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"The electron: may it never be of any use to anybody!"

—J. J. Thompson !

LA slogan of his Cavendish Laboratory (early 1900s) [1].
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Abstract
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Zombie states are a novel addition to the Coupled Coherent States (CCS) family
of methods. These have been successfully used for simulation of the dynamics of
various quantum systems which primarily have been bosonic. Usually, such meth-
ods would be generalised, to describe fermions, by application of fermionic coherent
states. These are constructed using either Grassmann algebra or a Lie group with
appropriate topological properties which are not well suited to numeric calculations.
Zombie states are constructed as a superposition of "dead" and "alive' electronic
states. Antisymmetry is preserved by the addition of a simple sign-change rule to
the creation and annihilation operators. CCS methods are characterised by their
high chemical accuracy and low computational cost when compared to similar meth-
ods. Therefore, Zombie states are intended to maintain these properties for electron
dynamic simulations.

This thesis presents developments to the formulation and implementation of
the Zombie states method which are verified by application to a range of chemical
systems. Firstly, the Zombie states method is formulated using the general coherent
state definition; it is shown how this naturally gives rise to the sign-change rule. It
is then demonstrated that imaginary time propagation can be used to find exact
ground state energies with minimal computational cost, which greatly improves the
method’s practicality. Smaller basis sets incur lower computational costs. However,
an incomplete sized basis set of random Zombie states does not accurately recover
the ground state. Thus, necessitating the development of sampling and optimisation
techniques. Hence, gradient descent is adopted to find optimal sets of Zombie state
amplitudes that can recover the ground state energy using a small basis set. Finally,
the Zombie state method is extended to find excited states by incorporation of Gram-
Schmidt orthogonalisation. These excited states energies can be found with minimal

additional computational cost and with no requirement for a reference state.
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1,7,k,1 Orbital index, given as subscript, i.e. (.

m,n Wave function index, given as a subscript, i.e. U,

¢ Is a one electron Zombie state representing a single orbital,

where |() = a1|1) 4+ ap|0) is a coherent state.
¢ Is a multi-electron Zombie state where |{) = [(1(2...(;).
A\ Total number of a parameter for example N;

is the total number of electrons and Ny is the total number

of basis functions.

All other notation is specified in the text.
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Chapter 1

Introduction

Theoretical simulation of chemical systems is now a well established scientific dis-
cipline and widely integrated into many stages of experimental work. Simulations
can be used as a predictive tool to shape the direction of new research; as a point
of comparison, to verify results, or to find results beyond what is currently experi-
mentally possible. All theoretical work sits within one of three categories: Classical,
considering only Newton’s laws of motion; Quantum, where all objects are treated
on a fully quantum level and Semi-classical, which treats some particles classically
and others as quantum. For any chemical system there must be a description of
its electrons which being quantum particles means, beyond treating them as a fixed
negative charge or field, they must be described using quantum mechanics. Thus,
it is necessary to find solutions for the Schrédinger equation which becomes in-
creasingly more difficult as the size of the system grows. The so-called curse of
dimensionality means that as the system size increases the computational cost of
finding solutions grows exponentially. Hence, developing methods with lower scaling
and computational cost is an active field of research with a large body of historic
work underpinning it. A standard framework for formulating a theoretical method
was set out by John Pople in 1973 [2]. These five stages have become the standard in
quantum chemistry, forming a key part of his 1998 Nobel Prize lecture, summarised

subsequently [3].

1. Target

The model should have a target level of accuracy. Models aiming to be quanti-
tative should be looking to replicate experimental accuracy and energies such
as heats of formation or ionization potentials which should be within 1 kcal/-

mole.

2. Formulation

The method must be precisely formulated and generalised so it can be applied

universally to any system.



3. Implementation

The model has to be implemented in a way that is reasonable in computational

time and cost.

4. Verification

The model must be tested against known chemical facts.

5. Prediction

Following verification, the model can then be applied to unknown chemical

problems.

Though simply stated no electronic structure method currently manages to fully
satisfy all of these conditions either requiring a loss of accuracy to be practical or
maintaining exactness which limits the applications due to unreasonable costs. Of
course, a method that meets all of these conditions would be ideal but using this
framework allows existing methods to be compared fairly and properly assess their
inherent trade-offs. The starting point of many discussions of electronic structure
theory is the Born-Oppenheimer approximation which allows the electronic and nu-
clear parts of the energy to be calculated separately. Henceforth, only solutions to
the electronic Schrodinger equation need to be considered which is predominately
achieved by using either a Hartree-Fock (HF') or post-Hartree-Fock method or Den-
sity Functional Theory (DFT).

The Hartree-Fock method is an Ab initio method fully defined in the early 1930s
[4-6]. The method describes the electrons in a molecule using a so-called Slater
determinant to maintain the antisymmetric property of the electrons; early use of
Hartree products was demonstrated by both Slater and Fock to not fully satisfy
this quality. The set of wave functions describing each electron together give the
total energy of the system which is then minimised using the variational method.
This is achieved by application of the Self Consistent Field method usually solved
iteratively in an algorithmic process to improve the description of each orbital. The
mean field of the other particles in the molecule is considered and the energy min-
imised which improves the orbital being considered. This process is then repeated
for each orbital until the energy has been minimised. The scope for using HF beyond
the very simplest systems was greatly limited until much faster computers became
available in the 1950s. Nonetheless, HF serves as basis for post-Hartree-Fock and
related methods. Configuration interaction takes a linear combination of Slater de-
terminants, each representing a different electronic configuration. This reaches the
full-CI limit, when a complete set of all possible configurations is used. However, this
is computationally expensive for all but the smallest systems. Multi-configurational
active space SCF methods try to remedy this by introducing three classifications for
spatial orbitals: core, always doubly occupied; active, partially occupied and vir-

tual, always empty. In the complete active space SCF (CASSCF) method a linear

2



3 1.0

combination of all Slater determinants that describe the possible electron configu-
rations created when the core orbitals are occupied, and the remaining electrons are
distributed across the active orbitals. Less computationally expensive post-Hartree-
Fock methods have been developed including many-body perturbation theory which
adds a small perturbation to the ground state wave function to account for electron
correlation. The coupled cluster theory starts with an exponential ansatz for the
wave function often using a Hartree-Fock determinant as a reference wave function.
However, all of these methods carry a computational cost that scales exponentially
with degrees of freedom making them unsuitable for even seemingly modest systems.

Density Functional Theory takes a different approach, mapping the many-body
problem onto a single-body one. DFT is centred around two key theorems devel-
oped by Hohenberg and Kohn in 1964 [7]. This first states that the ground state
electron density uniquely determines the external potential and so the total system
energy. Secondly, the ground state energy can be found variationally if an exact en-
ergy functional of the electron density can be found. In other words, with the right
functional the electron density can be described and this electron density can then
describe the system. The functional can be written as a sum of the electron kinetic
energy, electron-electron interaction and electron-nucleus interaction. This can be
solved once the external potential is known. But the external potential depends on
the system and so it is not possible to write a universal expression of the functional
equation. Kohn and Sham created a practical framework to carry out DFT calcula-
tions using a system of non-interacting particles that gives the same density as the
real system of interacting particles [8]. The internal energy functional is written as
the sum of the kinetic energy of the fictional non-interacting system; the electron
density of this system and the exchange-correlation functional contain the unknown
parts of the total energy. The description of the exchange-correlation functional re-
quires density functional approximations which are not theoretically exact and only
empirically shown to be effective. So, some would argue it is not a truly Ab initio
method due to the fitting of some correlation functionals. Further, DFT lacks the
systematic quantitative accuracy found in HF based methods. In many cases this
is not a problem and DFT has become an extremely popular method used widely
across many fields of research. However, DF'T not being formulated in a way that
is entirely general and HF type methods suffering from large computational costs
at high levels of accuracy are problems that are unlikely to be fixed. Therefore, it
is worth considering the building of a new theory explicitly designed to avoid these
limitations.

Zombie states (ZS) are such a theory, first presented in 2018 by Shalashilin, they
offer a novel approach to electronic structure theory that is not based on Hartree-
Fock like Slater determinants. The method is constructed to main theoretical ex-

actness while also utilising electronic basis sets like HF methods to maintain a hi-
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erarchy of quantitative accuracy [9]. Zombie states like much of Shalashilin and his
group’s work has been based around the Coupled Coherent States (CCS) method
[10]. Coherent states are an appealing quantum object, allowing system states to be
described as a superposition of constituent states which can be a better reflection
of the quantum nature of the overall system. This property was first applied to
electromagnetic radiation, describing photons using coherent states of the quantum
harmonic oscillator [11, 12]. In CCS the wave function is described using a basis of
coherent states which are coupled via time propagation equations. This was then
generalised to multiple electronic states in the form of the Multi-Configurational
Ehrenfest (MCE) method. The first version of MCE showed excellent agreement
with model system values [13]. A second version of MCE was developed to sepa-
rate the inter- and intra-function coupling. This gave rise to the Ab initio Multi-
Configurational Ehrenfest (AIMCE) method, which could be be propagated along a
potential energy surface calculated "on-the-fly", allowing the simulation of real sys-
tems [14]. However, the change of ansatz necessitated the development of multiple
sampling techniques so MCEv2 could replicate results, for model systems, that the
first version of MCE had previously achieved [15]. Most work with CCS and MCE
has focused on distinguishable systems particularly with bosons but some initial
work showed CCS could be adapted to deal with fermion dynamics [16].

The electronic ground state of a molecule is never exactly a single configura-
tion due to the constant movement of electrons in a chemical system. Hence, why
the exact, full configuration interaction, wave function is constructed using a linear
combination of all configurations. This motivates use of coherent states to describe
a fermionic system — a supposition of coherent states replacing the linear combina-
tion of configurations. Thus, the Zombie states method is proposed to describe a
fermionic system using a wave function of coherent states, that are superpositions of
all possible electron configurations. Fach spin orbital in a Zombie coherent state is
described by a superposition of the occupied and unoccupied state. So the Zombie
wave function consists of functions that are, by definition, made up of all configu-
rations. This should make it possible to describe systems with the accuracy of a
full-CI calculation but without the computationally prohibitive size. Further, the
existing apparatus developed for CCS and MCE should then be easily applicable
to fermionic systems. This would hopefully allow accurate simulation of dynamics
while replicating the lower computational cost CCS type methods have demon-
strated when compared to similarly accurate methodologies [13, 17]. Fermionic
coherent states are not a new concept but are typically used to describe a specific
electronic configuration as a superposition of spin states [18, 19]. There are two
ways these fermionic coherent states are constructed, using either Grassmann alge-
bra or the Gilmore Perelomov general coherent state definition [20-22]. Elements

of Grassmann algebra are mathematical objects constructed to anticommute with
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each other which ensures the antisymmetric property of the fermions is maintained.
Gilmore Perelomov’s general method, on the other hand, utilises Lie groups with
an appropriate topological structure to define and maintain the necessary proper-
ties of the coherent states. However, neither construction lends itself to numeric
simulations. The general coherent state definition allows all coherent states to be
constructed in the same manner which can be used to contextualise Zombie states
when compared to other types of coherent states. Using this definition, it is possible
to show how Zombie states are constructed using SU(2) coherent states and how
this naturally maintains the antisymmetric property and behaviour during creation
and annihilation operations.

The primary aim of this thesis is to detail the work undertaken to further develop
the Zombie states method. Within Pople’s framework this work aims to increase
the universality of the method and verify this by benchmarking results, for a range
of chemical systems, to full-CI energies. Further, the practical implementation of
the method is considered to minimise computational expense and execution time.
However, the Zombie states method is still in its infancy and will require further
work, beyond this, to be used and trusted for prediction. Therefore, this thesis is
also intended to serve as single starting point for subsequent development. Hence,
additional explanation, particularly of certain mathematical concepts, is given to
aid understanding. Chapter 2 will lay out some integral building blocks from the
Hartree-Fock method necessary for understanding the ZS method as well as a discus-
sion of some current methods aiming to recover full-CI energies. A general definition
for coherent states is given which is used to contextualise all the coherent states used
in the CCS family of methods. This is also used to show how fermionic coherent
states are constructed and compared to the Grassmann algebra construction. Within
this context the Zombie states method is then presented combining the original for-
mulation and building ZS from the vacuum state [9, 23]. Zombie states are then
constructed using the general coherent state definition. This makes clear how Zom-
bie states not only compare to other fermionic coherent state constructions but also
individual and linear combinations of Slater determinants. In Chapter 3 imaginary
time propagation is introduced as the primary method for efficiently optimising ZS
coefficients to find the ground state energy of a system. Chapter 4 forms the most
significant results of this thesis detailing the development of techniques to reduce
the size of the ZS basis set. This starts with simple amplitude biasing which leads
to the adoption of the optimisation technique Gradient Descent (GD). The under-
lying theory and algorithmic developments are presented followed by verification of
the method by application to a variety of chemical systems. In Chapter 5 the ZS
method is extended to find excited states using Gram Schmidt orthogonalisation.
Finally, conclusions and the outlook for future work is presented. The appendices

give additional theoretical background information and details of the Zombie states
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program. The structure and function of the ZS program is discussed including the

development of the algorithms used.



Chapter 2
Background and Theory

2.1 Introduction

All discussions of quantum mechanics naturally start with the Schrodinger equation.
A system can be described by a wave function, |W(¢)). The use of the bra-ket
notation here allows this to be done in terms of a chosen basis, which is often

position. The Time-Dependent Schrodinger Equation (TDSE),
L d -
in () = () 2.1)

is used to evolve |W(t)). The system Hamiltonian operator H corresponds to the
total energy of the system so a complete description of the system is maintained as

the wave function is evolved from an initial state at ¢ =0 by,
(1) = e (). (2:2)

Through this process the energy states of the system are changed which describes the
chemical process being investigated. However, for some systems the energy states
are constant with time, such as the energy levels of a molecule at equilibrium. As
such the time dependence of the wave function can be removed; it can be written

in terms of the basis of energy eigenstates
W) =D Ane™ MW, ), (2.3)
n

which can be substituted into Eq. (2.2). This can be simply rearranged to give the
Time-Independent Schrodinger Equation (TISE)

H|U) = E|0). (2.4)

E is the exact total energy associated with the eigenstate |¥), the |Ug, ) notation
has been simplified to |¥) as the TISE is used exclusively throughout this thesis to



consider molecular electronic states.
The Hamiltonian for a multi-electron system with N; electrons and N,,, nuclei

can be written as

e Nnuy 1 el Nnu el Nel 1 Nnu Npu ZAZB

ﬁ:—zi;v?—zw ZZ +ZZ*+Z >

i= i=1A=1"1A  ;=1;>i"ij  A=1B>A Rap

(2.5)

where r;4 = |r; — Ry4| is the distance between nucleus A and the ith electron; r;; is
the distance between electrons ¢ and j; Rap is the inter-nucleus distance between
nuclei A and B. M, is the atomic mass of nucleus A and Z 4 its charge, the operator
is in atomic units. Moving left to right the Hamiltonian contains terms representing
the electron kinetic energy, T.: the kinetic energy of the nuclei, Tn; the Coulomb
attraction between nuclei and electrons, Vne; the electron-electron repulsion, ‘766 and
the nucleus-nucleus repulsion, Vy,. So, the Hamiltonian can be written as sum of

each of these operators’ contributions

A A, A,

H=T.4Tp+Vne+Vee + Vi (2.6)

It is impossible to solve Eq. (2.4) exactly in all but a few limited cases and so be-
gins the process of applying truncations and approximations to simplify (in relative
terms) the problem.

The first and most widely used approximation is the Born-Oppenheimer ap-
proximation which separates the nuclear and electronic contributions to the total
molecular energy. The mass of the nuclei being so much larger than the electrons
means that their motion occurs on different time scales, electrons moving far faster
than nuclei if given the same momentum. This allows the nucleus to be given a fixed
position i.e. T, = 0. The fixed position of the nuclei means the nucleus-nucleus re-
pulsion, V,,,, can be considered constant. Thus, the molecular Hamiltonian can
then be written as a sum of the nuclear and electronic parts and each part solved

independently of each other

el Nnu Z el Nel 1

N
= z; SN Y (2.7)
i=1 i—1A=1"iA =155 T
This Hamiltonian can then be used to construct the Schrodinger equation, solutions

of which correspond to different energy states of a molecular system.

This chapter is split into three main sections, Hartree-Fock, Coherent states and
Zombie states, each focusing on a different way to generate wave functions that
can be used to solve the Schrodinger equation made using Eq. (2.7). The Hartree-
Fock method is foundational to all electronic structure theory, including the Zombie
states method, and so a detailed description of it forms the first part of this chap-

ter. Significantly, the key antisymmetric character of fermionic systems is introduced
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through the use of Slater determinant wave functions and parametrised in the second
quantisation approach by anticommutation of the creation and annihilation opera-
tors. Further, the use of electronic basis sets is introduced to describe the physical
shape of the orbitals and also the process for constructing a Hamiltonian matrix
using Eq. (2.7). Finally, the self-consistent method is detailed showing how the HF
method uses its Slater determinant wave function and basis set to find solutions
to the electronic Schrodinger equation. However, the original HF method is not
capable of recovering scientifically significant results. Thus, the post-Hartree-Fock
methods, Mgller-Plesset theory and Coupled cluster theory are also discussed. The
configuration-interaction (CI) approach is also explained, introducing the full config-
uration interaction limit that is used extensively throughout this work to benchmark
the Zombie state method. Two methods that aim to recover full-CI energies while
using significantly smaller basis sets are full-CI Quantum Monte Carlo (FCIQMC)
and Monte Carlo-CI (MCCI) which are a useful point of comparison to the ZS
method [24, 25]. Moreover, it will be shown in subsequent chapters that the Zombie
states method borrows well tested processes already used in FCIQMC.
Post-Hartree Fock methods have been developed because a single Slater deter-
minant does not exactly describe a state of system, rather a single configuration
of electrons in the available spin orbitals. The electronic ground state of a system
is not one configuration of electrons but a superposition of multiple. Therefore, a
better description of the ground state could be made by using functions that are
not a fixed and specific configuration of electrons. Coherent states are such a func-
tion and have been an active area of quantum mechanical research since the early
1960s [11]. This initial work was catalogued by Klauder and Skagerstam in Ref.
[26] and more recently by Combescure and Didier in Ref. [20]. The Coupled Coher-
ent States (CCS) method and related techniques have been extensively applied to
a variety of different theoretical and real-world systems. CCS has been applied to
the molecular dynamics of CHD3 and the absorption spectrum of pyrazine [10, 27].
To allow problems with multiple dimensions to be investigated CCS was generalised
to produce the multi-configurational Ehrenfest (MCE) method. Initial verification
of the method was achieved through simulations of the model spin-boson system
[13, 28]. But it has also been applied to a variety of real molecular systems for
example the photodynamics of pyrrole and the excited state dynamics of a pheny-
lene ethynylene dendrimer [29-31]. As CCS and MCE have been developed various
sampling techniques have been added to the methods to improve their convergence
(14, 15, 32, 33]. CCS methods have primarily focused on distinguishable particles
but recently the CCS has been extended to describe indistinguishable bosons by em-
ploying second quantisation [34, 35]. Thus, within the context of this previous work
it is logical to want to extend the CCS family of methods to also include fermionic

systems hence, the novel Zombie states method. By describing fermionic systems



10 2.1

using coherent states the techniques developed in CSS for distinguishable parti-
cles can be easily transferred to indistinguishable fermions. Further, CCS methods
do not scale exponentially because they utilise Monte Carlo sampling which, the-
oretically, scales quadratically. This lower scaling means it is possible to simulate
much larger systems without incurring such a prohibitively large computational cost
while maintaining high accuracy. In fact, the bottle neck in MCE calculations of real
molecules is the repeated electronic structure calculations needed for the trajectories
to propagate along. Full-CI calculations also scale exponentially with the number
of basis functions and electrons, so developing a fermionic coherent state method
would hopefully allow similar reductions in computational cost seen for bosons using
MCE. Ultimately, this could mean molecular simulations with all particles treated
on an equal footing using a CCS type method meaning accuracy and computational
costs far lower than what is currently possible.

Therefore, the second part of this chapter focuses on the current standard ap-
proach to fermionic coherent states. A general definition for a coherent state is given
which forms a framework for describing the coherent states used in CCS and MCE
and fermionic coherent states. Some of the mathematical concepts used are possibly
novel to a mathematically minded chemist rather than a mathematician so a brief
précis is given in Appendix A which should give enough background information
to sufficiently understand the section and begin further research. There is a par-
ticular focus on SU(2) coherent states because these are used in the MCE method
and also underpin the Zombie states method’s construction. Fermionic coherent
states are then constructed using the general definition. It is also demonstrated how
an alternative construction utilises elements of Grassmann algebra to maintain the
fermionic antisymmetry property. In the final part of the chapter the Zombie states
method is presented demonstrating how ZS functions can be constructed from a
vacuum state. Significantly, Zombie states are constructed using the general coher-
ent state definition. The three fermionic coherent state constructions can then be
compared highlighting how the constructions can describe analogous states but also

their inherent differences.

10
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2.2 Hartree-Fock Theory

2.2.1 Spin

The Hamiltonian in Eq. (2.7) only accounts for the spatial electronic coordinates
and so it is necessary to introduce spin. Electrons are fermionic particles and obey
the Pauli exclusion principle: no two electrons can occupy the same quantum state.

Two spin functions are introduced, up a(w) and down §(w),

(ala) = [a*@)a(w)dw = [ B*(w)B(w)dw = (BI8) =1 (2.8)
(al8) = [ a*(@)Bw)do = [ 5" (@)a(w)ds = (5la) =0. (2.9)

Eq. (2.9) show that these two functions are complete, i.e. defined for all possible
values and are orthonormal, meaning a(w) and (w) are normalised and orthogonal
to each other. These equations also introduce Dirac notation, a ket representing a
vector function with the corresponding bra being its complex conjugate. Therefore,
each electron is described by three spatial coordinates r and one spin coordinate w
which can be summarised as x = {r,w}. Hence, an N-electron system has a wave
function that is dependent on x1,Xg,...,x that can be written as ¢(x1,X2,...,Xy).
To account for the spin "A many-electron wave function must be antisymmetric with
respect to the interchange of the coordinate x (both space and spin) of any two

electrons'[36]
(b(Xl,...,Xi,...,Xj,...,XN> = —(b(Xl,...,Xj,...,XZ',...,XN). (210)

From this antisymmetric principle comes the adherence to the Pauli exclusion prin-

ciple.

2.2.2 Hartree Products

A single electron wave function can be constructed as a product of one-particle

orbital functions

‘I/HP(Xl,Xg, .. ,XN) = Xi(X1>Xj<X2) . --Xk(XN)- (2.11)

This is the Hartree product and each function, y;(x), depends on both spatial and

spin coordinates which can be called spin orbitals [4].

X2i-1(x) = ¢i(r)a(w)

}z:1,2,...,Nel (2.12)
x2i(x) = ¥;(r) f(w)

11
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However, if the number of electrons in the system is increased beyond one, the
Hartree product no longer satisfies the antisymmetric principle which was indepen-
dently pointed out by Slater and Fock [5, 37].

2.2.3 Slater Determinants

Considering the simplest multi-electron case: two electrons and two orthonormal

spin orbitals, it is possible to construct two Hartree products

Wi5" (x1,xa) = xi(x1)x; (%2) (2.13a)
WP (x2,%1) = xi(x2)x;j (x1)- (2.13b)

—1/2

These can be combined linearly, 2 ensuring normalisation

Wp(x1,%2) = 272 (xi(x1)x (x2) — xi(x2)x; (x1)). (2.14)

Slater showed [38] that this antisymmetric wave function could be written as a

determinant
Wip(x1,x2) = 271/2 xilx) xj(a) - (2.15)
xi(x2) x;(x2)
Which can be generalised for an N-electron system
xi(x1)  xj(x1) ..o xk(x)
(x i(x X
W1 0, ) = (V1) /2 02 X02) e b)) (2.16)
Xi(xn) xi(xn) - xk(xN)

Different spin orbitals are in each column and different electrons are in each row. To
change the position of an electron in the Slater determinant representation would
require the swapping of two columns in the determinant which would introduce a
negative sign. A sign change is also introduced if rows are swapped. Thus, the Slater
determinant mathematically ensures the preservation of the antisymmetric property
when the position of an electron is changed. A normalised Slater determinant can

be written succinctly,

\I’(Xl,Xg, . ,XN) = ’Xi(xl)Xj(XZ) .. -Xk(XN)> (2.17)

which is equivalent to the Slater determinant in Eq. (2.16). The normalisation con-
stant is included but not shown and only the diagonal elements are shown for suc-

cinctness. Therefore, swapping elements in this notation is the equivalent to swap-

12
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ping columns in the Slater determinant giving the expected antisymmetric property,

XX Xk) = —X5Xa - XR)- (2.18)

2.2.4 Matrix Elements

The Hamiltonian matrix for Eq. (2.7) is constructed by its operation between two
Slater determinants (formed of orthonormal orbitals), (U|H|W(B)) and can be
explicitly written in two parts the first having single electron dependence, 1 and

the second being dependent on two electrons, 9o,

Nnu ZA el Nel 1

+ZZ— (2.19)

A=1TiA =150 T

R ell
H=9014+9;= Z Vi+

the nuclear-nuclear repulsion has been omitted as it is a constant. It is first necessary
to introduce some notation for both the one- and two-electron parts. The one-
electron operators are now shown together as "h" and the following bra-ket notation

is used to represent an integral,

(ilhli) = Clxn)lbbxax) = [ (DR(Uxi(1dx. (2.20)

In a similar way the two-electron part uses the bra-ket notation for the integral,
(i71i7) = Oci(xa)x; (x2) i (x1) x5 (x2)) /Xz )x; (2 x-(l)Xj(2)dX1dXz (2.21)
the operator a For both the one- and two-electron part there are three types of
result dependent on the spin orbitals in |¥(4)) and |¥(B)).
1. [Ty = |wB)) — Slater determinants have identical spin orbitals.

2. [Ty = |xi(1)x;(2)...) and [UB)) = x4 (1)x;(2)...) — Slater determinants
differ by one spin orbital only.

3. UMY = |xi(1)x;(2)...) and |TB)) = |xx(1)x;(2)...) — Slater determinants

differ by more than one spin orbital.

The one-electron Hamiltonian part can take the following values:

S Net(inliy  Case 1
(U0 [0 By = 3 s-Netiip) ) Case 2 (2.22)
0 Case 3

13
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where h is the one electron operator. Similarly for the two-electron part

1/252 N Gjlig) — (ijlgi)  Case 1
(U] 02 W) = & 5Vet (55117 — (i k) Case 2 (2.23)
0 Case 3

A full derivation of these results can be found in Appendix C.1.

2.2.5 Second Quantisation

Second quantisation takes the antisymmetric properties of the electronic wave func-

tion — the Slater determinants — and transfers them to the creation and annihilation

operators [6, 39, 40]. This gives rise to a modified Hamiltonian equation and allows

Slater determinants to just describe orbital occupancy. The one- and two-electron

integrals only have to be calculated once before calculating matrix elements. This

process is more practical for numerical applications hence, it is subsequently used
T

throughout this thesis. The creation operator, aj, is defined on an arbitrary Slater

determinant as

allxe - xi) = Gxe---x1) (2.24)

a;r- creates an electron in spin orbital j. The anticommutation relation can then be

derived again

(afal+alal) - xi) = Pxaxixe - xa) + g xixe - xa) =

(2.25)
IXaXGXE - X1) = |XiXjXk---Xx1) =0=

a;-ra; + a}a} =0= {aj-,at}. (2.26)

Note it is not possible to create two electrons in the same spin orbital so a}a} IXKk--) =

0. The annihilation operator, a; can then be defined as the adjoint of a;r- SO (a})T =aj.

The annihilation works counter to the creation operator and only on the spin orbital

immediately to the left requiring Slater determinant columns to be interchanged

ajlxXkXiX1) = —aj|XjXeX1) = —|XEX1) = |[XiXk)- (2.27)

As with the creation operator the anticommutator can be derived analogously to

give

a;a; +a;a; = 0= {aj,ai}. (2.28)

14



15 2.2

Further, the operator relations can be defined and then combined with their respec-

tive anticommutation relations to give the anticommutation relation between both

operators
a;[ai +a3ai =1= {ai,aZ} (2.29a)
a;-raj —i—a}ai =0= {ai,a}}i #7 (2.29b)
ajaj —i—a}ai =0 = {ai,a;}. (2.29¢)

Next the concept of the empty vacuum state, |0), is introduced. It is defined to
be normalised, (0]0) = 1. Any Slater determinant can be represented as a set of

creation operators acting on the vacuum state

1) = [xixw) = afal|0) (2.30)
[2) = |x;xi) = alal|0) (2.30b)

which is shown here for two electrons in each Slater determinant but can easily be
extended to include any number of electrons. Hence, the overlap between two Slater

determinants can be found by repeated action of the operators to the right

(11 [t2) = (0lararalal]0) = (0lax(dy; — alar)al|0) = 6 (0lagal |0) — (Olaralasal|0)
= 8101,(010) — 63(0la} ay,|0) — &;(0lagal|0) + (O]aalala|0)
= §10:1,(0]0) — 601 (0]0) + 6 (Olal ag | 0)
= 010ik — 010k
(2.31)

This derivation uses the fact ala; =0y — a;[al by simple rearrangement of Eq. (2.29¢)
and note the action of the annihilation operator, on the vacuum state, to the right
causing terms to disappear. It is now possible to write the one- and two-electron

operators in terms of creation and annihilation operators

01 =Y (ilhlj)ala; (2.32)
ij
05 = 23 (kilji)alal aia; 2.33
9 22( |jiyaga; a;a;. (2.33)
klij

These operators can then be used to define the second quantisation Hamiltonian

equation

A ]_ R .
H=). hz’ja}ay’ + 5 > aJ]rga;erljiaiaj (2.34)
j klij

with hgj = (i|h|j) and Wy = (kl|ji) being the one- and two-electron integrals.

15
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2.2.6 Basis Sets

Slater determinants give a convenient way to describe the occupation of molecu-
lar orbitals while preserving the integral anti-symmetric property of the electrons.
However, in an actual molecule the space the electrons inhabit is a real space and
shape and so this has to be reflected in any simulation. To do this the concept of an
electronic basis set is introduced which introduces two approximations via the way
each orbital is constructed and the number of orbitals in the basis set. The basis
set consists of a set of known functions that can be taken as linear combinations
to describe an orbital. So molecular orbitals can be constructed by taking linear
combinations of the constituent atomic orbitals. The number of basis functions,
in most cases, is a finite set which sets the number of possible orbitals. The basis
set limit is approached as the number of basis functions is increased towards the

complete infinite basis set.

2.2.6.1 Slater-Type Orbitals

Slater-type orbitals (STO)s, named after John C. Slater, are similar to analytical

solutions to the Schréodinger equation for the hydrogen atom with the following form

X(,n,l,m(raea Cb) = NYVl,m(ea Cb)rn_le_gr (235)

where N is a normalisation constant, Y¥; ,, is the spherical harmonics which depends
on quantum numbers [ and my; the radial part is given by #”~! where n is a quantum
number and the size of the function is controlled by the Slater exponent ( [41]. At
short and long distances from the nucleus they display the correct behaviour: a finite
slope at r =0 and a slow decay as r — oo. This is due to their similarity to the
hydrogen atom — they are based on a physical truth. Evaluation of their integrals

can, however, be computationally expensive.

2.2.6.2 Gaussian-Type Orbitals

Gaussian-type orbitals have become the most popular basis set due to the way they
can be simply combined [42]. A single Gaussian orbital function has the form
Oé'l"2 (

Xovloly = (T,Y,2) = Ngloyle lze™ Cartesian)

(2.36)
Xanlm(r,0,0) = NY, (0, qb)r"_le_o”z (Spherical)

where « is the Gaussian orbital exponent controlling the width. [;,[,,l, are non-
negative and sum [ =l +1, + [, to be equivalent to the angular momentum quantum
number [43, 44]. GTOs do not have the correct behaviour at both short and long

16
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distance from the centre having a more rapid decay that STOs as r — oo and
having a zero slope when r = 0. But two Gaussians can be multiplied together
to give another Gaussian centred between the two original functions which makes
them simpler to combine than STOs when constructing molecular orbitals from
constituent atomic orbitals. To overcome the limitations of GTOs a single orbital is
constructed using a linear combination of primitive GTOs, so they better resemble
STOs. These are called contracted Gaussian functions (CGF)

XOGE =3 a1, (2.37)

These CGFs are variationally optimised with respect to the Hartree-Fock energy of
free atoms which will give a fixed set of coefficients and exponents in the primitive
GTOs. The optimal CGFs can then be used to construct the various types of

Gaussian-type basis sets.

2.2.6.3 Pople Basis Sets

The most basic, minimal, basis set is a single-( basis set where each orbital is
represented by one basis function. The most common form of this minimal basis
is the STO-nG, proposed by Pople, with n being the number of primitive GTOs
used to construct each CGF for each orbital [45]. But this representation is often
insufficient to properly describe each orbital. Thus, the number of CGFs for each
orbital can be increased giving double-((DZ), triple-((TZ) and quadruple-((QZ)
basis sets with two, three and four functions respectively. These higher ( sets are
usually used in split-valence sets where core orbitals used single-( functions and the
valence orbitals, more important in dictating the chemistry, have the higher-( basis
functions. These basis sets take the form n-ijG for DZ basis sets and n-ijkG for
the triple-¢ sets. n is the number of primitive Gaussian functions used for the core
orbitals, 4, j (and k) give the number of primitive functions used in the first, second
(and third) CGFs of the valence orbitals.

Further modifications can be made to these basis sets to improve their descrip-
tion of molecular orbitals. Polarisation functions are added to the Gaussian atomic
orbitals to account for the fact when bonded s-orbitals take on some p-character,
p-orbitals acquire d-character and so on. Originally this polarisation was shown by
n-ijG* or n-ijG** the “*’ symbol meaning polarisation of all heavy atoms and “**’
polarisation of both the heavy and light atoms. This notation is inflexible, restrict-
ing the number and type of polarisation functions and so an improved notation is
introduced. For example, the 3-21G** basis with polarisation of all atoms is equiv-
alent to 3-21G(d,p) showing d-type functions added to the heavy atoms and p-type
functions added to the hydrogens. In systems with loosely bound electrons such

as anions or excited states diffuse functions can be added to better describe this
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behaviour. They have small exponents and a rate of decay that slows with increas-
ing distance from the nucleus. Diffuse functions are usually of s- and p- type and
their inclusion is shown by adding a ‘4’ before the G for inclusion on the heavy
atoms and ‘++’ for their addition to both the heavy and light atoms. Therefore,
the 6-311+G(2df,2pd) basis would have 6 primitive Gaussians to represent the core
orbitals and the valence orbitals are represented with a set of three CGFs made up
of three, one and one Gaussian primitives. Two sets of d-orbitals and one set of
f-type functions as well as diffuse functions are added to the heavy atoms and two

sets of p-type and one of d-type functions are added to the hydrogens.

2.2.6.4 Correlation-consistent Basis Sets

Correlation-consistent (cc) basis sets were developed by Dunning and co-workers to
converge post-Hartree Fock wave function methods [46-50]. The functions are op-
timised using configuration interaction single and double excited wave functions.
These basis sets are denoted cc-pVXZ (X=D, T, Q, 5...), with ‘cc-p’ meaning
correlation-consistent polarised and the ‘V’ meaning it is a valence orbital only
set and ‘XZ’ being the X-( basis like in the Pople basis sets. The core-core and
core-valence electron correlation can be recovered by the addition of functions with
large exponents which is denoted as cc-pCVXZ, the ‘C’ showing the inclusion of
core orbitals. Further, diffuse functions can also be added for all orbital types al-
ready present in the basis which is illustrated by the ‘aug’ prefix giving the notation
aug-cc-pVDZ.

2.2.7 The Hartree-Fock Approximation

The Hartree-Fock approximation produces solutions to the electronic Schrodinger
equation and form the starting point for the Post-Hartree Fock methods as well as
the Zombie state method. The method was first presented in 1928 by Hartree and it
was then given a more substantial theoretical footing by independent work by Gaunt
and Slater [4, 51, 52]. Through use of the variation method a set of equations are
constructed that can be used to find the best set of spin orbitals that minimise the

ground state energy using the results from Eq. (2.22) and Eq. (2.23)

By = (Wol A[Wo) = S (ilhli) + 5 3" (iflid) — (islji) (2.35)

i ¥

assuming the Wy is normalised. The spin orbitals, {x;}, are systematically varied

subject to the constraint they remain orthonormal i.e. (x;|xi) = d;;. This results in
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a set of one-electron Fock equations
fixi = exi (2.39)

where ﬁ gives the effective one-particle Hamiltonian and ¢; is the orbital energy for

spin orbital ;.

2.2.7.1 The Fock Operator

The Fock operator is the sum of the core Hamiltonian operator, fzi, and the effective

one-electron Hartree Fock operator, V;H E

N N 1 Nnu ZA N N
fi=hi+VHF = —§V2 ZA: - +Z (J;(1) = K;(1)) (2.40)

h; is the kinetic and potential energy for attraction to the nuclei for a single cho-
sen electron. VZ-H F describes the electron-electron interactions, and consists of the

Coulomb, jj, and exchange, K j, operators. The Coulomb operator is defined as

= [ @@ —dx = [ @ dx (2.41)
12 12

If electron 2 occupies x; then the two-electron potential experienced by electron
X; is obtained by averaging this interaction over all space and spin coordinates, x2,
weighted by the probability dxa|y;(2)|? electron 2 occupies the volume dxs at xa.
This is summed over 7 # j to give the total averaged potential acting on electron y;
by the N —1 electrons in the other spin orbitals. Taking Eq. (2.39) and extracting

just the exchange operator part

UXJ )xi(2 de x;(1) (2.42)

the exchange operator can be defined with the single electron being made explicit. It
can be seen that the operator acting on y;(1) causes the electrons to be exchanged
and so there is no uniquely defined potential for IA(J- (x1) at x1 as it depends on
x; throughout all space. The Coulomb operator is localised as jj can be defined
independently of ;.

The Fock operator forms a set of coupled non-linear differential equations where
each spin orbital is a solution depending on all the other electrons. Therefore,
they are solved iteratively starting from guess set of orbitals to allow ViH F to be
calculated. The Fock equations can then be solved which generates a new set of
orbitals. This process can then be repeated until the difference between the input

and new orbital set is below a predefined threshold.
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2.2.7.2 Spin

How electrons are distributed across the set of spin orbitals dictates the spin of the
system which in turn gives different expressions for the HF equations. These distri-
butions can be classified as either closed- or open-shell depending on all the electrons
being paired up in orbitals or not. These expressions of the HF equations use spa-
tial representations of the electrons rather than the basis that includes spin that
has been used up until this point. So, integrals are over spatial coordinates, r, with
a spatial orbital containing at most two electrons. So, it is necessary to introduce
some analogous notation to the bra-ket integrals used in Eq. (2.22) and Eq. (2.23)
to calculate Hamiltonian matrix elements. The integral over spatial orbitals for the

one-electron part of the Hamiltonian, Eq. (2.7), are written as

(ilhli) = (i(r1)|hlhi(r1)) /wz i(1)dry, (2.43)

the round brackets indicating spatial rather than spin orbitals. Similarly for the

two-electron part of the Hamiltonian,
(47]kl) = (Yi(r1);(r1) |vg(r2)Yu(r2)) /% J¥;(1 2¢,’;(2)¢1(2)dr1dr2. (2.44)

2.2.7.2.1 Restricted Closed-shell Equations
The restricted close-shell (RHF) case occurs when all electron spins are paired.
Thus, it is possible to convert the spin orbitals to spatial orbitals which gives a Fock

operator of the form

Pl/2
FRAE =+ > 2JFHE (1) — KFFHE(1) (2.45)
J

where the Coulomb and exchange operators are defined as

TR / ate: )drz = [P dr, (2.46)
12
K [ / w] 07 (2)dra| (1), (2.47)

As N, is the number of electrons the sum in the Fock operator is now over the

N¢;/2 occupied spatial orbitals. The energy for a single closed shell determinant,

<\I/0| = <77Z)177Z)1 . '¢Nel/2¢Nel/2| is given by

ERAE — (4| (| W) = 22 i|hli) + > 2(idlj5) — (ij]7i) = QZhii+22j5HF_R£HF
7 )

’ (2.48)
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where
JEE = [y ;) _wiu)wj(j)dridrj (2.49)
J

is the Coulomb energy between electrons i and j in the i-th and j-th orbitals, made

up of the pairwise interactions between all the electrons. The exchange energy
- . L1 . .
KR / i ()95 (7) —i(§)v;(@)dridr; (2.50)
ij
consists of only pairwise interactions between electrons with parallel spins.

2.2.7.2.2 Unrestricted Hartree Fock
For open-shell systems the Unrestricted Hartree Fock (UHF) method is commonly
used where any orbital is allowed to be left unpaired. The set of unrestricted spin

orbitals can be defined in terms of two sets of spatial orbitals

Xk = wg@)&(w) (2.51)
(G (r)B(w)

accounting for the unpaired spin up or down electrons. Either set can then be
substituted into Eq. (2.39) and its respective spin integrated out. The « spin case
has the Fock operator

=hi+ Y JE1) - K1)+ Y I (1) (2.52)
J J

where N is the number of orbitals occupied by « spin electrons and N? the number

of electrons of 5 spin. The Coulomb and exchange operators can then be defined

/w 7 (2)dry (2.53)
Kj‘(lm(l) - [ / w;%‘*@)@wg(z)drz b2 (). (2.54)

The set of operators for the opposite 8 spin case have an analogous form. The

ground state energy for the unrestricted electronic energy is then,

1 Ne NP
EUHF Z |ha +Z h,6’| + ZZ Jaa Kaa
v - (2.55)

ZZ (= K) +ZZJ°§ﬂ-
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The Slater determinant is an eigenfunction of the S, spin operator but not of the 5”3
The method allows artificial mixing of states of different spins called spin contami-
nation which can give inaccurate energies. But due to the simplicity and computa-
tional efficiency UHF is widely used and a variety of methods have been developed

to eliminate the spin contamination [53, 54].

2.2.7.2.3 Restricted Open-shell Equations

The final way for dealing with open-shell systems is restricted open-shell HF' (ROHF).
Antisymmetrised products are created from a doubly occupied closed-shell core, ¢
and a partially occupied open shell chosen from a set, 1)p. The total wave function
is then made up by summing different products which are created by different sub-
sets of ©)p. The combined set of orbitals is 1 = (1¢,1o) which is assumed to be
orthonormal. Thus, ¥¢ and ¥ are orthonormal and <1/ng )Wg))> =0, w(g ) e o and
wg)) € 1o [55]. This gives an energy

EROHF IQZHkk + Z(ZJkl — K1) +f[QZHmm
. Kl "

+> (2admn — bKpn) +2 - (2Jgm — Kim),

km

(2.56)

the indices k,l have been used for closed-shell orbitals and m,n for the open shell
orbitals which is consistent with Ref. [55]. f is the fraction of occupied spin orbitals
in the open shell; a and b are coupling coefficients [56]. So, the energy sum is made
up of a closed-shell, an open-shell and an interaction part. This method is used far

less frequently than UHF due to its higher computational cost.

2.2.7.3 Roothaan-Hall Equations

Finding direct solutions to the Fock equations is still difficult even when using the
RHF or UHF methods to eliminate the spin. Roothaan and Hall independently
proposed a method of solving the integro-differential into a set of algebraic equations
by introducing basis functions [57, 58]. The specifics of these functions are detailed
in the previous section 2.2.6. The unknown molecular orbitals of the system are
expanded in the set of Ny known atomic basis functions, here the RHF case is

used.

%‘ = Z Cui¢u- (257)
pn=1

This can then be substituted into Eq. (2.39) using v as the index yields

Napg Napy

fi Z Cm(by(l) =€ Z Cm(bu(l) (258)

22



23 2.2

This can be multiplied by ¢7,(1) and integrated to give a matrix equation
> Cui [ drig(Dfion(1) = 63 Cun [ drig(16,(1) (2.59)

These are the Roothaan-Hall equations and can be written compactly as a matrix

equation
FC = SCe. (2.60)

S is the overlap matrix of the basis set, is Hermitian and of size K x K. The
Fock matrix F is also a K x K Hermitian matrix and C is a K x K square matrix
containing the expansion coefficients C;. Each column of C describes the molecular
orbitals. For a closed-shell molecule the total charge density for a fully occupied

molecular orbital v; is
N/2
p(r) =23 [Wi(r)[. (2.61)
%
This can be written in terms of the expansion coefficients as the density matrix
N/2

Puy =23 CuiCy;. (2.62)

Fock matrix can then be written in terms of the density matrix P

N/2
Fiuw = B+ 30 5 OrCif2(pwlo) — (n\|ow)
i Ao
core 1 263
= HZ 4+ 3" Prol(ulod) — 3 (uMov)] (269
Ao

= HT 4 G

H77¢ is the core-Hamiltonian one-electron part, G is the two-electron part depend-
ing on the density matrix P and a set of two electron integrals. The basis set used
is usually not orthogonal i.e. the overlap matrix S has off diagonal elements but it

is possible to find a transformational matrix X that does form and orthogonal set
XTSX =1. (2.64)

Once X has been found a new coefficient matrix C’ can be defined in terms of the
old coefficients C' = X~1C and substituted into the Roothaan-Hall equations

FXC' = SXC'e (2.65)
(XTFX)C' = (XTSX)Ce (2.66)
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A new Fock matrix can then be defined F' = X'FX and so
F'C' =Ce (2.67)

These are called the transformed Roothaan-Hall equations which can be used iter-

atively to define new sets of C’' and orbital energies e.

2.2.7.4 Self Consistent Field Method

It is now possible to fully define the Self Consistent Field process using the Roothaan-

Hall equations.

1. Define a system by its nuclear coordinates, atomic numbers and number of

electrons NV and choose a basis set {¢,}.

2. Calculate the overlap matrix S and one- and two-electron integrals H;2™ and
(pvlod).

3. Diagonalise S to obtain X.

4. Guess the coefficients of the density matrix P.

5. Calculate matrix G and form the Fock matrix using Eq. (2.63).
6. Calculate the transformed Fock matrix using F/ = X FX.

7. Diagonalise F/ to find C" and e.

8. Calculate new coefficients, C = XC'.

9. Form a new density matrix using Eq. (2.62).

10. Repeat the process from step 5 until convergence is achieved i.e. the newly
calculated density matrix is the same as P from the previous step (or within

a predetermined tolerance).

The initial guess for the density matrix P can be a zero matrix which would
neglect the two-electron component of the Fock matrix however this does not always
lead to convergence. There are of course a variety of different ways to make a better
initial guess such as using a superposition of atomic HF density matrices or atomic
potentials or the extended Hiickle method where orbitals can be obtained from
diagonalising an effective one-particle Hamiltonian [59-61]. If a complete basis set
{¢,} is used then the expansion of the molecular orbitals would be exact and the
lowest variational energy, the Hartree Fock limit E'gr, would be obtained. In reality
a finite basis will be used and the single Slater determinant wave function formed

by the occupied spin orbitals is the best approximation of the ground state.
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Significantly, the motion of one electron can affect that of another electron.
However, though the mean field approximation this behaviour is not fully captured
in HF theory. Therefore, it is possible two electrons could occupy the same space
which is, of course, unphysical. Further, it is possible to construct configurations
of electrons that, though different, have the exact or nearly degenerate HOMO
and LUMO orbitals. By using a single determinant these configurations that could
contribute a similar weight to the system means the non-dynamic correlation is
excluded in the HF calculation. These contributions, though relatively small, can
be hugely important giving completely different chemistry. Thus, Fy g is always an

upper bound to the true ground state energy.

2.2.8 Post-Hartree-Fock

It is necessary to extend the basic Hartree Fock theory to account for dynamic
electron correlation. In Many-Body Perturbation theory (MBPT) the electron cor-
relation is treated as a small perturbation to the ground state wave function. Mgller-
Plesset theory, a form of Rayleigh Schrodinger perturbation theory, starts form the

eigenvalue problem for an electronic state, n [62].
ﬁ|\ljn> = (ﬁ0+v)|an> :En|\11n> (2'68)

where Hy is the sum of Fock operators from Eq. (2.40) and the perturbation is
defined as

N
V=H-Hy=H-Y fi. (2.69)
The wave function can be expanded as a power series
(Hy+ 2 )00 1 xeM ) = (BO) L AED 4 N2E@)w® 4 xe) 4 ) (2.70)

with \117(10) = Uy r making the reference determinant the Hartree Fock Slater deter-

minant. The different order perturbations can then be found

B = (U | Ho| ) (2.71a)
E = (U [V]w)) (2.71b)
ER = (uD[V]w)). (2.71¢)

ey

0
D = w0y (2.72)
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with all other eigenstates contributing. Therefore

IWmWWnH
=2 (0)

m#n m

(2.73)

Coupled cluster (CC) theory also starts with a reference wave function, |¢g)
[63, 64]. This state is usually the HF determinant although other wave functions

can be used

2 1
) = i) = (14 T3+ 5 79)o). (2.74)
The cluster operator T can be written as a sum of operators that generate excitations
from a single, T} to an N -tuple, T for the reference wave function containing N

electrons
T=T1+To+...+Ty (2.75)

The energy of the system is calculated

= (yole~T HeT o) = (ol H|wo) (2.76)

which has unknown amplitudes which can be found by solving

(W*[Hlpo) = E(¥*[4o) = 0. (2.77)

In practice the sum of the operator 7' is truncated. Using just 71 and T gives
just single and double excitations and is called the coupled cluster singles-and-
doubles (CCSD) method. Higher order excitations can then be approximated, for
example T22 gives the quadruple excitation. CCSD can be extended to include
triple excitations (CCSDT) which is computationally much more expensive. To
remedy this the triple excitations can be calculated using a non-iterative many-body
perturbation theory, CCSD(T), the bracketed letter indicating which excitations
have been calculated using MBPT. CC methods have been applied to adsorption
and reaction energies on surfaces for atoms and molecules [65-69]. While also being

used to calculate excitation energies and a variety of spectra [70-75].
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2.2.8.1 Full Configuration Interaction

Alternatively, a variational approach can be taken to account for electron correlation.
Configuration interaction (CI) constructs a wave function from a linear combination

of Slater determinants

A B K!(Z(/VLK)!
Veor= Z Cm|tm) = coltho) + Z Cm|tm) + Z Cm|m) +-- -+ Z Cm|t¥m)
m=0 m=1 m>A m>B

(2.78)

Each ; in W1 has a different configuration of electrons with the maximum number
of configurations for a system with N electrons and K spin orbitals is #lf()'
This is the full CI limit and will exactly solve the electronic Schrédinger equation.
Even for a small system the number of possible configurations in the full-CI space
can be extremely large so truncations are often necessary. To choose these trun-
cated sets a single HF' Slater determinant is used as a reference configuration. Then
configurations containing a specified type of excitation can be generated, for exam-
ple CI singles-and-doubles (CISD) only includes single and double excitations of the
reference determinant. It is also possible to use more than one reference Slater deter-
minant which is called multi-reference CI (MRCI). The CI wave function coeflicients

are then found by variational minimisation of the ground state energy

Eep = min (Wer|Ho|er)
ver (Yeor|Yer)

(2.79)

2.2.8.2 Methods for Optimal Truncation of
Configuration Space

Using a full-CI basis set is appealing due to the exact solutions to the Schrodinger
equation that can be obtained but for most reasonable systems this is computa-
tionally expensive and potentially impossible. However, a significant number of
configurations will contribute a negligible amount to the system and can be ignored.
A key way to tackle this problem is by introducing an active space containing the
most important orbitals which can be occupied by a set of active electrons. Though,
intuitively, configurations with electrons in higher energy spin orbitals are less likely
to be of importance they cannot be systematically ruled out; by construction the
active space excludes configurations with these higher energy orbital occupations.
Hence, Quantum Monte-Carlo (QMC) methods have been developed to allow impor-
tant configurations with populated orbitals above the active space which smooths
the transition between the two regions. Green’s function MC and similarly Diffusion

MC propagate walkers in continuum space which removes the need for a one-electron
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basis but are limited by not preserving the sign change needed to describe the anti-
symmetry of the fermionic wave function [76, 77]. Using a fixed node approximation
solves the antisymmetry problem but subsequent work has been limited [78].

A more practical and effective approach is to use a Monte-Carlo method to
select configurations which is achieved by a random walk in the manifold of Slater
determinants. Alavi and co-workers developed the Full Configuration-Interaction
Quantum Monte-Carlo (FCIQMC) method which uses a long-time propagation in
imaginary time with random walkers to stochastically describe the full CI wave
function [79, 80]. This takes the wave function ¥§'“! =3, D;|D;) and uses a coupled
linear first-order differential equation for the coefficients in terms of a K matrix,

Ci
-0 = (Ki=9)Ci+ ) KijCj. (2.80)
JFi
S is an energy shift parameter used to control the rate of population change. The
K matrix is defined by

Kij = (Di|H|Dj) — Enpoi;, (2.81)

which has positive diagonal elements. A set of "walkers" are then used to perform
the stochastic integration by projecting them through the Slater determinant space.

This process is controlled as such,

1. Spawn — For each walker on D; a coupled determinant D;, that has the nor-
malised probability pgen(J|?), is selected and a child walker is attempted to be

spawned using,

.. (5T|K¢j|
pPsgt) = ——~ - 2.82
=) (282
2. Death/cloning — Each parent walker is then removed with probability
pa(J) =0T (Ky —S). (2.83)

3. Annihilate — All surviving walker pairs with opposite sign on the same deter-

minant are removed.

The coefficients are then proportional to the signed population of walkers on the
corresponding determinant C; oc V;. The simulation allows the shift parameter to

change until the coefficients are unchanging with time, so

ZKijCj =5C; (2.84)
J

where S is the correlation energy of the ground state. The method evolves to the
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Fermionic ground state with the annihilation step avoiding the fixed node approx-
imation [79]. The total number of walkers grows and then plateaus, the height
of which is used as a measure of the number of walkers needed to converge the
energy. Using FCIQMC full-CI energies have been recovered for computationally
expensive systems such as the neutral and cationic elements from Li to Mg [79, 81—
83]. The method has also been shown to effective at recovering the energy of Ny in
the cc-pVDZ basis and in cc-pVTZ and cc-pVQZ basis sets which is beyond what
is achievable with a regular full-CI calculation [80]. It has also been shown that
FCIQMC can find excited state energies with little additional computational cost
[24]. More recently FCIQMC has been applied to systems of bosons and also mixed
particle systems [84-86].

Monte Carlo Configuration Interaction (MCCI), developed by Greer, also utilises
a Monte-Carlo procedure to build a compact wave function of important configura-
tions [25, 87]. Unlike FCIQMC, configuration state functions (CSF) are used rather

than Slater determinants which take the form,
) = A0sm,E(R)O(0) (2.85)

where A is an antisymmetrizer and Og 3y, is a spin projection operator. Z(R) and
©(0o) are primitive spatial and spin functions which are formed by making Hartree
products. Alternatively, two sets A, and Bg containing equal numbers of orbitals

can be used to construct CSFs. If the two sets have identical spatial orbitals then
) = |Aa; Bg) (2.86)

without the need for spin projection. This is equivalent to a Slater determinant with
each spatial orbital doubly occupied. When A, and Bg do differ, the CSF has the

form,

1

V2

The single particle orbitals are assumed to be orthogonal and so by the reasoning

[¥) [1Aa; Bg) +1Bg; Aa)l- (2.87)

discussed in section 2.2.4 if |¢4) and |¢p) differ by more than two orbitals the
Hamiltonian matrix element is zero. The CI wave function can be written in terms

of a reference function,

) = (co+ 3 hijalaj + 33 alal Wigjiaia; +..) o). (2.88)
ij i<jk<l

Using a configuration A, single or double substitution gives a new state B so

Hap = (YalH|wp) #0. (2.89)
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MCCI works by taking a trial configuration and randomly generating a set of single
and double substitutions. The CI problem is then solved using the set of configu-
rations performing diagonalisation to find eigenvalues and eigenvectors. A selection
process then decides if the configurations should be kept or discarded. Configura-
tions are removed by either having a coefficient below a cut-off value or by calculating

the contribution a CSF has to an energy eigenvalue,

(E— HKK)C]%

AE;, —
Ay — %

(2.90)
where cg is the coefficient of the CSF in question and Hg is the corresponding
Hamiltonian matrix element. This is the change in energy if the CSF is removed
from the CI expansion and all other coefficients are kept constant. This process is
repeated until the number of configurations stops increasing i.e. all the significant
configurations have been found or an energy criterion is reached.

MCCI was first applied to the single point energy of water and then the dissoci-
ation energy of water and HF [87, 88]. Significant work by Coe and Paterson et. al
continued the development of MCCI demonstrating it could generate potential en-
ergy curves, near chemical accuracy, for a range of molecules including No and CHy
[88]. Accuracy and convergence time, particularly at longer bond lengths, were im-
proved by introducing second-order perturbation theory and using natural orbitals
[89]. Natural orbitals are eigenfunctions of the first-order reduced density matrix
and converge better than HF molecular orbitals [90]. MCCI has also been used to
accurately simulate multipole moments [91]. Excited states have been computed fol-
lowing the inclusion of state averaging [92]. Both FCIQMC and MCCI shows good
agreement to the full-CI values when calculating ionisation energies with MCCI
needing a significantly smaller number of basis functions compared to the full-CI
space [91]. As these quantum MC methods are refined, the full-CT energies of larger

and more difficult systems can be approached [93].

2.3 Coherent States

In this section Coherent states are reviewed with specific attention to their appli-
cation to fermionic systems and electronic structure. Coherent states were first
introduced by Schrédinger as specific quantum states of the quantum harmonic os-
cillator when looking for solutions to the Schrodinger equation that satisfied the
correspondence principle. These Coherent states were minimal uncertainty wave
packets i.e. quantum solutions that most closely resembled classical behaviour [94].
However, despite being part of the genesis of quantum mechanics, research into
Coherent states was limited to condensed matter physics and particle physics [95-

98]. The active field of research properly began in 1963 with work by Glauber and
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Sudarshan in the field of quantum optics, describing light quantum mechanically
[11, 99]. Glauber proposed in Ref. [12] that coherent states for the electromagnetic

field could be constructed using one of three definitions:

1. Coherent states |a) are eigenstates of the harmonic-oscillator annihilation op-

erator,
ala) = ala) (2.91)

where « is a complex number.

2. Application of a displacement operator,

*

T_
D(a) = 7 %, (2.92)
on the harmonic vacuum state obtains a coherent state

la) = D(a)]0). (2.93)

3. Coherent states are quantum states with a minimum uncertainty relationship,
2 2 2
(Ap)~(Ag)” = (1/2)7, (2.94)

defining position and momentum operators as § = %(a +a') and p= ﬁ(a —

al) respectively. Then
(Af)? = (al(f = (D)) (f)) = (al flo) (2.95)

Although it should be noted that work by Klauder showed that coherent states could
be expressed as eigenvectors of the annihilation operator that form an overcomplete
set [100]. Glauber’s work was driven by finding the complete factorisation of the
electromagnetic field correlation functions. However, not all systems can be de-
scribed by the harmonic oscillators used by Glauber, which motivates a generalised
definition of coherent states [19]. In the 1970s work by Perelomov and Gilmore
developed the mathematical structure of coherent states based on the theory of Lie
groups and set a general definition for coherent states based on Glauber’s second
definition using the vacuum state [21, 22].

Firstly, I will briefly discuss why generalisation of the Glauber’s first and third
coherent state definitions were found to not be particularly useful and did not be-
come the standard. To generalise Glauber’s first definition one would construct
coherent states from eigenstates of the annihilation operator. This method was
adopted by Barut and Girardello giving a non-Hermitian eigenvalue problem with

complex eigenvalues [101]. Gilmore showed that this definition would mean coherent
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states could not be constructed for Hilbert spaces of finite dimension [102]. Further,
the coherent states defined in this way do not resemble physical states unless the
commutator of the annihilation operator and the creation operator commutator are
multiples of the identity operator. This generally limits the application of this def-
inition to the electromagnetic field essentially Glauber’s initial definition [19]. The
coherent states constructed by the minimum uncertainty definition states are not
unique as can be seen in Fig. 2.1. However, this definition was still generalised to
produce "intelligent" states by Aragone and co-workers with further work by Nieto
and co-workers Aragone [103-105]. Beyond the limitation of not producing unique
states the generalised definition only allows for coherent states to be constructed us-
ing the standard photon creation and annihilation operators which leads to limited

applications [19].

Aq Aq
[on O
< > -—
Ap Ap
p P

Figure 2.1: Plot showing that the minimum uncertainty relationship (Ap)Q(Aq)2 =

(1/ 2)2 does not produce unique coherent states. The circle has Ap = Aq = 1/2 whereas
the ellipse has Ap =1/4, Aq = 1. Both the circle and the ellipse give the same minimum
uncertainty but clearly the different shapes demonstrate how the coherent states gener-
ated in this manner are not necessarily unique.
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2.3.1 General Definition of Coherent States

The general coherent state definition was developed by Gilmore and Perelomov|21,
102, 106, 107]. An arbitrary quantum-dynamic system can be defined so its Hamilto-

nian and transition operators, { A}, can be expressed in terms of the set of operators,

{73},

H = H(Ty), (2.96a)
A=A(Ty). (2.96D)

{T;} = g is a complete set of operators which means the commutator of any two

operators in the set is also a member of the set,
VTZ,T] €g, [Tl‘,Tj] €g. (297)

The Hamiltonian (in the mean-field approximation) can be classified as taking either

a linear or quadratic form,

H=YdT, (2.98)
)
H= ZCZTZ—FZCZ]TZTJ (299)
7 ,J

Note how the second quantisation Hamiltonian in Eq. (2.4.5) is of the form in
Eq. (2.99) with the set of operators {a}aj,aTa;,aiaj}. A Lie group, G, with its

(3

accompanying algebra g is spanned by the translation operators
k=1

the structure coefficients are produced in a similar way as in Eq. (A.12). The
Hamiltonian defines a Hilbert space, 7 which can be written as a unitary irreducible
representation of the group G. U(J# A) is the set unitary operations on . found
by the mapping

U:G—UY (2.101)

which satisfies the condition U(g)U(a) = U(ga) Vg,a € G. To be irreducible, a
closed subspace, k, of 2, is defined

Ulg) C s (2.102)
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which if defined for all g € G then x = #2, and I'* is used to represent the irre-
ducible set U (). Finally, a reference state within the Hilbert space is defined as
normalising to unity, (®o|Po) = 1.

A subgroup, H, of G has elements h that leave the reference state invariant up

to a phase factor
h|®g) = |Pg)et®h) (2.103)

which is also called the stability group. Using the reasoning given in section A.4 the
coset space is defined with elements Q € G/H, which have the property g = Qh. A

coherent state can now be defined,
gl®o) = Qh|®g) = Q| o)) (2.104)
which can be written
|A, Q) = Q| D) (2.105)

This representation preserves the algebra and topological properties of the coset
space G/H which in itself has been constructed to be homogeneous to the group
G [19]. This is in line with the definition given in Ref. [20] for a coherent state
system being "an orbit for an irreducible group action in a Hilbert space" — the orbit
being the irreducible representation of the Lie Group. Gilmore and Perelomov set
different conditions for the choice of group, Hilbert space and reference state which
are discussed further in Ref. [19].

2.3.2 Canonical Coherent States of the

Harmonic Oscillator

The Hamiltonian for the quantum harmonic oscillator is

g P L 9.9
H=—+- 2.1
o T d (2.106)

where w is the angular frequency of the oscillator and ¢, p are the position and mo-

mentum operators respectively. The creation and annihilation operators are defined,

mw 1

T f——p 2.107

o =\ = (2:107)
mw 1

=/—(G+—1D). 2.108

a= /S (a+——p) (2.108)
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The position and momentum operators can then be defined in terms of a and a',

=/ anw(aua) (2.109)
p=1iyf f";w (af —a). (2.110)

The canonical commutation relation is [§, ] = ih which can be used along with the

L)Y

definition of the number operator N =ala to define the set of commutation relations,
[N,all|=d', [N,a]=-a, [a,al]=1. (2.111)

This means the Hamiltonian can be written as
H=hw(N+=). (2.112)

It is now possible to start defining coherent states using the general definition. The
set of operators {N al,a, I } span the Lie algebra hg which is used by the Heisenberg-
Weyl (Lie) group Hy [108]. The Hilbert space for the Lie group, Hy is spanned by

the number eigenstates,

Nn) = n|n) (2.113)
_ (d)"
n) ==—=10) (2.114)

where |0) is the vacuum state. The Hamiltonian acting on |n) gives the energy

eigenstates,

Hin) :ﬁw(n+;)|n> (2.115)

which makes the vacuum state, |0) also the ground state and the reference state used
to generate the coherent states. The stability group for Hy is U(1)@U(1). U(1) is

the unitary group that consists of all complex numbers with absolute value 1
U(l)={z€C:|z| =1} (2.116)
The stability group is spanned by {N,I} and h € U(1)®@U(1) is defined

h = etlerltegN) (2.117)

with ¢, arbitrary coefficients this leaves the reference state invariant up to a

phase factor,

h|0) = |0)ePT. (2.118)
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The coset space Hy/U(1) @ U(1) with elements 2
g=Qh=Dh (2.119)
with
D(a) = eae'—ae (2.120)
where « is an arbitrary complex number. Thus, a coherent state, |a) can be defined

9|0y = D(a)h|0) = D(a)|0)e™T = |a)e'!. (2.121)

It is useful to state the Baker-Campbell-Hausdorff (BCH) identity which holds when
the commutator [A, B] commutes with both A and B

eATB = ¢AeBe=(1/2)4.B] (2.122)
The overlap between two coherent states is
/ * 1 * *
(al8') = expla®f ~ 5(a*a+ 5°5)) (2123)
and the identity in terms of coherent states is given by
Lros
I:—/d ala)(al (2.124)
™

as the coherent states are over-complete [26]. The displacement operator D(«) can
be reformulated using the BCH identity

aa’—a*a oFa)2 —a*a oal

e =e e e0d' — g—a"a/2gaal ;—a%a (2.125)

Using this result the coherent state can be expanded in terms of number eigenstates

« aal
j0) = D(@)]0) = "2y 28 gy = ¢y

B Z \/_\n (2.126)
which implies
la) = ¢ =55+l |y (2.127)
and
(afny = 2L a2 (2.128)
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the arbitrary phase factor has been omitted in these equations. An arbitrary state

can also be expanded in terms of the number eigenstates,

n
W)=Y ealn) =Y e @ (2.129)
n N
the over-completeness relation can then be used,
0 = I|y) = /d2a|a (a|W) = /d2a|a ch . (2.130)

The 1D harmonic oscillator Hamiltonian is of quadratic form, as in Eq. (2.99), so
all Hamiltonians of the same form will have coherent states generated in the same
way. In fact, using this general method can yield coherent states analogous to those
detailed in the Coupled Coherent States method [109]. The general Hamiltonian is
denoted ]:Iord(aT,a) as the powers of al precede those of the annihilation operator.

Using an arbitrary coordinate parameter, ~, the creation and annihilation operators

are then defined
7 1 7 1
= LG+~ —p, al = /LG— =] —p. 2.131
e=y Rt g @ =yl ﬁ\/%p (2.131)

The so-called |z) notation is used where z is a complex number [26, 110, 111] which

is equivalent to o in the previous notation

ol 1 1 " " ¥ 1 1
o A =a*=/2qg— = —p. 2.132
T \/gq h\ 2y’ : “ 2q ﬁ\/;p ( )

Hence, using Eq. (2.121) derived from the general method, a canonical Gaussian

coherent state of the harmonic oscillator can be defined,

2
T_Z*a|0> e Ig\

D(2)[0) = ¢ el |0) = zpr0). (2.133)

The coherent state can then be defined in terms of =z,

|22
(x|zro) = (x]e™2

= Zexw(- 202+ 2ptr—a)+ T

—|—zaJr |0>
(2.134)

by using the reasoning in Ref. [112] which demonstrates the equivalence of the CCS
coherent states and those derived using the general method [109]. This is similar to
the CCS method in general terms as in Ref. [113].
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2.3.3 SU(2) Coherent States

The 1D harmonic oscillator Hamiltonian can now be generalised to the multi-

dimensional case with an external field, v, added

ORI

H= ﬁx,ukaTw—i—ea(i) + )y ia/ﬁ—;cfr : 2.135
; ) 0 sz [\/N \/N k;] ( )

This can be simplified to just look at the two-level system by approximating the

field as classical,
=Y AEs{" +70') 44761 (2.136)
i
where {a(()i),asf),a(f)} are spin operators with the commutation relation
[Jéi),ag)] = aﬁ?éij. (2.137)
Many particle operators can then be defined
Jo=%0o", Je=% o (2.138)
i i
which in turn have the commutation relations,
[Jo,Ju| =+Jx,  [J4,J-] =2Jp. (2.139)
The Hamiltonian can be rewritten in terms of these new operators,
H=AEJy+~Jy +7"J_ (2.140)

which is a two-level system, with dynamical group SU(2). The general process can
then be applied by first defining the Hilbert space {|jm),m=—j,—j+1,...,7—1,j}
where j is an integer for bosons or half integer for fermions. These are the Dicke
states [114],

(25)!

gm) = | = (JL )T — 2.141

and the action of the operators is defined,
J2[jm) = (i +1)|jm), (2.142)
Jolgm) =m|jm). (2.143)
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The reference state is the lowest weight state, |j — j),
H|j—j) = AEJ|j — j) = —AEj|j — ) (2.144)
50 Emin = —AFEj. The stability group for SU(2) is U(1) which has elements
h = exp (iaJp) (2.145)
which leaves the reference state invariant up to a phase factor,
hlj—j)=1j—d)e . (2.146)
The coset space SU(2)/U(1) with elements €2 can then be defined in the usual way
Q&) = exp(§J4 —&7J). (2.147)

It is well known that SU(2)/U(1) has the geometry of a two-dimensional sphere

which allows the operators to be defined as matrices

01 00 1/2 0
Ji = (0 0) , Jo— (1 0) Jo — ( 0 _1/2) . (2.148)
(2 can then be defined
B 0 &\ [ cosl¢ %smm
Q&) » Q=exp (—5* O) = (—%Sm|§| cosle] | (2.149)

& can then be rewritten
0 _is
5256 0<H<m0<p< 2T, (2.150)
Finally, the coherent states can be generated,
gli—3) = Q&R —j) = 15,y (2.151)

which corresponds to a point on a three-dimensional sphere i.e. a point on its bound-
ary which is a two-dimensional surface. There are a number of different expressions

that can be generated for D(z) for example,

D(z) = exp (65 —€"J-)
= exp (tJy ) exp[In(1+|7]*)Jo)exp (—7*J_) (2.152)
= exp (—7*J_)exp[—In(1+|7|*)Jo] exp (1.4 )
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where 7 = tan(%)e' is the "normal" form [19, 107]. Using the normal form and

Eq. (2.141) a coherent state can be written as,

|2) = D(2)]j — j) = 1+ |71*) T exp (73] — j)

_ gy o)t

= (1+|%) JEO: ki) (2.153)
+J - ‘ ; i(j

=2 @j)!(?j%<COS<9/2>>J"”(sz‘n(e/z))ﬁme—z(ﬁm)@|Jm>

m=—j

Thus an SU(2) coherent state is formed out of the angular momentum coherent
states. More explicitly, for the case j = 1/2, a coherent state can be defined by
Eq. (2.153) to give,

21) = cos(6/2)]5 =) +sm(9/2>e—w|;>. (2.154)

1=
2 2

Alternatively, the coherent states can be derived explicitly from the reference state

o) =|j—7) = (é) : (2.155)

The elements of the coset space are given by

_ ( _cps(@/Q) —eiwsin(0/2)> . (2.156)
e "sin(0/2)  cos(0/2)

The arbitrary phase can be eliminated by setting e~** = 1 because only the differ-
ence between the phases is significant [115]. Using Eq. (2.105), an SU(2) coherent

state can be generated

0/2
2y = Qlag) = [ O0/2) (2.157)
e"?sin(0/2)
which can be more explicitly written as
[Csu)(0,)) = cos (0)[1) +sin (6)e"0). (2.158)

The differing sign in the exponential between Eq. (2.154) and Eq. (2.158) is arbitrary
and can be rectified by using different parametrisations. The coherent states gener-
ated in his way are analogous to those used in the multi-configurational Ehrenfest
method which are used to describe two different quantum states or a single mixed
occupied/unoccupied state in terms of the angular momentum states [9]. In the
case of Ab initio MCE the coherent states are still made of the angular momentum

states but generated using standard electronic structure theory to describe a real
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system [116]. Further in Ref. [33] it was shown how the Hamiltonian and equations
of motion could be derived for MCE in terms of Generalised Coherent States (GCS);
could be used in the MCE method; they were equivalent to a single Ehrenfest tra-
jectory. Significantly, it has been demonstrated that the general definition of an
SU(2) coherent can be generalised to produce SU(n) coherent states [115, 117-119].
Using states generated on an equal footing, regardless of dimension, makes it much
simpler to choose an appropriate size of spin coherent state for a specific system and
so broadens a methods application.

The SU(2) coherent states are often referred to as spin coherent states [120]. As
such they can be used to describe a single fermion system. The system Hamiltonian
is dependent on only a single pair of creation and annihilation operators. In this

case the SU(2) group is generated by the set of operators [100],

1
[aT,a] = 2(aTa — 5), [aTa—

1
i,a] = —a, [ala—

1
57@*] —al. (2.159)
These operators are one-to-one with the angular momentum operators for spin % and
a coherent state can be generated in an analogous way to Eq. (2.154). In CCS an

N-dimensional coherent state is constructed as product of 1D harmonic oscillators,
1) =T1I=4ib)- (2.160)
a

But like Hartree product in Eq. (2.11) a simple product of spin half coherent states,

|z1), does not preserve antisymmetry when constructing a multi-electron system.
2

In the following section two standard solutions to construct multi-body fermionic

coherent states are presented which then leads to the Zombie states method.

2.3.4 Standard Fermionic Coherent States

In this section two ways to construct many-fermionic coherent states are considered.
Firstly, the general method using dynamical groups is used to generate fermionic
coherent states. An alternative method that constructs coherent states using Grass-
mann algebra is also introduced. The basic idea of Grassmann algebra is introduced
but more mathematical detail is given in Appendix A. The equations and their no-
tation have been adapted from Ref. [20] in particular which has been supplemented
by Refs. [18, 121, 122].
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2.3.4.1 General Many-Fermion Coherent States

Balian and Brezin showed that fermionic coherent states of an even degree can be
generally defined by first identifying the dynamical group G = SO(2n) [123]. The
coset space G/H = SO(2n)/U(n) can be used to generate coherent states of an
even degree, over a Hilbert space of dimension n [124, 125]. The corresponding Lie
algebra g = so(2n) is spanned by the operators

1
aTaj—§5ij,1 <i,j<r

7

aiaj,1 <i#j<r (2.161)
aja},lgi%jgr
and
1 1 1
lata; - 507 afa — 30K = ji(alar— 5%)
o (2.162a)
—da(aga; — 50jk)
1
[aj-aj - 5(52-]-,&2@;] = jkajalT - 5ﬂa1a}; (2.162b)
1 1
laiaj,a}al) = 0 (afa; — 50) + oy (afai - 50ki)
; 2 (2.162¢)
- 511'((12%‘ - 55@') - 5ki(alTai - 5511)
are their commutation relations [19]. The basis sets for this space are |x1,x2,...,XN,.,)

where x; = 0,1 then N, = Zf\i"{b Xi which is the number of occupied orbitals [126].
An even number of electrons allows coherent states to be generated from the vacuum

whereas an odd number of electrons requires a different reference state,

|0) =0,0,...,0) for Ny even (2.163)
1) =1,0,...,0) for Ny odd. (2.164)

The regular procedure to define a coherent state can then be carried out by first
defining elements of the coset space. For simplicity just the even N, case is con-
sidering, although an analogous process for N,; odd is possible. It was shown that
SO(2n)/U(n) is isomorphic to Spin(2n)/U(n)

Q=exp( Y (npalal —niaray)). (2.165)
1<j#k<n

where 7 is a complex number [124]. The exterior algebra of the coset space has
an anticommuting structure thus 2 can then be used to generate a coherent state
|250(2n)) = €2|0) with the Pauli exclusion principle preserved. A one-to-one matrix

representation of 2 can also be constructed [124, 127]. 7 is an n x n antisymmetric
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complex matrix which represents the operator

> Ujka;a; (2.166)
1<j#k<n
This can be constructed by,
ala} ¢ Byt — B (2.167)
aiay <> Enyig— Enqp (2.168)

for 1 <i,0 <nand E;; is a 2n X 2n matrix with +1 in column ¢ and row [ and zeros

everywhere else. {2 is then equivalent to,

Q%(In—&* 5 ) 2169)

e URYY Pl

I, is an n X n identity matrix and

g=p—V LT (2.170)
77 \/%

This matrix can then be used to generate fermionic coherent states. A similar process
is available for the SO(2n+ 1) Lie group which describes fermionic states with an
even number of fermions distributed across an odd number of orbitals [19]. There
is however little literature on fermionic coherent states of odd degree or considering

the full Fock space i.e. the infinite dimensional case [128].

2.3.4.2 Grassmann Many-Fermion Coherent States

The use of Grassmann generators is now considered as a method for defining fermionic
coherent states. An N dimensional system can be described by the usual creation
and annihilation operators with the expected anticommutation relations. A Grass-
mann algebra denoted 6% is also defined. Grassmann generators are complex num-
bers that have an anticommuting property with other Grassmann generators but

commute with ordinary complex numbers. Thus,
G& =&, Ga=a& VY&,§ €GBS, VaeC, (2.171)
which for completeness gives the anticommutation relations,

{661 =0, {&.61=0, {&.§r=0 (2.172)
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Consequently, the square of a Grassmann generator vanishes, (&)% = 0. (’5% contains
2N Grassmann generators as each has a conjugate, (fi)T = ¢ It is also defined that
the Grassmann generators anticommute with the fermionic creation and annihilation

operators (and commute with the bosonic)

{€.a;} =0, {&al}=0. (2.173)

Further the Hermitian conjugate reverses the order of the operators and Grassmann

generators,

(aigjafer)t = ar€lal. (2.174)

As in Ref. [18] a unitary displacement operator can be defined for the Grassmann

generators, &%, with &€ used as shorthand,
D(€) = exp(}_al&; — & a;)
i
= [Teaplalé; — & ar) (2.175)
1

=TIl +af6i— €fai+ (alas— )EE], €= (61, )

which is the multi-particle analogue to the displacement operator from Eq. (2.92)
although with elements of Grassmann algebra rather than the complex numbers
Glauber originally used [12]. The product is introduced in Eq. (2.175) because of

the commutation relations,

2.176a
2.176b
2.176¢
2.176d

ajaj = —ajog, Voj =&
lale;, Erar] = €10
(@, a}&k] = &k

laj,arp&] = 0.

TN/~ TN T
~— ~— ~— ~—

The translation property of these operators is

D(&)a;D(€) = a; +&; (2.177a)
DY(¢)alD(&) =al +¢; (2.177b)
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Using the BCH identity the displacement operator can be written in either nor-

mally or antinormally ordered form

DNormal(s) ea:p Zéz él - (2178&)

DAntinormal(g) exp Zéz 52 - %- (2‘178b)

with the notation > ;¢ = &€ - € used. Hence, a coherent state is defined as

Ve = D(§)[0) = [€) (2.179)

where & = (£1,...,£n) is a set of Grassmann generators with each §; corresponding to
a spin orbital. Like in the second quantisation representation of Slater determinants
the fermionic coherent states are constructed from the vacuum state |0). Using

Eq. (2.175) a coherent state can be written in the form

€)= D(&)[0) = [T[1+al& — & a; + (afa; - )Sz&]|0>

)

=10 +aféi— SE€)I0) (2.150)

2

= cap(Y(aféi — 5 EE)I0)

i

Further, using the translation property, defined in Eq. (2.177a), the action of anni-

hilation operator,

ai|§) = a; D(§)[0)

_ t(e)a,

—D(é)D (E) 2D<€)|0> (2.181)
= D(€)(a; +&)|0) = &D(€)|0)

=&l&)

shows that the fermionic coherent states are eigenstates of the annihilation operator
— Glauber’s first definition of a coherent state. Further, the full state can be defined
as |1) =TI; a;~r|0> and Eq. (2.177b) can be used to show that |€)’ is an eigenstate of

the creation operators

af|¢) = alD(&)[1)
= D(&)D'(€)a D(E)]1) (2.182)
= D(€)(al +€)1) =€/ D(&)]1)
:£z|€>/'
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Thus |€)" can be defined explicitly,

* 1 *
&) = TT0L~lait LE)I). (2.18)
i
The inner product of two fermionic coherent states,|€) and |v) constructed using

the sets & and v of Grassmann generators respectively,
(€ly) =expd (&7 —1/2(§ & +iv) =exp (€€~ 1/2(€E+~" ). (2.184)
i
Using this the following relation is found,

(€l (V&) =exp | =D (& =& —7) | =[T1— (& =& —w)].  (2.185)

7 7

In the second quantisation approach a Slater determinant with N electrons can
be built from the vacuum state using N creation operators which exist in an N-
dimensional Fock space labelled %”I%V . For the fermionic coherent state analogue, it
is also necessary to create an N-dimensional space, 7, to contain the state. This
is a subspace of B9y constructed using holomorphic functions i.e. (’5% which gives

it the following properties,

e = (2.186)
a(z%zﬁ:o, V1<j<N. (2.187)
J

AN has the basis {¢¢,e € €[N]}, with &N] being the indexing set as previously
defined. An unambiguous description of the specific fermionic state is given by an
ordered set of creation operators acting on the vacuum state. The ordered set of
creation operators gives a configuration that can be written in a position basis and
so it is now possible to construct a multi-electron fermionic coherent state that is
an equivalent representation to a Slater determinant constructed from the same set

of creation operators. This can be summarised as being a map from the Fock space
to the N a Hilbert space,

fo: Y = N F([(r1,re, . rn))) = (ED)U(E) .. b(En) =¥ (€)  (2.188)

where |1)) is an arbitrary vector in the Fock space its electronic configuration de-
scribed by a position vector. fy is a one-to-one mapping from the position basis to

the Grassmann generator products. A fermionic state can then be specified using the

46



47 2.3

fermionic coherent state definition and the known action of the creation operator,
W)=Y c()all0) (2.189)
€€€[N]
using this definition and Eq. (2.180) a fermionic coherent state with a specified set

of occupied orbitals is represented by,

—£"¢

PE) =€y =7 Y ()= Y (2.190)

Thus, a fermionic coherent state can be constructed from the vacuum state and
is also shown to be equivalent to the Slater determinant representation. .V is a

Hilbert space for the scalar product,
W) = [ e e (€)p(€)dgag’ (2.191)

which makes s a Hilbert space with 2N dimensions over C and is now isomorphic

to the Fock space %FN . The creation and annihilation operators can then be defined

(al)(€) = &u(€) (2.192a)

aj () =£j (€) (2.192)

Operators in in the Fock space can also be written as numbers in the &95 space.
A second set of Grassmann generators {7,4*} which have the same properties as

{€,£€*} are defined. Then an operator A acting on a fermionic coherent state is,

Ap(g) = /KA(&7*)w(£)e7*‘7d7d7*,v¢ eV, (2.193)

K 4 € C[¢,~*] is the so-called integral kernel that can be computed

Ka€7)= Y (ol A )t (€e(v) (2.194)

€,e/ €€[N]

the sums are over the indexing sets and so e(v) = f(|tbe)). Which gives the result

that all linear operators have a unique decomposition

A= Y Agaa (2.195)
€,6/ €€[N]

where A, € C.
For a single mode a complete set of operators are formed by a, af, afa—1 /2

and the identity. Each operator can be written as an integral over the displacement
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operators,

[agaeEn(©) = [ vale—Cat(ala- Heg =T (219)
[ dgrag©)p((e) = /d&*d&(é)[ua%—fs*aﬂaa»)&*&]:a (2.197)

/d£ de(- /df de(~€9)[1+ale — e a+ (ata )g f=da" (2198

/ds*ng((g)) :/dg*dg[l vate—¢*art (afa— 5)5*5] —alta— ; (2.199)

Thus, the displacement operators form a complete set of operators for that mode.
Which is the same set of operators as in that generate an SU(2) coherent state for
single fermion. This can be easily generalised for the multimode case to give the set
of operators,

{azaj,aja;r,a Zj} (2.200)
defined for 1 <4,5 < N and form a complete set for all modes. These are the same set
of operators in Eq. (2.161) that generate the SO(2n) Lie group. In fact, it is possible
to project a set of 2N Grassmann generators on to a Lie algebra of so(4n), half the
generators being even and the other odd [129]. Thus, the Grassmann and general
definition of fermionic coherent states ensures that any state that is eigenstate of

the number operator must remain as such.

2.4 Zombie states

The two standard ways of generating fermionic coherent states discussed, use the
natural anticommuting properties of either the SO(2n) Lie or Grassmann genera-
tors to ensure the correct antisymmetry of the fermionic state. Both constructions
also create coherent states that are eigenstates of the number operator which is
strictly conserved. It has also been shown how a single fermion can be described
using an SU(2) coherent state that is a superposition of the two spin states of the
fermion. The Zombie states method takes a different approach describing a single
fermion state as an SU(2) coherent state of a two-level system which is defined as
a superposition of the occupied and unoccupied states. This can then be extended
to describe a multi-fermion state.

The Zombie state method will be formalised showing how action of ZS creation
and annihilation operators can be used to compute the second quantisation Hamil-
tonian [9]. Further, it will be demonstrated that Zombie states can be constructed
from a vacuum state [23]. Zombie states method will then be constructed using
analogous apparatus to the general coherent states method. This then allows direct

comparison between the construction of general fermionic coherent states, Grass-
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mann algebra coherent states and Zombie states. Note that due to the introduction
of Zombie state coefficients, creation and annihilation operators are represented as
both b;r and b; where necessary to avoid confusion and keep the notation consistent

with previously published work.

2.4.1 Construction

The i*" spin orbital of a Zombie state is given as
|¢(a14,a0:)) = a14|1i) + aoi|0;) (2.201)

This is a coherent state consisting of antisymmetrized superpositions of "dead" and
'alive" electronic states rather than the two spin states of an electron [9]. |1;)
corresponds to their being an electron occupying spin orbital i and |0;) to the i spin
orbital being empty. In a similar way to Eq. (2.16) an N-particle Slater determinant

can be constructed from one-electron Zombie states

1$) =1¢1¢2---Cw) (2.202)

which is described by 2N coefficients

)= M1 @2 e @y @ GG e GN] (2.203)

apr @p2 ... Qo(i—1) QA0i @o(i+1) --- AON

Note that in a,,;, m; = 0 refers to the ith spin orbital being ‘dead’ (unoccupied)
and m; =1 to the ith spin orbital being ‘alive’ (occupied), and i refers to the spin
orbital number — this is the same notation used in Refs. [9, 23]. As detailed in Ref.
[130] and shown in Eq. (2.16) a given electronic occupancy can be written as an
antisymmetrised Slater determinant which is equivalent to Eq. (2.213). This can be

equivalently stated using second quantisation notation

= T bklo) (2.204)

k occ

where |0) is the vacuum state, ensuring the creation operators are applied in the
reverse order they appear in the Slater determinant. Trivially Eq. (2.204) can be

rewritten as

N
= [T1(1 = m))I +mjb ]|0> (2.205)
7=1
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and generalized to

N

H agj [ +ay ;b 1)10), (2.206)
where ag; and a1; are complex scalar coefficients. The same Slater determinant

is recovered if a1; = m; and ag; = (1 —m;) as found in Eq. (2.205). The Zombie

operator and its adjoint are then defined

25 = ao;l +ay;bl, (2.207a)
=t ag; I +ajb;, (2.207b)

giving rise to commutator and anti-commutator relations

127, 2] = 2b1blas jar (2.2084)
(25, 21) = 2bjbrarjau, (2.208D)
{Zj, Zk} = 2(aoja0kl—|— alja()kl;; + aojalk,l;]t)_f (2.208(3)
(2], 24} = 2(aojaon] + a1jaokb; +aojarkby). (2.208d)
Therefore, Eq. (2.206) can be rewritten
N
¢) = H 2;10). (2.209)

The notation 2; = Zj(ag;,a1;) is introduced for neatness.

2.4.2 Creation and Annihilation Operators

The action of creation and annihilation operators acting on a single orbital is defined

bI¢) = b(a1|1) +ag|0)) = 0[1) +a1|0) (2.210)
bTI¢) = bT(a1]1) +ag|0)) = ag|1) +0]0). (2.211)

When extended to the multi-electron case an additional sign change rule is required

which preserves the antisymmetry of the fermionic function

r_ () (b) (0) ®) () (0) 7

. —a —a R I R Y ]

bT|C(b)> = (bl)l (131)2 (z})(Z H %é)“) %g , (2.212a)
| gy agy - o) 0 AgGis1) - QON
[ ) () (0) (b) (0) 7

A —aiq —Q192 ... —a i 0 a i . alN

C) =1 ) oV o o o |- (2:212b)
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The operators l;j and b; not only act on the i-th orbital but also change sign of
all the alive amplitudes aq; for all orbitals with j < leaving the dead amplitudes
unchanged. A standard Hartree Fock configuration |g0%1) which corresponds to me
electrons can be written as a Zombie state with "binary" amplitudes of dead and

alive states and m, ones in the upper row

. 1 1 1
o)y = 0 0 0 . (2.213)

01 ...101..0
In this case the sign change rule becomes equivalent to the Wigner-Jordan rule, but
it can be treated just like any other ZS. As previously shown, Slater determinants can
be constructed by a set of creation operations on the vacuum state. Similarly, the
action of the creation and annihilation operators can be extended to allow Zombie
states to be constructed from the vacuum state. First the action on a single Zombie

operator is defined for j # k,

~

b2k (aor, arx) = bj(aon +a1xb}) = (aor] — arxd})b; = 24 (aok, —arr)bj,  (2.214a)
BT k(aok, a1x) = BT(GOkaram@L) (OLOIJ—OluJ?T)lA?T k(a()k,—a1k)5T, (2.214b)
and if j =k,
bj2j(aoj a15) = bj(aos I +aijbf) = agzb; — ar(1 - blb)
(2.215a)
= 2j(a0j, —a;)b; + 2;(ay;,0),
b2j(aoj,a1;) = 0l (ao; I +a1;bh) = ag;bl = 2;(0,an;), (2.215b)

using the standard anticommutator relations Eq. (2.29¢).
As before this can be generalised to the action on a whole Zombie state (which

is the product of Zombie operators as in Eq. (2.209))

N
b;|¢) = b; [ 2x(aok,arr)

k=1
[i—1 1 R N

= | TI 2e(aok, —ae) | [25(a0j,—a1;)b;+ 25(a1;,0)| | T 2e(aok, a1 | [0)
[ k=1 | k=j+1
Mi—1 1 N

= | I 2e(aon, —a1x) | Zj(a1;,0) | II Zx(aor,a1x) | 0)
=1 ] k=j+1

(2.216)

where the Z;(aoj, —alj)l;j term vanishes because ZA)j tries to destroy an electron which
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is not there. Hence,

N
bI¢) = }I}_[lfk(a()k,alk)
- . (2.217)
= Zr(aok, —a1k) | 25(0,a05) | T Zk(aokaix)| 10).
k1 k—j+1

The annihilation operation, Eq. (2.216), is equivalent to the equations derived from
the sign changing rules, Eq. (2.214a) and Eq. (2.215a) and the same is true for the
creation operator, Eq. (2.217), to Eq. (2.214b) and Eq. (2.215b). This equivalence
can be made more explicit since, {an,,;} = a then |() =[((a)) and so these results
can be stated in terms of Zombie coefficients {ay;;} by stating €D (@) =bj|¢(a)).
Thus,

ol _{ ao K fj (2.218a)
ayp k=j
—ay k<j

A= 0 k=j (2.218b)
a1k k >j

) = 0 f] (2.219a)
0 k=
—aig k <j

o) ={ ag k=j (2.219b)
alk k >j

2.4.3 Overlap of Two Zombie states

The overlap, (¢(@[¢(®), between two Zombie states, each formed by the action of
M creation operators, can now be computed. Using Eq. (2.209) and defining

N
!C§b)> = 11 2x10) (2.220a)
k=j
¢y = 1¢®, (2.220D)
¢\h) = 0). (2.220¢)
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Therefore,

(€1 = (¢l 82010y

a)x (b)g
= (¢ lab?*alV T+l ool + 0l )b+l 000t ) (2.221)

b
= (a(()j) a(()j)"‘agj) a(lj)>< j+1‘Cj+1>

The second term in Eq. (2.221) is of the form (C](i)l |ZA)}L|CJ(?1> with neither state having
a contribution from electron j the B}L operator acting to the left will try to destroy a
non-existent electron giving zero. Similarly, the third term in Eq. (2.221) vanishes,
but the fourth term survives. Combining Eq. (2.220c) and Eq. (2.221) gives,

N
b
= [1 (ap; "oy +ai"ai3) (2:222)
7=1
Which can be succinctly written as
M
* (b
Q=1 =TI ¥ aiaf); (2:223)
i=1m;=0,1

2.4.4 Normalisation

For a Zombie state to be normalised Eq. (2.222) must equal unity when |¢(®) = |¢®))

al 2 1 1gl9)2
[Tl 2+ iy 2 =1, (2.224)
j=1

ensuring (¢(@|¢(@) = (C£a)|da)) = 1. However, a more general case can be consid-
ered where the wave function may not necessarily have a fixed number of Zombie

operators which gives the requirement

(€ 91ely =1 (2.225)

for all j, 1 <j < N. From Eq. (2.220c) and Eq. (2.221) it follows that

€Iy =1 = laful? +laly)? (2.226a)
(€1 = (a2 + 10l Y1) (2.226b)

and using the fact <C](\?3_1|C](\?3_1> = (0]0) =1, for Eq. (2.225) to be true for all j

lagy I” +1ai P =1 V) (2.227)
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This is a stronger criterion than Eq. (2.224) so satisfying Eq. (2.227) will ensure that
Eq. (2.224) is satisfied (satisfying Eq. (2.224) does not mean Eq. (2.227) is). This
normalisation is equivalent to the normalisation used when introducing quantum
superposition sampling to the Multiconfigurational Ehrenfest method presented in
Ref.[33]. Following this work a simple choice to satisfy Eq. (2.227) is

a(()?-) = cos(0;), aﬁ‘}) = sin(6;) (2.228)
where 0; is a real number such that 0 <6; < 27. This means that a real, normalised
Zombie state can be completely described by N real {6;} values. This can be
generalized to complex states with

aly) = cos(6;), al?) =sin(8;)" (2.229)

where ¢; is drawn from the interval 0 < ¢; < 27 [33].

2.4.5 The Zombie Wave Function

Elements of the second quantized electronic structure Hamiltonian, can now be
found for Zombie states, (¢ (@) ]If[ 1< (b)). Sequential application of the creation and an-
nihilation operators to [¢(?)) and overlapping the result with (¢(®)] using Eq. (2.223)

a ] a b 1 a b
Hap = (¢ IAICY) = S hig (€ICH) +5 3 Wi € WICiy).  (2:230)
iJ klij
where |C1§:ll)z)'j> = l;,tl;zr@il;ﬂc(b)) and |CZ-(;?)> = b}l;j|C§;)) [9]. An electronic wave function

can be represented as a superposition of N, basis Zombie states

Nyy

B) =" da[¢). (2.231)

and the matrix elements described above now allow usage of the ansatz Eq. (2.231)
for propagation or finding quantum states and their energies. Unlike the other
fermionic coherent state constructions, the Zombie states are not eigenstates of the
number operator since they are a superposition of all states of any number. There-
fore, a wave function of the form in Eq. (2.231) requires a sufficiently large Ny
number of Zombie states with coefficients d, to be optimised such that contributions
from unwanted numbers of electrons cancel out. This is a key departure from stan-
dard fermionic coherent states and Hartree Fock methods where each basis function
has a fixed number of electrons. However, this could be advantageous when investi-
gating molecular dynamics when the process is driven by electrons being added or

removed from the system.
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2.4.6 General Coherent Zombie states

In Eq. (2.157) it was shown how a single SU(2) coherent state could be generated
using the language of generalised coherent states. For a single fermion this can be

explicitly defined as
|€) = exp (EbT — £¥D)|0) = sin(8/2)e*[1) 4 cos(6/2)|0) (2.232)

where € = (0/2)e™% and [0) = [35), |1) = |31). This general definition takes the
same form as the single fermion displacement operator used to construct Grass-
mann type coherent states, Eq. (2.175). Thus, an N-particle Zombie state can be

constructed with a Zombie displacement operator,

D(¢) = exp(3_b1Gi = bi)
C (2.233)
=JJexp(biGi=G'b1) ¢= (G- Cw)

where (j = (6;/2)e”*%i. A Zombie state can then be defined by the displacement

operator acting on the vacuum state |0),
D(¢)[0) =[] exp (b}LQ — ¢bi)|0) =[] sin(0;/2)e " 1[1;) + cos(0;/2)|0;)  (2.234)

where |1;) is the occupied state for orbital ¢ and |0;) is the corresponding unoccupied

state. The vacuum state is defined as,
10) =]T10:) (2.235)
i

Thus, Zombie states can be constructed using a method derived from the general
method of constructing coherent states. The action of the displacement operator
on the vacuum state satisfying Glauber’s definition of a coherent state. Using this
definition the normalisation condition, Eq. (2.227), is satisfied by construction.
When originally formulated the antisymmetric property was ensured by creating
a Slater determinant of one-electron Zombie states and using a sign change rule with
the creation and annihilation operators. The fermionic coherent states generated
from the SO(2n) Lie group have a basis that equipped with an exterior algebra that
ensures anticommutation relation is preserved. Further, the Grassmann generators
also anticommute with each other and also the creation and annihilation operators.
The Zombie states defined using Eq. (2.234) naturally produce the sign change

behaviour when operated on by a creation or annihilation operator. An arbitrary
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Zombie state is defined by an ordered set of coefficients ¢ = (¢1,...,¢, (5, ..., CN),

€)= D(¢)|0) = (f{ exp (B¢ —c;;bk>|o>> - (exp (b1 = ¢3b)0)) -
b=l (2.236)

N
( 11 eXP(bLCk—CZbMO)).

k=j+1

The ZS produced is then |¢) = |(1,..-,G, G- -, (n). To operate on orbital j it must

be the left most within the ket and so the Zombie state can be rewritten,

a11¢) = by (exp (b]¢; — ¢57)]0)) - (f[ exp (— bk — <—<;;bk>>|0>) :
=l (2.237)

N
( 1 exp(bfG —g,::bk)m)) .

k=j+1

By swapping the order of the operators for orbitals < j the negative sign is introduced

and such an orbital is then defined,

Gi) = D(=:)|0) = exp (—b¢; — (—¢7b:))]0)
= sin(—0;/2)e” "% |1;) + cos(—0;/2)[0;) (2.238)
= —sin(0;/2)e”"%i|1;) + cos(0;/2)]0;)

using the fact sine and cosine are odd and even functions respectively. Thus, Zom-
bie states constructed using the general coherent state definition are by construction
normalised and antisymmetrised with creation and annihilation operations that pro-

duce the expected behaviour.

2.4.7 Comparison to Standard Fermionic

Coherent State Constructions

It is now possible to compare both standard fermionic coherent state constructions
and Zombie states. To do this a system with dimension N = 2 will be used which
corresponds to two spin orbitals. If both orbitals are occupied then a Slater deter-

minant can be constructed as

Wig(x1,x2) = 272 (x(x1)x (x2) — xi(x2)x; (x1)) (2.239)

which can be written succinctly as |1,1). Coherent states can now be defined to

describe this state. Using the Lie group SO(2-2) and the general coherent state
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definition will give an element of the coset space as,
Q =exp (mgaJ{a; —njga2a1 + nglaga{ —1)3101G2). (2.240)

Which gives a coherent state by operating 2 on the reference state |ref) =|0),or

1),
z50(2.2)) = Qref) = exp (maalad —nipasar) exp (prajal —nhiaras)|ref) (2.241)

note the phase factor created by the stability group has been omitted. A coherent
state can be defined by a set of four Grassmann generators & = (£1,£2,£7,£5). Then
using Eq. (2.180) the fermionic coherent states can be defined,

76,) = D(E)I0) = exp(a}1 — 56761 +af6o — L6560

T ) T ) (2.242)
=exp(a;é1 — ifffl) exp (apée — 55;52)‘())
Finally, a Zombie state can be defined by ¢ = ((1,(2),
€)= DIOI0) = exp (b] 1 — G+ abo — G5 0) -

= exp (b]¢1 — ¢{01)[01) exp (B3¢ — C5b2)[02).

When written out explicitly the difference between the two standard fermionic co-
herent state constructions and Zombie states is clear. |zgp(2.2)) and |2g,) are con-
structed from the different spin states of each orbital. A system state can then
be described in terms of the fermionic coherent state. For two spin orbitals there
are three possible states of occupancy, |1,0),]0,1),|1,1) and the vacuum state. To
describe the doubly occupied W12 using |2g0(2.2)) the reference state would be taken
to be |0) but the single occupancy states would require a different reference state
to account for the unpaired spin. Whereas, the Zombie states are a superposition
of all possible configurations. The standard fermionic coherent states are a method
for describing a specific configuration in terms of its spin states requiring the state
to remain an eigenstate of the number operator. Zombie states can describe a sys-
tem as a superposition of all configurations. Thus, Zombie states offer a way of

describing the linear combination of configurations used in a CI wave function.
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2.5 Concluding Remarks

This section uses a detailed description of the Hartree Fock method to motivate
understanding of the key concepts in electronic structure theory. It is shown how
the physical reality of electrons in a molecule can be represented as an antisym-
metrised Slater determinant; then the associated algebra necessary to construct a
Hamiltonian matrix. The concept of second quantisation is introduced which moves
the antisymmetric property to the action of the creation and annihilation operators.
This is followed by discussion of the self-consistent field method. These elemen-
tary building blocks serve as a basis for understanding the Zombie states method.
A Slater determinant exactly represents a single configuration of electrons in the
available spin orbitals. The full-CI wave function consists of all possible electron
configurations described using Slater determinants. Using this linear combination
of configurations exactly describes the system because it does not continually exist
in a single configuration. Generally, coherent states give a means to describe a sys-
tem as a superposition of another appropriate set of sets such as an electromagnetic
field using states of the harmonic-oscillator [11, 12, 99]. Fermionic coherent states
provide a method for describing a configuration as superposition of its spin states
whereas Zombie states can describe a system as a superposition of all configurations.

The Perelomov and Gilmore general definition constructs coherent states from
action of the displacement operator on a reference state [21, 106]. The displacement
operator is found by using the appropriate dynamical group and defining its coset
or quotient space by use of a stability group. Using this method the coherent
states of the Harmonic oscillator, used in the Coupled Coherent States method, and
the SU(2) coherent states, additionally used in the Multiconfigurational Ehrenfest
method, are derived. The general method results in coherent states of exactly the
same form used in CCS and MCE literature [13, 16, 109]. However, significantly
the general definition naturally produces SU(2) coherent states defined in the same
way as states initiated using Quantum Superposition sampling [33]. By couching
the CCS family of methods in terms of general coherent states establishes a simple
framework for constructing coherent states and also swamping the type of coherent
states used in a simulation.

Both the Grassmann algebra and SO(2n) Lie group coherent state construc-
tions ensure the correct antisymmetric properties are maintained. These standard
fermionic coherent states provide a method for describing a specific fermionic con-
figuration in terms of its spin states. In both constructions the fermionic coherent
states are eigenstates of the number operator which is strictly conserved; states de-
fined using the SO(2n) Lie group require different reference states depending on
whether the number of fermions is odd or even. For the construction, that uses

Grassmann algebra, to remain physical it is not permitted to have transitions from
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an even to odd number of fermions or between different odd numbers of fermions
[18]. Further, Grassmann algebra does not lend itself to numerical computation —
there is little literature on the topic.

On the other hand, Zombie states are not eigenstates of the number operator.
Each Zombie orbital is a superposition of "dead" and "alive" coefficients the SU(2)
coherent state representing the occupied and unoccupied state. Therefore, the Zom-
bie state contains all configurations and so treats odd and even numbers of fermions
in the same way. If only binary coefficients are permitted when defining a Zombie
state then the state becomes equivalent to a Slater determinant with the same set
of occupied spin orbitals. However, when allowing fractional Zombie coefficients,
the Zombie state is a superposition of all configurations. So, a sufficiently sized
Zombie wave function with appropriately constructed Zombie states should be able
to exactly describe a system with the same energies as the full-CI wave function. It
has previously been shown that Zombie states can be constructed from a vacuum
state, and this maintains the sign change rule caused by creation and annihilation
operations [9, 23]. Here the general coherent state definition is applied to the Zombie
states for the first time which shows they can be constructed in a manner analogous
to the multi-dimensional harmonic oscillator coherent states used in CCS. Using
the action of the displacement operator on the vacuum state to construct a Zombie
state ensures the normalisation condition for the "dead" and "alive" coefficients is
automatically satisfied. Further, this method of construction naturally gives rise to
the sign rule following creation and annihilation operations — changing the sign of
"alive" coefficients but not "dead" ones.

Zombie states are placed on a similar footing to Slater determinants in the
second-quantisation representation. This allows much of the well established and
understood algebraic formalism from standard Hartree Fock theory to be trans-
lated to the Zombie states method. The hierarchy of electronic basis sets gives the
Hartree Fock method systematic quantitative accuracy. Conveniently, this property
translates to the Zombie states method and means the set of one- and two-electron
integrals, generated by any electronic structure package for a SCF calculation, can
be used to construct the Zombie state Hamiltonian matrix. Thus, chemical systems
can be set up easily using existing and optimised electronic structure packages while
allowing direct comparison between Hartree Fock and ZS results. The work detailed
in this thesis focuses on finding the ground state energy of chemical systems with the
aim of reaching energies equivalent to the full-CI energy. Both FCIQMC and MCCI
aim to find full-CI energies without using the entire set of possible configurations

hence, comparison to the ZS method is made where appropriate.
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Chapter 3
Finding the Ground State Energy

3.1 Introduction

Quantum chemistry is built around finding solutions to the Schrodinger equation
which is a form of the eigenvalue problem. For the TISE the Hamiltonian matrix
can be diagonalised to form a new matrix D by P which is a non-singular square

matrix which in general terms is
P 'HP=D-— HP=PD (3.1)

where each column of P is an eigenvector of H and the diagonal elements of D
are the eigenvalues — the lowest being the ground state energy. However, diagonal-
ising large matrices is computationally expensive meaning alternative methods are
considered. As previously seen for configuration interaction, variational minimisa-
tion of the ground state energy is used to find the optimal set of linear coefficients
to give the ground state energy. In this chapter two methods for finding ground
state energies are presented. Firstly, the method used in the original presentation
of Zombie states, a long-time propagation followed by a Fourier transform and the
second is imaginary time propagation [9]. Previous work has established that a small
basis of randomly selected, trajectory-guided Canonical Coherent States of the har-
monic oscillator are an effective way to describe the quantum dynamics of a system
with multiple particles and many degrees of freedom. The Coupled Coherent States
(CCS) method has been used to simulate the dynamics of nuclei in chemical reaction
dynamics [116, 131]. CCS has also been used to study the dynamics of electrons
in a strong laser field and quantum decoherence [16, 132]. Therefore, equations,
analogous to the CCS method, to propagate Zombie states were developed. These
allowed a system of Zombie states to be propagated and the energy of states to be
recovered.

However, the long-time propagation was not a particularly efficient way to re-
trieve energies. Computational efficiency is a key part of Pople’s framework for

method development and so an alternative approach was needed. The method,
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which has now been adopted as the standard procedure, employs an imaginary time
propagation to recover ground state values. This is a key component of the well
established FCIQMC method validating its choice. Imaginary time propagation for
Zombie states is verified by comparison to exact energies obtained by diagonalisation

of a Hamiltonian constructed using a full-CI basis set.

3.2 Long Time Propagation and

Fourier Transformation

Throughout this work the TISE is used but when first presented a time dependent
basis was used to propagate the Zombie states. A 1D Canonical Coherent State is

a Gaussian wave packet

(z|2) = (z[q,p) = \/Zeaip(—g(:c—q)Q = ip(z —q) +i%) (3.2)

-1
y'2q+p(v/2h)
21/2
vicinity of the phase space point ¢,p. Ideas developed for the Coupled Coherent

with z = and /2 being the width of the wave packet in the

Sates method can be applied to fermionic Zombie states. The Zombie wave function
is made time dependent by making both the basis functions, | (a)(t)>, and their

coefficients, d,(t), time dependent. The time evolution is a system of linear equations

N N (a)
ddy,
S (eI ) e = S,
“ aN (3.3)
= =i > (VA W) d,
As in CCS the analogue of the classical Hamilton’s equation is
(a) O f| (@)
AW o) -

dt o¢x(a)

which is used to find the trajectory of [¢¥)(¢)) [109, 131]. This produces a set of
trajectories based on a multiconfigurational wave function which can give an exact
value in that it can converge to the exact result [9]. This is significantly different
to single configuration methods like time-dependent Hartree-Fock Bogoliubov which
only uses a single Slater Determinant.

The autocorrelation function was defined as

N
(W) (1)) = 3 da(t)(T(0)[¢ V(1)) (3.5)
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Figure 3.1: Results for LiH in the 6-31G™* basis with four electrons in six spin or-
bitals. All one- and two- electron integrals were calculated using MOLPRO and com-
parisons made to the full-CI values the program produced. Frame (a) shows the rapid
oscillations of the autocorrelation function, (V(0)|¥(¢)). This was calculated by propa-
gating a single Hartree Fock configuration on the Zombie state basis. Frame (b) is the
real part of the autocorrelation Fourier transform. The peaks exactly match the eigen-
values of the electronic Hamiltonian. From Ref. [9].

LiH and Lis were used to show that Zombie states could produce identical autocorre-
lation functions to exact benchmark values obtained using the electronic propagator
in the full Fock space. Fourier transforms of the function then also gave identical
peak positions for states of LiH which had the greatest configuration contributions

in the full-CI space this result is illustrated in Fig. 3.1 [9].

3.3 Imaginary Time Propagation

3.3.1 Theory

First a wave function, |W) = ¥, do|1)(®), is constructed from an orthonormal set of
states, {|¢(“))},a =1,...,Nps. This wave function can then be substituted into the

time-dependent Schrodinger equation which gives
54 BS d (0@ (@ frlp(@)y — 7
| 0) = i daf®) = Y d @ Hp@) = f[ ) (3.6)
a a

Assuming the states have no intrinsic time dependency an equation for d, can be

found

. dd i A
dy="—" =5 S (WO H W) d, (3.7)

which can be used to time evolve the states. In the standard way time evolution of
an initial state is found by |W(¢)) = e~*#t/"|¥) which can be expanded in terms of
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its eigenstates |¢,,) with energies F, so

[W(1)) = e W) = 37 |ga)e = Mg, W), (3.8)

n

Comparison of the Boltzmann operator e~ A and the time evolution operator e iHt/h

shows that = it/h which can be substituted into this into Eq. (3.6) which yields,
vy = Alo) 3.9)
gl ‘

In a similar way to the TDSE the imaginary time evolution of |¥) = 3, da|1)(®) can
be found by,

dd R
;ﬁ:—ZwWHW%%. (3.10)

The wave function can be expanded again in terms of its eigenfunctions

e W) =3 e 6,) (6] D). (3.11)

Assuming that the ground state, |¢g), and its eigenvalue, Ep, are non-degenerate,
then E,, > Ey Vn > 0. Therefore,

lim #0e ) = lim 37 e g,) (0] ) (3.12)

B—o0

=|0){¢0|¥) = pl¢o). (3.13)

(¢o|¥) = p is a numerical constant and provided p # 0 then continued evolution in
imaginary time can be used to find the ground state. The Zombie basis is nonorthog-
onal therefore to apply imaginary time propagation, using the same reasoning as in
Ref. [133], the identity matrix is needed

I=3%" ¢, (¢". (3.14)
a,b

A wave function |W¥) that can be expanded in the basis of N,y Zombie states |¢ (a)y,

where Npp < 2Net which are normalised but not necessarily orthogonal,

Nbf

[0) =3 dal¢™™). (3.15)
a
Using the reasoning in Ref. [109] that |¥) = I|¥) so Eq. (3.10) can be transformed

—ﬂﬁym=—2@@mk@mﬁm@w> (3.16)
a,b

63



64 3.4

dde 01y et
%Z—Zda(é’ |H|C™) 2, (3.17)
a,b

which can be put into matrix notation as
d=-0"'Hd. (3.18)
A single imaginary time step can then be defined as

da(ﬁ‘l'Aﬁ) :da(6)+da(5)A5- (3'19)

3.3.2 Application of Imaginary Time
Propagation to Li;

As in the first presentation of the Zombie states method Liy will be used as an
example system. It will be shown that imaginary time propagation is effective
and efficient when finding ground state energies. PyScf is used to calculate the
one- and two-electron integrals in the 6-31G** basis and the system is constructed
with five spacial (meaning ten spin) molecular orbitals [134]. The number of spin
orbitals has been truncated to ten to remove additional computational cost not
required to validate the use of imaginary time propagation. The energies obtained
are compared to a full-CI basis consisting of 1024 Slater determinants. This number
of Slater determinants is chosen as it contains all possible configurations for all
possible numbers of electrons, 219 = 1024. All calculations are carried out in atomic

units, so energies are in Hartrees. Trivially a complete basis set of 1024 Slater

)

€

determinant,|<p7(% ) Zombie states is considered. Using the six-electron restricted
Hartree Fock determinant as a starting point it can be seen in Fig. 3.2 that imaginary
time propagation yields the neutral ground state energy of Lis. Next a basis of
210 = 1024 randomly generated basis functions |¢ (k)> was generated. The dead and
alive coeflicients for each Zombie state were calculated a1; = cos(6;) and ag; = sin(6;)
respectively using a random number 0 < 6; < 2w. Rather than the binary Slater
determinant basis each random Zombie state consists of superposition of "dead'
and "alive" electrons. The initial vector of Zombie coefficients is a superposition of
random Zombie states chosen to be equal to the RHF determinant (although this is
not a requirement). Imaginary time propagation for the random Zombie basis, the
solid line in Fig. 3.2, matches the result obtained by using the Slater Determinant
basis. The final energy of each state obtained through imaginary time propagation
is verified by comparison to the eigenvalues found by diagonalizing the complete

Slater determinant Hamiltonian.
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Figure 3.2: Imaginary time propagation starting at the 6-electron restricted Hartree
Fock Slater determinant energy for a complete Slater determinant basis (dashed, red
line) and a complete random basis (solid, orange line) of Zombie States. Both results
tend to the neutral ground sate energy of Lis found by diagonalizing the Slater determi-
nant Hamiltonian, shown as a grey dotted line.

3.4 Conclusions

The implementation of imaginary time propagation to the Zombie state method is
an important step towards a practical electronic structure method. The lowest-lying
state of a system can be found using imaginary time propagation. For a complete
basis of randomly generated Zombie states there is exact agreement with the Slater
determinant basis for Lip. Although the system and ground state energy are trivial
it is significant that the need for long-time evolution and Fourier transforms is
removed. This makes the method more practical to use due to lower computational
expense and time which has enabled further development. It is now possible to
investigate larger more complicated systems which is integral when verifying the
applications of the method. Further, computationally expensive additions to the
method, like the gradient descent method described in the next chapter, are now
possible since significant time is not required to find ground state energies. The
adoption of imaginary time propagation has also led to using Zombie states to find

energies of excited states which is discussed in Chapter 5.
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Chapter 4
Reducing the Basis Set Size

4.1 Introduction

The introduction of imaginary time propagation to find ground state energies ad-
vances the Zombie state method to be computationally inexpensive which is an
essential part of Pople’s framework for method development. However, thus far all
numerical results found using ZSs can be easily recovered when using wave functions
of Slater Determinants. For the method to be more than an academic endeavour
and eventually offer something beyond current electronic structure techniques it is
necessary to use less than complete sized basis sets and still recover exact or near
to exact energies. Using the same 6-31G** truncated basis of ten spin orbitals for
Lis a random set of 200 Zombie states is constructed. In Fig. 4.1, the basis set is
no longer capable of reproducing the ground state energy. The energy obtained via
imaginary time propagation, in this smaller basis, no longer matches the value found
by diagonalising the complete Slater determinant basis.

For the Lithium dimer system used here a basis set of 200 functions, containing
basis functions with the incorrect number of electrons, is approximately 20% the size
of the complete basis. Moreover, when considering a basis of Slater determinants
containing only configurations with the correct number of electrons (10!/6!(10 —
6)! = 210) then 200 basis functions is 95% of set size. Clearly using an incomplete
set number of randomly generated Zombie states is not a practical approach; new
methods to generate generate Zombie states are required. In this section, I will
first outline the initial work that indicated a smaller set of Zombie states could be
used while still obtaining reasonable ground state energies. This took the form of
two methods named biasing and cleaning. Biasing being used to generate better
amplitudes in the Zombie states and cleaning being used to improve the ground
state energy achieved post imaginary time propagation.

However, neither method was appropriate for the long-term development of the
ZS method. Hence, Gradient Descent (GD) is introduced to the Zombie state

method. This forms a significant portion of the results of this thesis. It will be shown
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how GD can systematically optimise the set of Zombie state coefficients without any
significant a priori knowledge of the system. The implementation of Gradient De-
scent to the Zombie states method is validated by a selection of systems considerably

more challenging than the truncated Lis.

4.2 Cleaning

The imaginary time propagation outlined in Chapter 3.3 relaxes the wave function
to its lowest energy state so long as the wave function contains contributions from
wave functions of the same symmetry and number of electrons as the lowest-energy
state. As Zombie state "dead" and "alive" coefficients give fractional spin-orbital
occupations ZSs are not restricted to a particular number of electrons. However,
they can be projected onto a Fock Space with a given number of electrons. This can
be used to improve the ground state energy obtained and also give insight into why

a wave function is not capable of recovering the exact ground state energy.
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Figure 4.1: Imaginary time propagation starting at the 6 electron restricted Hartree
Fock Slater determinant energy and using a random basis of 200 Zombie sates. The neu-
tral ground sate energy of Lis found by diagonalising the complete Slater determinant
Hamiltonian is also shown in grey. The one- and two- electron integrals were generated
using the PyScf program [134].
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The identity operator, I, can be written as a sum of m, electron identities I,

I= % (4.1)

me:0,NfCi

meaning the identity covering the Fock Space with m, electrons is
= > Il ol (4.2)
a

where the sum is over all Fock configurations with the correct number of electrons

n

ie. <g0$32]]\7 |<p£32> = m,. These Zombie states have "binary" amplitudes 1 and 0
and m. unit amplitudes of alive electrons on m, occupied spin-orbitals and so are
equivalent to one member configuration in a full-CI. The superposition of Zombie
states in Eq. (2.231) or Eq. (3.15) can then be projected onto a Fock Space of m,

electrons as

|\Ilme me|\Ij an|90me (4-3)
where
> dy( ). (4.4)
b=1,N.s

The portion of the total energy from the me configurations and its norm can then

be calculated,

= Zczcb Som€|H|90me> (45)
ba

Np, = Zchb, (4.6)
b

respectively. The energy contribution for each m. together will sum to the total

energy of the whole Zombie wave function Eq. (2.231) and all m, norms add up to
1:

(V1) =3 B, (47)
> N, =1. (4.8)

For a completely converged Zombie wave function the norm for the correct number
of electrons me will be one (the other configuration norms being zero) and so the
total energy will only be made up by contributions from configurations with the

correct number of electrons. But if convergence is incomplete the energy of the
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converged m, wave function |W.) can be estimated as
(U |H| V) = Epy, /N (4.9)

by division of the m, energy by the m, norm.

Using the same 200 Zombie state basis set used in Fig. 4.1 for the lithium dimer
system the clean procedure can be run for each number of electrons the results
of which are shown in Fig. 4.2. The largest contribution to the energy (and so
also norm) is from the seven electron configurations followed by those with eight
electrons not from configurations containing six electrons that describe the ground
state. The total energy being dominated by configurations that give higher energy
states explains why the wave function is not able to converge to the ground state
energy as the complete basis could. Moreover, since the six electron norm is small
E(6e)/N(6e) does not yield a more accurate value for the ground state energy than
the system total. Therefore, it is clearly necessary to construct basis sets that contain
a much greater number of superpositions of configurations with the correct number

of electrons i.e. for Lis minimise the norm for all numbers of electrons except six.

4.3 Biasing

Pople’s framework calls for methods to be applied generally so they can act as a
black box without the need for prior knowledge and input. However, this does
not mean that reasonable scientific intuition cannot be built into the method. As
previously established the restricted Hartree Fock determinant is a very reasonable
approximation for the true ground state energy [135]. However, a far larger basis
consisting of all possible configurations is necessary to guarantee the exact ground
state energy. This was also achieved by a basis of randomly selected 2™ ZSs |¢ (k)>
which is also complete and is capable of yielding correct quantum energies and
wave functions. The random ZS basis functions are superpositions of all possible
configurations of electrons which together cancel out the configurations with the
incorrect number of electrons to give the exact energy. So if a smaller basis is used
the ZSs must be constructed to ensure proper cancellation of states with the wrong
number of electrons to also find the exact or reasonably close to the ground state
energy. This should also show a norm near to one for the correct number of electrons
when the cleaning procedure is run on the wave function.

In CASSCF calculations electrons and orbitals are split into three groups: inac-
tive, active and virtual [136]. From this we have designed a biasing method to set up
a 7S basis to better ensure proper cancellation of incorrect configurations. Inactive,
or core electrons, are low lying and are always (at least in a CASSCF calculation)

to be occupied; the active orbitals can either be occupied or unoccupied and virtual
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Figure 4.2: Energy (top) and norm (bottom) distribution for each number of electrons
for a basis set of 200 randomly generated Zombie states. This is the same basis set used
in Fig. 4.1. Notice that less than 20% of the final wave function belongs to the Fock

space on n. = 6 electrons.
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orbitals are always empty. The RHF determinant fits into the CASSCF system with
the lowest set of orbitals being occupied and the virtual orbitals empty. This is a
good approximation of the ground state energy because lower energy orbitals are
far more likely to be occupied that higher energy ones. Thus, the ZS amplitudes
within each Zombie state should reflect this. Rather than assigning each amplitude
randomly a biasing regime can be implemented so the amplitudes of each Zombie
state are more likely to closely resemble the restricted Hartree Fock determinant.
In practise this means, generally, lower energy spin orbitals will have larger "alive"
coefficients and high energy orbitals will have larger "dead" amplitudes which is
made possible by the fractional occupation of a Zombie state. Like in CASSCF core
orbitals are set to be completely "alive" while orbitals in the active space can be
biased to be to be more or less "dead" or "alive'. In CASSCF virtual orbitals are
unoccupied which in the Zombie state representation would mean "dead" coefficients
set to 1. In practise there were no completely "dead" orbitals but instead a strong
bias towards "dead" coefficients of one for the higher energy orbitals.

"Dead" and "alive" amplitudes for Zombie states are randomly generated from a
normal distribution centred around either completely "alive" or completely "dead"
values with the width of the Gaussians used decided by the activity level of the
orbital. In practise, the low-lying core electrons have "alive" amplitudes set to one,
although a very narrow Gaussian could also be employed, which corresponds to a
normal distribution width of zero giving a 4 function with a1; =1 and ag; = 0. Next
the active space orbitals have normal distributions that can be centred to favour
either completely alive or dead amplitudes. The place where centring changes from
"alive" to "dead" being system dependent. Thinner distributions are used for orbitals
at either end of the active electron/orbital group and wider distributions for orbitals
where the chance, or not, of occupation is relatively equal. Normalisation stipulated
in Eq. (2.227) was satisfied by only randomly generating one amplitude and the
other being set using Eq. (2.228).

4.3.1 Results

Here the biasing method described above is implemented for the the Lis system with
ten spin orbitals and six electrons with one- and two-electron integrals calculated
using the 6-31G™ basis set in the PyScf program [134]. A biasing regime was
implemented using sensible chemical intuition of the electronic structure of Lis. To
ensure "dead" and "alive' coefficients were normalised Eq. (2.229) was used with each

0; generated randomly. Biasing towards "alive' electrons in the RHF determinant

1
[j=1...6] centred the normal distribution at 3™ "dead" orbital distributions were
centred around 0. The width, o, of the normal distributions for each orbital are

summarised in Table. 4.1.
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Table 4.1: Description of the normal distributions, centre p and width o, used to gen-
erate 0; for the j-th electron of each Zombie state for Lis.

j-th Electron

Normal Distributions

/2w o/2m

1,2.3.4 | 0.25 0
5, 6 0.25 0.175
7,8 0 0.351
9. 10 0 0.120

The first four core orbitals are set to be always "alive" with the remaining orbitals

allowed to vary. This biasing regime is shown schematically in Fig. 4.3. The first

four spin orbitals always being occupied while the final six having occupations that

overlap but on average are biased towards higher orbitals being a smaller fractional

occupancy.
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Figure 4.3: Occupational probability plotted against orbital number for ten orbitals.
The first four core spin orbitals are to be completely occupied, the remaining orbitals
are set using the normal distributions described in Table. 4.1. The average probability is

marked by a cross and one standard deviation either side is the bar.

Two wave functions were set up with 63 biased Zombie states and and an ad-

ditional Zombie state set to either the six electron RHF determinant or the seven

electron open-shell restricted Hartree Fock determinant. Depending on the choice

of the additional basis function it can be seen in Fig. 4.4 that each basis set is now
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recovering the exact full-CI energy for either the ground state or the ground state
of the Li; anion. Smaller biased basis sets (of 10, 30 and 50 ZSs) were then tested
with the first function in all wave functions set as the six electron RHF determinant.
Fig. 4.5 shows the smaller basis sets again not being able to recover the exact ground
state which was possible with the 64 ZS wave function nonetheless these results are
more accurate than the 200 random ZS wave function. The cleaning procedure does
show an improvement for all biased basis set sizes. The complete set of results for
the cleaning procedure for the 30 ZS wave function are shown in Fig. 4.6. The
biasing method has created a wave function that has a norm almost entirely in the
six electron Fock space which improves the energy bringing it closer to the full-CI

result.

4.3.2 Conclusion

The biasing method clearly improves upon randomly setting Zombie state ampli-
tudes. However, the scheme sets the lowest four orbitals as occupied leaving two
electrons to be distributed across 6 orbitals which gives 26 = 64 Slater determinants
in a complete basis and increasing the number of functions creates singularities in the
overlap matrix due to linear dependencies. Thus, the basis of 64 functions is again a
complete set and reductions in the basis set size move away from the exact ground
state energy albeit giving results far closer to the true value than if a random set
of ZSs is used. 64 basis functions is less than the 210 possible configurations found
by placing six electrons in ten spin orbitals. (210 possible configurations are found

using K!(]]\yiK)U 6!(110016)! = é—% =210.) But it is much larger than the 15 configura-

tions found by placing two electrons in six orbitals caused by fixing the occupancy
of the first four spin orbitals. Here the use of ZSs has not given any improvement
in the number basis functions needed to recover an exact energy. For the small
active space the deviation from states with the correct number of electrons is not
advantageous. Furthermore, though cleaning does improve upon the ground state
energies, obtained while using the biased basis sets, it still requires the construction
of a Hamiltonian representing the entire Fock space. Constructing Hamiltonians for
trivially small Fock spaces is computationally inexpensive but for larger spaces it of
course becomes problematic without reasonable truncations requiring prior knowl-
edge of the important states. So the application of the cleaning method is possibly
limited as either the expense of using a complete set of configurations is immediately
required or there is reliance on another method such as FCIQMC to find the most
important subset of the Fock space rendering the Zombie states method superfluous.
Nonetheless, the biasing method results suggest that finding an optimal set of ZS

coefficients could give accurate results when using a small basis set.
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Figure 4.4: Two bases of 63 biased Zombie state functions and an additional state ei-
ther the 6 electron RHF determinant (orange bottom line) or the 7 electron open-shell
RHF determinant (red top line). Imaginary time propagation evolves both cases to ex-
act values (horizontal lines) the six electron basis to the Lis neutral ground state; the
seven electron basis to the higher Li; anion ground state.
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Figure 4.5: The first function in each set is the six electron RHF determinant and
the remaining ZSs are biased by the method in Table. 4.1. Imaginary time evolution
is shown for basis sets of 50, 30 and 10 functions. The exact value (solid horizontal line)
for the Lis ground state for comparison. The cleaned energies, F(6e)/N (6e) are dashed
lines.
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Figure 4.6: Energy (top) and norm (bottom) distribution for each number of electrons
for a basis containing 30 biased Zombie states the first ZS is exactly the six electron
restricted Hartree Fock determinant. 99% of the final wave function belongs to the Fock
space on n. = 6 electrons.
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4.4 Gradient Descent

In MCCI and FCIQMC a random walk is used to explore the Fock space to find
the set of the most important configurations [79-81, 87, 88, 88, 137]. This means
there are two considerations to be made for each configuration in the Fock space: is
it included in the wave function and if so what weighting is it given within the set?
In FCIQMC the weighting question is handled by the number of walkers and the
decision of inclusion is controlled at the pruning step [79]. Whilst this ensures all
functions are eigenstates of the number operator a large number of walkers have to
be generated whilst also considering a large number of states for inclusion. Zombie
states are by construction non-binary meaning individual amplitudes can be altered
within a state changing the superposition of states the ZS encompasses rather than
removing or adding a specific configuration. With the weighting of individual Zombie
states controlled by imaginary time propagation constructing the ZS basis set can be
seen as an optimisation problem to find the set of "dead" and "alive" amplitudes that
give the minimal ground state energy. This intuitively leads to the Gradient Descent
(GD) process which is (in its simplest form) a first-order iterative optimization
algorithm used to find the local minimum of a differentiable function. A set of
variables X are the input to a differentiable function f(X) for which there exists

some set of values that give its minimum which can be found iteratively by,
Xn—H = Xp— ’VVf(Xn) (410)

The learning rate v is used to set the size of the step, in the negative gradient
direction, —yV f(X,,). This alters X, to produce a new set of parameters X, 41, the
process is repeated using the new set of X values. For the Zombie state method the
function to be minimized is the energy of the ground state
Ny
J(X) =B =3 dydy(C 1Y) (4.11)
ab

after imaginary time propagation. On first inspection one might expect X to be the
set of Zombie states, however, the X is in fact the set of values used to construct each

Zombie state. A Zombie state can be constructed using its displacement operator,
D(¢)[0) (4.12)

where ¢ = (C1,...Cw,,,) and ¢ = (0;/2)e™*i. Since, only Zombie states with real

coefficients will be considered in this work the exponential term can be omitted so
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G = 0; with 0; = 20.. Clearly, each Zombie state is defined by a unique set of values,

@) = D(¢)|0) (4.13)

with ¢(@ being the unique set of values used to define 1< (“)> this set is given the

notation,

¢ = (G52 Gy G ) (414)

to make clear which Zombie state and orbital each value corresponds to. Thus for
a basis set with Nyy Zombie states with N, spin orbitals the set of values to be

optimised are,

(v N
X = {65068 oG GG, (4.15)

The same set is also found by using the normalisation criterion defined in Eq. (2.228).

Therefore, the gradient vector is,

b 0 0
VIX)=Vf (ngi )- ><9]]\\,[O:b) (ag“{”"' 8C ]Jvcbf ) (4.16)
01

where each 6?{;) is the partial derivative of the energy function with respect to 6;
0;
used to generate the "dead" and "alive" coefficients in the i-th orbital in Zombie state

"a’, (@) Therefore, a single element of the gradient vectors is given using,

N
OF L o(d; o)A LO(dy) ) s
@ =2 <<m>)db<<< A+ d; ((,51)) (1A
Wo ab Iy, ab Oy, (4.17)
Noy @ Fr1c®) '
ab 34“92

For Gradient Descent to be applicable Eq. (4.11) must be continually differentiable
and a full derivation of this proof can be found in Appendix C. The first two sum-
mations account for the Zombie coefficients becoming dependent on X through

imaginary time propagation, Eq. (3.19).
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4.4.1 Alternative Gradient Calculation

To calculate the gradient using Eq. (4.17) directly is a computationally expensive
task that dominates the program execution but a simple algebraic re-framing re-
duces computational complexity. The energy equation in vector notation, d* Hd, is
differentiated with respect to the the d vector

0 oF

—d"Hd=2Hd = —. 4.18

od od (4.18)
After each imaginary time step a new Zombie state coefficient vector is found de-

noted, ¢, which is then normalised to produce d. The normalisation occurs by,

c*(lc

where ¢ is the unnormalised Zombie coefficient vector and €2 is the overlap matrix.

This can then be differentiated with respect to an orbital in a Zombie state ﬁ
0.

K2

0 c —c c*Qe c*ofde B od

ace(zl) |C*QC| N 2(\/ c*Qc)3 |c*QC| 8%(?) - 3%(?)

(4.20)

Then using the chain rule an expression for 88E

&y can be found by combining Eq. (4.18)
0

and Eq. (4.20),

8E_8E od _ —cHd c*Qc c*ofle (4.21)

o 9d el (\flerae])3 lerQel ol

The first two terms are the invariant regardless of the choice of derivative, and re-

quire very little extra calculation than is already required during imaginary time
propagation. é:gg' ==+1; (1/|c*Qc|) is already required for normalisation and cHd

easily calculated. The only derivative that needs to be calculated is of the overlap

matrix which can be done very simply with modification of the choice of ampli-
tudes in the overlap equation. The derivative of an overlap matrix element with
respect to a coefficient not in that overlap will be zero as will any derivatives of
diagonal elements of 2. This removes the need to directly calculate derivatives of

the Hamiltonian matrix which is computationally expensive.
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4.4.2 Algorithmic Specifications

This development process can be split into two distinct categories: program design
and program implementation. The program design for Zombie Gradient Descent has
focused on deciding which ZS amplitudes are altered in a single step; the learning
rate, v, used at each step and choices to ensure a good rate of convergence. The
implementation of the program requires the design of two key algorithms to produce
Hamiltonian elements and gradients which need to be made as efficient as possible
as well as the various decisions to be made about code base such as parallelisation
and library routines. Despite the distinct categorisation made between parts of
the development process both had to happen concurrently. In particular speed-
ups in the gradient calculation algorithm led to changes in the program design.
In this section a description of the program design will be given to understand the
overall process of the program. Whereas a full description of the specific algorithmic
choices implemented in the Zombie states program is given in Appendix B where
the algorithmic development is also detailed.

A single epoch is completed when the entire data set (in this case the ZS basis set)
is passed through the gradient descent algorithm. Generally, reducing the number
of epochs, required to reach the function’s minimum, will mean a faster program but
the length of time each epoch takes to complete is also an important consideration.
There are three main variations in the type of gradient descent algorithm that differ
in how a single epoch is completed. In batch GD the gradient is calculated for the
entire data set and all points updated concurrently. Conversely in stochastic GD the
gradient is calculated for a single instance which is used to estimate the gradient of
the entire data set; each epoch is made up N iterations as the process is repeated for
each individual data point. Mini-batch GD uses a subset of data points to estimate
the gradient before updating the input values which requires fewer iterations per
epoch than stochastic GD [138]. However, these methods have predominately been
developed for machine learning and neural network applications where input data
is used to train a system which is slightly different to the optimization problem for
a set of ZS basis functions. Within a basis set each ZS can be very different to
others as collectively they describe the electronic structure of the system so it would
not be appropriate to alter all ZSs based on the gradient calculated from either a
single or a small group of other ZS basis functions. The batch GD method was not
appropriate due to the back tracing condition duly discussed. Thus, a coordinate
gradient descent algorithm is employed: on every epoch each coefficient within each
ZS basis function is individually attempted to be altered [139]. So the gradient with

respect to each 'dead" and "alive' coefficient within a single ZS is calculated and
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that amplitude is then altered,

(O — @y, 5?5) (4.22)

0;
this altered ZS amplitude means an altered wave function, denoted |[¥'). With
any change in the wave function a new Hamiltonian can be calculated and using
imaginary time propagation a new ground state energy can be found E’ = (¥’ |I:I |07y,
However, rather than accepting every changed amplitude, a modified version of
the Armijo rule is used [140]. The energy from the previous step is denoted E,

which gives the back tracing condition,
E'<E,—a (4.23)

which if met then the new "dead" and "alive" coefficients are accepted and the system
ground state energy is updated, Epy1 = E’. The parameter o can be set to control
the minimum step down in the ground state energy. In practice « is set to ensure any
reduction in the energy is within the numerical precision of the computer system.
The back tracing condition was integral for convergence without it ensuring lower
ground state energies the process just oscillates around a point. This is illustrated in
Fig. 4.7 which shows, for the truncated Lis system, the gradient descent algorithm
getting stuck in a local minima rather than converging towards the ground state.
This justifies the "wasted" cost of calculating a new Hamiltonian element that are
not then used in a subsequent step. It is still important to try and minimise the
amount of wasted computational cost which is why the batch GD method was not
appropriate. If all amplitudes are altered concurrently then an entirely new Hamil-
tonian needs to be calculated and then possibly rejected. In fact this becomes more
likely the more amplitudes are changed at once. Whereas, attempting to change
amplitudes in a single Zombie state means it is only necessary to calculate a single
new row of Hamiltonian matrix elements. A completely new Hamiltonian would
also need to be calculated at each gradient descent step if amplitudes for the same
orbital across all Zombie states were also concurrently altered. The computational
cost of calculating a new Hamiltonian element is the same if a single orbital or all
orbitals in the same Zombie state have been changed. Thus, a basis set of N,p ZSs
with N, spin orbitals would take Ny s steps to complete an epoch if all amplitudes
in a single state were altered concurrently compared to Nys X N, steps if altering
each amplitude individually. However, as established by the biasing method and the
principles of CASSCF calculations higher energy orbitals can be treated differently
to lower energy orbitals. Low energy core orbitals are likely to be occupied and
so have "alive" amplitudes close to 1. Once the amplitudes are within this region
they are likely to only need small corrections achieved with a small learning rate.

The same argument can be made for higher energy orbitals and "dead" amplitudes
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Figure 4.7: The ground state energy over 100 epochs is shown when the back tracing
condition in Eq. (4.23) is not used. Accepting all alterations to the Zombie state ampli-
tudes causes the gradient descent process to oscillate around a local minima rather than
converge towards the ground state energy. A basis set of ten ZSs was used for the same
truncated Lis system with ten spin orbitals in the 6 — 31G™** basis.

being also being near to one. Orbitals in the active space have amplitudes that
can fluctuate much more greatly and can be changed using larger learning rates.
So attempting to concurrently alter amplitudes in a Zombie state using the same
learning rate could result in changes being rejected that individually would reduce
the ground state energy.

The learning rate is controlled according to a schedule: fixed for each epoch then

decreased for the next until a minimum is reach at which point the schedule restarts,
=1 (4:24)

with v being the initial learning rate and v the learning rate reduction parameter.
p is increased by 1 at each epoch if p > p;e, then minimum learning rate has been
reached and the cycle is restarted by setting p = pyin = 0 to reset the learning rate
to 7. Larger learning rates mean greater steps and usually larger reductions in the
ground state energy at each step while smaller learning rates mean more orbitals
are likely to be changed per epoch. By using a decreasing learning rate scheme
large steps down in the ground step energy can be achieved while also allowing
multiple orbitals to be changed over the course of the schedule. A small change

to amplitudes in one ZS can facilitate larger changes in another because the wave
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function as a whole needs to contain superpositions of the important Fock states but
not necessarily within each individual Zombie state. There is, however, a threshold
for the number of ZSs altered in an epoch which if not reached then that learning rate
is removed from subsequent schedules. As the minimum is approached the changes
to Cg?) that result in a reduction to the ground state energy become smaller and
hence a smaller learning rate is required. By removing learning rates that no longer
result in a significant number of amplitude alterations the wasted computational
cost, from calculating a new Hamiltonian that is rejected, is minimised. The range
of learning rates used is easily controlled by changing the maximum and minimum
values p can take. The gradient descent process is outline in Fig. 4.8. The criteria
used to terminate the GD process is not shown but if the maximum number of
epochs is reached or no further changes are possible the gradient descent process

ends.

Start

Choose zombie state
and orbital, { g‘;)

Calculate

. )
gradient, —(L‘)
g,

Generate new zombie
amplitudes,
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(@) (a) n
(’ = =Y
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Hamiltonian
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!
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ground state
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Epoch
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Figure 4.8: Flowchart summarising the gradient descent process used to optimise Zom-
bie state amplitudes. Details of the exact termination criteria have been omitted for
clarity.
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4.4.2.1 Initiating the Wave Function

The simplest way to initially set the Zombie wave function is to randomly generate
numbers 0 < § < 27 and then use Eq. (2.228) to assign the "dead" and "alive" coeffi-
cients as the sine and cosine of 6. A general biasing regime has been developed based
on the regime used for the truncated lithium dimer. The regime generates a set of
¢ for each Zombie state which are then used to set the "dead" and "alive amplitudes
using Eq. (2.228). Each 6; is drawn randomly from a normal distribution, the cen-
tring and the width of which are set by the biasing regime for each spatial orbital.
To set values the biasing regime uses the RHF configuration as a reference. So for
fully occupied spatial orbitals the normal distributions are centred at m/2 to bias
towards larger "alive" amplitudes. For all other orbitals the Gaussian distributions
are centred at 0. The width of the distributions are then equally spaced between
start and end points for the "dead" and "alive" biased orbitals. The "alive" biasing

distributions, centred at 7/2, have widths starting and ending

10 10
Oalive - €al * — €42 . 4.25
! ¢ (Norb—‘ ¢ (Norb—l ( )
The distributions centred at 0 that start and end,
10 10
Odead - €d1 * — €qd2 " . 4.26
‘ (Norb—‘ (Norb—l ( )

e values for the each set of distributions can then be set in the code. Each Zombie
state can then be initialised, the normal distribution for each spatial orbital being
used to generate ¢; for both constituent spin orbitals. This regime is refereed to as
biasing regime 1.

A second biasing regime was also developed that classifies the spin orbitals into
three groups in a similar way to CASSCF. The core orbitals are set to have a fully
occupied "alive" coefficient; active space orbitals are randomly generated from the
interval 0 <6 < ;ﬂ' and virtual orbitals are all set to § = 1.0 x 107%. Eq. (2.228) is
again used to ensure normalised "dead" and alive coefficients. The regime has been
summarised in Table. 4.2 showing how it is set up for different numbers of electrons.
It should be noted that regardless of the method used to initiate the Zombie states
all spin orbitals are treated equally and allowed to be altered by the gradient descent
program. Thus, core orbitals initially set to have "dead" and "alive" coefficients of
0 and 1, respectively, can still be altered. A final additional detail is that the first
basis function in all basis sets is set to be the RHF determinant and is unchanged

by the GD algorithm making the initial wave function energy a good first guess.
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Table 4.2: Table showing the biasing regime used to initiate Zombie states used in the
gradient descent method®.

N Values of 0 for range of spin orbitals, (;

°t| Core, § =1/2n | Active, 0 <6 < 1/27 | Virtual, # =1.0x10~*
>4 1<¢G<4 | 5<¢G < (Neg+ Nacet) (Net + Nact) < G

4 1<G<2 | 3<¢G < (Ne+ Nact) (Net + Nact) < G
<4 1 <G < (Ner+ Nact) (Net + Nact) < G

4.4.2.2 Cloning

A simple modification to the initialisation process when is to incrementally increase
the size of the basis set once the existing ZS functions have undergone some opti-
misation by the gradient descent process. This is inspired by the cloning method
implemented in MCE [15]. Rather than starting with a large basis set and its asso-
ciated computational cost a smaller basis set ZS functions is initialised which can be
optimised faster. Then when the cloning conditions are satisfied additional Zombie
states are generated and a new wave function is calculated. A maximum basis set
size is set as well as the number of ZSs that are added. Cloning is initiated after
a certain number of epochs or when the number of Zombie states altered does not

reach a predetermined threshold. The cloning step occurs in-between an epoch.

4.4.3 Results

The gradient descent algorithm is demonstrated for a range of different chemical
systems and basis sets. All one- and two-electron integrals are calculated using
PyScf as are the comparative full-CI energies unless otherwise indicated [134]. PyScf
is used as a helper program separate to the main Zombie states code, full details
of how this works can be found in D. The type of initial Zombie state and the
electronic basis set used is indicated for each molecule. When cloning has been used
the additional Zombie states are of the same kind as the initial basis set. Different
maximum gaps between cloning events are used but conditional cloning is set so a
cloning event occurs when less than a third of the ZSs are altered, during an epoch
with the smallest learning rate. The minimum and maximum learning rates are
specified for each system but the learning rate reduction parameter, v = 0.2, is used
universally. All energies are given in atomic units accurate to 1.0 x 10~ %au which is
equivalent to 6.275 x 104 kcal /mol, 2.626 J/mol or 2.721 x 1072 meV [141].

IN,; is the number of electrons; Ny = 4 if N, is even or Nger =5 if Ng; is odd. "Dead" and
"alive" coefficients are generated using cos(0) and sin(f) respectively. The active space orbitals
are randomly generated.
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4.4.3.1 Li; (Truncated Basis Set)

For completeness the gradient descent process is applied to the truncated Lig basis
with ten spin orbitals in the 6 —31G™* basis used throughout this thesis. Three
basis sets consisting of 10, 20 and 30 Zombie states underwent gradient descent. All
amplitudes were initiated randomly except the first Zombie state which was kept as
the RHF determinant. A learning rate cycle of v = 2500 was used with a p;,i, =6
giving a final learning rate of v =0.16. For the 30 ZS basis set the energy over the
course of the gradient descent process is shown in Fig. 4.9, with the reduction in the
ground state energy being clearly demonstrated in the Fig. 4.10. The results for all
three basis sets have been summarised in Table. 4.3. Unsurprisingly, increasing the
size of the basis set yields final ground state energies closer to the full-CI energy.
The ground state energy for the basis of 30 Zombie states set up using the original
biasing method, detailed in Table. 4.1, is also shown for comparison. Basis sets of
all sizes, that underwent gradient descent, produce final ground state energies far
closer to the true full-CI energy than the biased basis. Significantly, all spin orbitals
in the wave functions optimised by gradient descent are treated equally, meaning
no assumptions have been made about the electronic configurations. Further, the
optimised basis sets of 20 and 30 Zombie states have final ground state energies
within chemical accuracy of the full-CI energy, while being significantly smaller
than the complete basis set of 1024 configurations or 210 if only the correct number
of electrons are considered.

Table 4.3: Table summarising the ground state energies, for the truncated Lis system

in the 6 —31G™ basis. The 10, 20 and 30 Zombie state basis sets have all undergone the

gradient descent process’.

Ground State | Percentage Error CPU

Basis Set Energy [au] | with full-CI [%] | Time [s] Brror/Time
RHF -14.863553 5.6 x 102
10 ZS -14.871912 1.4%x107° 145 9.7x 1078
20 7S -14.871913 4.2x1076 773 5.4x 1079
30 ZS -14.871914 1.4%x 1077 2976 4.7x 1071
30 biased ZS | -14.866963 3.3x 1072
full-CI -14.871914

IThe 30 biased Zombie state basis is constructed using the biasing method detailed in Ta-
ble. 4.1. The full-CI energy was calculated by diagonalising the Hamiltonian matrix for the com-
plete Slater determinant basis. The biased basis gives a ground state energy with an error the
same order of magnitude as the RHF energy whereas the basis sets optimised by gradient de-
scent all show significantly improved energies compared to the full-CI energy. The CPU time
required to to complete the GD process for each basis set. The final column shows how the error
scales with CPU time.
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Figure 4.9: Plot showing the gradient descent process for the truncated Lis molecule
in the 6 — 31G™* basis with a basis set of 30 randomly initialised Zombie states. The
full-CI energy, found by diagonalising the complete basis is also shown for comparison as
the solid (purple) line.
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Figure 4.10: Plot comparing the imaginary time propagation for the initial and fi-

nal wave function to find the ground state energy of the truncated Lis molecule in the

6 —31G™* basis. A basis set of 30 randomly initialised Zombie states. The full-CI energy,
found by diagonalising the complete basis is also shown for comparison as the solid (pur-
ple) line.
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The average populations for each orbital, before and after gradient descent are
shown in Fig. 4.11. Random initialisation sets each orbital to have a broad range
of occupations, similar for each orbital. Looking first at the average populations for
the first four spin orbitals the gradient descent process clearly moves occupations
closer to full occupancy — as would be expected. The final six orbitals then have
significantly lower average populations. However, the spread of population values
is also important — darker plots showing overlapping values. The gradient descent
process causes populations to cluster at either end of the scale for each orbital.
Orbitals nine and ten have a higher average population than orbitals 5-8 but these
are clustered at either extreme. Whereas, the lower orbitals show a greater spread
of values indicating orbitals with a more variable occupation. This visualises how
a Zombie basis, when properly optimised, can effectively describe the ground state
of a system. The ZS functions cancel out incorrect configurations, with orbital
populations generally reflecting either an occupied or unoccupied state. However,
the Zombie states still include contributions from low population configurations that

are nonetheless crucial for recovering full-CI energies.
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Figure 4.11: Occupational probability plotted against orbital number for ten spin or-
bitals for the lithium dimer before and after gradient descent. The population of each
Zombie state, for each orbital, is plotted with the average occupation marked with a
cross. Values in red are the initial randomly generated populations and blue values are
the populations after gradient descent.
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4.4.3.2 Atomic Systems in the cc-pVDZ Basis

The ground state energies of row one elements are a good set of systems to demon-
strate the capabilities of an electronic structure method. The cc-pVDZ basis was
used as it offers a higher level of complication than the truncated Lis system while
also having readily available exact energies for comparison. An initial basis of
Ny = 4 Zombie states was used for the lithium atom. Cloning events occurred
at the end of each learning rate cycle until the maximum basis set size was reached.
This was initially set to Ny =40 and then extended to Ny =45 at 977 epochs.
The gap between cloning events was doubled when the basis set size was a multiple
of ten. An initial learning rate of v = 62500 was used with a pg, = 14 giving a
final learning rate of v = 1.05 x 107°. The gradient descent process can be seen in
Fig. 4.12.a. which shows as the exact ground state energy is approached the rate
of reduction slows. 315 epochs and 23 ZSs were required to achieve a ground state
energy accurate to 5 d.p. but required a further 1574 epochs and 22 additional
Zombie states to be within 1.0 x 107 %au of the full-CI energy. Fig. 4.12.b. plots
imaginary time propagation for the initial and optimised wave function. The bias-
ing regime used the values €,; = 0.0001, €4,9 = 0.17, €41 = 0.35 and €49 = 0.15 to set
the start and end points for the widths of the normal distributions. The occupa-
tional probability for the initial and optimised wave function, for lithium, is shown
in Fig. 4.13. In a similar manner to the truncated Lis system the gradient descent
process optimises amplitudes so the populations are clustered around either being
fully "alive" or "dead". The average optimised populations show the first three sin
orbitals having higher populations than any other and populations decreasing as or-
bital number increases. Comparing the initial biased populations in Fig. 4.13 to the
randomly generated ones in Fig. 4.11 the biasing regime better captures the trend
of decreasing populations for higher orbitals. However, the biasing regime sets aver-
age populations for all but the first spin orbitals much higher than their optimised
equivalents. There is also a drop in population between spin orbitals three and four,
as lithium has three electrons, that is not reflected in the average populations in the

biasing regime at all.
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a: Plot showing the ground state energy over the course of the gradient descent process.
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b: Imaginary time propagation for the initial (blue) and optimised (green) wave
functions. The full-CI energy is the (purple) horizontal line.

Figure 4.12: Plots showing the gradient descent process and initial and final ground
state energies for Li in the cc-pVDZ basis. An initial basis of Ny = 4 ZSs was used,
cloning added a single ZS to reach a final basis set size of Ny = 45. Learning rates
ranged from v = 62500 to v = 1.05 x 107°. The biasing regime, with values €,; = 0.0001,

€q2 = 0.17, €41 = 0.35 and €49 = 0.15 was used to initialise the ZSs.
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Figure 4.13: Occupational probability plotted against orbital number for all 28 spin
orbitals (1-14 top, 15-28 bottom) for the lithium atom before (red) and after gradient

1516171819202122232425262728
Orbital

descent (blue). The orbital population of each Zombie state is plotted with the average
occupation marked with a cross. The biasing regime, with values €,; = 0.0001,

€2 =0.17, eq1

=0.35 and €49 = 0.15 was used to initialise the ZSs.
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For the boron atom an initial basis of N,y =4 was used with a maximum of
Npy = 60 initialised using the biasing regime with the same e values as for the
lithium atom. The same learning rate cycle was used as in the lithium atom with
the first regime set to have cloning events after one learning rate cycle. The gradient
descent process is plotted in Fig. 4.14.a, the initial 500 epochs showing the largest
and fastest reduction in energy after which the rate of change slows.

For the beryllium atom the optimised set of Zombie states from the lithium
atom were used as the starting point. The only change being the first ZS which
was swapping the Li RHF determinant for beryllium. The learning rate cycle was
also extended so ppin = 16 giving a minimum learning rate of v =4.10 x 10~7. The
gradient descent process and comparison of initial and final energies is shown in
Fig. 4.15. The gradient descent process has managed to optimise the wave function
to give a ground state energy that is significantly more accurate than the initial
energy. But the exact energy has not been returned because of the slow rate of
convergence combined with each epoch being computationally expensive.

The nitrogen atom was set up using the biasing method from Table. 4.2 with an
initial basis of Ny =4 with cloning set after two learning rate cycles until a final size
of Ny =60 was achieved. The learning rate cycled from v =500 to v =1.05 x 107
using reduction parameter v = 0.2. The energy after 1738 epochs is not yet converged
as can be see by the energy in Table. 4.4. However, the updated biasing regime
shown in Fig. 4.16 is a much better reflection of the expected populations and is the

preferred method for initialising the Zombie states.

Table 4.4: Table comparing the ground state energies for selected row one elements
in the cc-pVDZ basis'. Restricted Hartree Fock and full-CI energies are calculated us-
ing PyScf which is also used to generate the one- and two-electron integrals used in the
Zombie state calculation [134].

Zombie state PySCF
Atom | Energy [au] Nyy RHF Full-CI Nyy
Energy [au]  Energy [au]
Lil® | —7.432638 45 —7.432420 —7.432638 3276
Bel® | —14.61701 45 —14.572338  —14.617410 20475
B —24.588697 56 —24.526591  —24.590630 98280
N@ | —54.435063 60 —54.248220  —54.480115 1184040

IFor the Zombie states N ¢ is the final number of functions used whereas for the PyScf
calculation Ny is the maximum number of electron configurations with the correct number of

electrons i.e In all cases the Zombie state method requires orders of magnitude

No'rb!
Nel!(No'rb_Nel)! ’
fewer functions to achieve chemically equivalent energies. (a) Energies are also equivalent to full-

CI results in Ref. [135]. All energies are in atomic units.
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a: Plot showing the ground state energy over the course of the gradient descent process.
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b: Plot showing the imaginary time propagation for the initial wave function and the
final wave function optimised by gradient descent. The full-CI energy calculated using
PyScf is the (purple) horizontal line [134]

Figure 4.14: Plot showing imaginary time propagation for an initial basis set of

Ny = 4 ZS and final wave function of N,y = 60 ZSs optimised using gradient descent
for Boron in the cc-pVDZ basis. Zombie states were initialised using the biasing regime
with values €,1 = 0.0001, €42 = 0.17, €41 = 0.2 and €40 = 0.001. Learning rates ranged
from v = 62500 to v = 1.05 x 1075 with a reduction parameter of v = 0.2.
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b: Plot showing the imaginary time propagation for the initial wave function and the
final wave function optimised by gradient descent. The full-CI energy calculated using
PyScf is the (purple) horizontal line [134]

Figure 4.15: Plots showing the gradient descent process and initial and final ground
state energies for Be atom in the cc-pVDZ basis. The optimised Zombie states from the
lithium atom, from Fig. 4.12 were used as the initial basis. The learning rates ranged
from v = 62500 to v = 1.05 x 10~ with a reduction parameter of v = 0.2.
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Figure 4.16: Occupational probability plotted against orbital number for the all 28
spin orbitals for the nitrogen atom before (red) and after (blue) gradient descent. The
population of each Zombie state, for each orbital, is plotted with the average occupation
marked with a cross. The populations were set using the biasing regime described in

Table. 4.2.
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4.4.3.3 BH in the 6 — 31G™* Basis

Two systems of for BH with different bond lengths were considered using Zombie
states. Firstly BH with a bond length of 1.234 A was considered with an initial basis
set of Ny =25 growing to a final basis set size of V;,; = 300 all initialised using the
biasing method in Table. 4.2. The learning rate cycle which ranged from v = 2500 to
v =2.56 x 1074 at the end of which cloning was used to add five additional Zombie
states. A similar system was also investigated with a bond length of 4.0 A initial
basis of Nj; = 20 which is increased by a five ZSs, at the end of the learning rate
cycle, up to a maximum basis set size of Ny = 245.

The BH molecule in the 6 —31G™** has 38 spin orbitals and six orbitals which gives
a total of 2,760,681 possible configurations with the correct number of electrons so
both systems are using basis sets that are significantly smaller than the complete
Fock space. Though not completely converged to the full-CI result the Zombie
state method is approaching the the full-CI energy with the stretched configuration
approximately 1.40 kcal/mol higher than the exact energy. For the 1.234 A bond
length system the ZS method has a ground state energy that is 2.2 kcal /mol higher
than the full-CI energy. However, for the stretched bond length the Zombie state
method does give a ground state energy that is more accurate than the CCSD(T)
method. In both Fig. 4.17.a and Fig. 4.18.a the gradient descent process has not
plateaued and with further epochs the full-CI energy should be achieved.

4.4.3.4 Diatomic Molecules in the cc-pVDZ Basis

Gradient descent was also applied to three larger diatomic molecules using the cc-
pVDZ basis. Using the second biasing regime a Lis system was set up with ten
Zombie states. The learning rate cycled from v = 62500 to v = 0.16 with a single
Zombie state added at the end of the cycle until a maximum of Ny; = 100 was
reached. The gradient descent process is shown in Fig. 4.19 with the full-CI energy
for comparison shows the process has not yet fully converged but this should be

possible with more epochs.
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b: Plot showing the imaginary time propagation for the final wave function optimised
by gradient descent. The full-CI energy is the purple horizontal line and the CCSD(T)
the orange.

Figure 4.17: Plots showing the gradient descent process and final ground state ener-

gies for BH in the 6 — 31G** basis with a bond length of 1.234 A for Nyr =300. A set of
Ny = 25 Zombie states was initialised with biasing regime 2 with 5 additional functions
added at the end of a learning rate cycle which ranged from v = 2500 to v = 2.56 x 1074,
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Plot showing the imaginary time propagation for the final wave function optimised
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Figure 4.18: Plots showing the gradient descent process and final ground state ener-
gies for BH in the 6 —31G** basis with a bond length of 4.0 A. A set of Ny =20 Zombie
states was initialised with biasing regime 2 with 5 additional functions added at the end
of a learning rate cycle which ranged from ~ = 12500 to v = 2.05 x 1076.
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Figure 4.19: Plot showing the gradient descent process for Liy in the cc-pVDZ basis.
An initial basis of Ny = 10 was used, set up using biasing regime 2, with cloning occur-
ring at the end of each learning rate cycle. A single ZS was added up to a maximum of
Ny =100. The learning rate cycled from v = 2500 to v = 0.16. The full-CI energy calcu-
lated using PyScf is the (purple) horizontal line [134].
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Figure 4.20: Plot showing the gradient descent process for Bey in the cc-pVDZ basis.

An initial basis of Ny = 10 was used, set up using biasing regime 2, with cloning occur-
ring at the end of each learning rate cycle. A single ZS was added up to a maximum of
Ny = 170. There were three available learning rates v = 2500, 500,100 in the cycle. The
CCSD(T) energy calculated using PyScf is the (purple) horizontal line [134].
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A Bez molecule was then investigated using an initial ZS basis of N}y = 10 and
cloning used to increase the number of Zombie states, at the end of each learning
rate cycle, to a maximum of Npy = 170. A learning rate cycle of v = 2500, 500,100
was used to grow the size of the basis set quickly. The nitrogen dimer was set up
using the same running conditions reaching a maximum basis set of Ny = 200. The
gradient descent process in both Fig. 4.20 and Fig. 4.21 is clearly not yet converged.
But the ground state energy is still decreasing at a reasonable rate and so needs to

be continued with lower learning rates available.
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Figure 4.21: Plot showing the gradient descent process for No in the cc-pVDZ basis.
An initial basis of Ny = 10 was used, set up using biasing regime 2, with cloning occur-
ring at the end of each learning rate cycle. A single ZS was added up to a maximum of
Ny = 200. There were three available learning rates v = 2500, 500,100 in the cycle. The
CCSD(T) energy calculated using PyScf is the (purple) horizontal line [134].

4.5 Conclusions and future work

The use of gradient descent to optimise Zombie state coefficients has significantly
increased the complexity of system the method is capable of handling. The truncated
lithium dimer system has been used throughout this work as a simple numerical
example to verify properties of the Zombie state method. The biasing method
indicated that, with proper sampling of ZS amplitudes, it should be possible to
recover exact energies while using an incomplete basis set size. However, the biasing

method when applied to Lis was limited by the need to fix core orbital occupations
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to fully "alive" and the method overall lacked universality, as each orbital bias was
set using a process of trial and error. The gradient descent algorithm essentially
generalises the biasing process optimising "dead" and "alive" Zombie coefficients so
the wave function can better describe the ground state energy. For the truncated Lio
system, a basis set of 30 optimised Zombie states was required to recover the full-CI
ground state energy. It should be noted that the number of epochs required for
convergence is considerably longer than other results which is due to the relatively
high minimum learning rate. This limits the number of possible alterations that are
accepted as the exact energy is approached. In fact it can be seen from Fig. 4.10
that the energy is almost converged by 500 epochs and most are spent making very
small adjustments. This highlights the importance of a range of learning rates being
available to ensure a reasonably timed convergence. However, the energy did still
converge with a basis set half the size required for the biased ZSs to achieve the
same result. Moreover, the gradient descent process optimises amplitudes with no
a priori information about electron configurations beyond the RHF determinant.
Thus, allowing all orbitals in a system to be treated on an equal footing. This
significantly improves the ZS method’s ability to be applied universally, a stipulation
in Pople’s framework [3].

The fourth stage of Pople’s framework for method development is the verification
of the method compared to known quantities. The results summarised here evidence,
for the first time, that the Zombie states method can be applied to larger systems
that have not been significantly truncated. Atomic studies were used to verify both
FCIQMC and MCCI and a similar set of results has been produced by the ZS method
[83, 91]. The cc-pVDZ basis, for the first row elements contains 28 spin orbitals,
significantly larger than the 10 in the truncated Lis system. For the lithium atom
it was possible to optimise the Zombie basis to return the full-CI energy. Table. 4.4
shows that even for the unconverted systems the GD process does make significant
improvements to the wave function’s ability to describe the ground state, while using
a basis set orders of magnitude smaller than the complete Fock space. Nonetheless,
to allow direct comparison between the ZS method, FCIQMC and MCCI, further
simulation of these atomic systems should be completed using the aug-cc-pVDZ
basis. It should then also be possible to start calculating properties of the system
beyond just the ground state energy such electron affinities. Applying the gradient
descent process to the two BH systems showed promising results, with the energy
nearly converging to the exact values. However, the diatomic systems in the cc-
pVDZ basis demonstrated that the method is still hindered by its computational
expense. For Bey and Ny the steepness of the plots in Fig. 4.21 and Fig. 4.20
indicates that the gradient descent process is nowhere near complete but has been
limited by the time required to complete a single epoch with these larger systems.

An important consideration in Pople’s framework for developing a new method is
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achieving reasonable computational time and cost. Despite the improvements to the
Hamiltonian algorithm, outlined in Appendix B.3.1.3 and the indirect method for
gradient calculation, the gradient descent process is still slow. For example, PyScf
is able to calculate the full-CI ground state energy for any of the atomic systems
discussed in this work in less than a minute whereas using gradient descent to op-
timise ZS coefficients takes multiple hours with multi-threading. Of course, these
systems have been chosen precisely because there is a known point of comparison
to demonstrate the capabilities of the ZS method rather than its current speed.
Nonetheless, remedying the long calculation times is still important and there are
number of different approaches that could be considered. The bottleneck in the
gradient descent calculation is the recalculation of Hamiltonian matrix elements.
The simplest solution would to use more computing power — increasing the number
of parallel threads available. This approach is limiting, simulations of larger sys-
tems will quickly reach the computational limits again. Although, using multiple
CPUs to calculate different matrix elements rather than splitting the calculation
over multiple threads on a single CPU could be considered [142]. Alternatively, the
computing power of a GPU could be utilised which is effective at completing large
numbers of repetitions of the same calculation using different bits of data. For a
particular system all Hamiltonian matrix elements are calculated using exactly the
same summation of one- and two-electron components which ultimately can be seen
as the same set of multiplication and additions simply using different Zombie states.
Thus, the same instruction multiple data (SIMD) model used on a GPU would be
well suited to a Hamiltonian matrix element calculation.

Further, it should also be possible to reduce the number of times the Hamiltonian
recalculation algorithm is called. This can be achieved by reducing the number of
epochs, increasing the efficiency of each epoch and finding an alternative to the
Hamiltonian algorithm. Firstly, the number of epochs needed for convergence can
be greatly reduced by using a basis set with an initial energy as close to the full-CI
ground state energy as possible. In the MCE method sampling techniques have been
shown to be very important and this is clearly the case with Zombie state amplitudes
[15]. The current biasing regime only accounts for the number of electrons and sets
all Zombie states in the same way. However, Fig. 4.11 shows that once optimised,
although many of the orbital populations follow the expected pattern, there are still
a significant number of amplitudes indicating the opposite — populations in higher
orbitals and empty lower orbitals. Therefore, the biasing regime should attempt
to replicate some of this behaviour while also taking into account system specific
properties. The starting point of this work should be a systematic analyses of how
the magnitudes, combinations and placement of "dead" and "alive" amplitudes, both
within individual Zombie states and the basis set effect the ground state energy.

The current gradient descent algorithm optimises amplitudes by minimising the
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ground state energy alone but there are of course parameters that could also be
optimised including the number of electrons and the total spin. Simplest of all, each
parameter could be optimised sequentially however this could be counter productive
if for example the Zombie state is optimised to better satisfy the number operator
but in doing so increases the overall ground state energy. Thus, it would likely be
beneficial to optimise the ZSs taking all functions into account at the same time

which can be done using the weighted sum method [143]. A new objective function,
h(X), can be defined,

h(X) = sz’fi(X) (4.27)

with the weights w; to be decided. The ZSs amplitudes can then be optimised us-
ing gradient descent with the gradient now being the weighted sum of gradients of
multiple functions. The total spin, number of electrons and their configurations all
contribute to describing the state of a system. FEach Zombie state contains superpo-
sitions of states containing any number of electrons, with incorrect states hopefully
being cancelled out to allow a accurate description of a state. By minimising the
ground state energy and other system parameters concurrently the Zombie wave
function should converge to the ground state faster. Rather than leaving these
other, important, system parameters to be optimised by chance adding them to the
gradient descent process ensures their optimisation aiding the cancelling of incorrect
states. Moreover, the final wave function should also provide a better description of
the ground state.

As described the, GD algorithm considers all ZS amplitudes for alteration in a
single epoch. This means with the current back tracing method multiple Hamilto-
nian matrix elements are calculated and then discarded, which is computationally
wasteful and time consuming. Therefore, reducing the number of Hamiltonian ma-
trix elements that need to be calculated in an epoch, should give a faster convergence
time. Firstly, if the algorithm can make smarter choices about which amplitudes to
attempt to change, the number of rejected Hamiltonian matrix elements can be re-
duced. Some possible parameters that could be used to indicate when an alteration
should be attempted could include the magnitude of the gradient; the resultant dif-
ference in "dead" and '"alive" coefficients or the frequency of previous alterations.
The data from the proposed analyse of "dead" and "alive" amplitudes could also be
used to make the ZSs added in a cloning step more useful to the basis set. A further,
widely used way to improve the rate of convergence uses the second derivative to
direct a gradient descent step. The second derivative is a measure of how the gradi-
ent will vary as the input is varied. This information can be used so each gradient
descent step can be optimally sized [144].

However, new Hamiltonian matrix elements will still have to be calculated carry-

ing significant computational cost. Therefore, finding a way to predict Hamiltonian
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matrix elements without direct calculation could offer even greater speed ups. It
should be possible to train an artificially intelligent algorithm to make Hamiltonian
matrix element predictions. When the GD process attempts to change a ZS ampli-
tude, the current Hamiltonian matrix is known as well as all the amplitudes used
in its calculation. These amplitudes are all the same except for a single orbital.
Each Hamiltonian matrix element is calculated using the same set of creation and
annihilation operations followed by an overlap calculation. The parts of which will
only differ for the altered orbital. Thus, the algorithm can be trained to predict
Hamiltonian values based on the value of the Hamiltonian element; the original
and altered Zombie amplitudes and the placement of the altered orbital. Moreover,
comparing the Hamiltonian calculations between systems, the key difference is just
the one- and two-electron integrals, the effect of which can be integrated into the

training procedure allowing the algorithm to be applied universally.
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Chapter 5
Excited States

5.1 Introduction

The Zombie states method is being developed with the aim of using it in non-
adiabatic molecular dynamics simulations. Thus, having the capability to compute
low-lying excited states would be beneficial as they are often an import part of a
reaction mechanism. Excited states can be found by diagonalising the Hamiltonian
of a complete, full-CI, wave function as they are simply the higher energy eigenvalues.
This can, of course, be computationally expensive and necessitates using alternative
methods. However, most electronic structure methods are designed to find ground
states with the excited electronic states found using the ground state as a baseline.
The equations-of-motion coupled-cluster (EOM-CC) method uses a coupled cluster

reference state operator on a linear excitation operator of the form,

1 abc... ;
S, = 2 > alaiabajalak (5.1)
©ijk...

where a, b, c are unoccupied orbitals and ¢, j,k are occupied producing excited con-
figurations in reference to the the ground state [145, 146]. This produces an effective
Hamiltonian that is formerly exact although in practise reasonable truncations to %,
are made [147]. An alternative extension to the coupled cluster method is coupled-
cluster linear response (CCLR) which introduces a time-dependent perturbation in
the form of the linear-response function. This is produced using a time-independent
operator, which has a time-dependent expectation value induced by an external field.
The excited states occur at the poles of the CCLR function and are the eigenvalues of
the CCLR matrix [148-151]. CCLR has been used to calculated excitation energies
and dipole transitions [151-153]. Rather than using a single reference state a multi-
configurational self-consistent field (MCSCF) approach can be taken, the most well
known of which is CASSCF [154-157]. Multi-reference CI (MRCI) can then produce
a set of excited determinants generated from the MCSCF space [158-160).

Further, using the FCIQMC method it was shown that, with minimal extra
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computational cost, a Gram-Schmidt orthogonalisation (GSO) procedure could be
used to find multiple low-energy excited states [24]. The orthogonality of the Slater
determinants is exploited by using a different wave function to describe the ground
state and each excited state. The regular FCIQMC algorithm is applied to each wave
function to find and weight the electron configurations drawn from the complete
Fock space. To find an excited state GSO is used between wave functions which
has the effect of removing ground state contributions from the excited state wave
function. Since configurations for the ground state are removed the excited state
becomes the lowest available state that imaginary time propagation will evolve the
wave function to. The orthogonalisation step is implemented once the FCIQMC
random walk step has completed for each of the wave functions allowing them to
be treated completely separately until orthogonalisation which is the reason for the
low additional computational cost [24]. Like FCIQMC the Zombie states method
has access to every possible configuration and with a shared use of imaginary time

propagation it was logical to also implement GSO in the Zombie states method.

5.2 Theory

In general, Gram-Schmidt orthogonalisation, for any set of vectors, is defined

n—1
u, =vy,— Y proj,, (vn) (5.2)
m=1
with the projection operator
. (u,v)
proj,(v) = ) u. (5.3)

A set of vectors can then be orthogonalised by first setting u; = v and then following
the above process for each vector in the set. Gram-Schmidt orthogonalisation can
then be applied to two wave functions denoted |W(™L) and [W(™): the L symbol is

used to show orthogonalisation. Thus, a projection operator can be defined,

<\I/(m)L’qj(n)>
Y (m)L|g(m) L)

projjgima (40 = Ly, (5.4)

Therefore an orthogonalised wave function can be found by

n—1 (m) Ly (n)
)Ly _ )y _ (U)o 1
[wH) =) mz::1 <\Ij(m)L‘\Ij(m)J_>|\I] )- (5.5)

In FCIQMC a basis of Slater determinants is used which means that the orthog-

onalisation step is simple, removing components of the lower energy states from
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the higher states [24]. A Zombie state wave function however is a superposition of
all possible configurations and so the same set of Zombie states is used but with a

different Zombie coefficient vector which means Eq. (5.5) can be rewritten as

n—1 d*(m)J_Qd(n) L

m=1

(oY = gy -

where (2 is the overlap matrix between Zombie states, evaluated using Eq. (2.223).
Further since [¢(™®) = [¢(m®)) Vq the orthogonalisation process can be further

simplified to

n—1 gqx(m)Lq)

()L _ qn) _
d d d*(m)J_Qd(m)J_

m)L (5.7)

m=1

The N5 lowest electronic states are found using the same number of ZS coefficient

vectors are required to be orthogonalised and then propagated in imaginary time as
in Eq. (3.19)

d™t = _q~THd™*. (5.8)
This gives a single time step of,
dWE(B+AB) =dWH(B) +d"M(5)AS
ol LB+ AB)- (dWL(8)+d™E(8)AB)

- (m)L
Z d(m)J‘(ﬁ+Aﬁ)~d(m)J—(ﬁ+A5) d (B+AB).

m=1

(5.9)

Which gives a final repeating procedure of orthogonalisation, normalisation followed

by propagation.

5.3 Results

Using the truncated Lis system, that has been used as a proof of concept throughout
this work, Gram-Schmidt orthogonalisation is shown to be capable of recovering
excited states when a complete basis of random Zombie states is used. In Fig. 5.1 the
ground state and first three excited states are exact when compared to the eigenstate
energies found by diagonalising the Hamiltonian matrix. A much longer imaginary
time propagation is needed to evolve all of the states to the correct energies. In a
similar result to the complete random basis, the biased basis of 64 Zombie states
(described in Table. 4.1) also evolves to the ground state and excited states.
Reducing the size of the basis set so it is no longer complete as in Fig. 5.3 renders

the wave function unable to describe the ground state or any of the excited states.
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Figure 5.1: Imaginary time propagation with GSO for a complete random basis for
truncated Lis. The final energies correspond to the ground, degenerate anion and first
excited states with comparison to the eigenvalues of the complete Slater determinant
basis.
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Figure 5.2: Imaginary time propagation using GSO with a biased basis of 64 ZSs for
Lis. The biasing regime is described in Table. 4.1. The exact energies for the ground,
degenerate anion and first excited state are shown as dashed lines for comparison.
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Figure 5.3: Imaginary time propagation with GSO for a basis of 200 random ZSs for
the truncated Lis system. The final energies of each state correspond, in order, to the
neutral ground, degenerate anion and first neutral excited states.
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Figure 5.4: Imaginary time propagation with GSO for the optimised wave function
from Fig. 4.10. The final energies of each state correspond, in order, to the neutral
ground, degenerate anion and first neutral excited states.
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Similarly, in Fig. 5.4 when GSO is applied to the final wave function containing
30 Zombie states optimised using gradient descent to find the ground state energy.
The optimised wave function is propagated in imaginary time with GSO once the
gradient descent process is complete which shows the correct ground state energy
but incorrect energies for the excited states. The eigenvalue energies are not shown
in either Fig. 5.3 or Fig. 5.4 as the energies for the excited states are too inaccurate

to warrant comparison.

5.4 Gradient Descent with Gram-
Schmidt Orthogonalisation

As can be seen in Fig. 5.4 the GD process has optimised "dead" and "alive" am-
plitudes to describe the ground state which gives a poor description of the excited
states, similar to the basis set of 200 random ZS as in Fig. 5.3. However, it is also
possible to implement GSO during the gradient descent process so the wave function
is optimise to describe an excited state. Like in FCIQMC a separate wave function
is required for each state each requiring a separate set of Zombie coefficient vectors
for the state of interest and all states below it. For example, the second excited
state would require three coefficient vectors one for the state of interest and then a
further two for the ground and first excited state. So for an excited state, arbitrarily
labelled n, the gradient descent process then proceeds as normal with the addition
of GSO using the time step outline in Eq. (5.9). Gradients are then calculated using
d™+ and a gradient descent step attempted. This is the only modification required
to the standard GD process.

Table 5.1: Table detailing the initial and final energies for the first four states of Lis in
the 6 —31G™* basis. The gradient descent with Gram-Schmidt orthogonalisation process
was used to optimise each wavefunction®.

L Energy |au
State | Initial /finalNy; Iitial Figri/al[ ] full-CT Epoch
1 30/30 —14.863582 | —14.871914 | —14.871914 | 10334
2 2/12 —13.005780 | —14.858062 | —14.858062 | 2000
3 3/23 —11.254147 | —14.858062 | —14.858062 | 34700
4 4/20 —14.605008 | —14.841836 | —14.841836 | 5754

!Each wave function was initialised randomly and the first state set as the RHF determi-
nant. State 1 is the ground state and is the result from Fig. 4.10. For states 2 and 3 GSO was
used with the gradient descent process and the cloning method was used to grow the number of
basis functions. An additional ZS was added to the basis sets after, at most, 280 epochs. This
was reduced to 99 epochs for State 4 with 1 ZSs being added and all amplitudes initialised us-
ing the biasing regime from Table. 4.2. States 2 and 3 are the degenerate 7 electron anion state
and state 4 is the first neutral excited state. The number of epochs required for the energy to
converge to the full-CI energy, found by diagonalising the complete basis Hamiltonian.
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Using the truncated Lis system, in the 6 — 31G** basis!, gradient descent is
completed with Gram-Schmidt orthogonalisation for the first three excited states.
Each basis set was initialised randomly and the cloning method was used to increase
the number of ZSs adding an extra function after no more than 280 epochs for states
2 and 3. For state 4 a single ZS was added after no more than 99 epochs with the
biasing regime from Table. 4.2 used to set the initial amplitudes. The gradient
descent process used a maximum learning rate of v = 2500 being reduced on each
epoch to a minimum of v = 0.16, before the maximum number of basis functions was
reach, then decreasing further to vy =5.12 x 107°. The gradient descent process with
GSO to find the first excited state is shown in Fig. 5.5. The final energies for each
wave function are given in Table. 5.1 along with the number of epochs, required for
the energy to converge. The initial and final basis set sizes and the full-CI energy are
also given for comparison. The different epoch lengths are exemplify the importance
of available Zombie states and learning rates. For the third state, at around 30,000
epochs, the learning rate was allowed to reduce further to v =4.10 x 10~7. At 34400
epochs the maximum basis set size was extended from 20 to 23 ZSs, which were
added using cloning. Whereas, for the fourth state the gradient descent process was

set to allow the learning rate to reach v =4.10 x 10~7 and was initialised with 20

7Ss.
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Figure 5.5: Plot of energy during the gradient descent process to find the second ex-
cited state truncated Lis in the 6-31G** basis. 30 randomly generate ZSs were optimised
using gradients calculated following imaginary time propagation using GSO. The energy
of the second excited state is shown as the solid (purple) line.

IThe absence of hydrogen means the 6 — 31G* basis could have been used.
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Figure 5.6: Plot of the imaginary time propagation for four separate wave functions
optimised using the gradient descent process to describe a specific state for the trun-
cated Lio. Each wave function is optimised separately. The final energies of each state
correspond accordingly: State 1 is the neutral ground state; states 2 and 3 are the anion
ground state and state 4 is the first excited state. The exact energies are shown for com-
parison as dashed lines, found by diagonalising the Slater determinant Hamiltonian.

The final imaginary time propagations for each wave function and the ground
state from Fig. 4.10 are all plotted in Fig. 5.6. The final energies for each state
are equivalent to the full-CI energies found by diagonalising the Slater determinant

Hamiltonian.

5.5 Conclusions

The Zombie states method is capable of finding excited states using a GSO pro-
cess using a complete basis set. Excited states are orthogonal to each other so by
orthogonalising the set of ZS coefficients during imaginary time propagation forces
the coefficients to evolve to the the next lowest available state. Unsurprisingly, an
incomplete random basis does not evolve to the correct ground state excited state
energies. Moreover, when applying the GSO imaginary time propagation process to
an incomplete basis that has been optimised to describe the ground state the basis
is also not capable of describing the excited states. The gradient descent process
optimises the "dead" and "alive" coefficients of each Zombie state to find the ground

state energy. This improves the cancellation of contributions from configurations
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not in the ground state and stops the wave function from being able to effectively
describe the higher energy states.

Significantly, it is possible to find excited states with basis sets that are not of
a complete size if GSO is used during the gradient descent optimisation process.
By using separate wave functions and the appropriate orthogonalised ZS coefficient
vector it is demonstrate in Fig. 5.5 that the gradient descent process can optimise ZS
amplitudes so the wave function describes an excited state. The plot of imaginary
time, Fig. 5.6, for the first four states of Lis requires four separate wave functions
containing a total of 85 basis functions. This is significantly fewer than the complete
basis set of 1024 functions and is also smaller than the total number of possible
configurations containing six and seven electrons, 210+ 120 = 330 (the seven electron
configurations are included as the first two excited states of Liy are its anion).

As previously discussed most methods for finding excited states require the use
of a reference state which is usually the ground state to be calculated first. Even
in the FCIQMC utilisation of GSO, the separate wave functions have to be brought
together for the orthogonalisation process. This means that a time step for the
ground step must be complete before orthogonalisation of the excited state wave
function can occur [24]. However, there is no requirement for a resolved reference
state or wave function when using the Zombie excited state gradient descent pro-
cess. Each wave function, describing a different state, can be treated separately
at all times. Gradient descent minimises a function to find a local minima and
imaginary time propagation finds the lowest state. The addition of Gram-Schmidt
orthogonalisation redirects the gradient descent process away from the global min-
imum to another local minima — an excited state. In FCIQMC wave functions are
constructed by finding the best set of configurations drawn from the complete Slater
determinant basis; GSO then removes contributions from lower states. This overall
creates a process of adding configurations and then removing others from the wave
function. For a Zombie wave function all possible configurations are, by construc-
tion, present from initialisation with Gram-Schmidt orthogonalisation directing the
gradient descent process to optimise the wave function to the excited state rather
than adding and removing configurations. The complete separation of the wave
functions during the optimisation process means it is possible to find the energy of
any excited state without having to consider the construction of any states below it,
beyond the inclusion of the additional coefficient vectors. This has great potential
for using Zombie states in simulations requiring multiple electronic states due to the
possible time and computational cost savings. Firstly, only states necessary to the
simulation need to be calculated, so if only a set of excited states are required there
is no requirement to find the ground state to reference from. These states can also
be calculated concurrently with no need to share information between them; with

the availability of multi-processor clusters this has the potential to reduce overall
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computation times.

The process is still in its infancy and needs to applied to a variety of systems.
There is large variability in the number of epochs, shown in Table. 5.1, required
to converge the energies for each state. The third excited state took the greatest
number of epochs to converge due to both an insufficient number of ZSs and the
minimum learning rate initially being set too high. Whereas, the availability of
lower learning rates and the use of the biasing regime meant state 4 require fewer
epochs to be resolved. As discussed in the previous chapter there are multiple
places the gradient descent process can be improved to aid faster and less expensive
convergence. Some of these proposed improvements, such as the faster calculation of
matrix elements, will be universally beneficial. But it will also be necessary to tailor
certain parameters to finding excited states. The learning rate cycle, initial basis set
size and timing of cloning events all need investigation specifically for excited states.
Further, for the small lithium dimer the random initialisation was mainly used when
finding both the ground and excited states with gradient descent. However, when
verifying the GD method for larger systems the biasing regime was required to find
ground state energies and even biasing the ZSs to the ground state helped resolve
the fourth state of Lis faster than with random initialisation. Therefore, it is highly
likely that a specifically designed biasing regime will be required when verifying the
GD with GSO method for the excited states of these larger systems. Nonetheless,
even as just a proof of concept, the addition of Gram-Schmidt orthogonalisation to
the Zombie state gradient descent process is an important expansion to the method.
The ZS method is capable of recovering both the ground and excited states which

is integral to simulations of non-adiabatic dynamics.
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Chapter 6

Conclusions and Outlook

The work presented in thesis advances the Zombie states (ZS) method from a the-
oretically interesting idea to a viable method with various avenues of development.
Within the context of Pople’s framework, this means improvements to the formu-
lation and implementation of the method, which has been verified by comparison
to a number of chemical systems. It has been shown that the ZSs method can re-
cover ground state energies, with accuracy comparable to using full-CI basis. The
addition of gradient descent to optimise ZS amplitudes has made it possible to use
considerably smaller basis sets while maintaining high accuracy. This is evidenced
using a range of chemical systems containing considerably more spin-orbitals than
the example systems used as an initial proof of concept [9]. However, despite al-
gorithmic improvements and the implementation of imaginary time propagation to
find ground state energies, computation times are still a limiting factor in need of
improvement. Although, the potential applications of the method have been signifi-
cantly increased by the addition of Gram-Schmidt orthogonalisation to find excited
states. This simple addition allows the ZSs to describe excited states with minimal
computational cost and without the need for any sort of reference state.

In Chapter 2 the Zombie state method is formulated in three different but equiva-
lent ways. Originally, a multi-particle Slater determinant is made up of one-electron
Zombie states in a manner that is similar to the standard Slater determinants used
in HF theory [9]. It is also demonstrated that Zombie states can be built using a
Zombie operator that acts on a vacuum state analogous to the method used in the
second quantization approach [23]. The general coherent state definition, outlined
by Perelomov and Gilmore, allows the coherent states used in CCS and MCE to
be derived using the same method — all starting from a reference, vacuum state
[21, 22]. This definition can also be applied to the construction of Zombie states
from which their key properties are naturally defined. The Zombie displacement
operator construction ensures the correct normalisation of "dead" and "alive" coeffi-
cients and gives rise to the sign change rule when undergoing creation or annihilation
operations by construction. Further, by defining Zombie states in this manner, it

is easy to make comparison between them and standard fermionic coherent state
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constructions. Both the Lie group and Grassmann algebra fermionic coherent state
constructions take a specific configuration of electrons and describe it as superposi-
tion of its spin states, which makes them fixed eigenstates of the number operator
[18, 19]. On the other hand, Zombie state orbitals are superpositions of the occupied
and unoccupied states and so contain all configurations of electrons. Hence, ZSs are
generally not eigenstates of the number operator, which allows them to describe
the multiple configurations necessary to give an accurate description of a state but
also allows configurations with incorrect numbers of electrons. This gives ZSs the
potential to return full-CI energies using small basis sets but also necessitates the
work to ensure incorrect configurations cancel each other out.

The implementation of imaginary time propagation, outlined in Chapter 3, has
facilitated the other developments detailed in this thesis. Being able to find ground
state energies in a practical amount of time, rather than needing a long time propa-
gation, is in isolation progress. However, without this improved practicality, it would
not have been possible to implement gradient descent. The method relies on being
able to recalculate and check the ground state energy to ensure convergence; with-
out imaginary time propagation this process would not be computationally practical.
Further, its addition has led to the adoption of Gram-Schmidt orthogonalisation to
find excited states which again would not have been possible without the ease with
which energies can now be found. The work in Chapter 4 has demonstrated, for
the first time, the full potential of the Zombie states method to describe chemical
systems with high accuracy while using significantly contracted basis sets. Gradi-
ent descent minimises the ground state energy by optimising the ZS amplitudes. It
was demonstrated that Zombie states achieve ground state energies comparable to
the full-CI results but with much smaller basis sets. Although, the larger systems
are currently limited by the slow convergence of the method. The extension of the
method to include excited states, while using a truncated basis set, significantly
broadens its applications. Further, the method does not require the excited states
to be found using a reference state. This potentially offers large computational sav-
ings for simulations requiring various electronic states as each state can be resolved
completely independently.

The addition of gradient descent to find ground and excited states has the po-
tential to be a computationally inexpensive tool for describing electronic systems.
However, in its current form the process converges very slowly when compared to
the heavily optimised code used for full-CI calculations in PyScf. Thus, systematic
work is required to find computational savings at all points in the Zombie state
program. There are relatively simple improvements that can be made to the code
base to ensure all subroutines and functions are as efficient as possible. Significant
improvements to the time needed per epoch can be made by offloading the repetitive

Hamiltonian recalculation to a GPU, which should provide a significant reduction
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to the total gradient descent time. With better initial sampling fewer optimisation
steps should be required offering the largest computational saving. The starting
point of this process should be an analysis of the effect of the value of "dead" and
"alive" amplitudes and the combination of values both within a single Zombie state
and a basis set as a whole. This should also influence the cloning technique which
currently adds a Zombie state using the same initialisation method, not taking into
account the existing Zombie state values or how they have been optimised so far.
Similarly, the gradient descent algorithm can be profiled with the aim of making it
"'smarter" and so more efficient. The current algorithm attempts to alter all Zom-
bie amplitudes with equal frequency with no ability to consider the likelihood of
an alteration being successful. Finding relationships between existing or very eas-
ily calculated data points and a successful alteration should allow the algorithm to
be formulated to be less computationally wasteful. Some possible data points that
should be analysed include the success of previous alterations, the magnitude of the
gradient or the resultant difference in ZS amplitudes.

However, finding the energy levels of a system is not the envisaged final use
case of the Zombie states method. Existing electronic structure methods can be
used to ascertain various properties of a system. To bring the ZSs method in-line
with well-established methods it needs to be capable of producing a range of data
points about a chemical system. A simple addition would be producing the average
orbital populations which is possible with CI methods. Further, adding the abil-
ity to to calculate the Hessian matrix would allow vibrational frequencies of the
molecule to be found. This would also facilitate the optimisation of the molecular
geometry. Moreover, CCS was developed for the simulation of the quantum dynam-
ics of systems with many degrees of freedom and so the Zombie states method, as
the fermionic analogue to CCS, is ultimately aimed to simulate electron dynamics
[32]. The CCS family of methods has often been benchmarked against Multiconfig-
urational Time-Dependent Hartree (MCTDH) method while incurring lower com-
putational cost [13, 17]. The Multiconfigurational Time-Dependent Hartree-Fock
(MCTDH-F) extends MCTDH to treat many-body fermionic systems which allows
a unified method to describe both the nuclear and electronic wave packets in a quan-
tum dynamical manner [139, 161-168|. Currently, the CCS family of methods use

the time-dependent wave function,

Ny
) = calt)®) (6.1)
@) = [x@)[z) (6.2)

where Ny is the number of electronic states (/N =1 for CCS and N > 1 for MCE);
¢q is the basis function coupling; |2(®) are the coupled coherent states and |x(®))

is an electronic state. Using an adiabatic basis, electronic structure calculations
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are used to calculate the potential energy surface which then also requires the
calculation of the non-adiabatic coupling matrix. Zombie states would replace
Ix(@) = 3Nes ,1¢(@) | N, being the number of Zombie states needed to describe
a single electronic state. So, the wave function with a single electronic state would

have the form,

Ns

W) = 3" d,|¢(@)] (), (6.3)

The quantum dynamics can then be found by using the propagation equations for
CCS and Zombie states. As shown, the Zombie states can be constructed using
the one- and two-electron integrals from computationally inexpensive Hartree-Fock
calculations. The gradient descent method has the potential to reduce the number of
Zombie states required to describe an electronic state making the proposed dynamic
simulations possible. But this can only be achieved if the computational cost of the

gradient descent process is significantly reduced.
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Appendix A

Mathematical Concepts
for Coherent States

In this Appendix some key mathematical concepts used to define general coherent
states and the Grassmann algebra needed for fermionic coherent states are briefly
discussed. The reasoning given here assumes an appreciation of some mathematical
concepts and notation more akin to a background in physical chemistry rather than
rigorous mathematics. Thus, the exterior product is first defined and then used to

construct algebra over a field; Lie groups and stability subgroups.

A.1 Groups and Fields

Firstly, a group G is defined as a non-empty set that has a binary operation, the

group operator, -, defined for all elements of G with the following properties

Ve,yeG, x-y €eG (A.la)

Ve,y,z€ G, (v-y)-z=a-(y-2) (A.1Db)
dl:lz=x-1=2,Vo el (A.1lc)
Vee Gzt iar =27l =1. (A.1d)

A field, F', is an extends a group by the addition of a second binary operator, -+,
which has the following properties 1

Ve,ye F,e+y=z2z€F (A.2a)

Ve,ye F,z+y=y+uz (A.2Db)

Ve,y,z € F, (v+y)+z=2+(y+ 2) (A.2¢)
30:04+2=2+0=2, Vo e F (A.2d)

Vie Fi—z:2+(—x)=—-c+2=0 (A.2e)
Ve,y,z€ Fyx-(y+2) = (x-y)+ (z-2). (A.2f)
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A.2 The Exterior Product

First the exterior product of two vectors gives a bivector which has the fundamental

anti-symmetric quality
XAy =—-yAX (A.3)
It is easy to see how then taking the exterior product of a vector with itself is zero
XAX=0 (A.4)

This can be visualised by taking two vectors X and y in three dimensions, that are

defined using the basis eq,e2 and es,

X =aje] +ages + aszes

(A.5)
y = bie1 + boea + bses
The exterior product of X and y,
XAy = (are; +agea + azes) A (byeg + baea + bzes)
= (a1b1)er Aer + (arba)ey Aea + (arbs)er Aes (A.6)

agbl)eg Nejp+ (agbg)eg Neog+ (a2b3)€2 Nes

+
+ (agby)es Ner + (agba)es Aea + (azbs)es Aes

This can be simplified using the fact e; Ae; =0 and the antisymmetric characteristic
to give,
XA S’ = (a2b3 — a3b2)62 Nes+ (a361 — a1b3)63 Nep+ (a1b2 — a2b1)61 Nes. (A?)

This bivector can be visualised as the area created by the exterior product of the

two vectors which is shown in two dimensions in Fig. A.1.
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(a+c, b+d)

X

Figure A.1: Plot showing the exterior product between two vectors X = ae; + bey and
y = ceq + dey. The exterior product X Ay = (ad — bc)ey A ez which is the area of the
parallelogram formed by the two vectors.

A.3 Algebra Over A Field

The concept of algebra over a field will be formalised using real vectors in 3-
dimensions as the motivating example. As previously seen, the vectors ey, eo and eg
form a basis for 3-dimensional Euclidean space and take the form (1,0,0),(0,1,0)
and (0,0,1) respectively. With these three vectors it is possible to generate any
other vector of the form X = (x1,29,23) using some linear combination of e;,es and
e3, X = x1e1 + x2ea + x3es. This is perhaps obvious but in more mathematically
rigorous terms these vectors are the generating set for the vector space over the field
of real numbers F =R in N = 3 dimensions, R3. Further, as the vectors are all lin-
early independent the set B = {ej,ez,e3} can also be described as a basis set. Two
arbitrary vectors can be defined, X = (a1e1 +agea +azes) and y = (byeq +baea +bzes)
which both belong to the vector space R3. Each vector will be placed in its own

vector space so X € X and y € Y. The cross product of these two vectors can be
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found using the following rules as

€1 X eg =e€3
€2 X €3 =¢€1 (A.8)
ez X ey =er

X X Sf = (a2b3 — agbg)el + (a3b1 — a1b3)62 + (a1b2 — a2b1)63 =7 (A9)

Notice that the coefficients are the same as in the exterior product, Eq. (A.7). So,
the cross product forms a vector perpendicular to X and y and the exterior product
a bivector with an area of the same magnitude as the perpendicular cross product
vector. This new vector z can also belong to a new vector space, z € Z. This means
the cross product is a bilinear map which is defined as a function that takes three
vector spaces, X,Y and Z over the same field and combines any pair of elements in

X and Y to produce an element of Z,
B:XxY —Z (A.10)

Explicitly for the vector space R? over the field of real numbers, R, the cross product

is the bilinear map defined
R? x R? — R3. (A.11)

A vector space over a field with a bilinear map is called algebra over a field. Different
vector spaces have different bilinear operators to create an algebra over a field for
example, a vector space of R™ ™ square matrices uses matrix multiplication as its
bilinear map and as will be shown Grassmann generators over the field of complex

numbers use the exterior product as the bilinear map.

A.3.1 Structure Coefficients

Each vector space is constructed from a basis set, the multiplication of which controls
the bilinear map. For the R? vector space the basis vector multiplication rules
were shown in Eq. (A.8). These rules and the associated, scalar coefficients can be

summarised as such,

N
eiej =Y cﬁjek (A.12)
k=1
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where for R® N =3 for example if i =1, =2 then k=3

e1ea = ¢} ye3 = arbaes, (A.13)

cﬁ ; is a scalar quantity corresponding to the coefficient in Eq. (A.9) for es written
using Einstein notation. The structure coefficients are constructed to ensure the

bilinear map functions correctly for all basis functions.

A.4 Lie Groups and Lie Algebra

A Lie group is defined as a mathematical group, GG, that has a manifold structure
where all group operations are smooth. A manifold, M, is a topological space that
for any point within M the neighbourhood around the point resembles an open
set in Euclidean space. For example, in Fig. A.2 a unit sphere with the equation
2?4 y%+ 2% —1 =0 is shown to have a two-dimension manifold as it can be split into
6 different regions, hemispheres either side of each axis, which only depend on two
coordinates which map perfectly onto two-dimensional disks. The manifold for the
regions z > 0 and z < 0 are described by disks with the equation 22 +y? < 1. These
regions resemble a part of R? Euclidean space. Further, the disks are said to be an
open set of R? because at any point, p, on the disk there exists a positive value, e,
that for any other point, pe, less than the distance, €, away from p is also on the
disk. The smooth condition means that the manifold is locally similar enough to a
vector space allowing the application of calculus. In the same way a Lie group is
a group with additional properties a Lie algebra is specific type of algebra over a
field. A Lie algebra is defined for a vector space g which has the bilinear map, or
Lie bracket, [-,-] : g x g — g which satisfies the antisymmetric property,

[x,y]z—[y,x], Vx,yEQ (A14)
and the Jacobi identity
[z, [y, 2] + [y, [z, 2] + [z, [2,9]] = 0,Vz,y, 2 € g (A.15)

These two concepts are naturally related a Lie Group has an accompanying Lie

algebra.
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X

Figure A.2: Plot showing the unit sphere with equation x? +3? + 22 —1 = 0. The man-
ifolds for regions z >0 and z < 0 are the two disks with equation 22 +y? < 1.

A.4.1 Closed Subgroups

An arbitrary Lie group, G, is defined to have Lie algebra, g then another group,
H, is said to be a subset of G, denoted H C G, if every element of H is found in
G. The complement, G\ H is the set of elements in G not contained in H, if this
complement is an open set then H is a closed subgroup. If H is a closed subgroup
of Lie group G then the conditions for Cartan’s theorem are met meaning that H
is an embedded Lie subgroup of G [169]. The Lie algebra of H is then defined as

h={X egleXVteR]}. (A.16)
The left translation is a map, Ly, for any fixed g € G is defined
Ly:G—G Ly(a)=gaVaeG. (A.17)

Ly is a continuously differentiable map on G which is also a diffeomorphism of G,
Lg_1 = Ly—1. A quotient or coset space G /H is a decomposition of all the elements

of GG into unique subsets of equal size that when multiplied by an element of H an
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element of G is returned so

G/HxH—G Qh=g (A.18)

where g € G, h € H, Q2 € G/H which means that the left cosets of H in G are found
by multiplying every element in G by a fixed element in G

GxH—G/H Q=gh, geG,YheH (A.19)

which can alternatively be written as gH, element ¢ left multiplying all elements
in H. If H C G is a closed Lie subgroup then the coset space G/H is a unique
real-analytic manifold. The coset space is homogeneous to G space if there is a

continually differentiable mapping

7:GxG/H—G/H g(aH)=(ga)H,Vg,a€G (A.20)
and if Ly(z) € G/HVx € H,g € G. Which gives the mapping

174:G/H—-G/H VrxyeG/HIgeG: y=ygx (A.21)

which is the left translation by ¢ [170]. A further condition of H to be a maxi-
mal compact subgroup can also be applied which means H is the maximum sized
subgroup of G that is both closed and bounded.

A.4.2 Classical Lie Groups

GL(n,F) is the group of n x n invertible matrices with elements of form F' where
F =R,C. Then using Cartan’s theorem any closed subgroup of GL(n,F) is a Lie
group. Weyl called these subgroups over the real, R, and complex, C, numbers and
quaternions, H, the Classical groups[171]. These groups can be used to construct
coherent states, some of the most common are summarised in table A.1. These
special Lie groups have a determinant of one so are a subgroup of the group con-
taining matrices of the same construction (but with determinants not necessarily
equal to one.) These are in turn a subgroup of GL(n, F') for the appropriate field.

For example,
SU(n) CcU(n) C GL(n,C) (A.22)

the special unitary group is a subgroup of the unitary group which is a subgroup of

the general linear group over the complex field.
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Table A.1: Summary of a selection of Classical Lie groups used in constructing co-
herent states. All groups consist of n x n invertible matrices, U with elements from the
specified field. All matrices which have a determinant of one, det(U) = 1. Additionally,
n = p+ q when needed

Name Group Field Construction Maximal
compact
subgroup

Special linear SL(n,R) R SO(n)
Complex SL(n,C) C SU(n)
special linear

Special SO(n) R Ur=U-t | S(0(p)xO(q))

orthogonal

Special SU(n) C Us=uU-! S(U(p) xUl(q))

unitary

A.5 Grassmann Algebra

In this section the concept of Grassmann algebra is outlined including some useful
results for manipulating them. Equations notation has been adapted with particular
reference to Refs. [18, 20, 121, 122].

A.5.1 Properties of Grassmann Generators

The concepts of algebra over a field and the exterior product are combined. V' is a
set of N Grassmann generators V' = {&1,&2,...,{n} which form a complex basis for
vector space of dimension N. The Grassmann generators by definition anticommute

with each other so

&y = —&5&i (A.23)

and so, their squares vanish (£;)?2 = 0 and they commute with ordinary complex
numbers &x = x&;. The Grassmann generators form an algebra over the field of
complex numbers, C, with the exterior product being the bilinear operator. This is

called the exterior algebra and is formally defined as

AV)=CaVa(VAV)S..a(VAVA. . AV)=CaAN Ve Ve.. oAV
N

(A.24)

This exterior algebra or Grassmann algebra can be given the symbol . A general

Grassmann number within & is an arbitrary product of at most N Grassmann
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generators which is given as

N
g=col9)+ D D Cirsinin(9)&ir&in - i (A.25)

k>1141,19,...,0%

where co(g) and ¢;, i,,....i, (9) are complex numbers. This definition becomes unique
if it is stipulated that i; < i9 < ... <1y are strictly increasing. Therefore, a basis
is formed, &y = {&, ... &, 11 <i2 < ... <1y}, with 2V distinct possible products,
including the empty product which has a value of one.

For example, &9 has elements that can be uniquely written as

9 =90+ 9181+ g2&2 + g3&182, (A.26)

where g; = ¢;(g) and for neatness of notation &; A&y = £1&2 but the exterior product
is still present. The Grassmann numbers form a vector space that is isomorphic to
CQN which for the case & is

1 0 0 0 g0
0 1 0 0
1 &1 o 6160 =g g (A.27)
0 0 1 0 g2
0 0 0 1 g3

The left multiplication by a Grassmann number is linear operation on &9 which can

be represented

1 0 0 O 0O 0 00 0 0 0
01 00 1 0 0 O 0 0 0
1= 751'_> 752'_> 5
0010 00 0O 1 00
0 0 01 0 010 0 -1 0 0
(A.28)
00 0O g 0 0 0
0000 @ ¢ 0 0
162 — =g
0000 g3 0 g1 O
1 000 g4 —g3 92 91

By is a Grassmann algebra with N generators which allows for an index set,
¢[N] = {O,l}N to be introduced. Hence, if € € E[N], then € = (e1,...,ex) with
¢j =0,1. So, a set of N Grassmann generators can be denoted £ = &7 .. ... N
Note || = €1 +...+€n is the number of occupied fermionic states. So Eq. (A.26)

can be written so a Grassmann number g € Gy is

g= > clg)" (A.29)

€€€[N]
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g is invertible only if gg(g) # 0. Odd and even functions are be defined for a Grass-

mann number ¢ € & as such

f(=¢) = f(¥) Even function (A.30a)
f(=v¥)=—=f() Odd function. (A.30Db)

If a function is smooth around zero a Taylor formula can be defined

(k)
Fy =3 L0y (A.31)

|
keN k!

which is finite because for ¥¥ =0 Vk > N. 2N Grassmann generators can be defined

by €= (&1,...,6n) and v = (71,...,7n) then f(&€,v) = €& is well defined for & -~ =
21<k<N SkVks

SV =1+E v+ Y (—1)M9gye (A.32)
€€€[N],|¢|>2

pu(e€) is defined! by,

1 if 2,3 = |e|mod(4)
€) = (A.33)

0 if 0,1 =|e|mod(4)

where |e|mod(4) is the remainder of |e|/4.

A.5.2 Derivatives and Integrals of (rass-

mann Algebra

Derivatives with respect to a Grassmann generator,£, can be defined as such if

g=go+¢&g1 and g € &y and both gy and ¢; are independent of &; then

0

96,9 =9 (A.34)
The order of the differential operator is important if i % j
0
a—&gj(a—i-&b—i-fjc—i-&fjd) = —b¢; (A.35)
fjaa&(a-i-fib-i-fjc-i-fifjd) =b§; (A.36)

IThis result is derived in lemma 72 in Ref [20].
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elseif 1=
O, b) = A.37
£§Z(G+§z ) =a (A.37)
0
§i£<a+§ib) =¢&ib. (A.38)

The two objects clearly commute and so

9

{ 0&i

&} =0ij = {ai,al} (A.39)

is the anticommutator relation which is equal to Eq. (2.29¢) and means creation and
annihilation operators can be defined as §; and % respectively. Let ¢ € & and

(3

QSN:{&...SN,lgil<z'2<...<z'k§N} then

[ g, ... dgip € B (A.40)

is the Grassmann integration a linear map & y +— & ywhich has the following prop-

erties

/dgj —0,¥j=1...N (A.41a)
/dgjgj —1,¥j=1...N (A.41b)
[ € = 630,95,k (A41c)
/ de;dgy, = 0,Yj, k (A.41d)
| [veends = [vieds [e@avik  (Adle)
Thus, integration coincides with differentiation so
/wd@l .dg, = azk ...azlw(gl,...,@v). (A.42)

It is useful to construct a complex structure for the Grassmann algebra. ®op is

generated by &1,...{n;&T, ... { with the following conditions

(za)" =za" if z€ C and o € Bopy (A.43a)
(af)" =B a" Vo, B € By (A.43D)
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which give rise to the following anticommutation relations,

{&.&1=0 (A.44a)
{&.61=0 (A.44b)
{&.§1=0. (A.44c)

This complex (and conjugate) structure can be denoted 6%. Integration of the

Grassmann algebra, with this specified complex structure, is defined

[wdgdg = [vdgids .. dendci (A.45)

the notation d&€d&* to show the integral is over all values of £ and its conjugate.
Note that d&;d¢ = —d&;d¢;. It is noted that the integral [1d&d{* is invariant under
unitary change of variable, £ = U(,U € SU(n)

[wdedg® = [w(O¢UQdcac* (A.46)
as Ey ... & = (detU)(y ... ¢ then

ENEN - §&6 = (CNCN - T G)det UdetU = (vCv - .- ¢1C (A.47)

Further, if B is an N x N Hermitian matrix then the diagonal matrix of B is defined
by UBU' = bIy where b= (b1,...,by), then using n = U¢

/e—f*deg*dé“ _ /e_n*bINndn*dn — H /e_bjn;njdnjdn]

1<j<N (A.48)
=det B.
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Appendix B

Algorithmic and Programming De-

tails

B.1 Program Overview

B.1.1 Program Design
The Zombie states program was designed to fulfil the following requirements

e The program must be highly accurate.
o The program must be efficient with minimal redundant or superfluous code.

e The program must make use of parallelisation when possible while also con-

sidering future possible hand-off to GPUs.

e The program must be designed to run for any type of molecule or atom and

allow for a variety of different one- and two-electron sources.

While most considerations are self-explanatory the final point and GPUs are worth
further discussion. There are multiple well used programs used to generate one- and
two-electron integrals such as Q-Chem, MOLPRO and the open source PyScf [134,
172]. As will be subsequently detailed the Zombie state program has been designed
to use PyScf to generate one- and two-electron integrals however this integration
is independent of the main program and other sources could be very easily used
with very minimal additional code needing to be written. This allows the program
to be used more universally giving users freedom to use their electronic structure
package of choice or for personal code to be used. The current program is written
for CPU execution only making use of parallelisation opportunities where possible
but the possibility of using GPUs for execution of simple but numerous calculations
has been considered in the design of the algorithms. GPUs can run many simple
concurrent tasks on parallel threads and their adoption in machine learning has

driven recent advancements in the field. By designing algorithms that consist of
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repeated multiplications and additions large future speed-ups should be more easily
achieved by moving these parts of the algorithm to a GPU kernel for concurrent
calculation.

The program has been designed in a modular way which allows for easier program
development allowing modules to be restructured without major revisions to the
code base being required elsewhere. Further, by using a modular structure future
integration with other programs such as ab initio MCE is considerably simpler. The

program is organised into the following main sections:
e Main Program, which determines the overall flow,

o Electron integral module contains subroutines to read in the one- and
two-electron integrals and carry out the pre-processing for the Hamiltonian

calculation,

o Zombie state generation module, set-ups the initial Zombie state func-

tions,

« Hamiltonian generation module, generates Hamiltonian and overlap ma-

trix elements

« Imaginary time propagation module, contains code for the imaginary

time evolution process.
e Cleaning module, contains code to run the Zombie state cleaning routine.

o Gradient descent module, carries out the gradient descent process to op-

timise Zombie state "dead" and "alive" coefficients.
e Input module, reads in run parameters.
e Output module, produces data outputs for the simulations.

A basic summary of the program is illustrated in Fig. B.1. The detail of how a
gradient descent epoch occurs has been omitted as it has been detailed in Fig. 4.8.

Note the program uses some library functions from the BLAS library.
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Figure B.1: Flow chart showing the layout of the Zombie states program.
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134 B.1

B.1.2 Program Implementation

The main program has been written in a Fortran95 separated into modules con-
taining related subroutines and functions. These modules are listed in Table. B.1
which also details their respective dependencies. However, it should be noted that
the program does currently use the iso_fortran__env intrinsic module to define the
precision of numerical parameters and standard outputs. This module was intro-
duced in Fortran 2003 and updated in Fortran 2008 so should not be an issue if
a relatively modern compiler is being used [173]. But to ensure portability the
iso__fortran__env module is imported into the mod_ types module and its values as-
signed to program specific parameters — see Listing. B.1. If the compiler is not
compatible with iso_ fortran__env then this module can be simply edited to redefine
the standard outputs and variable precision. The parameter "wp" is used through-
out the program as the working precision which is set to be double precision in the
GlobVars module. Note the rangen module used for random number generation also
uses iso_fortran__env which would require more work to make compatible with an
older compiler and it would probably be easier to change the method of random

number generation.

iimodule mod_types

2 use iso_fortran_env, only: int8, intl6, int32, int64,
real32, real64, input_unit, output_unit, error_unit

3 implicit none

4 integer , parameter :: sp = real32

5 integer , parameter :: dp = real64

6 integer , parameter :: int8_t = int8

7 integer , parameter :: intl6_t = intl6

8 integer , parameter :: int32_t = int32

9 integer , parameter :: stdin = input_unit

10 integer , parameter :: stdout = output_unit

11 integer , parameter :: stderr = error_unit

12l end module

Listing B.1: Mod_ types module which allows program wide variable precision and
standard outputs to be set to the iso_ fortran__env standard and easily altered if
necessary.
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Table B.1: Table of modules, their purpose and dependencies for the Zombie states

program.

Module Name

Module Purpose

Module Dependencies

rangen Generate random numbers iso fortran env
mod__types Set iso fortran iso fortran env
GlobVars Store global variables mod__types
AlArrays Allocate and deallocation of mod_ types
arrays GlobVars
Electrons Process one- and GlobVars
two-electron integrals AlArrays
Zom Initiate Zombie functions mod__types
GlobVars
Ham Calculate Hamiltonian and mod__types
overlap matrices GlobVars
AlArrays
Imgtp Perform imaginary time mod__types
propagation GlobVars
AlArrays
ReadPars Read in the simulation mod_ types
parameters GlobVars
Outputs Generate data output files mod_ types
GlobVars
Clean Perform cleaning routine mod__types
GlobVars
AlArrays
Zom
Outputs
ReadPars
Ham
Gradient_ descent Contain gradient descent mod__types
routine and gradient GlobVars
calculation routines AlArray
Zom
Outputs
Ham
Imgtp
MainZombie Controls program flow mod__ types
rangen
GlobVars
AlArrays
Electrons
Zom
Imgtp
ReadPars
Outputs
Clean
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All processes in the Zombie state program are centred round a set of ZS functions
and so a defined type is used to contain this information Listing. B.2. The wave
function is then constructed as an array of the Zombie state data type equal to the

number of basis functions.

[N

type Zombiest

real (wp) ,dimension(:) ,allocatable::phi

N

3 real (wp) ,dimension(:) ,allocatable::val
4 integer::gram_num

send type Zombiest

Listing B.2: Definition of the "Zombiest" data type.

Within each Zombie state there are two arrays and an integer the variable phi is
allocated to the number of orbitals and contains the set of values used to generate
the "dead" and "alive" coefficients. The array val is set to be indexed from 0 to double
the number of orbitals. The "alive" coefficients are placed in indexes 1 — N,,; and
the "dead" coefficients are stored in indexes Ny, +1 — 2N,,4, the value at index zero
is set to also be zero which is used when calculating Hamiltonian matrix elements.
The gram__num variable is used to keep track of which wave function a Zombie state
is in when Gram Schmidt orthogonalisation is being used. A Hamiltonian data type
is defined to contain the Hamiltonian, overlap and inverse overlap matrix as well as
the product of the Hamiltonian and inverse overlap matrix the structure of which is

shown in Listing. B.3 with all arrays allocated to be of size Ny¢ x Ny;.

-

type hamiltonian

2 real (wp), dimension(:,:), allocatable::hjk

3 real (wp), dimension(:,:), allocatable::ovrlp
4 real (wp), dimension(:,:), allocatable::inv
5 real (wp), dimension(:,:), allocatable::kinvh

¢lend type hamiltonian

Listing B.3: Definition of the "Hamiltonian" data type.

Error checking has been built into the program to handle fatal errors caused by
incorrect inputs or a problem with the machine. If an error is caught an error
message is returned to the standard error output including the error code; the global
variable errorflag is then set to 1. Each subroutine and function starts with the
line of error check code shown in, Listing. B.4 which has the effect of skipping all
further processes forcing the program to its end. Rather than simply terminating
the program at the point of error, the skipping behaviour makes it easier to find
the location of unexpected errors. The program contains a non-standard method

to check for infinite or undefined numerical values which usually occur when there
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is unexpected division by zero. Due to some of the aggressive optimisation flags
being used (e.g. -Ofast in gfortran) the standard methods to check for these errors
sometimes did not work. Thus, an alternative method written by Zaikun Zhang is
used which is contained in three files inf.f90, infnan_ constants.f90 and infnan.f90
[174]. The function is_nan(z) takes a numerical input and then checks if it has the

value infinity or NaN which then returns a Boolean.

11if (errorflag .me. 0) return

Listing B.4: Check for prior errors at the beginning of each subroutine or function.

B.2 Zombie state Creation

Zombie states are initialised with either random values, biased "dead" and "alive" co-
efficients or integers so they are equivalent to a HF Slater determinant. The random
and biased initialisation routines require random number generation. The Multi-
configurational Ehrenfest method program utilises the ZBQL* family of subroutines
to generate random numbers and since there is the possibility of future integration
with the MCE program it was sensible to continue using these functions [175]. The
set of random number generation routines used in MCE were written by Richard
Chandler and Paul Northrop with subsequent modification by Stuart Reed [176].
The library is written as a set of external subroutines in Fortran77 style and is not
thread safe when used in parallel programming. The Zombie states program uses
a modified version of the original library that contains all the subroutines within a
Fortran module and is written in an updated Fortran95 style. The original common

block is shown in Listing. B.5.

1|BLOCK DATA ZBQLBDO1

2 COMMON /ZBQL0O0OO1/ ZBQLIX,B,C

3 DOUBLE PRECISION ZBQLIX (43),B,C

4 INTEGER I

5 DATA (ZBQLIX(I),I=1,43) /8.001441D7,5.5321801D8,
6

7 +2.63576576D8/

8 DATA B / 4.294967291D9 /

9 DATA C / 0.0DO /

10| END

Listing B.5: Common block structure used in rangen.f external subroutine [176]. For
neatness some of the numerical values in the variable ZBQLIX have been omitted.
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The module variables used in the modified version are shown in Listing. B.6 using

the same variable names as in the original code. The variable attribute, save, is used

to ensure that when re-accessing the module all necessary values are retrained to

continue generating random numbers. Clearly there are additional variables present

in Listing. B.6 that are not present in Listing. B.5 this is because certain subroutines

and functions also have variables that need to be accessed again on subsequent calls.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

MODULE randgen

use iso_fortran_env, only: int8, intl16, int32, int64,
real32, real64, input_unit, output_unit, error_unit

implicit none

real (real64), private, save::B,C

real (real64), private, save, dimension(43)::ZBQLIX

integer , private, save::CURPOS,ID22,1ID43

integer , private, save::INIT

integer , private, save::STATUS

real (real64), save::SPARE

real (real64), parameter::PI = 4.0DO*DATAN(1.0DO)

real(real64), parameter::RLN2P = 0.5D0*DLOG(2.0DO*PI)

real(real64), private, parameter, dimension(0:6) ::zbqllg_c
=[1.000000000190015D0, ... ,-0.5395239384953D-5]

contains

subroutine ZBQLBDO1 ()

implicit none

ZBQLIX=[8.001441D7,5.5321801D8,

3.20429173D8,2.63576576D8]

B = 4.294967291D9
C = 0.0DO

CURPOS = 1

ID22 = 22

ID43 = 43

STATUS = -1

end subroutine ZBQLBDO1

Listing B.6: Random generation module variables and initialisation routine modified
from original rangen.f library [176]. For neatness some numerical values in the variables
ZBQLIX and zbqllg ¢ have been omitted.

The other type of Zombie state are those analogous to a Slater determinant. Defining

the Zombie states is simple as the "dead" and "alive" coefficients are binary. A single
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Slater determinant with a specific set of occupied orbitals can be encoded manually.
To generate a complete set of Slater determinants containing all possible electron
configurations adapted from Ref. [177] is used. The algorithm takes the number of
spin orbitals N,,;, and the number of electrons, N,;, as inputs and produces a list of
all possible ways Ng; electrons can be distributed across the available orbitals. Using

the list of configurations the corresponding Zombie states are then be generated.

B.3 Operator Algorithms

B.3.1 Hamiltonian Matrix Algorithm

The calculation of the Hamiltonian matrix is the most computationally expensive
part of the entire Zombie states program and so there has been much work to
construct more efficient algorithms to complete the task. Initial work focused on
just the two-electron part of the Hamiltonian as this was the greatest source of the
bottleneck. From equation Eq. (2.230) each two-electron part of the Hamiltonian
matrix element,

= ; 3 (kDb (B.1)

i,7,k,l

can, naively, be calculated by summing the result of sequential applications of cre-

ation and annihilation operators followed by calculation of an overlap

No’r‘b

(CW1ARle®) = 2 3 Gk @ 1eh (B2)

ijkl

where |Cl(fl)k> = bjéji)ll}k\c () [9]. This requires No,4* terms to be evaluated because
each term has four creation/annihilation operations each of which is ~ O(M) due

to the sign changing rule followed by an overlap calculation which is O(M) as

M
Qup = D1V = T 3 al@%ad) . (B.3)

m=1n,;,=0,1

Therefore, naive evaluation of Eq. (2.4.5) overall has O(M?) scaling. Therefore, by
the same reasoning the one-electron part requires M 2 creation/annihilation opera-
tions and is O(M?3) overall. Improvements to the two-electron algorithm are made by
firstly reducing the prefactor and then the overall scaling of the algorithm. Finally,
the current Hamiltonian algorithm that brings together the one- and two-electron

parts into a single algorithm using the concepts introduced for the two-electron part.
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B.3.1.1 Reduced Prefactor Hamiltonian Algorithms

The prefactor of the two-electron algorithm is reduced by removing parts of the

summation already known to be zero. This is done by using spin symmetry
(171k1) = 00 (i)o (k) Vo () (1) (B.4)

where o (i) is the spin of spin orbital 7. Thus, it is only necessary to evaluate ‘Cz(ybl)k> =
bZTlA)}lA)llAJk]C(b» if (ij|kl) # 0 on spin symmetry grounds. As shown in Table. B.2 when
the code is modified to ignore the zero values there is nearly a four-fold speed up
when calculating a matrix element between two ten-orbital ZSs. This is as expected

as three quarters of the two-electron integrals are zero from spin symmetry.

Table B.2: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G** basis.
The naive algorithm loops through all indices the second algorithm only applies creation
and annihilation operators when (ij|kl) # 0. This gives a good speed improvement.

Number of orbitals N, ‘ Naive ‘ Ignore zeros ‘ Speed up
10 0.2466 0.0634 3.89

20 463.9408 29.2356 15.87

Further, albeit modest, improvements can be made if only combinations of {ijkl}
already known to be non-zero are included in the loop. So, loops are constructed to

only include orbitals which satisfy, |C¢(JI~)1)/€>7 see Table. B.3.

Table B.3: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G™* basis.
The naive algorithm loops over all indices the second algorithm considers ijkl with ap-
propriate spin symmetry and values known to be non-zero before calculating the action
of creation and annihilation operators. This gives a good improvement on the naive al-
gorithm and slight improvement on the algorithm above that does not have improved
looping.

Number of orbitals N, ‘ Naive ‘ Ignore zeros and better loops ‘ Speed up
10 0.2466 0.0630 3.91
50 463.9408 27.9327 16.61

Alternatively, the number of expensive creation and annihilation operations can

be reduced. Eq. (B.1) and Eq. (B.2) can be rearranged to give

5
S
o

(CO1AIC®) = 23 (ki) (B.5)
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where

(€O =(C DB = (Biale ) (B.6)
) (B.7)

{|C1(]a )>}W, j can then be calculated and {;c},?)}w,k, requiring N2, creation and
annihilation operations while still overall being O(M?®). With {|CZ(Ja ))} and {]Cl(,g)>}
precomputed Eq. (B.5) can then be computed. Further, if both the "dead" and
"alive" amplitudes for the same orbital are zero from the definition of the overlap
in Eq. (2.223) then its overlap with any other ZS will be zero. So, for the jth spin
orbital

(c (c) (c) (c) (c
\C(C)> _ abﬁ a%Q) a%(;n_l) 0 a%()jH) aéjiforb (B.8)
ayg aOCQ . aoc(m_l) 0 alc(j—H) . a(ﬁvwb

Furthermore, as the creation and annihilation operators only move amplitudes within
an orbital the overlap with [ (C)) will continue to be zero regardless of any creation
or annihilation operation. So, if a state with zero "dead" and "alive" amplitudes is
generated by creation and annihilation operation it does not need to be considered
in in further calculations. As previously established it is impossible to annihilate an

electron that does not exist and so if a3 =0 then

b¢) = b {Zj - [51] . (B.9)

returns a vanishing state with no overlap. Hence, if an annihilation operation on
orbital 7 returns a vanishing state when looping over orbital indices in Eq. (B.5) any
further calculations for any other index 7,1,k can be disregarded and the next index

. . . b b .
¢ considered. So, if any a(()‘;-)*a(()j) —i—ag?)*ag j) terms are zero in

Qup = (@) ¢O)y = ag@*ag;) 4 agf;)*a@ (B.10)

then Q,, = 0 and the calculation can be terminated. Implementation of these im-
provements gave a similar time improvement to the spin symmetry changes when
considering with ten orbitals, but only a half as good time improvement when states
have 50 orbitals as detailed in Table. B.4.
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Table B.4: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G™* basis.

The naive algorithm loops through all indices the second algorithm precomputes {]{Z-(;l)>}

and {|§l(£)>} and applies a rule that if any a(()?)*ag;-) —|—a§?*a(? terms are zero, then Qg =
0. This gives a good improvement on the naive algorithm for 10 orbitals but the time

improvement is not as good for 50 orbitals as the previous algorithms.

Number of orbitals N, ‘ Naive ‘ Precomputation ‘ Speed up
10 0.2466 0.0668 3.69
50 463.9408 49.1610 9.44

B.3.1.2 Lower-scaling Hamiltonian Algorithm

It is also possible to reduce the scaling of the two-electron Hamiltonian algorithm

from O(N?,) to O(N2,). Writing the two-electron Hamiltonian as
. 1 orb . " b
(O HIC™) = 5 > Gk (i il i) (B.11)
ijkl

For a specific set of i, j, k it is possible to calculate <Q(ja) ]Bl\clgb)> with O(N3 ) scaling

O

and then summing over all values of I must be done in O(N,,;) operations to give
an overall scaling of O(N2,). (¢(@]5;|¢®)) can be written as

orb

-1 Nm'b
a)is a)x (b a)x (b a)x (b a)x (b a)x (b
<C( )|bl’C(b)> = (Ha(()i) aéi)_agi) agi)) 'a(()z) agz)' ( H ag]‘) a(()j)—i_agj) a&})
=1

j=l+1
(B.12)
and then define
5 :a(()?)*ag?, (B.13a)
e; =ag " ayy) — i} aly), (B.13D)
fi :a(()?)*ag;) + agc;)*agl;)_ (B.13c)

which can be trivially calculated in O(N,,4) steps. As such the following can be
defined,

l
gr=11e: (B.14a)

=1

M
h=]11f (B.14b)

1=l

which can also be calculated recursively in O(N,,;) steps. Thus
(€ by|¢®y = gi—1 st (B.15)
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which requires O(N,,p) steps. Comparing the reduced scaling algorithm to the naive
algorithm shows and improvement in the time needed to calculate the two-electron

matrix elements of over 20 times for 10 orbitals and over 100 times for 50 orbitals.

Number of orbitals N, ‘ Naive ‘ Scaled ‘ Speed up
10 0.2466 | 0.0116 21.31
50 463.9408 | 4.5004 | 103.09

Table B.5: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G** basis.

The naive algorithm loops through all indices and scales O(JV, [?rb) the scaled algorithm is
0 (N;lrb) :

B.3.1.3 Combined Hamiltonian Matrix Element
Equation

The introduction of the Gradient descent method meant that Hamiltonian matrix
elements were being recalculated throughout the program and despite the improve-
ments to the two-electron Hamiltonian algorithm it continued to be the most time
intensive part of the program. Therefore, to reduce the matrix element calculation
time it is useful to carry out as much pre-processing as possible once at the beginning
of the program minimising the total number of operations at the point of matrix
element calculation. The new algorithm takes aspects of the reduced scaling and re-
duced prefactor algorithms used for the two-electron Hamiltonian and applies them
to the entire Hamiltonian matrix element calculation. Each part of the Hamiltonian
matrix element is the sum of overlap calculations, between two Zombie states acted
on by some combination of creation and annihilation operations, multiplied by a
one- or two-electron integral. Each Hamiltonian matrix element is calculated using
the same order and set of operations. So, to maximise computational efficiency, by
requiring fewer processor decisions to be made during execution, the set of creation
and annihilation operations can be stored along with the integral they correspond
to. So, the one- and two-electrons parts can be combined into a single summation
calculated in any desired order with operations being chosen from a stored list.
Using the rules established for the two-electron algorithm it is possible to remove
all zero values from the stored list of creation and annihilation operations. Next it is
possible to explicitly qualify the different types of values that can occur in an overlap
calculation according to the combinations of creation and annihilation operations.
These values are summarised in Table. B.6 for an arbitrary orbital, 7, note that
the negative values occur due to the sign change rule when there are creation and
annihilation operations on higher orbitals and the number of operations must be

odd for this effect not to be cancelled out.
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Table B.6: Summary of all possible values that could occur in an overlap calculation
between (¢(@] and |¢(®)) for orbital j. Negative values are caused by an odd number of
creation and/or annihilation operations on higher orbitals. The terms are classified so
they can be processed accordingly. No operator terms are the same as in the overlap
matrix; Sign change terms only have a negative sign in front of the alive coefficient and
the rest are classified according to the operator(s) acting on that orbital.

Term in Overlap Operators | Classification
a((()z;:a((()g + ag:a% No operator
ag; Gg; —ai; i Sign change

(3) O—l—ag )* (()b) = (3) a(()J) 13;[ Creation
agcjb-)* 0— a%)*a(()l;-) = agj)*a(()?) lj;r Creation
a((f]‘.)*a(lb) + ag?-)* 0= ((;) ag ) bj Annihilation
a(()(;)* agg) + aga)* 0= —agj.)*ag? Bj Annihilation

( ) 0+a ( ) (1)7 ag(;)*ag? IA);IA)] Both

(a)* 0— ( ) gl;) _ gj)* g’;) B}ij Both

Like in the lower scaling algorithm it is possible to reduce the number of required
operations by allowing values to be shared between overlap calculations. For exam-
ple, (¢ (a)\IA)lTIA)j]( (?)) has the same set of multiplicands in the overlap calculation as
<C(a)\l;;l;j+1lé(b)> up to orbital j — 1. Hence, values up to a specific orbital can be
calculated once and then used repeatedly in other calculations which is similar to
the idea of the lower scaling algorithm but now also including the one-electron parts.
Further, the first term in Table. B.6 is identical to that found in the calculation of
an element of overlap matrix 2., and within the Hamiltonian matrix element calcu-
lation these are the most common multiplicand across the entire summation. Since,
it is necessary to calculate the overlap matrix (2 anyway the number of processes
can be reduced by calculating the overlap once and then multiplying that value by

an appropriate set of w; defined as

F(¢l@, ¢y
: - (B.16)
(a)x (b) + a(a) (b)

Ag; Aoy Tay15 Ay

where

a)x (b a)x (b
a(()j) aéj)_agj) agj)
a)x (b
(@ oty _ ) Faly "y,
f(< 7C ) - (a) ( ) (B17)
b
:I:agj) agj)

Using the values in Table. B.6 each term in every overlap calculation needed in the
Hamiltonian matrix summation can be classified and this information stored. So,

the Hamiltonian can be calculated by summing together the overlap matrix element
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multiplied by a specific set of values defined by Eq. (B.16) and Eq. (B.17).

The pre-processing starts by removing zero valued overlaps and then classifying
all parts of the overlap calculation for each set of creation and annihilation op-
erations. Next each overlap is checked to see if any sign changes for orbitals with
creation, annihilation or both operations cancel over the entire multiplication if they
do not the corresponding electron integral is multiplied by -1. This allows orbitals
that are operated on to be considered the same in the calculation. The largest cat-
egory of multiplicand for each spin orbital is found which is then used to decide the
order the calculation for each orbital is carried out in. The order of the integral
summation is decided by first grouping integrals with the same classification for
the first orbital together. The pre-processing then moves across all of the orbitals
reordering the summation so the maximum number of calculations can be reused.
So, the first orbital set the summation as No operator, Creation, Annihilation, Sign
change, Both then at the next orbital the summation would be reordered for each
previous classification — the set of integrals within the No operator classification for
the first orbital could then be reordered No operator, Annihilation, Creation, Sign
change, Both for the second orbital. This process continues for all orbitals. The in-
dices where No operator are stored to allow the algorithm to skip over these as they
are no different to the overlap multiplicand. This allows the longest possible blocks
of the term to be created and used in multiple overlap calculations. The behaviour
of the pre-processing algorithm is shown in Fig. B.2. Each column is a different
part of the Hamiltonian summation and each of the orbital classifications are given
a different colour. The first 50 parts of the sum are shown before and after process-
ing. The algorithm completes all of the operations in the first row before starting
on the next orbital, adjacent squares of the same colour have the same value and so
recalculation is not necessary. The top panel shows the summation before processing
and the bottom the order of summation after processing. Fig. B.2 makes it easy to

visualise how the processing reduces the recalculation of intermediate values.
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Figure B.2: Visualisation of Hamiltonian matrix element pre-processing algorithm showing the number of intermediate values needed to be calculated
is reduced. The first 50 summations in the Hamiltonian matrix equation are shown for the unprocessed (top) and processed (bottom) using Lis con-
taining 10 spin orbitals. The algorithm starts in the top left-hand corner and works along the row before starting on the next orbital. Adjacent colours
have the same value and so do not need recalculating. Before processing each orbital contribution is calculated in order of index whereas this is opti-
mised along with the order of summation to ensure a greater number of repeated intermediate values. Unchanged values are red, annihilation opera-
tions are blue, creation operations are white and a negative alive amplitudes are green.
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Table B.7: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G** basis.
The pre-processed algorithm is significantly faster than the naive algorithm that loops
through all indices.

Number of orbitals Naive Pre-processed Speed up
Norb
10 0.2466 1.8291x107° 13482
50 463.9408 2.7561x10~2 16833

At the point of execution w; for all possible f(¢ (@) ¢ (b)) for every orbital j is
(a)x (b) , (a)x (b)
j

calculated sequentially as a, ay! + alc;. 1

The algorithm then loops over all orbitals using the applicable w; to alter terms in

*ay” is calculated to find the overlap matrix.
each summand. Using the list of indices stored in the pre-processing step if terms
up to the current orbital but in different summands are the same the value is shared
rather than recalculated. Finally, each summand value can be multiplied by its
respective Wy,;; or h;; value which now hold any sign change information followed
by the final summation.

Comparing the pre-processed algorithm, considering just the two-electron inte-
grals, to the naive algorithm Table. B.7 shows over 13000 and 16000 times speed-ups
for 10 and 50 spin orbitals respectively. The pre-processed algorithm also compares
well with the scaled algorithm. When calculating the 2-electron Hamiltonian ele-
ments the pre-processed algorithm gives a 630 times speed up for 10 orbitals and
160 times speed up for 50 orbitals for No in the 6 —31G** basis. Also shown in
Table. B.8 is the time the algorithm requires to calculate the complete Hamiltonian
matrix element and overlap matrix element. Despite the overall sum being larger
the overall time is lower than when just calculating the two-electron part. The in-
clusion of the one-electron integrals reduces the number of intermediate values that

have to be computed directly.

Table B.8: Time (in seconds) to compute a two-electron Hamiltonian matrix element
between two Zombie states with either 10 or 50 orbitals for Ny in the 6 — 31G** basis.
The pre-processed algorithm is faster than the scaled algorithm and is marginally faster
when calculating the full Hamiltonian and the overlap matrix. Thus, overall is a better
choice for calculating the entire Hamiltonian matrix.

Number of Scaled Pre-processed | Speed| Full algorithm
orbitals N, up

10 1.1571x 102 1.8291x107° | 632.61| 1.2746 x10~°

50 4.5004x 109 2.7561x1072 | 163.28] 2.7200x 102

To store the values necessary to use the pre-processed algorithm a derived type
is used which is shown in Listing. B.7. The variable num stores the total number

of non-zero one- and two-electron integrals, Ny,; which is the length of the array
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integrals and hnuc is the nucleus energy. The array orbital choice3 stores the or-
der of orbitals used in the Hamiltonian and orbital choice stores the multiplicand
classifications making it a N,.; X Ny, array. The array orbital choice2 stores the
indices to be looped over for each orbital, for each orbital pairs of start and end
indices for each classification to be calculated are stored, which allows the algorithm
to skip over any unchanged multiplicands. The first dimension of the array is allo-
cated 0 — N, which allows the program to store the total number of index pairs

for each orbital and the second dimension is then the largest number of index pairs.

iltype elecintrgl

2 integer::num

3 real (wp), dimension(:), allocatable::integrals

4 integer ,dimension(:,:),allocatable::orbital_choice
5 integer ,dimension(:,:),allocatable::orbital_choice?2
6 integer ,dimension(:),allocatable::orbital_choice3

7 real (wp) :: hnuc

8 end type elecintrgl

Listing B.7: Definition of the "elecintrgl" data type.

A single matrix element is then calculated using the code in Listing. B.8 which starts
by calculating the overlap matrix element and the different orbital multiplicands,
storing them in the 4 x N, array perts for Zombie states z1d and z2d. The nucleus
contribution is added to the final Hamiltonian total and the 1-D array ovrlp_wvec
length Ny, is set to the overlap value. The algorithm then loops through each
orbital, index k, altering the values in ovrlp_ vec by the appropriate value in perts,
index [ and copying the value to other parts of the sum if it is the same, index j.
Finally, the values can be summed together to give the final Hamiltonian matrix

element.
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ifovrlp=1
2ldo j=1,norb
3 ! Alive coefficients multiplied together

4 aa=z1d (j)*z2d(j)
5 ! Dead coefficients multiplied together
6/ dd=z1d(j+norb)*z2d (norb+j)

7 ! Alive coefficient multiplied with dead coefficient
8 ad=z1d (j)*z2d (norb+j)

9 ! Dead coefficient multiplied with alive coefficient
10| da=z1d(j+norb)*z2d(j)

11 ! Contridbution to overlap matriz for orbital j

12 div(j)=aa+dd

13 ! Creation operator multiplicand for ordbital j

14|  perts(1l,j)=da/div(j)

15 ! Annihilation operator multiplicand for orbital jJ
16| perts(2,j)=ad/div(j)

17 ! Both operators multiplicand for orbital j

18]  perts(3,j)=aa/div(j)

19 ! Negative alive coefficient multiplicand for orbital j
20 perts (4,j)=(-aa+dd)/div(j)

21 ! Overlap matrixz element calculation

22| ovrlp=ovrlp*div(j)

23 end do

24| ! Nucleus contribution to Hamiltontan matriz element
25l ham_tot=ovrlp*elecs’%hnuc

26| ! Set all parts of summation to the overlap value

27l ovrlp_vec=ovrlp

28

20(do k=1,norb ! Loop over the rows in elecsjforbital_choice
30 do 1=1,elecs’orbital_choice2(0,k)
31 ov=ovrlp_vec(elecs%orbital_choice2(k,(1*2)-1))*perts(

elecsorbital_choice(k,elecs%orbital_choice2(k,(1%*2)-1)),
elecs’orbital _choice3(k))

32

33 ! elecsforbital_choice3(k) selects the orbital

34 ! elecsjorbital_choice(k,elecsjorbital_choice2(k, (l*2)
-1)) is the category

35 ! elecsforbital_choice2(k,(1*2)-1) starting the indezx

36 ! and elecsforbital_choice2(k,1*2) the end indec

37

38 do j=elecs’orbital_choice2(k,(1*2)-1),elecs
orbital choice2(k,1%*2)

39 ovrlp_vec(j)=ov

40 end do

a1 end do

42| end do

43| ! Final sum of all wvalues to give Hamiltonian matriz element
4a|do j=1,elecs’num

15 ham_tot=ham_tot+(ovrlp_vec(j)*elecsiintegrals(j))

46| end do

Listing B.8: Code used to calculate Hamiltonian matrix element.
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B.3.2 Other Operators

As established, the observable properties of a Zombie state can be computed by iter-
ative application of creation and annihilation operators [9]. Here similar algorithms
to the lower scaling two-electron Hamiltonian algorithm are considered for com-
monly used properties such as the number of electrons and spin properties. These
algorithms have been implemented in an additional Fortran module contained in a

file operators.f90 available with the other source code files.

B.3.2.1 Number Operator

The number operator is
N=Sa;=Y blb (B.18)

where b; is the annihilation and IA)ZT the creation operator for Zombie state i. So,

(b)  (b) (b) (b) (b)
a a e Gy G e Gy
Al ¢P) = %bl) %5) %éi b (13[0 ’ (B.19)
N G SR VR, 0 ... ay,,

(b)

n; effectively “deletes’ the coefficient ay;” with the sign change being cancelled out.
This means the number operator, N is O(Nyrp) because the summation is over Ny
terms. So overall computing the number of electrons represented by a Zombie state,
(¢@|N[¢®) would be O(N2,) due to the number operator and then an overlap
calculation which is O(Ny;p).

However, this scaling can be reduced to O(N,;) by adapting an algorithm from

Ref. [178]. Explicitly the action of the number operator is.

R Nm“b
(C@DINIC®) =3 (¢ @y ¢y
=1
pli ®) , (@e B (@ 0|1 @ ®, @ o
Z H‘Zlg ay; +a’0] @og]au ay lH ay; aj; +a0g g
=1 [j=1 =Il+1
(B.20)
Defining,
d; = agﬁ)*aglz) (B.21)
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and then using Eq. (B.13c)
m
gi=11 1% (B.22)
i=1

This can be used along with Eq. (B.14b) to give the recursion relations:

g1 =/, (B.23a)

g =g91-1f1, 1=2,3,...Nopp (B.23b)
ANowy =Ny (B.23c)
hon =hisrfis 1= Nowp—1, Ny — 2, 1. (B.23d)

Computation of Eq. (B.21), Eq. (B.13c) and {¢;} and {hy,}, using the recursion
relations, are all O(N,,). Putting these into Eq. (B.20),

Norp
CWINICD) =3 giadibin (B.24)

=1
which is a summation computed in O(N,;) steps. Application of the scaled al-
gorithm shows a large improvement on the naive algorithm. In Table. B.9 it is
demonstrated that when increasing the number of orbitals by a factor of 10, the
new algorithm is approximately a further 10 times faster than the naive one which

is to be expected.

Zombie states are usually not eigenstates of the number operator, unlike most
Slater determinants, so the uncertainty in the in number of electrons can be defined

as a standard deviation

o = V(82— (R) (B.25)
For NQ,
Norb
(VD) = 3¢ Nk ¢P). (B.26)
k=1

75| ®)) is then simply delete the "dead" coefficient for orbital k. So |C]gb)) = g, ¢®))

can be defined and computed

Ny,

(@M Z @ 81¢y (B.27)

using the scaled algorithm for the number operator, which means the overall N2 is
O(N2,) rather than O(N3 ).
A "Ghost" operator that counts the "dead" Zombie states rather than the "alive'
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can be defined,
G = §l = [A)li); (B28)

The same scaling arguments as for N can then be made for G.

Table B.9: Time (in seconds) to compute orbital occupancy of a Zombie state popu-
lated randomly generated "dead" and "alive" coefficients. The Naive algorithm is signifi-
cantly slower in absolute terms, with worse scaling.

Number of orbitals N, ‘ Naive algorithm ‘ New Algorithm ‘ Speedup
100 0.028711 0.00056004 51.27
1000 3.0294 0.0051531 587.87

B.3.2.2 Spin Operators

B.3.2.2.1 S, operator

It is assumed that the Zombie states are only used in restricted calculations such
that for all orbitals with spin |a) (spin up, ms = +1/2) there exists an orbital
with the same spatial wave function but opposite spin component |3) (spin down,
ms = —1/2). Thus, for a system with N, spin orbitals, there will consequently be
Npa spatial orbitals where Nygpq = Nopp/2, Ngpq € N. Further it is stipulated that all
up-spin orbitals have an odd index ¢ =1,3,... Ny, — 1 and so all spin orbitals with
down spin are even indexed 7 = 2,4,..., N, So, for the spatial orbitals indexed
j=1,2,...,Ngp, the |a) spin orbital is i = 2j — 1 and the |3) spin orbital is i = 2j
for the jth spatial orbital. Using this numbering convention, in second quantization

notation

R 1 Nspu
S, =5 > fgj1— g,
Jj=1

o (B.29)

1 .
=5 > (=)
23

The optimised number operator can then be adapted by introducing a sign change
rule which finds S, in O(N,,p) steps. Comparing the scaled algorithm to the naive
algorithm, which uses sequential creation and annihilation operations, the improved

calculation time is clear — see Table. B.10.

Table B.10: Time (in seconds) to compute S, for randomly generated Zombie states
using the slow naive and faster scaled S, algorithm. The new algorithm clearly demon-
strates better scaling and is faster in absolute terms.

Number of orbitals N, ‘ Slow S, ‘ Fast S, ‘ Speedup
100 0.029760 | 0.00062376 | 47.71

1000 3.7123 | 0.0063864 | 581.28
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B.3.2.2.2 Faster 5’3 computation
Calculation of $2 would be O(N3,) if Eq. (B.29) is used with no modification,

orb

A2 1 Norb/2Nm"b/2 1 NorbNorb e
Se=7 2 2 (hopa—hak)(Rgjo1—fgy) = 3 20 D Ay (=1)""  (B.30)
k 7 kg

there are O(N,,p) steps for the summation over k and the same for the summation
over 7, and then O(N,.) to evaluate the overlap. However, the scaled number

operator algorithm can be used for Sg,

1 Norb

(€182 = 5 32 (¢ ISul¢ ) (1" (B.31)

(3
713]¢®)) gives another Zombie state denoted [¢(®9)) so,

1 Norb

(€ 182¢®) = 5 30 (€ WIS:I¢) (1) (B.32)

The bra-ket due to the operations can be evaluated in O(N,,;) followed by an overlap
making the 52 operator calculation O(N2,).

Table B.11: Time (in seconds) to compute S? of random Zombie states using the un-
scaled and faster scaled S? algorithm. The new algorithm clearly demonstrates better
scaling and is faster in absolute terms.

Number of orbitals N, ‘ Slow S’g ‘ Fast 5”3 ‘ Speedup
100 6.6990 | 0.23865 | 28.07
1000 3554.8 | 6.8003 | 522.74

B.3.2.2.3 Total spin

Often it is useful to calculate the total spin [36],
§?=82457+ 52
ST (B.33)

=5,58 -5, +5?

The faster S, and Sg algorithms as detailed above. S, and S_ are raising and

lowering operators,

Nspa
Sp=> 514 (B.34a)
k=1
Nspa
S =354 (B.34b)
k=1
Sy g =bb,_ boy (B.34c)
8 =bb, bop 1 (B.34d)
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where Ny, is the number of spatial orbitals with the Ath spatial orbital containing
|ov) spin orbital number 2k —1 and |3) spin orbital number 2k. 54 j and 5_ ;, acting

on a Zombie state (where j = 2k)

r(b) () (b) (b) (b (b)
. OIS aip iz - Aqeny G150 QG4ny o AN,
S4klCY) =bg_1bok | ) ) () D0 (b)
(%01 @0z - Qo(i—1y Q5 Po(i+1) 0 DON,,
T (b) (b) (b) (b) (b)
— bt o g e Oy 0 aggagy e Ay,
e I ORI B0 ORI o)
L @01 02 - 0(5—1) i fo(j+1) " “ONgp
- (b b b b b
B agl) ag2) a(() ?7'—1) 0 ag()jﬂ) a§]3]o7-b:|
= o b b b b
_aél) a(()z) o 0 ag j) aé()jﬂ) a aéj)vm
(B.35)
and
r®) (b b b) (b b
i ol ol ey o) oL o al}
-kl C®) = b, b MO (®) ) ®) (b)
apl Aoz - Apj—1y Q05  Qo(j+1) o YON,,
(b b b b b
— B! —agl) _@52) 0 agj) ag()ﬁl) ag]iforb
2k | () () HO) MO0 MO,
L 401 02 - P1(j-1) “0j 0(j+1) " “ONgrp
r (b b b b b
B agl) a§2) 0 a(()j) ag()ﬂ_l) agji,orb]
= b b b b
afy aéz) : ag&_l) 0 ap(pqy - “E)J)Vorb
(B.36)

The sign change in both cases exactly cancels so can be ignored when evaluating §+
or S_. The scaling of the algorithm can also be reduced by first defining 5_1rlC (®)y =
]C,gc)) which has O(N,,) scaling. So,

A . Nspa R © Nspa K ©)
(€ D18:5-1¢O)y = ST (€184 1¢ ) = S0 S (€W )54 mlG)
k=1 k=1 1=1
Nspa K
S0 o] Dol R R )
= 1

N (e (@ L (@)% ()
L|l|1a1j ayj —l—aoj Qg
=+

]

Using a similar reasoning to the scaled Hamiltonian with, Eq. (B.13c) and the num-
ber operator with Eq. (B.22) and Eq. (B.21) the following functions can be defined,

(B.37)
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fi=(ai 10ty +afal ) - (aff el +ai " af?) (B.38a)
l
g =111 (B.38b)
=1
K
=11 (B.38c)
i=l

d; :aéﬁgil)agc(z.il)ag?)*aé? (B.38d)

Which gives
(CD1311¢t) = giadihyn (B.39)

Thus overall, the scaling is reduced from O(N3 ) to O(N2,). Application of this
new algorithm compared to the naive algorithm which uses the no sign change rule
are shown in Table. B.12.

However, it is possible to construct an algorithm for (¢(®]3,3_|¢®) eliminating

the need to calculate [¢(9)). By setting m = 21 and n = 2k,

O P R C B )
§+,l§—7k|c()>:b2171b2lb2kb%—1 (b (b) (z?)l (gs (b) (B.40)
a01 CL02 aOm aOn aOM

which can have the following outcomes

08 x|¢®)y =

[ b b b b

agl) ag; 0 agg aé(zn_l) 0o ... agjz,mb ok < 91
b b b b b

W8 o W 0 0 ) d,
b b b b b

agl) a§2) a(()(zn_l) 0o ... 0 a(()n) agjszb ok = 9] (B.41)
b b b b b

=a(()1) ag; .. 0 ag% ... ag()n_l) 0 ... a(()lzforb__
b b b b b

a§1) agz) a§<3H) arm-1) 0 a’(l()m+1) agjzjorb ok — 9]
MONINC) MO 0 a o o

(Y01 %02 -+ Ao(m-2) Om Co(m+1) = “ONgp |
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which gives
[k—2
a)x (b a)* b b
1_[1agj) agj)—i_aéj) Qo5 | Co(k—1)%1(k—1)%1k (()k:)
LJ=
l—
a)x (b a b a)x (b
1;[1 gj) “gy‘)Jra(()) a1(z—1)ao(z—1)aéz) agz)
Lj=k+
M
a)x (b a
~1;£1a(1j) agj) —I—a(()j) ] , 2k <2l
_j:
- a)x (b a)*
1L gj) agj)"i_a(()j) Ao | A(1-1)%@-1)%1" %11
(COleiaald®) =0 i @+ (), () 0
1;[1“1? ayj +ag, Ao(k—1) M1 (k—1)%1k GOk
=1+
M
T a?"a +a? ] . 2k >l
Lj=k+1
2 @ ), (@ ) b
H1 1; @15 Taoj Qo5 | Gy_1)@0—1)%0r Yo
L=
a)x (b a)x (b
1T ool vl <>], ok 21
_j:
(B.42)
The recursion relations are then defined,
_(, (@) (b) (a)« (b) (a)x
fi _(al(i—l)al(i—l) + “0(1—1)a0(i—1)) ' (al(i) a1y T %) To(i) (B.43a)
a)* b a)x (b
Ci :aé(z_l)ag&_l) -agi) a(()i) (B.43b)
a)* b a)x (b
d; Zag(z_l)aé&_l) -agi) agi) (B.43c)
a)* b a)x (b
s :ag(z_l)ag&_l)a&) a(()i) (B.434d)
which are calculated in O(N,,;) steps. Then the following functions are defined,
!
a=1I1 (B.44a)
i=1
K
h=11f (B.44b)
i=l
P
t(l,p) :Hfz (B44C)
i=l

Eq. (B.44a) and Eq. (B.44b) are then calculated recursively in O(N,.) steps and
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Eq. (B.44c) in O(N2,). Therefore,

o

A Nspa—1 Nspa
€881y = > > gty dibii+

k=1 I[=k+1 (B 45)
Nspafl Nspa Nspa ’

Yo > gaditgi gy kherr+ Y gi—1sihig
=1 k=i+1 =1

The speed up this algorithm provides compared to the naive algorithm can be seen
in the final column of Table. B.12.

Table B.12: Time (in seconds) to compute (¢(@|S,S_|¢®)) of random populated Zom-
bie states. The naive algorithm uses the no sign change rule for S‘+ or S_. The scale
reduced algorithm requires the calculation of |( (C)>. The prefactor reduction directly
computes S‘+ and S_ acting on |¢ (b)). The speedups are between the scaled algorithm
when compared to the naive algorithm. Both scaled algorithms show a real time im-
provement but by reducing the prefactor as well as the scaling doubles the improvement
on just reducing the scaling.

Speedups Naiive with

Number of Naiive Scale Prefactor
orbitals N, Vel reduction reduction Scalg Prefacjcor
reduction reduction
100 0.85121] 0.055180 0.025146 15.43 33.85
1000 792.20 5.2828 2.3451 149.96 337.81

So, the naive total spin algorithm is made up of three separate algorithms §+S'_,
S., 52 that scaled O(N3,), O(N2,) and O(N3,) respectively. The reduced scal-

orb orb o

ing algorithms by contrast have O(N2,), O(Nyp) and O(N2,) scaling respectively.
Comparing the two sets of algorithms, in Table. B.13, demonstrates that 52 calcu-
lation for 1000 orbitals is over 460 times faster with the scaled algorithms compared

to the naive algorithm.

Table B.13: Time (in seconds) to compute total spin of randomly generated Zombie
states. The naive algorithm uses none of the scaled algorithms whereas the new algo-
rithm uses the scaled 52 and the fastest algorithm to calculate (¢(®)[8,8_|¢®). The
new algorithm is considerably faster than the original implementation and shows much
better scaling.

Number of orbitals N, ‘ Naive ‘ Scaled ‘ Speedup
100 6.4861 | 0.092060 | 70.45
1000 4106.4 | 8.77818 | 467.60
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B.4 Gradient Descent Algorithm

B.4.1 Derivatives of the Overlap Matrix

As shown in section 4.4.1 it is possible to calculate the gradient of the energy function
indirectly. The only derivative that needs to be calculated is that of the overlap
matrix which is not computationally expensive. The "dead" and "alive" coefficients
of a Zombie state for orbital j are cos(6;) and sin(6;) respectively. First it is trivially

noted that aQ(‘;l)’
oc¢

respect to a specific spin orbital only that orbital needs to be considered and the

# 0 only if ¢ =a, or b. As the derivative is being calculated with

rest of the overlap can be considered a scalar which can be denoted Q‘éb. So, if
¢(© = ¢(@ = ¢(®) then the derivative of the overlap for orbital j is,

6\

; )sin(e(.c))+cos(0(c))cos(9(c)))

J J J
ocy,

anc .
oy,

; (sin(
cc

=, (sin(26\) — sin(260\7) = 0.

Therefore, the only non-zero derivative is calculated,

@y o (D) (a) (b)
:ng(sm(@ )sin(0;7) +cos(0;)cos(6;7))

a¢y’ (B.47)

= Qﬁb : (cos(9§0))sin(9§b)) — sin(Gj(-C))cos(Gj(-b))) ¢ = ¢(@) (@) o cO),

0Qup
oGy

These values can the calculated in a similar way to the Hamiltonian matrix by
dividing the overlap by the contribution to the multiplication for orbital j and then

multiplying by the orbital derivative. These results are summarised,

0 ¢(©) % ¢la) )
2, cos(07)sin(0")) ~sin(6)” ) cos(6"))
J . J J J J (c) _ ~(a) (b)
Qab SZ”(GJ('C))SZ.”(QJ(Z)))+COS(9§C))cos(&j(.b)) C g 7& C

B.4.2 Gradient Calculation Code

To carry out the Gradient Descent process, a type is defined to contain all of the
relevant variables which is shown Listing. B.9. The variable prev_erg stores the en-
ergy from the previous gradient step which can be compared to the newly calculated
energy and updated if the change is accepted. wvars and grad_avlb are Ny X Nyp
sized arrays ordered to allow faster access to gradients within a Zombie state. vars

store the value of the gradient for each orbital in each Zombie state, grad__avlb takes
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either 1 if the gradient has already been calculated or a 0 if it needs calculating.
The availability array stops the program wasting time recalculating values already

in memory.

o

type grad

2 real (wp) :: prev_erg

3 real (wp) ,dimension(:,:), allocatable::vars

4 integer ,dimension(:,:),allocatable::grad_avlb

5 real (wp) ,dimension(:,:,:),allocatable::ovrlp_grad

integer ,dimension(:,:,:),allocatable::ovrlp_grad_avlb

o

7end type grad

Listing B.9: Definition of the "grad" data type.

ovrlp__grad and ovrlp__grad__avlb are Ny, X Ny X Nyy sized arrays used to store the
values and availability of the partial derivatives of the overlap matrix. The variables
are set up, so the first index gives the orbital, theta;, the partial derivative is found
with respect to; the second index is the other ZS in the overlap calculation and
the final index is the Zombie state containing the orbital the derivative is being

calculated for, Cé:). Thus i%jb is stored,

0;

ilovrlp_grad(j,b,c)

Listing B.10: Demonstration of indexing convention in ovrlp grad and
ovrlp__grad__avlb. Shown is the index for the partial derivative with respect to orbital
j in Zombie state (¢ of the overlap between ZSs b and ¢, (¢(9[¢®).

To calculate the gradient the equation Eq. (4.21) is used which is

E —cH *Qc c*o(N2 Hdc'o(2
8(0) _ cHd c>k cc 8((0))0 _ sgn(—c*Qe)- cHdc 8((0))0 (B.49)
G, (/e Qe))? |c*Qc| A, ||d]| Gy,

where ¢ is the unnormalised ZS coeflicient vector which is denoted d once normalised
and ||d|| is its norm. The program using the derived type to contain the ZS coefficient
vector values d is d; d__1 is the unnormalised vector, ¢; norm is \/|c*Qe¢|) and d_o_d

is either 1 or —1 depending on ¢*{)¢c being positive or negative.

un

type dvector

2 real (wp), dimension(:), allocatable::d

3 real (wp), dimension(:), allocatable::d_1

4 real (wp), dimension(:,:),allocatable::d_gs
5/ real(wp):: norm

6 integer (int8):: d_o_d

N

end type dvector

Listing B.11: Definition of the "dvector" data type.
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The process to calculate a partial derivative is shown in Listing. B.12 for a single
spin orbital. The term in Eq. (B.49) containing the Hamiltonian is independent of
the partial derivative being calculated and so only needs to be calculated once. At
the end of the imaginary time process the program stores all values in the instance
of the dvector type, dvec. The Hamiltonian term in Eq. (B.49) is calculated using
the library function DGEMYV and stored in the variable ham_c¢ d. The partial
derivatives are then calculated using Eq. (B.48). The derivative of the overlap
matrix will be zero except in row and column corresponding to Zombie state | (C)).
So, when calculating d(2)c the resultant vector has elements Qg - ¢(®) except for

element ¢ which is >, Qg - c(@ hence the need for line 13 in Listing. B.12

if (grad_finYgrad_avlb (orb,pick)==0) then
2 call DGEMV("N",ndet ,ndet ,1.d0,haml%hjk,ndet,dvecs¥%d,1,0.d0

[

,temp,1)

3 ham_c_d=(dvecs’%d_o_d/(dvecs)norm*dvecs/norm*xdvecsnorm)) *
dot_product (temp,dvecs’%d_1)

4 do j=1,ndet

5 if (grad_fin%ovrlp_grad_avlb(orb,j,pick).eq.0)then
6 grad_finY%ovrlp_grad(orb,j,pick)=haml’ovrlp(j,pick) *&
7 (zstore (j)%val(orb)*zstore(pick)%val (orb+norb) -

zstore (j)%val (orb+norb)*zstore (pick)%val (orb)) /&

8 (zstore(j)%val(orb)*zstore(pick)%val (orb)+zstore(j)%
val (orb+norb)*zstore (pick)’%val (orb+norb))

9 grad_fin%ovrlp_grad_avlb(orb,j,pick)=1

10 end if

11 end do

12 temp=grad_fin%ovrlp_grad (orb,:,pick)*dvecs’d_1

13  temp(pick)=dot_product (grad_finlovrlp_grad(orb,:,pick),
dvecs’%d_1)

14 grad_fin%vars (pick,orb)=dot_product (temp,dvecsd_1) *
ham_c_d

15 grad_fin%grad_avlb(orb,pick)=1

16| else

Listing B.12: Code used to find the gradient of the energy function with respect to a
7S orbital. The chosen Zombie state is held in variable "pick" and the chosen orbital is
stored in variable "orb".
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B.4.3 The Algorithm

The algorithm implemented in the code follows the process laid out in Fig. 4.8. The
process starts by generating a random order for the Zombie states which is stored in
a variable called picker. The learning rate for the epoch is then set using the code
in Listing. B.13.

1 t=1r*(lr_alpha**lralt_zs)

Listing B.13: Code used to set the learning rate, t. The variable Ir is the initial
learning rate, Ir__alpha is the learning rate reduction parameter and lralt zs learning
rate scheduling parameter.

The algorithm then iterates through each orbital within each Zombie state calculat-
ing the gradient, using the code in Listing. B.12, to calculate a new set of "dead" and
"alive" amplitudes; recalculating the Hamiltonian and finding a ground state energy.
The updated ZS amplitudes are accepted if the ground state energy is reduced. Once
the epoch is complete the code in Listing. B.14 is used to advance the learning rate
and check if a sufficiently large number of ZSs have been altered at that learning
rate. The variable acpt _cnt 2 is used to store the number of Zombie states altered
in that epoch. lralt extra is initially set to 0 and is used to remove larger learning
rates from the schedule when an insufficient numbers of Zombie states are altered in
an epoch. The variables tracker and extra_ flag are used to ensure the learning rates
are removed in size order and this can only happen once per learning rate cycle.
The second if statement resets the learning rate at the end of a cycle which also
sets extra_ flag back to zero making it possible for a learning rate to be removed
again. A new random order of ZSs is also generated, updating the variable picker
using the function scramble.

The variable tracker is used to control increases to the learning rate schedule
and conditional cloning events. chng chng is used to instigate cloning or changes
to the learning rate schedule after a fixed number of epochs have occurred. If
cloning is possible the Zombie basis set is increased by a predefined number of ZSs.
If the maximum basis set size has been reached or cloning has not been specified
the program attempts to allow a lower learning rate by increasing the value of
Ir_loop__max. If the minimum learning rate has already been reached the cycle is
reset making all learning rates available again. The variable tracker is then set to -1
which ensures all Zombie states are attempted to be altered at all possible learning
rates at least twice. The algorithm then returns to the beginning of the loop setting
a new learning rate and proceeding as before. The loop stops when the maximum
number of epochs is reached or the number of consecutive epochs with no change to

the energy is more than value of 50 x Ny.
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[

if (Cacpt_cnt_2.1t.(0.15%ndet)).and.(extra_flag.eq.0).and.(
lralt_zs.eq.lralt_extra).and.(tracker.gt.-1))then

2 lralt_extra=lralt_extra+l

3 extra_flag=1

4/end if

6/ lralt_zs=1lralt_zs+1

7 chng_chng=chng_chng-1

s/if (lralt_zs.gt.lr_loop_max)then

9/ picker=scramble (ndet-1)

10 lralt_zs=1lralt_extra

11 extra_flag=0

12/ if ((acpt_cnt_2.1t.((ndet)/3)) .or.((ndet.gt.5).and.(
acpt_cnt_2.1t.3)) .or.(tracker.1t.0))then

13 tracker=tracker+1

14 end if

15/ end if

16
17|if ((((tracker.ge.1) .and.(lralt_extra.gt.lr_loop_max-2)).or.(
chng_chng.le.0)))then

18 if (ndet.1lt.ndet_max)then

19 ! Cloning code

20 else if (lr_loop_max.lt.min_clone_lr)then

21 ! Increase learning rate schedule code
22 else

23 ! Reset learning rate

24 end if

25| end if

Listing B.14: Code used to advance the learning rate and check if a sufficient number
of Zombie states have been altered.
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10

11

12

13

14

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

dvecs’%d_1=0.0d0

dvecs%d_1(1)=1.0d0

dvecs%d_gs=0.0d0

do k=1, gramnum
dvecs%d_gs(k,k+1)=1.0d0

end do

call gs_dvector (dvecs ,haml’ovrlp)

db=beta/timesteps

do k=1,timesteps+1

call DGEMV("N",size,size,1.d0,haml’ovrlp,size,dvecs¥%d_1
,1,0.d40,temp,1)

norm=dot_product (temp,dvecs’d_1)

dvecs%norm = sqrt(abs(norm))

dvecs)d=dvecs’%d_1/dvecs/norm

do g=1, gramnum
call DGEMV("N",size,bsize,1.d0,haml%ovrlp,size,dvecs’%d_gs
(g,:),1,0.d0,temp,1)
norm=dot_product (temp,dvecs’d_gs(g,:))
dvecs%d_gs(g,:)=dvecs’d_gs(g,:)/sqrt (abs(norm))

end do

call DGEMV("N",6size,size,1.d0,haml%hjk,size,dvecs%d,1,0.d0
,temp,1)

erg(l,k)=dot_product (temp,dvecs’d)

do g=1, gramnum
call DGEMV("N",size,size,1.d0,haml%hjk,size,dvecs’%d_gs(g
,:),1,0.d40,temp,1)
erg(g+l,k)=dot_product (temp,dvecs’d_gs(g,:))

end do

call DGEMV("N",size,size,db,haml’kinvh,size,dvecs’d,1,0.d0
,ddot , 1)

dvecs’d_1=dvecs¥%d-ddot

do g=1, gramnum
call DGEMV("N",size,bsize,db,haml%kinvh,size,dvecs’%d_gs(g
,:),1,0.d0,ddot ,1)
dvecs%d_gs(g,:)=dvecs%d_gs(g,:)-ddot

end do

call gs_dvector (dvecs ,haml’ovrlp)

end do

call DGEMV("N",size,size,1.d0,haml%ovrlp,size,dvecs’%d_1,1,0.
d0,temp,1)

norm=dot_product (temp,dvecs’d_1)

dvecs’%d_o_d=sign_d_o_d(norm)

dvecs%norm = sqrt(abs(norm))

dvecs¥%d=dvecs’%d_1/dvecs’%norm

Listing B.15: Code for imaginary time propagation which makes uses of the BLAS
routine DGEMYV to complete some of the matrix vector multiplications. Gram-Schmidt
orthogonalisation is also shown but can be omitted by removing lines 3-7, 15-19, 23-26
and 30-34.
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B.5 Imaginary Time Propagation

The algebraic details of imaginary time propagation are given in Chapter 3. The
code used for imaginary time propagation is shown in Listing. B.15 including the
Gram-Schmidt orthogonalisation process. The BLAS routine DGEMYV is used to
multiply the unnormalised d vector with the overlap matrix and placing it in the
variable temp before the dot product is used to find the norm. DGEMYV is also
used when calculating the energy using the Hamiltonian matrix. The d vectors for
higher energy states are all stored in the variable dvecs%d__gs which is an array of
size Nes X Npp where Ngg is the number of excited states. Imaginary time steps
and energies are calculated in the same ways for the ground state except with the
additional orthogonalisation process. The Zombie states program uses a version
of this subroutine that omits the GSO sections, and another used during gradient
descent which only calculates the final energy rather than storing the values in the

array erg so they can be outputted.

B.6 Parallelisation

Completing computing tasks one after another can result in very slow computation
times. Parallelisation of code allows certain tasks to be completed concurrently mak-
ing full use of available computing resources. Modern personal computers using a
single processor still have multiple cores to complete tasks on and high-performance
cluster computers contain multiple processors each with many cores. To allow si-
multaneous execution of code there are two approaches defined by the use of either a
shared or distributed memory system. A shared memory approach such as OpenMP
allows sections of code to run on multiple threads all accessing the same shared mem-
ory. Whereas the distributed memory approach, such as MPI splits processes across
multiple processors each with their own shared memory.

OpenMP or Open Multi-Processing is a standard approach for adding parallel
execution to program without having to make substantial alterations to existing
serial code. Where an OpenMP parallel section is created formerly serial code is
forked and executed independently before being joined back together, this process
is illustrated in Fig. B.3. Since, a shared memory architecture is being used each
parallel thread can access the same set of memory addresses without the need for
message passing. This allows parallel threads to access the same variables with
little additional overhead. On the other hand, Message Passing Interface or MPI
uses multiple separate processes to complete tasks concurrently. Usually, a main
processor controls the overall process and then moves different sets of tasks to dif-

ferent processors. Each processor completes its set of tasks and returns a result.
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a) Sequential Operation

Main Thread Main Thread i

Parallel region 3

Parallel region 1 Parallel region 2

Figure B.3: Illustration of a sequential program (a) and a program that contains par-
allel regions (b) created by the fork/join function in OpenMP.

This differs from OpenMP as message passing is needed for each processor to be
able to communicate with each other. Though there is a cost to move information
between processors the memory limit of a single processor’s memory is removed,
and further parallelisation is then possible on each processor. Thus, MPI is useful
for large systems where memory requirements are a concern.

Both OpenMP and MPI are CPU based approaches to adding parallelism to
code but increasingly GPUs are being utilised to greatly reduce computation times.
GPUs contain a considerably larger number of computational cores than a CPU
allowing far more computations to be computed concurrently. GPUs work on a
single instruction multiple data SIMD model which means the exact same type of
calculation is completed on different data. Further, the type of tasks each thread on
a GPU can complete is generally less complicated than on a CPU. A single OpenMP
thread could complete multiple parts of a calculation whereas a single GPU thread
would be limited to a single operation for example adding two values together. Like
with MPI there is an overhead passing information from the CPU cached memory
to the CPU. Therefore, using a GPU to complete concurrent tasks is only appro-
priate in certain circumstances. With a large system that requires multiple, simple,

operations of the same type using a GPU can greatly reduce computation times.

B.6.1 Parallel Code in the Zombie states

Program

The Zombie states program currently uses OpenMP parallel directives where pos-
sible to reduce overall computation times. This approach was chosen as the places
where parallelisation is possible will benefit from having access to a shared memory.
Further, it is relatively simple to add OpenMP directives to serial code with little

rewriting necessary. OpenMP works by using directives that enclose a parallel region
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!$omp parallel do default(none) &

!$omp & private(j) &

!$omp & shared(elecs, zstore, temp,row,nordb,orb,size)
do j=1,size

-

[N

w

IS

I'Code here

(=2}

7
s| end do
ol '$omp end parallel do

Listing B.16: Example of an OpenMP parallel directive to parallelise a do loop.
Notice the use of shared and private variables.

instructing the compiler to interpret the following code in a specific way. In Fortran
the directives are always preceded by /$omp and so a parallel region is always en-
closed by /$omp parallel and !$omp end parallel. If a parallel region only encloses
a loop it is possible to combine the usual parallel directive with /$omp do —used to
split loop iterations onto different threads. In Listing. B.16 an example of how a
do loop is parallelised is shown the /$omp parallel do opens a parallel environment
and tells the compiler to complete each iteration of the loop on a different thread.
The variables are then classified as either private, so each thread has its own copy
of a variable or shared meaning each thread accesses the same memory location for
these variables. The !$omp critical directive is used so only a single thread can
access code within the region at a time. The UCL random number generator is not
entirely thread safe so when utilised in the MCE program subroutines and functions
that required random number generation are enclosed in the /$omp critical directive
[175]. In the modified version of the code employed in the Zombie states program
the parallel directives have been added to the library function. Central to all random
number generation is the ZBQL U(01 function which has been modified so only a sin-
gle thread can access it at a time. The modified function is shown in Listing. B.17,
the critical directive ensures each thread can access and alter shared values used for
random number generation including the functions ZBQLUOI__pointer_check and
ZBQLUO01_X_walue().
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FUNCTION ZBQLUO1 (dummy)
implicit none
real(real64) :: ZBQLUO1,X,B2,BINV

integer::dummy

!'$omp critical
B2 = B
BINV = 1.0D0/B

X = ZBQLUO1_X_value ()
ZBQLIX(ID43) = X
call ZBQLUO1_pointer_check ()

do while (X.LT.BINV)
B2 = B2%*B
X = ZBQLUO1_X_value ()
ZBQLIX(ID43) = X
call ZBQLUO1_pointer_check ()

end do

ZBQLUO1 = X/B2

!$omp end critical

END FUNCTION ZBQLUO1

Listing B.17: Modified ZBQLUO1 function that can only be accessed by a single
thread at a time. All other functions in the random generation library directly or
indirectly use it to generate random numbers.
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Appendix C
Supplementary Theory

C.1 Hamiltonian Matrix Elements

The Hamiltonian matrix is constructed by its operation between two Slater de-
terminants (formed of orthonormal orbitals), (¥ H W)Y The Hamiltonian in
Eq. (2.7) can be rewritten to explicitly have two parts, the first having single electron

dependence, 91 and the second being dependent on two electrons, O,

ell Nnu Z el Nel 1

H=91+90y=— Z ViY== +sz (C.1)

A=1TiA i= 1]>Z
the nuclear-nuclear repulsion has been omitted as it is constant. A set of k& spin-
orbitals containing N, electrons is defined as ¢ = x;(1), x;(2), ..., xx(N) with
X(1) = x(X;) as defined as in Eq. (2.12). Two arbitrary Slater determinants are
constructed from ¢, |¥)) and [WB). Tt is useful define a Slater determinant as a

function of a general element

) | Nat N
o) _Wa =17 X, (D (C.2)

B,, is an operator that generates the n'" permutation of the electron labels and
so By, being the [ element in that sequence and P, the number of interchanges

needed to reach this permutation.
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C.1.1 One-electron Operator

Firstly, the one electron part can be calculated

Nel

(U101 [0 ) =3 (b4l h(D)|o5) = N{(Dalh(D)|én) (C.3)

=1

Since the electrons are indistinguishable h(1) = h(i) and each part of the summation

is equivalent, h(1) is used by convention.

el'Nel Nel Nel
(@]9, 10P) = TS ()P0 [ ol ] g, AT, (] (C4)
el i=1j=1 =1 =1

This has three possible solutions the first of which is the case when W) = |w(B))

el'Nel N Nel
(W0, v Z > (=00 [ dolT] i, OO, (0] =
1=1 i=1 =1 =1

Nei
Z /d¢ HX%Z (1)[11_[ xap;, (D] =
=1

Na= 1
g% = z/dxlxz (xi(1) =
Ney

> {ilhli)

7

(C.5)

The double summation is simplified to a single sum over N,;! as the integral evaluates
to zero for permutations when i # j because different permutations mean a different
spin orbital occupation and as by Eq. (2.9) their orthogonality means the integral
is zero. Note Ng/Ny! = Ne/((Ng —1)! x Ny) = ((Ng—1)1)"'. This is further
simplified by noticing that when placing the first electron in orbital y; there are
(N —1)! possible permutations when allocating the remaining electrons to the Ny —1
available spin orbitals. Since ¢ = j the integral over electrons 2,3, ..., N will evaluate

to one as the spin orbitals are normalised.
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The second case is when [U(A)) = |x;(1)x;(2)...) and [TB)) = [xx(1)x;(2)...)

i.e. there is a single spin orbital different between the two Slater determinants.

el'Nel
(U0, |wP

Ne N
(=% [ aglT] i, IR, (0] =
1= 1z 1 =1 =1

Ney
el —1)! /d¢ mew (1)[1=H1X%l (0] =

N1
E o /dxlxz 1)h(1)x (1) =
Ne

> (ilhl7)

7

(C.6)

Using the same reasoning as in the first case the double sum is reduced to a single
one. Then using the orthogonality of different spin orbitals both x; and x; must be
occupied by the same electron which is electron 1 to associate it with the operator
h(1). With this condition there are (/No; —1)! possible combinations. Finally, if the
two Slater determinants vary by more than a single spin orbital the one-electron
portion of the Hamiltonian matrix element will be zero. To ensure both orbitals
in each Slater determinant are not orthogonal would require them all to be occu-
pied by electron 1 which is impossible as it can only occupy one orbital per Slater

determinant.

C.1.2 Two-electron Operator

The same set of cases can then be applied to the two-electron portion of the Hamilto-
nian like the one-electron part the two-electron operator cannot distinguish between
pairs of electrons and so the summation can be reduced to the action of 715 multi-

plied by the number of electron pairs

elNel Ne_l 1
(WD) = 3 ol o) =~ ol o) (1)
1=17>1 12

In the first case when |¥(4)) = |U(B)Y the following can be derived
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Ny Nei! Ney! Ney 1 Ne
(w0, ) = N D S gy a0l xi, (17T ew, (0] =
el: i=1j=1 = !
N, 2 _Z / d¢ H X, (01— [(Oeps, (Wi, (2)) — Qo (2xp, (1 me”
Ney Neg 1
— Z;/dxldmxl I (2) = Da(L)x;(2) = a2 (1] =
Ne ! T j#i
Ney N

fZZ ijlig)y — (ijlje)
(C.8)

As previously established with the one-electron operator permutations must be the
same for both Slater determinants if the integral over these electrons is to evaluate to
a non-zero value. As the spin orbitals are the same in both Slater determinants both
electron 1 and 2 can be placed in either orbital X%, OF X9, resulting in a non-zero
integral. So, either ordering of electrons 1 and 2 are permitted and swapping their
order gives the other permutation which is the source of the negative sign in the
term after the operator. The restriction j # i can be dropped because when ¢ = j the
integral sums to zero (iiit) — (ii|ii). The second case when the Slater determinants

differ by a single spin orbital is now considered for the two-electron operator

()9, By — Vel Sy B [ oW v (T

(0ol - e =) lel (—1)" /dqb[lnx%a)]?ﬂ[mejlun—
1

= Z / do me” (G, (D, () = (e, (2D, (1 men

2<<NN61'Z [ aX1aXalx; (1 G (2);— : ;DX (2) =X (2xg (W]+

GON b ~ G @] -

g [ XX (0 2) = D)~ xa (Do (2] =
‘jvel

> (1K) — (1K)

J

(C.9)
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The simplification used for the second term uses the fact ri5 = 757

[ XX (0 2) - D (D 2) (1)) =
[ KXo P @) - @@= (C10)
[ XX (DG @)~ k@0

As in the one electron case, using the same reasoning, if there more than one different

spin orbitals between the Slater determinants the integral is zero.

C.2 Derivation of the Equations for
the Gradient of the Energy

Function

In this section a full derivation of the Gradient of the energy function is given.
These equations were originally encoded into the Zombie states program to calculate
derivatives of the energy function. However, a more efficient method requiring far
fewer calculations is now employed as shown in section B.4.1. However, they prove
that a Gradient Descent method is an applicable choice to optimise the Zombie
state coefficients as the energy function is continually differentiable. First it is
worth restating that "dead" and "alive" coefficients for each Zombie state orbital are
generated as follows

ay?) = cos(6;), al¥) = sin(6)). (C.11)
So the gradient for a basis set of Ny ZSs with N, spin orbitals will be vector of
length Nys - N, where each element is the partial derivative with respect to Cé(’j)
i.e. the 6; that generates the "dead" and "alive' coefficients for the 4t spin orbital

in the a™ ZS. The energy equation to be differentiated can be written as,

Nbf Norb “ 1 Nory YA
f(X) =3 dads (Z i (¢ bIbj1¢) 4 5 D Waaja(¢ @ 1b5]bibs ) +Hnucaab) .
ab 15 klij
(C.12)
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An element in V f(X) is then 8f§((° ) By differentiating by parts

0

. (@) f1|¢c®
4 (a0 + a2
aCej ab acej a% afej

(C.13)

This derivative can then be split into three parts differentiating d*, d, and (¢(@| H|¢®))

separately.

C.2.1 Differentiating the Overlap Matrix

The overlap is found multiplicatively so when differentiating with respect to a single

Ce(j) only the j¥ term will be effected giving two possible outcomes

0 (a)x (b) (a)x _(b) — sin(Qj(a)) COS(Q§b)) —+ COS(QJ(-a)) sin(@J(.b)) C(“) 7£ C(b)
@aof apj taijap) =y o0 b
39]' sm(29j )—sm(QOj )=0 ¢l@) = ¢ @)

(C.14)

meaning derivatives of diagonal elements of the overlap matrix will always be zero.

C.2.2 Differentiating the Second Quantiza-

tion Hamiltonian

Following creation and annihilation operations an overlap is then calculated to find
Hamiltonian matrix elements. So, if the derivative is being found for an orbital where
no creation or annihilation operations have taken place the result of Eq. (C.14) can
be used. For derivatives of orbitals which have creation/annihilation operations the
following results are found for operators all enacting to the right on <C§b)\élC§b) )

where O is a creation or annihilation operator or both,

cos(0)eos(6)”)  ¢(0) #¢,0 =]
—sin(@Ea))sin(ﬁgb)) a) £ ¢ O = g}
0 Ol el) vl - ”s<9§'11“”<95“> CWRO0=b
09; sin(20;") @) =¢® = bl
—sin(26\") (@ = ¢®,0 =i
sin(2601")) (@ = ¢®, 0 = byl
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Using these results, it is possible to differentiate the second quantization Hamiltonian

orb T
O (@) (Zh@] VIbbiIcP)

oy oy
,f’ 1 DB D41
Ji c nuc c
klji 8C§j) (%éj)

a<g<a>|¢§b>> 1 Nep (@)D O W|¢(b))
Z hij— & — (© — s Y W 1761 +Hnue =7

(C.16)

Eq. (C.15) and Eq. (C.14) can then be applied as necessary to evaluate the summa-

tion.

C.2.3 Differentiating the d Vector

Derivatives of the Hamiltonian and Overlap matrix are used regularly throughout

0
the following section so the notation 0H,, = —— H,;, and 02 = ——¢) to represent

06\ 201
partial derivatives of the Hamiltonian and overlap matrices with the subscript ab
used to show a specific matrix element. d is found by an iterative process using
imaginary time propagation starting at a value dg which is initially set as either 1

or 0. An imaginary time step in matrix notation is
di(B) = de-1(5) + d(B)AS = dp-1 — Q' Hds 1B, (C.17)

and then the resultant vector is normalised

N d;

d = ———. (C.18)
|} 2dy|
Thus, a single equation for d, is
N _ d;—
q-——d=1 gy 1 AB. (C.19)
i1 €2d 1] i1 €2d—1 ]
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The norm can be written as ||d;—1|| = \/\ ZNbf dt { t 1(§(a |¢(®))] Therefore, the

partial derivative of d, is

6&15 0 dt—l
@~ 5@\ T )
0y, 0 /Idi_1Q2ds—1]
-1
- 8(9@ - 918(13 dis (C.20)
Gy, |dy_1Qd¢—| ¢y, /i 1Qdi |
0 ds
+Q'H T = L )| AB.
0Cy \/|di_1Q2ds—1]
(@, _ 94"
The notation d(d;”,) = t( )1 is introduced as shorthand for the partial derivative
8C‘96

j
of element d§“) and 0(]|d¢—1||) being the partial derivative of the norm. Hence,

ody” _[|dia][0(di) — di,0(|di] )

oG ;1 [?
Nbf a 0 N Nbf 8
—>_ 0y ( (zg)Q&)chbd,Eb—)lAﬂ_Zchl ( (c)>dt AB (C.21)
b 8C9j b 8C0j
U s [|o(d”) — dP,0(|ds 1)
— SN O3'H, t=1 t—1 t—1 =11 A 3.
Zb: b b ||ds—1][? p

The derivative identity 9(A™") = —A"1(A)A~! is used to find the second term
[179]. The partial derivative of the norm is given by
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= G
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where 0(Qy) = 8;?(%7)- Finally, the derivative of dg needs to be computed. dg is set
GA
J

at the beginning of imaginary time propagation before normalisation and so does

(©)

not have any dependence on jS
found by modifying Eq. (C.22),

until it is normalised. So, the derivative can be

ady 0 do do %d(’;(a)déb)Qabf)(Qab)
|Qab|

@~ A0 o BETENE
G 0, \/‘Zi\;bfdo( )4 (@) By 2[|do|* | ‘ap

(C.23)

The gradient with respect to each Céj) for O(H),0() and d(Q ') can be calculated
using the results from Eq. (C.15) and Eq. (C.14). These can then be used to calculate
the gradient of d; at each imaginary time step. This derivation demonstrates the
energy equation is continually differentiable which verifies the ability to use the
Gradient Descent process. Clearly, using this direct calculation is computationally
expensive due to the large number of intermediate variables needed to be calculated
and stored. The indirect method shown in Eq. (4.21) eliminates the need to calculate
O(H) and 9(Q!) and requires a single calculation rather than an iterative process

to compute the at component of the gradient.
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Appendix D

Using the Zombie states Program

The Zombie states program is designed to be used for, in theory, any type of atomic
or molecular electronic structure simulation. The program files are sorted into three
folders: run, src, and build. The src folder contains the source files written in
Fortran; the build folder contains the Makefiles needed to compile the program
on specific systems and any temporary compilation files generated; the run folder
contains scripts to run and compile the program, input files and scripts to generate
results written in Python. The control scripts are the part of the program all users
will have to interact with and so Python was chosen as the language of choice due
to its popularity and easily comprehensible syntax. Therefore, it should be easier
for other users to make changes to the inputs or graphic outputs. The set-up and
execution of the Zombie states program is controlled by run.py with some additional
helper functions kept in integral_write.py. All variables to be set by the user are
contained in the inputs.json file and will be discussed first before explanation of how

the run.py uses the inputs to set-up and begin the program execution.

D.1 Input Files

The program inputs are set in the inputs.json file with similar parameters logically
grouped together. The set of input parameters are summarised in Table. D.1 and

Table. D.2
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Table D.1: Parameters in inputs.json file, part 1.

Parameter | Values Effect Restrictions
runfolder string Runs program in a folder with the Case
name string insensitive
runtime string Requested time 'hh:mm:ss’ for HPC Maximum
job 48:00:00
nodes number No. nodes to request on cluster 1 < Integer
computer < 100
cores number No. threads to run per node 1 < Integer
<40
submissions number Submits multiple jobs on a cluster
computer to run sequentially
datafolder | string Name of folder within run folder that Case
contains files to be used to set-up insensitive
program execution
PySct Generates electron integrals using
PySct
mol Generates electron integrals from an
existing Molpro file
elecs : o . .
integrals | Copies existing hlei.csv, h2ei.csv and
hnuc.csv to execution folder
no Copies existing elec_integrals.csv file
to execution folder
pysct_file | string Name of the .json file with PyScf Case
system information insensitive
ndet number Initial number of Zombie state basis Integer
functions
seed number | Seed of the random number generator | Default 0 takes
seed from
/bin/
urandom
zomgen y/n Zombie states generated
hamgen y/n Hamiltonian generated
clean y/n Cleaning procedure is carried out
imagprop y/n Zombie states are propagated in
imaginary time
beta number | Length of imaginary time propagation Real number
timesteps | number No. imaginary time steps Integer
grad y/n Use gradient descent
gram y/n Use Gram-Schmidt orthogonalisation
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Table D.2: Parameters in inputs.json file, part 2.
Parameter Values Effect Restrictions
norb number No. spatial orbitals Integer
nel number | No. electrons in the system Integer
spin number Total spin of the system Integer
HF HF-like Zombie states
ran Randomly generates ZS
zomtyp amplitudes
bb Uses biasing scheme to set up
7Ss
rhf 1 y/n Sets first ZS as the RHF Required for
Slater determinant gradient
descent
epoc_max number Maximum No. epochs Integer
initial learning rate| number The initial learning rate Real number
learning_rate decay | number Learning rate scaling 0 < Float < 1
parameter
decay  steps number No. of learning rates Integer
clone y/n Use the cloning procedure to
increase the basis set size
clone_max number Maximum basis set size Integer
clone steps number Maximum No. epochs Integer
between cloning events
clone_num number No. ZSs added during a Integer
cloning event
gramnum number No. excited states used in Integer
Gram-Schmidt
orthogonalisation
hamfile string Name of Hamiltonian file in Case
datafolder insensitive
ovrlfile string Name of overlap file in Case
datafolder insensitive
elecfile string Name of processed electron Case
integral file in datafolder insensitive
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D.2 Running the Program

The Zombie states program can be executed, on any type of operating system, using
the command python run.py in the run folder. The run script starts by checking

the input parameters meet the following criteria
e The node and thread parameters are numbers greater than 0

e The number of threads is less than 40 and the number of nodes is less than
100

o The type of Zombie state specified is either random, HF or biased

o The one- and two- electrons are of a type supported by the program
o The Zombie generation flag is either 'y” or n’

o The RHF Zombie state flag is either 'y’ or 'n’

o The imaginary time propagation flag is either ’y’ or 'n’

e The number of imaginary time steps and  are both numbers

o The Hamiltonian generation flag is either 'y’ or 'n’

o The cleaning flag is either 'y’, 'n’ or ’f’ (if using an input file)

e The Gram-Schmidt orthogonalisation flag is either 'y’ or 'n’

o The gradient descent flag is either ’y’ or 'n’

» Previous parameters are compatible with Gradient descent

o The number of learning rates is greater than 1

o The learning rate adjustment parameter is a number between 0 and 1
e The maximum number of epochs is a number greater than 2

o The gradient descent cloning parameter is either 'y’ or 'n’

o The maximum basis set size is a number

o The maximum number of epochs between cloning events is a number

e The number of Zombie states added to the basis set when cloning is a number

« Any files to be copied to the execution folder are present
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Once the input variables have been checked the execution folder is set up. Within
each run folder a separate data folder is created to contain the Zombie function
files and the Hamiltonian and overlap matrix output files. The run script can copy
existing one- and two-electron integrals, if specified in inputs.json, to the run folder
integral folder. Alternatively, the program can generate new integrals using either
Molpro or PyScf. If using Molpro the integrals must have already been generated
and be available in the run folder so the Zombie run script can read them in and
process them to be used by the main ZS program. But if new integrals are to be
calculated using PyScf the functionality is integrated into the run script. A json file
containing information about the system is read in by the run script and example
file for the truncated Lis in the 6 —31G** basis is shown in Listing. D.1.

1| pyscf={

2 # The untits the geometry of the molecule is set up in

3 ’units’:’Bohr’,

4 # The geometry of the molecule being investigated

5 ’atoms’: ’Li O O O0; Li O O 6°,

6 # The type of basis used to generate the 1 and 2
electron integrals

7 ’bs’ : ’6-31gx*xx*x’,

8 # How wverbose do you want the PyScf output to be in your
terminal?

9 >verbosity’ : 4,

10 ’symmetry’ :True,

11 ’spin’:0,

12 ’charge’:0,

13 ’symmetry_subgroup’ : O,

14 # Number of spatial orbitals

15 ’norb’: 5,

16 # Number of electrons

17 ’nel’ :6

18] }

Listing D.1: Example of a PyScf molecule json file for Lis. The run script uses this to
generate relevant one- and two-electron integrals.

Using the system specific information one- and two-electron integrals are generated
using the code in Listing. D.2. A molecule is set-up using the gto.M() function which
takes parameters specifying the system from the input file. A restricted Hartree Fock
calculation is then performed and the molecular orbitals are then extracted. The
one- and two-electron integrals are then put into separate variables hie and eri_full
and the nuclear repulsion Hnuc is then written to a file. These are the same variables
if values have been read in from Molpro.

The integral_write.py script is then called for which puts the integrals into the
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form of creation/annihilation operations on each spin orbital. Any zero valued
integrals or combinations of creation and annihilation operations that result in a
zero valued overlap (see section B.3.1.3 for more details) are removed and these are

then written to two files hie.csv and h2e.csv which are placed in the integral folder.

1imol = gto.M(

2 unit = inputs.pyscf[’units’],

3 atom = inputs.pyscf[’atoms’],

4 basis = inputs.pyscf[’bs’],

5 verbose = inputs.pyscf[’verbosity’],

6 symmetry = inputs.pyscf[’symmetry’],

7 spin=inputs.pyscf[’spin’],

8 charge=inputs.pyscf[’charge’],

9 # symmetry_subgroup = inputs.pyscf/[’
symmetry_subgroup ’],

10 )

11 myhf=scf .RHF (mol)

12 myhf .kernel ()

13 # Extract AO->MO transformation matric

14 ¢ = myhf .mo_coeff

15 # Get l1-electron integrals and convert to MO basis

16 hie = reduce (numpy.dot, (c.T, myhf.get_hcore(), c))

17 # Get 2-electron integrals and transform them

18 eri = ao2mo.kernel (mol, c)

19 # Ignore all permutational symmetry, and write as

four-index tensor, im chemical notation

20 eri_full = ao2mo.restore(l, eri, c.shapel[1l])
21 # Scalar nuclear repulsion energy
22 Hnuc = myhf.energy_nuc ()

Listing D.2: Code used to generate one- and two-electron integrals using PyScf. A
restricted Hartree Fock calculation is run and the integrals put into spin orbitals.

The main program is then compiled using the appropriate make file to produce the
ZOMBIFE executable. For complete portability the GNU Fortran compiler, gfortran,
is used as it is open source. Care has been taken to ensure non-standard Fortran
functions are not used and so alternative compilers such as intel could be used with
some modification to make files, but this has not been extensively tested. The inputs
needed by the main program are then written to a file 'rundata.csv’ which can be
easily read into the main ZS program at the beginning of its run.

If the program is being run locally on a personal computer the code in Listing. D.3
is used which sets up the number of OpenMP threads and then runs the ZOMBIE
executable. If the program is being run on a HPC requiring the program to be
submitted to a scheduler then a short bash script is created as shown in Listing. D.4.

This sets the number of threads; the maximum amount of time the program can
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run for; the amount of memory to request per thread and loads the Math Kernel
library which contains the BLAS and LAPACK libraries.

1| if (inputs.run[’cores’]!=1):
2 os.environ ["OMP_NUM_THREADS"]=str (inputs.run[’cores’])
3 subprocess.run(["./ZOMBIE"])

Listing D.3: Code used to initiate the Zombie states program on a personal computer

The run script then either submits a single job or multiple jobs each to start when
the previous one has completed. It is convenient to make multiple job submissions
at once as cluster computers, with many users, often have a time limit for each
job meaning the program can be aborted before execution is complete. By setting
multiple dependent jobs the program can automatically restart from the place the
previous job aborted from. To restart a program or to submit further jobs after
the original set of submissions are complete the restart.py script can be called from
within the execution folder. This runs a similar set of error checks as the run.py

script before restarting the program or submitting more jobs to the scheduler.

1| #% -cwd -V

2| #8 -pe smp 16

3| #8 -1 h_rt=48:00:00
4| #% -1 h_vmem=1G
simodule add mkl

6/ time ./ZOMBIE

Listing D.4: Example run script requesting 16 threads to run for 48 hours, 1 Gigabyte
of memory per core and loading the Math Kernel Library to access the BLAS/LAPACK
routines.

183



184 D.3

D.3 Output Files

The output files for the Zombie state program are all of .csv type which were chosen
because they are easily written and read into the Fortran program allowing the
program to continue execution if restarted. Moreover, data can also be extracted
using library functions in the python script used to generate plots of the simulation
this also makes it simple for users to write custom scripts to extract data or open
them using spreadsheet software. As such output files have been designed to make
them computer friendly rather than necessarily easily read by a user. The files take

either the naming convention <name>.csv or <name>__#.csv where # is a number.

o zombie X#.csv contains data about the Zombie state where # denotes its
number in the basis set. # has up to two leading zeros meaning it takes values
001 —999. X takes the value 1 if the program is carrying out gradient descent
and stores the unconverged ZS, in all other cases including when outputting
the converged Zombie state information X=0. The file is arranged in rows of
three with N, columns for each spin orbital. The first row is the set of 0;
used to generate the Zombie state coefficients running across from the first to
the final orbital. The next two rows are the "dead" and "alive" coefficients of
the ZS which are cos(f;) and sin(¢;). If the program is undergoing gradient
descent every time the ZS coefficients are changed the updated coefficients are

written to the zombie 1#.csv file.
e ham.csv contains the initial Hamiltonian matrix data.

e ham__final.csv contains the Hamiltonian matrix data once the gradient descent

process has completed.
e ovrlp.csv contains the initial overlap matrix data.

o ovurlp_final.csv contains the overlap matrix data once the gradient descent

process has completed.

o dvec#.csv contains the Zombie state coefficient data # is zero if Gram-Schmidt
orthogonalisation is not being used or is the number of the state if it is. The
first row will contain the initial values after imaginary time propagation is
complete if gradient descent is being used the second row will be the ZS co-
efficient values after gradient descent has complete. Each row will be Nys

long.

o energy.csv contains the energy at each step during imaginary time propagation.
The first column contains the time step and the second the energy at that time.
If Gram-Schmidt orthogonalisation is being used the changing energy for each

excited state is written to in column three onwards.
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o energy_final.csv takes exactly the same form as energy.csv but for the imagi-

nary time propagation data once gradient descent has been completed.

epoc.csv contains the gradient descent process data. The first column is the
epoch number; the second is the energy at the end of the epoch; the third is
the learning rate this is followed by the indices of the Zombie states altered

on that epoch.

elec__integrals.csv contains the processed one- and two-electron integral data
which can be reused on restarted runs. For full details of how the program
processes the integral can be found in section B.3.1.3. The first row contains
the total number of one- and two- electron integrals, N;,;. Each subsequent
row from 2 — Nj,; is then contains the integral value and its corresponding set
of creation and annihilation operator classifications for each orbital. Next the
maximum number of changes in classification for an orbital is written. The
next row is the number of classification changes for each orbital. This followed
by the start and end indices for each classification change for each orbital.
Next the optimised order of orbital calculation is given and the final row is the
nuclear repulsion. This file is unchanged by gradient descent or Gram-Schmidt

orthogonalisation.

The ZS, Hamiltonian, overlap and Zombie coefficient files are stored in the data

folder and the elec_integrals.csv is placed in the integrals folder. The energy and

epoch data files are placed in the execution folder as these are the main program

outputs.

D.3.1 Plotting Outputs

Once the main Zombie states program has completed its execution, the results can

be plotted using the graph.py python script. This script is executed in the run folder

and uses the input data to automatically complete set of graphs accordingly. Each

plot uses the naming convention <name>.png and produces an image 3.37 x 5.055

inches in size with a dpi=300.

o energy_state_#.png plot of energy in atomic units against imaginary time for

state number, #, if Gram-Schmidt orthogonalisation used.

energy.png plot of (initial) energy in atomic units against imaginary time which

contains all states if Gram-Schmidt orthogonalisation used.

energy_final__state_#.png plot of energy in atomic units against imaginary
time after gradient descent has completed for state number, #, if Gram-

Schmidt orthogonalisation used.
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o energy_final.png plot of energy in atomic units against imaginary time after

gradient descent has completed.

o initial_and_ final__energy.png plot of imaginary time propagation for the con-
verged and initial wave function. This puts the data in energy.png and en-
ergy_final.png onto the same plot. If Gram-Schmidt orthogonalisation is used

this will contain information about all states.

o epoc__#.png plot of ground state energy against the epochs showing how the
energy changes over the gradient descent process for state number, # when

using gradient descent.

e epoc.png plot of ground state energy against the epochs showing how the

energy changes over the gradient descent process.

These files are all saved in the execution folder.
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