spectral method approximates the operator 7', V' and state vector (V| as

T5 = (@il T len) (2.146)
Vi = (@il Vlew) (2.147)
0)° =P |0) (2.148)

where the superscript S represents the approximation value under the spectral method. VBR
(variational basis-set representation) is also used to label them in the other references be-
cause the variational methods use these evaluations.

Similar to spectral method, DVR is a scheme to truncate the continuum function to finite
basis sets. The key idea of DVR is to approximate the state vector and potential matrix as

the values on certain grid points with weights

N

)PV = " wl2W(za) [Xa) | (2.149)
a=1

Vot = V(2a)das (2.150)

where |x,) is the DVR basis, and w, are weights on the grid points z,. Eq. (£.150) is the
reason why DVR is so intriguing. The potential matrix is diagonal on the DVR basis, which
reduces the operations of (x| V |x,) in the standard methods (Eq. (2.93)) per integration
step from N%/ to N/,

DVR function behaves like a §-function in the grid points

(zalxs) = X5(Ta) = w60 2.151)

DVR basis is complete in the subspace S

N
P=>"Ixa) (Xal » (2.152)
a=1
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and the unitary transformation between DVR basis and basis |) is

Ujo = (0jlXa) = wi* ¢} (xa) . (2.153)

The matrix elements of kinetic operators in the DVR basis can be evaluated with the help
of unitary transformation
T™ = T35 = D (xal T Ixs) = UjuTinUss (2.154)
4k
Generally speaking, the DVR expression and spectral expression do not coincide unless
|U) = P|U) € Sand V = PVP. Strictly speaking, the standard method using DVR
destroys TDVP. However, it does not mean the truncation error of DVR is larger than spectral
method. In fact, DVR truncation error is usually in the same order or smaller than spectral
truncation error for smooth potentials and not too few grid points.
It is not always possible to find a DVR which satisfies all above properties. If a DVR
does satisfy all above properties, we call it proper DVR. Proper DVR can be generated if
the matrix Q;; = (@;| = |¢x) is tri-diagonal. The unitary transformation U, and grid points

x, are selected as eigenvectors and eigenvalues of () ;;, matrix
N
ij = Z UjaxaU];ka ) (2155)
a=1

and the weight wi? = ja/ 9} (o) can be generated by Eq. (2.153), which is independent
of j. One can still approximate the potential matrix as its values on the certain grid points
without weights if (), is not tri-diagonal. This type of DVR is improper DVR.

Notice that |®;) in MCTDH EOMs Eq. (2.121)) is not the primitive basis set, hence the
Eq. (2.150) cannot be used directly in MCTDH. Instead, one can use CDVR, and a similar
trick as Eq. (2.150) to propagate A-vector. The key idea of CDVR is to build DVR by using
SPFs with a modification term that exactly represents the uncorrelated part of the potential.
The computational effort of CDVR is fNn/~! + n/. Q) matrix is time dependent and not
tri-diagonal in general. In this sense, CDVR is an improper DVR.

Next we will see how to speed up the matrix multiplication related to (x| 7" |x,) and
(Pr| T |®s) terms with the help of the product form of the kinetic operator. This inspires
to approximate the potential operator as a sum of product form operators, which provides
another choice to speed up the matrix multiplication related to (®, |V | ).

Let us focus on the standard method first. The kinetic operator takes a product form
T = ZT(M) LT (2.156)
r=1

with s &~ f and lots of 7*") are unit. Meanwhile, 7*") acts only on the x-th DOF, which

suggests that we can do the matrix multiplication successively
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Sl Thoy 6 = S T Y Tde, (2.157)
Jf

J r=1 71

where
(k1) (k) K,T
e :<Xln Tt

for k = 1,2,---, f. The total effort is sfN/*!, which is much smaller than N2/. This

technique can also be used in the kinetic matrix multiplication of A-vector propagation as

x§'§)> , (2.158)

well as the mean fields build-up, which gives sf?n/*!. The similar technique can also
be used in the potential matrix multiplication of MCTDH. In order to do that, we need
to approximate potential operator as a sum of products. This can be done by canonical
polyadic decomposition (CPD) [B3]], multi-grid potfit (MGPF) [[188], n-mode representation
[[189,[190], and Monte Carlo potfit (MCPF) [[L91]].

To summarize, we briefly reviewed the theoretical derivation and numerical implemen-
tation of the MCTDH, which is the state-of-the-art numerically converged method for nona-
diabatic quantum dynamics. We will also use it as the standard of the benchmarks in the

numerical results of Chapter 4.

2.4 Models

Models are essential for chemistry and physics. They are obtained by simplifying real sys-
tems while retaining the key physical or chemical features. One advantage of models over
the real systems is that the parameters in the models are more flexible, which can help us
know the major effects of various phenomena. The sizes of models are usually less than the
real systems to render numerical simulations feasible. These two properties are crucial for
benchmarking the new approximate numerical methods.

In this section, we will review the common models for the non-adiabatic dynamics,
including scattering Tully’s models, spin-boson models, linear vibronic coupling models,
and atom-in-cavity models. All these models will be used either in chapter 3 for short-time
accuracy analysis of phase space methods or in chapter 4 for numerical benchmarks of the
GDTWA method.

2.4.1 Tully’s models

Tully’s models contain three different 1d scattering models. The masses of the particles

for all three models are 2000 in atomic units. The first model is a single avoided crossing
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model, where potential matrix (electronic Hamiltonian in the diabatic basis) is
Al —e P9, >0
Via(z) = 5
—A(l—e""), x<0
Vaz(z) = —Viu()
Via(w) = Vau () = Ce™ ",
where A = 0.01, B = 1.6, C' = 0.005, and D = 1. All the units in this subsection are in

atomic units.

(2.159)

The second model is a dual avoided crossing model, with
‘/11(1') = 0
Vao(z) = By — Ae B (2.160)
Vis(w) = Hoy () = Ce P2,
where A = 0.1, B =0.28, C = 0.015, D = 0.06, and Ey = 0.05.
The third model is an extended coupling model, with
Vii(z) = —Vas(z) = A,
Be, >0

Vi = 2.161
12(2) B2— e z<0 ( )

Var(z) = Via(2)
where A =6 x 1074, B = 0.10, C' = 0.90.
Tully’s models I and II are the most commonly used scattering models for linearized
phase space methods, while most linearized phase space methods fail in Tully’s model III.
We will present the theoretical analysis of the short-time accuracy of model I and II for

linearized phase space methods in chapter 3. Also, the numerical benchmarks of GDTWA

on these two models will be presented in chapter 4.

2.4.2 Spin-boson models

The spin-boson model describes a two-state (spin-1/2) subsystem coupled with a bosonic
bath (an infinite set of harmonic oscillators). It has a wide application range including nu-
clear magnetic resonance (NMR) [[L71], [92, 193], superconducting quantum interference
device (SQUID) rings [[171],192,[193)], and a radiationless transition or electron transfer pro-
cess in a liquid, a solid, a cluster, or a protein [64]. In the language of chemistry, the bosonic
bath DOFs are also called as nuclear DOFs, and two spin polarized states of spin-1/2 sub-

system are two diabatic states. The Hamiltonian of the spin-boson model is

1
H = A6, + eaz + Z 2m] + m]w%? + Ci6.25) (2.162)
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where ¢, and ¢, are Pauli spin matrices, m;, w; , p; and z; are the mass, frequency, momen-
tum and position for j-th nuclear DOF. C}; are the coupling strengths between j-th nuclear
DOF and electronic states. A is the tunneling strength between two diabatic states, and € is
the energy difference between two diabatic states. Notice that the bath only interacts with
diabatic states of the subsystem, rather than assisting in tunneling between diabatic states.
This is due to the physical separation of two diabatic states in most of the models. For ex-
plicit examples, see the next subsection. Indeed, there are some models that nuclear DOFs
play an important role in tunneling between diabatic states. Those models will be discussed
in Sec. 2.4.4.
The complete environment information [[[92] is encapsulated in the initial temperature
of the bath, and the spectral function (also named spectral density)
Jw=2%" i S(w — w;). (2.163)

2 7 mjwj

In the continuum limit, one of the commonly used spectral function is the Ohmic bath with
an exponential cut-off
&m

J(w) = 7%—“/% , (2.164)

where w. is the cut-off frequency, and ¢ is the Kondo parameter. Another commonly used

spectral function is Ohmic bath with a Lorentzian cut-off (also called Debye bath or Drude
bath)

W,

(2.165)

where A is the reorganization energy of the bath, and w. is the cut-off frequency. Taking
w, ~ 00, Eq. (2.164)) reduces to J(w) = %”w and Eq. (2.163) reduces to J(w) = i—Aw
In practical simulations, spectral function Eq. (R.163) with discrete mode should be used

since classical computers can only perform finite numbers of operations. Discrete frequen-

cies and coupling strengths for Eq. (2.164) can be selected as [[194,[19]

J
N+1’

(2.166)
Ci; =1/ Sue wj
J N+1777

and discrete frequencies and coupling strengths for Eq. (2.163) can be selected as

wj = —wIn

tan [ = J
w; =wetan| ———— |,
J 2N +1

2A
GEVNE

where N is the number of discrete modes.

(2.167)
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2.4.3 Site-exciton Models

In this subsection, we briefly review the Yang, Ishizaki and Fleming’s framework [[L7,[194]
on site-to-site energy transfer dynamics in light-harvesting/photosynthetic pigment com-
plexes. Suppose there are n pigments (sites), and each site has a ground state and an excited
state |e,). Different sites are physically separated, and each site interacts with its own bath
DOFs 2. The Frenkel exciton Hamiltonian for the one exciton subspace of this system

reads as

H = Zealea %HZZJabl@a {e|

a>b b=1
+Z (O = d) lea) eal + D () e (), (2.168)
b#a
N, ~
7 (a a a - (pCP)2 1 a/, a,.a a ja
hl(ja)th(x —-d ) = Z( 27]71@ + §m]’ (w]l'j — wjdj)Q), (2169)
=1 j

where ¢, is the excited energy of a-th site, J,;, is the Coulombic interaction between a-th
and b-th bath, d* is the displacement of the equilibrium geometry of a-th site between the
ground and excited electronic state, and /V, is the nuclear DOFs number of the bath of a-th
site. The last two terms of Eq. (2.168) can be re-organized as

n

S (o (x* = d%) ea) {ea] + D A (x") les) (en])

a=1 b#a
- a,.a 1 a(, aja a,.a
S B L atat 4 L e el - P ) ().
a=1 j=1

(2.170)
Therefore, — Z;V L, m§(w§)?djxd |eq) (eq| is the interaction term between a-th site and its
own bath, and >

Similar to spin-boson model, the complete bath information is encoded in the initial

i : m§(widg)? is the reorganization energy of a-th bath.

temperature and spectral function of each bath. The spectral function for each bath is
e
=5 D miwi(d)?S(w - wf). (2.171)
j=1

The spectral function in the continuum limit of each bath is usually chosen as the Debye
bath Eq. (.169). Performing the integration

N,
J“ <1
:Az — “da . 2.172
! /0 S il 2.172)

Jj=1

That is the reason why parameter A in Eq. (2.163) is called reorganization energy.
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One of the most commonly used site-exciton models is the two-site exciton model with
flexible parameters choice [[197,[198]. Apparently, it is a spin-boson model in this scenario.
Another commonly used set of models are Fenna—Mathews—Olson (FMO) complex models.
The FMO complex, which has eight bacteriochlorophyll-a pigments and protein environ-
ments [[[99-R01]], is found in green sulfur bacteria. Although the seven-site-exciton FMO
model is often used due to historical reasons [[1§,03-R03]. Other well-established light-
harvesting/photosynthetic pigment complexes include light harvesting 2 complex of purple
bacteria [[199,204-R08], and phycobiliproteins of cryptophyte algae [[199,209-217].

In chapter 3, we will present the theoretical analysis for the short-time accuracy of lin-

earized phase space methods on spin-boson models and site-exciton models.

2.4.4 Linear vibronic models

The word vibronic comes from vibrational and electronic, thus vibronic coupling is referred
to as the coupling between electronic states and vibrational DOFs. A huge first derivative
(gauge vector potential) leads to strong vibronic coupling when adiabatic states are degener-
ate or nearly degenerate. When excited states are degenerate in the Franck—Condon region,
it has a tremendous impact on the observed spectra. One can select the equilibrium geome-
try of ground state as the reference geometry and expand the Hamiltonian near the reference

geometry. The kinetic energy operator and ground state PES can be approximated as
.1 . - 1
T = 52%195, Vas = 52%955, (2.173)
J J

where x; is the dimensionless position for the normal vibrational mode j, and p; = —id,;
and wj 1s the corresponding dimensionless momentum and frequency, respectively. Expand-
ing excited diabatic states in the similar way, the Hamiltonian of linear vibronic coupling
(LVC) model [[] is given by

~ 1 5
H=3 Zwﬂ% T Eb: |a) Wa (bl (2.174a)
J a,
1 a
Wao = Ea+ 5 > wia? + 3wV, (2.174b)
j j
War =D A"y a#b, (2.174¢)

J

where E, are the vertical excitation energies, and /eg-a) and )\gab) are intrastate and interstate
vibronic coupling constants, respectively. Relevant vibrational modes are determined by
selection rules, and parameters can be obtained by either fitting experimental spectra data
or fitting PESs of electronic structure results [[[2§]. One can further reduce the vibrational
modes by fitting the experimental spectra data [R13-216] or fitting the short time dynamics
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[R17-R19]. We will present the numerical benchmarks of the GDTWA on LVC models in
the diabatic representation in chapter 4.

Next we will discuss ADT transformation for LVC Hamiltonian, and show that LVC
Hamiltonian can give degenerate PESs and singular gauge vector potential. Furthermore,
LVC Hamiltonian shows that real adiabatic states can be no longer single-valued when the
adiabatic states are degenerate. The simplest LVC Hamiltonian with degenerate adiabatic

states in the diabatic representation is

2 2
i 1, 0 0

S — )+ Vv 2.175
2o Ty TV (2.175)
with the matrix elements of V¢ being
w? a w2 A
Vd — 1 X \2 2y2 -
=5 (X + 2) + 5 + 5
w? a w2 A 2176
VA =y -9z X2y 2 (2.176)

Viy =Vs =Y.
The real eigenstates [R20, R21]] of the electronic Hamiltonian V¢ in Eq. (2.173) are

0 0
19) gy = —sin = [1), +cos = |2),,

02 92 (2.177)
l€) g = cos 1), + Sin§ 12), .
where |1), and |2),, represent the diabatic basis of V9, and
2V,
§ = arctan ——=— . (2.178)
Vil = V)
The corresponding eigenenergies are
vV \/(Vd)2+ (Vi{ — Vib)?
g 12 )
2 4 (2.179)

Vi + Vs Vi — Vih)?
112 22+\/(‘/1%)2+( 11 1 22) .

Two adiabatic states are degenerate when X = Y = 0. This type of degenerate point is

Vé:

called conical intersection point [[LOI]]. It is clear that real basis is not single-valued due
to the multi-values of §. More explicitly, when the eigenstates circle around the conical
intersection point, a non-trivial phase factor (—1) in the real adiabatic electronic state should
be accumulated. This effect is known as the geometric phase of conical intersections. For
this reason, a real adiabaitc basis cannot account for the correct geometric phase, and the
transformation between the diabatic representation and real adiabatic representation is ill-
defined [220, R21]]. The numerical results of the MCTDH and gGDTWA approach II for
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on-the-fly simulations of LVC models in the adiabatic representation will be presented in
chapter 4. Also, we will discuss the effects of the adiabatic basis selections for initial state
preparations and EOMs.

A single-valued adiabatic basis should be a complex adiabatic basis which can account

for the correct geometric phase. It can be obtained by multiplying a phase factor on the real
adiabatic basis [B, 220, p21]],

19), = e 19) o

l€), = €% ]€) g - (2.180)

The complex adiabatic basis ensures single-valued initial adiabatic coefficients and a well-
defined adiabatic-to-diabatic transformation. The gauge vector potentials for the complex
adiabatic basis are given by A% = —%(l2 +6,) and AY = —%(1C + 0,). Similarly, the
9x0 5 — _ 905

Aa
0y and Ay = —“=5,.

“gauge vector potentials” for the real adiabatic basis are Ag( = — 5

They are singular when X — 0, Y — 0.

LVC model also has important applications beyond chemistry. In fact, it is an excellent
platform to implement artificial gauge theory (also called particles in gauge vector poten-
tials) [22]]. Mathematically speaking, we can construct a completely equivalent Hamilto-
nian by mapping p, = X, p, =Y, z = i0x and y = i0y of Hamiltonian Eq. (.173)

1 A 1 .
H = 50‘-)1(]51 - Aa:)2 + 50‘)2(}51/ - Ay)2 + V7 (2181)
where
A, = —G;Z , (2.182)
A co

A, =——F 2.183
y o7 ( )

A 2?4 y?
V=— 2.184
5 7 ( )

and unimportant constant terms have been neglected. Eq. (2.181)) is the exact form of par-
ticles in the gauge potential Eq. (2.13). The gauge curvature of this mapping system is

By = —i[Ag, A)) = Z6,. (2.185)

w3

Nonzero gauge curvature suggests that the non-Abelian gauge potential of the mapping sys-
tem is nontrivial. For the general LVC Hamiltonian Eq. (2.174)), similar mappings can also
be constructed, although the explicit form of gauge vector potential would be much more
complicated. In chapter 4, we will present explicit expressions of a pyrazine-based three-
mode-two-state LVC model as a particle in gauge vector potentials. Moreover, we will
compare the numerical results of gGDTWA approach I and gGDTWA approach II for the
pyrazine-based LVC model.
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2.4.5 Atom-in-cavity models

Light-matter interaction can change the physical and chemical properties of the systems
drastically when quantum effects of light play an important role. In this scenario, the elec-
tromagnetic (EM) field must be treated quantum mechanically. Consider a stationary atom
in a 1d lossless cavity, the Hamiltonian [RO-R8] of the total system is

f{ - ]:IA + ]:Iph + HA—ph ) (2186)

where I:Iph is the Hamiltonian of the free EM field (photon)

Np
- 1

-2 2 ~2
Hpw =5 ) (5 +w}d). (2.187)
j=1
where NV,;, is the mode number of photons. ¢; is proportional to the electric displacement
operator, and p; is related to the magnetic field. In principle, there are two polarization DOFs
of photons, however, we only consider one polarization here. The atomic Hamiltonian Hy
is
Ne

[:[A = Z €a ‘a> <a‘ ) (2-188)

n=1
where [V, is the number of energy levels. The last term H A—ph 1s the interaction term between

the atom and photons. In Coulomb gauge, and the dipole approximation, H A—ph reads as

Nph
A . 1. .
Hapn = Zl(ijJ(M)‘j) + §(W\j)2) ; (2.189)
J:
where )\, is a coupling strength which is a function of atom position Rg, and /i is the dipole
operator of the atom. For the higher dimensional cavity, the multiplication of coupling
strength and dipole operator should be replaced by dot product. The last term of H A—phlisa
constant when there are only two states.
The frequency and coupling strength in atomic units are given by
_JT

=2 =12 N, (2.190

. .
A = \/%sin(‘%Rs), (2.191)

where « is the fine-structure constant, and L is the length of the cavity. When the atom is in
the middle point of the cavity, Ry = L/2, all the even modes are decoupled with the atom.
The theoretical analysis for the short-time accuracy of linearized phase space methods

on atom-in-cavity models will be discussed in chapter 3.
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One must introduce approximations to simulate quantum dynamics of large size sys-
tems because exponentially growing computational resources are required in numerically
“exact” methods. In this part, we will discuss one of the successful approximation methods
for nonadiabatic quantum dynamics, linearized phase space methods. To illustrate the idea
of linearized phase space methods, we consider the dynamics of nuclei in one PES first.
When the quantum effects are weak, nuclei dynamics can be approximated as classical dy-
namics, and the initial classical phase space distribution is obtained by Wigner transforma-
tion of intial density matrix. Such approximation is called linearized semiclassical (LSC)
method (also known as truncated Wigner approximation, TWA), which also has been gen-
eralized to the multi-PES scenario. The classical dynamics makes the necessary computing
resources scale only linearly with the system size, which makes simulations of large size
systems possible. One major drawback of the LSC methods is that they cannot capture the
nuclear quantum coherence correctly. Nevertheless, this limitation usually does not harm
the achieved accuracy too much for the condensed phase systems [R23].

When there are multiple PESs, employing the LSC method to such systems requires
initial electron phase spaces, which is non-trivial. The original idea to overcome this dif-
ficulty is establishing a mapping from electronic DOF onto harmonic oscillators (Meyer—
Miller—Stock—Thoss (MMST) mapping harmonic oscillators), and using the phase space
of mapping harmonic oscillators. For this reason, LSC methods for nonadiabatic dynam-
ics with multi-PESs is also called mapping approaches. Different mapping approaches are
mainly characterized by their electron phase spaces choices, for instance, the phase space of
Meyer—Miller—Stock—Thoss (MMST) mapping harmonic oscillators [F4-57, 6174, con-
tinuous [73-BA] or discrete [B7, B8, B3] spin phase space, phase space of angle-action vari-
ables [F3,57, 73], constrained phase space [68-60, pd,224,p23], etc. Here, we will present
detailed theoretical analysis for electron phase spaces of various mapping approaches. This
part is organized as follows. In chapter 3, we will briefly review several successful mapping
approaches, including fully and partially linearized methods as well as symmetrical quasi-
classcial (SQC) windowing [F3, 57, 73, [[97, 26, p27]. We also define the intra-electron
correlation, and establish rigorous connections between it and the short-time accuracy for
fully and partially linearzied methods. We also use our theory to explain the accuracy or-
ders in reported numerical benchmarks. In chapter 4, we will introduce generalized discrete
truncated Wigner approximation (GDTWA) [#7,4#8,52,03,228)], which is a widely used lin-
earized phase space method in quantum lattices, into chemical nonadiabatic systems. We
give detailed theoretical analysis and numerical benchmarks on LVC models. We also de-
velop two new GDTWA for the scenario of particles in gauge vector potentials, which has

a close connection to linearized phase space methods in adiabatic representations.






Chapter 3

Linearized phase space methods - review,
intra-electron correlation and short time

accuracy analysis

This chapter is based on the work “Short-time Accuracy and Intra-electron Correlation for
Nonadiabatic Quantum-Classical Mapping Approaches”, in preparation.

Nonadiabatic quantum-classical mapping approaches [#3-B0] have significantly gained
in popularity in the past several decades because they have acceptable accuracy while re-
maining numerically tractable even for large system sizes. In the recent few years, several
novel mapping approaches [53,67,59,62.63,74,7 79,79, Bd, B0, P3] have been developed
that display higher accuracy than the traditional Ehrenfest method [f]], linearized semiclas-
sical initial value representation (LSC-IVR) [4] , and Poisson bracket mapping equation
(PBME) [b3,b4,29] approaches, but without seriously increasing the additional computa-
tion efforts. The reason is that these methods choose more suitable electronic phase spaces
as compared to the traditional methods. While various benchmarks have already demon-
strated the advantages and limitations of those methods, rigorous theoretical justifications
of the connections between electron phase space properties and their short-time accuracy
are still demanded.

In this chapter, the connection between electron phase space properties and short-time
accuracy is established with the help of intra-electron correlation [#§,03,230]. Intra-electron
correlation is a measure of the statistical feature of the electronic phase space that has first
been formally proposed in the context of the generalized discrete truncated Wigner approxi-
mation (GDTWA). In the original GDTWA paper [(#§], the correct intra-electron correlation
sampling states that the statistical average of the quadratic electronic (spin) phase space
variables should be identical to the quantum expectation values of the symmetrized product

of the corresponding electronic operators, see also Eq. (.§) in the next chapter. A similar

49



50

idea [R30] was also developed by Golosov and Reichman for two-level spin-boson mod-
els. We remind the readers that intra-electron correlation is distinguished from the static
and dynamical correlation in quantum electronic structure, or the correlation between nu-
clei and electron [P3]. We generalize the concept of intra-electron correlation to both fully
linearized mapping approaches and partially linearized mapping approaches. The fully and
partially linearized methods considered in this chapter are Ehrenfest [[]], LSC-IVR [jp4],
PBME [b3, bd, 29], four different tracelss MMST (also called modified LSC, (mLSC)
) 162, B3], spin linearized semiclassical method (Spin-LSC) with both full sampling and
focus sampling [[79, B(], partially linearized density matrix method [b7, 6] (PLDM), and
spin partially linearized denstiy matrix method [[7, 78] (Spin-PLDM) with both full sam-
pling and focus sampling. For each approach, we give either a proof that it correctly samples
the intra-electron correlation or provide an explicit violation example. We also prove that
the correct intra-electron correlation can improve the short-time accuracy in various chem-
ical motivated models. Specifically, we give the explanations of the following short-time
accuracy orders, which are reported in references: 1. There are no short-time accuracy im-
provements of advanced mapping approaches in scattering models [R23]; 2. mLSC/¢'¢!
have higher accuracy than mLSC/¢'¢? and mLSC/¢?¢? for cavity-modified molecular dy-
namics of three-level systems [R7]; 3. mLSC/¢'¢', PLDM, spin-PLDM are more accurate
than mLSC/¢2$2, Ehrenfest, PBME, LSC-IVR and spin-LSC [b2,63,77,79,8d] on the FMO
model. Our theoretical analysis provides a measure for the short-time accuracy of mapping

approaches.

This chapter is organized as follows. In the first section, we briefly review the LSC
method for nuclear dynamics in one PES. In the second section, we present several success-
ful extension of the LSC method, including SQC windowing [53,57,73,[197,22d,227], fully
linearized methods, and partially linearized methods, to the nuclear dynamics in multi-PES.
In the third section, we rewrite fully linearized methods and partially linearized methods as
a unified formalism, and establish the rigorous connection between intra-electron correla-
tions and short-time accuracy. Also, we use the analysis to explain the accuracy of previ-
ous numerical benchmarks including Tully models, spin-boson models, and cavity-modified
molecular dynamics. In the fourth section, we give a detailed analysis of the intra-electron
correlation for these methods. For the methods with correct and wrong intra-electron corre-
lations, we give the proof and explicit violation examples, respectively. In the last section,

we summarize our results.
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3.1 Linearized Semiclassical Method for Nuclear Dynam-

ics in one PES

Consider a Hamilonian of nuclei in one spatial dimension moving on one PES,
H—ﬁ—l—U(fc) (3.1
2m
where m is the mass of the particle, and = and p are the nuclear position and momentum
operators, respectively. Assuming the density matrix of the initial state is pp,c(0), the initial

nuclei phase space distribution can be expressed as the Wigner function of the density matrix

(up to a prefactor) [|3, jd, R31]],

1
Wnuc(x(b pO) -

2
(Pruc(0))w (0, po) == /dn <x - g

where we set b = 1. The generalization to multidimensional systems is straightforward by

(Pnuc(0))w (w0, po)

Paue(0) ‘a: n g> ¢ 3.2)

replacing x, p, n by the corresponding vectors and the pre-factor (27)~! by (27)~¢, where
d is the dimension of the system. The quantum expectation value of an arbitrary nuclei ob-
servable <Onuc> is identical to the statistical average of its Wigner function Oy, puc(%o, po) =

(Onuc)w(xo, Po) over the Wigner distribution,
<ODUC> = Tr{p(O) Onuc }

:/dedPOWnuc(xmpO)Ow,nuc(l‘O)pO)7 (33)

= %/dxodp0<pnuc(0>)W<x07pO)(O )w (o, po)

a

where Tr{} o Trepresents the trace over all quantum DOFs. Specifically, for any scalar func-

tion g, the Wigner transformation gives

9(x) = (9(&))w(z,p),
9(p) = (9(0))w(z.p)
pola) = (PADLIDD) (),
Po(z) = (p ’9(2) + g(2)p* +2pg(i)ﬁ)w<x,p)' (3.4)

4
Wigner function of the density matrix and observables reduce to the classical phase space
distribution and classical observables in the classical limit & — 0.

The time dependent observable can also be calculated by statistical average over phase

space distribution rigorously,

(Oumelt) = Te{0)Ome(t)} = 5= [ dzodpn(punc(O)) (2 o) Ot 0. ).
(3.5)
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where Opye(t) = O, e~ However, the simulation of (Onue(t))w (20, po) rigorously
is not less difficult than solving the time dependent Schrodinger equation. One must intro-
duce approximations for large size system simulations. A straightforward way is to approx-

imate the equations of motions (EOMs) of phase space variables = and p as classical EOMs,

DPe

By = —, (3.6a)
m
ou
m:_amf (3.6b)
T

The time dependent observable evaluation can be expressed as

N N 1 N
<Onuc<t)> ~ <Onuc<t>>m = % /dedPO(pnuc(()))W(anpO)(OnuC>W<xt7pt)7 (37)

where we denote the statistical average of approximate time dependent observables over
Wigner phase distribution as ( ),,. In practical simulations, we sample the initial phase
space variables via the Wigner function Eq. (B.2), then evolve these variables as Eq. (B.9).
The time dependent observables are evaluated as statistical average of phase space trajecto-
ries according to Eq. (8.7).

Above approximations are so called the linearized semiclassical (LSC) method (also
known as truncated Wigner approximation (TWA) ), which can be derived in various ways,
for instance, truncating Moyal bracket, path integral, or Heisenberg EOMs. Here, we present

the derivation of truncating Heisenberg EOMs,

Ty = -, (3.8a)

(3.8b)

The only difference between Eq. (B.6) and Eq. (B.§) is whether the arguments are c-numbers
or operators. In this sense, the LSC method takes the mean-field form of the Heisenberg
EOMs in each single trajectory, which effectively truncates the order of the EOMs up to the
classical level. We stress that LSC is still a method beyond the mean-field theory because
the quantum fluctuations are partially accounted for in the initial statistical distributions
of the phase space variables. LSC is exact for short time limit O(¢*) as well as harmonic
oscillators, and asymptotically exact in the classical limit. In principle, LSC method is only
qualitatively correct to the Ehrenfest time scale O(— In /), however, numerical benchmarks
suggest that it can still be correct for the long time limit for certain models [#8,50,232,233].
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3.2 Linearized Semiclassical Method for Nuclear Dynam-
ics in Multi-PES

In this section, we will discuss how to apply the LSC method to nuclear dynamcis in multi-
PES. We consider a non-adiabatic Hamiltonian in the diabatic representation of nuclei in

one spatial dimension coupled to .S electronic states,

i = Qp—m Y U@&) + V(@) (3.9)
S
V(E) = [k)Vi(@){l, (3.10)

where V(ﬁ:) is a traceless potential. Different from the nuclei DOF, the electronic subsystem
is discrete. A more severe problem is that the electronic DOF does not have an immediate
expression in position and momentum operators. Various different mapping approaches
are developed to resolve this problem. The basic idea of those methods are similar, i.e.,
to find the proper phase space to describe the electronic subsystem. Successful attempts
include the SU(S) Schwinger boson (MMST harmonic oscillator) phase space [64-57.61-
[74], Stratonovich-Weyl (SW) spin phase space [[7-B0, 234], Wootters’ spin discrete phase
space [#8,03,233], action-angle phase space [53,57], etc. In this chapter, we mainly focus on
SU(S) Schwinger boson (harmonic oscillator) phase space, Stratonovich—Weyl spin phase
space, and action-angle phase space. The results based on Wootters’ spin discrete phase
space will be presented in the next chapter.

We prepare the initial product states in the form p(0) = puuc(0) &) pa(0) and pe(0) =
|r) (r|. These initial states can appear, e.g., in molecular systems with only one populated
electronic state, such as the ground electronic state, or electronically excited systems pre-
pared by a laser pulse shorter than the time-scale for nuclear displacements. For the ex-
plicit examples that demonstrate a wrong intra-electron correlation sampling, we set r = 1.
We point out that the initial product state selection and pure diagonal electronic state se-
lection are not restrictions for the mapping approaches. Any pure electronic states with
off-diagonal terms can be converted to |r) (r| by unitary transformations while any non-
product nuclei-electron initial state and initial mixed electronic states can be expressed as
linear combinations of the selected state. We will briefly review fully linearized methods,
partially linearized methods and SQC windowing in this section. All methods suppose that
the quantum dynamics can be approximated as the classical dynamics in the classical phase
space. For fully linearized methods and partially linearized methods, we will also discuss
their short-time accuracy analysis in the next section. We denote the collection of electronic

phase space variables by I'. The equations of motions (EOMs) of nuclear classical phase
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space variables for all methods considered in this chapter are

i‘t:pt/m7

pt = _a’ttU(‘Tt) + F(Ftawt) ;

(3.11)

where F'(I';, z;), as a I';, z;-dependent function, is the electron back-action force to the nu-
clei. Specifically, for the methods considered in this chapter, F'(I';, ;) can be expressed

as

F(Ty, ;) = —Tr{av(xt)ﬁ(f‘t)}, (3.12)

where, depending on the situation, Tr{} represents the trace over the electronic DOFs or the
usual matrix trace. The explicit form of F (T'y), the EOMs of T';, and the way to evaluate

observables will be given in the following three subsections.

3.2.1 Fully linearized methods

For the fully linearized methods considered in this chapter, the electronic phase space vari-
ables are the positions and momenta of S fictitious particles [62-63,79.80], T, = (X:, P) =
(X1(t), Xao(t), -+, Xs(t), Pi(t), Pa(t),--- , Ps(t)). In these methods, the treatment of the
electronic DOFs is similar in spirit to the TWA for pure nuclei DOFs [#4]. The initial elec-
tronic phase space distribution, W, (I'g), is generated according to p(0), then the phase
space variables are sampled according to the initial phase space distribution and propagated.
The expectation of any traceless electronic observable O is evaluated as the statistical aver-

age of the corresponding phase space expression over the phase space trajectories (O(%) ).

For convenience, we define the matrix K (X;, P,)

Ko (X0, Py) = (X (1) + iPm(t);(Xn(t) —iP,(1)) ' (3.13)

Then, the explicit forms of '(T';), and the EOMs of I'; and K (X, P,) are

A

Ff(rt> = K(X, R) (3.14)
Xon(t) = Vi (1) Pa(2) (3.15)
Po(t) = = Vinn(w) X (t) (3.16)
LR (X, B = K (X0 P), V(). (3.17)

dt

The corresponding phase space expression of O is given by the replacement

O - Tr{OK(X, P)}, (3.18)
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and the time dependent expectation value (O(t)) is approximated as

(O1) = (O(t))m = / dxodpodrownuc(xo,po)wel(r(])Tr{émxt,a)}. (3.19)

Different fully linearized methods choose different initial electronic phase space distribu-
tions W, (['y). We also use the notation f(I'y) to represent the electron phase space distribu-
tion W, (I'y) for the convenience of the discussion of intra-electron correlation, which will
be presented in the next section. The explicit expression of f(I'y) and phase space choices

for each method will be discussed in the following.

Ehrenfest method

The Ehrenfest method [f] is the simplest MMST mapping approach, in which the initial
electronic DOFs is always the single electronic state |r). In each single trajectory, the nuclei
are classical particles, and move on the mean field of PESs, and the electronic state |V(¢)) g,

evolves under the Hamiltonian V(xt) Equivalently, one can use the transformation,

X () +iPo(t) = V2(n[ ¥ (1))En

> X () + Pu(t)? =2, (3.20)

to transfer the electronic states to mapping variables. It is straightforward to check that the
mapping variables satisfy the EOMs Eq. (B.19) and (B.1d), and the initial electron phase

space can be expressed as [[]

1
fEhrenfest(F) = _5<X7?+P7"2_2)H5(X721+P3> (321)

s
g n#r
In this sense, a set of mapping variables are equivalent to an electronic state in each single

trajectory.

LSC-IVR and PBME

Other more sophisticated MMST approaches [62-63] map the electronic system onto S
harmonic oscillators within the singly-excited harmonic oscillators (SEO) subspace (SU(.S)
Schwinger bosons). The electronic state |m) maps onto |M) which represents the m-th
oscillator being on the first excited state. The projector on the SEO subspace is defined as
I1 = 3, |M) (M]|. The creation, annihilation, position, and momentum operators for the
m-th oscillator are defined as af , al | X,, = (al, + an)/V2, and P,, = i(al, — a)/V2,
respectively.

The mapping of |m) (n| (as an operator; notice that it can also be a term in the density

matrix) can take two forms: it can either be a pure creation-annihilation term [[63] al a,, or
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a creation-annihilation term projected onto the SEO subspace | M) (N| [b4]. The relation

between the two different mappings is
apll. (3.22)

It is straightforward to verify the following Wigner transformations

(X — iP)(Xn +iPy) — Gun

(@}, an)w (X, P) = ; , (3.23a)
(M) (N (X, P) = (Xm — iPm)(XnQ—l— iP,) — 5mn/2¢’ (3.23b)
where .
¢ =205+ exp{ =) (X + P,%L)} (3.24)
m=1

is a conserved quantity.
In fact, EOMs of fully linearized methods Eq. (B.11)), (B.14)), (B.19), (B.16]) can be derived
from the classical EOMs of mapping Hamiltonian obtained from Eq. (3.9),

%+U()+V()—>—+U +van Yw (X, P), (3.25)
The zero-point energy term —5’"7” in the mapping Eq. (B.23d) does not appear explicitly in
Eq. (B.23) since we spilt the nuclei-electrons coupling term to traceless part V(ﬁc) and state-
independent part U (). In the other mapping approaches, the mapping relation Eq. (.234)
can be modified as
(X — 1P) (X +iPy) — Yomn
5 ;
where v is the ZPE parameter. We will discuss more on it in the Spin-LSC method of this

(&In&n)W(Xa P) =

(3.26)

subsection, the last subsection of this section, as well as the next chapter.

Both PBME [b3] and LSC-IVR [64] use (| R) (R|)w as the initial electronic phase space.
The major difference between the two methods is in the mapping procedure of observables.
PBME maps the electronic observable onto pure creation—annihilation terms, which yields

(for a traceless observable O)
1 1
MN=——(X?+P>— = 3.27
fPBME( ) 2(27T>S< r + r 2)¢7 ( )

while LSC-IVR maps the observables onto a creation—annihilation term projected onto the
SEO subspace, which yields an effective sampling (for a traceless observable O)
1 1

frsc—vr(D) = W(Xf + P? - §)¢2- (3.28)

One major problem of LSC-IVR and PBME is the zero-point energy (ZPE) leakage, which
arises from the fact that the ZPE can flow between different electronic states, and causes the

time dependent electron phase space to no longer be the SEO subspace.
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Modified LSC

In recent years, mLSC methods [b2, 3] have been developed to improve the accuracy of
MMST mappings. The basic idea of mLSC methods is to separate the initial state into

identity and traceless parts,

r) (r| = %(f+Qr), (3.29)
Q. =Sr)(r|—T=(5—-1) Z\m : (3.30)
m#r

and calculate their contribution to the expectation value separately,

Tr{pnu(:@feim@e_mt}qz (2711_)8/d$0dedF0Wnuc($07p0)¢ Tr{ (Xt,Pt)O}
(3.31)
Te{ e © Que 01y~ s [ dnodondlo W o )
o 2n)s
X Tr{f{(Xo, PO)Q,,} Tr{f((Xt, B)O} , (3.32)

where a, b = 1, 2. The different a, b combinations give different mLSC/¢®@® methods [R23].
In this sense, mLSC methods are also called traceless MMST methods. For completeness,
we list the explicit form of f(I") for mLSC/¢%¢°,

¢b

S
Junscyenen (1) = < G )S{qsa ISP+ P = (X, + P2} (3.33)

Spin-LSC

The spin-LSC based on SW representation uses the initial electronic phase space, which is
a more “natural” phase space for electronic DOFs, instead of the phase space of the SU(S)
Schwinger bosons. For this reason, the ZPE-leakage problem is much more mitigated. There
are three different common SW representations [79,B0], Glauber-P representation, Husimi-
Q representation, and Wigner-W representation. Spin-LSC based on Wigner-W representa-
tion is the most robust and accurate one [79,80]. Thus, we only consider Spin-LSC based
on Wigner-W representation, and unless we specify otherwise mean the Wigner-W repre-
sentation when we mention SW representation.

The SW representation in Cartesian variables for the spin system is

Tr{Bé} - / dXdPprn(X, P) Tr{WSCS(X, P)B} Tr{WSCS(X, P)O}, (3.34)

where B and C are arbitrary electronic operators, and Tr{ Wees(X, P)B } and TI{WSCS (X, P) C }
are their SW transformations. The definitions of the full sampling integration weight pg (X, P)
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and the SW transformation kernel WSCS(X , P) are

| S
pra(X, P) = TR (S(X2 4 B2) - B2,
m=1

Wees(X, P) i= K(X,P) = 7. (3.35)
where the sampling radius and ZPE parameter [[79,B0] are
R*=2VS+1, (3.36)
R?—2 2/S+1-2
e (3.37)

which are level-dependent. We use the subscript “scs” since WSCS(X , P) has a close connec-
tion to the spin coherent state [[77,[7§]. One can use the kernel and full sampling integration

weight to express the “closure relation” and arbitrary electronic operator

= / dXdPpsn(X, P)Wes(X, P), (3.38)

B= / dX AP pg(X, P)Wee(X, P) Tr{WSCS(X, P)B} : (3.39)

The similarity between Eq. (3.34) and Eq. (B.3)) suggests that Tr{WSCS(X ,P)|r) <r|}
can be regarded as a phase space distribution of initial state |r) (r|. For this reason, the full

sampling Spin-LSC method approximates the initial phase space distribution as the product

of the full sampling integration weight times the SW transformation of |r) (r|, which yields
1
fspin—rsc ran (L) = §(X3 + P> — ) pran(X, P) . (3.40)

One of the advantage of the spin-LSC is that the identity operator and traceless operators

are treated uniformly. One can check that momentum EOM in Eq. (B.11]) is equivalent with

PN { OV () + Uw))

Vool X, P 41
0xt Wscs( t t)}a (3 )

however, one cannot absorb the U(z;) into the trace in PBME and LSC-IVR methods. The
reduced and level-dependent ZPE parameter and uniform treatment of identity and traceless
operators are the main features of the spin phase space, which are tremendously different
from mapping harmonic oscillators.

There exists another initial sampling strategy that can also express the trace of two

electronic operators, “closure relation” and arbitrary electronic operator, named focus sam-
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pling [77-Bd],

pM(X, P) = —Sd(X;+P%—v—2> [T ox2+pP2—~). (3.42)

n#m

Tr{Bé} - Z / dXdPpl™ (X, P) Tr{WSCS(X, P)B} Tr{VT/SCS(X, P)é}, (3.43)

=% / dXdPp{™ (X, P)Wyes(X, P) (3.44)
B = Z/dXdegc(X7 P)Wscs(Xa P) TY{WSCS(X, P)B} (345)

The focus sampling Spin-LSC also samples the initial electronic phase space variables
on several circles of the same hypersphere surface as full sampling, rather than the entire

hypersphere surface, which gives

fspin—LsC,foc(I') = /)EZZ(X, P). (3.46)

3.2.2 Partially linearized methods

In the partially linearized methods, the initial electronic phase space sampling is achieved
by inserting the “closure relation” of either coherent state [67, 64] (Eq. (B.52)) for PLDM)
or spin coherent state [77, 78] (Eq. (8.38B.44) for Spin-PLDM) between pe1(0) and for-
ward/backward propagator e tHt / eiflt, Therefore, two sets of electronic phase space vari-
ables I' = (X, P, X', P') are required. We suppose that (X,, P,) is used to represent the
forward propagator and (X7, P/) is used to represent the backward propagator. The for-
ward and backward propagator in each single phase space trajectory are approximated as
W (Xo, Py, t) and W1(X}, P}, ), and they satisfy the following initial conditions and EOM,

. ) I
W (Xo, Po,0) = K (Xo, Po) = 5.
d . .
EW(X(M Py, t) = =iV (x) W(Xo, Py, ), (3.47)

and analogously for W(X/, P}, t) by taking the hermitian conjugate and replacing X, P,
by X{, Pj. Here, v is the zero-point energy (ZPE) parameter and differs in PLDM and
Spin-PLDM. Furthermore, each set of electronic phase space variables has the same form
of EOMs as the fully linearized scenario, i.e., Egs. (B.13) and (B.16).

The nuclear DOF moves along the mean force of forward and backward electronic phase

space variables, which leads to

K(X,,P) + K(X[, P})

Fp(rt) = 9

(3.48)
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The expectation value of a traceless operator O reads as

(O))m = / dazodpodTy W (0, po) (X0, Py)

(3.49)
X (X}, B Tr{W(Xg, Py, t)pa(0) W (X, Pg,t)()} ,

where h(Xo, Fy) and h(X{, P}) are method-dependent sampling weights that appear in the
“closure relations.”, which will be presented lately in this subsection. Fully linearized ap-
proaches can be regarded as approximations of partially linearized approaches [[7,78,234].
Usually, the partially linearized approaches provide more accurate results than the fully lin-

earized approaches.

PLDM

PLDM and PBME treat the initial electron density matrix and observable in the same fash-
ion, i.e., mapping the initial electron density matrix and observable onto the excited state
of fictitious harmonic oscillators and the pure creation—annihilation operator, respectively.
In PLDM [b7,69], the inserted identity is the “closure relation” of the coherent state of the

harmonic oscillators. The “closure relation” and related properties of the coherent states are

exp{ — Yno X2+ P2) }

(X, P) = Ok , (3.50)
We(X,P) = K(X,P), (3.51)
I= / dXdPO(X, P)W(X, P), (3.52)

0= / dXdP®(X, P)W Tr{WCS(X, P)O}, (3.53)

which corresponds to the zero ZPE parameter of Eq. (8.47). Therefore, the initial sampling
of PLDM is given by

herom(Xo, Po) = (X, P). (3.54)

Spin-PLDM

The relation between spin-PLDM and spin-LSC is similar to the relation between PLDM
and PBME. Therefore, spin-PLDM [[7,7§] inserts the “closure relation” based on the SW
transformation kernel Eq. (8.38,8.44)), which yields
hspin—pLoM s (X0, Po) = pran(Xo, Fo) (3.55)
Rspin—PL.DM,foc (X0, Po) = prm) X,P). (3.56)

The two versions of “closure relation” give the full samphng Spin-PLDM and focus sam-

pling Spin-PLDM, respectively. The sampling radius and ZPE parameter are identical to

Eq. (3.34B.37).



Linearized Semiclassical Method for Nuclear Dynamics in Multi-PES 61

3.2.3 Symmetrical quasi-classical windowing

SQC windowing method uses the angle-action phase space [B3,57, 73, 197, R27], and the
transformation between angle-action variables ny, ¢, and position-momentum variables Py,

X} 1s given by

X2 P2 _
nk:—k+2k T (3.57)
P
o = — tan™! 712 (3.58)

P, = —+/2n; + vysin gy, (3.59)
X = /2ny + ycos g, (3.60)

where ~ is the ZPE parameter, and the EOMs of position-momentum variables in SQC
windowing are identical to them in fully linearized methods Eq. (B.14p.13). We point out
that the ZPE parameter of SQC windowing in this thesis is different from its definition in
the references by an additional factor 1/2 for matching the ZPE parameter definitions of
fully linearized and partially linearized methods. The initial action-angle phase space can
be expressed as

Wi (n, ) = d(n, — 1) [ 6(ns) (3.61)

k#r
In fact, Eq. (8.61]) with v = 0 is the phase space of the Ehrenfest method. For other fully

linearized methods using angle-action phase space, 7 is usually chosen as 0 < v < 1 to
mitigate the ZPE-leakage problem [, [73]. The ZPE parameter can even be chosen as
negative values in constrained phase space methods [237].

Unlike fully linearized methods with action-angle phase space using delta functions,
the idea of SQC windowing is replacing delta function in Eq. (3.61]) by “pre-limit” delta
functions, 1.e., the quasi-classical “window” functions centered about the appropriate values
of the action variables. The first proposed window function [53,57] is the histogram function,

which is given by choosing “pre-limit” delta function w(x),

1
5(z) — ;w(% —|a]), (3.62)
where
0, x<0,
w(z) = (3.63)
1, >0,

and the ZPE-parameter in n; of the arguments of w function is selected as O for all [ =
1,2,---,S5. Hence, the ZPE-parameter only determines the width of the window, rather
than the center. The SQC windowing phase space distribution of the histogram window can
be expressed as

r L gl
wwais( ) = sy = Ine =1 ] Jw(G = Il (3.64)
k#r
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The raw transition probability from |r) to |k) in SQC windowing can be approximated as
_ 1
Py (t) = (275 / dizodpodnodiooWae (20, Do) Wi wis (110, 00) Wk 1is (1, 1), (3.65)
and the transition probability is obtained by renormalizing them

Py (t) = Py ( /Z Py (3.66)

SQC windowing can also be used in off-diagonal elements calculations [R2d]. The

Wigner transformation of | k) (I| in the action-angle way can be expressed as
. 1 1
kl _ ilpr—wp1) _ - - )
‘7 )

and the histogram window function is given by

1 oo ¥ 1
Waanis(ns ) = g™ u(o — [ = Sw (——I z——\ Hw = Inl). (3.68)

Y 2 Gkl
The time dependent evaluation can be approximated as

1
(2m)°
Eq. (B.64) and Eq. (8.63) suggest that the ZPE parameter does have an impact on the ini-

<|k> <l| <t>> ~ /dwUdeand(pOWnuC(xmpO)Wga,llis(n07 QDO)Wfa{,his(nt? SDt) : (369)

tial sampling and observable evaluations in SQC windowing, although it does not have an
effect on the EOMs when we separate the Hamiltonian operator as state-dependent part and
traceless part. We stress that the windowing function and ZPE parameter choices are empir-
ical, and highly rely on the numerical benchmarks on typical models. One of the successful
choice is the histogram window with v = v/3 — 1 (also known as the standard histogram
window) since it is nearly optimal in various models. For the weak coupling between nu-
clei and electrons scenario, the standard triangle window function [23§] is more often used.
The SQC windowing phase space distribution of the triangle window for diagonal and off-

diagonal operators of a two-level system are given by

Wi ) = 20(m + 3 = Dw(ng + Dw(2 =7 = m = na). (3.70)

12 i(p1—p2) v o1 v 1
Waai(n, ) = 2¢ wing + 5 = Hlwlng + o = HJwZ =y —n1 —ng),  B.71)
where the ZPE parameter is chosen as y = 3, and W72, ;(n, ) as well as W2 (n, @) can

be obtained by swapping ny, 1 and ns, po. The standard triangle window function has been
generalized to higher-level systems, for the details, see Ref. [R27].

So far we have reviewed fully and partially linearized methods as well as SQC window-
ing. In the next section, we will do the detailed short-time accuracy analysis for fully and

partially linearized methods.
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3.3 Intra-electron Correlation and Short-time Accuracy

As we have shown above, fully and partially linearized methods have similar EOMs of
nuclear and mapping variables. In the following, we will further rewrite fully and partially
linearized methods in a unified expression. With the help of such a re-formulation, we will

establish a rigorous connection between short-time accuracy and intra-electron correlation.

3.3.1 Unified expression of linearized phase space methods

N

The expectation value (O(t)), of the fully and partially linearized methods can be expressed
through the following unified form

(Ot = [ drodpnWons(zo,po) (Tr{F(T0, 10 })
(3.72)

= / deodpngoWnuC(Zlfg,pg)f(Fo) Tl"{j(ro, t)é} s

where J(Ty,t) and f(T'y) are method-dependent and initial state-dependent quantities, and
the double angle bracket means the integration over the weight factor f(I'g). For the fully

linearized approaches,

f(Lo) = Wa(Xo, R) , (3.73)

J(Fo,O) = K(Xo,Po), (374)
while for the partially linearized approaches,

J(To,0) = W(Xo, Py, 0)pa(0)W' (X}, Py, 0). (3.76)

The EOM of J(T'y, t) in Eq. (8.723) and F' in Eq. (B.12)) are unified

%jwo, B = i[J(To, 1), V()] (3.77)

— () = i[F(0), V(20)] (3.78)

3.3.2 Definition of the intra-electron correlation

With the help of the unified form Eq. (B.73), it becomes apparent that the first as well as

~ A

second time derivatives of (O(t)),, and (O(t)) at ¢ = 0 coincide. The difference between
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the third time derivatives at t = 0 is (the individual expressions are reported in Appendix)

R 4> - 1, OV (@0),0V (F0) | OV (%) 4 OV (d0)
5 OO)ulico = (00 im0 = iz (10, =5 E) =000 1 SE00, Zsy
, . LAV OV (o) 1
i f dxodpownm(xo,po)<<Tr{J<ro,o>[0, 852%}%{ a;j°)F<ro>}E>>.
(3.79)
After integrating out the nuclear DOF, the vanishing of Eq. (B.79) requires
0,05 + 0,0 . . A
Tr{rg(@%} = (e{ (10,0001 } Tr{ F(T)0, }). (3.80)

where O; and O, are two arbitrary traceless electron operators, or equivalently, they are
arbitrary generalized Gell-Mann matrices [239]. Thus, Eq. (8.80) is the definition of the
methods with correct intra-electron correlation sampling, which generically have a higher
short-time accuracy than the methods with wrong intra-electron correlations. We stress that
the O(t3)/O(t*) accuracy for the methods with/without correct intra-electron correlations
can be improved when the Hamiltonian H and evaluation observable O have specific forms.
Detailed discussions can be found in the Sec. 3.3.4.

The intra-electron correlation can be written more explicitly, for the fully linearized

methods,

Tr{Pel(O)f} = (Te{ K(Xo, )01} To{ K (X0, )02 }),  (381)
and for the partially linearized methods,

0,05 + 0,0
Tr{pel(O)%}

— (T I (o, Pa,0)pal0)1F1 (X5, P4, 000, Tr{

K(XOaPO) —|—K(X6,P6) A
! 02}».

(3.82)

The intra-electron correlation for the fully linearized methods considered in this chapter is
identical to its original definition [#8,P3]. However, modifications are required for the par-
tially linearized methods. Interestingly, the definition of intra-electron correlation for the

partially linearized methods looks asymmetric. In fact, such asymmetry represents the dif-
K (Xo,Po)+K(X4,Ph) 02}
2

ferent roles of O; and Os in the partially linearized methods. The term Tr{
represents the back-action force and Tr { W (Xo, Py, 0)pa(0)W (X}, Py, 010 } represents

the observable evaluations. As a comparison, the back-action force representations and the
observable evaluations for the fully linearized methods considered in this chapter are sym-

metrical.



Intra-electron Correlation and Short-time Accuracy 65

3.3.3 Classification of linearized phase space methods

Before moving to the detailed discussions on the short-time accuracy, we briefly give the
classification of fully linearized and partially linearized methods. Those methods can be
classified into three categories according to the intra-electron correlation, namely, wrong
intra-electron correlation, correct intra-electron correlation only for 2-level systems, and
correct intra-electron correlation. Three traditional methods, Ehrenfest, PBME, and LSC-
IVR fall into the first category. mLSC/¢'¢?, mLSC/¢*¢?, full spin-LSC, and focus spin-
LSC fall into the second category. mLSC/¢p!¢!, mLSC/$?¢?, full spin-PLDM, focus spin-
PLMD, and PLDM fall into the third category. Readers who are interested in the proof of

the respective classifications or explicit violation examples can check the next section.

3.3.4 Short-time analysis for general Hamiltonians

From this subsection to the end of this section, we further investigate the connection be-
tween intra-electron correlation and the short-time accuracy of population dynamics for a
selection of chemical motivated models. In particular, this allows us to explain the order
of short-time accuracy that has been observed in previous numerical benchmarks. The cor-
rect intra-electron correlations can improve the short-time accuracy of population dynamics
from O(t?) to O(t?) for a general Hamiltonian with both real and imaginary off-diagonal
matrix elements, from O(3) to O(t*) for the atom-in-cavity models, and from O(¢°) to
O(t°) for spin-boson models. However, the correct intra-electron correlation cannot im-
prove the short-time accuracy for scattering models, as methods with correct and wrong
intra-electron correlations are both accurate up to O(t3).

We choose O; and O, as two generalized Gell-Mann matrices. The generalized Gell-
Mann matrices AM can be divided into three classes [#8,p3], the diagonal class Ap, the real

off-diagonal class Ag, and the imaginary off-diagonal class Ay

(Im) (n|+ |n) (m|) € Ag for 1<p<S(S—1)/2, 1<n<m<S§,

Sl

(|n) (m| — m) (n]) € Ay

o)~
)

A, = for S(S—l)/2<,u§S(S—1), 1<n<m<S,
+1)(m+1)) €A

for S(S—1)<,u§82—1, 1<m<S.

(3.83)

With the help of the classification of generalized Gell-Mann matrices, the commutation
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relations have the following properties

[

[

[Ag, Ag] = Ay (3.84)
[

[

where [AR, AI] = Ag + Ap means that the commutator between an operator spanned by Ag

and an operator spanned by Ay is spanned by Ap and Ag.

We always choose O € Ap because it is connected with the population dynamics. Be-
cause of symmetry, when O, and O, belong to different classes of generalized Gell-Mann
matrices, Eq. (B.8()) always holds (Lh.s. = r.h.s. = 0) for fully and partially linearized meth-
ods. Similarly, Eq. (.80) also holds (Lh.s. = r.h.s. = 0) when O #* O,, and Oy, O, belong
to AR or AI simultaneously.

In the usual chemical motivated models, V and thus %ﬁo) are spanned by AD and AR,
and hence [O, %ﬂi‘))] is spanned by Ay. Therefore, Eq, (.79) equals to zero and all the
considered methods are accurate up to O(t?) in these scenarios. However, there do exist
certain cases in which V is spanned by all three types of generalized Gell-Mann matrices,
for instance, systems with light induced conical intersections [240, R41]] and systems with
magnetic forces [R42-244]. In these cases, the methods with correct intra-electron correla-

tion have higher short-time accuracy than the wrong one.

3.3.5 Short-time analysis for scattering models

In this subsection, we consider the most common V/ spanned by Ap and Ag. In order to see

the role of intra-electron correlation, the fourth order time derivative of (O(t))n, — (O(t)),

and the time derivative of F'(I';, z;) are required,

Lo, w) = iTr{F(Ft)[av(xt) , f/(g;t)]} - Tr{ V(@) ﬁﬁ(rt)} . (3.89)

or? m
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— (5 100), =l VO = (51 e V(0)][0(0), 95 ) (3.86)

Zo

+ [0, V12 Tr{ﬁ<ro>[agf§°) , V(wo)]}}}» ,

where we already ignored the trivial canceling terms at ¢ = 0, such as the expectation of sin-

gle electronic operator and intra-electron correlation terms for 01, Og spanned by different

generalized Gell-Mann matrices classes. The explicit time derivative expressions of (O(t))
and (O(t))y, are listed in the Appendix. The notation V' (0) = V(¢ = 0) is equivalent to
V (io). The additional term — [[O(O), 828‘;%0)], 828‘%0)] in the first line of Eq. (B.84) tells

us that the correct intra-electron correlation cannot improve the short-time accuracy. This

phenomenon has already been observed in the short-time population dynamics of Tully’s

models in Ref. [223).

3.3.6 Short-time analysis for cavity-modified molecular dynamics

Unlike the scattering models, atom-in-cavity models [R7] have vanishing 828‘;(2@, which
means the methods with correct intra-electron correlation are accurate up to at least O (%),
while the methods with wrong intra-electron correlation are only accurate up to O(¢3). This
corollary is confirmed in Ref. [R7], in which Saller et al. reported that mLSC methods have
tremendous improvement over Ehrenfest, PBME, and LSC-IVR. Specifically, mLSC/¢' ¢
(correct intra-electron correlation) outperforms mLSC/¢?$? and mLSC/¢'¢? (wrong intra-
electron correlation) in the three-level systems. We also expect that similar phenomena can

02V (&)
032 *

be observed in the LVC models, which also have vanishing

3.3.7 Short-time analysis for spin-boson models

For simplicity, we consider one 1d boson bath in this subsection. The generalization to multi-
dimensional multi-bosons bath is straightforward. For the spin-boson models [[192,[193],
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v i
55 1s a diagonal

position-independent operator. The above conditions give the following relations

U(&) is a quadratic polynomial of Z. V(&) depends on Z linearly, and

St _
o0, 2 =0,
0 ‘A/(t)ZO, m>1, (3.87)
oz
J [A]@)—O, m > 2
oz}

These specific properties make the higher order derivative of (O(t)) and (O(t)),, sim-
plified drastically. The fourth order and fifth order time derivatives of (O(t)) and (O(t))
at ¢ = 0 coincide, and the difference of the sixth time derivative vanishes when the method
can capture the correct intra-electron correlations. For the explicit time derivatives, see the
Appendix. Therefore, the methods with correct intra-elecron correlations are accurate up to
atleast O(t°) for the population dynamics of the spin-boson models, while the methods with
wrong intra-electron correlations are only accurate up to O(¢°). This conclusion is not lim-
ited to spin-boson models. The time scale analysis also works on the site-excitation models
which have the property Eq. (B.87), for instance, FMO model [b2, 63,77, 79, Bd, 243, R4d]
and Frenkel biexciton model [R23,P43]. Our theoretical analyses in this subsection give
an explanation to the previous numerical observations [62, 63,77, 9, Bd] that FMO mod-
els, i.e., Spin-PLDM, PLDM, and mLSC/¢'¢! sampling, give better short-time results than

Ehrenfest, PBME, LSC-IVR, Spin-LSC, and mLSC/¢?¢?.

3.4 Proof of classifications of linearized phase space meth-

ods

In this section, we report the proof of the classification of intra-electron correlations for fully
and partially linearized methods presented in the previous section. The readers who are not

interested in the proof can skip this section.

3.4.1 Ehrenfest method, PBME and LSC-IVR

Neither of Ehrenfest nor PBME or LSC-IVR is able to correctly sample the intra-electron
correlation, even for a two-level system. As an explicit violation example, consider O, =
Oy = [1) (2] + |2) (1]. Then,

) =1, (3.88)
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while
(Ted K (X0, Po)O1 b Tr{ K (X0, Po)Os | sentess = 0.
) . 1
<<TT{K(X0,P0)01}TT{ (Xo, P0)O2 }»LSC IVR = 5
(T K(XO,PO)Ol}Tr K(XO,PO)OQ}>>PBME g (3.89)
3.4.2 mLSC

For mLSC methods, it is insightful to examine the intra-electron correlation for the identity
operator and traceless operator separately. For the identity operator, both a = 1, 2 samplings
hold the intra-electron correlation

TI‘{ Ol OQ } ==

@%)/droqsaffr{ (XO,PO)OI} {K(XO,PO)OQ}. (3.90)

In order to prove this relation, we need the following Wigner transformation

Zolmn w(Xo, Po) = Tr{ O\ K (Xo, Fy) }
Z((smM5nNoLmn M) (NDw(Xo, By) = Te{ O K (Xo, R) fo,  (3.91)

and the expectation identity relation between electronic system and the fictitious harmonic

oscillator system

TF{O102} /dro Z O1.mn( Yw (Xo, Fo) Z(5kK5zL02,kl |K') (L|)w(Xo, Po)
Kl
= dlo Y (0mar0nnOr g | M) (N|)w (Xo, Fo) Z(5kK5lL02,kl |K) (L|)w(Xo, Fp) -

m,n k,l

(3.92)

Combining Eqs. (8.3), (3.91]), and (B.92)), Eq. (B.90) can be obtained immediately.

For the traceless operator, only the approach with b = 1 can faithfully sample the intra-

electron correlation for systems with arbitrary S,
0,05+ 0,0 1 )
T ——— b =—7 [ dT
X Tr{f((Xo, PO)QT} Tr{f((Xo, Po)Ol} Tr{f((Xo, PO)OQ} . (3.93)

The proof of Eq. (8.93) is quite similar to the proof of the intra-electron correlation for the
identity operator Eq. (8.90). The Wigner transformation and the expectation identity relation
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between electronic system and the fictitious harmonic oscillator system we need additionally

are

m,n,k,l

= Te{ 01K (Xo, ) | Tr{ 0K (X0, o)} - {00 (3.94)

4 Y

0105 + 0,0 1
Tr{ 0.0 2—; s z}: o / dFO;an(éuU&Jﬂw (V) (Xo. Py)

O mnO af AnATA il ol An

m,n,k,l

Combining Eqgs. (B.3), (3.91)), (B.94), and (B.93), Eq. (B.93) can also be obtained immedi-
ately.

We also give an explicit violation example to show how the approach with b = 2 fails
to sample the intra-electron correlation for a traceless operator in a S-level system, where
S > 2. Consider Oy = Oy = |2) (3| +|3) (2|. Then,

TI{QT@@_;@Q@I} .,

while

S
1
(27r)5/dXdP [S(XT+ PP =) (Xp + P)6*(XoXs + PoP3)* = 1. (3.96)

We stress that the b = 2 approach for traceless operator samples the intra-electron cor-
relation perfectly for two-level system. For two level system, the traceless operators O, and

Og can only take the form

Ol = 51,202 + S1,y0y + 51,20z,

Oy = 59204 + S2,40y + 5220 (3.97)

where all the coefficients of Pauli matrices are complex numbers. Using the algebra of the
Pauli matrices and performing the integral in Eq. (8.93), one can immediately obtain
T{QM} “o,
2
1
(2m)%

which means ¢? approach for the traceless operator can sample the intra-electron correlation

/dr0¢2 Tr{ (Xo, Po)O, }Tr{K(XO,PO)Ol}Tr{k(XO,PO)OQ} —0, (3.98)

faithfully for 2-level systems.
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3.4.3 Spin-LSC

In general, Spin-LSC cannot sample the intra-electron correlation correctly except for the
two-level systems. Here, we list an explicit example with wrong intra-electron correlation

for any S > 2 systems. Considering O; = Oy = |2) (3| + |3) (2|, one has

) =0,

(Tr{ 01K (X, Py) }Tr{ K(Xo, Fo) }»Spin—LSC(full)

R* R? 2V/S+1 2
VETi-1
A(S + ﬂ5+2 V=515 ~gvs+i-1,

) =
<<TI‘ O Xo, Po } Tr 02 XOa PO }»Spin—LSC(focus)
7 S+2-2V/S+1
2

—9 = . (3.99)

The proof of correct intra-electron correlation for spin-LSC is similar to the proof for

traceless ¢? approach. It is straightforward to verify that

Tl"{ |T> <T| —} = 81,2922 + S1,yS2.y + 51,252,z

/dFO (X7 + P? — 7)pran(X, P) TT{K(XO, PO)OI} TT{K(XO, PO)OQ}

= S1,252,¢ T S1,yS2,y T 51,2522 5

/dropgl(x, P)Te{ K(Xo, Po)O } Te{ K (Xo, )O: }

= S12524 + S1,yS2y + 512522, (3.100)

where O; and O, are identical to Eq. (3.97). Therefore, both full sampling and focus sam-

pling can successfully capture the intra-electron correlation for 2-level systems.

3.4.4 Spin-PLDM and PLDM

The proof of Spin-PLDM full sampling, Spin-PLDM focus sampling, and PLDM satisfy-

ing the intra-electron correlation is straightforward. Using the property of “closure relation”

Eq. (B:38/8.44/B.57) and the operator expression via Wi (X, P)/Wes(X, P) Eq. (B:39B.43B.53)
in the right-hand side of Eq. (3.83), we can immediately obtain the left-hand side of Eq. (B.82).

3.5 Conclusions

In this chapter, we have generalized the concept of intra-electron correlation, which has first

been introduced in the context of the GDTWA [#8,P3], to various mapping approaches. We
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have established rigorous connections between short-time accuracy and intra-electron corre-
lation for various models. The correct intra-electron correlation can improve the short-time
accuracy for Hamiltonians with both real and imaginary matrix elements, atom-in-cavity
models, and spin-boson models, while it cannot for scattering models. We analytically prove
that the Ehrenfest method, LSC-IVR, and PBME fail to correctly sample the intra-electron
correlation even for two-level systems. Spin-PLDM, PLDM, traceless MMST with both
¢ and ¢* sampling for initial identity operator, and traceless MMST with ¢? sampling for
initial traceless operators can sample the intra-electron correlation faithfully for arbitrary
S-level systems. While traceless MMST with ¢ sampling for initial traceless operators and
Spin-LSC successfully sample the intra-electron correlation for two-level systems, they can-
not sample the intra-electron correlation for S-level systems with .S > 2.

Our theoretical analyses give explanations for various previous numerical observations
[27,62,63,77,79,80,223] and they may provide a guideline for the development of future
mapping approaches with increased accuracy. They also suggest that the benchmark re-
sults in Ref. [R23] on the two-level systems, which showed that mLSC/¢'¢', mLSC/¢! ¢2,
and mLSC/¢?¢?* have similar accuracy, might be difficult to generalize to higher level sys-
tems. According to our analysis, mLSC/¢'¢! and mLSC/¢?¢! should be more accurate than
mLSC/¢!'¢? and mLSC/¢?¢? for higher-level systems in the short-time dynamics. Finally,
we stress that the intra-electron correlation is only a measure for the accuracy of short-time
dynamics, and methods that violate intra-electron correlations can outperform methods with
correct intra-electron correlations in simulations of the long-time behavior. For instance,
Spin-LSC, which incorrectly samples intra-electron correlations, has the best long-time ac-

curacy among the methods considered in this chapter on FMO models [, 9]



Chapter 4

Generalized discrete truncated Wigner
approximation for nonadiabatic

dynamics

This chapter is based on the work “Generalized Discrete Truncated Wigner Approximation
for Nonadiabatic Quantum-Classical Dynamics”, The Journal of Chemical Physics 155 (2),
024111, and “Generalized Discrete Truncated Wigner Approximation for Nonadiabatic Dy-
namics of Particles in Synthetic Non-Abelian Gauge Fields”, submitted to PRA, in revision.

In the last chapter, we reviewed the framework of mapping approaches, and several suc-
cessful methods to mitigate the ZPE-leakage problem, including splitting the initial state
to traceless and identity parts, continuous spin phase space, and using the reduced ZPE
parameter. In this chapter, we will introduce a linearized semiclassical method, the gener-
alized discrete truncated Wigner approximation (GDTWA) [B7, #8, 52,031, which is well-
established in the context of quantum spin lattice systems, into the arena of chemical nona-
diabatic systems. GDTWA samples the initial electron DOFs in the Wootters’ discrete spin
phase space with correct intra-electron correlations. Physically, the discreteness of Woot-
ters’ phase space is motivated by the discreteness of possible measurement results for spin
degrees of freedom. GDTWA can capture the revivals and entanglement dynamics in quan-
tum spin lattice systems up to an astoundingly long time [F7]. Motivated by trapped-ion
experiments, it has also been shown that DTWA is applicable to spin-boson models under
the rotating wave approximation [B2]. We will present the detailed theoretical analysis and
numerical benchmarks of GDTWA for typical relevant chemical systems, for instance, the
nuclei in scattering potentials [R47], and one spin coupled to few nuclei with non-trivial
conical intersection []].

Our theoretical analysis shows that such discrete initial sampling can account for an

effective reduced ZPE without an explicit ZPE parameter, and for two effective electronic
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states in each single simulation trajectory [P3]. For this reason, GDTWA can be regarded as
a fully-partially hybrid method. As numerical benchmarks on two Linear Vibronic Coupling
models and Tully’s models show, GDTWA has a satisfactory accuracy in a wide parameter
regime, independently of whether the dynamics is dominated by relaxation or by coherent
interactions. It achieves an accuracy at least as good as existing state-of-the-art mapping
approaches, and outperforms them in some of the selected applications in this chapter. Our
results suggest that the discrete phase space used in GDTWA is tailor-made to treat the
discrete space of electronic states in molecules, and the method can be very adequate to

treat challenging nonadiabatic dynamics problems in chemistry and related fields.

We also develops two new GDTWA for particles in the gauge vector potentials (GDTWA
approach I and approach II), which has a close relation to the non-adiabatic on-the-fly sim-
ulations in the adiabatic representations when the gauge curvature is zero, for details, see
Sec. 2.1.2. We use the terminology diabatic Hamiltonian for systems with vanishing gauge
curvature and zero gauge vector potentials because of this connection. When the gauge cur-
vature is not zero, a large variety of intriguing phenomena, such as spin Hall effect, conical
intersections, Zitterbewegung, and more, have close connections with non-Abelian gauge
fields [222,248,249)], which can be implemented in LVC models, for details, see Sec. 2.4.4.
Other experimental platforms realizing particle in the gauge vector potentials include cold
atoms, trapped ions, and so on. [[[02,222]]. The dynamics of particles in the gauge vector
potentials face the same problem as nonadiabatic quantum dynamics, i.e., the computational
efforts grow exponentially with the system sizes. Therefore, linearized semiclassical meth-
ods are also useful tools for their large system sizes simulations. The theoretical analysis and
numerical benchmarks show that the Approach I, based on canonical momentum, is simi-
lar to the ordinary GDTWA and more suitable for particles in synthetic non-Abelian gauge
fields, while approach II, based on kinematic momentum, is more suitable for on-the-fly

simulations.

This chapter is organized as follows. Sec. 4.1 and 4.2 present GDTWA and gDTWA,
respectively. Sec. 4.1 contains two subsections. In Sec. 4.1.1, we present the theoretical
analysis of GDTWA, including the original formalism, an equivalent rewriting in the unified
expression proposed in the last chapter, ZPE analysis, and comparison with other mapping
approaches. In Sec. 4.1.2, we present numerical benchmark results on Tully’s model I and
II, as well as two LVC models. Sec. 4.2 also contains two subsections. In Sec. 4.2.1, we
present the derivation of Approach I and Approach II as well as the theoretical analysis of
favorable applications of two approaches. In Sec. 4.2.2, we present numerical benchmark
results on a neutral ultracold atom in an optical lattice, LVC model as a synthetic gauge field

theory, and on-the-fly simulations of LVC models. Sec. 4.3 contains our conclusions.
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4.1 Generalized Discrete Truncated Wigner Approxima-
tion

In this section, we will present the theoretical analysis as well as numerical benchmarks of
GDTWA.

4.1.1 Theory

In this subsection, We first give the original form of the GDTWA. We then derive an equiv-
alent form in analogous form to traditional mapping methods, which is exactly identical to
the unified expression established in the last chapter. This pedagogical rewriting allows us
not only to implement the simulations with a lower computational cost, it also permits us
to reveal special advantages of GDTWA, including the effective non-zero reduced ZPE and
the mitigation of physical space leakage. We also present the comparisons with fully and

partially linearzied methods.

Basics of GDTWA

Identical to the last chapter, we also consider the non-adiabatic Hamiltonian Eq. (B.9) de-
scribing S electronic states, |1),]2),--- ,|S), coupled to a nuclear DOF (the generalization
to several nuclear DOFs is straightforward). In this section, we focus on initial product
states of the form p(0) = pyuc(0) @ pa(0).

The density matrix of the electronic DOFs and the nuclei-electron interaction V(i) are
matrices with D = S x S elements. We can define D Hermitian operators _/A\“, using the
Generalized Gell-Mann Matrices for SU(S) Eq. (B.83) and the identity matrix Ap = \/igi as
a complete basis for the electron DOF. Such basis elements are orthonormal, tr A, A, = d,,,

with the commutation relation [./A\u, A,,] =1 fw,gf\g, where f,,¢ are the structure constants,

~

ifuve = tr(Ae[A,, AL)) (4.1)

and the Einstein notation has been used. We are going to use these basis elements to derive
a semiclassical description.

Any operator Oel acting on the electron DOF can be expanded as > i cM/A\M with ¢, =
tr O\, Then, the Hamiltonian in Eq. (B.9) can be expressed as

~2
ji- é’—m\/EAD + Vo (@)A,, 4.2)

with V,, (&) = tr V(#)A,, for 0 < yu < D, and V(&) = v/SU(&). The Heisenberg EOMs of
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the operators are
-%t = ﬁt/m )
P =—0:, V(@) A1), (4.3)
Au@) = quEVV(ft)[\E(w :

As in the usual fully linearized methods, GDTWA approximates the observables as sta-
tistical averages over trajectories of the phase space variables whose equations of motion
are classical and formally identical to the quantum Heisenberg EOMs. Define z;, p;, and
A (t) as the time dependent classical phase variables for Z, p, and AM, respectively. Then,
their EOMs are

Ty = pi/m,
Pr = —0g, Viu(z)Au(1), (4.4)
Mu(t) = FueVolz)Ae(t)
with initial condition z,—y = x and p;_o = po. Similar to other LSC methods [F3-Bd],
GDTWA is a method beyond the mean-field theory because the quantum fluctuations are
partially accounted for in the initial statistical distributions of the phase space variables.

The sampling of GDTWA for the initial nuclear phase variables are identical to the
ordinary LSC methods Eq. (B.2), and the novelty of GDTWA is to sample the initial Au
as a discrete distribution. The details are as follows. First, /AXM can be decomposed as

A, = > _a, A lau) {ay|, where |a,,) are the eigenvectors of A,.. Then, the initial distribution
of A,(0) is A,(0) € {a,} with probabilities

p()\“(()) = au) = tr[pe(0) |au> <au|] . 4.5)

This distribution can represent arbitrary quantum expectation values exactly as a statistical
average,
(Oa) = culh) =) cp(M\u(0) = a)ay, (4.6)
p e
Follow the spirit of fully linearized methods, the formula to evaluate arbitrary observables
0= Onuc ® Oel under the GDTWA framework can be expressed as,

<O(t)> ~ Z / dzodpoWie (%0, P0) Owmuc (T, Pe) Cup (A (0) = @) Au(t) 4.7)

Nﬂau

where O, = (Onuc)w(x, p), is the Wigner transformation of the operator Opue. The con-
nection with Wootters’ phase space will be discussed in the next subsubsection.

The above sampling for electronic DOFs can be applied to arbitrary electronic initial
states with the accuracy O(t?). However, as we discussed in the last chapter, an increased

accuracy can be achieved for initial states for which the statistical sampling reproduces the
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initial intra-correlation [#§] of the electron states, i.e., for the observables
A A, + A A
<%> = Z p()‘u(o) - au)p()\u(o) = al/)auau for % 7é v,
s (4.8)

<Ai> = ZP(A/L(O) = au)“i‘

Generally, it has been proven that the GDTWA sampling distribution can reproduce the intra-
electron correlation for the diagonal states [#g] |m) (m|, 1 < m < S. For convenience, we
only consider the initial state |1) (1] in this chapter. As we discussed in the last chapter, this
initial state selection is not atypical, i.e., all the other initial pure states can be expressed by
this state by either unitary transformations for pure states, or the summation over of pure
states for mixed states. An explicit wrong intra-electron correlation sampling of GDTWA
for non-diagonal initial state is the following. Consider the state |U) = (|1) + €™ |2))/v/2

for a two-level system, where the discrete sampling gives the probability distribution

1 1+ cosx
)\ g :I:— =,
1 1 £siny
A — :i:— = —_— .
p( 2 \/5) 9 ) (4 9)
1 1
A3 = F—) = —.
With an explicit calculation, we obtain % = 0, while
sin 2y
> p(\ = a)p(he = az)araz = 1 (4.10)

al,a2

which means the discrete sampling of this state is faithful for the intra-electron correlation

only if x = 0, 7, or £7/2.

Re-formulation of GDTWA in the language of mapping approaches & Comparison

with partially linearized methods

In the following, we re-write the GDTWA in completely equivalent forms, which take the
form of the unified expression Eq. (B.72). Such re-writing not only reduces the computa-
tional cost by reducing the classical DOFs used to describe the electronic subsystem [50]
from S% — 1 to 45, but also reveals important concepts such as ZPE, thus enabling a di-
rect comparison to the formalism of linearized semiclassical methods. We also compare
GDTWA and partially linearized methods in this subsubsection, and the comparison with
fully linearized methods will be presented in the next subsubsection.

At the core of GDTWA lies a sampling over trajectories. In the original formulation of

GDTWA, this is achieved via sampling over the continuous initial phase space of the nuclear



78 Generalized Discrete Truncated Wigner Approximation

degree of freedom as well as the discrete electronic initial phase space variables /\ELOC)(O),
where we used the index « to label the diverse electronic initial conditions in the discrete
phase space. In the formulation we are developing here, the role of )\,(f)(()) is assumed
by the so-called discrete quasi-phase point operators ja(O), which are used to describe the
electronic DOFs using the transformation
Ja(t) =Y MO (H)A,
p (4.11)
AD(#) = tr Jo(t)A,, .
For convenience, we will use the notation J,, to express ja(t) in this chapter when there is
no ambiguity.
The sampling of the initial condition ja(O) is achieved via a sampling of the initial

A(@)(0) as in Eq. (.3), which using the transformation Eq. (§.11)) translates into

1 do—iocy ., Ids—iog
0o+1i09
R +T 0 o 0
Jo(0) = ) . _ ) , (4.12)
dstios 0 e 0

2
with §;,0; = %1 being independent and identically distributed discrete uniform variables

on the integers +1. The initial density matrix of the electron subsystem is expanded as
pa(0) = |1) (1] = 3, WaJa(0), where w, = 27251 for all a. The GDTWA sampling
strategy for the electron subsystem is converted to generating the initial discrete phase points
by sampling ¢; and o; accordingly. In fact, Jo (0) is nothing but the quasi-phase point op-
erator in the Wootters® discrete phase space representation [33,250]. Here, we call ja(O)
discrete quasi-phase point operator because it plays the same role as the discrete phase point
operator in the Wootters’ discrete phase space representation but without the orthogonality
Tr{ja(O)jg(O)} X 0qp. Physically, the discrete sampling of the electronic DOFs is moti-
vated by the fact that a measurement of the observable /AX# will yield only discrete results.
This property is faithfully represented by the discrete phase space and is fundamentally
different from the mapping approaches where electronic DOFs are described by the con-
tinuous phase variables of harmonic oscillators. It is also different from focused-sampling
approaches, where sampling of a continuous phase space is restricted to some parameter
regions for computational convenience [74]. Instead, GDTWA faithfully samples a discrete
phase space that is physically motivated from the discreteness of possible eigenvalues of
spin degrees of freedom.

The ansatz of GDTWA in this form is that the Wigner function is evolved along the

classical stationary trajectories

W(op ) = 3 [ daudputoa Wone(an,po)3(a — 260~ p) @ Jult) . (@413)
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where the EOMs of the variables are

Ty = pt/m7
Py = —0, Tr{ja(t)(V(xt) n U(xt))} , (4.14)

ja(t) - i[ja(t)a V(zt)] )

with initial condition z;—y = xg and p;—y = po. Any observable O = Onuc ® Oel can be

evaluated as

~

(O(0) % tr [ dadglV (.. J.)Ounelz.p) © O
. . (4.15)
= Z/dxodpowawnu(:(xmpO)Ow,nuc(xtapt) Tr{Ja(t)Oel} 5

Again, we point out that the product structure in the ansatz only appears in each single
trajectory. The summation over index « already accounts for nontrivial quantum fluctu-
ations beyond Ehrenfest theory. In fact, Eq. (B.13) is a variant of the unified expression
Eq. (B.72)), where the label «v and probability distribution w, play the role of I and f (To),
respectively. Meanwhile, J,(t) in GDTWA plays the role of both the operator F'(T';) in
the general force expression Eq. (B.12) and the operator .J (', t) in the unified expression
Eq. (B.72). 1t is straightforward to check that the EOM of .J,(t), Eq. (B.14), is identical to
the general expressions of EOMs of J (Tp, t) and Ia (T'y), Eq. (B.77) and (B.78). Therefore,
the intra-electron correlation of GDTWA, Eq. (B.79), should coincide with the general intra-
electron correlation definition, Eq. ({.§). More explicitly, the following relationship should
hold,

Zwa Tr{jaf&u} Tr{jaf\,,} = Z p(A\.(0) = a,)p(A\(0) = ay,)aya, for p#v,

au,ay

Zwa Tr{ja/iﬂ}2 = Zp()\M(O) = aﬂ)ai.

ap

(4.16)

The proof is the following. Using the transformation relation Eq. (#.11)), R.H.S.s of above

equations become Y, AN for i # v, and 3, (M) for 1 = v, which are identical to
the L.H.S.s.

To implement the simulation, we require the spectral decomposition for the quasi-phase

point operator J,. Itis easy to check that the spectral decomposition of Eq. (#.12) is ja(O) =

Ay [WE(0)) (W2(0)] + A [we(0)) (w2 (0)

, where the eigenvalues are

1425 -1
Ay = #S (4.17)
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with the amplitudes of the associated eigenvectors

(1l (0)) = \/ T

D A 0; +io; :

(4.18)

The eigenvalues of the quasi-phase point operator can be interpreted as quasi-probabilities,
since Ay +A_ =1, A, > 0and A_ < 0. Such quasi-probabilities constitute the spectrum of
J.,, and are conserved during the propagation. We can propagate ‘\Ifi(t)> rather than J, ()

using the EOMs
d .
i [E(1) = V() [9L(1)) (4.19)
and J,(t) = A, [T ()) (W (t)] + A= [ W (t)) (¥ (t)|. One can also transform the such

two electronic states to two sets of mapping variables via the transformation in the same
spirit in the Ehrenfest method Eq. (3.20),

X (6) +iP7 (1) = V2As (| WL(1)

in )4 PE(D? = 20, (4.20)

where we neglect the label o in mapping variables. The mapping variables of GDTWA
also satisfy the EOMs in the general expressions Eq. (B.13) and (B.14). With the help of
Eq. (B:20), one can express f(I'y), F/(I;) ,and J (g, t) with the mapping variables arguments

F(To) = 2770 TT8(X7(0) v€Y¢v _1ﬂwGW®)
5(X7(0 A2 % \s(pT(0 A2 &
A2 2050 = s s MO e Ry
“.21)
Jn(Loyt) = Frn(Ty) = K (X)), PT(1)) + Ko (X (1), P (1)) . (4.22)

Clearly, the nuclei in both GDTWA and partially linearized methods move on a mean-field
potential, which is the average potential of two effective electronic states, in each single
trajectory. Nevertheless, GDTWA has a significantly different logic from traditional par-
tially linearized methods, as we illustrate with the help of Eq. ®.21) and @.279). In partially

linearized methods, two electronic states (sets of mapping variables) are sampled via the in-

serting the “closure relation” between p;(0) and forward/backward propagator eiHt/giHt
Therefore, they must be sampled independently, and yield a non-Hermitian J (To,t). Asa

comparison, there is no forward and backward electronic trajectories concept in GDTWA.
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The two electronic wavefunctions for GDTWA are the spectral decomposition of the quasi-
phase point operator. The initial conditions for two electronic states in GDTWA in a sin-
gle trajectory are necessarily correlated. More explicitly, the samplings of (X, P™) and
(X, P7) depend on §;, 0; simultaneously, which means they are dependent variables, and
re-writing as the product structure such as Eq. (B.79) in the partially linearized methods is
impossible for the GDTWA. The sampling philosophy of tbe GDTWA is more close to fully
linearized methods, i.e., sample mapping variables as the electron phase space distribution.
In this sense, the GDTWA is a fully-partially hybrid linearized method.

To summarize, the above completely equivalent reformulations reduce the number of
electronic subsystem DOFs from S? — 1 to 4S. Although, GDTWA use same numbers
of mapping variables as partially linearized methods, their sampling logic are completely
different. These re-writings also help us compare GDTWA with fully linearized methods,

which will be discussed in the following.

ZPE treatment within the GDTWA approach & comparison with fully linearized meth-

ods

In this subsubsection, we will compare GDTWA with fully linearized methods. Except for
different numbers of mapping variables (electronic states) in each single trajectory, GDTWA
accounts for a non-zero effective reduced ZPE without introducing an explicit ZPE param-
eter because of the discrete sampling. GDTWA also treats identity operator and tralcess
operators in a unified way. These features show that the discrete spin phase space is a
tailor-made phase space for molecular systems.

As we discussed in the last chapter, both full ZPE (approaches based on MMST map-
ping without empirical ZPE parameters) and zero ZPE (Ehrenfest method) are harmful for
numerical accuracy [[72,[3]. One possible solution is splitting the initial state to the iden-
tity operator and traceless operators, and sampling them separately, which is used in mLSC
methods. However, such operations are unnessary in GDTWA, which automatically treats
the identity operator and traceless operators in the equal footing via Eq. (#.3). The other
possible solution to this problem is to introduce an adjusted ZPE-parameter to make the
classical dynamics and phase space of the mapping variables of the harmonic oscillators of
the electronic DOFs mimic the spin as much as possible [[72,[73,79,Bd], for instance, spin-
LSC, fully linearized methods with action-angle variables, and SQC windowing. GDTWA
solves this problem with a fundamentally different logic, i.e., GDTWA never introduces
such a parameter but tames the ZPE only through a judiciously designed initial sampling
procedure.

To illustrate how GDTWA accounts for an effective non-zero reduced ZPE, it is conve-

nient to first review how fully linearized methods with action-angle variables [[72,[73]] and
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spin-LSC [[79,Bd], account for the ZPE. We introduce the following transformation, which
is similar to the transformations in the Ehrenfest method Eq. (B.2() and GDTWA Eq. (#.20),

Falt) = 52 [0a(0) (Pa(t)] — 21,
X (£) + 0Py (t) = Ra(n|Ua(t)), (4.23)
ZXn(t)2 + Pn(t>2 = Ri )

where R, is the square root of the radius of the mapping variables, and |V, (¢)) the normal-
ized electronic wave function. With the help of this transformation, the EOMs of fully such
fully linearized methods Eq. (mb, ([§.I§|) and (B.16) can also be written in the form of

Eq. (@.14),

j:t:pt/m7

pr = =00 Te{ La()(V () + U } (4.24)

~ ~

Lo(t) = i[Lo(t), V(z)] .
R, and 7y are conserved during the evolution and the EOM of |V, (%)) is

(1) = V() [ (1) @25)

For each single trajectory, L, (¢) has one non-degenerate eigenvalue R2/2 — ~/2 and
S —1 degenerate eigenvalues —v/2, as can be seen immediately from the definition of L (1)
in Eq. (¢.23)). In this sense, the ZPE parameter in the traditional fully linearized method is
a negative diagonal energy correction term for the nuclei-electron interactions. The nuclei
always see a modified average potential energy during the evolution in each single trajec-
tory, whence mapping approaches with a non-zero ZPE parameter already account for some
quantum effects in their EOMs.

Though Eq. (#.24) and Eq. (B.14) are formally identical, it is impossible to express L,
in the form RTZ“ |Wo(t)) (Uol(t)] — %f , and thus to construct the ZPE-parameter, except for
the case of S = 2, in which case, v = v/3 — 1. We can also understand the difference
from the viewpoint of the numbers of mapping variables, i.e., fully linearized methods have
one set of mapping variables, while GDTWA has two. We can nevertheless identify an
effective ZPE-parameter governing the evolution of Ja. Namely, the ZPE-parameter in the
traditional fully linearized methods can also be constructed by the following strategy. Notice
that tr(L,) = R2/2 — 1S and tr(L2) = R:/4 — yR2 /2 + %QS only depend on R, and .

Hence, the ZPE-parameter in the traditional fully linearized methods can be expressed as

) 2y/Str (£2) — (tr L) LA (4.26)
7= SV —1
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By formally replacing L, with J, in Eq. (#.2d), we obtain an effective ZPE-parameter for
the GDTWA,

vt = —2\/5—;1 —2 (4.27)
Interestingly, this reduced effective ZPE coincides with the ZPE in spin-LSC methods [77-
B(]. The reason of such identical ZPE is that both GDTWA and spin-LSC start from the
phase space of the electronic DOFs, rather than the phase space of Schwinger bosons. The
ZPE of spin-LSC and GDTWA can, however, be different when the Hamiltonian is block
diagonal. Consider a simple /N x N Hamiltonian with the elements Hy; = Ofor M < k < N,
1<lI<Mandl1l <k < M,M <1< N. The first M diabatic states are decoupled from
the other N — M states. Again, we only consider the initial state | 1) (1]. As before, we denote
the electron phase space variable of the N x N full electron system as J, (¢) and L, (t) while
the submatrix .J,(t)[1,2, -+, M;1,2,--- , M] is indicated as J(¢) (and analogously for
Lo).

Since the first M diabatic states are decoupled from the others, it is also possible to
sample the M x M subsystem directly. We use J:g[ (t) and I:/gf (t) to represent the electron
phase space variables obtained by sampling from the M x M subsystem. It is easy to
check that the initial distributions of ./ (0) and J M (0) are identical. Moreover, the classical
trajectories satisfy JM (t) = jé” (t) if their initial conditions are the same. Thanks to the
implicit ZPE parameter of GDTWA, all the physical quantities are invariant independent of

whether we use the V x N full electron system or the M x M subsystem.

The above arguments become much more subtle for the spin-LSC methods with the
dimension dependent ZPE parameter. The initial distribution of L (0) and Z:Lg/f (0) become
different, as do the classical trajectories, even when the same initial conditions are applied.
This difference may affect the observables, though it is difficult to give a general statement

under which circumstances this is the case.

Another advantage related to the spin phase space of GDTWA is that the method does not
suffer from the severe physical space leakage problem of the electronic subsystem [[72,[73],
and thus eliminates the additional projection that is necessary in the LSC-IVR and PBME
approaches [53, 57,64, 70]. The EOMs and initial sampling constructions ensure that the
ja(t) trajectories are almost trapped in this tailor-made electronic phase space, similarly to
what is achieved for L, (t) in the recently spin-LSC methods [77-Bd), although they do not
fully exclude an unphysical negative population in general.

To summarize, GDTWA treats the traceless and identity operators of electronic states
in a unified way. It does not have a ZPE parameter because of the specific structure of I,
However, it can account for an effective reduced ZPE without an explicit ZPE parameter.

The ZPE-leakage problem is mitigated by the initial discrete spin phase space choice.
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4.1.2 Numerical Results

In this subsection, we benchmark the GDTWA presented in the previous section by numeri-
cal calculations for prototypical non-adiabbatic dynamics problems in chemistry, including
Tully’s models and LVC models. Since each GDTWA trajectory evolves the classical nu-
clei and two coupled electronic time-dependent states, its numerical complexity is close to
the partially linearized approach and slightly larger than the fully linearized mapping ap-
proach. We may thus expect that GDTWA should be considered as an alternative approach
to partially linearized methods, which is indeed confirmed by the numerics reported in this

subsection.

Tully’s models

Already in the second chapter, we presented the standard scattering benchmarks for the
semi-classical methods, Tully’s models [R47]. It is well-known that all the popular map-
ping approaches [R23] can capture the final populations of Tully’s single avoided cross-
ing model 1 and Tully’s dual avoided crossing model 2 quantitatively in the high momen-
tum region and qualitatively in the low momentum region, but fail for the Tully’s extended
coupling model 3. GDTWA, as a linearized mapping approach, also fails when the quan-
tum tunneling and interference are crucial. Therefore, we present the transmission proba-
bilities of Tully’s single avoided crossing model 1, Eq. (2.159), and Tully’s dual avoided
crossing model 2, Eq. (2.160). GDTWA results in this subsection are obtained by the sta-
tistical average of 10* trajectories. Both initial states for the two models are prepared as
exp(iPyx) exp[—(x — x9)?/0?] |1) with xp = —20 and 0 = 20/ Py, where P, is the initial
nuclear momentum.

Figure represents the transmission probabilities to the upper surface 711 (dashed
line) and the lower surface 712 (solid line) of Tully’s model 1, calculated by GDTWA (blue)
and quantum results [R47] (black), respectively. It becomes apparant that GDTWA is accu-
rate in the high momentum region F; > 10 and has a fair performance in the low momentum
region I < 10, which coincides with the previous observations on the other mapping ap-
proaches [R23].

Figure ¢.2 displays the transmission probabilities to the lower surface 7’11 (dashed line)
and the upper surface 712 (solid line) of Tully’s model 2, calculated by GDTWA (blue) and
quantum results [R47] (black), respectively. This model is more challenging than the Tully’s
model 1 because of Stiickelberg oscillations. GDTWA can describe such phenomenon
quite well, at least qualitatively. There is only a slight mismatch in the low energy region
log E = log B?/2m < —1. Again, it is not a surprising result since all the popular mapping
approaches can achieve such accuracy [R23]. GDTWA has a fair accuracy for these two
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Figure 4.1. Transmission probabilities to the upper surface 7’11 (dashed line) and the lower
surface 7'12 (solid line) for the Tully’s single avoided crossing model 1. GDTWA (blue) fits
the quantum results (black) nearly perfect in the high momentum region (£, > 10), and is

qualitatively correct in the low momentum region.

scattering benchmarks. Finally, we point out that there are unphysical negative populations

in the extremely low energy region, though the violations are very small.

Linear vibronic coupling models

In this subsubsection, we present the population dynamics of diabatic state, tuning coordi-
nates, and second-order correlations of the tuning coordinates of two LVC models, where
the Hamiltonian form of them Eq. (2.174) is already presented in the second chapter. The
parameters are given in the Tables and 1.2, Model I is a three-modes two-states model
based on Pyrazine. It includes two tuning coordinates x; and xg,, and one coupling coor-
dinate (., and the initial electron wave function is prepared in the second diabatic state
12) [Pl], which is the experimentally most relevant initial state (though the method can cap-
ture also other initial conditions, see discussion in Sec. f.1.1)). Model II is a five-modes
three-states model based on Benzene radical cation. It includes three tuning coordinates x5,
Z16, and z1g, and two coupling coordinates =g and x19, and the electron wave function is
initialized in the third diabatic state |3) [H].

We focus on the time dependence of observables for the initial product state of the vi-
brational ground state ¥ = []; # exp{—x? /2} and the excited electronic state, which

is a typical setup of femtochemistry experiments. The selected mapping approaches to
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Figure 4.2. Transmission probabilities to the lower surface 7'11 (dashed line) and the upper
surface 712 (solid line) for the Tully’s dual avoided crossing model 1. GDTWA (blue) fits
the quantum results (black) nearly perfect in the high energy region, and is qualitatively

correct in the low energy region.

B w1 HYC) Wea Iigz) W10a A
1) 3.94 0.126 0.037 0.074 —0.105 0.118
0.262
|2) 4.84 0.126 —0.254 0.074 0.149 0.118

Table 4.1. Parameters of Model I that is based on Pyrazine. All quantities are given in eV.

which we compare are PLDM [67], Spin-PLDM [77,[78] , and the Ehrenfest [[] method.
Specifically, we consider PLDM and Spin-PLDM without focused sampling since they are
at least as accurate than the focused sampling variants [74, 77, 78] and thus provide better
benchmarks for GDTWA. For all the methods we run 10° trajectories to ensure conver-
gence, though GDTWA starts to converge already with 10* trajectories, a number com-
parable with the Ehrenfest method. We will show numerical benchmarks for two LVC
models [P,213,214,216)], comparing the selected linearized semiclasscial methods with nu-

merically converged Multi-configuration time-dependent Hartree (MCTDH) calculations
(3,84, B3]

Due to symmetry, all the off-diagonal elements of the electron density matrix of the

two models vanish. In Fig. .3, we show the population of the second diabatic state of
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E; wa nék) w16 mg’é) w1s n§’§) ws /\ém) w19 )\(1293)
[1) 975 0.123 -0.042 0.198 -0.246 0.075 -0.125 0.088 0.12
0.164
[2) 11.84 0.123 -0.042 0.198 0.242  0.075 0.1 0.088 0.12
0.154
[3) 1244 0.123 -0.301 0.198 0 0.075 0 0.088 0.12

Table 4.2. Parameters of Model II based on Benzene radical cation. All quantities are given

n eV.

Model I. The GDTWA result compares fairly well to the exact quantum dynamics. It seems
to underestimate the amplitude of oscillations around the mean, and reaches a long-time
average that lies slightly below the exact value. The functional form seems to be better
reproduced than with the Ehrenfest method, and the curve lies closer to the exact result than
the curve computed using the Spin-PLDM method. Finally, the PLDM methods produces
the best estimate of the long-time average, but considerably overestimates the damping of
the oscillations. GDTWA fits the quantum result rather well at short times and has a fair
performance at longer times, though it does not outperform the other approaches in this

regime.

Figure {.4 shows the dynamics of the two tuning coordinates, (z1) and (z¢,). Though
GDTWA does not entirely capture the correct amplitude, it does match very well the fre-
quency of the occurring oscillation. This behavior is similar to the Spin-PLDM method,
while PLDM significantly underestimates the oscillation amplitude and the Ehrenfest method
loses half a period within about five to ten oscillations. We have also computed the propaga-
tion of (x2), (x2,), and (x3,,), see Fig. f.9. In general, we should not expect the linearized
semi-classical methods to work reliably for such higher-order correlations. As the numerical
results suggest, Spin-PLDM and GDTWA nevertheless still give qualitatively satisfactory
results, while PLDM and the Ehrenfest method rather quickly accumulate uncontrolled er-

Tors.

The relaxation dynamics of the more complex Model II is considerably more challeng-
ing for the linearized semi-classical methods because several states are involved simultane-
ously in the relaxation dynamics. GDTWA is the only one among the selected semi-classical
methods to qualitatively correctly capture the relaxation dynamics, as seen in the diabatic
populations in Figure §.6. In Figures §.7, we show the populations of the tuning coordi-
nates. The results of diagonal second-order correlations of the tuning coordinates and the
coupling coordinates are listed in Figs. (#.§) and (B.9). For nuclear observables including
first and second order correlations, PLDM and the Ehrenfest method with zero ZPE display
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Figure 4.3. Second diabatic state population of a three-modes two-states model based on
Pyrazine (see table Ji.1)), computed using different methods. The GDTWA result (blue solid
line) compares fairly well to the exact quantum dynamics (black solid). While GDTWA and,
even more so, the Spin-PLDM method (red dashed) underestimate the mean value reached
at long times, the Ehrenfest method (green dashed) overestimates it. The PLDM methods

(yellow dashed) considerably overestimates the damping of the oscillations.
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Figure 4.4. Populations of the tuning coordinates (x;) and (zg,) of the Pyrazine-based
Model I. The GDTWA (blue solid line) and Spin-PLDM (red dashed) results fail to capture
the oscillation amplitudes, but still give a qualitatively fair description on the frequency. In
contrast, the Ehrenfest (green dashed) and PLDM methods (yellow dashed) mismatch the

oscillation pattern of the exact quantum results (black dashed) after a few periods.

significant deviations from the exact dynamics. In contrast, GDTWA yields surprisingly
accurate predictions, for some observables even slightly but noticeably better than Spin-
PLDM. In summary, GDTWA has a good performance on both electronic populations and

nuclear populations and correlations in this challenging model.

To summarize, we have introduced a recently developed method from the TWA family,
GDTWA, to chemical non-adiabatic systems in this section. The novelty and strength of
GDTWA is to sample the electron DOF in a discrete phase space. GDTWA with the faithful
sampling of the initial electronic conditions can yield a higher accuracy, and can be applied
to any initial states, including pure and mixed states. We have also re-written the GDTWA
in the unified expression proposed in the last chapter, with the aim of showcasing simi-
larities and differences to more conventional methods. Formally, the EOMs of GDTWA
are identical to fully linearized mapping approaches. By the spectral decomposition of the
electron EOM, we demonstrate that the fundamental difference between GDTWA and tradi-
tional approaches is that GDTWA has two coupled correlated electron states in each single
classical trajectory, and hence can be regarded as a partially linearized approach. GDTWA
also accounts for an effective ZPE without an explicit ZPE parameter. Numerical bench-

marks show the validity of GDTWA for non-adiabatic systems. For the two Tully’s models,
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Figure 4.5. Expectation values of second-order correlations of the tuning coordinates (%)
and (z2,), and the coupling coordinate (x2,,) of the Pyrazine-based Model 1. The color
notations are identical to Fig. B.3. The GDTWA (blue solid line) and Spin-PLDM (red
dashed) results qualitatively predict the ideal higher-order correlation, while the Ehrenfest

(green dashed) and PLDM methods (yellow dashed) deviate significantly from the exact
quantum results (black dashed).
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Figure 4.6. Populations of all three diabatic states of a five-modes three-states model based

on Benzene radical cation (see table f.2), computed using different semiclassical techniques.

The GDTWA result (blue solid line) compares fairly well to the exact quantum dynamics

(black solid) for all the three diabatic states populations, while all the other methods con-

sidered fail to describe the long time populations.
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Figure 4.7. Populations of tuning coordinates (xs), (z16), and (z15) of the Model II that

is based on Benzene radical cation. The GDTWA result (blue solid line) matches the exact

quantum dynamics (black solid) best and slightly outperforms the Spin-PLDM result (red

dashed).
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time [fs]

Figure 4.8. The second-order correlations of the tuning coordinates (x3), (x%), and (z%;)
of Model II. Both GDTWA (blue solid line) and Spin-PLDM (red dashed) match the exact
quantum results (black solid) for the dynamics of (z3). GDTWA slightly outperforms the
Spin-PLDM result (red dashed) for the dynamics of (x?;), while GDTWA is noticeably more

accurate than all the other methods for the dynamics of (x%g).

GDTWA shows reasonable accuracy, in line with other mapping approaches. For the two
benchmark LVC models considered, GDTWA displays qualitative and quantitative accu-
racy compared to the fully quantum description. For one of the considered models, it even
outperforms the Spin-PLDM, which is the only other of the considered methods to display

an at least qualitative agreement for most of the considered situations.

4.2 GDTWA for particles in the gauge vector potentials

In this section, we develop two different GDTWA (gGDTWA approach I and approach II)
methods for particles in gauge vector potentials (i.e., without backaction of the particle to the
field). In the first subsection, we present the theoretical analysis of two gGDTWA methods.

In the second subsection, we present the numerical benchmarks of two methods.

4.2.1 Theory

In this subsection, we derive two different candidates for a gGDTWA formalism by truncat-
ing the Heisenberg equations with canonical momentum and kinematic momentum, respec-

tively. We also analyze the favorable applications of two approaches in this subsection.
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Figure 4.9. Second-order correlations of the coupling coordinates (z2) and (x%,) of Model
II. For the dynamics of (zZ2), both GDTWA (blue solid line) and Spin-PLDM (red dashed)
match the exact quantum results (black solid), with GDTWA slightly outperforming the
Spin-PLDM result. For (x%,), both methods reproduce qualitative features of the exact

evolution better than the other considered semiclassical techniques.

Approach 1

The first derivation of gGDTWA (Approach I) proceeds from the gauge Hamiltonian (Eq. (2.13))

directly to the Heisenberg equations of motion (EOMs) of the position, canonical momen-

tum, and electronic operators,

~

- Pean,j(t) — Ajuu(t)

X ) t
il m; m;
: . A Peank (D) Az A (1) + Hee.
Peang(t) = —03Vih, — 0B A, + Y (£)0 QJw‘ka“( ) : (4.28)
k
A Dean,j(t)A;, + H.c. «
Aalt) = fuelVy B, - 3 Peana DA £ 5

- 2m;

Subsequently the dynamics of the expectation value of observables fj(t), ﬁcan,j (t), and
]L\M(t) (and functions thereof) is approximated as the statistical average of the classical cor-
respondence of the quantum observables, which are functions of classical phase space vari-
ables ;(t), Pean,;(t), and A, (t). The EOMs of such classical phase space variables take the
same form as the Heisenberg EOMs in each single phase space trajectory of the classical

ensemble,
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. pcan,'(t) A', A (t)
iy (1) = Peni ) Al
J J

(8) Ok A Au(t)

. Dcan,k
Pean i (t) = =03 Vi Ay — 0 Budu + > o : (4.29)

k
\ Pcan,j t)A j,v
0ul0) = el + B, — 30 P Doy .
j J

which truncates the quantum correlations to the classical order.
For the experimentally relevant initial adiabatic product state | V(x, 0)) = x1(x) |1(x)),
the initial distribution of the classical phase space variables x(¢) and pcay(t) are generated

by the Wigner transformation
1 Y. « Y\ i :
Wine(%(0), Pean(0)) = 5 / dy 1 (x(0) = S)xi(x(0) + 5)e®=0¥ - (4.30)
(2m) 2 2

and the initial distribution of \,(0) is given by p(\,(0) = a,) = [(1(x)|a,)|?, where |a,,)
are the eigenvectors of /A\u with eigenvalue a,, which is identical to the sampling procedure
of GDTWA.

An (arbitrary) observable of the system O = Opue @ O under the gGDTWA Approach
I is evaluated as
(Om) ~ / dx(0)dPan (0) Wi (x(0), Pean (0)) Oupmuie (X(1), Pean (£) ) (M (0) = @, )M (8)

/‘1’704#«

(4.31)
which is also identical to the GDTWA, Eq. (#.7).
The reducing computational efforts technique discussed in the last subsection, using
quasi-phase point operators, of GDTWA can also be used in the Approach I, which yields
the following EOMs

pens(t) (A1)}

(1) m; m ,
) ] N7 pcam7 (t)a tI'{Aja(t)}
panst) = =0, 1V 0o} 0y e{BJu(0)} + 3 BRI
Jo(t) = i[Jo(t),V + B — Z pcaL(t)AJ] ,
;T
54 ¥ » can,j t Aj a
ih— |W(t) = (V + B zj:%) e 1))
(4.32)

where the parameter notations are identical to the GDTWA. Also, the observables evalua-

tions can be expressed as

O~y / dx(0)dpein (0)wa Wine (x(0), Prin (0)) Ou e (X(2), Prin (£)) Tr{ja(t)éel} .
’ (4.33)
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The approach I is not gauge invariant because the canonical momentum is not gauge
covariant. For simplicity, we consider the vanishing gauge curvature scenario. The repre-
sentation transformation from the adiabatic representation to the diabatic representation can
be expresssed as U (z) with the matrix elements Uy, () = (a/|b), where |a') is the diabatic
basis and |b) is the adiabatic basis. The algebraic properties of U are 8jU = —iU flj and
9;Ut = iA;Ut. In the diabatic representation, V¢ = UVU', J¢ = U.J,Ut, A = 0, and
B = 0. Replacing respectively J,, V, and A; with J, V9, and Ad in Eq. (-) we can
verify that the equality of .J,(t) holds if

PR Aitr{A;J,
@[JQ,B—;%;}] =0, (4.34)
which is not satisfied in general. Therefore, Approach I is not a gauge invariant method.

Approach I1I

Approach II consists in truncating the Heisenberg equation of pyi, ;, 25, and Au to the classi-
cal order, and replace them with classical phase space variables z;, pyin j, and . In contrast
to the canonical momentum pe,y, ; used in Approach II, the kinematic momentum pyy, ; is
gauge co-variant. Such variable choice is also widely used in the context of semiclassi-
cal theories, for instance, quantum chromodynamics plasmas [257]], superconductors [R53],
topological matter [R54)], and chemical non-adiabatic systems [F4,[7d,253,25d]. The corre-
sponding Heisenberg EOMs are

25 (t) = Prin,j(t)/my,

R A pkmk ik A ( ) + H.c.

Dring (t) = =03V A (t) — Fuve Ay Vi Ae(t) Z J D C(435)
A VV ﬁkin, (t)A,V A
AL(t) = fwg[7 — #]Ag(t) +H.c.,

where I, , is the gauge curvature Eq. (E.13).

Similar to ordinary GDTWA, in the gGDTWA Approach II the EOMs of phase space
variables x;(t), pkin,j(t), and \,(t) in each single trajectory assume the same form of the
EOMs of the operators &;(t), Pin,;(t), and A, (t),

(1) = Pran (1) /m;

. Piin, t
Prin,j (1) = =03 Vudu(t) = fuveAj Ve (t) Z v Do) ()’ (4.36)

\ Pxin, (t)A B
Au(t) = fuvelVe — #P\g(t) :
m;
Though x and py;, are not canonical variables, the phase space volumes in Approach II

are invariant during the propagation. The sufficient and necessary condition of time inde-

pendent phase space volume elements is V3, - Z =0 [R54], where z, is the collection of
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phase space variables, z; = {x(t), p(t), \1(t), -+, Anz2(t)}. It is straightforward to verify
that V3, - Z = 0 for Eq. (#.39) in the Approach II. Therefore, the phase space volume of
Approach II is time independent.

The initial sampling of x(0), pxin(0), and A, (0) for the initial adiabatic product state
is generated in a two-step procedure. The first step is to generate the initial distribution of
x(0), Pean(0), and A, (0) by the method in Approach I. The second step is to compute pxin (0)
according to pean(0),

pkin(o) = pcan(o) - Au)\#(O) . (437)

The observables O can be evaluated as

(O) =~ / dx(0)dPuin (0) Waue (%(0), Prin(0)) O e (%(t), Prcn (1) )2 (M (0) = @) Au(t),

(4.38)
where O~w7nuc(x, Piinj) = Ownuc(X, Prinj +A,\,), 1.€., Wigner transformation with shifted
momentum. The function Wy (x(0), P (0)) denotes the initial distribution of phase space
variables. Numerically, we found that W, (x(0), Pcan(0)) can be well approximated by
Waue(x(0), Pean(0)) as given by Eq. (B.30) when the initial wave packet center is not close
to the conical intersection point for on-the-fly simulation. That is, the momentum shift in
the second step in the procedure for the generation of py;, (0) can be neglected, at least for
the benchmark models considered in this chapter. Similar to the Approach I, the technique
to transfer the variables to the discrete quasi-phase point operators used in the GDTWA can

still be applied here, which yields the following EOMs and observables evaluations,

x]@) _ pkin,j<t) :
Prin (1) = =0 tr{VJo ()} + i tr{[A;, V]J. ()} + Z tr{ £} }pkmk( ) |

ja( ) Z Pxin _]
‘\Ija Z Prin s (¢ |qja >

(4.39)

~Y / (0) i (017 Wi 56(0). D (0)) O (x(8). P (1) T T (10}
" (4.40)

A major difference between the approach I and II is that approach II is gauge invariant

because of the gauge covariance of the kinematic momentum. For convenience, we use
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the quasi-phase point operator technique. It is straightforward to verify that Eq. (#.39) is

invariant under the following transformation

T =1;,
p{cin,j = Dkin,j »
J =050
V= UV
A =UA;U —i(0;0)U",
Fy = 0,4, — 0p A — il A}, Ay].

(4.41)

where U is an arbitrary unitary transformation. In fact, this transformation is identical to the

transformation Eq. (R.16) except that all operators are replaced by phase space variables.

Discussion

In this subsubsection, the differences between Approach I and II are analyzed detail, and
we highlight the different preferred scenario for the two approaches. We also discuss how
the gGDTWA construction differs from common adiabatic mapping approaches in quantum
chemistry.

We stress that the gGDTWA Approaches I and II are different methods, even though
they share the same initial sampling and start from equivalent Heisenberg equations. If we
replace Pean(t), X(), and A, (t) in Eq. (#.29) with piin(t) = Pean(t) — A\ (1), Eq. #36)
will not be obtained. Formally, the differences arise from the different A“-dependent re-
lation in Eq. (¢.2§) and Eq. (#.33). Both Eq. (#.28) and Eq. (¢.33) are formally linear /A\u-
dependent. However, among the variables in Eq. (#.33), P also depends linearly on f\u,
which leads to a quadratic Au dependence in Eq. (). In contrast, all variables X, Pcan,
and A » In Eq. (#.29) are independent, and therefore only a linear dependence on A . appears
in Eq. (#.29).

At first sight, it seems plausible that the Approach I should be the preferred route since
the corresponding Heisenberg EOMs Eq. (#.28) have an apparent linear dependence on AM
and the truncation variables [R57] are the canonical variables. Indeed, Approach I is identical
to the ordinary GDTWA, which displays excellent performance in several common experi-
mentally relevant spin-boson coupled models [52,p3]. However, there are two main draw-
backs of Approach 1. First, Approach I is not gauge invariant. Second, it still requires the
knowledge of higher order derivatives of the gauge vector potential A when the gauge curva-
ture is vanishing, which is highly non-trivial for electronic structure calculations. Moreover,
the higher order derivative of the gauge vector potential could also cause numerical insta-

bilities when the gauge vector potential itself is singular. These drawbacks make Approach



98 GDTWA for particles in the gauge vector potentials

I unsuitable for semi-classical on-the-fly dynamics simulations. Approach II overcomes
these shortcomings of Approach 1. First, when the gauge curvature vanishes, Approach II
only uses the potential, its gradient, and first-order derivative coupling, which are the direct
outputs of electronic structure computations. Second, all the variables are gauge invariant
or gauge co-variant. The above advantages are crucial for numerical as well as theoretical
aspects. Numerically, Ais singular near conical intersections in the adiabatic representa-
tion. Hence, simulations in this representation may present numerical instabilities close to
conical intersections and may require impractically small time steps. However, such nu-
merical problems can be alleviated by introducing a local quasi-diabatic basis [R58-262].
These numerical tricks are possible within Approach II because of its gauge independence,
and could be used to improve its numerical efficiency. The quadratic A“ dependence in
Eq. (#.39) does not harm the accuracy too much since the first-order derivatives are usually
small except in the region near the conical intersection points. To summarize, Approach I is
suitable for ordinary synthetic gauge field models, while Approach II is more convenient for
chemical on-the-fly simulations, in which the gauge curvature can be approximated as zero
and where the adiabatic electron basis is used. For this reason, we also call the Approach II
with vanishing gauge curvature as adiabatic GDTWA (aGDTWA).

Another interesting difference between the two approaches is that Approach II has a
well-defined classical limit while Approach I does not. In the classical limit, the nuclear
DOFs are classical particles with an internal DOF (spin DOF). The description of the clas-
sical particles should be independent from the gauge choice of the internal DOF. Approach
I is consistent with this construction principle, whereas Approach I is not. In fact, common
qualitatively semi-classical analysis of non-Abelian gauge theory usually use the kinematic

momentum.

Finally, it is useful to discuss the difference between the approaches to construct the
semi-classical theory pursued in this chapter and the common approach for semi-classical
molecular dynamics on-the-fly simulation in the adiabatic representation (implying vanish-
ing gauge curvature). The EOMs of Approach II are obtained by truncating the quantum
EOMs with kinematic momentum, which is marked as red arrows in Fig. B.10. The black
arrow in Fig. represents the Approach I, in which we perform the de-quantization with
canonical momentum. The common way to construct the semi-classical theory for on-the-
fly simulations is illustrated as the blue arrows in Fig. .10. The starting point is the diabatic
quantum Hamiltonian (gauge vector potentials are zero). The classical diabatic Hamiltonian
is obtained by de-quantization directly. One can perform the canonical transformation to
obtain the classical adiabatic Hamiltonian as well as the EOMs. The canonical momentum
coincides with the kinematic momentum in the diabatic basis. However, EOMs are differ-

ent when we perform de-quantization with kinematic/canonical momentum in the adiabatic



GDTWA for particles in the gauge vector potentials 929

basis. This difference implies that the operations of de-quantization and canonical transfor-
mation do not commute with each other [R63], and explains for the case of vanishing gauge

curvature why Approach I and Approach II yield inequivalent theories.

Classical Canonical
Transformation

De-quantization Diabatic Classical
with p;. or p... Hamiltonian

Diabatic Quantum Co.rr . Adiabatic
Hamiltonian Semiclassical Theory
(Approach II)
Quantum Gauge Adiabatic Quantum De-quantization
Transformation Hamiltonian with p;,

De-quantization
Wlth pcan

Improper Adiabatic
Semiclassical Theory
(Approach I)

Figure 4.10. The conceptual diagram of constructing the semiclassical theory in the adia-
batic representation (vanishing gauge curvature). Inequivalent results can be obtained be-
cause de-quantization and canonical transformation are not commuting operations. The blue
arrows represent de-quantization then canonical transformation, which leads to the correct
semiclassical theory for on-the-fly simulations. Gauge transformation then de-quantization
with pyi, (Approach 11, red arrows) also gives the correct semiclassical theory, while gauge
transformation then de-quantization with p..,, (Approach I, black arrow) cannot. We stress
that “improper” and “correct” refers only to the adiabatic representation such as required for
on-the-fly simulations. In other scenarios, Approach I may provide better simulation results

than Approach II.

To summarize, we established two different gGDTWA, approach I and approach II trun-
cating canonical and kinematic momentum, respectively. The approach I is more similar
to the GDTWA, and more suitable for synthetic gauge field theory simulations, while the

approach II is gauge invariant and more suitable for on-the-fly simulations.
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4.2.2 Numerical results

In this subsection, we present numerical benchmarks of the gGDTWA approaches derived
above. In the first two subsubsections, the comparison between Approach I and II for par-
ticles in a synthetic gauge field is presented. In the third subsection, we present the results
of Approach II as well as other popular semi-classical methods for the quantum chemistry

on-the-fly simulations.

Atom in synthetic gauge field

As first example, we consider a neutral ultracold atom in an optical lattice. This is an ex-
cellent experimental platform to observe, e.g., Zitterbewegung (ZB) and spin Hall effect
(SHE) [222,p48,249)]. The system Hamiltonian is

1 21.2

R R 1 . kg
H = %(py — hkoegd.)? + %(px + hkOERay)2 + mOERUz , (4.42)

where ep = V2 — 1, kg = 27 /820nm ™" is the wavenumber of the lattice laser, and m is the
mass of the atoms, which we assume to be 8"Rb. The initial state is prepared as the Gaussian

wave packet

d . . 2 2 1
U(x,y,t =0) = —— [ dkpdk,e™vtkeremFd /2= kard /2 : 443

where kqd = 16.2.
The system is exactly solvable. The eigenstates of the Hamiltonian Eq. (.42) are the

momentum eigenstates,

O
. . COS
_ itkyy+ik 2
O+ (1,y) = €™ x( o )

isin ¢
ikyytikez sin %
(bk,* (.Z', y) = ey . O ) (444)
—1iCOo8s 5
where
cos by = Fo — Fy ,
\/(kO - ky)2 + k%
ks
sin 0y = , (4.45)
) \/(kO - ky>2 + ki
and the corresponding eigenvalues are
n’k? + h?k?
E(k =4
( 9 +) Im + €k
k2 + h2k?
s :M_eka (446)
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Figure 4.11. Population of (z(¢)). Approach I (red solid) fits the exact result (black solid),

however, Approach II (blue solid) has a huge mismatch with exact result.
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Figure 4.12. Trajectories of the expectation value of (y; »(t)) — (z(¢)). Both Approach I (red
solid) and Approach II (blue solid) show the separation of the projected expectation value

by spin state. However, Approach II fails to reproduce the exact solution while Approach I

is also quantitatively correct.
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where

W2k
ey (ko — ky)? + 2 (4.47)

€k —
The time-dependent wave function solution of Eq. (17) can then be obtained explicitly

as

"2 k2412 k2

d 2 2 . . . y
\Il(x)yjt) — ﬁ /dkmdkye—(kyyd) /2—(kgzd) /2elkyy+2kmfﬂ€—l S t(I)(/{Zm, /{Zy,t), (448)

where

(kg ky 1) L t ! L jemitig; t ! (4.49)
2y Ky, T) = —=COS € — —=1te Sin € . .
v V2 V2 A\ o1

In Fig. §.11, we compare the dynamics of (x(t)) for the exact solution, Approach I, and
Approach I1. Both approaches are averaged over 10° trajectories (although convergence is
not fully reached, this value is sufficient to show the salient features of the two methods).
The oscillation of (x(t)) is the typical feature of the phenomenon of ZB. Approach I fits the
exact solution almost perfectly, while Approach II has a considerable mismatch. Another
typical feature of ZB is the wave packet separation by spin state, also known as spin Hall
effect. In Fig. .13, we plot the spin separation, i.e., the expectation value of (y; 5(t)) =
(y(1 £ 6,(t))/2). Although both Approach I and Approach II show a clear separation,
Approach I outperforms Approach II significantly in its quantitative agreement with the

exact solution.

Linear vibronic coupling model as a synthetic gauge field theory

As we presented in the second chapter, the LVC model is an excellent platform for synthetic
gauge field implementation [R22]] via mapping Q; = —p; and P; = z;. In this subsub-
section, we also consider the three-mode-two-state pyrazine-based model, which is used in
GDTWA benchmarking. For the parameters and initial state preparation, see the Sec. 4.1.2.
The gauge Hamiltonian (after mapping with the spirit of Eq. (2.181])) of the model is

1
H= 52%(1@—14]-)%1/7 (4.50)
J

)2 = (57)® (k6)? — (s

)\
A- 451
2&)1 2w6a ) 3 ( )
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Figure 4.13. Population of the diabatic excited state of a three-modes two-states model
based on pyrazine. Results are obtained by Approach I (red solid), Approach II (blue solid
line), and MCTDH (black solid). While both semiclassical approximations qualitatively
describe the long-time relaxation, Approach II completely fails to capture the oscillations in

the short to medium time dynamics.
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We focus on the diabatic excited state population P, dynamics rather than the nuclei ob-
servables. In Fig. .13, we compare the population of P, for numerically converged Multi-
configuration time-dependent Hartree (MCTDH) calculations [B3, B4, R51]], which provide
the exact benchmark, as well as Approach I and Approach II. Both Approach I and II are av-
eraged over 10° trajectories. For this model, Approach I is identical to the ordinary GDTWA
method. As the Fig. shows, Approach I captures both the short time dynamics as well
as the long time relaxation with a satisfying accuracy. Approach II has some better quan-
titative agreement as regards the value of the long-time relaxation, but completely fails to

describe the oscillations in the short to medium time behavior.
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Figure 4.14. Population of the excited adiabatic state of a two-modes two-states model
based on pyrazine. Results are obtained by aGDTWA (blue solid line), Ehrenfest method
(yellow dashed line), SQC (red dashed), GDTWA in the diabatic representation (blue rectan-
gles), PLDM (brown dashed), Spin-PLDM (green dashed) and MCTDH (black solid). All
the semiclassical methods considered capture the dynamics qualitatively, but to different
levels of quantitative agreement, with GDTWA being among the top-performing methods.
Model parameters: w; = 3.650 x 1073, wy = 4.186 x 1073, a = 48.45, ¢ = 4.946 x 10~*
and A = 0.02757.
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On-the-fly simulation for linear vibronic coupling models

In this subsubsection, we consider the on-the-fly simulation for two-modes two-states LVC
models [, R64] with a tuning coordinate X and a coupling coordinate Y. The Hamiltonian
is selected as Eq. (.179). The corresponding adiabatic states are already discussed in the
second chapter. We consider three models, Pyrazine molecule, bis(methylene) adamantyl
(BMA), and Butatriene cation [220, R21]], corresponding to the model parameters listed be-
low the respective figure (Fig. to f.16). We prepare the initial electronic state as the
excited adiabatic state with correct geometric phase |e) ; (for details, see Sec. 2.4.4), and the
nuclear state as
1/4
V(X,Y) = (“’1:1—2/2/ exp{—%(X - 3)2 - %W} . (4.53)
We compare the population of excited adiabatic states as obtained by numerically con-
verged Multi-configuration time-dependent Hartree (MCTDH) calculations [B3, B4, R51]],
which provide the exact benchmark, the Ehrenfest method [[]], the symmetrical window-
ing quasi-classical (SQC) method [F3,F7, 73] with the standard triangle window, partially
linearized density matrix (PLDM) [67, 6], spin partially linearized density matrix (Spin-
PLDM) [77,[§], aGDTWA, and GDTWA in the diabatic representation. Spin-PLDM is av-
eraged over 5 x 10° trajectories and all the other semi-classical methods are averaged over

10° trajectories to ensure convergence. As Figs. .14, §.13, and @.16 show, aGDTWA as

well as the other semi-classical methods capture the dynamics qualitatively well. SQC and
aGDTWA predict the best agreement with the exact results for all models, and aGDTWA
slightly outperforms SQC in the pyrazine model. Interestingly, compared with SQC and
GDTWA, Spin-PLDM gives a promising result for the pyrazine model (better than SQC),
but performs slightly worse than SQC and aGDTWA in the BMA and butatriene models.
aGDTWA and GDTWA in the diabatic representation coincide perfectly in all three mod-
els. In Figs. ¢.17, 4.18, and {.19, the position (X ) and kinematic momentum (Px) of the
three models are presented. All the semiclassical methods capture the dynamics qualitively,
with aGDTWA, SQC, and Spin-PLDM demonstrating the best performance out of the cho-
sen methods. Figures §.20], #.21], and B.22 provide the benchmarks of the adiabatic ground

state-specific position (X'), and the adiabatic excited state-specific position (X). for the
three models. The position expectation averaged on each adiabatic surface are correlations
of higher order, and thus are challenging for the linearized semi-classical methods. How-
ever, SQC, Spin-PLDM, and GDTWA still provide qualitatively correct results. Specifi-
cally, GDTWA overestimates the coherent dynamics of (X), in Figs. and but it
still has a satisfactory accuracy for those two models, especially for the region 0-25 fs of the
pyrazine model in Fig. .20 As these results illustrate, aGDTWA provides a competitive

and numerically tractable method to treat non-adiabatic chemical systems.
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time [fs]

Figure 4.15. Similar to Fig. (#.14), but for BMA-based model. All the methods capture
the dynamics qualitatively. Model parameters: w; = 7.743 x 1073, wy = 6.680 x 1073,
a = 31.05, ¢ = 8.092 x 107%, and A = 0.00000.
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Figure 4.16. Similar to Fig. (#.14)), but for Butatriene-based model. All the methods capture
the dynamics qualitatively. Model parameters: w; = 9.557 X 1073, wy = 3.3515 x 1073,
a=20.07,¢=6.127 x 1074, and A = 0.01984.
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Figure 4.17. Population of position (X) and kinematic momentum (Pyx) of a two-modes

two-states model based on pyrazine. Results are obtained by aGDTWA (blue solid line),
Ehrenfest method (yellow dashed line), SQC (red dashed), GDTWA in the diabatic represen-
tation (blue rectangles), PLDM (brown dashed), Spin-PLDM (green dashed), and MCTDH
(black solid). All the methods capture the dynamics qualitatively and even quantitatively,

especially in the case of aGDTWA and SQC.
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Figure 4.18. Similar to Fig. (#.17), but for BMA-based model. All the methods capture the

dynamics qualitatively.
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Figure 4.19. Similar to Fig. (#.17), but for Butatriene-based model. All the methods capture
the dynamics qualitatively, Spin-PLDM, SQC and aGDTWA even quantitatively.
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Figure 4.20. Population of the adiabatic ground state-specific position (X), and the
adiabatic excited state-specific position (X). of a two-modes two-states model based on
pyrazine. Results are obtained by aGDTWA (blue solid line), Ehrenfest method (yellow
dashed line), SQC (red dashed), GDTWA in the diabatic representation (blue rectangle),
PLDM (brown dashed), Spin-PLDM (green dashed), and MCTDH (black solid). All the

methods capture the dynamics qualitatively.
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Figure 4.21. Similar to Fig. (#.20), but for BMA-based model. All the methods capture the
dynamics qualitatively.
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Figure 4.22. Similar to Fig. (#.20), but for Butatriene-based model. All the methods capture
the (X)), dynamics qualitatively, while (.X). dynamics is challenging for them except SQC.
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Let us finally comment on the role of the geometric phase in both aGDTWA and numeri-
cally “exact” methods, which in the adiabatic representation is introduced by the singularity
generated by the conical intersection. As we discussed in the Sec. 2.4.4, to account for it, we
employ complex-rotated adiabatic states rather than real adiabatic states [R21]]. For the full
quantum mechanical reference simulations, which are performed in the diabatic representa-
tion, the complex adiabatic basis results in a consistent adiabatic-to-diabatic transformation
of the initial adiabatic state U(X,Y") ® |e),. In contrast, the choice of adiabatic basis has no
significant influence on the aGDTWA computations, which for the investigated model yield
almost indistinguishable results with and without the complex rotation (data not shown).
Notice that A%, = —%(IA +6,) and A} = —%([A + 6,) for complex basis, as well as
A§( = —%@ and A:‘f, = —%(33, for real basis, only difference between them is propor-
tional to the identity operator. Therefore, the EOMs using either a complex or a real basis
are identical, and the only difference lies in the shift of the initial nuclear momentum when
using Eq. (#.37), which can be neglected for the considered benchmark models. These re-
sults indicate that the linearized semiclassical method with normal real adiabatic basis can
capture geometric phase effects for the dynamics when the initial state is prepared in the
excited state, which coincides with the findings of Ref. [R21]].

To summarize, in this subsection we have introduced two gGDTWA. The approach I,
obtained by truncating canonical momentum, is more similar to the GDTWA, and has a
better performance for synthetic gauge field models. The approach II, obtained by truncating

kinematic momentum, is gauge invariant and more suitable for on-the-fly simulations.

4.3 Conclusions

In this chapter, we have introduced a recently developed linearized semiclassical method for
quantum lattice systems, GDTWA, to chemical non-adiabatic systems with detailed theo-
retical analysis and numerical benchmarks. We re-wrote GDTWA in the unified expression
proposed in the last chapter. Such re-writing can not only reduce the computational efforts,
but also provide the convenience of comparison with other mapping approaches. GDTWA
can be regarded as a fully-partially linearized method, which has two coupled electronic
states in one trajectory, and the initial electronic DOFs are sampled via discrete electronic
phase space. Such sampling also accounts for a reduced ZPE without an explicit ZPE pa-
rameter. For the initial diagonal states, GDTWA can sample the correct intra-electron corre-
lations. Numerical benchmarks show that GDTWA is reliable for various chemical models,
including scattering models and LVC models.

We also developed two gGDTWA, which establishes the foundation for treating par-
ticles in non-Abelian gauge fields using the GDTWA formalism. The Approach I, using
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canonical momentum, presents very promising results for the synthetic gauge fields, while
the gauge-invariance property of Approach II, using kinematic momentum, provides the
freedom of representation choice required in quantum chemistry for on-the-fly simulations.
Thus, Approach II can be combined with popular diabatization approaches to avoid issues
with possible singularities. We also discussed the sampling of the initial adiabatic product
state, and showed that the two-step sampling procedure can be approximated by a single
step for on-the-fly simulations. We believe the gGDTWA will provide a powerful tool for
the simulation of systems with synthetic gauge fields [[[02] and on-the-fly semiclassical

simulations.
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The main difficulty of simulating nonadiabatic quantum dynamics as well as other quan-
tum phenomena arises from the incompatibility between classical computers and quantum
effects, i.e., the exponential growth of Hilbert space makes the demanded computational
resources blow up. Already in the last two parts, we presented numerically “exact” methods
(mainly MCTDH) and linearized phase space methods to mitigate this problem. However,
both of them have their own limitations. MCTDH tries to account for quantum effects as
much as possible, but suffers from the exponential growth of computational efforts. Ad-
ditionally, the efficient representation of MCTDH wave function ansatz relies on the en-
tanglement of the system, which prohibits its application to the long time dynamics [B3]].
Linearized phase space methods account for the quantum effects of initial states while ap-
proximating the dynamics classically. They are qualitatively correct only for systems with
negligible quantum coherence [Pg,p23].

Is it possible to simulate an arbitrary quantum system quantitatively without exponential
resources? The answer is yes! In 1982, Richard Feynman [B3] proposed the concept of quan-
tum simulators: “Let the computer itself be built of quantum mechanical elements which
obey quantum mechanical laws.” Although we are still far away from large scale quantum
simulations, research on the field is extremely active and numerous progresses have been
achieved [R63]. This part includes the discussion of quantum simulations as computation-
ally cheap and reliable methods for nonadiabatic quantum dynamics. In chapter 5, we will
present the background knowledge of quantum simulations. In chapter 6, we will present a
simple but efficient scheme to protect the symmetry in quantum simulations. We will also
show how this scheme works in lattice gauge theory (LGT) and hydrogen molecules. Specif-
ically, quantum simulations of U(1) LGT and hydrogen molecule with linear penalties have
potential applications in atom-in-cavity models and nonadiabatic quantum dynamics under a
novel framework [Bg,B7], respectively. Additionally, digital quantum simulations of hydro-
gen molecules with linear penalties can also be used in the quantum cooling algorithm [264]

for electronic structure computing.






Chapter 5

Background on Quantum Simulators

Simulations are the mimicries of real world systems by conducting experiments with model
systems, which are approximations of real systems, on either silicon chips, or physical ob-
jects. As we stated in Chapter 2, models are approximations of real systems while retaining
key characteristics. Strictly speaking, almost all of numerics on computers are simulations
because all known physical laws are only valid in certain energy scales. When people talk
about simulations, they overwhelmingly mean computer simulations because of the power
of modern computers. However, there do exist simulations performed on physical objects
when the problem is too complicated for computers. An explicit example is the usage of
wind tunnels in aerodynamics. Navier—Stokes equations of fluid dynamics are hard for
computers, therefore, wind tunnels are often used in aerodynamics. Similar to fluid dynam-
ics, quantum dynamics is challenging for classical computers. As an alternative compute
paradigm that is currently emerging, it has been proposed to use quantum devices to per-
form simulations for quantum systems [BI-B3]. Such quantum devices are so called quan-
tum simulators (QSs). This type of processes is known as quantum simulation. There are
two conceptually different QSs [B4, B3] (and corresponding quantum simulations), digital
QSs (DQSs) and analog QSs (AQSs). Several theoretical and experimental achievements of
quantum simulations on chemistry have been made in recent years, for instance, analog [R67]
and digital [268, 269] quantum simulation of nonadiabatic dynamics, analog simulation of

electronic structure [R7(]], which will be discussed in the corresponding sections.

This chapter is organized as follows. DQSs, which are closely related to quantum com-
puters, will be covered in Sec. 5.1. We will also discuss successful quantum algorithms and

their applications on chemistry in this section. In Sec. 5.2, we will discuss AQSs.

117
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S.1 Digital quantum simulator

The DQS is one specific application of circuit models of quantum computations. In the first
subsection, we will briefly review the circuit models of quantum computations, and quan-
tum algorithms. In the second subsection, we will discuss the implementations of digital
quantum simulations. Quantum error correction (QEC) and fault-tolerant quantum compu-
tation will be reviewed in the third subsection. In the fourth subsection, we will discuss

quantum error mitigation (QEM) and noisy intermediate-scale quantum era.

5.1.1 Basics of circuit models of quantum computations

There are some other models of quantum computations, for instance, quantum walk [R71]]
and adiabatic quantum computing [R72)], however, for simplicity, quantum computations
in this thesis are referred to as circuit models of quantum computations if not specified
otherwise. Before discussing how quantum computers work, it is beneficial to review the
functioning of classical computers. In classical computers, all algorithms are transferred to
logical gate operations (AND gate, OR gate, NOT gate, etc.) on classical bits in a register,
and outputs of algorithms are obtained by measurement results of classical bits. Similarly, in
quantum computers, quantum algorithms are transferred to quantum logical gate operations
on qubits in a quantum register, and outputs of algorithms are obtained by measurement
results of qubits. Next, we will introduce these new concepts in detail [B1]].

A qubit is the quantum version of a classical bit. Unlike the classical bit characterized

by two statuses 0 and 1, a qubit is a two-state quantum system
W) = |0) + B[1) (5.1)

where « and /3 are arbitrary complex numbers. A quantum register compromises multiple
qubits. Therefore, the Hilbert space of a quantum register grows exponentially with the
number of qubits. Quantum logical gates are unitary transformations which act on quantum
registers. In this sense, quantum computers are devices which obey quantum mechanics
rigorously. That is the reason why DQSs can simulate quantum dynamics efficiently.

In the circuit diagram [R73]], a qubit is represented by a line, and quantum logic gates are
represented by rectangles on the line. Here, we list several commonly used quantum gates
and their notations in the circuit diagram.

Single qubit gates are unitary operations which only act on a single qubit. They do not
generate quantum entanglement between different qubits. The Pauli gates (X,Y,Z) are three

single qubit gates, and they are identical to the corresponding Pauli matrices,

01
X , Xz(lo), (5.2)
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’ Z 0 ’ '
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Specifically, X gate is also called NOT gate since it flips a qubit. Therefore, it is a quantum

version of classical NOT gate. One can also define the square root of the NOT gate,

141

1140 1—i
] |, VNOT=- . 5.5
VNOT 2(1—2’ ) (5-5)

It is not hard to verify that (vVNOT)? = NOT.
The phase shift gate is a family of single qubit gates, which adds an additional phase

factor on state |1),

Pe)=( " | 5.6
—TJrol—  PO={, . ] -
There are several commonly used phase shift gates, P(7) = Z, P(§5) = S = VZ, and
P(Z)=T=5.
The rotation gates are defined as the rotation operators on a single qubit,
cos? —isin?
RO — . Rxw):( Ca I 5
—ising  cosg
cos? —sin?
— RO — » RO = ( 2 I (5.8)
Sin 9 COS 3
0
exp(—1t3 0
— RO — » RA(0) = (=i2) o | (5.9)
0 exp(zi)

Any arbitrary single qubit gate can be expressed as the product of three or less rotation gates.

The Hadamard gate maps z-polarized states |0), |1) to z-polarized states \%(|0> +11))
and (/0) — [1)),

1 (1 1
H ; H:ﬁ N E (5.10)

Two-qubit gates act on two qubits, and thus can generate non-trivial quantum entangle-

ment. One of the most used two-qubit gate is controlled-U gate,

. CU=[0)0|® )+ A|eU, (5.11)
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where the upper line represents the control qubit, and the lower line represents the target
qubit. U gate acts on the target qubit gate if and only if the control qubit is |1). The CNOT
and CZ gates are the most commonly used controlled U gates. In fact, CNOT (CX) gate and

CZ gate have their own notations

1000
— 0100
., CONOT = , (5.12)
— 0001
0010
100
_ 01 0
I CZ= (5.13)
S 001
000 —1

Notice that CZ gate does not have a unique target qubit due to the fact CZ gate only maps
|11) to — |11) while other states remain unchanged, and is thus symmetric.
SWAP gate and v SWAP gate are also commonly used two-qubit gates,

1000
—— 0010
., SWAP= , (5.14)
b 0100
0000
10 0 0
] — 0 1(1+i) L(1-i) 0
sop| . vewAp= | 0 U ED =i 0
B B 0 Y(1—i) L1+i) 0
0 0 0 1

and the relation (vVSWAP)? = SWAP holds.

A key concept of quantum gates is the universal quantum gate set. An arbitrary unitary
operator can be expressed by a set of universal quantum gates. Universal quantum gates
are also useful in the initial state preparation procedure, as any initial states can be prepared
by applying the gate operations to the state ]O>®” with the help of universal quantum gates.
One of a set of universal quantum gates is rotation gates R,, R, R., phase shift gate P(y),
and CNOT gate, which can be replaced by v'SWAP gate.

The readout of quantum algorithms is determined by quantum measurements. The mea-
surement basis set is usually chosen as {|0),|1)}. According to the Copenhagen interpre-

tation, quantum measurement on qubits makes the wave function of the quantum register
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collapse, and the outputs of measurement results are determined by Born’s rule. Gener-
ally, one needs to run the circuit multiple times and obtain the probability distribution on

measurement basis sets. In the circuit diagram, the measurement is represented by

_/7{,

where the line terminates at the end of measurement meaning the operation on the qubit
ends after measuring. Indeed, one can also use the gate to operate the qubit after measur-
ing. In this scenario, one just needs to add a line after measurement in the graph notations.
Sometimes we need to operate other qubits according to the measurement output. It is a

measurement version of controlled-U gate, and this can be represented by

U

|
—=

This notation means that applying U gate to the upper qubit if the measurement output of
lower is |1), otherwise do nothing. Here, the double-line between the measurement and the
U gate represents the classical information, which is different from the single-line in the CU
gate.

Already, we have introduced the basic concepts of quantum computations. To build up a
quantum computer, one needs physical realizations of scalable qubits, to manipulate interac-
tions between qubits to implement a set of universal quantum gates, to prepare simple initial
states such as the product state |O>®", and measure the qubits. In practical situations, there
always exists interactions between quantum computers and environments, which causes de-
coherence. Therefore, the decoherence times of quantum computers must be long enough to
support finishing manipulations and measurements. These conditions are the so called Di-
Vincenzo’s criteria [R74]. The most attractive experimental schemes of universal quantum
computers to date are trapped ion quantum computers [R73-277] and superconducting quan-
tum computers [278,279], but there are also many other platforms, for instance, NMR [280],
Rydberg array [R81]], quantum dots [R82], photons [283], etc [284].

In the end of this subsection, we will briefly review the other important application of

quantum computations: quantum algorithms. Heuristically speaking, gate operations on a
quantum register can be regarded as parallelism computing because of the quantum superpo-
sition. Therefore, one could expect that quantum algorithms have the speedup over classical
algorithms, in which quantum features, such as quantum entanglement and quantum super-
position, play important roles. Another tremendous difference between quantum algorithms
and classical algorithms is that most of quantum algorithms are probabilistic algorithms, be-

cause the outputs of quantum measurements are probability distributions. Here, we will list



122 Digital quantum simulator

several famous quantum algorithms [283]. One of the most commonly used quantum algo-
rithm is quantum Fourier transform, which has an exponential speedup (O(N?)) compared
with classical Fourier transformation (O(Ne™)), where N is the number of qubits. Lots of
quantum algorithms are based on Quantum Fourier transform, for instance, quantum phase
estimation algorithm [R8€] for estimating eigenvalues of a matrix, HHL algorithm for solv-
ing linear systems of equations [287], Shor’s algorithm [R88] for finding the prime factors of
an integer. Specifically, there have been experimental realizations of the quantum phase esti-
mation algorithm for electronic structure computations [289,290]. Another commonly used
quantum algorithm is the Grover’s algorithm [R91]] for searching unstructured databases,
which only has a quadratic speedup (from O(N) to O(v/N)), where N is the number of
elements in the unstructured databases. Although it is not as efficient as quantum Fourier

transform, we still gain a lot when N is huge.

5.1.2 Digital quantum simulation

Next, we will review how to use a quantum computer to perform digital quantum simula-
tions. The resources of digital quantum simulation grows linearly with system size, rather
than exponentially as in classical computers. Assume the system Hamiltonian and initial
state are Hy, and |W(0))

nite, one can always map the system Hamiltonian f]sys as well as the corresponding Hilbert

«s> Tespectively. When the basis of the Hamiltonian Hiy, is fi-
space onto the Hamiltonian of a quantum register H and its Hilbert space [B4]. We denote

the mapping initial wave state as | (0)). Then the time dependent state can be expressed as

W) = U() [ 2(0) = e %(0)) , (5.16)

where U (t) = e~ is the unitary time evolution operator. In principle, one can construct
U (t) by a set of universal quantum gates. However, the construction can in general be highly
non-trivial. Instead, researchers commonly use the Trotterization strategy to construct the

unitary time evolution operator. Suppose the Hamiltonian can be expressed as
M
H=> H. (5.17)

According to the Suzuki-Trotter formula, the evolution operator can be approximated as

[292]

2 M

HU, +— > H, Hy), (5.18)

l>m:1

U(t) = U(

3I@F

il SFrt . . . .
where U(%) = e 'n, and n is the number of time slices. £ is also known as Trotter

step size. There are two important ideas behind Eq. (5.18). First, each unitary operator

Ul(i) can be constructed efficiently by a set of universal quantum gates, which requires that
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the form of H, should be simple enough, for instance, the summations of few product of
Pauli operators. Second, the unitary evolution operator U (%) can be well approximated by
Hl Ul(%)-

The error of the approximation Eq. (5.19) is given by

2 M 3

"= MZ:1[H1, Hy] +0(-5). (5.19)

S|

o)~ [T

The higher order decomposition can also be constructed, while it increases the number of
gates in each time slices. Eq. (5.19) suggests that the bounded error requires that the number
of total gates should grow quadratically with time n ~ t2. Fortunately, it has been observed
that ¢t ~ n, i.e., fixed Trotter step size regardless how long evolution time, is sufficient to
make error of local observables bounded for local Hamiltonians [R93,294]. The last step
of digital quantum simulations is to measure observables of time dependent states. If the
decoherence of DQSs is weak enough, digital quantum simulations can give quantitative
predictions for quantum dynamics with only linearly increasing qubit numbers with system
sizes, which are much less than exponentially increasing bit numbers in classical algorithms.
We also point out there is already a successful theoretical proposal for digital quantum sim-

ulations of nonadiabatic quantum dynamics [293).

5.1.3 Fault-tolerant quantum computation

In engineering, a system is fault-tolerant if it can still work properly when parts of the system
have failures. In this subsection, we will briefly review error corrections in classical and
quantum computers. We will also discuss the resources of errors in quantum computers
(296, R97).

First, we will illustrate the idea of repetition code for error correction in classical com-
puters. Suppose each bit has a probability p < 1 of flipping (an additional undesired NOT
gate) in each gate operation. The simplest strategy to detect and correct this error is the rep-
etition code, of which the key idea is employing redundancy. One can group three physical
bits to one logical bit. The status 000 and 111 of physical bits represent status Oy, and 1y,
respectively. One can apply the same gate three times individually to all physical bits, and
measure the statuses of them. The measurement output of logical bits are called syndrome,
which tells us the possible error in logical bits. If all three bits have the same statuses, we
think no errors has occurred in the gate operation. If one single bit has a different status, we
think a flip error has happened on that bit, and apply a NOT gate on that bit to correct it.
The above repetition code rules out all single bit-flip errors, and the probability of the error

reduces from p to 3(1 — p)p® + p* = 3p? — 2p>. It can be improved by further redundancy.
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Next we will briefly review the origin of errors in quantum computers. Such errors
can be classified into two categories, coherent errors and incoherent errors [R9€]. Coherent
errors, which include all errors that make quantum gates deviate from a perfect implementa-
tion while keeping the dynamics of quantum registers still unitary, arise from the imperfect
knowledge or control of Hamiltonians of quantum registers. In contrast, incoherent errors,
which include all errors that make the evolution of quantum registers non-unitary, can be
further classified into three subclasses, decoherence, loss, and leakage. Decoherence errors,
which have been discussed in Sec. 5.1.1, are caused by the interaction between environments
and quantum registers. Sometimes, some qubits in quantum registers could be intractable,
i.e., we cannot manipulate or measure them, and such errors are called loss errors. Qubits
are often implemented by two-level subspaces of particles, for instance, the Hilbert space
of a superconducting qubit is spanned by the ground state and first excited state of an an-
harmonic oscillator. Errors such that particles escape from two-level subspaces are referred
to as leakage errors. It has been shown that evolution of quantum registers with errors can
be efficiently represented by quantum channels. Furthermore, most decoherence and co-
herent errors can be efficiently represented by applying additional X gates (bit-flip error)
and Z (phase-flip error) gates stochastically after each gate operations [R9€], which can be
efficiently corrected by quantum error correction (QEC) codes, for the details, see the fol-
lowing discussions. QECs for leakage and loss are much more complicated. The readers
who are interested in details of these QECs can check Ref. [R94].

Now we are in the position to discuss QEC. Similar to error correction in classical com-
puters, QEC codes also use redundancy. Generally, [[n, k, d]] QEC code represents that n
physical qubits group to k logical qubits with a distance d between basis states. Here, the
distance means the minimal number (larger than zero) of Pauli gate operations which makes
logical qubit invariant; for an explicit example, see the following. The simplest QEC code
is the [[3,1,2]] code for bit-flip errors [R94]. The logical states are encoded as

|0) = 10), =1000) , |1) —=|1), =|[111), (5.20)
al0);, +8|1);, — «|000) + 5 |111) , (5.21)
where |0); and |1), mean basis states of logical qubits. The distance of this code is 2 since
the logical qubit is invariant under Z; Z5, which contains two Z gates. Already, we see a huge
difference between QEC code and classical repetition code, i.e., different physical qubits in

one logical qubit must be manipulated non-individually. To be more explicit, Pauli X and

7 gates for the logical qubit are
X =X®  7Z=27I%, (5.22)

which are repetition operations of single qubit gates. However, the gate %(Z + X) for the
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|\II>L 1 .
— Error Correction —
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Figure 5.1. Circuit diagram of [[3,1,2]] QEC code for detection and correction of single
qubit error. The three-line bundle represents the other qubits in the quatnum register, three

physical qubits encode the logical qubit, and two additional ancilla qubits are introduced.

logical qubit is £(Z + X), which cannot be obtained by operating three physical qubits
individually.

Another huge difference between classical repetition codes and QEC codes arises from
the destructiveness of quantum measurements. For this reason, one has to use ancilla qubits
to extract syndrome information. Figure (5.1]) shows the circuit diagram for error detection
and correction of the [[3,1,2]] QEC code. The input state of the whole quantum register

|W), is prepared as

(W), = algo) [000) + Flgr) [111) (5.23)

where |q) and |¢; ) represent normalized vectors of other qubits in the quantum register. The
final states before measurements and corresponding correct gates are listed in the Table.1].
Ancilla qubits are always eigenstates of measurement basis, hence, quantum measurements
on ancilla qubits do not cause destructiveness of quantum states. When there is only one
single qubit error on the logical qubit, [[3,1,2]] QEC code can recognize and correct all
single bit-flip errors. However, it cannot correct phase-flip errors and multi-bit-flip errors.
In an ideal device with no Z gate errors and low enough probability of X gate errors, [[3,1,2]]

QEC code can work efficiently.

More sophisticated QEC codes can be constructed by stabilizer codes with the knowl-
edge of group theory, for instance, Shor’s code [R99], [[5,1,3]] code [R99], [[7.1,3]] code
[BOd], surface codes, etc. Fault-tolerant quantum computations can be implemented with
the help of QEC codes and good enough devices. Specifically, small scale fault-tolerant
quantum computations have been realized in experiments [B01, 0], however, we are still

far away from large scale fault-tolerant quantum computations for practical simulations.
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Error gate Final state, |Other) |Logical) [Ancilla) ~ Correction gate
No error (a|go) |000) + B q1) [111)) |00) None
100) + 3 g1} [011)) |11)
010) + 5 g1} [101)) |10)
|001) + B |q1) [110)) |01)
|110) + B |q1) [001)) [01)
|011) + 3 g1} [100)) |11)
|101) + S q1) |010)) |10) X gate on qubit 2
) )1000)) 01)
) = Bla) [111))[00)
) ) [111)) [00)
) — Blqr) [111)) 00)

bit-flip error on qubit 1 a|qo X gate on qubit 1

a|qo
a|qo
04|Qo

(
bit-flip error on qubit 2 (
(
(

bit-flip error on qubit 2, 3 (a|qo
(
(
(
(
(

X gate on qubit 2
bit-flip error on qubit 3 X gate on qubit 3
bit-flip error on qubit 1, 2 X gate on qubit 3
X gate on qubit 1
bit-flip error on qubit 1, 3 a|qo
a|qo
o |qo
a|qo

a |qo

three bit-flip errors |111) + 5 |g1) [000)) |01 None
1000) — 3 |g1) [111)) 00
000) + B q1) [111)) |00

1000 100

one phase-flip error None

two phase-flip error None

- - e -
~— T ' — ~—  ~— ~— ~—

three phase-flip error None

Bla) 111

Table 5.1. Error gate, final state before measurements and correct gate circuit diagram of
[[3,1,2]] QEC code. Although the phase-flip errors cannot be corrected by the [[3,1,2]] QEC

code, it can still be efficient when bit-flip errors dominate.

5.1.4 Noisy intermediate-scale quantum era

In 2018, John Preskill coined a new word, NISQ [R63], which stands for Noisy Intermediate
Scale Quantum, for the current and impending quantum computation era. “Intermediate-
scale” is referred to as the number of available qubits ranging from 50 to few hundreds, and
“noisy” emphasizes that the control of each quantum qubit is imperfect. Most importantly,
the error probabilities are not low enough to support fault-tolerant quantum computations.
We stress that NISQ technologies also include AQSs, which will be presented in the next
subsection.

We cannot expect that NISQ devices are suitable for standard quantum algorithms such
as Quantum Fourier transformation and Grover’s search. Instead, lots of quantum algo-
rithms for NISQ devices, which are called NISQ algorithms have been developed. One
of the most successful NISQ algorithms is the Variational Quantum Eigensolver (VQE) al-
gorithm [B03,B04]. An explicit example is the UCC method for ground state calculations
of molecules. For convenience, we consider a closed-shell molecule. As we discussed in

Sec. 2.2.2, the UCC wave function ansatz is
o)y = exp(T = T1) [Wo)ye (5.24)

where 7' is chosen as Eq. (2.84) with suitable truncations, and the Hartree—Fock wave func-
tion is given by Eq. (2.57). The eigenstates and eigenenergies are determined by the varia-
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tional principle

The VQE algorithm is a hybrid quantum-classical iteration algorithm. In each iteration, the
UCC wave function is prepared in a quantum processor, and all the physical quantities which
a classical optimizer requires are obtained by quantum measurements. The new parameters
of the quantum state for next iteration are determined by a classical optimizer. The above
procedure is repeated until the convergence is reached. As a comparison, wave function
and energy in the ordinary CC are determined by projection CC ansatz wave function into
ground and excited configurations due to the fact that the variational UCC method is hard
to solve in classical computers. The above hybrid quantum-classical optimization approach
is not limited in the VQE algorithm. When the similar procedure is applied into classi-
cal optimization problems, it is so called Quantum Approximate Optimization Algorithm
(QAOA) [B03,B04]. Other interesting applications of NISQ technologies include quantum
annealing [303], quantum deep learning [B04], quantum simulation [[84], etc.

There are two important questions on NISQ technologies: 1. can we get quantum a speed
up on NISQ devices? 2. Can we trust results based on NISQ devices? The answer of the
first question is yes! In fact, many experiments have demonstrated that NISQ technologies
can outperform state-of-the-art classical computers in certain problems [R78,279,283]. The
answer of the second question is very subtle. In principle, one cannot trust any results
without error corrections. In practice, we do trust them in some certain cases [B3, 84].
For instance, we only need good enough approximations of optimization problems, which
means the deviation due to the noise in quantum devices for QAOA might be acceptable. The
scenario for quantum simulations are more complicated. When the numerical simulations on
classical computers are feasible, one can benchmark AQSs by classical computers. For the
systems beyond classical computers, the way to justify the results of quantum simulations is
to extract universal information, i.e., to run quantum simulations on different types of QSs
and find the common features.

Although QEC is not possible for NISQ processors, one can use quantum error mitiga-
tion (QEM) techniques to reduce the error effects. Similar to QEC codes, QEM techniques,
which do not group several physical qubits into one logical qubit, are mainly developed for
quantum computers and DQSs. Commonly used QEM techniques include zero-noise ex-
trapolation [307, B0§], randomization methods [307], subspace expansions [B09,B1d], and
so on. In NISQ devices, minimal levels of noise are unavoidable, however, one can increase
the strength of noise controllably. The idea of zero-noise extrapolation is performing sim-
ulations or algorithms with different noise strengths and doing extrapolation to obtain the
results on zero-noise [B07,B08]. In randomization methods [BO7], one represents the ideal

circuit as a quasi-probabilistic mixture of noisy ones, and zero-noise results are obtained
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by statistical average of noisy results. Subspace expansions is the most similar QEM tech-
nique to QEC codes. If the symmetries of the system are known, one can check whether

the symmetries of quantum states are correct or not, and correct them if the symmetries are

wrong [Bod].

5.2 Analog quantum simulator

Unlike DQSs employing discrete quantum gates, all operations in AQSs are implemented
continuously. In analog quantum simulations, one needs to map the system Hamiltonian
Hsys into an experimentally realizable mapping Hamiltonian H, and let the AQSs evolve
under the Hamiltonian . Similar to digital quantum simulations, information about the
evolution of observables under the dynamics generated by Hsys can then be extracted by
measurements on the constituents of the AQS. To establish the mapping, often suitable en-
ergy penalties need to be engineered in order to obtain a low-energy theory that controllably
approximates ﬁsys, see also the next chapter. The Hilbert space of H can be infinite, for
instance, one can use phonons and photons to simulate harmonic oscillators [B4]. In fact,
Feynman’s initial proposal on quantum simulators is the AQS: ...there is to be an exact
simulation, that the computer will do exactly the same as nature.”

It seems that analog quantum simulations are more straightforward than digital quantum
simulations. However, to find experimentally realizable mapping Hamiltonians is not triv-
ial. Successful analog quantum simulations (experiments and theoretical proposals) include
black hole simulations in photon and phonon systems [B11]], Dirac equation simulations in
trapped ions systems [B12]], Col simulations in trapped ions [B13] and Rydberg atoms sys-
tems [B14]], electronic structure simulations in Rydberg atoms [R70], lattice gauge dynamics
in cold atoms [P2], nonadiabatic quantum dynamics in trapped ions systems [R67], and so
on.

Several QEM techniques have been developed for AQSs [B13], however, there are still
no known QEC methods of analog quantum simulations currently. The lack of QEC meth-
ods suggests that we cannot fully trust AQSs even if the devices are sufficiently accurate.
This is the major drawback of analog quantum simulations. The way to justify the results of
analog quantum simulations is similar to NISQ technologies, i.e., we can only trust the uni-
versal information of analog quantum simulations, which has been discussed in the previous
subsection.

To summarize, we briefly reviewed the basic concepts of quantum computers and QSs
in this chapter. We also discussed quantum algorithms, QEC and QEM. Specifically, we
briefly reviewed several successful quantum algorithms and quantum simulations for chem-

ical systems, including VQE and quantum phase estimation for electronic structure compu-
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tations, digital and analog quantum simulations for nonadiabatic quantum dynamics, and
analog quantum simulation for electronic structure computations. In the next chapter, a
specific QEM technique based on the quantum Zeno effect (QZE) and its application on

lattice gauge theory and quantum chemistry will be presented.






Chapter 6

Symmetry protected quantum

simulators for quantum dynamics

Penalty methods have been widely used in constrained optimization problems. Consider a

Hamiltonian H with a complete set of commuting observables k&,
[Hy, K;] =0, [K;,K;]=0 fori,j=1,2---,r. (6.1)

For convenience, we define the coefficients vector for penalties and symmetry sector as ¢ =
(c1,c0,- -+ ,c.)  and K = (K1, Ky, -+, K,)T, respectively. We also define the projector
on the symmetry sector K as Py, which will be used in the Sec. 6.1. In principle, one
can choose arbitrary positive coefficients for quadratic penalty methods. The approximate
ground state ®(6) in the symmetry sector K* can be obtained by the variational method [B16]
with quadratic penalty

min (D(0)| [Ho+V Y ¢;(K; — K7)*][@(0)) , (6.2)

0
J

where V¢, are strengths of penalties. It has been shown that the |®(6)) approximately lies in
the symmetry sector K* if V'¢; are strong enough. Quadratic penalty methods can also be ap-
plied in dynamical systems. Even small symmetry breaking terms can change the simulation
results drastically due to the fact these terms drive the system out of the symmetry sectors.
Therefore, symmetry protections are crucial for quantum simulations, which—being NISQ
devices—will always be plagued by at least some level of errors, see Chapter 5. Supposing an
additional symmetry-violation error Hamiltonian Hi is generated during the implementation
of Hy in an AQS, such error can be suppressed with the help of quadratic penalties [B]
i0,|0) = [Hy+ Hy + V'Y _¢;(K; — K7’ |¥) (6.3)
J
where the initial state |¥(0)) is prepared in the symmetry sector K*. Penalty methods can
also be regarded as a QEM technique for AQSs, which will be discussed in the Sec. 6.1.

131
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The major problem of quadratic penalty methods is that experimental implementation
of quadratic penalty terms are generally challenging, as K ]2 typically represents fine-tuned
interaction terms. In this chapter, we will present an experimentally feasible linear penalty
method, which is based on the quantum Zeno effect (QZE), for suppressing coherent quan-
tum errors in both AQSs and DQSs [B9]. This chapter is organized as follows. In Sec. 6.1,
we will briefly review the mathematical formalism of QZE, and the related symmetry pro-
tection scheme. In Sec. 6.2, we will show how this scheme applies to LGTs. In Sec. 6.3, we
will present the application of this scheme in Hydrogen molecule. Sec. 6.1 and 6.2 are based
on the work “Gauge-symmetry protection using single-body terms”, PRX Quantum 2 (4),
040311, and Sec. 6.3 is a part of the ongoing research project, digital quantum simulation
of quench dynamics in molecular systems with linear penalties. (All figures and numerical
results of Sec. 6.2 are made by collaborators Dr. Jad C. Halimeh and Julius Mildenberger.

The author only contributed to the theoretical and analytical aspects of this section.)

6.1 Protection scheme based on quantum Zeno effect

6.1.1 Continuous quantum Zeno effect

Quantum measurements can change the properties of quantum systems drastically. One
example is the quantum Zeno effect (QZE) [B17,B1§], i.e., quantum systems can be frozen
under certain measurements. Mathematically speaking, continuous measurement processes

[07,B19] can be formulated as the time evolution under the Hamiltonian Hy,
HV = H + VHmeas: (64)

where H is the Hamiltonian of the system, and Vﬁmeas is the coupling term between the
apparatus and the system, and V' is the coupling strength. Assuming that the spectral de-
composition of Hppons 5

Hyeas = Y Eyll,, (6.5)

where F), is the eigenenergy and I, is the corresponding projector. For convenience, we
assume the spectral gap of H,ons is order O(1). When V is sufficiently large, the time

evolution operator can be approximated as

oY pg itV FinenstE T L) _ § itV B AT (6.6)

n

with a residual term O(||H||2t/V'). Therefore, such approximation is valid up to time scale

t ~ V/||H||?. If we prepare an initial state |¢(0)) in the eigensector m,

I, [$(0)) = [$(0)) | (6.7)
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Eq. (6.6) suggests that the time dependent state can be approximated as
[6(2)) m ¢ ATt VER) | (0)) (68)

Therefore, the system can be prevented from exploring undesired sectors m’ £ m with the

assistance of quantum measurements, which is the interpretation of QZE.

6.1.2 Linear penalty method for AQSs

The quadratic penalty method Eq. (6.3) can be interpreted in the framework of QZE. The
quadratic penalty term V') ;G (f( i — K ;‘)2, and the summation of implementation Hamil-
tonian and error Hamiltonian Hy + H; in Eq. (6.3) play the role of coupling term V Hpeas
and system Hamiltonian Hin Eq. (6.4, respectively. With the help of Eq. (6.6) and (£.9),
the effective Hamiltonian in Eq. (6.3) can be expressed as

f:[eff = [:[0 + ﬁolfflﬁm (6.9)

where I, represents the projector on the eigenstate with zero eigenvalue of the quadratic
penalty V') . cj(f( ; — K;)?, which is identical to the projector Py~ Such effective Hamil-

tonian commutes with all symmetries in the complete set of commuting observables,

[Het, K;] =0, j=1,2,---,n. (6.10)

Therefore, the effective dynamics preserves the symmetry. Furthermore, when I, H, 11, =
0, the effective Hamiltonian is the exact Hamiltonian we want to implement.

The idea of linear penalty protection scheme is quite similar to the quadratic penalty

method for dynamics. For an initial state which is in the symmetry sector K*, an additional

linear penalty term V' . c(K; — K +) is added in the Hamiltonian

i0,|0) = [Hy+ Hy + V'Y _¢;(K; — K7)]|¥) (6.11)
J

where the interpretations of all operators and physical parameters in Eq. (b.11)) are identical
to Eq. (6.3). The effective Hamiltonian for Eq. (6.11) reads as Eq. (6.9), where the inter-
pretation of I, is the projector on the eigenstate with zero eigenvalue of the linear penalty
VY ;G (K ; — K;). Notice that the major difference between the effective Hamiltonian for
the linear penalty method and the quadratic penalty method is that the projector II; in the
linear penalty method can contain projectors other than the desired symmetry sector, i.e.,

the relation [Ty = Pk~ does not always hold.
There are two scenarios where linear penalty can promise symmetry protected dynamics
up to a timescale ¢t ~ V/||H||?, with a controlled violation of O(||H|[2/V). In the first

scenario, the eigenstate with zero eigenvalue of V') e (K j— K) is non-degenerate, which
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means the projector I, = Pg-. Specifically, for a general H,, the symmetries are protected

when the ¢; are sufficiently incommensurate, i.¢.,
' (K-K)=0, if K=K*. (6.12)

This condition can be easily satisfied when c; are random numbers or irrational numbers, or
even fine-tuned integers.
In the second scenario, H; cannot spilt up the degeneracy of I1, in the first order pertur-
bation theory. In this case, one has
I, H, 11, = > PxH Py = > PxH Pk | (6.13)
Ke{K|cT -K=cT .K*} Ke{K|cT - K=cT -K*}
K/'e{K'|cT K/'=cT .K*}
which is still different from PK*ET 1 PK*. However, such difference does not yield different

effective dynamics for arbitrary initial states in the sector K*,

W) m e W (0) = exp | —i(Ho+ Y. BBt | [9(0))
Ke{K|cT-K=cT-K*} (6.14)
— o i(Ho+Pycs 1 Py )t 1T(0)) .
Compared with the first scenario, the second scenario has its own advantages and disadvan-
tages. Condition Eq. (.13) suggests that the error information must be known. However, the
sequences c; based on the second scenario are usually much simpler than the first; for explicit
examples, see the next section. When the error Hamiltonian H 1 satisfies pKfI 1f)K* =0,
both the first scheme and second scheme can yield the exact Hamiltonian Hy. Specifically,
one can reduce the penalty terms with the help of the knowledge of H;; foran explicit exam-
ple, see Sec. 6.3. For this reason, the linear penalty method can also be regarded as a QEM
technique. We stress that the error suppression schemes of both traditional penalty methods
and linear penalty methods only require || H|| < ||Hueas|| instead of ||Hy|| < ||Ho||. In
this sense, the continuous QZE is an example of strong perturbation theory. In fact, adding
additional penalty terms can also be used in the implementation of Hamiltonians with spe-
cific symmetries in QSs [P2,B20], in which case one could not expect || H1|| < || Ho|| holds
generally.

The linear penalty protection scheme can be also used when the initial state is prepared
as a superposition state of different symmetry sectors ( for applications of the superposition
initial states, see refs. [B21-823].), and the total Hamiltonian reads as

Hy = Hy+ Hi + V) _¢K;, (6.15)
j
where we ignore the constant energy shift term. The effective Hamiltonian must be written

as

Heg =V» ¢;K;+ Ho+ Y T,H ]I, . (6.16)

Vi n
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The extension of coefficients is straightforward. One only needs to let the conditions of ¢;
hold for all sectors rather than one specific sector K*, i.e., Eq. (.12) and (6.13) become

the followings respectively,

VK, K', - (K-K)=0, if K=K, (6.17)
Ke{K|cT-K=Ep,} Ke{K|cT-K=E,}

K'e{K'|cT-K'=Ep}

If either of the two conditions is satisfied, one can protect the symmetries of the system for

any initial state.

6.1.3 Unitary Kkicks version of the quantum Zeno effect

Consider the implementation of Eq. (6.4) on a DQS. The approximated unitary evolution

operator can be expressed as
Un(t) = [UaU(t/N)] (6.19)
where U (t/N) is the time evolution operator of the system Hamiltonian in one period
U(t/N) = e~ it(Ho+ /N (6.20)

which is often further approximated as Trotterization, and Ukick is the unitary evolution
operator for coupling term

Uiire = €V tHmens/N (6.21)

In the N — oo and finite V/N limit,

Un(t) ~ exp (—z’t > (VILLE, + HmHHm)> , (6.22)

which is known as the unitary kicks version of the QZE, and identical to the continuous
QZE Eq. (6.9).

With the help of the unitary kicks version of QZE, one can directly apply both linear and
quadratic penalty methods to DQSs without changes of penalty coefficients. In practical

simulations, U (t/N) is approximated as Trotterization, and Ui can be expressed as

Ukick — H e—ith]-(lA(j—K;)/N’ (623)
J
for the linear penalty method, and

Ukick _ He—ithj(kj—K;)Q/N : (624)

J
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for the quadratic penalty method. Similar to the applications of penalty methods in the

—itVe;(K;—K¥)/N s

AQSs, the implementation of linear penalties e is much simpler than quadratic

penalties e~ itVe; (Kj—K7)?/N

To summarize this section, we have established the rigorous theoretical formalism of
penalty methods for QSs under the framework of the QZE. Compared with quadratic penalty
methods, the major advantage of linear penalty methods is experimentally favorable, and the
drawback is that penalty coefficients in linear penalty methods are complicated. With the
knowledge of error Hamiltonian, such complications can be simplified drastically. We have
also discussed the connections between penalty methods and QEM technique. In next two

sections, we will represent numerical results of LGT and hydrogen molecule, respectively.

6.2 Application: lattice gauge theory

Gauge theories, which are the language of the standard model [B24], are field theories with
gauge invariance (invariance under local unitary transformations), which is accounted for
by gauge fields. They also have important applications in condensed matter physics [B23]
and nuclear physics [B26]. When the gauge fields are static, gauge theories are reduced to
the particles in gauge vector potentials, which have been discussed in chapters 2 and 3. To
perform computations on modern computers, gauge field theories are often discretized on
lattices [B27], which is known as lattice gauge theory (LGT). The local gauge invariance
under the discretizations translates into an extensive number of symmetries of the system,
and LGT is thus an excellent testbed for the linear penalty method. In this section, we will

present the numerical benchmarks of the linear penalty method on U(1) LGT.

6.2.1 Basics of U(1) lattice gauge theory

The U(1) gauge theory is the mathematical language of quantum electrodynamics (QED),
which describes the matter—light interactions. Although in most cases on the chemistry
energy scale, semiclassical electromagnetic fields are sufficient, there do exist certain cir-
cumstances that electromagnetic fields must be treated quantumly. Two explicit examples
are 1. atom-in-cavity models [R0-R§] which have been discussed in chapters 2 and 3; 2.
electronic structure computations for heavy elements with high atomic numbers [32§].
Consider a (1+1)d U(1) LGT in the so-called quantum link model formulation [B29],

L
Ho =" [J(07 7050 + He) + 5. (6.25)

j=1
Here, we drop the hats of operators for simplicity. The matter fields o, which are hard

core bosons, and gauge fields 7, which are non-compact electric fields, place on the sites
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and links, respectively. Specifically, Pauli ladder operators aji (Tjjfj I

ation/annihilation (gauge flipping) operators of the matter (gauge) fields at site j [link (j, 7+

) represent the cre-

1)], and o (77, ) is a mass-density (electric-field) operator at site j [link (j,j + 1)]. The
matter—gauge coupling strength is given by .J, the matter rest mass is p, and the number of
matter sites is L. All of our numerical results in this subsection use the periodic boundary
conditions, and we checked that other boundary conditions do not change the conclusions.
We stress that particle statistics of matter fields do not have an effect on our results for two
reasons. First, bosons in Hamiltonian Eq. (6.23) can be straightforwardly transferred to
fermions by a Jordan—Wigner transformation on the matter fields. Second, penalty methods
Eq. (6.3) and (b.11]) based on QZE are independent of the particle statistics.

There are two major conceptual differences between the present U(1) LGT and atom-
in-cavity models discussed in the second chapter. First, U (1) LGT Eq. (6.29) is a relativistic
theory with electron—positon production and annihilation, while atom-in-cavity models are
non-relativistic. Second, the discretization of U(1) LGT is in the real space while atom-
in-cavity models are naturally discrete because of the bounds of cavities. Nonetheless, one
could expect that the linear penalty method can be used in atom-in-cavity models if the LGT
formalism is employed since both atom-in-cavity models and U(1) LGT describe light—
matter interactions. We also point out that gauge fields are dynamical variables in LGT,
which has a huge difference from particles in gauge vector potentials discussed in Chapters
2 and 4.

Hamiltonian Eq. (6.23) is invariant under gauge transformations e’ > %% where G;
are local Gauss-law (local-symmetry) generators on site j,

(=1)

Gj= 5= (0] + 7+ T+ 1), (6.26)

and «; are arbitrary real numbers. All G; commute with each other, [G;,G)] = 0, Vj , k,
hence U(1) LGT is an Abelian gauge theory. Here, G, plays the role of K ; 1n Eq. k.1).
Meanwhile, we use g = (g1, g2, - - , g1) to label the gauge sectors, which is similar to K
to label symmetry sectors in previous discussions. The restriction g; = 0 is a discretized
and truncated version of the Gauss law VE = p, where FE is the electric field and p is the
charge density. For a non-Abelian gauge theory, different local-gauge generators could not
commute with each other. Strictly speaking, gauge symmetry is a rendering rather than a
symmetry, because gauge symmetries are never spontaneously broken, and different gauge
sectors are equivalent. However, in practical implementations of gauge symmetries in QSs
could unavoidably generate coherent gauge violation errors, except for implementations of
Hamiltonians obtained by integrating out matter or gauge fields [03,P4]. We denote such
errors as AH;, where [Hy, G| # 0, and A controls the strengths of errors. Usually, H; is
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dominated by unassisted matter coupling and gauge flipping [P0-P2]. Here, we model these

undesired terms by

Hy =) (771 400/, +0705,,). (6.28)
j

As we discussed in the beginning of this chapter, AH; are non-negligible even if they are
small, due to the fact they drive the QSs out of gauge-invariant subspace. This U(1) LGT
model is an excellent platform to test linear penalty methods because of the following two
reasons. First, all terms in Hamiltonians and symmetries are local, which makes it experi-
mentally feasible. Second, extensive numbers (L) of symmetries makes the Hilbert space
highly restricted, which suggests that good performance of linear penalty methods on U(1)

LGT model could be transferable to other systems.

6.2.2 Numerical results of AQSs

We prepare the initial state as staggered gauge field and empty matter field stateona L. = 6
lattice, which is in the gauge sector g = 0 (also called “physical subspace™), for the explicit

diagram, see Fig. (b.1)). We use the following linear penalties to protect gauge symmetries

VHe =V ¢;G;, (6.29)
J
where we set max; |c;| = 1 to ensure that V' is the typical energy scale of the protection

term. Therefore, the total Hamiltonian is
H=Hy+ \H,+VHg. (6.30)

Before discussing coefficients selections for linear penalty methods, we will first analyze the
allowed gauge sectors of the Hamiltonian Eq. (6.29). Possible eigenvalues of the Gauss’s-
law generators of the U(1) LGT given in Eq. (6.2d) are 2, 1, 0, —1 for every matter site j up to
a factor of (—1)7. However, physically allowed eigenvalue combinations are restricted. Up
to a factor of (—1)7, assuming matter site j with gauge-generator eigenvalue 2, the matter
site j and field links j — 1,5 and j,7 + 1 have to be spin up, which forbids the gauge-
generator eigenvalue —1 for its two neighbors. Therefore, there are no “2, —1” or “—1,2”
combinations up to a factor of (—1)? in any of the allowed gauge sectors.

With the knowledge of allowed gauge sectors information, we design the following four
sequences for testing the performance of the linear penalty method. The first sequence is
given by ¢’ = (—115,116, —118, 122, —130, 146) /146, which satisfies Eq. (6.12) and be-
longs to the first scenario of the linear penalty method. The second sequence is obtained by
slightly modification of the first sequence, ¢’ = (—115,116, —118,122, —130, 145) /145,



Application: lattice gauge theory 139

initial state

1 ' ' ' ' . 1 ' ' ' : .
o (@ /— R B {C) /— Vi T
= B B V/J =10 . V/J =10
103 L ¢j € {~115,116, —118, 122, —130, 146} /146 — V7 = 10°}] 1073 L o € (L1 -1 1,211} — V1= 107
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Figure 6.1. Time averaged gauge violation of Hy at p = 0.5/, with the error H; =
> (T + 070 +0;05,,) at X = 0.05J, under the linear penalty Eq. (6.29). The
initial state is drawn on top, where the circle represents the sites are empty. As expected,
sequences in (a), (b), and (c) can provide promising protection, keeping gauge-symmetry
violations on a level ~ (\/V')2. Surprisingly, they work up to all the numerically accessible

time. (d) A simple sequence completely fails to protect symmetries.

which satisfies Eq. (6.13) rather than Eq. (6.12)) and belongs to the second scenario of the
linear penalty method. The third sequence, ¢! = (—1,1,—1,1,—1,1), is experimentally
favorable, and belongs to the second scenario. The fourth sequence is also experimentally
favorable, ¢’ = (1,1,1,1,1, 1), however, it does not protect against gauge symmetry vio-
lations. The first three sequences satisfy the relation f[OH 1f[0 = 0, hence, we can expect
that the effective dynamics of the faulty theory Eq. (6.30) is approximately identical to the
ideal gauge theory Hy. In Fig. (b.1]), we present V/.J scanning results of the time average

gauge violations £(t),

L
> WG () (6.31)

Jj=1
t

hIH

2(t) =

for these four sequences with parameters A = 0.05.J and p = 0.5J. All numerical results

dse(s)/t, (6.32)

N

in this subsection are obtained by our own in-house exact diagonalization code (analog),
which we have benchmarked with QuTiP [B30,B31]]. As we expect, first three sequences
can protect the gauge symmetry but the fourth sequence cannot. Surprisingly, all first three
sequences can protect the gauge symmetries up to the time scale 101°/.7, which is much
longer than prediction from the QZE t ~ V/(JL)? ~ 300/J for V/J = 10%.
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We also investigate the protection performance of linear penalty method on local ob-

servables, such as the electric flux £/ and matter occupation n

L

E =2 (17 () 7550 0®) . (6.33)
j=1
L
— 927 9p 34
5 2L; DIEAO)S (6.34)
The coefficients sequence is selected as the experimentally favorable ¢; = (—1)7. In

Fig. (6.2), we present the comparison of time averaged local observables E and 7 between
ideal-theory dynamics (dynamics under ) and linear penalty results. Results of the ideal
theory and the linear penalty method coincide up to the time scale oc V/J2. Meanwhile,
the insets suggest that the errors of local observables are suppressed as 1/ and grows lin-
early in time. These behaviors fit the prediction of the QZE in Sec. 6.1 perfectly. Thus,
the penalty protection method not only restores the correct symmetry, but also the correct

dynamics of local observables.

T T T .
w V/ir=10* 4
o —V/J = 10°
= 0.3 »V _v/l 10*
—w ideal theory 4

107 100 ¢y 100 10%

T
V/J =10?
w—V/J = 10°
xt —_—V/J =10
ideal theory

«t XJ =005 ]
n/J =05
¢ =(=1y

x1/V

r*'“#‘\‘w “"ﬂ

102 1 10 tJ 10* 106 1010

Lo 0% ¢] 0! 10° 1‘«1‘ 101

10?2 ¢J 10* 106 108 1010

Figure 6.2. The dynamics of time averaged (a) electric field and (b) matter occupation of
faulty gauge theory H = Ho+AH1+V ). (— 1)/G; as well as the ideal gauge theory Hy. As
predicted by the QZE, linear penalty terms make the faulty dynamics coincide with the ideal
dynamics up to a timescale x 1/V. Meanwhile, the differences between the ideal-theory
and the faulty-theory dynamics are suppressed by V' and grows linearly in time, which are

shown in the insets.

6.2.3 Numerical results of DQSs

In this subsection, we will focus on the gauge violation dynamics of the linear penalty
method on DQSs. the initial state is identical to the initial state in Sec. 6.2.2, and the se-
quence is selected as the first sequence ¢ = (—115,116, —118, 122, —130, 146)/146. Sim-
ilar to analog quantum simulations, we use an additional term e~***H1 in each Trotter step to
mimic the errors in DQSs. The diagram representation of the implementation of digital quan-

tum simulations in one Trotter step ¢ is implemented as e~ *0H g =10t H1 —i0tV He o —i0tHum

9
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( ) 4 ) 4 )
05 — + Rz RZ
Tj, 41 — R, R, R,
H;
0441 + R, R.
TiH, 42 — R, R, R,
\_ J . J \_ )

AH VHg H,,

Figure 6.3. Elementary unit for one Trotter step of the quantum circuit. o; (7; ;41) denotes
a qubit representing a matter (gauge) field at matter site j [gauge link (7,5 + 1)]. The
implementation of H; can be obtained by Cirq [B37]]. R, and R, denote the z-rotation and
z-rotation gates, respectively. The angles of them are determined by the Trotter step and

+” denotes the unitary gate exp[—i(o; o, , + H.c.)A6t| with

13

Hamiltonian parameters.

Trotter time step ot.

and presented in Fig. (6.3), where we divide H, into two parts,

L
Hy=> J(o;m} 105, +He.), (6.35)
j=1
—
Hy=) 505 (6.36)
j=1

.. —iJlo:7f, o5, ,+Hec.
The gate decomposition of ¢~ (o5 iosaa e

!, which is the component of the Trotteri-
zation of e~*7% can be obtained by the software Cirq [B32]]. Both e~"V#6% and e~ #Hmdt
are the product of z-rotation gates, hence can be combined. The local gauge violation term
e~ M3t can be split into single qubit z-rotation gate e~ and two qubit gate e~ Tt 7)),
Fig. (6.4a) shows that time averaged gauge violations ¢ can be suppressed efficiently up
to t ~ 20/J by the linear penalty method. The parameters of Hamiltonian are identical to
the parameters in the last subsection. In Fig. (6.4b), we present the final time t; = 20/.J
violation of digital quantum simulations for different Trotter steps and analog quantum sim-
ulations. It shows that the controlled-violation scales as \/V2. Moreover, there is an op-
timal protection strength Vige.. For the protection strength smaller than V4., but in the
controlled-violation region, digital quantum simulation errors coincide with analog quan-

tum simulation errors. While for the protection strength larger than Viq4.., the protection
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becomes worse. The ideal protection strength is given by

™

V;eaz__
deal = oeot

£, (6.37)

where ¢ =}, |c;|/L, and £ is a non-universal constant determined by microscopic details
of the model, and £ = 0.58J for the considered model. Intuitively, the first term of the
universal relation Eq. (6.37) is z-rotation angle of the qubits on the Bloch sphere of the
protection term. When the protection strength is larger than V.., protection per Trotter
step becomes weaker. The fitting results of Eq. (6.37) is presented in Fig. (6.4c). The
universal behavior Eq. (6.37) is also confirmed in Fig. (6.4d), in which curves collapsing
around Viy..1 is observed by rescaling the time averaged violation € — £/(J6t)?, and the
protection strength V' — V§t. Although the best protection needs experimental fine tuning,
V' with small deviations near Vg, still gives reasonable protection, which suggests neither

Trotter steps nor protection strength requires fine tuning.

w f(a ' ' ' 40 . . . .
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102%
103 20 -
i [ V/J =0  V/J=1wV]] =2 e V/] = 4 mumV].J = 8]
100 L ! I I 0 . . . . N
0 5 tJ 10 15 20 0.05 0.1 0.2 Jit 0.3 0.4 0.5
10-1 (b) A/J =005, p/J =0.5 100 (o T
7= 0.06
10—2 4 ] ‘ﬁ_\lo ioox
— uncontrolled-violation regime ;’S 0015
. H 1 0.38 0.532 0.7448  1.0427
—3 | =, analo, N )9 1
10 e digitagl; with 8t = 0.4/J g (vat)

e, digital with 8t = 0.2/ w 5t =05/
oy, digital with 6t = 0.1/.] ] 0.1¢

O\ —F, digital with 6t = 0.4/.J
controlled-violation regime z, digital with 6t = 0.2/.J

e (V) , digital with ot = 0.1/J 3 0.01¢
‘ ‘

5t =04/J 3

Gt = 0.2/

—t = 0.1/.]

—t = 0.05/J 3
\

10! JVoo1 3 10 20 1 (Vét)t 10 10?

10741\

107°

Figure 6.4. Numerical benchmarks of gauge violation dynamics in a DQS, at various values
of gauge-protection strength V', with p/J = 0.5, A\/J = 0.05, and L = 6 matter sites. (a)
Violation € dynamics for a Trotter time step 6¢ = 0.2/.J (solid lines), and the corresponding
numerical data for the AQS are shown in dotted lines of the same color. (b) The gauge vio-
lation at final time ¢; = 20/.J in the AQS and in the DQS for various Trotter time steps (see
legend). The gauge violation reaches a broad minimum around the ideal protection strength
of Vigear = m/(2¢0t) — &, see Eq. (6.37). (c) Ideal protection strength Vigea that provides
the minimal time averaged gauge violation €. Blue diamonds are numerically extracted data
points, and the red line is given by Eq. (6.37) with ¢ = 0.58J. (d) Rescaled mean gauge
violation depending on protection strength for various Trotter time steps d¢. The results col-

lapse around their minimum, which suggests a universal behavior.

To summarize this section, we tested the performance of linear penalty methods on the
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U(1) LGT. Promising protections can be reached in both AQSs and DQSs. As stated in
Sec. 6.2.1, we could expect that such good performance would be transferable to other sys-

tems.

6.3 Application: Hydrogen molecule

The linear penalty method can also be applied to digital quantum simulations of quench dy-
namics with explicit electronic DOFs because a general electronic Hamiltonian always has
a complete set of observables including the total spin, spin z-component, and total electron
numbers, for the detailed discussion, see Sec. 2.2.1. Such quench dynamics have at least
two potential applications 1. pure electronic quench dynamics, which can be used in quan-
tum cooling algorithms [R64] for electronic structure computing; 2. nonadiabatic quantum
dynamics with unified treatments of nuclear and electronic DOFs, which is a novel frame-
work [Bd,Bd] established recently.

In this section, we will present the quench dynamics of a hydrogen molecule in the mini-
mal basis with imperfect implementation errors and linear penalties on DQSs as a prototype.

The second quantization representation of hydrogen molecule Hamiltonian in the minimal

basis [B10,333-B39) is

H = hn(aial + a;ag) + h33(a£a3 + (IZCL4> + g1212a§a£a2a1 + 93434a§a1a4a3
+ gims(alalagar + alabazas) + (g1313 — g1331) (a]abazar + abalagas) (6.38)

+ 91331(a1a1a2a3 + a§a£a4a1 + a{agawg + agaiagal) .

Here, we use the notation of the second quantization form of a general molecule Hamil-
tonian Eq. (2.39), and merge terms having different coefficient parameter notations but
same parameter values. ai, as, as, and a4 are annihilation operators of Hartree—Fock or-
bitals |,) [1), @g) [, [u) [1), and |@,) [1). The definition of parameters are Eq. (2.40)
and (), and their values are hy; = —1.252477, hys3 = —0.475934, g1212 = 0.674493,
93434 = 0.697397, g1313 = 0.663472, and gy331 = 0.181287 in atomic units. A complete set
of observables of general molecule Hamiltonian includes the total spin, spin z-component,
and total electron numbers, for the detailed discussion, see Sec. 2.2.1. We prepare the initial
state as the Hartree—Fock ground state |1100), in the fermionic basis, then let it evolve under
Hamiltonian H. In fact, the exact time dependent wave function can be solved analytically
due to the symmetry of Eq. (6.38),

|\I}<t>>ex = COS (91331t) |1100>f — i sin (91331t) ’0011>f . (639)

In order to perform quantum simulations of fermionic Hamiltonian Eq. (6.3§) in DQSs,
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one needs the Jordan—Wigner transformation to map it onto the qubit Hamiltonian,

4
1 :
a; = 5(X; +1Yj) Il &,

A (6.40)

where X, Y, and Z are Pauli gates, and the upper limit of product can be replaced by the
number of qubits for a general fermionic Hamiltonian. With the help of Eq. (6.40), the qubit

Hamiltonian of the hydrogen molecule can be expressed as,

H=H9+HY 4+ H® 4 FO) (6.41)
2 _
HO = by + has + g1212 Z g4 913132 91331 , (6.42)
h +2 -
gL — <% 4 gi1212 911313 91331 )(Z1 X ZQ) (6.43)
h3s | 93434 + 201313 — G1331
— 3+ Z.
+ ( 2 + 4 )( 3 + 4) ?
(2) _ Y1313 91313 — 91331 g1212 93434
HY = 1 (Z1Zy + ZyZs) + T(ZIZB + ZyZy) + 1 2124y + 1 232y,
(6.44)
H® = gffl (X1YaY3 Xy + ViXoX3Y) — X1 XoV3Yy — V12 X3Xy) . (6.45)

i —i ) 4 1 4 2 _; (3)
10tH i0tH e 10tH e 10tH e 10tH . The

In each Trotter step, e

—i6tH® jg g global phase shift, and the second term e

can be approximated as e

istHD
first term e WeH

can be implemented
as z-rotation gates. Implementations of the third e~®#® and the fourth term e~**#'” can
be obtained by Cirq [B32]. The Trotter step in this section is selected as 6t = 0.1 a.u. in this
subsection. The initial state is also transferred to [0011),, in the qubit basis.

Similar to previous section, we model the coherent error as additional quantum gates

e~ H1 ip each Trotter step, where
H=X+X+ X5+ Xy, (6.46)

and such additional quantum gates can be implemented via x-rotation gates. We set A =

0.1 a.u. in this subsection. The linear penalty e ="V~ with only particle number symmetry
Hy =71+ Zy+ Z3+ Zy, (6.47)

is sufficient to suppress this specific error. Similar to the protection in previous subsection,

—istH(

e~WVHN are the product of z-rotation gates, hence can be combined with e " in practi-

—i6tH©) e’”tH(l) etV Hg 672‘&11(2) efiétH(R’) e i0tAH}

cal simulations. Therefore, e is the overall

implementation in each Trotter step.
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Figure 6.5. Quench dynamics of population and overlap of a hydrogen molecule in the
minimal basis for various protection strength (See legends of (a)). (a) Population of state
|0011), for various protection strength. While the dynamics of zero protection (black solid)
is qualitatively wrong, a moderate protection strength V' = 1 can already yield qualitatively
correct dynamics, and it is almost indistinguishable for the results of IV = 10 (blue solid) and
the exact results (purple square). (b) Similar to (a), but for the state [1100),. (c,d) Dynamics
of the real and imaginary part of the overlap, respectively. 1 — R ~ 107%, and |I| ~ 1073

for protection strength V' = 10 suggests a promising protection on the wave function.

InFig. (6.3), we present the population of states |001 1), (]11100),,,) and [1100),, (|0011); ),
as well as the overlap between the exact wave function and the wave function on a DQS,
pas(Y()|¥(t) = R+ il, where R and I are the real part and imaginary part of the overlap
respectively, for various protection strengths up to 40 a.u. (near 1 fs). As we see, V' = 10
a.u. provides quite promising protections not only for observables, but also for the wave

function itself.

6.4 Conclusion

Dynamics of molecules are often overwhelmingly determined by quantum eftects, which is
extremely challenging for classical computers. One of the potential techniques to overcome
this difficulty is the quantum computer. However, we will be in the NISQ era for quite
a long time, and the reliability of quantum simulation results on near-term NISQ devices
are subtle. In this chapter, we have proposed a novel linear penalty method, which can be
regarded as a QEM technique for coherent errors, for symmetry protections in both analog

and digital quantum simulations under the framework of the QZE. Compared with traditional
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quadratic penalty methods, the new method is more experimentally feasible. The method
can even remove the errors completely (in the sense of effective Hamiltonian) for specific
errors. Our numerical results on U(1) LGT and hydrogen molecule in the minimal basis
show that the novel linear penalty method can provide extremely promising protections for
both observables and wave functions. Our method can improve the reliability of general
quantum simulations beyond the systems considered in this chapter, for instance, U(1) LGT
in the thermodynamic limit [B3€], and non-Abelian U (2) LGT [B37], in near-term NISQ

devices. We believe it will be widely used in future quantum simulations.



Chapter 7
Conclusions and Outlook

In this thesis, we investigated two possible routines of computing quantum dynamics of
systems with large DOFs, linearized phase space methods and quantum simulations. Both
methods can overcome the difficulty of exponentially increasing computational efforts. How-
ever, they also have their own limitations. Linearized phase space methods are qualitatively
correct when quantum coherence and interference of systems are negligible. Therefore, the
knowledge of the reliability of linearized phase space methods are often obtained by nu-
merical benchmarks on typical model systems. Quantum simulations mainly suffer from
the imperfect controls of quantum devices, which might cause fatal errors to make simu-
lations unreliable. For both methods, we presented rigorous theoretical analysis for their
accuracy and reliability. Specifically, we established a rigorous measure for short-time ac-
curacy of linearized phase space methods, intra-electron correlation, which is based on the
initial sampling and the force expression. We also rigorously proved that the linear penalty
terms can protect the dynamics of quantum simulators. Moreover, we introduced a well-
known linearized phase space method for quantum lattice models, GDTWA, to chemical
systems. Also, we developed two gGDTWA methods, approach I and approach II, for parti-
cles in gauge vector potentials, which have close connections to LVC models and on-the-fly

simulations.

To establish the intra-electron correlation, we first rewrote fully and partially linearized
methods as a unified expression with the same forms of EOMs and observables evalua-
tions. Different methods are characterized by the numbers of mapping variables, initial
sampling functions, and force expressions. With the help of such unified expression, we
performed the Taylor expansion for the difference of expectations of observables between
exact quantum results and mapping approaches results, and the intra-electron correlation
is defined by matching the third order derivatives. Therefore, methods with correct intra-
electron correlations have higher short-time accuracy than methods with a wrong one for

general Hamiltonians and observables. For chemical motivated models with specific form
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of Hamiltonians, the short-time accuracy of populations can be improved. We found that the
correct short-time accuracy can yield higher short-time accuracy except for scattering mod-
els. We also classified popular mapping approaches into three classes, correct intra-electron
correlation sampling, wrong intra-electron correlation sampling, and correct intra-electron
sampling only for 2-level systems. For each method we considered, either a proof or an
explicit violation example was reported. Our theoretical analysis gave the explanations of
short-time accuracy order reported in previous references. Moreover, correct intra-electron

correlation can also be a guideline for possible future mapping approaches.

GDTWA was introduced to chemical systems with detailed theoretical and numerical
analysis. We reformulate GDTWA to the unified expression of mapping approaches. The
number of mapping variables of GDTWA is identical to partially linearized methods, how-
ever, the initial sampling is more similar to fully linearized methods. In this sense, GDTWA
is a fully-partially hybrid linearized method. GDTWA can sample the intra-electron cor-
relation correctly for initial diagonal states. Our theoretical analysis also shows that the
discrete initial sampling of GDTWA can account for a reduced ZPE but without an explicit
ZPE parameter. Numerical benchmarks on Tully’s models and LVC models suggests that
GDTWA has a competitive accuracy with state-of-the-art phase space methods. Then, we
further developed two gGDTWA for particles in gauge vector potentials. The approach I,
using canonical momentum, is more similar to GDTWA, and more suitable for synthetic
gauge field systems. The approach II, using kinematic momentum, is more similar to map-
ping approaches in adiabatic representation, and more suitable for on-the-fly simulations.
Numerical benchmarks on ulracold atoms, LVC models as a synthetic gauge field theory,
and on-the-fly simulations of LVC models confirm our analysis. We believe that GDTWA

as well as gGDTWA are good candidates for large size systems simulations.

We also discussed another attractive route for this aim, quantum simulations. However,
errors in NISQ devices may cause serious mistakes on simulation results, especially for
the scenario that errors violate the symmetry of the system. We developed a linear penalty
method based on the quantum Zeno effect to protect the dynamics of symmetries. Compared
with traditional quadratic penalty methods, the linear penalty method is more experimen-
tally feasible. For the physical errors with simple enough forms, the linear penalty can even
protect the dynamics. Numerical results of lattice gauge theory shows that the linear penalty
method can protect symmetries as well as local observables efficiently for extensive symme-
tries restrictions. Numerical results of the hydrogen molecule shows that the linear penalty
method can also protect the wave function. Our proposals have already been implemented

in experiments.

We hope our works can inspire future investigations on quantum dynamics of systems

with large DOF. Interesting questions for the future are 1. A rigorous measure of linearized
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phase space methods for the accuracy of spectroscopy simulations; 2. A partially linearized
version of GDTWA; 3. Linear penalty methods for VQE and TDVP; 4. QEC for analog

simulations, etc.
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Appendix A

Explicit time derivatives

~ ~

In this Appendix, we will list the explicit time derivative expressions of (O(t))., and (O(t))

the general models, scattering models and spin-boson models.

A ~

The first, second, and third time derivatives of (O(t)) and (O(t)),, for the most general

observable and Hamiltonian are
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where U(t) = ettUe~Ht and f/(t) — piHt]/ o—iHt

For O spanned by Ap and H spanned by Ap and Ag, the fourth-order time derivatives

A

of (O(t)) and (O(t))m at t = 0 are
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For O spanned by Ap and spin—boson Hamiltonian H, the first and second time deriva-

tive of the force in the mapping approaches, the fourth, fifth, and sixth order time derivatives

A ~

of (O(t)) and (O(t)), are
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where we already neglect the trivial canceling terms. Using the properties of Wigner
transformation Eq. (8.48.3) as well as the properties of the spin—boson model Eq. (B.87),
we obtain that the fourth and fifth order derivatives of (O(t)) and (O(t))y, at t = 0 coin-
cide, while the sixth order derivatives coincide if the method can sample the intra-electron

correlation correctly.
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