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Abstract

Quantum chemical methods are of great use in predicting chemical and physical
properties of atoms and molecules. Whilst many of the methods are built upon
a rigorous mathematical foundation, there are very few chemically-specific math-
ematical results, and many aspects, such as the choice of optimal basis sets, are
poorly understood.

This thesis centres on the choice of a minimal basis for the second row atoms,
motivated by perturbation theory and physical screening arguments, for which
a full Configuration Interaction (CI) calculation is performed. This calculation
requires no numerical integration and can essentially be performed ‘by hand’.
As well as demonstrating that this method leads to an accurate prediction of
the atomic spectra, a number of computationally useful results concerning the
Hamiltonian matrix and the spectra themselves are rigorously proven.

A rigorous rate of convergence for the CI method applied to the ground state
of the Helium atom, with a basis ordered by angular momentum, is also derived.
This includes a derivation of the leading order constant, enabling extrapolation
of computational results.

Another interesting area of computational chemistry is the prediction of molec-
ular geometries. This thesis investigates the AHs trimers, where A is a second
row atom. The relationship between the maximum of the pair density of the cen-
tral atom and the bond angle is investigated, using the canonical ground state
wavefunctions derived in the CI calculations. The non-numerical results are inde-
pendent of the radial parts of the wavefunctions and inserting the CI wavefunc-
tions leads to excellent qualitative and reasonably accurate quantitative numerical

predictions.



Chapter 1

Introduction

1.1 The Schrodinger Equation

In January 1926, Schrodinger published his wave equation [Sch26] for quantum
mechanics, giving a ‘derivation’ for time independent systems. Furthermore, he
showed that it gave the correct energy eigenvalues for the Hydrogen-like atom.
Whilst these solutions for a one-electron, one-nucleus problem can be found ex-
plicitly, this is not possible for other atoms or molecules.

Therefore, effort must be concentrated upon finding accurate approximate
solutions to the many-electron equation. Almost all of these methods begin with
the non-relativistic, Born-Oppenhiemer approximation [BO27] to the Schrédinger
equation. In atomic units (m = e = h = ag = 1), for an atom with N electrons,

this is given by

HY = FEV
where H is the operator
N N N N
1 Z 1
H=g2 8- D20 o
=1 =1 =1 j>1

Z is the nuclear charge, r; is the distance between the nucleus and electron ¢ and
ri; is the distance between the two electrons ¢ and j.

The Born-Oppenheimer approximation is based upon the idea that nuclei are
at least 1800 times heavier than electrons. This multi-scale effect leads to an
uncoupling of the motions of the nuclei and electrons, allowing the nuclei to be
treated as stationary point particles when considering the electronic motion. For
the majority of atomic and molecular systems, this approximation introduces only

very small errors.

13



14 Chapter 1. Introduction

We note here that there are no empirical parameters in the Schrodinger equa-
tion; the solutions are completely ab initio, predicting physical values such as

energy and molecular geometry without any reference to experimental data.

1.2 The Hartree-Fock Method

One of the most widely used theories in the prediction of atomic ground states
is Hartree-Fock theory. The origins of this theory are due to Hartree [Har2§]
who claimed that a good approximation to an atomic ground state could be ob-
tained by replacing the inter-electron repulsion term V.. in the Hamiltonian by
the average repulsion between the electrons. With this assumption the Hamil-
tonian becomes separable and the wavefunction may be written as a product of

one-electron orbitals known as a Hartree Product:

\I/HP(ZL‘l,l'Q, e ,IL‘N) = @Z)l(l'l)wg(l'g) .. .wN(l'N).

This form is obviously very simple and convenient for calculation, however, as well
as ignoring the inter-electron term it has another shortcoming - it fails to satisfy
the antisymmetry condition.

The next stage in the approximation was suggested by Fock [Foc30] who noted
the lack of antisymmetry and suggested that the wavefunction be written instead
as a Slater determinant. This gives an antisymmetric wavefunction in which the
electrons are indistinguishable. Due to the variational principle the energy of this
single Slater determinant is an upper bound to the true energy of the system.

In order to find the best upper bound for the energy it is necessary to find
the set of single electron spin orbitals which minimizes the energy, i.e. to find
the best single determinant. Since determinants are invariant under application
of any (non-singular) linear transformation, we may choose the orbitals to be
orthonormal. In order to minimize the upper bound this single determinant is
inserted into the full Hamiltonian and we introduce a Lagrange multiplier to
impose orthonormality and minimize with respect to the 1;, obtaining the set of
equations [SO96]

fwiIGiwia izla"'aNa

where the Fock operator f is given by

N
f = hcore + Z(J] - Kj)7
j=1
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where, for electron positions (in both space and spin) x; and nuclei of charge Z4
at position R4, the core Hamiltonian hcore, Coulomb operator J; and exchange

operator K; are defined by

hcorew(l‘) = <_%A - Z ﬁ) @Z)(l’),
ste) = wta) [ ar AL

|z — 2|
(o /

Kpote) = vyto) [ BT
These equations are known as the Hartree-Fock (HF) equations. Although they
look superficially simple, they are highly non-trivial to solve; they are non-linear
and so must be solved self-consistently. Hence HF theory is called a self-consistent-
field (SCF) approach. In practice this means that an initial guess of the orbitals
must be made, the HF equations are used to compute a new set of orbitals, and the
process repeated until the energy does not change by more than a given threshold.

Before we discuss the various computational methods used to solve the HF
equations we make some important observations about the equations and solu-
tions. The three terms in the Hamiltonian can be explained as follows: heype
simply gives the kinetic and nuclear potential energy of the individual electrons.
J; is the electrostatic potential arising from the charge distribution of all N elec-
trons, including the unphysical self interaction term. This term is cancelled in the
final K term called the exchange term. This non-local operator results from the
antisymmetry condition and causes same-spin electrons to avoid each other.

The ¢;, which were originally the Lagrange multipliers, are known as the or-
bital energies, a definition which is consistent with the fact that the orbitals are
eigenfunctions of the Fock operator. The total HF energy is simply given by the
sum of orbital energies (plus the nuclear-nuclear terms in a molecular system). In
addition, Koopmans’ theorem [SO96] states that the ionization energy of a system
is given by the negative of the highest orbital energy.

Another point of note is that the HF method does not include the energy
that comes from the interaction of different Slater determinants within a true
eigenfunction of the full Hamiltonian. The energy which this cannot capture is

known as the correlation energy and is defined [SO96] as
Eeorr = Eo — Enr (11)

where Ej is the exact non-relativistic energy.
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1.2.1 Solution of the Hartree-Fock equations

As noted in the previous section, solution of the non-linear HF equations is highly
non-trivial. One method of solution is purely numerical, see e.g. [FF77] and is
known as exact HF. Another method solves the equations in a space spanned by a
set of basis functions and is known as the Hartree-Fock-Roothan (RHF') [Roo60]
method. Assuming sufficient computing power, one would expect that exact HF
will give the better numerical results, however the RHF wavefunctions can prove
useful in themselves, for example as initial wavefunctions in a configuration inter-
action calculation [BBBC92].

In order to make the equations more easily solved a number of approximations
are commonly made. We will discuss only the case of atoms in which the first
assumption is that the one-electron orbitals can be split into a spatial part and
a spin part ¥;(z) = ¥;(r,s) = &(r)x(s). The second assumption is that the
spatial parts of the wavefunctions are solutions to a central-potential (i.e. atomic)
Hamiltonian. This leads to the chemically well-known idea of s-, p-, d-orbitals
and so on [AdPO1].

One further choice concerns the spatial parts of spin-paired orbitals. In re-
stricted HF (often referred to as simply HF), the spatial orbitals of spin-paired
electrons are taken to be the same. In unrestricted HF (UHF), the orbitals are
allowed to vary independently, thus leading to an increase in accuracy but at the
expense of extra computation.

Once a basis ¢(r) has been chosen, the spatial part of the one electron orbitals
can be expanded as ¢; = Z}]=1 cij¢j, leading to a matrix equation. The problem
is then reduced to linear algebra and many powerful matrix-diagonalization tech-
niques can be used. There is wide range of specialized software available for such
computations.

The two most common choices of the ¢; are Gaussians and Slater-type orbitals
(STO’s). The main advantage of Gaussians is that they lead to comparatively
simple integrals, especially for the molecular case. The main disadvantage is that
a much larger number of Gaussians are needed than STO’s to model a physically

realistic wavefunction, especially at a cusp [Cle65].

1.2.2 Extensions of the Hartree-Fock Method

Whilst the HF method gives a good approximation for wavefunctions of closed
shell systems (where each spatial orbital is doubly occupied), which are well-
represented by a single Slater determinant, the accuracy is not as high for open

shell systems. A number of approaches choose to extend the method to use a
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linear combination of Slater determinants, reducing the correlation energy and
allowing the formation of spin and angular momentum eigenfunctions.

Again, the two most popular methods are RHF, extended to multiple determi-
nants for open shells (MDRHF), and numerical (exact) Multi-Configuration HF
(MCHF) the most prominent example being the code of Froese Fischer [FF69,
FF72]. In open shell RHF it is usual to form spin and angular momentum eigen-
functions from Slater determinants containing orbitals of the same general form,
e.g. |1s*2s™2p™), by taking different spin combinations along with different choices
of orbitals from the symmetry groups, e.g. %= (Ipy T p1 1)+lpa T p2 1)+lps T s ).

MCHF has two distinct differences to true HF, firstly, as in MDRHF, it allows
the use of multiple determinants for open shells. Furthermore, it can be extended
to include correlation between different wavefunctions of the same symmetry, the
most common example being to replace 2s T 2s | with 2p T 2p | when possible
[VM70]. This method clearly produces a better approximation to the true wave-
function and gives a lower energy, but moves much further away from the simple
HF idea of a single determinant. With MCHF it is possible to capture at least
some of the correlation energy missing in true HF, thus negating one of the major
errors of the original theory. This Multi-Configuration approach is also possible
with RHF but seems to be much less frequently utilized.

In fact, with multiple configurations, the method would be better described
as a Multi-Configuration Self-Consistent-Field method, the only connection with
HF being the model potential used. There are other possible methods which use
a self-consistent potential and wavefunction, although the Hartree-Fock potential
seems to be most widely used.

Unfortunately, there seems to be little standardization of notation in the
literature and it is often unclear which methods are being used, especially
when a piece of code is referenced without explicitly stating which options (e.g.
HF/RHF/MCHF) were used. It is also the case that RHF is used to refer to
multi-determinant approximations without explicit statement of this and the re-
sults are then referred to as ‘Hartree-Fock” when in fact they are nothing of the
sort [VMT70].

The use of multiple determinants is most obvious in the literature dealing with
excited states of atoms, for which spin and angular momentum eigenfunctions are
required. For results such as these (which do not use multiple configurations)
we will adopt the notation Multi-determinant Hartree-Fock (MDHF') whilst RHF
will simply denote the method of calculation through choice of a basis.

The term ‘Hartree-Fock’ seems to have become more synonymous with replac-

ing the true 1/rj5 term in the Hamiltonian by an average inter-electron potential
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than with its original definition as a single Slater determinant approximation.
In summary, ordered by increasing complexity (and also increasing accuracy) we
have HF < MDHF < MCHF with RHF and exact (numerical) HF simply being

different computational methods.

1.3 Post Hartree-Fock Methods

We now move on to describe some of the more accurate methods currently used. In
general, the improvement in these methods comes from modelling the correlation
energy (1.1), which is the main barrier to HF calculations achieving chemical

accuracy.

1.3.1 Configuration Interaction

The first of these is Configuration Interaction (CI) (see e.g. [SO96]) in which the

exact eigenfunctions of H are expanded as
Uy = cyl®)
i

where |®;) are a basis of Slater determinants. However, this basis is infinite [Fri02]

which prohibits working with the whole space and thus the expansion is truncated

I
U = Zcijlq%-%

The matrix of H is constructed by H;; = (®;|H|®;) for i,5 =1,...,1. The aim
of CI is to diagonalize this matrix and thus find the eigenfunctions of H. Due to
the variational theorem, the energy of the truncated wavefunction converges to
the exact energy as [ — oo.

The connection with HF is that the |®;) can be written as excitations from

the HF reference determinant |®y):

U= o o) + Y @)+ Y i)

a<br<s

where |®7) denotes replacing orbital a by orbital r and so on.
Every |®;) can be described by the one electron orbitals it contains, which are
often called a configuration. As well as taking a truncated expansion of ¥ it is

also computationally necessary to take a finite set of one-electron orbitals from
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which to form the |®;). The quality of the one-electron basis set can be tested by

considering the improvement in energy when the basis set is expanded.

One easy simplification when computing, for example, a particular spin and
angular momentum eigenfunction is that it is only necessary to use linear com-
binations of the |®;) which are also eigenfunctions with the same eigenvalues. If
the matrix calculations are performed using all possible |®) (possibly symmetry
restricted) formed from a given basis of one-electron orbitals then this is called
full CI. The theoretical method of using a complete one-electron basis is called
complete CI.

Even with a relatively incomplete basis of one-electron orbitals, the size of the
basis of N-electron Slater determinants grows as V! and so the full CI approach is
not computationally feasible. Perhaps the most common truncation is to restrict
the number of excitations from the HF reference determinant |®g). Since the
Hamiltonian contains only one- and two-electron terms only singly and doubly
excited determinants can interact directly with |®q). This is the minimal practical
level of excitation and is known as CISD, allowing triple excitations it becomes
CISDT and so on. In small molecules at their equilibrium geometries, CISD
captures around 95% and CISDT around 99% of the correlation energy [HHS83].

In fact, due to Brillouin’s theorem [SO96] the singly excited Slater determi-
nants do not interact with |®g) if it is the HF solution. Although they have
a very small effect on the energy, through coupling with doubly excited terms
which couple directly to the ground state, the singly excited states are normally
included in a CI calculation due to their relatively small number and their effect
on one-electron properties such as dipole moment.

One of the major challenges in CI is to choose a good basis of both one- and
N-electron wavefunctions. For example, Brillouin’s theorem, spin and angular
momentum symmetries, and many other properties allow one to determine a priori

that some matrix elements will be zero.

A standard approximation is to assume a ‘frozen core’ model in which the
inner shell electron wavefunctions are fixed. For the second row atoms of Lithium
to Neon this frozen core is the two 1s electrons. It can be shown that, for doubly
occupied core orbitals, these orbitals can be deleted from the |®;) giving |®;) and
the matrix elements become (®;|H|®;) = (®;|Hpc|®;) where

N—N. N-N.
Hro=Ec+ ) he(i)+ 3 rif"
i=1 i<j

N, is the number of core orbitals, E. the ‘frozen core energy’ (expected value of
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the determinant formed from the N, core orbitals), and h.(i) is the one-electron

Hamiltonian for electron 7 in the average field of the core electrons [HDGPT75].

1.3.2 Mogller-Plesset Perturbation Theory

Mgller-Plesset Perturbation theory (MPPT) (see e.g. [SO96]), along with CI and
MCHF is one of the most widely used correlated electron approaches to quantum
chemistry. Essentially, a small perturbation to the HF Hamiltonian is introduced
with a parameter A and the resulting wavefunction and energy are expressed as
an asymptotic series in A [MP34]. Zero order gives the sum of orbital energies,
first order the HF energy and orders above that improve on the HF method by
capturing correlation effects. Typically calculations are truncated at fourth order
due to increasing computational complexity, but higher orders are possible for
isolated calculations [KNB89, HC96a, HCI6D].

Recent studies of higher orders have shown that, in a wide range of cases,
the method is not necessarily convergent and may converge slowly, diverge at
high orders or show erratic behaviour [LASS00]. The results at a given order
are also strongly dependent on the chemical system and choice of one-orbital
basis. It therefore appears that the assumption that the series converge is not
valid. It is important to note that, unlike HF and CI, MPPT is not a variational
method at any given level of perturbation, so a lower energy may not be a better

approximation to the true energy.

1.3.3 Coupled Cluster Theory

Coupled Cluster (CC) (see e.g. [SO96]) makes the ansatz that the wavefunction of
the ground state can be written as ¥ = e?|®,) where |®) is a Slater determinant,
usually the HF ground state. T is an excitation operator which acts on |®q) by
the expansion el = 1+ T + 2—,2 + .... Further, T' can be expanded as T =
Ty +T5+T5+ ... where T causes single excitations, T, double excitations and so
on. Each of the T; can then be expanded in a linear combination of excitations,
normally expressed in second quantization, and the goal of the theory is to find
the minimizing expansion coefficients.

This is much in the spirit of the CI expansions however, a lower level of ex-
citation is needed as the exponential operator causes non-linearity (e? = 1 +
T+ 15 + %Tf + 115 + %TQQ + - -+ ) meaning that an expansion truncated after k
excitations can generate Slater determinants with more than %k excited orbitals.
This means that CC will in general produce a more accurate wavefunction for

a given level of excitation than CI. Notation for a given level of excitation is of
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the form CCSD(T) where terms in parentheses are calculated using perturbation
theory, the case shown being single and double excitations with triple excitations
calculated with perturbation theory. This is the most common level used as it
offers a good balance between accuracy and computational expense.

Using CCSD for molecules at their equilibrium geometries, around 95% of the
correlation energy is recovered and this is increased to around 99% when using
CCSD(T) [HG96]. This means that CCSD(T) is sufficient to achieve chemical
accuracy in these cases.

CC theory can be expanded to deal with excited states but its main drawback,
as with CI and other expansions based on the HF determinant, is when trying to
model bond breaking and other situations when it is clear that the HF solution
is not valid. In such cases the wavefunction must be described as a sum of Slater
determinants of orbitals centered on each separated atom. This is less of a problem

in methods like CI where these linear combinations of determinants are possible.

1.3.4 Density Functional Theory

Density Functional Theory (DFT) is almost certainly the most widely used tech-
nique for all but the smallest atomic and molecular calculations. The reason for
this can be seen first by considering the computational complexity of methods
such as CI. Suppose we take a representation of ¥ and wish to discretize each
coordinate using 10 mesh points (a very small number). For N electrons V¥ is a

03N values are needed. It is

function of 3N (ignoring spin) variables and hence 1
clear that for systems with more than about ten electrons this is computationally
unfeasible.

DFT overcomes this problem by replacing the many-body wavefunction by
the electron density which, regardless of the number of electrons, is a function
of only three spatial positions. In a sense this means that DFT is an extension
of Thomas-Fermi methods. The development of DFT was led by Walter Kohn,
for which he received the Nobel Prize in Chemistry in 1998. In 1964, Kohn and
Hohenberg [HK64] proved that a given ground state density can, in principle,
be used to calculate the ground state wavefunction. In other words, the ground
state wavefunction is a unique functional of the density. It follows that all other
properties, including the energy, are functionals of the density. In 1965 Kohn
and Sham [KS65] showed how to minimize the energy functional using a self-
consistent method. This formulation can be extended to excited states using
Time Dependent DFT [BWGO05].

The main problem with DFT is that the exact functionals for exchange and
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correlation are not known for atomic or molecular systems. Thus approximate
functionals such as B3LYP [Bec93] which combines a DFT exchange functional
(BLYP from the names Becke, Lee, Yang and Parr [LYP88]) with the exact ex-
change functional from HF. This scheme includes three parameters, which are
chosen by fitting to trial functions of small molecules. Schemes with larger num-
bers of parameters are also used (for example [VVS98] has 21 parameters). This
empirical fitted DFT functionals do not really qualify as ab initio methods. How-
ever, the results of DFT calculations are incredibly good, for example predicting
energies of small molecules to within 0.01 au and bond lengths to within 0.001nm
[PTSS04].

We do not discuss DFT in any more detail as it has few similarities with
our proposed method and there are a number of reviews on the subject such as
[PY95a]. In particular, for atoms and small molecules, DF'T produces almost exact
energies and is more accurate than any computationally feasible basis-dependent

approximation.

1.4 Computational Cost, Accuracy, and Under-

standing

Modern theoretical chemists have access to enormous computing power and many
of the most intensive computations are in the field of quantum chemistry. In
fact, as of June 2006, the most computationally intensive programme ever was a
quantum mechanical simulation of 1000 molybdenum atoms under high pressure
[Kni06] . Full CI calculations for systems involving a few billion determinants are
possible [OJK™96]. However, due to the factorial growth of full CI, even small
molecules are beyond its reach when chemical accuracy is required. In practice,
CCSD(T) is the most reliable ab initio method that is computationally tractable
for medium sized molecules. For much larger systems, Mgller-Plesset to second
order (MP2) remains the best option. Formally, HF, DFT, MP2, and CCSD(T)
scale as N4, N4, N° and N7 respectively. For practical calculations it is possible
to reduce the order of HF to N3 or even N2, DFT to similar order, and MP2 to
N3, and even further to N? at long range [SACKH95, PY95b, Fri05].

From the previous discussion we see that there are two main sources of error in
the energy, that which comes from correlation effects and that which is introduced
by truncation of the basis sets used. Whilst the above post-HF methods and large
amounts of computing power allow theoretical chemists to make very accurate

predictions (at least on small systems), this method of solution leads to very little
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intuitive understanding of the solutions.

Two specific examples are numerical HF and DFT. For large basis sets in
numerical HF' the intuitive idea of orbitals ordered by quantum number, e.g.
1s,2s,2p, ... becomes blurred. It is hard to extract these one-electron orbitals
from the vast amounts of numerical data. In DFT, orbitals have to be extracted
from the density and hence are ‘natural’ but not ‘intuitive’. Also, in DFT with
experimentally fitted parameters there seems to be very little physical understand-
ing of why a particular parameter should have the chosen value and exactly how
this value affects the solution.

This situation contrasts sharply with calculations performed before large
amounts of computing power were widely available (e.g. [HH36]), which focussed
much more on the physical description of orbitals and how to choose small, ac-
curate basis sets which allow easy computation. This is an area which seems to
have great potential for application in methods such as CI. If a suitable basis can
be chosen such that the necessary integrals are easy to perform and give analytic
solutions (which would allow efficient and accurate storage, reducing numerical
errors), and also cause the full CI matrix to be relatively sparse (leading to easy
diagonalisation), then this would vastly improve the computational efficiency of
such methods.

Although many of the methods described above are built upon a sound math-
ematical foundation, and in general will converge in the limit of complete basis
sets (note the exception of the limit of MPPT), there is little mathematical un-
derstanding of the more subtle aspects of these methods. These aspects include
the rate of convergence of a given method in a given basis, how to choose optimal
small basis sets for different problems, the structure of the Hamiltonian matrix in
a given basis set, and rigorous (basis independent) spectral orderings.

As well as being mathematically interesting, these questions are relevant for
computational calculations. As well as examples discussed previously, knowledge
of the rate (and leading constant) of convergence for a method would allow ex-

trapolation of computational results to higher accuracy.






Chapter 2

The Many Electron Energy
Matrix

2.1 Introduction

We wish to use first-order perturbation theory to derive a ‘pen and paper’ method
which will accurately predict a number of properties of atoms in the second period.
Basic such properties relevant to chemical behaviour are given by the spatial and
spin symmetries of the electronic ground state, as captured mathematically by its
total angular momentum and total spin quantum numbers. The first property we
are concerned with is the spectrum of the atom, including the ground state energy,
ordering of spectral lines associated with spin-angular momentum eigenspaces,
and their spectral gap energies.

The key point distinguishing our calculations from the literature is that nei-
ther empirical shell ordering rules, nor Hund’s rules, nor statistical independence
approximations, nor numerical simulations are invoked. Furthermore, in Section
4.3, we will derive a rigorous spectral ordering and compare this to the empirical

Hund’s rules.

2.2 Perturbation Theory

2.2.1 The Schrodinger Equation

We begin with the non-relativistic, Born-Oppenhiemer approximation to the
Schrodinger equation, in atomic units (m = e = h = qp = 1), for an atom
with N electrons [SO96]

HYV = EV

25
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N

where H is the operator
1
+Y > =, (2.1)
ij

1 N
H==3) A=) )

i=1 i=1 ' i=1 j>i

3

Z the nuclear charge, r; the distance between the nucleus and electron 7, and r;;
the distance between electrons ¢ and j.

We note that the our main interest will be in the case of neutral atoms but
our analysis applies equally to the case Z > N, which will be used in Section 5.3
to compute predicted first ionization energies.

As is usual in (simple) wavefunction-based atomic calculations, we choose to
work with a many-electron basis formed from antisymmetric products of one-

electron atomic orbitals.

2.2.2 Omne-electron orbitals

Firstly we note the well-known result that the one-electron Hydrogen equation
Hyp = EvY, Hy = —2A — 1/r is exactly soluble (see e.g. [Gri95]). We may
characterize the eigenfunctions by three quantum numbers; the principle quantum
number n (which corresponds to the energy in the non-interacting case); the
orbital angular momentum quantum number ¢ (which corresponds to the total
angular momentum); and the magnetic quantum number m (which corresponds to
the z-component of angular momentum, where z is an arbitrary fixed axis). There
is also a fourth quantum number for multi-electron atoms that is not determined
by the spatial Hydrogen equation, the spin s.

The angular momentum quantum numbers are determined by the four opera-

tors
1 0
bi=3 (37 _xBaT)
1 0
=3 (%7 - xlaxg)
1 0
LBZ%( 150, 2 a_)
L* = (Ly)? + (La)? + (La)™.

Each of the L; commute with L? but not with each other, and all four operators

commute with the Hamiltonian [Sch01]. Hence it is possible to jointly solve

Hop = By, L* =\, and Lgp = pp,
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where the choice of L; is arbitrary.
Solution of these equations leads to the constraints n € N, / = 0,1,...,n,

and m=—0,—(+1,...,0,...,£ —1,¢. The energy of an orbital with principal

_ 1
2m2)

numbers. The other two eigenvalues are A = ¢(¢ + 1) and u = m.

quantum number n is F = regardless of the values of the other quantum

Introducing a spin variable which takes values s € {—%, %} = Zs, we denote

the normalized eigenfunctions by v;(z, s), where z € R3, ordered such that the

1

corresponding eigenvalues FE; satisfy E; < Ej, ;. For energy —5,

the degenerate

eigenspaces are of dimension 2n? and are spanned by

Voi={ti(z,s)|i=14+(n—-1)n2n—-1)/3,...,n(n+1)(2n + 1)/3}
=A{ntms(x,8) | £=0,....n—=1, m=—L,... (, s==+1/2}

where ¢poms is the unique normalized eigenfunction of Hy, L? and L3 with eigen-

values —55, (¢ + 1) and m and with spin s.

22

2.2.3 Many-electron eigenfunctions

A many-electron wavefunction must be antisymmetric under interchange of the

spatial and spin parts of two different one-electron orbitals. The simplest form of

such a wavefunction formed from N one-electron wavefunctions ¥;, ¢ =1,..., N,
is
wl(lﬁ, 31) ?/12(951, 81) ce 1/1N(1U1, 31)
1 [ (me,se)  a(w2,82) .. Un(32,82)
|¢i~~~¢N>~—W . . , . ;
(G0 (iUN, SN) wz(«TN, SN) S Q/JN(xNa SN)

and is called a Slater determinant. The antisymmetry condition follows from the
fact that interchanging two columns of a matrix changes the sign of the determi-
nant. The prefactor of \/% ensures normalization when the one electron orbitals
are orthonormal.

The following theorem describes how the ground state eigenfunctions for the
non-interacting many-electron system are formed from the one-electron eigenfunc-

tions.
Theorem 2.2.1. [Fri0X]

1. The lowest eigenvalue of Hy(N,Z) := —3 SN A=Y T—ZZ on the space U :
(R? x Zy)N — C satisfying the antisymmetry condition is E = Z>3 | Ej.
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2. The corresponding eigenspace is

Span{ | .. T Y7l )

| Z.1 <. < Z'N—dfa Z.1a"'7iN—df € {d— +17"'7d+}}7
where Y7 = Z3/%(Zx,s) and dy are given by

d_:=max{d < N | Eqy < Eg41}, dy:=min{d> N | E;< Egz1}.

This result shows that the eigenfunctions of the non-interacting Hamiltonian
are linear combinations of Slater determinants formed from the first d; of the 7.
Hence there is, in general, a degeneracy for the non-interacting case. The only
uniquely-defined cases are when Ey < Eny;.

The eigenvalues of the above ¢Z are given by EZ = —%, n € N with corre-

sponding 2n%-dimensional eigenspaces spanned by
V2 = {232 Zx,s) | Y, 8) € Vi, }.

In particular, let d be the largest integer such that N, := Zizl 2n% < N, then

GS of Hy(N, Z) = Span{|[¢{ .. .¥& x7,.. . XZ_n.)}

where {¢7,... . 0% } = U?_, V7 and {x7,... . X%_n.} is any (N — N,)-element
subset, of Vdil. We see that, in the traditional chemistry terminology, d denotes
the last completely filled electron shell and the xZ are in the valence shell. The

dimension is then given by

it N.=N

(AH0) i N, < N,

dim GS of Hy = (2.2)

These values for the second row atoms are shown in Table 2.1.

Atom |He |Li|Be| B | C | N | O | F | Ne

N1 2 |13]4 |56 |7|8]9]10
dm GS| 1 | 8 |28 (56|70 |56 |28 8] 1

Table 2.1: Dimensions of degenerate Hy ground states, as given by (2.2).

This degeneracy shows that the experimentally observed energy splittings be-

tween different angular momentum and spin states must result from the inter-
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electron term in the Hamiltonian. We introduce the notation v;(x) := 7 (x,1/2)
and ;(z) := 7 (xz, —1/2), taking the choice of Z to be implicit in the wavefunc-
tions. We do not determine explicit forms for the orbitals here, instead considering

the method in general; we will later study a number of basis sets.

2.2.4 First Order Perturbation Theory

Our motivation for the use of perturbation theory comes from the following result
concerning the ground state energy. We introduce a small parameter A € [0, 1] as

a coupling constant for the interelectron term, i.e.
Hy, = Hy+ \H',

where v
1 Z 1
Hy = __Ax' T Hl = :
’ Z( 2 |$z\) Z |z, —
i=1 1<i<j<N
Physically, this parameter corresponds to rescaling the equation in Z, which pro-
duces a 1/Z coefficient for H', i.e. making A arbitrarily small is equivalent to

fixing the number of electrons and letting the nuclear charge tend to infinity.

Denoting the bottom eigenvalue of Hy by FE\, we will prove that, despite the
infinite dimensional nature of the problem, F) can be asymptotically expanded

at A\ = 0 and the O()) term is defined by a finite-dimensional auxiliary problem.

Theorem 2.2.2 (First Order Energy Correction). Let
H, = Hy+ \H'

where Hy and Hy are linear operators such that Hy has a spectral gap between the
two lowest lying eigenvalues (the eigenspaces of which may be degenerate) and H'

1s non-neqative. Let E\ denote the lowest eigenvalue of H)y, then
Ey=FEy+ My + O()\?) as A — 0,

where Ey = (Hy)y, and

3 o
E,:= min < >w°.
o€ GS of Ho (1),

Proof. Upper Bound From the definition of E) (specifically it being the infi-



30 Chapter 2. The Many Electron Energy Matrix

mum over all ¢) we see that

l( iy (HoHAH )y, <Ho>wo)
A A\ %o€ GS of Hy (1), (1),

1

A

H' ~
A min (H Yo =F.
Po€ GS of Hp <1>,¢10

Lower Bound By Zhislin’s Theorem [Zhi60] (or [RS78, Theorem XIIL.7]),
VA € [0,1], the infimum in E) is attained. Let 1, be a minimizer and let

€ .= || P(as of o)t Vall L2, e
oy = V1= ey + eplV

for some wé)‘) € GS of Hy and some z/J(f) € orthogonal complement of GS of H.

Using this minimizer we have

Eyx—Fy 1 /
? = X(<H0 —+ AH >mwé)\)+6w5—)\) - <H0>w0>

1
=5 ((1 — ) (Ho)yo + €2<Ho>¢<3> + </\H'>m¢g*>+ew<j> - <H0>wo)
= X(El = Eo) + (H') oy ey

2

A+ (H') (2.3)

VI—eyd) +epV

The inequality comes from the fact that @/)(j‘) is not in the ground state of Hy and
so must have expectation at least that of the first excited state, E', and having
defined A := E' — Ey > 0. Expanding the second term in (2.3) we have

A A
(H') g0,y = (1= E)H') oo +2V1 = EeRe(yg” | H'[9) + E(H') o0

Clearly the last term is non-negative and bounding the other e-dependent terms

by constants independent of A we have, substituting into (2.3),

E,\—E0>€2

where, for example,

C =2 sup |HY||12 + sup (H')

(A) -
A€[0,1] A€[0,1] Yo
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We now wish to minimize this value over €, which is the solution of

2eA
——C =0,
A
I . . o (@D . 02/\
giving the minimum at € = 53, with a value of —53.

Hence we have

~ E\ — Ey ~ C?)\
F > > B — ——
D YN
and so o2
0> E\— (Ey+ \E;) > —
> E\— (Ey+ \Ey) > AN
which proves the lemma. O

Note that this result differs from many in the standard literature, e.g [Kat67],
in that we do not assume that the ground state is non-degenerate.

It follows that, at least for the ground state, up to first order we need only
compute the two energy matrices (Hy) and (H') on the ground state of Hy. Fur-
ther, by Theorem 2.2.1 and the orthonormality of Slater determinants, we see
that (Hp) will be a multiple of the identity and it remains to consider the matrix
for H'. Of further interest is that the first order wavefunction W is the solution of
a PDE, namely (Hy — Eo)¥ = 0.

The idea that the inter-electron term provides the first order correction to
the energy is not a new one. Sharma and Coulson [SC62] showed that, for a
two electron Hamiltonian, assuming an expansion of both the energy and the
wavefunctions in powers of %, E=FE)+ %El + %Eg 4+ and ¥ = V¥, + %\Ill +
%\112 +-- - with suitable orthogonality conditions on the ¥;, then FEj is the energy
|Wy). It is conceivable that

this extends to any number of electrons, however, the main advantage of our proof

of the non-interacting Hamiltonian and E; = <‘I’o‘$

is that we do not need to assume that asymptotic expansions of this kind exist. In
fact, as can be seen from analysis of Mgller-Plesset Perturbation results [LASS00],

expansions of the energy and wavefunction are not well-behaved.

2.3 Simplification of the Energy Matrix Entries

2.3.1 Expected Values of the Hamiltonian Operator

Our goal now is to find the eigenvalues of (V|H'|¥), where ¥ is in the ground
state of Hy, the lowest of which will correspond to the first order perturbation

theory ground state of H,.
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The first problem of note is that the matrix elements are 3/N-dimensional
spatial integrals and a sum over the 2N different spins. This is obviously not
numerically computationally feasible when N is much greater than 5; taking only
10 points in each spatial dimension gives a total of 10'® points, which is beyond
current numerics. Hence we wish to reduce the number of integrals required and
also avoid any numerical integration in order to obtain closed-form analytic results
with no numerical error.

. . . . N N -1

Consider the action of the inter-electron repulsion term H' = )., Zj>i T
1

|s =]

of the electrons, and is a 2-particle operator. We may therefore use Slater’s rules

where 7;; = It is clear that the operator H' acts on the individual positions

(Theorem 2.3.1) to split the integral into a sum of two-coordinate (6-dimensional
plus spin) integrals.

The first step is to ensure that the two Slater determinants involved are in
maximum coincidence, in other words, they differ in as few columns as possible.
For example, given [1412) and |1132) it would seem that the two determinants

differ in all but the last column. However, noting that
|1412) = —|1142) = |1124) and |[1132) = —[1132) = [1123),

we see that they in fact differ only in one column.

2.3.2 Spin Orbital Integrals

We now introduce some standard integrals which will form the H’ matrix elements.

Consider a general two-particle operator
N N
H' = Z Z h(zx, si, x4, 8),
i=1 j>i

and denote, as in [SO96],

(@71k0) = (xix;lxrXxe)

= Z /d9€1d9€2xf($17S1)X;($2,32)]1(331,317$2782)Xk(9€1781)Xe(9€2782)
R6

81,52€2Z2

and

[i71k0) = [xax;lxexe]

= Z /dffld@X;k(xlaSl)Xj(xlaSl)h(xla51,902a32)X2($2,82)X6($2,32)7
R6

51,52€2Z2



2.3. Simplification of the Energy Matrix Entries 33

where the ;s are simply a renumbering of the v;’s and 9;’s by Xani1(7,8) :=
Vn(2), Xon(z,5) := Y (z). We note that (ij|kl) = [ik|j¢] and their use is a matter
of taste as much as anything. We choose to use the square bracket notation,
which follows the intuitive idea of repulsion between two charge distributions
Xi(z1)xk(x1) and x;j(x2)xe(z2). Furthermore, for real orbitals, permuting the
indices on either side of the bar does not change the integral. Finally, we will later
see that the transition from spin integrals to purely spatial integrals is simpler in

this notation.

Theorem 2.3.1 (Slater’s Rules [SO96]). Let |K) and |L) be two Slater determi-

nants formed from N orthogonal one-electron orbitals, and let

N N
H = Zzh(%,sz‘,xjasj)'

i=1 j>i

The matriz element (K|H'|L) is given by

L |K)=|Ly=|---mn---):
(K|H'|K) = %ZZ(mMmm — (mn|nm)
2 |K)=1[---mn---), |L) =[---pn---)

(K|H'|L) = 3 3" (mnlpn) + (nmlnp) — {mnjnp) — (om|pn)

n

3. |K)=|--mn--), |[L) =] pg---):

(K|H'|L) = = ((mn|pq) + (nm|gp) — (mnlqp) — (nm|pq)).

N | —

We may further simplify these expressions when H' = V., the inter-electron
repulsion, by noting that V.. is symmetric under permutation of the x; and that

it commutes with the y;. Hence, by the identities above, we have

Corollary 2.3.2 (Slater’s Rules for V. [SO96)). When H' = Vo = 3.0 SN vt

j>i " ig

in Theorem 2.3.1 we have the simplified form
LK) =|L)=]|--mn--):
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(K|Vee| L) = [mp|ng] — [mq|np].

Note that there is no self-interaction in the identities above, the only term
which could cause this is in the |K) = |L) case and terms corresponding m = n
cancel.

Since V.. is independent of spin, and the orbitals on either side of [- - | - -] are
functions of the same variable, any integral that has a single bar on either side
of the square bracket notation gives zero after summing over spin. If the integral
is non-zero the bars can be removed as the integrals are equivalent. (Note that
the analogous conditions for the (ij|kl) notation are less simple.) Once again

following [SO96], we introduce notation for the purely spatial integrals:

(i11k0) = (dstbs [t = /

R

) daydaot)y (1) (21)r1y UF (2)the(22). (2.4)

These integrals lead to the idea of Coulomb and exchange integrals, of the
form (ii|jj) and (ij|ji) respectively. Coulomb integrals are due to the repulsive
potentials between any two electrons, whereas exchange integrals are a purely

quantum effect which occur only between orbitals having the same spin.

2.3.3 Evaluation of the Integrals

The next stage is to analytically evaluate these 6-dimensional spatial integrals,
for which a number of methods already exist in the literature. Perhaps the most
common method is to expand both the products of wavefunctions and the r;,’

term in Legendre functions,
oo
2 =) T Pleost)
T = s £(COS U712
k=0 ">

where r~ and r- are the shorter and longer of r; and ry respectively and 65 is
the angle between the two electrons.

The orthogonality property of the Legendre functions is then used to reduce
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the calculation to a finite sum of two-dimensional integrals, which must then
be split along the line r; = ry to utilise 7~ and r~. The simplest example of
this method is the Helium atom which is a standard text books calculation (e.g.
[Sch01]).

This method is not easily extended to wavefunctions that, for example, in-
clude powers of r5 explicitly, and is also relatively complicated when computing
integrals for higher n and ¢ Hydrogen-like orbitals.

Another method, which does not seem to be widely used, is that of Calais and
Lowdin [CL62] which applies to integrals containing more general powers of rjs.
This method first integrates over the angular terms, using spherical harmonics and
then uses a specific choice of coordinates to enable the radial integral to be split
into a product of three independent integrals. Interestingly, this method shows
directly that the integrals required are rational functions of Z. The disadvantage
of this method is that it applies only to Slater type orbitals with additional powers
of r15 (due to the choice of coordinate system) and it seems unlikely that there
are analogous coordinate systems for other types of orbital.

Ideally we wish to use a method that is adaptable to a wide range of basis sets
and requires only simple calculations, preferably avoiding infinite expansions and
the like. In particular, we would like a method that works equally well for Slater
type orbitals (the ‘natural’ choice for atoms) and also for Gaussians, which are
widely used in numerical molecular calculations due to relatively easy evaluation
of multi-center integrals.

Due to the physical restrictions on the one-electron wavefunctions (finite mod-
ulus at all points, square integrable, decay exponentially), the spatial part of the
product of two one-electron wavefunctions lies in L'(R?) and hence we may com-
pute the Fourier transform.

Definition 2.3.3. Let f € L'(R"), then the Fourier transform of f, denoted f is
given by

f(k) = f(x)e *dy.
Rn

However, the Coulomb repulsion 1/|z| does not lie in L'(R?) (nor in L?(R?).)

Nevertheless, we claim that

Lemma 2.3.4. Let f,g € L'(R?) N L®(R3) such that f,§ € L'(R?) N L™ (R3),

then . . .
dedy——— f*(2)g(y :—/ dk— f*(k)g(k).
// @) = 5 [ dk ik

Proof If all functions were in L' then this would simply be a consequence of

Plancherel’s theorem and the fact that the Fourier transform of a convolution
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is the product of the Fourier transforms. However, since the Coulomb repulsion

term is not in L'(R?) we give a rigorous proof in Appendix A. 0

Note that, although the fact that such integrals can be calculated using Fourier
transforms is not new, this proof is in contrast to ‘proofs’ readily available in the
literature, e.g. [SO96], which simply state that the Fourier transform of 1/|z| is
47 /|K|?.

Now, under the these assumptions (which hold for the orbitals in (2.7) and

their Fourier transforms in Table 2.2), we have

1 1 1 .
i7|kl) =: R*)dxd * = — dk——f*(k)g(k). (2.5
(ilkt) = [ | [ @dody——p@at) = 55 [ kg Fam. (25)
As an aside, it is interesting to note that this method gives an easy proof that the
exchange integrals are positive. The same proof applies for any potential which

has a positive Fourier transform.

We have now simplified the original 3/N-dimensional integrals into a linear
combination of 3-dimensional integrals. However, from (2.2) and the resulting
Table 2.1, we see that this still leads to a very large number of integrals. The next
stage will be to simplify the V,, matrix in order to reduce the number of integrals
necessary. However, before we do this we investigate the matrix elements in a

specific one-electron basis.

2.4 Explicit One-electron Basis

In order to obtain numerical results using this method, we must choose a suit-
able one-electron basis from which to form the Slater determinants. We begin
by considering the general form for the Hydrogen atom eigenfunctions (see e.g.
[Gri95]):

G720, 6) = Rt (r)Yem (6, 0) (2.6)

3(n— =1\ "\ oot r
Ry (r) = ((%) %) 6”"(%) Lo 20y <%>a

where LF(x) is a generalized Laguerre polynomial [AS72]:

where

n

L) = 3 (=)

m=0

(n+k)!
(n —m)!(k + m)!m!x

m
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and Yy, (0, ¢) is a spherical harmonic [AS72]:

20+ DIl +m
4 (l 4+ m)!

M 2 )
Vi (0, 6) = ( ) Py (cos )™

with P;"(z) an associated Legendre function

_1)
200!

3

+m

drpttm

~—~

P"(z) = (1 — x?)m/? (2% — 1)

The first five such Hydrogen orbitals are given by

1 —r
Y100 = ﬁe )
1 T
=—(1-— —) e 2,
20,0 T ( 5
1 r 1
= rcosfle 2 = z3e "2,
Va0 = s Nk
1 )
P11 = rsinfe /%, and
o V647
1 )
1= rsinfe™ "2,
Pa1,-1 Join

We begin by restricting our basis to orbitals with n = 1 and 2. Along with the
result of Theorem 2.2.1, this can be justified by considering the expected value
of Hy for orbitals with higher principal quantum number. The relevant value is
E = —# and we see that the energy of the higher n terms will be much too
high be the ground state. Furthermore, for the same reason, we restrict to Slater

determinants containing both ;¢ ¢ orbitals.

This restriction is equivalent to considering the operator PH P where H is the
Hamiltonian in (2.1) and P is the orthogonal projection onto the space of Slater

determinants formed from both v, oo orbitals and N — 2 of 9599 to ¥21,-1.

The remaining freedom in our basis concerns linear combinations of the p-
eigenfunctions, which are still angular momentum eigenfunctions. One option
would be to construct three 2p-orbitals that are each eigenfunctions of L3 (with
eigenvalues —1, 0 and +1); this would allow easier computation of the angular
momentum eigenspaces. However, we choose to use a spatially symmetric set of
2p-orbitals. This is beneficial as it reduces the number of different integrals re-

quired (by rotational symmetry) and also simplifies the form of L? eigenfunctions.
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We define two new eigenfunctions:

Coa— o111 _
w2pz - . -
iv2 V327
Yor11 + 21,1 1 _
V2 321

Finally we use Theorem 2.2.1, and in particular ¢? = Z3/%y;(Zx,s), which

allows us to write these orbitals for general Z:

Z% —Zr
thy =g = ﬁe )
73 .
V O
Z% Zr
= = —= 677, 2.7
1/}3 1/}21)3 \/32—7'(' 3 ( )
73 .
Yy 1= Yoy, = lee_%, and
/s
Z% Zr
= , = ———X2€ 2,
1/}5 1/}21) \/% 2

which are taken to have spin up (or 1/2), the same spatial orbitals with spin down
(or —1/2), are denoted by 1);. These orbitals are all orthogonal (either through

the spatial or spin parts) and normalized.

2.5 Evaluation of Coulomb and Exchange Inte-

grals

2.5.1 Fourier Transforms

The next task it to explicitly compute the Fourier transforms of products of one-
electron wavefunctions involved in the Coulomb and exchange integrals. Recall
that the general integrals from Slater’s rules will be of the form (ij|kl), and hence
we need to compute the Fourier transforms for all pairs of spatial orbitals 1,1},
i,j=1...5.

We begin with the simplest case, (1191 )(x), which is given (up to normaliza-

Alz|

tion) by e~ We note that A will vary with Z and hence compute a general

form for this Fourier transform.

Lemma 2.5.1. The Fourier transform of e ! is %.
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Proof The Fourier transform is defined to be e Ml = [ e Ale=i*edy If k = 0,

converting to spherical polar coordinates, we have

e 2
el — / / / A2 sin @dpdfdr = 47T/ “pldr = 47TF = 8:—4)\,
0

where the penultimate equality follows from integrating by parts twice. For k # 0,

o o) 7r 2 )
e~ Alz| :/ / / e e IklIreos 0,2 6in OdpdOdr
ilklr _ —ilk|r
—27r/ / r2e ekt gt dy = / re” L dr
1k| 2i
r(ilk|=XA)  per(—ilk|=X)
re | B - dr
\k\ 0 2i 2i
Integrating by parts we have

g o[ ek er(=ilkl=2)
e,)\|1-| = —— — d’]“
B 2i(ilk] — N 2i(—ilk|— N )"

which trivially integrates to give

Ar { o (ilk| =) or(=ilkl=x) 70 S\
7]

el — 2T _ o
‘ ] |20k — N2 2i(—ilk|— N2, (A2 + [k

Applying this result to (11]|11) with A = 27, gives

1624

Py = = Z3e 22l = ?m W

In order to calculate the remaining Fourier transforms we note that there are a
number of standard forms, namely ' 25*z5? |z|*e~*l n; € N. For our functions

the highest degree Z;:l n; will be equal to two.

The |z|" term can be calculated from the result in Lemma 2.5.1 by noting
that differentiation with respect to the parameter A commutes with the Fourier
transform. The other terms can be calculated using the standard rules for differ-

entiation of Fourier transforms. We then have the following results:
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Lemma 2.5.2.
| |/_T‘ | 32\ 8w
rle M = —
(AZ+ (k[P (N + |k[2)?
| ﬁ | 19237 96\
x|fe N = —
(A2 [kP2)E (A2 + K2
eVl = __B2iAmh;
/ O+ TRy
xm\ B 32\ B 192)\7rk]2-
’ RPN R
— 192 kK, ,
zexje ol = —m (J #1), and
\xm/;‘x‘ 32imk; 192i\*k;
J = -

(A2 + k[P (N + [k

Proof We begin with the identity

el _ 4 e

and note that differentiation with respect to A commutes with the Fourier trans-

form. We then have

—

| e 1) = eI E),

and using the normal rules for differentiation we find

— 232
e (k) = d ( 8AT ) 2 8

SN2 (2[R (2 [RP)

Similarly, we have that

— &z d 8 32)\% 7
|z[2e= Aol = —¢ Ale] — 2 —
d\2 AN\ (N2 +|k]2)2 (A2 4+ |K|?)3
19273 967\

A2+ k2 (N + [R[?)*

For the second set of Fourier transforms, we recall the well known differentia-
tion identities for Fourier transforms of a function f € L'(R")

— d?

d - — o d =
G ) = =i () = 570 = i Fk) and 2 ) = — e k)
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Taking f(x) = e=*!, we have f(k:) = % and noting that
d d ki
k= — ]{]2 k2 k2 1/2 — 7
gives
— d -~ 32miNk;
e My = j— f(k) = ————""9
(xje ) dejf( ) ()\2 + |k:|2)3
Similarly, we have
d? -~ 32w\ 1927 \k?2
20Nzl = ——_ f(k) = _ j
£ a2 W) = B EE T ey e
— d? 1927 \k Kk,
. 7)‘|‘T| = — = —7‘7
e didi M = e Ry
It remains to consider
—— d B — d 32imt\k; 32tk 192ik N2
oAz = (o= Az]) = J J _ J )
(lelejem ) = =R @ie™) = e el ~ D2 £ PP 00 < M)

This final result can equivalently be obtained by considering the differentiation
with respect to k; of the Fourier transform of |z|e=*%! which, of course, leads to

the same result. O

We are now in a position to calculate the remaining orbital product Fourier
transforms and begin with the case of two 2s-orbitals:

Z3

z
Vot = = (L= 32Zlel) e = S (1= ZJa| + 3 2% eV,

3
7r 87
Using the linearity of the Fourier transform, the results from Lemmas 2.5.1 and

2.5.2, and noting that in this case A = Z, we have

_— 1 8wZ 327°m 8w
(athy) = == 2° (221 kP2 ((22 +kP? (22 + |k|2)2)
Z*( 192773 9672
i T((m + K2 (22 + |kl2>3>]
9 74 776 678
S @R @R T (R

For purely s-states, the remaining Fourier transform we need is that of 11, =

ﬁZ%l — Z|z|/2)e=??1#1/2 which is required for the exchange integrals. Note
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that, for this case, A = 37Z/2, and we have

— Z? 8m(32) Z( 32:2)n 87
Prihy) = s — = - .
. VeTL((32)2 + kP2)” 2 (((%Z)2+ k[2)" ((32) +[k?) ”

4274 9276

(G224 k)" (C2)2+ |k2)*

We now move on to considering cases which involve p-orbitals and by spa-
tial symmetry need only consider a general p;. For this we have ¢, =

LZ%?e*Z‘x‘ and so, with A = Z,

327
(ﬁ) B 77 32n4 1927erj2
%) = 3or \(Z2 + [kR)F (22 + |K|2)!
78 622

(Z2+ kP (22 + (kP

For the next integral, we consider a mixed term of ¢; and 1, , giving 11, =

—\/g_%Z‘lxj@_gZ'm'/Q and so, with A = 37/2,

1 3232k, 6V2i2°k;
Uity,) = —=2"| - ) .
) = 7557 <<%z>2+w>) (G2 + k)

We next consider the case 121, = %(1 — Z|z|/2)z e~ %17 | giving

(Gt = gt - B%mZk;  Z( S2ikjm 192k 27
W) =157 | Tz ek T 2\ @ WP (2 )
627k, 325ik;

(Z2+ k)t (22 + k)

The final case is when we have two different p-orbitals, leading to v, ¢, =

z5 —Zx : _ f
5T TyE =l which has A\ = Z, giving

i) = Z°( 192nZkike\  OkikZ°
PR32\ (224 K2 (224 R

For ease of reference we collect the above results in Table 2.2. These Fourier

transforms appear to be a new result and are not found in any of the standard

literature.
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Function Fourier Transform
1624
?/Jl% (4Z2+|k\2)2
274 7Z 628
ol | R T @EEeE T R
1/1 w 4/224 9226
172 (E2)2+4kP2 — (32)2+[kP)3
76 62°k3
?/fpjij (Z2+[k[?)2  (Z%+]k[)*
i) _ 6V2iZ%;
Lrp; (F2)>+1kI?)?
Wt 6Z7ik;  3Z%ik;
27p; (Z2+kP)T — (Z2+]K2)?
¢ ¢ . Gk‘jk}[ZG
Pj 7Pe (Z2+|k[2)4

Table 2.2: Fourier Transforms necessary for Coulomb and Exchange Integrals,
using the one-electron orbitals in (2.7).

2.5.2 Coulomb and Exchange Integrals

We are now ready to compute explicit forms for the required Coulomb and ex-
change integrals in Theorem 2.3.1. At the present moment we have not computed
the necessary eigenspaces that will allow us to determine the required integrals.
However, for completeness, we compute all Coulomb and exchange integrals in-
volving ¢ ...15. We will later see that all other integrals generated by Slater’s
rules are zero for our choice of one electron basis and restriction on the form of

the Slater determinants.

Recalling the integral notation from (2.4) we begin with (11]11), which is the
only integral required for |¢17;), the ground state for the Helium atom. This

integral is well known in the literature and has the value gZ [Sch01].

Recalling the Fourier transform of ;¢ given in (2.2) and the general form of

the integral (2.5), we have

1 1 1624 2
11/11 dk.
D) = 53 / |k:|2(<422+|k|2>2)

We now convert to spherical polar coordinates and integrate over the angular

terms, giving

<1 1620 \?
(11]11) = 2/ / / (4226+ ))r2sin0drd9d¢
27 r?

512Z8

d
T /0 (4Z2+T2) "
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The final one-dimensional integral can be easily evaluated using a computer
package such as Maple or Mathematica. Alternatively, if we desire a purely pen-
and-paper method, then these integrals can be evaluated using complex contour
integration. However, evaluating the one-dimensional integrals gives us little use-
ful insight so we use the electronic method. In this case we find

5127% 5m 5
D) = == 350677 ~ 8%

The remaining integrals are calculated in the same way, although any involving
p-orbitals will have non-trivial angular integrals. As an example we compute
(33|44) and the other integral calculations, along with useful standard angular
integrals, are given in Appendix B. The resulting Coulomb and exchange integrals

are given in Table 2.3.

These integral values are not new, in that they can be reconstructed from the
values of the F' and G integrals of [LS60]. These F' and G integrals (see [CS35]) are
purely radial, having integrated over the angular terms, and thus to reconstruct

our results it is necessary only to determine the angular contributions.

For (33|44), by rotational symmetry of the p-orbitals it suffices to consider p;

and p3, where k; = rsinfsin ¢ and k3 = r cos¥f.

1 1 VA 625k2
(33]44) = / — 3
212 Jpa [K[2\(Z2+ KPP (22 +[K]?)*
6 67.2
" Z  62°K e
(Z2 + kPP (22 + [k[?)!
/ / / ~ 62%%cos? 0
27T2 Z2_'_7n2 (Z2+'I"2)4
o VA _ 62Z%2 sin? f sin? ¢
(72 + r2)3 (Z2 + |k|2)

) sin OdodOdr.

Performing the angular integrals using the standard forms in Appendix B and the

radial integral using Maple gives

(33)44) — / / 212 62127“2(2 cos? 0 + sin? )
o2 (22 + (22 1 12)7

3672r% cos? fsin? 0\ .
(724 2 ) sin 6dOdr
1 [ 4712 162122 n AR Z 124 J
= — — T
o (Z2+12)6 (224 12)T ' 5(Z22 +r2)8

1 447727 447

T o7 1280 2560
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Integral | (11]11) | (11]22) | (12]21) | (22|22) | (11]33) | (13]31)
Result gZ gZ %Z 57T722 %Z %Z

Integral | (22]33) | (23]32) | (33]33) | (33]|44) | (34[43)

83 15 501 447 27
Result | 5572 5152 5560 2 5560 2 55602

Table 2.3: Values of Coulomb and Exchange Integrals for the scaled atomic wave-
functions given in (2.7).

As mentioned previously, all of the integrals are rational multiples of Z, remov-
ing any numerical errors from the calculations. It it also immediately noticeable
that the exchange terms are much smaller than the Coulomb terms. However, as
we will see later, the exchange terms play a very important role in energy level
splitting.

We now show that all other possible integrals generated by Slater’s rules given
in Corollary 2.3.2 are zero. One reason for this is that each Slater determinant is
constrained to contain s and 1, if this were not the case then we could have
terms such as (1s2s|p;p;) which are non-zero.

There are three cases to consider, the first is (mp|nn) where m,p # 1s,m #
n # p, which leads to (2spi|p;p;), (2spi|lsls), (pipj|lpepk), (pipj|lsls) and
(pipj|2s2s). The second case is (mn|np) where m,p # ls,m # n # p which
gives (2sls|1lsp;), (pils|lsp;), (pi2s|2sp;) and (2sp;|p;pj). Finally we have the
case (mn|pq) where m # n # p # q, m,n,p, q # 1s, which results in (2sp;|p;pk)-

By the results of Table 2.2 the Fourier transforms satisfy sp; = fi(|k|)k,
pip; = fo(|k)kik; and pip; = fs(|k]) + fa(|k])k7. By (2.5) we see that the
only angular dependence comes from these terms, and noting that fo% sin ¢pdop =

fo% sin ¢ cos pdg = 0, it is trivial that all of the above integrals are zero.






Chapter 3

Simplification of the Energy
Matrix

3.1 Angular Momentum and Spin Eigenspaces

We are now in a position to evaluate the V,, matrix in the basis chosen in Section
2.4, using the integrals derived in Section 2.5.2. However, we first aim to use extra
information about the chosen wavefunctions to further simplify the matrix and
reduce the number of matrix entries we need to calculate.

Our aim is to show that a suitable basis of linear combinations of Slater deter-
minants can be chosen which results in the V., matrix having block diagonal form.
In order to do this, we wish to find operators which commute, and thus have simul-
taneous eigenspaces with, H. The important point is that these eigenspaces will
be much smaller than the ground state of non-interacting Hamiltonian (see Table
2.1). The two most useful physical properties for this are angular momentum L

and spin S, which are vector operators given by

Ly 2903 — 2304

1
L=|L, 3:2 x301 — 105 |, (3'1)
Ls 210y — 2204
51 1{0 1 1[0 —i 11 0
—1
S = S ] S = = S = — S = —
2 2 ) 1 2<1 0>7 2 2(7, O>7 3 2(0 _1>7
S3

(3.2)
where S; are the Pauli spin matrices. It is well known (see e.g. [Sch01]) that the
largest set of commuting operators formed from the L; and S; is {L?, S?, Ls, Ss},
where taking the third component is merely a convention. L? and S? are known as

47
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the total (spatial) angular momentum and total spin operators respectively and

are defined as
L? =L+ L3+ L2and S*:= S+ S5+ 53.

We now use the nontrivial fact (see Lemma 3.1.4 below) that for V :=
span{GS of Hy} (as given in Theorem 2.2.1) the operator PH P, where P is the
orthogonal projection onto V', commutes with L and S. Hence the eigenspace of
PHP on V can be factored into simultaneous eigenspaces of S* and L.

When acting on a multi-electron system these operators can be written in

terms of the one-electron angular momentum and spin operators. Denote

where L;(j) and S;(j) are the ith components of L and S acting on the jth

coordinate, and L(j) and S(j) are the vectors formed from these operators. This

gives
L= Z L(i)-L(j), S*= Z S(1) - S(9),

and we now wish to derive identities for the action of these operators upon a

Slater determinant.

3.1.1 One-particle Operators on Slater determinants

In this section we will derive rules for the application of L3 and S; to a Slater

determinant.

Lemma 3.1.1 ([Fri0X]). Consider a general bounded linear operator B acting on
L*(R® x Zy; C) and the N-particle analogue, By = S~ | B(i), where B(i) is B
acting on the ith coordinate, which acts on L*((R3® x Zy)N;C). Let 1y ... 9N €
L*(R3 x Zy; C), then

By|r .. Un) = [(BY1)e . b)) + -+ [h1 .. (BYw)).

Proof By is invariant under permutation of coordinates, hence it commutes with

the antisymmetrizer Ay of the Slater determinant. Hence

N

Bl .. vow) = VNIAy (D BG))Jr @+ @ .

=1
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Now,
B(i)h1 @ @Yy =11 @+ @11 @ (BYy) @1 ®@ -+ @y
and the result follows. 0J
In particular, if ¢, ...,9¥nN are all eigenfunctions of the operator B then the

result simplifies even further:

Corollary 3.1.2. If, further to the assumptions of Lemma 3.1.1, we have B; =

N
Byl .. YN) = <Z)\i>w1 YN,
=1

This result is the main argument for choosing a basis of p-orbitals that are all
eigenfunctions of Ls, for example ps, %(pl + ips), %(pl — ipy). However, com-
puting the L3 eigenspaces for {p1,p2, ps} (for which the Coulomb and exchange
integrals are the same) is easier than computing the necessary Coulomb and ex-
change integrals and L? eigenspaces for {ps, p;,p_}.

Lemma 3.1.1 and its corollary appear to be new, although the result of Corol-
lary 3.1.2 is often used in the literature for S5 and L3 eigenfunctions, i.e. it is well

known that the total eigenvalue is the sum of the one-particle eigenvalues.

3.1.2 Two-particle Operators on Slater Determinants

We now wish to derive an analogous formula for the action of a general two-
electron operator of the form By := Y~ B(i) - B(j), of which both L? and S”

ij=1
are specific examples. Unfortunately, due to the two-particle nature, there is no
simple form as in the one-electron case. We may however show that the operator

acts as the sum of actions of B(i) - B(j) for each electron pair (i, j).

Lemma 3.1.3. Consider a general bounded linear operator B acting on L*(R?® x

Zs;C) and the extended action on pairs of electrons,

N
By =) B(i)-B(j),
ij=1
where B(k) is B acting on the kth coordinate, which acts on L*((R3 x Z,)N; C).

Let the set {11, ..., vk | ¥y € L*(R® x Zy,C)} be invariant under the action of
B and let &2 € C be the expansion coefficients of (B(1)- B(2))¥s(1)4;(2) in pairs
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Ya(1)y(2) fori # j, i.e.

(B(1)- B @0 =1 Y b @ .

a,b=1

Then for all oq,...,an € {1,..., K} we have
By |t - - - ay) Z|%1~ B-Bibg,) .. Yay)

+ZZ azozj|wa1' --~wb---¢a1\r>’

Z‘j ‘lab 1
i#]

where 1V, 15 at position © and ¥y at position j.

Proof As in the one particle case, By is invariant under permutation and so
commutes with the antisymmetrizer Ay. We now partition By into one-electron
(1 = j) and two-electron (i # j) terms and, by Lemma 3.1.1, we find that for
a Slater determinant [¢/n, ... 1%a,) the one-electron terms give SN |ty ... (B -
By, .. .Yy ). The effect of the two-electron terms is less trivial and we find,

setting
(B(1)- B(2))hi @ ¢ =: Zc e ® U,

a,b=1

and By := S.1j=1 B(i) - B(j), that
i#j

N N V_AN(ZB )wal - ® Yoy

2,7=1
i#j
=N ANZZ ¢a1 '®¢a®"'®¢b®”'®¢a1\r
Zég-lab 1
i#]

where 1), and 1, are at positions ¢ and j respectively. Taking the antisymmetrizer

(which is linear) inside the sums we find

BNNW)OQ "'wai "'¢QN E : § ozzozj|w0¢1 w ¢b ¢QN>
1,j=1 a,b=1
i#£]

and the result follows. O
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As with the one-particle case these results appear to be new. Unlike the one-
particle case, when calculating S? eigenfunctions, the consensus in the literature
seem to be to use diagrammatic methods such as Young tableaux or branching
diagrams [Pau79]. These methods, whilst relatively simple to apply, are generally
not proved, presumably due to their dependence on more technical results from
areas such as Lie algebra representation theory. Our approach, which requires
only the application of the operator to each pair and then matrix diagonalisation
to find the eigenfunctions seems preferable, and certainly more rigorous. L? is
generally not considered in the literature as it is not a well defined observable for

molecules (due to lack of rotational symmetry).

3.1.3 Angular Momentum, Spin, Parity, and PHP

We now return to showing that the spin and angular momentum operators com-
mute with the projected Hamiltonian PH P.
Along with these operators, we introduce the parity operator R, which is given

by inversion of all coordinates through the origin:

~

RV (xy, 81,9, 82,...,2Nn,5Ny) = V(—x1, 81, — T2, S2, ..., —TN, SN)- (3.3)

This clearly commutes with spin operators and also, since inversion at the origin
commutes with any rotation leaving the origin fixed, with angular momentum

(which is generated by infinitesimal rotations).

Lemma 3.1.4. Let V := GS of Hy and let P be the orthogonal projection onto
V. Then the operators L, S, L?, and S* and R commute with PHP.

Proof We prove the lemma in two parts, we first show that V' and its orthogonal
complement V* are invariant under each operator. We do this by showing that
the span of one-electron orbitals U,, with principle quantum number n is invariant
under the one-particle operators L3, S5 and R for each n.

We write a one-particle spin-up eigenfunction of —%A — Z/r as Yo =
Ryo(1)Ym(6, @), and analogously for the spin down with o — 3.

The invariance of U, under Ls and L? follows from the fact that each L; is
independent of spin, gives zero on any function of r, and hence acts only on
the Y} ,,. Since the spherical harmonics are eigenfunctions of L3 and L2 (with
eigenvalues m and ¢ 4 1) the result is trivial.

Analogously the S; (and hence S?) act only on the spin and trivially this leaves

n, ¢ and m invariant, since both spin states of each orbital are present in U,, the
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result follows.

Invariance under R follows from the fact that inversion does not affect the
radial or spin parts and at most changes the sign of Yy, = cP;™(cos 8)e™™?: Note
that § — 6 + 7 and ¢ — ¢ is an inversion, and this trivially leaves ¢ invariant.
Further, since P/"(cosf) is a linear combination of terms cos®#sin® 6, with a + b
odd or even as £ is odd or even, using cos(f+ 1) = — cos6 and sin(0+7) = —sin 6
gives the result.

Using Lemmas 3.1.1 and 3.1.3, we therefore see that V and V* are invariant
under the N-electron operators Ls, S;, L?, and S?. Invariance under the N-
electron version of R follows since it acts simultaneously on all coordinates.

It follows that P commutes with each of these operators: Let A be a general
linear operator such that AV C V and AV+ C V4. Defining Uy := PV, U 1=
(I — P)V shows

PAU = PA(Uy 4 Uy:) = P(AVy + ATy) = AUy, = APVU.

The second part of the proof is to show that the N-electron operators Ls, Ss,
L?, 5% and R commute with H. The result for the spin operators follows trivially
from the fact that H does not depend on spin. The result for the angular mo-
mentum operators follows from the fact that H is invariant under simultaneous
rotation of all electron coordinates about any axis. Hence, since the angular mo-
mentum operators are generated by infinitesimal rotations, they must commute
with H and the result follows. For the parity, we note that the H is invariant

under inversion through the origin and so the result holds. O

Note that this result extends to any space V for which V and V' are in-
variant under each of the operators. In particular, as long as orthogonality is
maintained, and the same radial part is used for each orbital with the same values
of n and /¢, the radial parts of the orbitals can be freely varied. Further, although
this invariance is assumed for such subspaces in much of the standard literature
(namely that spin and angular momentum eigenfunctions can be formed within
such subspaces), there does not seem to be a rigorous proof readily available in

the literature.

3.1.4 Spin of Slater Determinants

We first consider the effects of the spin operators on a Slater determinant. Using

the Pauli matrices (3.2) we see that, denoting spin up and down by the corre-
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sponding arrows [Fri0X],

ll 1
2 2
S(M=153 l) , S =1-3
1 0 1
2 2
Hence we see that Ssi(r,s) = :I:%w(r, s) for s =7, | respectively. By Corollary

3.1.2 we have
Szlthr .. YN) = S| dN)

where s = %(# T orbitals — # | orbitals).

The one-electron terms in S? are given by S-S = Zgzl S¢Sy. For ¢(z, 1) we

have

3
S SuSeb(x, 1) = Siddb(a, 1) + Sadu, 1) + Sabei(x, 1) = H(x, 1),

(=1

and the spin down case is analogous, giving %w(r, 1). Hence by Lemma 3.1.3 we

see that the one electron term simply gives

N
> oy (S Sta,) - Vay) = B lthay - Yay) (3.4)
i=1

For the two-electron term we consider the action on a general tensor product
of two one-electron orbitals. Consider two spatial wavefunctions a,b € L*(R3),

there are four cases depending on the spin states of the orbitals [Fri0X]:

(S(1)-S(2))aT®b | =1a | @1 +2a | ®@bT —ta1®b]|
—lal@bl—tatab]

5(1)-5@2)al @bt =1at@b| ~ta] bl (3.5)

(S(1)-S(2)at@b1="1at @b

S(1)-S2)al @bl =1al@b].

Note that, in particular, a spin pair of the same spatial orbitals in a Slater deter-

minant does not contribute to the total spin.
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3.1.5 Angular Momentum of Slater Determinants

As with spin we start by calculating the effect of L on our basis functions. From
the derivative form of L in (3.1) we see that Li(|z|, s) = 0, which follows from

O0if (=) = f'(lzN):(l=]) = f' (),

and hence (z;0; —x,;0;) f(|z|) = 0. For three general p-orbitals defined as p;(z, s) =
f(Jz])zix(s) we find [Fri0X] that the spatial parts satisfy

0 1p3 —ipo
Lpy = | —ips |, Lps= 0 , Lps=1| ip1 |- (3.6)
ipg —Zpl O

Which, if the indices are understood modulo three, is equivalent to
Lip; =0, Ljuipj = —ipj—1, Lj1p; = ipj+1,
and in particular
L3py =ipa, Lapa = —ip1, Lsp3=0.

For the one-electron terms of L? we find that

3
> LeLap;()x(s) = iLj 1pjpax(s) — iLiip;1x(s) = 2px(s).
(=1

Hence by Lemma 3.1.3 we see that the one electron term simply gives

N
D |thay (L Ltba,) - o) = 2P[tha, - - Yay), (3.7)
=1

where P is the number of p-orbitals in the Slater determinant.

Finally we need to compute the two-electron terms and, since L is independent

of spin, we have [Fri0X]

(

|t~

(1) - L(2))pic @ piB = —(pic1 @ pi—1 S+ i1 @ pia3)
1) L(2))pia @ p;B = pja@pB (i #j), (3.8)

=

for o, 5 € {1, 1 }.

We are now in a position to use Lemmas 3.1.1 and 3.1.3 to calculate the L% S>-
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Ls-S5-R joint eigenspaces of Lithium to Neon. However, before we do so, there
is one more result which will reduce the amount of computation needed. The
motivation for the following comes mainly from the sizes of the ground states of
Hy, which can be seen in Table 2.1. It is clear that the dimension of a space with
p valence electrons is the same as that with 8 — p valence electrons, which can be
seen as a property of binomial coefficients. We propose that there is also a deeper

symmetry, which is analogous to a particle-hole duality result.

3.1.6 Particle-Hole Duality

We begin by recalling the definition of the Hodge Star operator from differential
geometry [Jos02]. Let M be a n-dimensional Riemannian manifold with inner
product g. The Hodge star operator (denoted by *) is a linear operator mapping

k-forms on M to (n — k)-forms on M, i.e.
w0 QF(M™) — QR (™).
This operator may be defined in a coordinate-free manner by the condition
u A *xv = g(u,v) Vol(g), (3.9)

where the notation g(u,v) denotes the inner product on k-forms and Vol(g) is
the unit volume form associated to the metric.

In our case the n-dimensional manifold is analogous to the space of Slater
determinants with n valence orbitals, and thus the k- and (n — k)-forms are
respectively the spaces of Slater determinants containing k and (n — k) valence
orbitals. We wish to define an operator analogous to * which will then be used to
prove a duality result.

We begin by defining the volume element for the valence shell by

|1y) = |2525p1 P1p2PapsDs)

which is unique up to sign. If we were to use the definition of % given by (3.9),
the left hand side would not necessarily be a Slater determinant as it may not be

antisymmetric. Hence we define the operator

-An . gnfk & gk - gna

where S, is the space of normalized Slater determinants containing m orbitals, to

be the standard antisymmetrizer which also normalizes the resulting Slater deter-
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minant. We now extend A, to the space of non-normalized Slater determinants
S, by
A (a]T1) ® B]0)) = afA,(|T1) @ [¥y)),

with |W,) € S,_ and |¥,) € 5.
We finally define the dual (star) operator * : S, — S, _ by

An(al¥1) @ (B]P2))) = (a¥|5T2)[L,), (3.10)

where o|¥;) € S, 1, B|Vs) € Sk, and (:|-) denotes the standard L?((R?® x
Z5)"~*; C) inner product on S,,_.

It is clear from this form, and the fact that all Slater determinants which differ
by at least one one-electron orbital are orthogonal, that * gives a non-zero result
only when |¥;) = |¥,) and then (3.10) returns a scalar multiple of |1,). This
suggests that *|¥) should be a Slater determinant formed from the orbitals of
|1,) that are not present in |W). It is clear that this result can be extended to
Slater determinants that all contain the same core orbitals by suitably modifying
the tensor product operator to retain only one set of core orbitals, and extending
the inner product to include the core orbitals.

An equivalent definition for our Slater determinants, in terms of creation and

annihilation operators is given by:

Definition 3.1.5. The dual of a Slater determinant o|V) = «|lslso; ... o),
a € C, denoted by x(a|V)), is given by

#(a|¥)) = a*a(¢y) ... a(¢1)[1), (3.11)

where |1) := |1515252sp1P1paDapsp3). Note that x extends linearly to linear com-

binations of Slater determinants.

We note that the complex conjugation of « is necessary to ensure consistency
with the conjugate linear property of the inner product. It is easy to check that,
after extending the inner product to include the core orbitals, and modifying the
tensor product to retain only one set of the core orbitals, that this definition is
consistent with (3.10).

This formulation of the dual seems to be novel and, although there are cases
where the idea is mentioned in passing (e.g. in the discussion of [L.S60]), there
seems to be no formal investigation in the literature. Hence the remaining results

in this section are new.
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Lemma 3.1.6 (Anti-commutativity of L and x). Let L denote the angular mo-

mentum operator, which, in second quantization, is given by

T T T T

a3y — (503 + Gz05 — 4503

g | o T T T
L:=1|aja3 — aya1 + ajaz — azas

i T to toe
Ax01 — 102 + A507 — G703

where a; := a(p;), a; == a(p;), etc. Then L and % anticommute on

Spa’n{“-SEgblng .. ¢/€> | ¢j S {28’%aplap_lap2ap_27p37p_3}}’

Proof We begin by considering the term i(al a, — ala,,), m # n and show that
this anticommutes with * for a general Slater determinant aa'(¢;)...a'(¢.)|0)
(where |0) = |1sls)). For the first term, if none of the ¢; are p,, we see that
iaal a,a’(¢1)...a'(¢r)|0) = 0 as, in this case, a, anticommutes up to the vacuum.
It is also zero if one of the ¢; is p,, as al al = 0. Else we must have ¢; = p, for
some i so anticommuting both af and a, up to this point (which results in no

change of sign) gives

iaal(¢n) ... al(¢i1)af,analal (¢i11) ... a"(61)]0).

Rewriting a,al = 1 — ala, and anticommuting a, up to the vacuum leaves only

the term from the 1, and hence we have

ioal anat(¢r) ... a'(ér)]0)
0 if ¢z 7& pnVZ or ¢j = Pm,;
iaa'(¢1)...al(gimr)al,a’ (¢is1) ... a(4)|0) if ¢; # pnVj and ¢; = pa.

Using (3.11), this gives

xiaal anal(¢1) ... a'(¢r)]0)

0 if ¢z 7é anZ or ¢j = DPm,
(’LO()*G/((bk) e a(¢i+1)ama(¢i,1) Ce a(¢1)|1) if (b] 7é pmVJ and (bz = Dn-
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We therefore see that

s (i(al an — al am)oat (¢1) ... al (¢r)]0)) (3.12)

(Za)*a(¢k) s a(¢i+1)ama(¢i—1) ce a(¢1)|1> if gbj 7& pm\V/j and ¢z = Dn,
=9 —(ia)*a(¢r) ... a(dji1)ana(dj—1) ... a(¢1)|1) if ¢; # paVi and ¢; = ppm,

0 else.

We now wish to compute ial,a,(xaa’(¢1)...a'(¢r)|0)). Applying * gives
ia*al ana(or) ... a(ér)|1) and, as before, we note that this is zero if one of the
¢; i py, or if none of the ¢; are p,,. (Note that it is here that we use that |1) is
a closed shell, i.e. contains all orbitals involved in L.) Else, following a similar
method to before, we find that

ia*al ana(gr) ... aldji1)amal(d; 1) ... a(g)]1)
= —ia"a(gy) . .. a(dji1)ana(Pj—1) .. .a(¢1)|1).

It follows that

ial a, x aal(é1) . ..al(¢1)|0)
0 if (bj 7£ pmvj or (bz = DPn,
—ia*a(or) . .. a(@j1)ana(@j-1) ... a(d1)|1) if ¢ # paVi and ¢; = py,.

We therefore see that

i(al an, — alay)(xaa (¢1) ... a(¢1)]0)) (3.13)

—(1a)*a(or) - . - a(@iy1)ama(di—1) - .. a(P1)|1) if ¢; # pmVj and ¢; = py,
=\ (@) a(¢r) .. algjr)ana(dj) ... a(e1)|l)  if ¢; # ppVi and @; = pm,

0 else,

where we have used the identity (ia)* = —(i)* for o € C.

It follows from (3.12) and (3.13) that, on a general Slater determinant, i(a, a,—
alan)x = — *i(al a, — al a,,), which implies L¥ = — % L. The result follows by
the linearity of L and x. U

The identities in the proof will be useful when investigating the relationship

between xS and Sx* so, for ease of reference, we have:
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Corollary 3.1.7. For x, # Xm

« Bal (xm)a(xn)aa' (¢1) . .. a' (é4)0)

0 if §i #F XuVi or @5 = Xm,
(aB) a(¢r) - .- alPir1)a(Xm)a(Pi-1) .- a(P1)[1) if @5 # XmVi and ¢; = Xn.

and

Bal (xm)a(xn) (xaa’ (41) ... a'(¢1)]0))

0 Zf ¢j 7& vaj or ¢z = Xn;
—Ba*a(dn) - -a(B51)alu)ads) - al@)[1) if 6 # xa¥i and 65 = xom

Lemma 3.1.8 (Anti-commutativity of S and *). Let S denote the spin angular

momentum operator, which, in second quantization, is given by

at(x)alx;) + a' (x;)a(x;)
> lilat()alxg) — al (x;)alx)))
i | al(g)aly) - al(35)a(x)

where x; are the spatial orbitals which, when coupled with the spin functions cor-

S =

N | —

responding to up and down, form the spin orbitals ¢; and ¢Tj Then S and *

anticommute on

Spa’n{“-SEgblng .. ¢/€> | ¢j € {28’%aplap_lap2ap_27p37p_3}}’

Proof First note that each component of S gives zero when applied to a spin pair
so we need only consider the action on the valence orbitals, i.e. a(¢,)|0) = 0 for

all 7.

From the second quantized form of S it is clear that, along with the
results of Corollary 3.1.7, we also need *3a’(x)a(x)aa’(¢1)...af(¢:)|0) and

Bal(x)a(x)(xaa'(¢y) .. .a"(¢:)|0)). We begin with
Ba'(x)a(x)aal (¢1) ... a'(¢1)]0)

and note that this is clearly zero if none of the ¢; are x (by acting a(y) on
|0)) and else is Baa'(¢y)...a'(¢:)|0) (by noting that a'(x)a(x)a’(x) = (1 —
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a(x)a'(x))a'(x) = a'(x)). Hence we see that

wBa’ (x)a(x)aal(¢1) .. .a (¢x)]|0) =
(X)a(x)aa'(¢1) (¢%)[0) (0B a(dn). .. alé1) i b x

It remains to compute Ba’(x)a(x)(xaal(¢y) ... a'(¢x)|0)) which, after applying
* is Ba*al(x)a(x)a(dr) ... a(¢)|1), which is clearly zero if ¢; = x and else is
Bata(ey) ... a(¢1)|1) by anticommuting both af(x) and a(x) up to |1) which gives
no sign change and noting that a'(x)a(x)|1) = |1). We therefore have

Bal(y)a saal (¢1) ... al(¢)]0)) =
Wabtraction - 00N =4 oo ity if ds £ avi

Considering S5 = 1 >° i a'(x;)a(x;) — a'(x;)a(x;) and in particular one com-
poenent S5 := tat(x)a(x) — a’(X)a(x), we see that

%a*a ¢k)a(¢1)‘1> lf (bl :Xa (bj #ija
* ggaaT(¢1) c. OJT((bk>|O> = —%a*a(gbk) . &(¢1)|1> if ¢j = Y, (bz 7& XVZ,

0 else.

and

—sara(dy) .. .a(er)|1) if ¢ = x, ¢; # XV,

0 else.

from which it is clear that Ssx = — % S3.

The proofs that S;x = — % S; and Sy = — %Sy are analogous and use the for-
mulae from Corollary 3.1.7, (and are in fact virtually identical to the arguments of
Lemma 3.1.6). Hence, on Slater determinants, Sx = — % S and the result follows
by the linearity of S and . O

Lemma 3.1.9 (Commutativity of R and ). Let U = SN o, ¥;) with

|\Ijz> € {|131—S¢1¢2 . (bk) | (bj € {2872_37291729_172927]7_27]737]7_3}}'

be such that R = rU, r € {—1,4+1}, (i.e. U has well defined parity) then

~

R(xU) = r(xV).
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Proof For a single Slater determinant, the result is trivial since |1) contains an
even number of p-orbitals and the parity is simply equivalent to the parity of the
number of p-orbitals in a Slater determinant. The result follows by the linearity
of * and R. O

It is clear that, for the obvious extension of * to higher valence shells, Lemma
3.1.8 extends to any set of Slater determinants that all contain the same core of
spin-paired orbitals and the remaining orbitals chosen from the valence shell. The
extensions for Lemmas 3.1.6 and 3.1.9 would require determining the action of L

and R on higher angular momentum one-electron orbitals.

Theorem 3.1.10 (Particle-Hole Duality). Let W = Zfil a;|V;) be a linear com-
bination of Slater determinants, where |¥;) = [1s1sp1 . .. ¢p) with

(bj S {2872_87291729_17]727]7_27]737]7_3}7

which satisfies L*U = LV and S*V = SV. Then for the dual operator given
by Definition 3.1.5, L*(xV) = L(xV) and S*(*¥) = S(xV). Furthermore, if
LU = (0, S50 = sU and RU = rU, then Ly(*V) = —((xT), S3(xT) = —s(xD)
and R(xT) = r(xT).

Proof The proof follows directly from Lemmas 3.1.6, 3.1.8 and 3.1.9. O

This result is very useful as it follows that we need only compute the eigenspaces
for Li-C (1 to 4 valence electrons) and the others follow immediately. We also
note that the above results are not restricted to the n = 2 valence shell and,
assuming analogous results exist for higher angular momentum orbitals, would be

even more advantageous for the larger n shells.

3.2 Explicit Many Electron Eigenspaces

3.2.1 Calculation of L2—§2-L3-53—f€ Eigenspaces

Recall from Lemma 3.1.4 that L? S?, Ls, S, R and PHP commute, hence we
may find simultaneous eigenspaces of these operators.

In order to simplify the analysis we note that each Slater determinant is already
an eigenfunction of S3, and that the space spanned by |¥;) with S3 eigenvalue s
is isomorphic (by flipping all spins) to that spanned by |¥;) with S5 eigenvalue
—s. This can be seen from the fact that L? and S? commute with flipping the
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spins of all electrons; the result for L® follows trivially from (3.7) and (3.8) and
that for S* from (3.4) and (3.5). It follows that it is sufficient to consider cases
where S3V¥ = sU with s > 0.

Further we see that the contribution of the pair 1sIs to S3, S?, Ls and L? is
zero, due to it being a closed spin shell of radial functions. Further, the eigenvalue
of R on a Slater determinant is the product of the eigenvalues of the one-electron
orbitals, which are independent of spin. Hence we may ignore the core 1s-orbitals
for the purpose of these calculations.

We begin by choosing a basis of single Slater determinants for each Ss
eigenspace and forming the corresponding S* matrix. The eigenfunctions and
eigenvalues are then found by explicitly diagonalization, giving a basis of each
S5-S5? eigenspace with eigenvalues s and S respectively.

For each of these S3-S? bases we form the L? matrix and again diagonalize to
give a basis for each S5-S*-L? eigenspace with eigenvalues s, S and £ respectively.

Finally we note that the energy of an L?-S? eigenfunction is independent of
the choice of S3 and L3 eigenfunction, and hence we need only choose a specific
L*-5°-S3 eigenspace (normally that with highest s eigenvalue as this gives the
smallest number of S5 basis elements), and construct the Lj eigenfunctions in the
same manner. The L3 eigenvalue is always chosen to be zero as this allows the
results of Theorem 3.3.1 to be more easily demonstrated.

The L?-5%Ss-Ls-R eigenspaces are then trivial to identify by inspection.

The calculations themselves are somewhat lengthy and are given in Appendix
C. It is worth recalling that Theorem 3.1.10 means we need only calculate the
eigenspaces up to Carbon, the rest being given by duality.

As mentioned previously, although diagrammatic methods to compute S*
eigenfunctions are well known, there are no such results for L? eigenfunctions,

and these tables seem to be the first explicit formulation of the eigenfunctions.

3.2.2 L2-S? Simultaneous Eigenspaces

The L*S? eigenspaces for Lithium-Neon are given in Tables 3.1-3.7, which use the
following conventions: 1) The two 1s orbitals present in every Slater determinant
are not shown. 2) The eigenfunctions are not normalized. 3) In all cases, it is
assumed that i,j,k € {1,2,3}, ¢ # j # k. Further, the eigenspace contains all
possible linear combinations of Slater determinants for which this rule holds, e.g.
\pip;) ~ {|p1p2), |P1ps), |p2ps) }. 4) Eigenfunctions of the form a|Wy)+b|Wy)+c|¥s)
are such that a + b+ ¢ = 0 and are hence two-dimensional eigenspaces.

Before looking at the refined L2-S5%-Ls-Ss eigenspaces, it is useful to note that
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&=
(L=0]]s) [5)
(L* =2 ||p) |po)

Table 3.1: Lithium L*-S? eigenspaces.

(8*) =0 (8%) =2
L2 =0 s _
(L \p1P1) + |peP2) + |psPs)
, |sDi) — |3pi) |spi) [pip;)
(L) =2 E) PiD;)
|spi) + [3ps)  |pidy) + |Dipj)
(L alp1P1) + blp2pz2) + ¢|psps)

Table 3.2: Beryllium L2 52 eigenspaces.

(87 = & (57— B
|sp1P1) + [spaP2) + |spsPs) |P1p2ps)

(L?) =0 5p1P1) + |5p2pz) + |5p3Ps) B |@> o
\p1p2P3) + |p1D2aps) + |Pipaps)
|Pip2ps) + |PipaPs) + [p1P2aps)

|3pi) |spip;)
|5573) |5Pipj)

(L?) = 2 |pip;P;) + |PipiPr) |spiDs) + |sPips) + [3pip;)

|Dip;P;) + |DibkDk) |spip;) + [5piD;) + [5Dipj)
2spip;) — |spip;) — |spibj)
2|spip;) — |Spip;) — [SPip;)
|spipj) — |spip;)
spipj) — [spip;)
alspip1) + b|spapz) + c|spsps3)

(L*) =6 alspipr) + b|spapz) + c[5psps3)

\pip;Pj) — |PiPkDk)

|PipiPj) — [PipkPr)
a|pspip2) + blpspiD2) + c|pspips)
alpspipz) + b[PspiD2) + c[Pspip2)

Table 3.3: Boron L*-S? eigenspaces.
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(L) =0

(%) =0 (8% =2 (%) =6
|s5p1pr) + |s5pap2) + |55psps) 3[5p1paps) — |spipaPs) — |spipaps) — |spipaps) |sp1paps3)
|p1P1p2D2) + |p1P1psDs) + |P2D2psps) 3|spipaps) — [sp1paps) — [sp1D2ps) — |[sp1paps) [5p1p2ps)

|sp1P2ps) + |SP1p2P3) + |sPipzps)
—|8P1p2ps) — |Sp1D2ps) — |5p1p2Ps)

[Sp1paps) + |spipaps) + |spiDaps) + |sPipaps)
|sp1Paps) + |5P1Paps) + |5P1pabs) + |5p1paps)
|sp1paps) + |sp1paps) + |spipaps)
+[3P1p2ps) + [Sp1Dzps) + [5p1p2Ps)

(L% =2

|spip;D;) — [SpipiPj) + |SDibkDr) — |SPipkPr)

|s5pip;)
|s5pip;)
|sSpiDj) + |s3pip;)
|p1p2p3Di)
\P1P2P3pz‘>
|piDip;Dr) + |piDiD;pk)
|spip;P;) + |spipkDr)
|Pip;P5) + |SPipKDr)
|sPip;B;) + [3pipiB;) + |sPipkPr) + [SpiDkDr)

(L) =6

|s3pip;) — |s5pip;)
a|sspip1) + blsSpapa) + c|s5psPs)
|piDip;r) — |PiDiPjpk)
alp1pipapa) + blp1pipsps) + clpapapsps)
|spipD;) — [5pip;P;) — |SPioxPr) + |5DiDkDE)
a(|spipaps) + [5p1p2P3)) + b(|spiPaps) + |5P1paps))
+c(|spipaps) + [5p1Paps))

|spipiD;) — |SPiprDk)
|spip;Dj) — |SPipiPk)
a|sp1paps) + blsp1Daps) + c|spipaps)
a|sp1paps) + b|Spipaps) + clsp1paps)
|spip;p;) + [5pip;P;) — |5DiPkPk) — |5PiPKDE)
a(|spipaps) — |5p1paPs)) + b(|spiPzps) — [5Pip2ps))
+c(|sPipaps) — [5p1Daps))
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(8% =3 (8% =1
|sp1Pip2p2) + |Sp1P1psP3) + |Sp2D2psDs) |sSp1paps)

(L) =0 | [SpiPipape) + [SpiDipsps) + [SpePopsPs) | |ssppaps)
|s5p1D2ps) + |s5pipaps) + |s5p1paps)
|s3p1D2Ps) + |s5P1p2Ps) + |s5P1Paps)

|s3pip;D5) + |S8DipkDE) |sp1p2psDi)
|s5pip;Pj) + |55DipkDk) |5p1D2D3Ps)

(L?) =2 |P1p2psPiPk) |spiPip;Pk) + |sPiPiDjpk) + [SPiDip;pr)

|P1P2D3p; k) |spiPiD;Pr) + |5piPipPr) + |5piDib;Pk)
2[3pipip;pr) — |SPiPiD;Pr) — |SPiDiP; k)
2|spipip;pr) — [3piPip;Pr) — [3piPibip)
|s5pip;Dj) — |55PiPkDEk)
|$5pip;Dj) — |S5DipkDr)
a|sspipaps) + b|ssp1Daps) + ¢|sSpipaps)

(L?) = 6 | ls5Pip2ps) + bls5pi1paps) + c|sspipaPs)

|spiDip;Pr) — |spiDibjPk)

|5p:Dip;Pr) — |3p:DiDsPk)
a|spiPipaPz) + blspiPipsPs) + ¢|spaPzpsPs)
a|3p\PipaP2) + b|Sp1PipsPs) + c|5paPzpsPs)

Table 3.5: Nitrogen L-S? eigenspaces.

(%) =0 (S%) =2

(L2) = | |S5PiPiP2P2) + |S5piPipsPs) + [s5paPapsps)
a |P1D1D2D2P3P3)

|sP1D2Dsp;Pk) — [SP1P2D3D;Pr) |s3p1p2p3Di) |S5p1D2P3Ds)
(L?) =2 |Sp1P2p3PsPR)  |SP1P2D3P;Dk)
- |sSpiPip;Dr) + |SSpiDip;Pk)

|sP1P2Dap;Pk) + |SP1D2DsP; k)

<L2> —6 |3§pi17ipjp_k> - |3§piZijpj>
- alssp1PipaPa) + blsSp1DipsPs) + c|s5p2Papsps)

Table 3.6: Oxygen L*-S? eigenspaces.

(8% =23
(L*) =0 | |sp1Pip2P2psPs)  |SpiPipaPapsbs)
(L?) =2 | |s5p1papsDip;) |sSD1P2P3PiD;)

Table 3.7: Fluorine L*-S? eigenspaces.
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the dimension of these eigenspaces can be determined from the dimension of the
L*-5? eigenspaces. The dimension of an eigenspace with L? eigenvalue £(¢ + 1)
and S? eigenvalue s(s + 1) must be a multiple of d := (2¢ 4 1)(2s + 1). This
follows from the fact that the minimal number of L3 eigenfunctions is 2¢ + 1,
with eigenvalues —/¢,...,0,..., ¢, and the minimal number of S5 eigenfunctions is
25 + 1, with eigenvalues —s,...,0,...,s. The dimension of each L*-S* L3-S is
then given by the dimension of the L?-S? eigenspace divided by d.

The dimension of each L?-S? eigenspace and the corresponding value of d are

given in Table 3.8.

(L) | (S*)| d |Li|Be| B|C|N|O|F
0| 0 |1 2 2 2
0| 2 |22 2 2 2
0| 2 |3 3
0| £ |4 4 4
0| 6 |5 5
2 | 0 |3 3 3 3
2 21616 18 18 6
2 | 2 |9 18 27 18
2 | B 12 12 12
6 | 0 |5 5 15 5
6 3 110 20 20
6 | 2 |15 15
Total 8 |28 |56 | 70|56 |28|8

Table 3.8: Dimensions of the L?-S? simultaneous eigenspaces for Lithium to Neon.
d is the minimal dimension of a given L?-S? eigenspace.

3.2.3 Explicit L2—§2—L3—Sg—f2 Simultaneous Eigenspaces

The simultaneous L2—§2—L3—53—f% eigenspaces are shown in Tables 3.9-3.15, again
with the conventions that we do not show the 1s1s orbitals and that the eigen-
functions are not normalized. The parity subspaces are separated by a line.

Investigating the L%-5%L3-S5-R eigenspaces shows a number of interesting
properties. Firstly we note that the maximum dimension is two, which is clearly
much more promising than the 70-dimensional space of Carbon.

Further, all Slater determinants in any L 5%-L3-S3-R eigenspace given in
Tables 3.9-3.15 differ by an even number of one-electron orbitals. We propose that

that this is an intrinsic property of the operators and choice of basis. We have
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(8%) =2
(L*) =0 |s)
(L?) =2 p3)

Table 3.9: Lithium L2—§2—L3—53—R eigenspaces.

(%) =0 (8% =2
2 |55)
(L =0 [p1P1) + [p2P2) + [psps)
(L?) = 2 |sPs) — |Sps) |sp3)
|p1p2>
(L?) =6 | 2|psps) — |p1p1) — |p2Da)

Table 3.10: Beryllium L2—§2—L3—53—f% eigenspaces.

(S%) =32 (S%) =2
<L2> =0 |sp1p1) + |sp2pz2) + |spsps) |D1p2p3)
) |s5p3) |sp1p2)
(L) =2 |psp1P1) + [P3p2Da)

2[3p1p2) — |sPip2) — |sp1P2)

(L) = 6 2|spsps) — |spiP1) — |spapz)
2|Psp1p2) — |pspiPz) — |PsPib2)

Table 3.11: Boron L?-S2-L3-Ss-R eigenspaces.
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(8% =0 (S%) =2 (5% =6
(L) =0 |s8p1P1) + |$5p2P2) + [s5psPs) 3|spspipa) — |sPapip2) |sp1paps)
- |p1P1p2P2) + |p1Dipshs) + |p2Pzpshs) —|spsPipa) — |spsp1Da)

) |sPsp1P1) — [5pspiPr) + |sD3p2D2) — |5psp2pz) |s5p1p2)
(L*) =2 |psP3P1D2)
|spsp1D1) + |SpspaPa2)
2|s5psps) — |s5p1P1) — |sSpaDa) 2|spap1p2) — |Spsp1D2) — |SpsDip2)

(L% =6 2|p1P1p2p2) — psPspiP1) — |psPsp2p2)

2|spspip2) — |SPap1P2) — |SPaDip2)
+2[3p3p1p2) — |3pspiPz) — |5pspip2)
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(S%) =3 (S%) =1

(L?) =0 | |spiDipaPa) + |spiDipePa) + |spaPapsPs) | |s5pipaps)

) |Dsp1P1D2P2) |spsPap1p2)
(L7) =2 |s5psp1Pr) + |S5p3paDa)

2|5psPspip2) — |spsDspip2) — |spspapibz)

(L) = 6 2|s5p3p1p2) — |sSpap1D2) — |S5psDipa)

2|sp1Pip2pz) — |spsPspiPi) — |spsDspabz)

Table 3.13: Nitrogen L2—§2—L3—53—f% eigenspaces.

(%) =0 (8%) =2
(L?) =0 |sSp1P1paP2) + |3§_P1p_£?3p_3_>+ | $Sp2PapsPs)
|p1P1P2P2P3D3)
(L2) = 2 |sPsp1P1p2P2) — [SpspiPipap2) |spsp1Pip2P2)
|s3psPap1P2)
(L?) = 6 | 2|sSp1Pipapa) — |s5psPspiPr) — |s5psPapapa)

Table 3.14: Oxygen L*-S% Ls-S5-R eigenspaces.

(8% =32
<L2> =0 | |sp1p1p2PapsDs)
(L*) =2 | |sSpspiPipapa)

Table 3.15: Fluorine L2—§2—L3—53—R eigenspaces.
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proved this by exhaustive search but this does nothing to aid in understanding

why this is true and hopefully a rigorous mathematical proof will be of benefit.

3.3 Excitation In L2-§2-L3-83—]:2 Eigenspaces

Theorem 3.3.1 (Excitation in Simultaneous Eigenspaces). For every L*-S*-Ls-
Sy-R simultaneous eigenspace of linear combinations of Slater determinants con-
taining the pair of one-electron orbitals 1s1s and N one-electron orbitals from the
set {2s,2s, p1, D1, P2, P2, P3, D3}, with Lz eigenvalue equal to zero, all Slater deter-

minants within the simultaneous eigenspace differ by an even number of orbitals.

This result is entirely novel, which is unsurprising given that the eigenspaces
in the previous section are also new. Correspondingly, the operators of Definition
3.3.5 and the Lemmas used in the proof are also previously unknown.

Before we proceed to prove this result we give a number of definitions for

frequently used ideas:

Definition 3.3.2. Denote by Xy the set of all Slater determinants which contain
the one-electron orbitals 1s and 1s along with N distinct one-electron orbitals from

the set {2s,2s, p1, 1, P2, D2, P3, P3}. Denote the set of all finite linear combinations
Of ‘\I]z> € XN by ZN-

Definition 3.3.3. Suppose |V) € Xy is such that there exist I € N, |U;) € Xy
and ¢; € C such that for ® := |¥) + 31 ¢;|¥,) we have Ls® = 0. Denote the set
of all such | V) by X% and the set of all such ® by XY,.

Definition 3.3.4. Let A be an operator such that A : Xy — Span{Xn}. For
each Slater determinant |V) € Xy, we denote the set of all Slater determinants

in A|W), along with |¥), by {A|T)}.

We note here that since X% contains all Slater determinants which may form
L3 eigenfunctions with eigenvalue zero, any operator A which commutes with Ls
must satisfy {A|¥)} C X% for all |¥) € X§.

The aim of this section is to find suitable operators which encode the necessary
information to show that for an odd excitation |¥) +— |®) the sets of of eigenvalues
of L%, 8%, Ls, Ss and R for eigenfunctions containing |¥) and |®) are disjoint. An
obvious property to look for in these operators is that they commute with L?, S,

L3 Sg and R,
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Definition 3.3.5. We define the following four operators that can be thought
of as counting the number of p-orbital spin pairs, spin up p-orbitals, spin down

p-orbitals and total number of p-orbitals respectively:

Z (pi)a’ (B7)a(Pi)a(p;) (3.14)
Qp = Z "(pi)a(p:) (3.15)
Qui=_d'(P)a(p) (3.16)
Q:=Q+Q, (3.17)

The expectation that these operators commute with L? is motivated both by

the eigenspace tables and by the second quantized form of L? restricted to Xy:
3
>, a' (pr)a(p7)
3
= > [20'(p))a! @)a@)alpi) + 2! @D)a’ (0))a(B)a(pi)
ij=1
oy

+al (pi)al (pj)a(py)alp:) + o' (B)a (B7)a(@7)a(@)].  (3.18)

We first note that the ¢ # j restriction on the second sum is not necessary, the

© = J terms cancel, however, this form simplifies the following arguments.

It is clear that the first two terms of (3.18) are simply ZQT —|—2Q - Now consider
o

A2
@

ZaT(pi)a(pi)ZaT(pj)a(p Z (pi)a(p;) + Z PJ) (p))

2,7=1
i#]

=Qr+ Z a'(pi)a(pi)a’ (ps)alpy)-
21%1
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The formula for Qf is analogous and hence

=3(Q1 +Q) — 0 - Q] (3.19)
= 3 el (p)al @eEe(p) + 20 )l p)aElem)]  (3:20)
Z;j#:]l

The eigenvalue associated with (3.19) is the expected value of L? on a Slater
determinant.

We next want to show that the operators defined in Definition 3.3.5 commute
with themselves and with L?, we then aim to use these operators to classify the
eigenvalues of L? and prove Theorem 3.3.1. In the following, we use the second-

quantization identities (e.g. [SO96])

a (xi)a(x;)
a (x:)a' (x;)

a(xi)a(x;)

§i; — a(x;)a (x:)
(0:5 — Da'(x;)a (x:)
(6i; — Dalx;)a(xq),

where ¢ tests both spatial and spin parts.

Recall the the parity operator R as given in (3.3), which for |U) € Xy is
equivalent to the oddness or evenness of (QM\I,), ie. (RM\I,) = (QM\I,) mod 2. This
is because s-orbitals are unchanged by inversion whilst p-orbitals change sign
under inversion. Clearly the parity is not well-defined (i.e. not £1) for a general
wavefunction. However, as shown in Section 3.1.3, it does commute with L?, S,

L3 and S3. Further it commutes with the operators defined above:
Lemma 3.3.6. The operators P, QT: Ql and R commute with each other on Xy.

Proof The proof is trivial since each |¥) € Xy is an eigenfunction of all three

operators. ]

We next consider how our new operators interact with the angular momentum

and spin operators:
Lemma 3.3.7. The operators P, QT and Ql commute with L* on Xx.
Proof Using the form of L? given in (3.19) and (3.20), and since, by Lemma

3.3.6, QT, Q | and P commute, we need only compute their commutators with the

two terms in (3.20):
3

D al(py)al (B5)a(Pr)a(pr) (3.21)
goTe
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and
3

> al@)al (pe)al@r)alp;), (3.22)
k=1
J#k

where ignoring the coefficients has no effect on the commutation relations.

Consider one element of @y, namely af(p;)a(p;). It is clear that each term of

[a®(ps)a(p;), (3.21)] is zero unless j or k is equal to i. If j =i then we have

a'(pi)a(p:) - o' (pi)a’ (P7)a(Pr)a(pr) — ol (p:)a’ (D7) a(@r)alpr) - a'(ps)alps),

which, since k # 4, simplifies to a'(p;)a’(p;)a(pr)a(py).
Similarly, if £ = ¢ then the term is

a'(pi)a(p;) - ' (ps)al (7)a(@i)a(p:) — o' (p;)al (B7)a(@)a(pi) - al (pi)a(p:)

and since j # i this is equivalent to —al(p;)a’(p;)a(pi)a(p;).
It follows that

=1

(@1, (3.21)] ZZGT (B7)a(ps) — a'(p;)a’ (B7)a(Pi)a(p:)-
;A

Noting that if ¢« = j the summand gives zero, including this term and interchanging

the dummy variables in the second term of the summand gives
3
(@1, (3:21) Z (P)alp;) — al (pi)a' (FD)a(5)alp;) = 0

The proofs that [Q1, (3.22)], [Q,, (3.21)] and [Q, (3.22)] are all zero are com-
pletely analogous. It follows that [Q;, L?] = [Q,, L% =
that [P, L] = 0.

We follow a similar method to the above proof, starting with

= 0, and it remains to show

a'(pi)at(pi)a(p;)a(p;) and considering the commutator with (3.21). Again the

only non-trivial cases are when j =i or k =i. If j = ¢ then we have

a'(pi)a' (Ba(Pi)a(ps) - o' (pi)a’ (B a(Pr)a(pe)
—a'(pi)a (7)a(@r)alpr) - al (pi)a’ (77)a(P)ap:)

and since k # i this reduces to a'(p;)a’(p;)a(pr)a(py). Similarly, if £ =4 (and so
j # 1), we obtain —a'(p;)a’(p;)a(Di)a(p;).
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Hence

w

LB20)] =3 > d(p)al @a@)alp;) — d (p)a’ (77)a)alp),
=

which is, as before, equal to zero.
The proof that [P, (3.22)] = 0 is again analogous, this time noting that when
j =1 we obtain, with k # 1,

aX(pi)al (p)a(@)a(pi) - a' (7)a’ (pr)a(@r)a(p:)
—al (B)a’ (pr)a(@r)a(pi) - ol (pi)a’ (Br)a(Bi)a(pi) = 0

and the term is similarly zero when k = ¢, giving that the commutator is trivially

also zero and the result follows. O

Lemma 3.3.8. The operators P, QT and Ql commute with Ss on Xy.

Proof This is trivial since all Slater determinants are eigenfunctions of all four

operators. ]

Lemma 3.3.9. The operators P and Q commute with S* on Xy.

Proof Since Q is independent of spin it is clear that it commutes with S?. For

P we begin by giving the second quantized form of S? restricted to Xy:

S =33 [al(vi)a(vs) + af (Pr)a(Pr)] (3.23)

1

+13 3" [a'@0)al (8)ay)a(e:) + ot (;)al (:)a(W)al;)

1<i<j<5

=

— a' (¢y)al (V;)a(v;)aly;) —
T al()at ()l )a(s) + al(
where the sums run over the five spatial orbitals. It is clear that, when acting on a
single Slater determinant, all terms in (3.23) give a multiple of the identity, except
for the first two terms in the double sum, which swap the spins of two different
spatial orbitals. Hence, with the exception of these two terms, P commutes with
S2.

It is clear that all terms in P will commute with af(¢);)a’(¥;)a(v;)a(;) and
al(v;)al (1i)a(i;)a(y;) unless ¥; = py or ¢; = py, for some k € {1,2,3}, in which
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case we are interested in only the af(pg)a(py)at (Pr)a(Pr) term from P. Tt is trivial
to see that, for v # py,

"(p)alpr)a’ (Pr)a(Pr) - al (Pr)a’ (¥)a(v)alpr)
"(Er)a’ (V)a(¥)alpe) - o' (p)a(pr)a’ (Pr)a(Pr)
"(p)a(pr)a’ (Pr)a(pi) - al (V)a’ (pr)a(Pr)a(v)
a'(v)d! (pr)a(@r)a(v) - o' (p)a(pr)a’ (Br)a(Pr)

S]

Q

S]

, and

0
0,
0
0

where we have underlined the operators which should be anticommuted next to
each other to give zero. Hence the commutators are also zero and the result
follows.

This can also be seen intuitively as the spin swap must act on unpaired spin
orbitals or the resultant Slater determinant will be zero and thus S? has no effect

on spin pairs. ]

Note that the stronger result that S* commutes with QT and Q | separately is
not true. This is due to spin exchange between s- and p-orbitals given by the first

two terms in the double sum in (3.23).
Lemma 3.3.10. The operators QT and Ql commute with Ly on Xy

Proof We begin by showing that [QT, Ls] = 0. Writing L3 restricted to Xy in

second quantized form gives

Ly =i [a' (p2)a(p1) — a¥(p1)a(ps) + a' (B2)a(p1) — o' (p1)a(Pz)] -

For ease of calculation we drop the factor ¢ and note that any commutator relation
still holds. We then have

Q1L = Z a'(pi)a(p:)la’(p2)a(pr) — a(pr)a(ps) + o' (pz)a(pr) — o' (P1)a(B2)],

and it is clear that the last two terms of L3 commute for all ¢ and any terms with

t = 3 also commute. Since the same applies for LgQT, this gives

QTL:«: - L:sQT = ZGT(PO@(P@')[@T(P2)@(P1) - GT(Pl)a(Zb)]

- [GT(P2)G(P1) - aT(Pl)a(m)]aT(Pi)a(Pi)
= _aT(p1>a(p1)aT<pl)a(p2) - aT(pZ)a(pl)aT(pl>a(pl)
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+ aT(pQ)a(p2>aT(p2)a(pl> + aT(pl)a(pz)aT(pQ)a(pz)

= —a'(p1)a(p2) — a'(p2)a(pr) + a' (p1)a(ps) + a'(p2)a(pr)
= 0.

The case for Q | is analogous, simply taking the spin down rather than spin up

terms from Ls. O

We note that P clearly does not commute with L3 in general, for example

L3]5|p1p_1> = Ls|p1p1) = i|p2p1) + i|p1D2)

whereas
PLs|pipr) = P(i|pap1) + i|lp1p2)) = 0.

We require one further result which differentiates the L3W = 0 eigenspace from

the other L3 eigenspaces:

Lemma 3.3.11. Let |V) € XY, then the total number of py, D1, po and Dy orbitals

in |¥) is even.

Proof Suppose that the total number of p; and p, orbitals in a given Slater de-
terminant |¥) is odd. If both p; and py of the same spin are present, Ls gives zero
on these orbitals. Hence, without loss of generality, we can consider the action of
L3 on only |p;) and |ps) for which we have Ls|p1) = i|p2) and Ls|ps) = —i[p1),
from which it is clear that the L3 eigenvalues are +1 and the result follows. [

We now move on to investigate the L? matrix in terms of eigenvalues of these

operators.

Lemma 3.3.12 (L* Matrix in P, Q; and Q). Let |¥,) € Xy satisfy

PIUy) = PlUy),  Qi|01) = Q|¥1), Q|¥1) = Q1)

and consider the minimal set of Slater determinants A := {|W4),...,|¥p)} such
that L*|V;) € Span A fori = 1,...,D. Then A = {L*|WV,)}, the dimension of

which 1s given by
D:=1+@+P—-0Q—Q)P+(Q —P)(Q —P)e{l,2,3].

Furthermore, the diagonal entries of the D x D matriz (¥;|L*|V;) for A are all
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equal to F' where
Fi=0Qi(3-0Q)+Q(3—-Q)) €{0,2,4}.

Proof The diagonal elements of the matrix are given by (¥;|L*|¥;) and from
(3.19) and (3.20) we see that this is given by F := 3(Q; + Q) — Q7 — Q] =
Q+(3—Q1)+Q,(3—Q)) (which is conserved under L?). Clearly, Q1,Q, € {0, ..., 3}
and are independent, which gives that Q,(3 — Q.) € {0,2} and the range of F’

follows.

We now need to consider the dimension of the matrix, which is equivalent to
the dimension of the minimal L*-invariant space containing |¥;). We begin by
noting that one application of L? generates the entire invariant space of a given

Slater determinant and hence the necessary space is {L*|¥;)}.

If not then consider a ‘missing’ Slater determinant generated by a second
application of L?, then by (3.20) this can only be generated by swapping a p-
orbital pair as well as swapping the spins of two unpaired p-orbitals. However, for
both of these operations to give non-zero results we must have at least one spin
pair of p-electrons and one each of the other two p-orbitals with opposite spin.
This then gives only the spin swap as we cannot change the paired p-orbitals for

a different pair.

Again from (3.20) we see that the set of Slater determinants generated by the
first and second terms in the sum are disjoint (the first only operates on spin pairs
and the second on unpaired p-orbitals). For the first term we create the number
of Slater determinants equal to the number of pairs present, P, multiplied by the
number of ‘empty’ pairs, i.e. where neither p; nor p; are present. The number of
such pairs is given by 3 — P — (@1 + Q| — 2P) where 3 is the number of possible
pairs, P is the number of pairs already present and (Q; + @ —2P) is the number
of unpaired p-orbitals. Hence the first term contributes P(3+ P — Q1 — Q) Slater

determinants.

Similarly, the second term contributes a number of terms equal to the number
of opposite spin pairs in different spatial orbitals, which is given by the number
of unpaired spin up p-orbitals multiplied by the number of unpaired spin down
p-orbitals, or (@1 — P)(Q, — P), and hence the dimension is given by

D:=1+@+P-0Q;—-Q)P+(Q;—P)(Q —P).

The range of D is once again given trivially by inspection of the possible combi-
nations of @7, ) and P. O
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The sum of the eigenvalues of the L? matrix is equal to the trace, which in
turn is equal to F'D, which depends only on P, ()1 and ;. From abstract Lie
Algebra theory, we know that the possible eigenvalues of L? are 0, 2 and 6 and we
wish to uniquely determine the possible eigenvalues of eigenfunctions containing

a given Slater determinant using only @y, Q| and P.
Lemma 3.3.13. Let |¥) € Xy with {L*|W)} = {|¥1),...,|¥p)}. Then the Dx D

matriz with entries (U,|L*|V;) and diagonal elements all equal to F has possible

trace and eigenvalue combinations given by

Trace | F| D | Evals
0 01 1 0
2 21 1 2
8 41 2 6,2
12 41 31 6,6,0

Proof We begin with F' = 0 which gives that @;,Q; € {0,3} and hence P =
min(Q, ;) and so 3+ P — Q; — Q)P =0 and (Qy — P)(Q, — P) =0, giving
D = 1. Similarly, if F = 2 we have wlog Q; € {1,2} and Q; € {0,3}, which
again gives that P = min(Q;, @) and hence D = 1. Finally note that the pos-
sible eigenvalues of L? are 0,2 and 6 and hence the case F = 4, D = 1 is not

possible. O

We wish to further eliminate the case F' = 4, D = 2, Eval=6, as this means
that we need only eliminate odd excitations that change between traces 0 and 12,
and 2 and 8.

Lemma 3.3.14. Let |¥) € X with {L*|¥)} = {|¥1),...,|¥p)}. Then the Dx D
matriz with entries (U,|L*|V;) and diagonal elements all equal to F has possible

trace and eigenvalue combinations given by

Trace | F'| D | Evals
0 0| 1 0
2 21 1 2
8 41 2 2
12 41 81 6,6,0

Proof By Lemma 3.3.13, it suffices to show that if F =4, D =2, L>U = 6 then
L3W # 0. Suppose the eigenfunction ¥ satisfies L3¥V = 0 then by Lemma 3.3.11

we see that the number of p; and p, orbitals must be even.
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Since D = 2, exactly one term in (3.20) must be non-zero (since the original
Slater determinant is always present). For one of the first type to be non-zero we
require P(3+P—Q1—Q,) = 1 which is only satisfied for P = 1, {Q,Q, } = {1, 2},
which in turn gives that (Qy — P)(Q; — P) = 0 so there are no contributions of
the second type.

Conversely, for (Qy — P)(Q, — P) = 1 we require P =0, @1 = @, =1 or
P =1, Q; = @ = 2, both of which lead to P(3+ P — @Q; — Q) = 0 and
hence there is indeed only one extra term. In all of these cases we see that
F=Qi(3-Q)+Q,(3—Q)) =4 and the L* matrix is given by

(2 7)

and hence has eigenfunctions |¥) + |®) (with eigenvalue 2) and |¥) — |®) (with

eigenvalue 6).

Now, with the restriction that the number of p; and p, orbitals must be even

we see that the combinations of p-orbitals are

Q1 | Q| P | orbitals
Ly 21 ppips
2\ 1 | 1| pbips
2| 2 | 1| pipjpsps

where i,j € {1,2},4 # j. It is therefore clear that the non-zero term in L? is
al (pj)a' (p7)a(Pi)a(p:) or a'(p:)a’ (p;)a(®;)a(p:).
Without loss of generality suppose

[®) := af (pa)al (P2)a(Fr)a(py)| W) # 0.

Clearly,

Ls|¥) = [a'(pa)a(pr) — a¥(pr)a(pz) + o (B2)a(pr) — af (pr)a ()] |¥)

and we see that the second and fourth terms are zero, and hence

Lol @) = [a'(po)a(p) + ol (B2)a(pr)] |¥) # 0.
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The fact that this is non-zero follows the fact that |®) # 0. Now,
Ls|®) = [al (p2)a(p1) — a' (p1)a(ps) + o' (B2)a(pr) — ol (1) a(p2)]

x al (py)a' (B2)a(pr)a(p:) V)

and this time it is clear that the first and third terms are zero. Simplifying the

remaining two terms we have

L3|®) = [~a' (B2)a(p1) — @' (p2)al(p1)]|¥) = —Ls| ).

By the same method we see that, if

@) = al (p)d (2)a(P2)a(py)|¥) # 0
then L3|q>> = —L3|\I/> 7& 0.

Recalling that the eigenfunction with L* eigenvalue 6 had the form |¥) — |®)
we see that L3(|U) — [®)) = 2L3|¥) # 0 and the result follows. O

From the result of Lemma 3.3.14 we see that the space of L? matrices on XY
can be partitioned into two sets with disjoint eigenvalues, in particular we have

Vo6 and Vo where the restrictions can be formulated as

Voo - = {|) € XY | Vigy == (W,|L20,), ¥; € {L2 W)}, has Tr(Vigy) € {0, 12},
Vo= {|0) € X} | Vi) := (V| L?|V;), ¥; € {L*|¥)}, has Tr(Vjyy) € {2,8}}.

Further, these conditions can be rewritten in terms of the eigenvalues P, ()y and
Q, of the operators P, QT and Q | which commute with L? and are therefore
well-defined for all |¥) € {L*|¥;)}. We note that F' and D are both symmetric
in 7 and @); and so may replace these values by

Q+ =max{Q;,Q,}, Q- :=min{Q,Q,}.

Denoting the triple of eigenvalues by (Q4,Q—, P)w), noting (by Lemma 3.3.14)
that there exists a bijection between trace values and the pairs (F, D), and using

the definitions of F' and D in Lemma 3.3.12 we see that the sets are equivalent to

Voe : = {‘\I]> S X](if ‘ (QJran?P)l‘I’) < {(07070)7 (37070)a (373a3>7 (17 171)7
(2,1,0),(2,2,2)}}



3.3. Excitation In L2—§2—L3—33—R Figenspaces 81

Voo ={|) € X} | (Q+,Q-, P)jwy € {(1,0,0),(2,0,0),(3,1,1),(3,2,2),
(1,1,0),(2,1,1),(2,2,1)} },

where the two sets of conditions on (@, Q—, P)y) are once again disjoint.

~ ~

Corollary 3.3.15. Let |¥),|®) € V where V € {Vi 5, Vo} with (Q)w) = (Q)a)-
Then (P)N,) = (P)|¢>, i.e. any L*-Ls-Q eigenfunction with Ls eigenvalue zero is

also an eigenfunction of P.

Proof. This is clear from the triplet forms of the eigenvalues allowed in each of
Vo,6 and Vs above. ]

It remains to prove

Lemma 3.3.16. Suppose |V) € X s.t. S|U) = s|W), Q:|¥) = Q;|¥), Q,|¥) =
QW), PIU) = PIU), and RID) = Qu|0). Let @, = max{Q), @y} and Q_ =
min{Q1,Q,}, denote the triple of eigenvalues of |¥) by (Q4,Q—, P)wy, and the

two sets

Then for any odd excitation | V) — |®) such that |®) € X\ with S3|®) = s|®)
ond RI®) = Qu|®), we have cither (Q4, Q_, P)ay € Wos, (@4, Q- Pay € W
or (QJranaP)N!) S WQ; (QJHQ*?P)M)) S W6-

Proof We begin by noting that the possible odd excitations change either one
or three orbitals. Further, by the requirement that |¥) and |®) may form Ls-
eigenfunctions with eigenvalue zero and Lemma 3.3.11, we see that the number
of p; and po orbitals in both |¥) and |®) must be even.

Hence, for a one-orbital change that conserves s and ()o, there are only two
possibilities: p; <= ps and py <= ps, where by symmetry we need only consider the
spin up case. It is clear that both |¥) and |®) must contain exactly two pi/ps
orbitals, one spin up and the other spin down, leading to the possibilities in Table
3.16, all of which show a change between Wy ¢ and W.

We have therefore shown that all possible single excitations of a Slater de-
terminant |¥) must change the L® eigenvalues of eigenfunctions which contain

We now move on to considering triple excitations. We note that if all three

orbitals to be excited have the same spin then there is no possible excitation so,
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‘\I]> (Q+7Q77P)\\P) (Q+,Q7,P)|q>> ‘(I)>
D1D2 (1,1,0) Wy | Woe (1,1,1) D2D2
D1D2D3 (2,1,0) Woe | Wa (2,1,1) D2D2D3
P1p2ps3 (27 L, 0) WO,6 W, (27 L, 1) P2p2ps3
plp_Qp?)E (27 2a ]-) W2 WO,G (27 2a 2) p2p_2p3‘m

Table 3.16: The effect of the one-orbital change p; < ps taking |¥) < |®) on the
triplet of eigenvalues of the operators @y, (), and P. Also shown is the space in
which these triplets lie.

without loss of generality, we need consider only triplets of the form 113 of
which there are 24. In fact, this space is only 12 dimensional since the excitations
between sp;ps < pip;p; (1 # j € {1,2}) must be between two Slater determinants
with an odd number of p; and p, orbitals, and those of the form sp;p; < psp;p;,
(1,7 € {1,2}) must change Q. Ignoring extra 2s orbitals that do not contribute
to @4, _ and P we have the possibilities in Table 3.17, all of which lead to a

change Wy < Wy. This clearly shows that all possible triple excitations must

v (Q-ﬁ-’Q—aP)N/) (Q-l—aQ—aP)M)) o
SSp3 (1,0,0) W, Woe (2,1,0) DiD3D;
(17250) WO,G P1P2 W2 (37252)
58p; (1,1,0) Wy | pj | Woe (2,2,2) D3D3D;
(1,1,1) W076 D; Wy (2,2,1)

SP3P3 (1,1,1) Woe W, (2,0,0) DiSP;
(3,1,1) Wy | Dip; | Woe (2,2,2)

SP3D; (2,1,0) Woe | Dj | Wa (2,1,1) DP3SD;
(2,1,1) Wy | Bi | Woge (2,1,0)

Table 3.17: The effect of the triple excitation U < @ of a Slater determinant
containing the orbitals ¥ Uy <= ® U x on the triple of eigenvalues of @)1, )} and
P. Also shown is the space in which these triplets lie.

change the L? eigenvalue and this proves the lemma. O

Proof of Theorem 3.3.1 The proof of the theorem follows directly from the
result of Lemma 3.3.16 and the fact that different LQ—Lg—Sg—R eigenspaces are
not coupled by H (Lemma 3.1.4). In fact, Lemma 3.3.16 proves a more general
result, namely that for a given L>-S5-R eigenspace, choosing the subspace with L

eigenvalue zero gives a basis of evenly-excited Slater determinants. Noting that
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S? commutes with L?, Ls, S; and R gives the same result for the simultaneous

L2 5% L3-S5-R eigenspaces with L3 eigenvalue zero, proving the theorem. O

The more general result without the S? dependence is not immediately ob-
vious from Tables 3.9-3.15 as, for ease of notation, we have taken different S3
eigenfunctions in each space.

It is worth noting that the even excitation result of Theorem 3.3.1 shows the
Hpy matrix on each L*S% Ls-S5-R eigenspace is diagonal, with elements given by
the sum of (1;|Ho|1);) over the one-electron orbitals in any Slater determinant of
the spin-angular momentum eigenfunction with fixed value of Q.

One interesting question that follows from this result is whether it is true in
more general cases. It is trivial (since we have not used the radial parts of the
orbitals in the above) that it can be extended to any set of wavefunctions each
of which have the same filled core shells and only s and p orbitals of the same
principal quantum number n in the valence shell. However, it is clearly not true
if we include Slater determinants with different core shells, e.g. ¥ := |152s2s) for
Lithium, which is in the same joint eigenspace as |1s1s2s). However, these cases
should have high energies (due to the Hy terms) and make a small contribution
to the energies of low-lying states.

The extension which is most needed is that to the next principal shell (i.e.
n = 3), which contains d-orbitals, and hence we would need to calculate the effect
of angular momentum on these orbitals and hope for similar results as for the p-
shell. As a further complication, the conventional chemistry shell ordering scheme
gives some cases where 4s is preferred to 3d, and so any method should include this
possiblity, at least in the hope of justifying these empirical rules mathematically.
This will lead to terms analogous to those in the Lithium case described above

and hence break the double excitation rule.

3.4 The Generality of the Preceding Discussion

It is worth taking a moment to comment on the generality of the previous results.
It should be clear that all results thus far, with the obvious exception the final
integral values of Section 2.5, apply to a more general basis than that discussed
in Section 2.4. The minimal requirements are that we have five spatial orbitals
denoted 15, Va5, Vop, , Yop, and 1y, which are orthogonal and for which we allow a
choice of two orthogonal spin states, with the additional restriction that L;(1) =
Li(1p2s) = 0 and the conditions on the action of the L; on the vy, given by (3.6).

In particular, these restrictions are thus independent of choice of the radial
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parts (assuming orthogonality is maintained and the radial part is the same for
each of the p-orbitals). This will be important in later sections where we wish to
choose more flexible basis sets with the same general structure but will still be
able to use important results such as the eigenspace tables in Sections 3.2.2 and
3.2.3.

However, a large part of the motivation for using this method is the (relative)
simplicity of the calculations of Sections 2.5.1 and 2.5.2. If, for example, the
resulting integrals had turned out to give non-analytic functions, as compared to
surprisingly simple rational functions, then the method would not be anywhere
near as attractive. In such a case we would need to use numerical approximations
for the integrals, introducing computational errors unconnected to the choice of
orbitals. Hence, the specific choice of orbitals in Section 2.4 helps to justify our
method and the real test will follow in the next section, where we compute the

energies of our wavefunctions.



Chapter 4

Atomic Energy Levels

4.1 Atomic Spectra

In this section we make use of the calculated eigenspace tables of Section 3.2.3
and the explicit integrals given in Table 2.3 to calculate the energies of these
eigenfunctions. Along with obtaining the ground state energies (without having to
specify the angular momentum and spin eigenstates through experimental data),
this will allow us to investigate the spectra of the second row atoms. We will then
compare these values to experimental data, which is undeniably the best test of

our theory.

4.1.1 Calculating the Energies

We calculate the energies using Slater’s rules from Corollary 2.3.2 and the values of
the integrals from Table 2.3. It is worth recalling that the wavefunctions in Tables
3.9-3.15 are not normalized, but this is trivial to correct. Unless otherwise stated,
all experimental data in this section are taken from the NIST atomic database
[NIS06] (for excited states) or [Huh93] (for ground state energies, obtained by
summing the ionization energies).

We begin with the example of Lithium. As can be seen from Table 3.9, there is
only one wavefunction in each eigenspace. This makes the calculation easier as we
do not need to calculate inter-wavefunction terms nor perform any diagonalization.

The two expected values are given by

5965

ee/|112) — 11|11 2(11122) — (12|121) = —~Z
(Veeluzy) = (11]11) +2(11[22) - (12]21) = =2
27397

ee 1 - 11 11 2 11 — 1 1 — —Z
(Ve >\113> (11]11) +2(11]33) — (13|31) “3IS3

85
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As noted previously, the contribution to the energy from Hj is the same for both
wavefunctions. Hence, in order to determine the ordering of the spectrum, it

remains to determine which of the two expected value is the lowest. We have that

5%52_5zw7z_3_4m
5832 52488 6561

and hence the ground state has (L*) = 0 and (S?) = %, which agrees with exper-
imental data. By Theorem 2.2.2 we have the total energy to first order:

N
Ejgy..on) = Z° Z Ei + (Vee)161...0w)

=1

where F; are the non-interacting energies for the corresponding ¢;.

In fact, from our choice of basis it is easy to see that, for 2 < N < 10,

ZQiV:EZ:T (—1— (”;2>).

The ground state energy is therefore given by

—9) 35965 _ 6859 7 0566

L g2 2 oJ00 _ DoJY
0 ( 8 5832 972

Similarly, the energy of the first excited state is given by

: -9 57397 59875
EF =32 ) +3—"" = - ~ —6.8444.
! ( 8 ) T o5uss 8748

Comparing our ground state energy with the experimental value of —7.4779, we
find that we capture 94.3% of the experimental value.

The spectral gap can also be compared to experimental data and we find that
the L*-S? ordering is correct. Whilst we have shown that the (L?) = 2 case has
higher energy than the ground state, it is not trivial that there are no other states
between the two states we have investigated. For example, a priori the (L*) = 0
case formed by swapping the 2s orbital for a 3s orbital could have been the next
experimental spectral line.

The experimental spectral gap is 0.0679 whilst our spectral gap is 0.2122,
which is more than three times the experimental value. It seems a little odd that
the ground state energy is so close to the experimental value but the spectral gap
is so far off, especially since taking differences normally reduces systematic errors.

We will address this idea later, but for now we continue with our calculation of
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the ground and excited state energies for the remaining atoms.
The (V..) matrix element expressions for Beryllium-Neon are given in Tables
4.3 - 4.5. 1t is clear that the highest dimension of matrix we need to diagonalize

is two, and for a general real, symmetric, 2 x 2 matrix

(Vee)w, (U1 |Vae|U2)\  fa b
<<‘I’1|Vee|‘1’2> (Vee)w, >'— (b C)? b#0,

the eigenvalues and eigenvectors are given by Ay = %<4/ ( %)2 + 0% and Uy =

Uy + (’\ibfa)\llg, which are not normalized.

The resulting eigenfunctions and energies are given in Tables 4.6 and 4.7.

We note that all the energies in the the cases where no matrix diagonalization is
required are rational multiples of Z; we also give an approximate decimal, allowing
easier comparison of the energies. Those corresponding to diagonalized terms are
given purely as a decimal as the analytic forms are too complicated to be useful
in comparing energies.

The non-correlated ground state energies are not a new result, this is a conse-
quence of the fact that these wavefunctions can be represented by a single Slater
determinant, and are thus in fact Hartree-Fock wavefunctions. In particular, we
see that the values for the ground state match with those given for the first order
perturbation in Table 2 of [Wil71]. Although given as decimals in that table, the
references for the integrals [Sha62, SW68a, SW68b, SW66] are in rational form
and are the same as those given in Table 2.3. However, the papers of Sharma
and Wilson do not explicitly state how the values of these integrals were arrived
at, and it is unclear how it extends to other basis sets. This contrasts with our
method of calculation and, as will be demonstrated later, the ability to calculate
the integrals for more complicated choices of basis is very important.

For the excited states, since by Theorem 2.2.2 the V., term is the order Z
perturbation in the energy expansion, our results agree with the numerical results
of [IS75] after combining their order Z corrections from Tables 2 and 4. However,
our results are more accurate due to them being given explicitly as rational (or
square roots of rational) values. The same numerical results are given in [LS60],
and although given as decimals, the rational integrals necessary to compute these
are given in the same paper. The same paper contains the integral expansions of
Tables 4.3-4.5, although using purely radial integrals, although it is unclear how
these were derived without forming the eigenfunctions. However, their aim was
to investigate the correlation energy rather and do not give explicit wavefunctions

nor compare their results to experiment, which we will now do.
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4.1.2 Comparison with Experiment

We now move on to the most important test of our results - how well they agree
with the experimental data. Our energies are shown along with the experimental
values in Tables 4.8 and 4.9. These data are all taken from the online NIST atomic
database [NIS06], with the exception of the Carbon 2s2p® 1D state, which is taken
from [Moo70]. The state (or term) symbols are standard chemistry notation for
the spin and angular momentum eigenspaces. The letter denotes the angular
momentum eigenvalue, S =0, P = 2, D = 6, whilst the number denotes the spin
multiplicity, 1 corresponding to a spin eigenvalue of 0, 2 to 3/4, 3 to 1 and so on.

The NIST data have been adjusted to account for total angular momentum of
non-singlet states. In the full Schrodinger equation there are terms that couple
the spatial and spin parts of the wavefunction (so called spin-orbit coupling),
leading to a range of different total angular momenta for each L?-S? eigenspace,
e.g [Sch01]. Clearly these terms are not present in our approximation and so the
idea of the spin and spatial angular momentum coupling in this way does not
apply. For this reason we take the mean of the different values for each L2-S*
eigenspace on NIST, although the effect on significant digits is small.

From Tables 4.8 and 4.9 we see that, as with the case of Lithium, there is
good agreement between our calculated total ground state energy and that of
experiment, the errors in which are shown in Table 4.1. It is clear that the
relative error increases as the nuclear charge increases, one obvious reason for this
would be if the basis set was a poorer approximation of the real wavefunction for

higher nuclear charge.

Atom | Li Be B C N @) F Ne
Error | 5.6% | 6.2% | 7.8% | 9.0% | 10.0% | 11.2% | 12.2% | 13.0%

Table 4.1: Percentage error in the ground state energy.

This suggests that a better one-electron basis should have a less trivial de-
pendence on Z than the eigenfunctions of Hy. For our method, this change is
preferable to increasing the size of the basis set, mainly due to the rapid increase
in the dimension of the basis set of Slater determinants as n is increased. For
example, including the n = 3 orbitals in the case of Carbon, there would be
(246) = 14950 (18 orbitals from the 3 shell added to the current 8, choose 4) pos-
sible Slater determinants which is obviously much larger than the current case of
70. This will be investigated in the next section.

Another measure of how well the theoretical ground states approximate the
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physical ground states uses the virial theorem. For a Coulomb potential, this
says that —(V)y/(K)y = 2 where K is the kinetic energy and V' the potential
energy, which is a necessary but not sufficient constraint for the wavefunction to
be a true minimizer [Sch01]. These values are shown in Table 4.2 and are not
particularly close to two, which indicates that the wavefunctions are relatively
poor approximations to the true ground states. As before, the agreement becomes
poorer as we move across the period, this is not really surprising as we would

expect that poorer energies (see Table 4.1) come from poorer wavefunctions.

Atom Li Be B C N O F Ne
Ratio | 1.6969 | 1.6881 | 1.6615 | 1.6379 | 1.6173 | 1.5956 | 1.5778 | 1.5615

Table 4.2: The ratio —(V)y/(K)y for the ground state wavefunctions of Li-Ne.
A physically accurate wavefunction should have a value of 2 due to the virial
theorem.

Also similar to the Lithium case is that the spectral gaps for the other atoms
are in fairly poor agreement with experiment, being around 150 — 200% out from
the experimental values. This suggests that there are errors present in the ex-
cited state wavefunctions which are not present in that of the ground state, some
possible explanations of this will be discussed in the next section.

One thing of note is that, despite the poor numerical comparisons of the
spectral gaps, the ordering of the levels is excellent. If we ignore the experimental
states attributed to wavefunctions containing orbitals with n > 2 (which unlike in
the Lithium case lie in the range of our spectrum), the results differ only by the
interchange of two levels (D and ?P) of Beryllium (which in fact are in violation
of Hund’s rules - see below). This is quite a remarkable result and is one reason
to believe that, despite its simplicity, our method captures important qualities of
the wavefunctions.

Theorem 2.2.2 suggests that, to first order and for small A, the ground state
energy should be well approximated by our results. However, the physical value
of A =1 is not ‘small’ and thus the agreement with the physical ordering is by no
means guaranteed by this result. We will later see that the spectral ordering is,
to some extent, pre-determined by the properties of the one-electron basis. This
is analogous to a rigorous version of Hund’s rules for the ordering of the spectrum
and is discussed in Section 4.3.

Hund’s rules state that for the lowest energy state, the spins of the electrons
should be aligned as far as possible. This is a rigorous mathematical result for

single Slater determinants and can be seen by noting that the exchange energy is
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lowest when » . [s; - s;| is maximized (see [Fri0X]).

Further, for states of the same total spin, Hund’s rules state that the highest
angular momentum state has the lowest energy. It is not possible to form multiple
angular momentum states with a single Slater determinant so there is no analogous
mathematical proof of this statement.

The other commonly used rule is a ‘shell ordering’ rule that states that the
one-electron orbitals should be filled in the order 1s, 2s, 2p, 3s, 3p, and so on. We
note that there are a number of exceptions to this simple ordering but they do not
affect the n = 2 shell. Again, there does not seem to be a rigorous mathematical
proof that this should be the case.

We note that Hund’s rules are designed to be applied only to the ground state
of an atom. However, they are often used to predict the ordering of the spectra

of atoms. Whilst this is a misapplication, it often leads to accurate predictions.

4.1.3 Spectral Gap Errors

One possible source of errors in the energies of excited states is the restriction
that they be orthogonal to the calculated ground state. This means that any
errors in the calculated ground state wavefunction cause incorrect restrictions on
the excited states. In other words, a poor choice of ground state wavefunction,
even if it leads to a good energy prediction, will almost inevitably lead to poor
energies for the excited states.

Another related idea concerns degenerate eigenspaces, i.e. ones where there are
multiple orthogonal wavefunctions with the same L?-S%-L3-S5-R eigenvalues. In
these cases correlation effects can be very important in determining the ordering
of the energies. From the form of AL above, we see that when two wavefunctions
are correlated, the lower energy is shifted down and the higher energy shifted up.

Consider a simultaneous eigenspace in which there is a wavefunction containing
orbitals with n > 3 of lower energy than a wavefunction we have included. Then
the higher energy levels are not rigorous upper bounds to the true energy levels,
since correlation with the missing wavefunction would cause the energy to be
shifted upwards. The opposite is true of missing correlated wavefunctions that
have higher energy, these will cause the calculated energy to be too high.

For example, there are a large number of experimental 1S states of Beryllium
between the ground state and the state attributed to Wo, := [1s1s2p;2p;) +
|15152p22ps) + |15152p32p3) (from 2s3s up to at least 2s11s [NIS06]), and hence
the energy level could be missing a reasonable amount of (positive) correlation

energy. In contrast, it should also be missing negative correlation energy from
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higher 1S states, but the experimental values for these states are not available
and hence it is difficult to make a quantitative estimate of the relative effects.

It is clear from Tables 4.8 and 4.9 that this effect is not large, since all of our
results are upper bounds to the true energies. However, it is worth remembering
this possible correlation effect when using basis sets and methods that do not

include all correlations within an eigenspace.

(L) | (8% | (R) v (Vi)
Li| 0 3 1 |112) (11]11) + 2(11]22) — (12]21)
2 31— [113) (11]11) + 2(11]33) — (13|31)
Be| 0 0 1 [1122) (11]11) + 4(11]22) — 2(12]21) + (22/22)
75 (|1133) + [1144) + [1155)) (11]11) + 4(11|33) — 2(13|31) + (33]33) + 2(34[43)
cross V/3(23/32)
2 0 | -1 %(\1123)— [1123)) (11]11) + 2(11]22) — (1221) + 2(11]33) — (13|31)
+(22]33) + (23|32)
2 2 | -1 [1723) (11]11) + 2(11]22) — (1221) + 2(11]33) — (13]31)
+(2233) — (23]32)
1 [1145) (11]11) +4(11|33) — 2(13|31) + (33]44) — (34[43)
6 0 1 75 (2[1133) — [1144) — [1155)) | (11[11) +4(11[33) — 2(13[31) + (33[33) — (34/43)
B| 0 3 1 % (]111233) + [11244) + [11255)) | (11]11) 4 2(11]22) — (12]21) + 4(1133) — 2(1331)
+2(2233) — (23]32) + (33|33) + 2(34/43)
0 - |11345) (11]11) + 6(11|33) — 3(13|31) + 3(33|44) — 3(3443)
2 304 |1T223) (11]11) 4+ 4(11]22) — 2(12]21) + 2(11]33) — (13]31)
+(22[22) + 2(2233) — (23/32)
75 (111344) + [11355)) (11]11) + 6(11|33) — 3(13|31) + (33]33) + 2(33|44)
cross V/2(23/32)
1| 75 (2011245) — [11245) — [11245)) | (11[11) + 2(11]22) — (12]21) + 4(11[33) — 2(13[31)
+2(2233) + (23[32) + (33]44) — (34]43)
2 Lo |11245) (11]11) + 2(11]22) — (1221) + 4(11]33) — 2(13]31)
+2(22|33) — 2(23]32) + (33]|44) — (34/43)
6 3 1| 5 (2[11233) — [11244) — [11255)) | (11]11) +2(11]22) — (12(21) + 4(11]33) — 2(13[31)
+2(22133) — (23]32) + (33|33) — (34/43)
—1 | 55 (2[11345) — [11345) — [11345)) | (11[11) + 6(11[33) — 3(13[31) + 3(33[44)

Table 4.3: V.. matrix element expressions for Li-B, eigenfunctions from Tables
3.9-3.11 with orbital notation from (2.7), integral notation as in (2.4). ‘cross’
denotes the diagonal term in the 2 x 2 matrix.
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(L% [ (8% | (R) v (Vi)
cl 0 0 1| 5 (1112233) + [112244) + [112255)) | (11[11) + 4(11]22) — 2(12[21) + 4(11[33) — 2(1331)
+(22]22) + 4(22]33) — 2(23]32) + (33(33) + 2(34[43)
75 (1113347) + [118355) + [114455)) | (11]11) + 8(11[33) — 4(13(31) + 2(33]33) + 4(3344)
cross 2(23]32)
0 2 | -1 ﬁ(3|1ﬁ345>;l112345>7 B (11]11) + 2(11]22) — (12]21) + 6(11]33) — 3(13|31)
—|112345) — |112345)) +3(22]33) + (23|32) + 3(33]|44) — 3(34[43)
0 6 | -1 |112345) (11]11) +2(11]22) — (12]21) + 6(11|33) — 3(13|31)
+3(22|33) — 3(23(32) + 3(33]44) — 3(34/43)
2 0 | —1 $(|112344) — |112344) (11]11) +2(11]22) — (12]21) + 6(11|33) — 3(1331)
+|112355) — |112355)) +3(22133) + (33]33) + 2(33|44)
2 2 1 [112245) (11]11) + 4(11]22) — 2(12]21) + 4(11]33) — 2(13/31)
+(22|22) + 4(22]33) — 2(23|32) + (33|44) — (34/43)
|113345) (11]11) + 8(11|33) — 4(13|31) + (33/33) + 5(33|44)
—3(34[43)
Cross (23]32)
-1 75 (1112347) + [112355)) (11]11) + 2(11]22) — (12]21) + 6(11]33) — 3(13|31)
+3(22[33) — 2(23/32) + (33|33) + 2(33]44)
6 0 1| o5 (2112233) — [112244) — [112255)) | (11[11) +4(11]22) — 2(12|21) + 4(11]33) — 2(13]31)
+(22|22) + 4(22]33) — 2(23]32) + (33|33) — (34/43)
N (2114455) — |113344) — |113355)) | (11]11) -+ 8(11|33) — 4(13|31) + 2(33|33) + 4(33]44)
—3(34[43)
cross —(23]32)
-1 ﬁ(QEQSE) |1T2345) — |112345) | (11]11) + 2(11]|22) — (12]21) + 6(11|33) — 3(13|31)
+2|112345) — |112345) — |112345)) | +3(2233) + 3(3344)
6 2 | -1 | J5(2(112345) — [112345) — [112345)) | (11]11) +2(11]22) — (12[21) + 6(11[33) — 3(13]31)
+3(22|33) — 2(23|32) + 3(33|44)

Table 4.4: V.. matrix element expressions for C, eigenfunctions from Table 3.12

with orbital notation from (2.7), integral notation as in (2.4).

diagonal term in the 2 x 2 matrix.

‘cross’ denotes the
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(L?) | (8% | (R) v (Vee)
N| 0 3 1 %(|1123341>+ [1123355) | (11]11) 4+ 2(11]22) — (12|21) + 8(1133) — 4(13|31)
+|1124455)) +4(22(33) — 2(23]32) + 2(33(33) + 4(33[44)
0 L1 |1122345) (11]11) +4(11]22) — 2(12|21) + 6(11]33) — 3(13]31)
+(22|22) 4 6(22]33) — 3(23[32) + 3(33]44) — 3(34/43)
2 34 |1134455) (11]11) + 10(1133) — 5(13|31) + 2(33|33) + 8(33|44)
—4(34/43)
75 (11122344) + [1122355)) | (11]11) + 4(11]22) — 2(12]21) + 6(1133) — 3(13|31)
+(22|22) + 6(22|33) — 3(23/32) + (33/33) + 2(33]44)
cross V/2(23]32)
1 %(2\1@3?_45)_7_\1@3@5) (11]11) +2(11]22) — (12]21) + 8(11|33) — 4(13|31)
—|1123345)) +4(22[33) + (33]33) 4 5(33[44) — 3(34[43)
2 Lol [1123345) (11]11) +2(11]22) — (12]21) + 8(1133) — 4(13|31)
+4(2233) — 3(2332) + (33]33) + 5(33|44) — 3(34]43)
6 8 %(2\112%_45_) - [1122345) | (11]11) + 4(11]22) — 2(1221) + 6(1133) — 3(1331)
—|1122315)) +(22]22) + 6(22(33) — 3(23|32) + 3(3344)
1 %(2\11241755)7—7\1123341) (11]11) + 2(11]22) — (12]21) + 8(11|33) — 4(13|31)
—|1123355)) +4(2233) — 2(2332) + 2(33|33) + 4(33|44) — 3(34/43)
O] 0 0 1| 5(111223344) + [11223355) | (11[11) + 4(11]22) — 2(12[21) + 8(11[33) — 4(13[31)
+[11224455)) +(22]22) + 8(22]33) — 4(23]32) + 2(33]33) + 4(33|44)
|11334455) (11]11) + 12(11]33) — 6(13|31) + 3(33|33) + 12(33]44)
—6(34/43)
cross V/3(23/32)

2 | 0 | =1 | L (|1T234755) — [1T234755)) | (11]11) +2(11]22) — (12]21) + 10(11]33) — 5(13[31)
+5(22|33) — (23]32) + 2(33|33) + 8(33|44) — 4(34]43)

2 2 | -1 |11234455) (11]11) + 2(11]22) — (12]21) + 10(11]33) — 5(13|31)
+5(22[33) — 3(23]32) + 2(33|33) + 8(33|44) — 4(34]43)
1 |11223345) (11]11) + 4(11]22) — 2(12|21) + 8(11]33) — 4(13|31)
+(22|22) + 8(22|33) — 4(23/32) + (33/33) + 5(33]44)
—3(34/43)
6 0 1 %(2\11254%5?)7—\71125334@ (11]11) + 4(11]22) — 2(12|21) + 8(11]33) — 4(13]31)
—|11223355)) +(22|22) + 8(22|33) — 4(23[32) + 2(33[33) + 4(33]44)
—3(34/43)
F| O 3 1 |112334455) (11]11) + 2(11]22) — (12]21) + 12(11]33) — 6(13]31)
+6(2233) — 3(23|32) + 3(33|33) + 12(33]44) — 6(34[43)
2 | |112234455) (11]11) + 4(11]22) — 2(12]21) + 10(11|33) — 5(13|31)
+(22|22) 4 10(22|33) — 5(23|32) + 2(33|33) + 8(33|44)
—4(34/43)
Ne| 0 0 1 |1122334455) (11]11) + 4(11]22) — 2(12]21) + 12(11|33) — 6(13|31)
+(22]22) + 12(22(33) — 6(23|32) + 3(33|33) + 12(33]44)
—6(34[43)

Table 4.5: V.. matrix element expressions for N-Ne, eigenfunctions from Tables
3.13-3.15 with orbital notation from (2.7), integral notation as in (2.4). ‘cross’
denotes the diagonal term in the 2 x 2 matrix.
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(L?) [ (%) | (R) v (Vee)
Li| 0 11 [172) W87 | 1.0228%
2 30— [113) S Z | 1.0935Z
Be| 0 0 1 | 0.97432]1122) — 0.22517( Lf( [1133) +\1144>+\ 155)) 1.5593Z2
0.22517|1122) + 0.97432( 5 (|1133) + [1T47) + [1155)) 1.7906Z
2 0 | -1 =5 (11123) - |1123>) 2987 | 1.6827Z
2 2 | -1 [1123) 13039097 | 1.6241Z
1 |1145) L7 | 1.7261Z
6 | 0 |1 7 (21133) — [1149) — |1155)) Lol Z | 174727
B| 0 3211 75 (|11233) + [11241) + |11255)) TN Z | 247162
0| £ |-1 |11345) WS Z | 252287
2 31 0.98633|11223) — 0164805 (|11344) + [11355)) 2.3275Z
0.16480|11223) + 0.98633 5 (|11344) + [11355)) 2.58247
1 75 (2[11245) — |11245) — [11245)) Sl | 2.4474Z
2 | 2] |11245) WNTVZ | 2.38957
6 21 75 (2111233) — [11244) — [1155)) T Z | 243997
-1 75 (2[11345) — |11345) — [11345)) VSN Z | 2.5544Z
c| o 0 1 0.9797 = (|112233) + [112244) + [112255)) 3.30277
—0.2005 1, (]113344) + |113355) + [114245))
0.2005 77 (|112233) + [112244) + [112255)) 3.6009Z
+0.9797 13 (|113344) + |113355) + |114245))
0 2 | -1 7 (3|112345) — [112345) — [112345) — [112345)) RULZ | 343627
0| 6 | -1 |112345) w7 | 3.3190Z
2 0 | -1 3 (|112344) — |112344) + |112355) — [112355)) 2297 | 3.45967
2 2 |1 0.9945|112245) — 0.1050|113345) 3.2589Z
0.1050(112245) + 0.9945[113345) 3.5393Z
-1 75 (1112344) + [112355)) WAL Z | 3.4010Z
6 0 1 0.9838 7= (2[112233) — [112244) — [112255)) 3277772
—0.1792 16 (2|174455) — 11334 > |113355))
0.1792 75 (2[112233) — |112244) — [112255)) 3.4439Z
+0.9838 i 7 (2/114455) — [113344) — [113355))
-1 75 (2|1_12345> — |112345) — [112345) PHTLZ | 3.4385Z
+2(112345) — |11234F) — [112345))
6 2 | -1 75(2[112345) — [112345) — [112345)) T Z | 3.3799Z
Table 4.6: V.. matrix element values for Li-C, calculated by using the integral

values of Table 2.3 in the energy expressions of Tables 4.3 and 4.4.
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(L% | (8% | (R) v (Vie)
N | 0 3 1 75 (11123344) + [1123355) + [1124455)) BNSZ | 457662
0| & |-1 |1122345) 2orelZ | 4.35357
2 $ | —1] 09913 7 (|1122344) + [1122355)) + 0.1312[1134455) 4.40087
0.1312 7 (|1122344) + [1122355)) — 0.9913|1134455) 4.711927
1 75 (2[1123345) — [1123345) — [1123345)) 1000055 7 | 4.5825Z
2 | Bl |1123§45> DM Z | 4.4946Z
6 -1 75 (2[1122345) — [1122345) — [1122315)) 2007 | 438527
1 L (201T24455) — |1T23347) — (11233 s>> a7 | 45452
Ol 0 | 0 | 1 | 01443 l( 11223344) + |11223355) + [11224455)) 6.06277

-+0.9895|11334455)
0.9895 7= (|11223344) + [11223355) + |11224455)) 5.7072Z
—0.1443|11334455)

2 0 | -1 J5 (/11234455) — [11234455)) WITNTLZ | 5.8928Z
2 2 | -1 |11234455) 122807 | 5.83427
1 |11223345) e Z | 5.6619Z
6 0 | 1 75(2]224455) — 223344) — |223355)) et 7 | 5.68307
Fl o0 211 |112334455) LRI Z | 7.3379Z
2 8- |112234455) LR8 7 | 713437
Ne| 0 0 1 |1122334455) ez | 8.7708Z

Table 4.7: V.. matrix element values for N-Ne, calculated by using the integral
values of Table 2.3 in the energy expressions of Table 4.5.
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State EPert EExp AE1Pert AE1E3rp
Li | 28 -7.0566 | -7.4779
’p -6.8444 | -7.4100 | 0.2122 | 0.0679
Be | 'S |-13.7629 | -14.6684
3P | -13.5034 | -14.5683 | 0.2595 | 0.1001
1P -13.2690 | -14.4745 | 0.4939 | 0.1939
D | -13.0112 | -14.4092 | 0.7517 | 0.2592
5P| -13.0955 | -14.3964 | 0.6674 | 0.2720
1S | -12.8377 | -14.3212 | 0.9252 | 0.3471
B 2p | -22.7374 | -24.6581
4P | -22.4273 | -24.5265 | 0.3101 | 0.1316
2D | -22.1753 | -24.4401 | 0.5620 | 0.2181
28 1-22.0171 | -24.3685 | 0.7202 | 0.2896
2p | -21.9878 | -24.3277 | 0.7496 | 0.3305
151 -21.7612 | -24.2157 | 0.9762 | 0.4424
2D | -21.6030 | -24.2034 | 1.1344 | 0.4547
2P | -21.4629 | -24.1319 | 1.2745 | 0.5602
C | 3P |-34.4468 | -37.8558
D | -34.3202 | -37.8094 | 0.1266 | 0.0464
1S | -34.1838 | -37.7572 | 0.2630 | 0.0986
5S ] -34.0859 | -37.7021 | 0.3608 | 0.1537
3D | -33.7203 | -37.5638 | 0.7265 | 0.2920
3P | -33.5938 | -37.5129 | 0.8530 | 0.3429
'D | -33.3688 | -37.4100 | 1.0780 | 0.4458
38 | -33.3828 | -37.3737 | 1.0640 | 0.4821
1P ]-33.2422 | -37.3096 | 1.2046 | 0.5462
3P| -32.7641 1.6826
'D | -32.6376 1.8092
1S | -32.3943 2.0524

Table 4.8: Comparison with Experimental data [Huh93|, AFE is the energy above

the respective ground state (Li-C).
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State EPert EE'a:p AE1Pert AE1E3rp
N | %S -49.1503 | -54.6117
D -48.9288 | -54.5241 | 0.2215 | 0.0876
’p -48.8195 | -54.4803 | 0.3307 | 0.1314
ip -48.1630 | -54.2101 | 0.3931 | 0.4016
D -47.8103 | -54.0595 | 1.3400 | 0.5522
28 -47.5888 1.5615
’p -47.5478 1.6025
’p -46.5905 2.5397
O | 3P -66.7048 | -75.1080
'D -66.5360 | -75.0357 | 0.1688 | 0.0723
1S -66.3421 | -74.9540 | 0.3627 | 0.1540
5p -65.3265 | -74.5324 | 1.3783 | 0.5756
'p -64.8578 1.8470
1S -63.4984 3.2063
F ’p -87.6660 | -99.8060
28 -85.8342 | -99.0322 | 1.8318 | 0.7738
Ne | 'S |[-112.2917 | -129.0500

Table 4.9: Comparison with Experimental data [Huh93], AF is the energy above
the respective ground state (N-Ne).
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4.2 Improving the Energy

We wish to investigate why the spectral gaps in Tables 4.8 and 4.9 are a long way
from the experimental values, in contrast to the reasonably accurate ground state
energies. We begin by discussing the idea of screening. Physically, this is a method
used to describe the ‘effective potential” felt by an electron. The justification for
this is that for a given electron, other electrons in the atom that have a high
probability of being closer to the nucleus will screen the charge of the nucleus.
Hence, shells with higher principal quantum number, which are more likely to be

further away from the nucleus, should have a lower ‘effective potential’.

One of the first people to introduce this concept (albeit in an empirical way)
was Slater. In [Sla30] he proposed a system by which the effective potentials for
each electron could be calculated empirically for a given (non-correlated) wave-
function by considering the other electrons present in the wavefunction. The
ground state energies, bond lengths, and atomic and ionic radii of the resulting
wavefunctions compare reasonably well with experiment for a number of atoms.
These empirical results were based upon the experimental data available. We wish
to use a similar method that is mathematically rigorous and needs no experimental
data.

Mathematically, the effective potential is described by the value of Z in the
one-electron orbitals and varying Z can be justified by the variational principle.
Suppose that for W(Z) with corresponding energy F(Z), V(Z,) is the ground
state of H, i.e. is the minimizer of the energy, and so -ZE(Zx) = 0, giving an
equation which can be solved for Z,. This method is commonly used (see, for

example, [Sch01]) to find an upper bound for the Helium ground state and it

217
256

to an experimental value of —2.9035 and hence the variational method captures

improves the ground state energy from —2.5 to —25% ~ —2.848. This compares

an extra 12% of the experimental energy.

We redefine the one-electron orbitals from Section 2.4 in terms of a variational

parameter Z,:

3/2
Z* —ZxT

\/7_1' € = wlsa

: Zo\
= Uan(2.) = T (1 _ 77“) —

V32T

7?1 = wls(Z*) =

l’g@iz*r/z,

w3 = w2pz(Z>k) =
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5/2
Z* xle_Z*T/27
V327

5/2
Z*/ —Zur)2

To€
V32 2

Note that this moves away from the perturbation theory argument of Theorem

¢4 = prgc(Z*) =

¢5 = pry(Z*) =

2.2.2, although this will hopefully be justified by the resulting improvement in the
energies.

In order to calculate the energy of a Slater determinant formed from these
orbitals we note that the term from V.. scales linearly in Z,, as can be seen from
the linear dependence on Z of the integrals in Table 2.3. However, these orbitals
are no longer eigenfunctions for an atomic Hy as this requires Z, = 7, i.e. 1;(Z,)

is an eigenfunction of Hy(Z,) = —%Am — |Z90_| Hence we rewrite H, as

7 -7, Z.(Z - Z,)

Ho(Z) = Ho(Z) — = Ho(Z.) - EZ

|z
We may now use the virial theorem which, since v;(Z,) is an eigenfunction of
Hy(Z.,) gives (7%= o Vi (2.) = 2E0(Z,) = 22 1. So we now have, for an N electron

wavefunction,

N
>Z n Vee \I/(Z*)

<H>\IJ(Z*) = —Z2<1 + 2

*

1=1
N
—(ZZ—QZZ)§:—£~+Z<V>
= * * 912 x\Vee/U(1),
=1 v

and differentiating with respect to Z, gives

which is zero at Z, = Z — (Z
of Eo(Z*)

B (L) (2 (2 ) iew)

=1 ' =1

For example, in the case of Helium with the ground state |11) we have that
SN L =2 Z=2and (Vee)py = (11]11) = ¢. This gives a minimizing value of

Zln

_ 1 15)2 217
EO__§(2) (2_§§) = 25
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State Eper Ey, Egep 7.
Li | 28 -7.0566 -7.2891 -7.4779 | 2.5454
Be | S -13.7629 | -14.2492 | -14.6684 | 3.3763
B ’p -22.7374 | -23.7223 | -24.6581 | 4.1536
C | 3P -34.4468 | -36.2168 | -37.8558 | 4.9137
N | 48 -49.1503 | -52.0662 | -54.6117 | 5.6605
O

F

35p -66.7048 | -71.2844 | -75.1080 | 6.3823
ip -87.6660 | -94.4525 | -99.8060 | 7.0975
Ne | 1S |-112.2917 | -121.9076 | -129.0500 | 7.8073

Table 4.10: Comparison of Perturbation theory (Epe,¢), the one-parameter vari-
ational method (Ez,), and Experimental data (Eg,,). Z. is the value of the
variational parameter.

which agrees with the textbook analysis.

ns

Applying this method to Lithium ground state of [112) we have S 24, = g,

Z =3, and (Vee) 1oy = 39, giving a minimum energy of

_ 19 (a9  45965\2 _ _ 1115626801 o
Eo=—37 (3 95832) = — 53055008 ~ —(-2891

_ 33401 . :
at Z, = 5755 ~ 2.5454. This takes the percentage of the experimental ground

state energy captured by our method from 94.3% to 97.5%.

We now consider the excited state given by [113) which has sz\il # = %,

Z =3, and (Vee)|113) = 25590 which gives

88147828609
By = — O 71102
12397455648

296897
118098

0.1789 which, whilst an improvement on the previous value, is still a factor of

with a corresponding Z, of ~ 2.5140. This predicts a spectral gap of around

around 2.5 times the experimental value.

From this we expect that the ground state energies are improved considerably
with the use of one variational parameter, but the effect on the spectral gaps is
negligible compared to the error already present. Hence we give only the ground
state energies in Table 4.10 and then investigate further ways to improve the

energy, but, more importantly, to improve the spectral gaps.
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4.2.1 Multiple Parameters

Our next step again has a physical motivation in terms of effective potentials.
If we think of Z, as the effective potential then the previous method forces this
value to be the same for each orbital. However, intuitively, the value should be
lower for the 2s-orbital in |112) than for the 1s-orbitals, since the 1s electrons are
more likely to be closer to the nucleus and so will screen the 2s orbital to a larger
extent. Hence we wish to introduce separate variational parameters for each type

orbital, i.e. we write

3/2

7?1 = 1/113(21) = Z\}E €7Z1T7

3/2

Vo 1= 1ny(Za) i= \Z/28/_7r (1 - %) e 72,

5/2

V3 1= 1oy, (Z3) = 5;;733%%”27
7512

Uy i= gy (Z3) := \/?B;Z_lee’Z”/z, and
7502

Vs = oy, (Z3) = \/?3;2_{”267231"/2'

However, we now have a problem in that the 1s- and 2s-orbital are no longer

orthogonal (the s- and p-orbitals are still orthogonal due to the angular terms). A
large part of our analysis, including the very important Slater’s rules of Corollary
2.3.2, relies on the one-electron orbitals be orthonormal. (There is in fact an
analogous result for non-orthogonal orbitals [McW89]. However, it loses a lot of
the simplicity and elegance of the orthogonal version and is difficult to compute
by hand.) Hence we wish to find a similar basis set but with orthogonal orbitals.
For this we choose to keep the 1s-orbital unchanged and restrict the 2s-orbital so
that it is orthogonal to the 1s-orbital.

One reason for not restricting the ls-orbital is that it is present in every
Slater determinant. If, for example, we allowed the 2s-orbital to vary freely and
restricted the 1s-orbital to be orthogonal, then the 1s-orbital in, say |1s1s2s) could
be vastly different to that in |1s1s2p). This would disagree with the conventional
wisdom that the inner shells are largely unaffected by the specific choice of valence

electrons.
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4.2.2 Orthogonal Orbitals and their Fourier Transforms

We now discuss a number of different ways of producing a ‘2s’-orbital which is
orthogonal to a given ls-orbital with effective charge Z;. First we characterize

what we believe to be the important properties of a ‘2s’-orbital:

e it should have no angular dependence, this would, for a start, introduce

issues with orthogonality with the 2p-orbitals;
e it must have a node, or else cannot be orthogonal to the 1s-orbitals;

e it should be characterized by the position of the node and the decay rate,

which are not independent.

The resulting question is how best to choose the new 2s-orbital. There are a
number of possible methods, the first of which would be simply to use Gram-
Schmidt orthogonalization in which we simply subtract (1s|2s)|1s) from the freely
varied 2s-orbital. This method has a number of disadvantages, primarily that it
destroys the relatively simple structure of the 2s-orbital, causing it to be the sum
of two terms with different long-range decay rates.

Hence, it is necessary to consider restrictions on the position of the node and
the decay rate of the 2s-orbital which ensure orthogonality. It is clear that one
parameter may be freely varied, the other being fixed by orthogonality to the
1s-orbital.

There seems to be little physical or mathematical intuition regarding the choice
of which to freely vary. We therefore try both possibilities for a simple example,
that of the Lithium ground state, and need to derive the restriction on the fixed
parameter in each case. We begin by allowing the decay rate Z; to vary freely
and follow, to some extent, Problem 7.61 of [tH75]. Consider

1= (1 —yr)e %P,

which for orthogonality with 1, gives
3/2

1

\/_

@/ (1 —77’) ~(Gt 222 — )

3y / -

—(Z1+Z2/2)r, 2 (Z1+22/2)r, .2
& redr = ———— e redr
/ (Z1+ Z5/2) ),

(1 — yr)e (Bt 2/Dr2 g —

d7e

=7 = %(2Z1 + Zg),



4.2. Improving the Energy 103

where the penultimate line is found using integration by parts. It remains to

normalize 1), using this value of v, i.e. to find ¢ such that

47r/ A1 —r)2e2rr2dr = 1,
0

giving
2 2
47T022(ZQ 67Z52 +12v7%) —1,
Z3
and hence ;
2 37,

Cc =

8n(422 — 27175 + 23)

Therefore, our new 2s-orbital is

—Tor 372 1/2 —Zar
Yo =l —qr)e 7 = <8w(4Z$7222122+Z§)) (1 - 5221+ Zy)r) e 772,

As noted before, this is no longer an eigenfunction of the non-interacting
Hamiltonian H, and hence we need to explicitly find the kinetic and nuclear

potential terms for 1),. These are simple one-electron integrals and are given by

Z\Zy 172 273 7,
Ty = + Y7 2
2 24 AZ; - 27,75+ 75
| Z3AZ} - 27,7y, + 173
24 AZ? 27,7, + 73
Vo — Z 7y AL — AZ\ 7y + 373
T4 AZ2 272,y + 722
As expected, if we set Z; = Z, all the above simplify to the previous non-

variational case. The kinetic and potential energies for the 1s- and 2p-orbitals
are simply

1 _, 1, , 1

=277y, Vw=—-Z2Zy, T3=27Z;, Vi=——Z1s.
2 8 4
It remains to to recompute the Fourier transforms in Tables 2.2 for the new

wavefunctions, the energies of which have the same integral expressions as in
Tables 4.3-4.5. The method for this is exactly the same as in Section 2.5.1,
starting with the result from Lemma 2.5.1 and using the normal rules of Fourier
transforms. We note that for integrals containing only 1s-orbitals or only 2p-
orbitals the Fourier transforms are simply given by replacing Z in the previous
formulae by Z; and Z3 respectively. The resulting Fourier transforms are shown
in Table 4.11, and once again appear to be novel.
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Function Fourier Transform

Urst) 1624
1s¥1s (4Z2+|k|2)2

st zZ3 2(Z142%2)  Z2(2Z1+%2)(2Z1+57Z2) 4 273(221+72)?
2872 | (427 -2212>+73) \ (Z3+]k]%)? (Z3+[k|?)3 (Z3+[k|2)*
. V6232 73/ A(221+75) B (2Z1+25)3
12 V4222212, +23) \3(Z1+22/2)2+[k[%)2  3(Z1+22/2)*+k]?)?

67.2

. z8  6Z8K]

Pj 7P (Z3+[k1?)> (Z3+[k|2)*

b1t  2v2i232 752 22+ Zs)k;
1P ((Z1+Z3/2)+1k?)?

ot V3iz/? 75/ (8(Z2+Z3)2(2Z1+Z2)k;j _ (3221+64ZQ+4823)/§J->
7P 161/422—22,20+23 \ (Z2+23)/22+ kP 3((Z2+23)/2)+[kP)°

1/} 1/} . ijklZg
pi Ve Z+IkP)?

Table 4.11: Fourier Transforms for Coulomb and Exchange Integrals for varia-
tional wavefunctions.

As before, the next stage is to calculate the Coulomb and exchange integrals
required. The method is identical to that in Section 2.5.2, except that we use
the Fourier transforms from Table 4.11 rather than from Table 2.2. The explicit

expressions for the integrals are given in Table 4.12.

We are now in a position to calculate the energy of a general linear combination
of Slater determinants formed from the above one-electron orbitals. However,
before we continue, we return to the question of the choice of the 2s-orbital.
Recall that in the above we have freely chosen the decay rate parameter and
restricted the position of the node. The calculations for the case where we freely
choose the node and restrict the decay rate are analogous and are not repeated
here. We then insert the resulting expressions into the energies for [1s152s,) and
|15152s,) where 2s; and 2s,, are the 2s orbitals resulting from freely varying the
decay rate and node position respectively. The resulting energies and parameters
are given in Table 4.13 where we use the notation 2s = ¢(1 —ar)e /2, which for
the unscaled orbitals has a = 3/2 and 8 = 3.

It is worth noting the large rearrangement of the orbital from the naive un-
scaled form and also the relatively close agreement between the energies and
parameters for the two methods. However, to be practical, we need to choose
one method and based on the lower energy for the Lithium ground state when we

freely vary the decay rate we choose this option.
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Symbol Expression

(11]11) 57,
7172 (8724423 Zo+421 Z3+72)

(11]22) DS ALy

( ) 162375

(4222271 Z2+72)(2Z1+ Z2)5

(22|22) Zy (148821 —195223 Zo+175223 2384021 Z3+24523)

(11133)

(13/31)

(22[33)

512 (422-22125+22)2
71 Z3(821 42023 Z3+20Z2 234102, Z3+ 23 )
(2214 23)°
1122375
3(221 +Zg)7

Z2Z3 %
4(42%7221Z2+Z§)(Z2+Z3)7

[(42% — 22,25 + Z2)(Z8 + 72525 + 212322 + 3523 Z3)
+32225(28Z% — 287122 + 1122)

+72225(AZ% — AZ1Z0 + 323) + Z§(423 — AZ1Z2 + 322))]
Z3Z3(T40Z3 +15221 Zo+1723 4222 Z3—58821 Z3+126 Z2)

(23/32) 9(Zat Z5)9 (422271221 72)
(33]33) 245‘4)6; Zs
(33|44) 3560 23
(34143) a7

Table 4.12: Coulomb and Exchange Integrals for variational wavefunctions.

Energy A Q@ I}

2s4 | -7.4139 | 2.6937 | 1.1535 | 1.5334
2s, | -7.4008 | 2.6969 | 1.1400 | 1.4460

Table 4.13: Comparison of the two methods of choosing the 2s orbital, which is
of the form 2s = ¢(1 — ar)e P/2,

4.2.3 Energies in the Variational Basis

We now wish to compute the energies for the L*-S? eigenfunctions formed
from these one-electron orbitals. As discussed in Section 3.4, the simultaneous
eigenspaces are identical to those given in Section 3.2.2. This demonstrates an
advantage of retaining orthonormality and also restricting the orbitals in the same
n and ¢ shell to have the same variational parameter.

From the expressions in Tables 4.3-4.5 and the Coulomb and exchange integrals
in Table 4.12, we see that the energy expressions are going to be very complicated.
For this reason we do not give explicit expressions for the energies but use Maple
to substitute the explicit expressions into the energies and then minimize over
the Z;. However, in order to ensure orthogonality of wavefunctions within an

eigenspace, we need to place restrictions on this minimization when an L?-S* Ls-
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Sy-R eigenspace has degeneracy greater than one. In this case we minimize each
of the energies within an eigenspace and then use the values for Z; in the lowest
energy state to give the energies of the other states.

This is not an ideal situation as it further compounds the problems discussed
towards the end of Section 4.1.1 with regards to orthogonality of the excited
states. Now, not only may we be restricting to be orthogonal to the incorrect
ground state but we are also forcing orthogonality to the lower energy terms in
the same eigenspace, which again may not be accurate representations of the
physical wavefunctions corresponding to the appropriate spectral line (although
we believe that our wavefunction are in fact reasonable approximations to the
physical wavefunctions). We are also forcing this orthogonality in a very specific
and slightly arbitrary way, and hence the energies of the higher energy states in
an eigenspace may be relatively poor.

The computed energies are given in Tables 4.14 and 4.15. The explicit wave-
functions are not given as they are the same as those given in Tables 4.6 and 4.7
for the non-variational case. The only difference in this case is the value of ¢ in
correlated wavefunctions where U = ¢W + /1 — ¢2W,, in particular the ordering
of eigenfunctions within an eigenspace is the same as in the non-variational case.
In fact, in all cases, the ordering follows the rule that, setting ¢ = 1, the lowest
state has most 2s-orbitals and the energy increases as the number of 2s-orbitals
decreases. This corresponds to the shell-filling scheme in Hund’s rules.

From Table 4.16, we see that in all cases, the ground state energy differs
from the experimental value by no more than 1.1%. This is a large improvement
over the previous methods (see for example Table 4.1). We also see that the
energy error is no longer monotonically increasing across the period which suggests
that, to some extent, we have managed to remove the proposed deficiency of our
previous (non-variational) basis for higher Z values. There still seems to be some
decrease in the accuracy as Z increases but it is hard to say whether this is in
fact due to the increase in nuclear charge or due to the decrease in the dimension
of the space to be minimized over as given in Table 2.1.

Figure 4.1 shows the variational theoretical energies and the experimental
energies of the ground states, also included is the Helium data that was calculated
at the start of Section 4.2 (it is a one-parameter variation). As can be seen, there
is very good agreement between the two sets of data.

At the start of this section we mentioned the work of Slater [Sla30] and it is
interesting to compare our effective charges (i.e the exponential decay rates) with
his empirical approximations. We find that the 1s-orbitals agree very well in all

cases with his prediction of Z — 0.3. However, one simplification in [Sla30] that
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Figure 4.1: Experimental and Variational Ground State Energies.

differs from our method is the grouping of the 2s- and 2p-orbitals to have the same
effective charge. He predicts a value of Z — (2 x 0.85) — ((Z — 3) x 0.35), which
generally lies between our variational values for Zs and Z3. In general Slater’s
value becomes closer to that of Z3 as Z increases. This is unsurprising if we take
Slater’s effective potential to be the weighted average of our Z, and Z3, where
there are progressively more 2p-orbitals than 2s-orbitals.

It is of course trivial to restrict our minimization to set Zy = Z3 and we find
that the energies are poorer by about 0.2% whilst the spectral gaps are generally
very slightly larger than with three variational parameters. This shows that the

gain in adding a second parameter is much greater than that of adding the third.

Comparing the calculated energy levels to the experimental values (Tables 4.17
and 4.18), we see that, although the general agreement with experiment for the
ordering of the spectral levels is excellent, there are two pairs of levels which are
swapped. These are the 'D and 3P levels of Beryllium, and 'S and ®S levels of

Carbon.

There does not seem to be any obvious reason why these levels should be in
poorer agreement than the others, for example, no presence of other experimental
lines of the same term nearby that could cause a large perturbation of the energy
when the correlation effects are included. However, it should be noted that, for
the Beryllium case, the MDHF calculations of [TTST94| predict the same energy
ordering as our method. The data for the MDHF method for the required states

of Carbon do not seem to be available but it would be interesting to see if the
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prediction agrees with our method or with experiment.

As in the non-variational case we can compute the virial ratio, recall from
Table 4.2 that the non-variational method gave values of around 1.6 when the
ideal value is 2. We find that, for all cases, the virial ratio for the three-parameter
variational calculation is 2 to at least 6 decimal places. This is unsurprising since
the virial theorem follows from dilation of wavefunctions.

Looking at the spectral gaps we see that there has once again been a large
improvement in agreement with experimental results. Most gaps differ by no more
than a few percent, which is clearly a vast improvement on the 150 — 200% or
so error from the unscaled and one-parameter cases. There are a few spectral
gaps, such as the %S state of Carbon that are 40% or so off from the experimental
values, but, in general, the agreement is very good.

From Tables 4.14 and 4.15 we see that minimization over the Z; does not, in
general, affect the ordering of the energies. In fact, the only levels that change
order are in Carbon. The most significant interchange is that of the .S and 5S (2nd
and 3rd excited states), which cause a disagreement with experiment. However,
our results agree with the MDHF data and it would be somewhat unreasonable
to expect our data to improve on this method. In addition there are interchanges
of the higher D and 3S wavefunctions, in this case there is no experimental data
available but the ordering agrees with MDHF.

The general overall independence of the ordering with respect to the values
of the Z; will be partially explained in Section 4.3. As mentioned previously (see
Section 4.1.2), this will take the form of a mathematical justification of Hund’s
rules.

Another interesting point, which can be seen in Table 4.14, is that variational
parameter Zs in the 'P case is less than one. If these values are interpreted
as an ‘effective charge’ felt by the 2p electron then this indicates some form of
self-screening. This effect can also been seen in the MDHF method [Fro67]. In
addition this shows that there is a significant rearrangement in the spatial orbitals
between the singlet and triplet cases. In terms of charge density, the low value of
Z3 corresponds to a high mean distance from the nucleus.

The explanation for this in terms of the energy expressions given in Table 4.3 is
analogous to that given by Hartree [HH36]. The only term by which the energies
of the ' P and 3P states differ is the 25 —2p exchange term (23|32). In the ! P state
this has a positive coefficient and in the 3P case it has the more usual negative
coefficient. Hence, in the 'P case, this term acts in a repulsive way, forcing the
2s- and 2p-orbitals to be further apart.

This effect is not seen in the 3P case where the 2p-orbital should in fact be
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State E Z1 Zo s c E;
Li | 298 -7.4139 | 2.6937 | 1.5334 -7.0566
’p -7.3504 | 2.6858 1.0458 -6.8444
Be | 'S |-14.5795 | 3.7052 | 2.3669 | 1.9944 | 0.9410 | -13.7629
3P | -14.4823 | 3.6944 | 2.4045 | 1.7807 -13.5034
1p |-14.3688 | 3.6962 | 2.6684 | 0.9324 -13.2690
3p | -14.3128 | 3.6806 1.7502 -13.0955
1D | -14.2764 | 3.6813 1.7025 -13.0112
15 | -14.1439 | 3.7052 | 2.3669 | 1.9944 | 0.9410 | -12.8377
B | 2P |-24.4885 | 4.7086 | 3.1628 | 2.4660 | 0.9663 | -22.7374
1P | -24.3969 | 4.6925 | 3.2440 | 2.4757 -22.4273
2D | -24.2448 | 4.6930 | 3.2432 | 2.3470 -22.1753
25 1 -24.1719 | 4.6938 | 3.2710 | 2.2573 -22.0171
2P | -24.1010 | 4.6932 | 3.3746 | 2.1187 -21.9878
4S8 | -24.0776 | 4.6732 2.4432 -21.7612
2D | -24.0010 | 4.6742 2.3960 -21.6030
2P | -23.9076 | 4.7086 | 3.1628 | 2.4660 | 0.9663 | -21.4629
C | 3P |-37.5689 | 5.7107 | 3.9670 | 3.1116 | 0.9858 | -34.4468
D | -37.5039 | 5.7114 | 3.9790 | 3.0520 | 0.9860 | -34.3202
55 | -37.4974 | 5.6893 | 4.0713 | 3.1623 -34.0859
1S | -37.4656 | 5.7096 | 3.9998 | 3.0265 | 0.9545 | -34.1838
3D | -37.2698 | 5.6894 | 4.0501 | 3.0739 -33.7203
3p | -37.2053 | 5.6899 | 4.0599 | 3.0389 -33.5938
D | -37.0173 | 5.6885 | 4.0265 | 2.9773 -33.3688
38 1-36.9869 | 5.6873 | 3.9731 | 2.9938 -33.3828
1P 1-36.9550 | 5.6892 | 4.0577 | 2.9316 -33.2422
3P | -36.7965 | 5.7107 | 3.9670 | 3.1116 | 0.9858 | -32.7641
D | -36.7331 | 5.7114 | 3.9790 | 3.0520 | 0.9860 | -32.6376
18 1 -36.5799 | 5.7096 | 3.9998 | 3.0265 | 0.9545 | -32.3943

Table 4.14: Eigenspace energies for the variational method, Li-C. Z; are the mini-
mizing variational parameters and c is the correlation coefficient in the eigenfunc-
tions, i.e. ¥ = Wy 4+ /1 — 2Vy, U; are given in Tables 4.3 and 4.4. Ey is the
energy obtained by setting Z; = Z.
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State E Al Zo Z3 c E;
N ) -54.1597 | 6.7117 | 4.7535 | 3.7924 -49.1503
D -54.0407 | 6.7124 | 4.7711 | 3.7317 -48.9288
p -54.0075 | 6.7110 | 4.7893 | 3.7162 | 0.9788 | -48.8195
ip -53.7666 | 6.6854 | 4.8658 | 3.7592 -48.1630
D -53.5340 | 6.6850 | 4.8414 | 3.7065 -47.8103
28 -53.4173 | 6.6857 | 4.8575 | 3.6669 -47.5888
p -53.3071 | 6.6830 | 4.7591 | 3.6794 -47.5478
2p -52.9277 | 6.7110 | 4.7893 | 3.7162 | 0.9788 | -46.5905
O 3p -74.3931 | 7.7118 | 5.5613 | 4.4117 -66.7048
'D -74.3004 | 7.7122 | 5.5709 | 4.3828 -66.5360
19 -74.2328 | 7.7103 | 5.5967 | 4.3628 | 0.9749 | -66.3421
3p -73.7784 | 7.6805 | 5.6490 | 4.3916 -65.3265
1p -73.4204 | 7.6785 | 5.5620 | 4.3549 -64.8578
1S -72.8054 | 7.7103 | 5.5967 | 4.3628 | 0.9749 | -63.4984
F 2p -98.7503 | 8.7112 | 6.3576 | 5.0587 -87.6660
28 -97.8704 | 8.6748 | 6.4189 | 5.0416 -85.8342
Ne | 1S |-127.5695 | 9.7101 | 7.1469 | 5.7177 -112.2917

Table 4.15: Eigenspace energies for the variational method, N-Ne. Z; are the
minimizing variational parameters and c is the correlation coefficient in the eigen-
functions, i.e. ¥ = cW¥; + /1 — 2V, U; are given in Table 4.5. E is the energy
obtained by setting Z; = Z.

Atom Li Be B C N @) F Ne
Error | 0.9% | 0.6% | 0.7% | 0.8% | 0.8% | 1.0% | 1.0% | 1.1%

Table 4.16: Percentage error in the ground state energy.
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closer to the 2s orbital than in the case where exchange energy is ignored. This
is true for the results of [HH36] and can be checked in our case by performing a
minimization without the exchange term. This results in the values Z; = 3.6953,
Zy = 2.4700 and Z5 = 1.7807, which are higher than the triplet values by 0.009,
0.0655 and —0.1768 respectively. In other words, the p-orbital contracts and the
2s-orbital become more diffuse when including the exchange term. This indeed
indicates that the p-orbital is generally closer to the to 2s-orbital in the triplet
case than when no exchange term is present.

This effect is also present in MDHF results, from [TTST94] we see that the
expected radius of the p-orbital is 5.025au for the ! P state compared to 2.808au
for the 3P state. We note here that we cannot directly compare the exponential
decay rates as the MDHF wavefunctions are formed from a sum of orbitals with

different decay rates and do not have such clear shell distinctions.

4.2.4 Comparison with Other Methods

We now wish to compare our results (which appear to be novel) with those of
other methods of computing ground (and excited) state energies of atoms. To
begin with we compare with the most basic theory, true single determinant HF'.
As noted previously, all (uncorrelated) ground states are single determinants,
which to some extent can be seen as a consequence of aligning of the spins in
the ground state, which leads to Slater determinants with few symmetries under
interchanging spins.

This single determinant representation is not possible in a large number of the
excited states, where a single Slater determinant cannot be placed in one space.
The ground state energies can be seen in Tables 4.17 and 4.18, noting that for all
ground states this is a true HF calculation despite the labelling of ‘MDHE".

The next step of approximation needed to enable excited state energies to be
computed is to allow multiple determinants in a single configuration, i.e. MDHF.
The fact that these energies (e.g. [TTST94]) are better than ours can be attributed
predominantly to the differing ways of minimizing the energy. Whilst [TTST94]
uses a numerical approach (and is generally unrestricted by a choice of basis) we
have essentially the minimal basis set possible for these calculations.

It is interesting to note the energies of the Beryllium ground state where our
method out-performs even numerical MDHF. This suggests that a careful choice
of basis to allow wavefunctions with appropriate angular momentum and spin
eigenvalues to be formed and, most importantly, correlated, is more important

than brute force computation in gaining accurate energies.
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Of course, if we compare to a MCHF calculation in which the near-degeneracy
of states differing by the replacement of 2s2s with 2p2p (i.e. correlation) is taken
into account, we find that the MCHF values are much better. This is simply a
consequence of minimization over a much larger basis set. Comparing to [CV66]
we see that, in general, the single configuration energies are similar to those of
[TTST94] and so we may take the MCHF results to be representative of the
accuracy despite the age of the paper. We show the results for the modified
ground states of Beryllium, Boron and Carbon in Table 4.19 and it is easy to see
the improvement in energy in these cases. Unsurprisingly the improvement in the
energy between MDHF and MCHF is inversely proportional to the size of ¢ in
Table 4.14. This is analogous to ¢ being a measure of the amount of correlation

between the 252s and 2p2p states in our calculated wavefunctions.

4.2.5 Spectral Plots

Figures 4.2 and 4.3 show the spectra of Lithium to Fluorine (the cases of Helium
and Neon are uninteresting as they consist of a single line each) in a number of
different ways. Within each plot, levels of the same colour correspond to levels
of the same term (e.g. 1S, ®P). The dashed black line is the lowest experimental
energy containing an orbital with principal quantum number 3, for clarity, higher
energy levels of such configurations are not shown. The dotted black line is the
ground state energy of the first positive ion.

The reason for plotting these two black lines is that we expect our method to
give poorer results above each of these levels. One would expect that lines close to
those involving n = 3 or higher orbitals, and of the same term, should experience
a relatively large perturbation when the extra configurations (and hence extra
correlations) are included. Above the energy of the ion, the configuration with
N = Z electrons will no longer be the minimizer, which calls into question the
validity of the method.

However, as has been noted in previous discussions, the ordering of the calcu-
lated spectra is in excellent agreement with experiment, when restricted ton =1
and n = 2 orbitals. In general it appears that the agreement with experiment
does indeed become poorer above these levels, although it is not clear if this is a
direct effect of this or simply that the approximation is poorer for higher levels in
general.

Levels for which there is no experimental data are not plotted, this is essen-
tially a cut-off at a given energy level. The experimental values and variational
theoretical values are those in Tables 4.17 and 4.18 (E.,, and Ey, respectively).
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State Eg, Erp Eyprar | AEz, | AEg.y, | AEypar

Li 2s -7.4139 | -7.4779 | -7.4327
p -7.3504 | -7.4100 | -7.3651 | 0.0635 | 0.0679 0.0677

Be 1S 1-14.5795 | -14.6684 | -14.5730
3P | -14.4823 | -14.5683 | -14.5115 | 0.0972 | 0.1001 0.0615
1P | -14.3688 | -14.4745 | -14.3947 | 0.2107 | 0.1939 0.1783
'D ] -14.2764 | -14.4092 0.3030 | 0.2592
3P| -14.3128 | -14.3964 0.2667 | 0.2720
1§ 1-14.1439 | -14.3212 0.4356 | 0.3471

B 2P | -24.4885 | -24.6581 | -24.5291
4P| -24.3969 | -24.5265 | -24.4507 | 0.0915 | 0.1316 0.0784
2D | -24.2448 | -24.4401 | -24.3119 | 0.2437 | 0.2181 0.2172
28 | -24.1719 | -24.3685 | -24.2481 | 0.3165 | 0.2896 0.2810
2P | -24.1010 | -24.3276 | -24.1790 | 0.3875 | 0.3305 0.3500
48 | -24.0776 | -24.2157 0.4807 | 0.4424
2D | -24.0010 | -24.2034 0.4876 | 0.4547
2P | -23.9076 | -24.1319 0.5808 | 0.5062

C 3P | -37.5689 | -37.8558 | -37.6886
'D | -37.5039 | -37.8094 | -37.6313 | 0.0650 | 0.0464 0.0573
1§ 1 -37.4656 | -37.7572 | -37.5496 | 0.1033 | 0.0986 0.1390
5S | -37.4974 | -37.7021 | -37.5992 | 0.0715 | 0.1537 0.0894
3D | -37.2698 | -37.5638 | -37.3944 | 0.2991 | 0.2920 0.2945
3P | -37.2053 | -37.5129 | -37.3377 | 0.3636 | 0.3429 0.3509
'D | -37.0173 | -37.4100 | -37.1696 | 0.5516 | 0.4458 0.5190
38 1 -36.9869 | -37.3737 | -37.1421 | 0.5820 | 0.4821 0.5465
1P 1 -36.9550 | -37.3096 | -37.1158 | 0.6139 | 0.5462 0.5728
3P | -36.7965 0.7724
'D ]-36.7331 0.8358
1§ 1-36.5799 0.9889

Table 4.17: Comparison

of three-parameter variational energies with Multi-
Determinant Hartree-Fock [TTST94] and experimental energies. AFE is the energy
above the respective ground state (Li-C).
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State E, Egap Evprar | AEz | ABgy, | AEvpHEF

N 45 | -54.1597 | -54.6117 | -54.4009
2D | -54.0407 | -54.5241 | -54.2962 | 0.1190 | 0.0876 | 0.1048
2P | -54.0075 | -54.4803 | -54.2281 | 0.1523 | 0.1314 | 0.1728
4P | -53.7666 | -54.2101 | -53.9883 | 0.3932 | 0.4016 | 0.4127
2D | -53.5340 | -54.0595 | -53.7836 | 0.6257 | 0.5522 | 0.6173
28 | -53.4173 -53.6834 | 0.7424 0.7175
2p | -53.3071 -53.5839 | 0.8526 0.8170
2P | -52.9277 1.2320

O | 3P | -74.3931 | -75.1080 | -74.8094
D | -74.3004 | -75.0357 | -74.7293 | 0.0928 | 0.0723 | 0.0801
1S | -74.2328 | -74.9540 | -74.6110 | 0.1603 | 0.1540 | 0.1984
3P| -73.7784 | -74.5324 | -74.1839 | 0.6147 | 0.5756 | 0.6255
Lp | -73.4204 -73.8720 | 0.9727 0.9374
1S | -72.8054 1.5877

F 2P | -98.7503 | -99.8060 | -99.4093
28 | -97.8704 | -99.0322 | -98.5312 | 0.8800 | 0.7738 | 0.8781

Ne | 1S |-127.5695 | -129.0500 | -128.5471

Table 4.18: Comparison of three-parameter variational energies with Multi-
Determinant Hartree-Fock [TTST94] and experimental energies. AFE is the energy
above the respective ground state (N-Ne).

EZi EMDHF EMCHF EExp
Be | -14.5795 | -14.5730 | -14.6514 | -14.6684
B | -24.4885 | -24.5291 | -24.5600 | -24.6581
C | -37.5689 | -37.6886 | -37.7059 | -37.8558

Table 4.19: Ground state energies of Beryllium, Boron and Carbon using three-
parameter variational, Multi-Determinant Hartree-Fock [TTST94] and Multi-
Configuration Hartree-Fock methods [CV66], compared to Experimental results.
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The non-variational energies, taken from from Tables 4.14 and 4.15, are included
to demonstrate the vast benefit of the variational scaling, and also the relative
invariance of the ordering of the spectra under this variational procedure.

The plots in the left hand column show the absolute energy levels, those in the
middle column show the spectral gaps by simply subtracting the relevant ground
state energy from all energy levels. Finally, the plots in the right hand column
demonstrate the multi-scale nature of the results, i.e. the spectral gaps are of a

different order to the overlying total energies.

4.3 Validity and Failure of Hund’s Rules

As noted previously, minimization over the variational parameters had little effect
on the spectral ordering. This suggests that there are relationships that hold
independently of the value of the coupling constant A and the specific choice of
the one-electron basis.

The standard empirical rules for this are Hund’s rules, which were described
in Section 4.1.2, the spin alignment part of which is rigorous for single Slater
determinants. An interesting question is how Hund’s rules translate to linear
combinations of Slater determinants, for which we need to consider the extra
terms generated by the interaction of different Slater determinants under the
action of V..

An additional complication is the correlation of wavefunctions, the effects of
which are expected to be more difficult as there seems to be no a priori way to
compare the magnitudes of two terms such as (11|22) and (11|33) for all possible
1s-, 2s- and 2p-orbitals, a problem that is directly related to the lack of rigorous
proof of shell ordering. This prevents us from deriving any inequalities on the
energies for configurations with different numbers of 2s- and 2p-orbitals.

For example, from the eigenspaces in Table 3.1 we see that it is not possible to
derive the ordering of |2s) and |2p) without explicit computation of the integrals.
Thus we obtain no a prior: information about Lithium.

Moving on to Beryllium we have a more interesting case. We begin by ignoring
correlation (setting ¢ = 1) and, as mentioned above, partition the space of L
S? eigenfunctions into wavefunctions containing Slater determinants with orbitals
15%22522p™V =%, 152252p" =3 and 15%2p™ 2, where in this case N = 4. These spaces
are well defined as the number of 2p-orbitals in the sets {L*|¥)} and {S*|¥)} is
invariant for any given Slater determinant |¥) (see Lemmas 3.3.7 and 3.3.9).

There is only one case with no 2p-orbitals, lying in the 1S eigenspace, and hence

we consider the eigenfunctions with one 2s-orbital. Using the term notation, these
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lie in the spaces 'P and *P and from Hund’s rules we would expect the triplet
state to have lower energy. Comparing the energies in Table 4.3 we see that
Esp — Eip = —2(23]32) < 0 (since exchange terms are positive) and hence the
triplet term does have lower energy. Note that this quantitative result differs from
that of the more naive argument which states that |2s2p) has one exchange term

and |2s2p) has none.

Next we consider Slater determinants containing no 2s-orbitals. In this case
we have a wavefunction in each of the spaces 1S, 3P and !D. Hund’s rules suggest
that the 3P state should have lowest energy so we use this as a reference energy,

giving
Esp = Eip — (33]33) + (33|44) = Eig — (33|33) + (33]44) — 3(34/43),

from which we easily conclude that Eip < FEig. However, the relationships in-

volving FEsp are less clear and we need an inequality involving (33|33) and (33|44).

Lemma 4.3.1. For all orbitals py, ps, p3 for which we have

0 1p3 —1p2
Lp, = —ips |, Lps = 0 , and Lps = Py ) (41)
iPo —ip1 0

the following identity holds:

/ ! pi(2))|pi(y) [Pdedy = / ;Ipi(x)l2lpj(y)l2dxdy

RS |2 — Y| Re |2 — Y|

2 /Rs | i y|p;~k(x)pj (x)pz‘(y)]?;(y)dxdy

for all i # 7.

Proof We begin by noting that the (L?) = 6, (S?) = 0 eigenspace in Table 3.2
is of dimension 5 and hence is non-degenerate. This is true for any choice of
p-orbitals satisfying the conditions in (4.1). It follows from Lie Algebra theory
that all eigenfunctions within this space have the same expected value for V... We
choose two representatives, namely

v, =

(|131_sp1p_2> — |131_sp_1p2>), Uy = (\181—3}9129_1) — \131—329229_2))7

-
-
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and using Slater’s rules from Theorem 2.3.1 we find the two expectations to be

(Vee)w, = (1s1s|lsls) +4(1sls|pip1) — 2(1spi|p1ls) + (pip1|pap2) + (pip2|p2p:)
(Vee)w, = (1sls|1sls) 4+ 4(1sls|pipr) — 2(1sp1|pils) + (pip1lpip1) — (pap2|pepr)-

Hence, since the expected values are equal, we see that

(plpl\pzm) + (p1p2‘p2p1) = (plpl‘plpl) - (p1p2 |p2p1)

and the result follows by the rotational symmetry of the integrals. O

From this Lemma we see that, in particular, —(33|33) + (33]|44) < 0 and
—(33|33) + (33]44) + (34/43) < 0 and so obtain the ordering

EBP < ElD < Els,

which holds for all 1s-, 2s- and 2p-orbitals regardless of the radial parts. We now

have three groups of ordered energies for the uncorrelated wavefunctions:
Eisos2,  Espasy < Eiposap, FEspopz < Eipaper < Eigape,

but as discussed earlier we cannot determine a complete ordering.

We now wish to introduce correlation, which in Beryllium is only present in
the 1S eigenspace. Diagonalizing the H = Hy + V., matrix we see that the two

correlated eigenvalues are

Mo = L((H)w, + (H)a) £ (), — (H)a,)? + (0 Vee[03) 2,

where we have used that evenly excited Slater determinants are not correlated by
Hy. We see that this causes the lower eigenvalue to be shifted down and the higher
to be shifted up; it is not possible for correlation to cause the eigenvalues to cross
each other. It is however possible for correlation to cause crossing of eigenvalues
that are not correlated with each other.

It follows that, if the original spectrum has the ordering Figos2 < Figg,2 then
the inequalities above are maintained for the correlated wavefunctions (as there is
no inequality involving Eigos2 and Figoye is shifted higher). However, this does
not necessarily maintain the overall ordering of the spectrum unless the ground
state is Eig9s2 and the highest excited state is Fig,2. For our particular choice
of orbitals this is the case (see Tables 4.8 and 4.17) but there seems to be no a
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priori reason why this should be the case for all choices of orbitals.

Furthermore, if we have Figo.2 > g9, then we can no longer be sure that,
when correlation is introduced, we retain the ordering Espoy,e < Fip oy < Figgye
as [g o2 is now shifted down whilst Espgy2 and Eip o, are unaffected by corre-
lation.

Since correlation seems to cause such difficulties even in the simplest case, we
derive only the inequalities for the non-correlated wavefunctions of the remaining
atoms.

It is worth noting that these rules are also independent of the value of A, the
coupling coefficient in the perturbation description of the Hamiltonian. Therefore,
for uncorrelated wavefunctions, if the states are correctly ordered with respect to
the true eigenstates as A — 0 then they are correctly ordered for the physical
value A = 1. They are also independent of the choice of radial terms, provided

that all orbitals are orthogonal.

Theorem 4.3.2 (Rigorous Spectral Orderings). Let
XF = Spon{|gredrsthn - Yw) = W [, Yy €V, QU = QU}
where Q = 320 af (¢ap,)a(dap,) + al (Gop;)a(Pap,),
V= {020 @25, Gaps: Papss Povas P2pas P2 G2}

and the one-electron orbitals are orthonormal and the spatial parts satisfy

L2¢1s = L2¢2s = 07 L2¢2pi = 2¢2p¢7 Li¢2pj S Span{¢2p17 ¢2p27 ¢2p3}7 V’L,j

Then the ordering of the energies of the L*-S* eigenspaces formed from X]C\?, for
Lithium-Neon (N =1,...,8) satisfy the inequalities in Table 4.20.

Proof The result follows trivially from the expressions for the energies given
in Tables 4.3-4.5, the positivity of the Coulomb and exchange integrals and the
identity in Lemma 4.3.1. It should be noted that, although the restriction on the
p-orbitals in the Theorem is less strict than that in Lemma 4.3.1, the result still
holds as the energies are independent of the p-shell basis. O

Corollary 4.3.3. In particular, the results of Theorem 4.3.2 hold for the MCSCF
GS with V' the MCSCF orbitals as well as for MDHF' (also known as “angular
momentum - spin adapted” HF) with V' the HF orbitals. This is true both in the
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Orbitals Inequalities
Li 2s E2S
2p EQP
Be 252 Eig
252p Esp < Erp
2p2 E3p<E1D<E15
B 25%2p Eqp
282p2 E4p < EQD < EQS
E4P < EQP
2p3 E4S < E2D < E2P
C 2822p2 Esp < ElD < ElS
282p3 Esg < Esp < {EBP,Elp} < Eip
E5S < E3S
2p4 E3p<E1D<Els
N 2822p3 Fig < E2p < E2p
282p4 E4p < E2D < E2S
E4P < EQP
2p5 EQP
O 2822p4 ESP < ElD < Els
252p° FEsp < Eip
2p6 ElS
F | 2s%2p° Eag
252p° E:p

Table 4.20: Inequalities concerning the ordering of the atomic spectra, derived
using only positivity of the exchange integrals and the identity in Lemma 4.3.1.
The notation {A, B} means that there is insufficient information to order the two
states.
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limit of a complete basis set as well as for any suitable finite basis set such as

STO-3G.

Although the idea of deriving spectral orderings from the V.. matrix elements
is not new ([Sla29, Joh32, Uff38]), previous works have considered the spectral
orderings in only the cases in which there is a complete ordering. The more
interesting cases are not investigated and [Sla29] claimed that the experimental
spectral gaps should correspond to these integrals, which, due to minimization
over orbitals, is most definitely not true. Further to this, the expressions are
derived using a number of results which are not rigorously proven, such as the
fact that Q commutes with L?, S, Ly and Ss.

Before we discuss these inequalities and their relationship to Hund’s rules we
first note the obvious symmetry of the energy orderings in Table 4.20 under taking
the dual (see Definition 3.1.5). We wish to show that this is a rigorous result,
independent of the choice of basis and eigenfunctions. Also, we hope that the
proof of such a result will give insight into the important properties that cause
this effect.

4.3.1 Dual Invariance of the Spectral Orderings

As well as the ideas of Section 3.1.6 we recall the operators P, QT and Q | given in
Definition 3.3.5, which count the number of pairs of 2p-orbitals, and the number
of spin up / spin down 2p-orbitals respectively. We also define two new operators

that count the number of 2s and 2s orbitals

~ J— J—

Sy :=da(25)a(2s), S| :=al(25)a(2s),

the expected values of which can be written in terms of N, (Ss)g), (Q1)jw) and
(Q 1)wy; their inclusion merely simplifies notation.

The sum of operators S = gT + 61, i.e. the total number of 2s-orbitals,
commutes with L2, S?, L3, S; and R. The proofs are straightforward and follow
by writing

S=N-2-Q

and noting that Q commutes with each operator.

We define the symbolic expectation of V. for a wavefunction to be the expec-
tation expressed in Coulomb and exchange integral notation ((ii|jj) and (ij|j))
as in Tables 4.3-4.5.

Theorem 4.3.4 (Dual Invariance of Spectral Orderings). Let x; = Zij\ill a;|¥;)
and xo = Zi]‘g Bi|®;), where oy, B; € C, and |V;),|P;) € Xy, be eigenfunctions
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of L* and S*. Further suppose

~ ~

(@wyy = (Qwy = (Q)a)

foralli=1,...,My, j=1,...,My. Then for the dual operator given by Defini-
tion 3.1.5, xx1 and xxo are also eigenfunctions of L* and S*, with <L2>*Xi = <L2>Xi
and (S®).\, = (S?)y,. Purthermore, the difference in the symbolic expected values

of Ve of x1 and xo is invariant under *, i.e.

<Vee>xl - <Vee>><2 = <Vee>*><1 - <Vee>*><2-

This does not show that the explicit energy difference is invariant under tak-
ing the dual; different orbitals are used for the p and 8 — p valence electron cases.
However, if the sign of the energy difference is well-defined for two eigenfunctions,
then it is also well-defined under the dual and has the same sign. As with the

duality results for the eigenspaces in Section 3.1.6 this result appears to be novel.

Proof of Theorem 4.3.4 The fact that *Y; are eigenfunctions of L? and S? with
appropriate eigenvalues is simply the result of Theorem 3.1.10.

By the invariance of the energy under linear combinations of L3 and S3 eigen-
functions, we may choose y; to be eigenfunctions of S3 and L3 with L3 eigenvalue
zero. The restriction on Q trivially shows that y; are eigenfunctions of R, the
parity. Hence we may use Theorem 3.3.1 and all Slater determinants within each
of x; and xy; are evenly excited.

In second quantization notation we may write two Slater determinants of

length K that differ by m valence orbitals as (up to sign)

W) = a*(wl) - -aT(wK)|0>
|Wy) = aT(@/)KH) . ~aT(@/}K+m)aT(@/}m+1) . ~aT(@/}K)|O>

where wlog we have chosen to replace the first m orbitals in the Slater determinant
and |0) = |1s1s). It is clear that

[U2) = a'(Vrc) - al (Yrcm)a(@m) .. a()[P4). (4.2)

From the definition of %, we have

x| Uq) = a(vg) . ..a()|1)
AW} = alt) - o(msr)a(rcim) - a(rcar)|1).
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We now note that a'(vy) ... a'(¥)a(¥n) . .. a(br)|1) = |1), from which we have

| Wo) = a(¥x) - - a(Yms1)a(Vrcym) - - - a(Prs1)
a' (1) . at (Pm)a(¥m) . . a(n)|1)
= (=125 in) - a(tbrg)al (@) - al ()
a(Vr) - - a(Pmi1)a(¥m) - . a(yr)[1)
= a(Yrm) - a(Prcsa)a (Y1) - al (@) (5] 01)) (4.3)

From (4.2) and (4.3) we see that %|U;) and *|U,) differ by the same orbitals as
|\I/1> and |\I/2>

We are now in a position to compute the energy differences. Firstly we see

that
My

*Xlzz HEINDINEEOCES Zﬁ x| ®;))

i=1

and hence the four expected values we are interested in are
My Mo
<‘/;6>X1 - Z a:aj<\pj|‘/ee|\lli>v <‘/;6>X2 = Z Bi*ﬁj<¢)j|‘/ee|¢)i>’
ijfl ij=1

My
Vi = Z i) (x| Vi 5 T3) = Y~ o (50| V| % ),

1,j=1 1,j=1

Mo
Zﬁz (k0 [Vee| # @3) = > 873 (5 D5 | Ve % D3),

i,j=1 i,j=1

where we have used that V. is self adjoint and real, and all the Slater determinants

are real. We wish to show that

<V€6>X1 - <‘/6€>X2 = <V€e>*X1 - <V€6>*X27

which is equivalent to

<V€6>X1 - <‘/6€>*X1 = <V€6>X2 - <V€6>*X27

i.e. that the difference in expected values of V. between a wavefunction and its
dual depend only upon the number of 2s- and 2p-orbitals, which are the only

conserved quantities between y; and xa.
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Counsider first

My
O Veelxa) = (oxa Vel # x1) = > 0 ({5 |Vee [ W3) — (59| Voo |+ T3))  (4.4)

ij=1

and note that, by Slater’s rules from Theorem 2.3.1, we need only consider terms
that differ by zero or two orbitals. We begin with the case of two Slater deter-
minants |¥;) and |¥,) that differ by two orbitals. As noted above, the duals
differ by the same pairs of orbitals, with the same sign and hence (U1|V,.|¥y) =

(xW1|Vee| % Wy). Therefore the cross terms cancel and (4.4) becomes

My
(01 Veelxa) = Goxa[Veel % xa) =D ol (03| Vee | W3) — (404 |Vie| 5 ). (4.5)
=1

For a single Slater determinant we may define the following quantities:

~

P = (P)y, Q= {(Q)w, Q = (Q)w, Si:={(Sw, S| = (S)w,

(along with the sums Q = QT + Ql and S = gT + gl) Further, by the restriction
on Q, Corollary 3.3.15 shows that each Slater determinant in x; must have the
same value of P, as must each in x».

Now note that the terms involving 1s and 1s depend only on S := S; + S|
and @ := Q7 + Q. This is because each valence electron will form one Coulomb
term with each of 1s and 1s and exactly one exchange term with either 1s or 1s.
Furthermore, by the rotational invariance of the 1s spatial orbital, (1s1s|2p;2p;)
and (1s2p;|2p;1s) are independent of i. Denote the sum of these terms by f(S, Q).

Using the expansion from Corollary 2.3.2 we obtain

(Vee)iwy = f(5,Q) + 5Q(22[33) — (51Q1 + 5,Q,)(23[32) + P(33[33)

(9 ((4) ()

Denoting eigenvalues for the dual by the addition of a tilde, we have
Sp=1-8,, 5=1-5, Q=3-0Q;, Q =3-0Q,,

and P=3+P — (Q; +Q)),

where the first four identities follow trivially from the definition of . The identity
for P follows by considering that there are a possible 3 pairs of 2p-orbitals and the
total number of different spatial 2p-orbitals occupied in |¥) is given by Q1 +Q| — P,
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none of which can form pairs in the dual.

It now follows that
S=2-5 Q=6-0Q, and

S1Q1 +9,Q, =6 —35 — Q + (S1Q1 + 5,Q)).

Thus in order to show that (Vee)|wy — (Vee)swy depends only on S and @ it remains

to consider the binomial coefficients in the above. We have

(5)-(G)-(5)-(2°)
(5)-(2)-()-()-(3)-(3)-()-(7)

=3[ -1 +QQ -1)-B-Q1)2-0Q) —B3-Q)(2-Q))]
— 6+ 20.

It is therefore clear that all coefficients in (Vee)jwy — (Vee)«jw) depend only upon the
two quantities S and ) and hence only on N and (@, i.e. each of the differences
in the sum of (4.5) are independent of i. The result follows from the fact that
M = 1. O

Note that the result is independent of the choice of basis for the 2p-orbitals,

we have simply chosen a basis whose symmetry allows easy computation.

4.3.2 Comparison with the original Hund’s Rules

We now return to a comparison of Hund’s rules and our results. The first thing of
note is that, with the addition of shell ordering, Hund’s rules provides a complete
ordering of the spectrum (order by number of p-orbitals, then by total spin and
then by total angular momentum), whereas our results are not a total ordering.

However, in the cases where we do have an explicit ordering our results agree
with Hund’s rules. Although this is interesting in itself, the main interest comes
from the cases where the rigorous orderings are less restrictive than those of
Hund. As an example, Hund’s rules would order the 2s2p* states of Boron as
FEip < FE:p < E:p < E:g whereas our inequalities could allow any of Eip <
E2p < F2p < E2g, Fap < F2p < E2p < E2g and Eip < F2p < F2g < F2p.
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We now consider the states of Carbon corresponding to 2s2p* and in particular
the first 3S and second 'D states in Table 4.17. Hund’s rules would predict that
the 38 state should be lower lying that the 'D state whereas our inequalities do
not allow us to order these two states. As can be seen from the experimental
energies in the table, the physical ordering actually disagrees with Hund’s rules
but is allowed by our ordering. This is an important example as it justifies the use
of the inequalities in Table 4.20 for true angular momentum and spin eigenstates,
rather than the original Hund’s rules.

Moreover, the fact that the calculated 5S level and first 1S levels of Carbon
swap between Tables 4.8 and 4.17 (i.e. for the non-variational and variational
basis sets respectively) shows that there is no basis-independent total ordering
of the spectrum. In particular it shows that there probably does not exist an a
priori ordering of terms involving different numbers of 2s- and 2p-orbitals.

However, the experimental ' D and 3P 2p? states of Beryllium are not in agree-
ment with Hund’s rules nor our inequalities (with the 'D state lower than the 3P
state). This suggests that, in a minority of cases, correlation between states con-

taining different configurations is important in predicting the spectral ordering.

4.3.3 Counterexample to the Intuition of Hund’s Rules

The common intuitive explanation of Hund’s rules (see e.g. [Sch01]), at least for
simple cases like the Beryllium 2s2p singlet and triplet, is that the aligned spins
in the triplet case cause the electrons to be, on average, further apart and thus
reduce the inter-electron repulsion. However, using the Z; values from Table 4.14
we may calculate the kinetic, nuclear potential, and electron-repulsion terms for
each of the singlet and triplet cases. These values are given in Table 4.21 and
it is clear that, whilst the ordering is correct, it is not actually due to a smaller
V.. term, a result that has also been noted for more complex CI calculations, e.g.
[TT74]. This suggests that the true physical explanation of Hund’s rules should
not simply involve the electron repulsion term but should also describe how this

term is interlinked with the kinetic and nuclear potential terms.
1 P 3 P

KE+PE | -18.4535 | -18.9084
Vee 4.0847 4.4261
Total | -14.3688 | -14.4823

Table 4.21: Kinetic, nuclear-electron potential and electron-electron potential en-
ergy splitting of the !P and 3P 2s2p terms of Beryllium.






Chapter 5

Other Atomic Properties

5.1 Atomic Ground State Dimensions

Along with the predicted ground state energies, our method also gives the di-
mension of the ground state eigenspace, simply by noting that it is the minimal
dimension of the relevant space, as given by d in Table 3.8. The resulting dimen-
sions are given in Table 5.1.

These dimensions are interesting as they are a measure of the ‘flexibility’ within
the ground state, i.e. the number of degrees of freedom (or parameters) which
can be varied without affecting the energy of the state.

On a qualitative level, we expect that an atom with a high-dimensional ground
state will form a wider range of molecules than an atom with a similar number
of valence (bonding) electrons but with a lower dimensional ground state. This
should be true both in terms of molecular geometry (e.g. linear, bent, tetrahedral)
as well as in terms of which atoms it will bond with.

These two ideas are interlinked, in that an atom that can form molecules with
a wider range of geometries should also be able to bond with a wider range of
types of atom; the other atoms in the molecule will have a greater freedom to
form other bonds in the molecule, and also be able to form geometries that have
lower nucleus-nucleus repulsion terms.

A more quantitative example will be given in Chapter 6 where we first see that

Atom Li|Be|B|C|N|O|F|Ne
GS dimension | 2 11619141921

Table 5.1: Perturbation theory ground state dimensions of Li-Ne.

129
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the pair density is independent of the choice of S3 state (see Lemma 6.2.1) and
then show that if there are spatial degrees of freedom, such as in the biologically
important cases of Carbon and Oxygen, the pair density has a free parameter that
can be varied without affecting the energy of the atom. This is not true of other
atoms such as Nitrogen. Considering the pair density to be a measure of how
likely it is for two electrons to bond simultaneously at two different points, we see

that this parameter results in a range of bond angles for a given bond length.

5.2 Electron Densities and Atomic Radii

One major advantage of our method compared to numerical methods such as
numerical HF and DFT is that we obtain explicit analytic wavefunctions, as com-
pared to ones determined only at a finite number of points. One use of this
concerns a common plot in the literature, the radial electron densities of atoms,
which are given in [FF77] for the HF case.

We define the radial distribution of a wavefunction to be the electron density p
normalized such that fooo pr?dr =1 (i.e. integrated over the angular part). Figure
5.1 shows the radial distributions for Lithium to Neon, in which the two ‘shells’
of electrons are immediately visible. It is also obvious that, despite the differing
exponential decay rates of the 2s- and 2p-orbitals (see Tables 4.14 and 4.15), we
do not see two distinct shells for these two sets of orbitals.

Figure 5.1 also shows the contraction of the size of an atom across the second
row of the periodic table. This is a well known effect that is attributed to the
greater nuclear charge causing the electrons to be more attracted to the nucleus.
Another piece of data linked to this idea is the position of the outer maximum
of the radial distribution. Intuitively, this is a good measure of the ‘size’ of the
atom and should also be a good first approximation to the length of bonds formed
between atoms. Of course, there must be some flexibility in these estimates to
allow for hybridization of orbitals and other bonding effects.

A number of authors including Slater (see [Sla64]) attempted to derive em-
pirical atomic radii which could be summed to predict covalent and crystal bond
lengths. These values are in reasonable agreement with the position of the outer
maximum of the radial distribution, as shown in Table 5.2. However, the error
when assuming purely additive bond lengths can be large. Also shown are the
maximum of the radial distributions for the SCF calculations in [CRR67].

We give the data both in Angstroms and in atomic units as the SCF data is
in Angstoms to only 2d.p. and hence conversion is inaccurate. The agreement is

in general very good, although we find our predicted maxima to be slightly lower
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Figure 5.1: Radial distributions for the ground states of Li-Ne.
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than the SCF data. The contraction of atoms across the second row can be seen

clearly in both sets of data.

Li Be B C N O F Ne

Pmaz (A) | 1.65 | 1.08 | 0.83 | 0.66 | 0.55 | 0.47 | 0.41 | 0.37
rSCF () | 1.67 | 1.12 | 0.87 | 0.67 | 0.56 | 0.48 | 0.42 | 0.38

maac

pSlater (X) | 1.45 | 1.05 | 0.85 | 0.70 | 0.65 | 0.60 | 0.50

Tmae (1) | 3.110 | 2.047 | 1.562 | 1.254 | 1.044 | 0.897 | 0.784 | 0.697
r9CE (au) | 3.157 | 2.117 | 1.645 | 1.267 | 1.059 | 0.907 | 0.794 | 0.718

max

polater (au) | 2.741 | 1.985 | 1.607 | 1.323 | 1.229 | 1.134 | 0.945

Table 5.2: The position of the outer maximum of the electron density for our data
(rmaz) and the Self Consistent Field method of [CRR67]. Also shown are Slater’s
empirical values for atomic radii [Sla64].

How these maxima correspond non-empirically to the experimental bond
lengths is an interesting question. From calculations on simple molecules such
as Hy (e.g. [SchO01]) it is obvious that molecular bonding is related to an increase
in the electron density between the atoms. This suggests that we should, in some
sense, maximize the overlap of the electron densities. However, the best approach
would be to perform a full multi-centre calculation to obtain the molecular bond
lengths. These should then be compared to the atomic radii obtained by the same
method of calculation in order to determine any non-empirical relation.

It is easy to demonstrate that, in general, it is not possible to find a set of
atomic radii from which bond lengths can be constructed through addition of
these values, i.e. rx.y = rx + ry. Due to symmetry, one would expect that the
atomic radii must be defined to be almost exactly half the X-X bond length.
Whilst this gives good results in some cases, it gives relatively poor agreement
with experiment in other cases.

In the following examples, all data are taken from [NIS05] and are given in
atomic units. The experimental bond length of H-H in H, is 1.401, F-F in F,
is 2.668 and the average length of a C-C bond is 2.836. This gives atomic radii
of approximately 0.7 for H, 1.34 for F and 1.42 for C. This would predict a C-H
bond length of 2.12 compared to the experimental average of 2.06. For H-F the
predicted value is 2.04 compared to the experimental value of 1.733 in HF.

It is clear from these examples that any best-fit data set for atomic radii will
cause some predicted bond lengths to be too short and some too long. This

demonstrates the importance of hybridization in the formation of molecules.
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5.3 Ionization Energies

Along with the spectral gaps, another well known physical property our data
can be used to predict are the ionization energies of atoms. We define I(Z) =
E(Z,N—1)— E(Z,N) where E(Z, N) is the ground state energy of an atom/ion
with nuclear charge Z and N electrons. From analogous calculations with methods
such as HF we suspect that the results will depend strongly on the model and
thus give us a good insight into possible improvements. For example, Koopmans’
theorem [SO96] uses a ‘frozen orbital’ approach where the ionization energy is
taken to be the energy of the orbital in the highest energy state. Since this does
not allow a rearrangement of the electrons in the excited state it generally causes
the calculated E(Z, N — 1) to be too large, and thus tends to produce ionization
energies that are too positive.

This problem should not be as noticeable with our method as we also vari-
ationally minimize the energy of the ionized state. We must also minimize over
the L2-5? eigenspaces but, as expected, this minimizer always occurs for the state
that is the minimizer for the atom with the same number of electrons as the ion.

We expect the relative error for the ionized states to be smaller than that for
the atomic states, as the basis will allow a better approximation to the true mini-
mizer. This is due to the increased nuclear charge relative to number of electrons
(Z/N), which will favour one-electron states with lower principle quantum number
n. This difference in quality of the minimizers for different N with fixed Z could
cause a relatively large error in the ionization energies, and we would predict that
the ionization energies should be too small when compared to experiment.

Table 5.3 shows the ground state energies for the atom (obtained for exper-
iment by summing all ionization energies) and the first positive ion, along with
the corresponding ionization energy, both for our variational calculations and for
experiment [Huh93].

It is clear that the ratio of ionization energy and ground state energy decreases
rapidly as Z increases. In addition, the theoretical energies of the ions are better
than those of the atoms, which is what we predicted. However, the theoretical
ionization energies, in general, become much worse as Z increases.

Neither the atomic nor ionic energies themselves are poor, and hence this must
follow from accumulation of errors when subtracting the two energies. We propose
that this is due to the variational part of our procedure, which causes the ionic
energies to be more accurate than the atomic ones.

Given two energies 0 > ET > E~ and relative errors AET and AE~ giving
two new energies Et := E* + AE*|E*|, E~ := E~ + AE~|E~|, we have that
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Experimental Theoretical

E(Z,N) | E(Z,N —1) I(Z) E(Z,N) | E(Z,N-1)| I(Z)

% of E(Z,N) % error % error % error

He | -2.9036 -2.0000 0.9036 -2.8477 -2.0000 0.8477
31.12 1.93 0.00 6.19

Li | -7.4779 -7.2799 0.1980 -7.4139 -7.2227 0.1912
2.65 0.86 0.79 3.43

Be | -14.6684 -14.3258 0.3426 -14.5795 -14.2558 0.3237
2.33 0.61 0.49 5.51

B | -24.6581 -24.3532 0.3049 -24.4885 -24.2539 0.2346
1.24 0.69 0.41 23.06

C | -37.8558 -37.4420 0.4138 -37.5689 -37.2542 0.3124
1.09 0.76 0.50 23.95

N | -54.6177 -54.0836 0.5341 -54.1597 -53.7637 0.3960
0.98 0.84 0.59 25.86

O | -75.1080 -74.6080 0.5000 -74.3931 -74.1223 0.2708
0.67 0.95 0.65 45.84

F | -99.8060 -99.1658 0.6402 -98.8038 -98.4080 0.3958
0.64 1.00 0.76 38.18

Ne | -129.0500 | -128.2575 0.7925 | -127.5690 | -127.2195 | 0.3495
0.61 1.15 0.81 55.90

Table 5.3: Experimental [Huh93] and Theoretical energies for atoms and their first
positive ions, along with the first ionization energies. (% error is the percentage
of the experimental energy not captured by the theoretical result).
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the relative error in the energy differences is given by

Et—E- (E*+AE*|E*Y|)— (B~ + AE"|E7|)
E+ —E- E+ — E-
s AET|ET]  AET|E|

E+—-FE- Et+—E-

AE*(|E*Y| = |E-|) + |[E7|(AE* — AE)
+ E+ — E-
|E7] -

= 1—AE++ﬁ(AE+—AE ).

=1

Since AE™ is small, the error in the ionization energy is large if the ratio of the
difference in relative errors (AET — AE ™), and the experimental ionization energy
as a proportion of the experimental ground state energy ((E*— E~)/E™) is large.
This agrees well with the values in Table 5.3.

Figure 5.2 clearly demonstrates that, as already noted, all the theoretical ion-
ization energies are too low. The Neon result can further be explained by the fact
that the ground state has only one choice of Slater determinant and the only im-
provement on the energy comes from the variational procedure whereas the Ne™
calculation minimizes over an 8-dimensional ground state before variation so we
would expect a better energy and thus a large error in the ionization energy. It
is also clear that, with the exception of Neon, the qualitative prediction for the

ionization energies is very good when compared to experimental data.

We can demonstrate the dependence of I(Z) on the relative quality of the
basis set for atoms and ions in a much more dramatic way by considering the
non-variational results. As noted in Section 4.1, the qualitative non-variational
spectral gaps are quite good (they are all roughly the same factor larger than the
experimental energy gaps), but if our explanation holds then we would expect the
non-variational ionization energies to be very poor. Scaling the orbitals has more
of an effect on the valence orbitals so in the non-variational model these should
be relatively poor. Hence, when we remove one in ionization, there will be one
fewer poorly approximated orbital and the relative energy error should be smaller

than in the atomic case.

As can clearly be seen from Table 5.3 the ionization energies for the non-
variational method are very poor and in fact, for Li-O predict that the ion has
a lower energy than the atom. This clearly shows how important the variational

procedure is in producing accurate ground and excited state wavefunctions.

As a final demonstration of the possibilities of the model we calculate the
10th ionization of Chlorine, which experimentally is 43962 kJ mol~! or 16.747au
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Figure 5.2: Experimental (red) and three-parameter variational (blue) Ionization

Energies.

Atom | E(Z,N) | E(Z,N—1)| I(Z)
Li | -7.0566 27125 | -0.0684
Be | -13.7629 | -13.9088 | -0.1459
B | -22.7374 | -23.4536 | -0.7162
C | -34.4468 | -35.5348 | -1.0880
N | -49.1503 | -50.6879 | -1.5376
O | -66.7048 | -69.1717 | -2.4669
F | -99.8060 | -90.7929 | 9.0131
Ne |-127.5690 | -116.2621 | 11.3069

Table 5.4: Non-variational Atomic and lonic energies, along with Ionization En-

ergies.
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[Huh93]. We calculate the energies of CI°* and CI'®F to be —416.8777au and
—400.3836au, which gives an ionization energy of 16.4941au, within 1.5% of the
experimental value. These values are calculated in the same way as the Oxygen
ionization energy except the nuclear charge is now 17. This helps to justify the
idea that method becomes more accurate when ionization causes a smaller change
in the ratio Z/N.

From this investigation we see that determination of accurate ionization ener-
gies requires different qualities of a basis set than those necessary to accurately
predict ground state energies. For ground state energies, the basis must model
the ground state wavefunction as accurately as possible. When used for ioniza-
tion energies, this accuracy of the ground state is not sufficient unless the basis set
models the ionic wavefunction with very similar accuracy. If this is not the case
then the errors will accumulate to give poor ionization energies. Also, a method
could give very accurate ionization energies whilst at the same time giving very
poor total energies for the atom and ion.

These results suggest that our basis choice is more accurate when there is more
nuclear charge per electron, and it is unclear at present how best to extend or
modify our basis so that it is equally accurate irrespective of the ratio of nuclear

charge and number of electrons.

5.4 Conclusions and Open Problems

We have seen that a minimal basis of one-electron orbitals, inspired by pertur-
bation theory and physical arguments regarding the screening of electrons, can
be chosen such that the Hamiltonian matrix consists of purely rational func-
tions of the screening parameters (Chapters 2 and 3). Further, this matrix has
a number of interesting structural properties, as described in Chapter 3. These
results include a particle-hole duality of eigenfunctions (Theorem 3.1.10), as well
as a restriction on the excitation between Slater determinants in the same spin-
angular-momentum-parity eigenspaces (Theorem 3.3.1).

In Section 4.2 we saw that using three variationally determined screening pa-
rameters leads to accurate ground state and excited energy levels. This contrasts
to the use of zero or one variational parameters (Sections 4.1 and 4.2) which,
whilst giving relatively accurate ground state energies, give very poor spectral
gaps.

In all cases the agreement of the ordering of the spectra with the experimental
data is excellent. We have shown (Theorem 4.3.2) that, to some extent, the

ordering of the spectrum is determined by the choice of one-electron orbitals and
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Slater determinants, irrespective of the exact form of the orbitals. We have also
shown that the duality result for eigenfunctions extends to the symbolic energy
differences (Theorem 4.3.4).

Finally (in Chapter 5) we have investigated a number of other atomic proper-
ties, including the dimension of the ground state, the form of the radial electron
density, and the first ionization energies. In particular, the calculations of the
ionization energies give insight as to a possible mathematical justification for the
screening parameters.

There are a number of obvious open problems or extensions to these results,
possibly the most important of which would be to understand why the screening
constants (variational parameters of Section 4.2) are so effective. In particular,
we would hope that they arise naturally in an order expansion of a suitably scaled
problem. From the existing results, and in particular the discussion of the ioniza-
tion energies in Section 5.3, we expect this limit to be one of large Z for a fixed
number of electrons.

We would further expect that the biggest gain in order should appear when
introducing two parameters (one for each principal quantum number shell). This
is expected due to the relative lack of improvement in the spectral gaps after
introducing one parameter and the similarities of the calculations with two or
three parameters.

It would also be interesting to extend these results to larger atoms, especially
as this would allow us to investigate the ‘filling order’ of the 3d- and 4s-orbitals.
As noted previously, the drawback to these calculations is the rapidly increasing
dimension of the problem. For such problems it seems sensible to automate some
aspects of the calculations, such as the formation of eigenfunctions and calculation
of symbolic energies.

The method could also be extended to small molecules, such as dimers. Whilst
L? is no longer a well-defined quantum number we may use an analogous method
to form the spin-Ls-parity eigenspaces and continue from there. The difficulty in
these cases (assuming that the core shells are kept filled, keeping the dimensions
relatively small) is the calculation of multi-center integrals, which in general will
not be anywhere near as simple as in the atomic case. For example, the Hydrogen
calculation of Sugiura [Sug27] results in expressions containing the exponential

integral.
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Pair Densities and Bond Angles

6.1 Introduction to Bonding Theory

We begin by reviewing a number of methods for determining bond angles in
relatively simple molecules such as AHs, where A is an atom from the second
period. These methods can be split into two types: those that aim to predict the
physical values to a high level of accuracy, and those that aim to give a physical
understanding of molecular bonding but tend to give less quantitatively accurate

results.

6.1.1 Numerical Methods

Methods of the first type include HF, SCF, and DFT, which are described briefly
in Chapter 1. The results for small molecules are in very good agreement with
experiment. As an example we consider the water molecule, which is frequently
studied due to its abundance, chemical and biological significance, and its unusual
bond angle of 104.5°. The best DFT results for the bond angle are accurate to
within a tenth of a degree [KSM99], those using HF /SCF methods within a degree
or so [Bel78, SO96], and those using methods that include almost all correlation,
such as MPPT or CI, to within one tenth of a degree [NIS05]. The relative
poorness of SCF calculations can be attributed to the lack of correlation terms
which produces a physically inaccurate wavefunction.

These methods (other than DFT) commonly use very large basis sets and,
although the numerical results are generally impressive, they give little intuition
as to which orbitals are important for bonding and how they are deformed between
the atomic and molecular cases. All of the above methods may use molecular

orbitals, which are formed from linear combinations of atomic orbitals centred on
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each of the atoms. This method is easily demonstrated for the case of Hy, see e.g.
[Sch01].

One major drawback of these methods is the difficulty involved in computing
the integrals for orbitals centred on different atoms, especially when physically
realistic Slater-type orbitals are used (cf. the relatively simple case of two Hy-
drogen 1s-orbitals in [Sug27]). This problem can be partially overcome by using
Gaussian orbitals which simplify the integrals due to the fact that the product of
two Gaussians centred at different points is again a Gaussian centred at a third
point. The disadvantage of using Gaussians is that, in order to obtain an accu-
rate approximation to the physical wavefunction, many more basis functions are
needed than when using Slater type orbitals.

We now move onto the methods that aim to give a more intuitive under-
standing of molecular bonding, often at the expense of accuracy of numerical
predictions. Three of the main methods used are Hybrid orbitals, Valence Shell
Electron Pair Repulsion theory (VSEPR) and Walsh diagrams.

6.1.2 Hybrid Orbitals

The use of hybrid orbitals was first suggested by Pauling in the 1930’s [Pau31] and
is meant to explain bonding in simple molecules. Hybrid orbitals are one-electron
orbitals that are linear combinations of the standard atomic one-electron orbitals
of one atom. This method can lead to inaccurate predictions as it only takes into
account the central atom. For example, H,O has a bond angle of 104.5° whereas
LiyO is a straight molecule [BSKW63, BB01] but the hybrid orbital method cannot
differentiate between these two cases. However, hybrid orbitals do give a good
description of a large number of molecules where covalent bonding is important,
failing in cases where the bonds are more ionic in character as in LiyO.

Pauling [Pau31] made three simple physically-motivated assumptions:

1. The electron-pair bond is formed through the interaction of an unpaired

electron on each of two atoms.

2. The spins of the electrons are opposed when the bond is formed, so that

they cannot contribute to the paramagnetic susceptibility of the substance.

3. Two electrons which form a shared pair cannot take part in forming addi-

tional pairs.

Note that point 1 implies that bonding only involves valence electrons.
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Combining these assumptions with a physical example demonstrates the ne-
cessity of a hybrid-orbital-like explanation for bonding. Consider the ground state
of the Carbon atom which, in HF theory, is given by |1s1s2s2sp;ps) and hence by
the above can form only two bonds in a molecule. However physically we find that
CH, is highly unstable whereas CHy is stable. Furthermore, the bonds in CHy
are all of the same length, have the same breaking energy, and the molecule is
symmetric, which suggests that the orbitals forming the bonds are also symmetric.

Thus we need to do two things in order to intuitively explain the symmetry
and stability of CH4. Firstly we must allow at least one orbital in the ground
state of carbon to be promoted to obtain |1s152sp;psps), which may now form
four bonds (as there are now four unpaired electrons). Secondly, in order to obtain
symmetry of the bonds, we must take linear combinations of the 2s and 2p orbitals
(described as sp® hybrids), which allow all four bonds to be of the same type .

We now consider a few examples which demonstrate the effectiveness of this
method. Working across the second period we begin with BeH,, the HF ground
state of the Beryllium atom being |1s152s2s). This is then excited to the state
|151s2s2p) (to provide two bonding orbitals) and forms hybrid orbitals to give a
wavefunction of the form |1s1s(sp,)(sp_)) where spy = %(23 + 2p). The two
sp orbitals point in opposite directions and hence the resulting molecule is linear.

Next we consider Boron, and in particular BHs. As with Beryllium, one of
the 2s-orbitals is excited to a 2p-orbital and this time we form three sp? hybrid
orbitals, which all lie in a plane and point to the corners of an equilateral triangle.
Hybrid orbital theory thus predicts that BHj3 is trigonal planar.

Finally, we consider the remaining cases of Carbon, Nitrogen and Oxygen,
each of which forms four sp® hybrid orbitals, which point to the corners of an
equilateral tetrahedron. Therefore hybrid orbital theory predicts that CH4 will
be a tetrahedron. However, we note that in NH3 and H,O will also form ‘tetra-
hedrons’ but with one and two of the vertices occupied only by electrons, leading
to a pyramidal shape for NH3 and a bent planar molecule for H,O.

These results all agree qualitatively with the experimental molecular shapes
and the method can be extended to include d shell electrons. The clear disad-
vantage of this implementation of hybrid orbital method is that it does not give
a quantitative bond angle and, in particular, does not explain why HoO and NHjy
have bond angles 104.5° and 107.3° respectively [DFRSP82], rather than the pre-
dicted tetrahedral angle of 109.5°. It does however show that H,O should have
a bond angle closer to 109.5° than to 120°, which would be the predicted bond
angle for a trigonal planar molecule. It is also not applicable for molecules such as

NCH where the outer atoms are of different species, but hybrid orbital theory is
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useful in organic chemistry where, in general, only Carbon and Hydrogen atoms
need be considered.

We now move on to discuss VSEPR which can be combined with hybrid orbital
theory (although it was not originally formulated using such orbitals, merely under
the assumption that all bonds we equivalent) to produce more accurate predictions

of bond angles.

6.1.3 Valence Shell Electron Pair Repulsion

VSEPR was first introduced by Sidgwick and Powell [SP40] and proposes that
the angular arrangement of electrons in the central atom of a simple molecule is
a function of only the total number of valence shell electrons of the atom plus
the valence (number of bonding orbitals) of the attached atoms. They speculated
that there is a bijection between the resulting number of electron pairs and the
shape of the molecule. Two pairs gives a linear molecule, three a trigonal planar
molecule, four pairs a tetrahedral molecule and so on.

These results are consistent with all the AH,, molecules studied and also with
the hybrid orbital theory. In this original formulations there is no differentiation
between bonding and non-bonding (or lone) pairs of electrons. It should be noted
that the results are consistent with the classical model of electrons minimizing
their interaction through 1/r2 [Gil60].

An important improvement in the VSEPR model was introduced by Gillespie
and Nyholm [GN57] who introduced a distinction between lone pairs and bonding

pairs and specifically in the ordering of their repulsive strengths as:
lone pair - lone pair > lone pair - bond pair > bond pair - bond pair.

The intuitive explanation for this is that the bonding orbitals are pulled away
from the nucleus and hence are further apart than the lone pairs and will repel
each other more weakly than the lone pairs.

This improves the accuracy of the predicted angles, for example in HyO we see
that the two lone pairs should repel each other and the bond pairs more strongly
than the bond pairs repel each other, leading to a contraction of the bond angle
from 109.5° towards the experimental value of 104.5°. There is a similar effect

(but less so due to the presence of only one lone pair) in NHj.

6.1.4 Walsh Diagrams

The two methods so far require information only about the valence of atoms form-

ing the molecule. An alternative description of bonding would be to consider the
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formation of simple molecular orbitals and the resulting change in their energies
as the geometry of the molecule is varied. This is precisely what is done when
using Walsh diagrams, which were first introduced by Walsh in [Wal53] and later
modified by Mulliken [Mul55]. Walsh’s determination of the effects of geometry
on molecular energy was based on experimental data for molecular geometries,
excitation energies and intuitive arguments regarding overlap of the orbitals. The
resulting Walsh diagrams are essentially a plot of valence shell orbital energies
against bond angle.

The assumption is then made that the total energy of the molecule is minimized
when the sum of orbital energies is minimized. This is plausible when the other
terms in the Hamiltonian, such as the nuclear-nuclear repulsion are relatively
independent of angle but breaks down when these terms differ largely with angle.
For example, in molecules with highly ionic bonds, the internuclear forces are
clearly not independent of the bond angle. In this case the Walsh diagrams tend
to fail to predict the correct geometry, for example, predicting that LioO is bent
whereas experimentally it is straight.

A further assumption is that the curves are independent of the charge of the
nuclei involved, in other words the diagram should look qualitatively the same for
all atoms [BP72]. Thus we are led to the conclusion that, for example, the triplet
state of CHy has the same geometry as the ground state of BH,.

For molecules which are formed from covalent bonds, Walsh diagrams give very
good qualitative agreement with experiment. This is fairly unsurprising since the
original curves in the diagrams were fitted somewhat to experimental data. The
reason for this empirical fitting is that, whilst the general shapes of the curves can
be well explained by the change in overlap of bonding and antibonding orbitals,
as is done in [Walb3] and extended/corrected (Walsh neglected a 2s contribution
to the 3a; state for bent molecules, leading to an incorrect slope) in [Mul55],
the precise forms of these curves cannot be determined a priori. The slopes of
the curves were therefore chosen to fit experimental data, Walsh going so far as
determining where certain curves should cross.

We now give some examples of the results of using a Walsh diagram (see Figure
6.1) to predict the geometry of AH, molecules. For this it is necessary to explain
the commonly used notation for molecular orbitals. There are two distinct cases
when labelling the orbitals, namely whether the molecule is linear or bent.

In linear molecules, the orbitals are denoted by o, 7, etc, which denote the
symmetry with respect to rotation about the bond. o orbitals are completely
symmetric under this rotation and 7 bonds are antisymmetric under rotation by

180°. These orbitals are further categorized with subscripts g and v to denote
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Figure 6.1: An example Walsh Diagram, essentially that of [Her66]. Labels are as
described in the text, with the additional first number a simple numerical ordering
of the orbitals of the same symmetry. The lowest lying o, — a; filled by the 1s
orbitals is not shown.
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whether they are symmetric or antisymmetric respectively under inversion about
the central atom. Here inversion about the central atom means taking the central
atom to be at 0 and mapping (z,y, z) — —(z,y, 2).

In the case of a bent molecule the orbitals are labelled as a or b depending if
they are symmetric or antisymmetric respectively under rotation by 180° about
z, the bisector of the two bonds in the plane. Further there are subscripts 1 or 2
denoting symmetry and antisymmetry respectively under reflection in the plane
perpendicular to the plane of the molecule and passing through z.

Upon bending, a o, orbital becomes an a; orbital, a o, orbital becomes a by
orbital and the degenerate m, orbitals split to become one a; and one b; orbital.

Beginning with BeH, we see that the four valence electrons will be placed in
the 0, —a; and o, — by orbitals which favour linearity, leading to a linear molecule.

For CHj the first four electrons are again placed in the o4, — a; and o, —
b, orbitals and it could be argued that, in the degenerate linear molecule, the
remaining two electrons would be placed with the same spin in the m, orbitals
and hence in the bent case there would be one each in the b; and a; orbitals.
However, it is not clear whether the extra exchange terms are more important
than the lowering of energy when bent caused by placing both electrons in the a;
orbital with opposite spin. This could only be determined by explicit calculation
and would depend on the equilibrium angle, the more bent it is the more likely it
is to favour the singlet state.

For H,O the eight orbitals will fill the o, —ay (linear), o, — by (linear), m, — a4
(bent) and 7, — by (neither) orbitals where the term in parenthesis denotes the
favoured configuration for the orbital. The next question is whether the lowering
of the m, — a; orbital energy in bending overcomes the raising of the o, — a; and
0y — by energies. Walsh argued that this is indeed the case and hence H50 is
(strongly) bent.

The most difficult case is probably BHy as this is the transition between
straight and bent molecules and will have the smallest energy difference between
the two cases (having only one upper a; orbital as compared to two in HyO). It is
once again important to be able to accurately determine the slopes of the curves.
Walsh claimed that the curves lead to a bent molecule but without explicit com-
putation of the curves this cannot be completely decided. It should be noted that
the experimental geometry of BHy was known to be bent at this time.

In order to investigate the accuracy of the Walsh diagrams, a number of studies
have been performed using SCF methods to generate the orbital-energy vs. an-
gle curves, for example [SD73] and [CC98]. These studies generally use a HF-like

method so that the individual orbital energies are well defined and thus the appro-
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priate curves can be determined. The equilibrium bond angle is then determined

by taking the configuration that minimizes the sum of orbital energies.

These methods tend to give good agreement with the qualitative shapes of the
Walsh diagram curves but do not always give accurate predictions for the ground
state geometry. For example, as pointed out in [SD73| the Gaussian orbital results
of [MHG65] for H,O do not give a minimum for this energy sum even for angles
as small as 45°. This clearly predicts a bent molecule but the vast difference
between this and the experimental value throws some doubt on the accuracy of
the method.

Similarly, when using a RHF basis, [SD73| predicts that BeHs should be linear
(valence orbital energy sum) but bent with an angle of less that 90° for the full
energy including the 1s-orbitals. Analogously, CH, is predicted to be bent with
symmetry 3B; and angle 123° (valence) compared to symmetry 'A; and angle
< 90° (full). Both NHy and H,O are predicted to be bent but with angles < 90°

for both valence and full energy.

This clearly shows that RHF is not an effective method to use and better qual-
itative results are obtained in the same paper using an internally consistent SCF
method. Even so, the predicted angles are still quite a way from the experimental

values, being off by 10 — 20° in a number of cases.

The Walsh diagrams produced by these models are in good agreement with
each other and with the qualitative ones produced by Walsh. There are however a
number of notable differences such as the lower a; curve slightly favouring 90° as
compared to the linear prediction of Walsh. Also, the by curve actually increases
faster than the upper a; curve decreases as the angle decreases. It is the combined

effect with the change in the lower a; curve that produces the predicted effects.

The fact that the RHF and ICSCF curves are qualitatively similar but give
vastly different results suggests that the correct predictions of the Walsh diagrams
is heavily dependent on the exact forms of the curves and hence an a priori
qualitative prediction without fitting to experimental results would be unlikely to

give good correlation with experiment.

It should be noted that it is not only Walsh diagram type arguments that
give results differing significantly from experiment. An example is the hybrid-
orbital-like study of BH, [JLH62] which predicted (before the physical geometry
was known) that the BHy ground state should be linear. It has since been shown
[HJ67] that the BHy ground state is in fact bent with a bond angle of 131°.
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6.1.5 Mathematical Justification

The numerical methods used to determine molecular geometries are usually math-
ematically rigorous in the limit of infinite basis sets but there seem to be no error
estimates or rate of convergence arguments for quantites such as the bond angle
for different basis sets.

Allen [All72] notes that VSEPR can be made mathematically and physically
rigorous and also that the results are equivalent to those of Walsh diagrams.
This equivalence is shown using trace invariance and symmetry arguments, and
a mathematical justification for Walsh diagrams (i.e. the fact that the minimum
of the valence electron energies determines the global minimum) is given under
suitable assumptions (little charge transfer between atoms, i.e. predominantly

covalent bonding).

6.1.6 Pair density and bond angle of AH,

As has been noted above, methods such as Walsh diagrams are somewhat empir-
ical and fitted to experimental values. When rigorous a prior: calculations are
performed, the agreement with experiment seems to provide either information
about the effect of bonding on atomic orbitals, with erratic numerical results, or
very good numerical results with little physical understanding.

We wish to investigate another method which will hopefully give both a good
physical understanding of why some molecules are bent and others are linear, as
well as giving reasonably accurate bond angles. This could also be used as the
first step in an explanation of more complicated molecular bonding, just as the
calculation of simple atomic energies and wavefunctions can be seen as a step
towards more complicated larger atoms.

It is clear from methods such as VSEPR that good qualitative bonding de-
scriptions can be derived from models containing very little information. However,
it is also clear that more information than simply the number of electron pairs is
needed to produce accurate numerical results.

Our claim is that the pair density (classically the probability of finding two
electrons simultaneously at spatial positions x and y) is a good approximation to
the probability of two Hydrogen atoms forming bonds with the central atom that
pass through = and y. Hence the most likely bond angle should be given by the
maximum of the pair density.

We start by making a few simplifications to the model in order to make it
analytically soluble in a relatively simple way. Firstly, we assume that the two

bonding electrons will be at the same, fixed, distance r from the nucleus of the



148 Chapter 6. Pair Densities and Bond Angles

central atom. The justification for this is that the Hydrogen atoms are indistin-
guishable and hence the electrons in each bond should, on average, be the same
distance from the nucleus of the centre atom. This is confirmed by experimental
data, as commented on above, with the two bonds in AH, having the same bond
length and bond energy.

Secondly, we ignore the bonding electrons contributed by the Hydrogen atoms.
Methods such Walsh diagrams and molecular orbitals make great use of the fact
that the Hydrogen atoms have a 1s-orbital and model the way these 1s-orbitals
interact with the central atomic valence orbitals. However, VSEPR makes no use
at all of the type of orbitals on the outer atoms, it simply requires knowledge of
the number of binding electrons. This is analogous to using the pair density, if we
were to find the equilibrium bond angle of AH3 we would need to use the three
point density and so on.

Thirdly, we ignore the interaction of the Hydrogen atoms (nuclei and electrons)
both with each other and with the central atom. This can be thought of as
assuming that all inter-nuclear terms and nuclear-electron terms between different
atoms are independent of angle. In practice this is clearly not the case.

Effects similar to this can be seen in the other models where it is normally
argued that, upon bonding, the Hydrogen atoms gain a small positive charge and
hence repel each other. This is taken to mean that the predicted bond angles
should be too small. Whether this is indeed the over-riding effect or whether the
tendency for two Hydrogen atoms to form Hy and thus be attracted to each other,
leading to the bond angle prediction being too large, is not clear.

In conclusion, we propose the following, which we have attempted to justify

above but for which we have no mathematical proof:

Proposition 6.1.1 (Pair Density and Bond Angle). The bond angle in the tri-
atomic molecule AHy is well-approzimated by the angle between the two vectors
x and y which mazimize the pair density of the atomic ground state of A with
|z| = |y| = r, where r represents the ‘typical distance’ of the bonding electrons

from the nucleus.

Although the pair density is a well-known quantity in the chemistry literature,
it appears that this is the first time it has been used to predict bond angles. As

a consequence of this, all results in this chapter are new.

6.1.7 Choice of r

In order to predict the experimental bond angle and not just the general behaviour

of the bond angle with r we need to choose the value of r which best represents
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the experimental position of the binding electrons of the central atom A. One
possibility would be to use the experimental bond length; this is not the correct
quantity as it gives the separation of the A and H nuclei and not the position of
the electrons.

A second option would be to use the expected radius of the valence electrons
in the ground state of the central atom. This seems a more sensible definition and
has the advantage that we may use our theoretical values rather than relying on
experimental ones. It seems probable that this is not the ideal value to use as it
does not take into account hybridization when forming molecules. We take these
values to be representative of typical bond lengths rather than direct predictions
of experimental values. For consistency we take the position of the electrons in
the bond to be the position of the maximum valence shell density, as given in
Table 5.2.

The experimental bond lengths and angles are given in Table 6.1.

Bond Angle (°) | Bond Length (au)
BeH, 180 2.507
BH, 131 2.2283
CH, 136 2.034
NH, 103.3 1.932
OH, 104.5 1.808

Table 6.1: Experimental bond lengths and angles for XHy [DFRSP82].

6.1.8 Mathematical Formulation of the Pair Density

We define the spatial pair density of a wavefunction W(xy,...,xy) to be

Py (z1, 7o) = Z /|\I/(x1,x2,x3,...,xN)|2dx3...de,

S1,--sSN

where x; = (1, s;). The quantity py (z1, zo)dvidv, is the probability of finding one
electron in the volume dwv; around position x; and another electron in the volume
dvy around position xs, independently of the positions of all other electrons and
of all spins. We have not performed the usual normalization (see e.g. [Lowb5]) to
the the number of pairs, which would have a prefactor (];[ ); we are only interested
in the critical points of the pair density and hence the extra prefactor serves no

useful purpose.
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We now rewrite the pair density at a pair of points (x,y) € R? x R? as

Py (z,y) = (U[V,,[0),

where the operator V, ,, for  # y, is a two particle operator given by

Z Oz, —x)d(z; —y).

1<i<j<N

It is clear that the wavefunctions will need to be sufficiently well-behaved to allow
integration against a delta distribution. This is true for the true wavefunctions
which are continuous [Kat57] and also clearly true for our wavefunctions. We also
note that V, , is of the form required to apply Slater’s rules from Theorem 2.3.1.

The integrals in Slater’s rules are given by

(jlke) - = / Ay gt (21, 510) (21, 5105 (22, 52) Va2, 51 10n (2, 52)
(R3><ZQ)

= 21/1 x, $1)9;5 (Y, 52) 8, 51)0e(y, s2)

81,82

and, analogously to the exchange terms in the energy calculation, we see that the
integral vanishes unless the pairs 1;-1;, and -1, have the same spin. The pair
densities will therefore have very similar forms to the expected values of V., except
that we no longer have the symmetries that, e.g. [2spi|p12s] = [2sp2|p22s] =
[2sps|ps2s].

This is equivalent to the well known fact that the expected value of V.. can

be written purely in terms of the pair density:

(Vee)w iz/R 2 (2. )d dy.

6 |v—1yl

There is a relatively simple form for the pair density of a single Slater deter-

minant:
(U|V,,| V) = ZZ mn|mn) — (mn|nm)

% Z Z Z m*(z)m(x)n*(y)n(y) — m*(z)n(x)m(y)n*(y)

S1,82 m n

=13 (Im(@)Pln@)]” + [n(2)*lm(y)]*) = Re Y m* m(y)n*(y), (6.1)

m<n m<n
m,n same spin
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where all the sums run over the orbitals in |¥). We do not compute the other
cases from Theorem 2.3.1 as we do not yet know whether we will be dealing with
singly and/or doubly excited orbitals. (Recall from Section 3.3 that the energy

calculations did not require the use of singly excited Slater determinants.)

6.2 Spin and Angular Momentum dependence
of the Pair Density

In order to consider the pair density of a general atomic ground state (for which
(L*)y and (S?)y are fixed) we must consider the effects of the choice of linear
combinations of the Ls and Sj eigenfunctions within a given L?-S? eigenspace.
Since the spatial pair density does not depend on spin, and the energy is the same
for any given S5 eigenfunction, we expect the pair density to be independent of
the choice of S5 eigenvalue and indeed of the fact that the function may or may
not be an eigenfunction of S3. However, the effects of taking linear combinations

of Lz eigenfunctions seem less clear and this will be discussed later.

6.2.1 Spin Invariance of the Pair Density

In order to show that the pair density is independent of the choice of linear
combination of S3 eigenfunctions we wish to show that the ladder operator S, :=
S1 + 15,, which for ¥ an eigenfunction of S; with eigenvalue s satisfies S35, ¥ =

(s +1)S, V¥, commutes with pair density.

Lemma 6.2.1. The expected value of the pair density py (z,y) = (¥|V,,|¥)

where

Vey= D 0z;—2)5(z; —y)

1<i<j<N

15 invariant under the application of the spin ladder operator Sy := S1 + 1.5y for

all ¥ ¢ ker Sy with SsW¥ = sW¥, S* = SU. Le. we have

<Vz,y>5+‘11 _ <sz>‘lf
(Ds v (Lw

Before we prove this lemma, which we will do using second quantization, we
need to find the second quantized form of the pair density.
Lemma 6.2.2. Let V = le\il Z;-\;Z-’U($i,l'j) be the sum of spin-independent op-
erators v(-,-) which is invariant under permutation of the coordinates. Then the
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action of V' on a wavefunction formed from orbitals ; and 1); is given by
V=13 (alrs) (BpaBrs — 8 By )
p,q,r,s

where the sum runs over all orbitals,
Eyj = a' (¢y)a(yyy) + al (7)a(¥y)

and (pq|rs) is the purely spatial integral

(alrs) = [ drideation)iooton 22)v;(ea) (o),

Proof We begin with the second quantized form of a general two-particle operator

as given in [SO96]:

V=1 Z (ij|k0)a’ (xi)a (x;)alxe)alxe)-

Recall that (ij|kl) = [ik|j¢] and so

V= % Z [pq|rs]aT(Xp)aT(Xr)a(Xs)a(Xq)’

p7q7T7S

where the sum runs over spatial-spin orbitals. Noting that, for a spin independent
operator V', [pq|rs] is zero unless the pairs p, g and r, s are the same spin, we have,

after integrating [pq|rs| over spin,

V=35 (palrs)[a'(p)al (p)a(ws)aley) + a'(@y)al (@)a(@s)aldy)  (6.2)

p7q7r7s

+al(yy)al ($r)a(Ws)aliy) + al(vp)a’ (¥r)alvs)a(dy)],

where the sum runs over only spatial orbitals. We now note that the two anni-
hilation terms either correspond to different orbitals or give zero and so we may

anticommute them:

Vi=—4 > (alrs)[a'(¢p)al (¥r)a(vg)a(s) + al (dp)al () a(dg)a(¥y)

p,q,7,8

+al ()l (Vr)alvg)a(vs) + al (y)al (v )a(vg)a(¥y)].
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We now swap the terms corresponding to the indices ¢ and r:

V=—=3"(pqlrs)[al ()6, — a(vg)a (¢,)]a(w,)

+at ()00, — a(thg)a’ (W) a(¥s)
—a'(yy)a(ig)a’ (,)a(vs) — al(vy)a(ig)a’ (vr)a(ty)]

and expanding out we obtain

V=3 wdrs)[a ($y)a(wy)al (¥,)a(s) + al (§,)a(dg)al (&;)a(¥y)

+al (p)a(w)al ($r)a(s) + al (¥y)alWy)al (¥r)awy)
- q,T’aT (wp)a(ws) - 5q,raT(¢_p)a(%)} :

Introducing the operator

Eyj = al(¢i)a(iy) + al (4;)a(i);)
gives the result. O
Proof of Lemma 6.2.1 We first show that V,, and S, commute. We begin

by writing both operators in second quantization, where it is clear that S, =
>~ af(¥;)a(;) and, by Lemma 6.2.2, we have

Vew =3 2 U @a@0r )0 y) (Braire = 0 B

p,q,7,8

with
Eyj = a' (y)a(ihy) + al (§7)a ().

For the first term of £;; and a general term from S, denoted af(vy)a(iy), we

have, noting that af(y)af(p) = 0,

a' (i)a(v;)at (br)a(r) = drja’ (Vi)a(vr) + a' (br)a(r)at (¥i)a(yy),

which gives
[a (¥i)a(y;), a' (¥r)a(r)] = dat (¥i)a(W). (6.3)
Similarly we find that

[ (Wa)a(¥y), a' (¥)a(vn)] = —da’ (Vi)a(y). (6.4)
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combining (6.3) and (6.4) and summing over k to get the whole of S, gives

(i, 4] = (dnjat (vi)a(r) — dial (r)a(dy)) =0,

k

from which it follows trivially that [S., V] = 0.

We now wish to show that this commutation implies that the pair density
is invariant under the application of S, to a wavefunction ¥ with the stated

properties. First note that 57 = S_ = 51 — iS5, and hence we see that

S1S, =S58, = (S — iSy)(Sy +iSy) = S? 4 52 +i[Sy, 5]
=S+ 55— S3 =585 - S;,

where we have used the identities [S;, So] = 493 and S* = S? 4 S2 + S2. Therefore

we have

(Sp U Voy|S W) (SeW[S4 Vo, W) (ST W[Vay|V)

G5 ) (SIS (S8,
(87— 85 = S3)W|Viy [ ) (S — 5° — ) (| Viy | T)
(F- S Syuy (= F =)
_ (VVa,|9)
(Wlw)
and the result holds, since §? — s? — s = 0 if and only if ¥ € ker S,. O

It is clear that, since S;, i = 1,2, 3 commute with L3, L? and S?, S, also com-
mutes with these three operators. For a given L?-S* L3 simultaneous eigenspace
with S? eigenvalue k(k + 1) there exists a wavefunction W_; with Sz eigenvalue
—k and energy E. The remaining S3 eigenfunctions within the simultaneous

eigenspace with the same energy can be generated by

SiU_,
(S0 STV

U _ppi =

Further we may write a general normalized wavefunction with energy F within

the L2-S?- L3 simultaneous eigenspace as

k
U = Z Oél'\IjZ'

i=—k

where Zf:_k la;|2 = 1. By Lemma 6.2.1 we see that py = py * for all i =
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—k, ..., k. Furthermore, since S3 is self-adjoint and the VU, satisfy S3W¥,; = jU,,
the W, are all orthogonal with respect to integration over spin. Thus, since V,,
is independent of spin, it follows that (¥;|V, ,|¥,) = 0 for all ¢ # j. Therefore we
have that

(U[Vey V)
\I/|\Iy/ Z| \Ij|vmy|\1/ —f-ZOéOé (Wil Ve |95)
= i#£]

k

= Pk Vay [T ) = (T | Vo | W)
i—k

and the following corollary holds:

Corollary 6.2.3. Let V_;, satisfy L*V_j, = LV_;, Ls¥_, = (U_,, S*°V_, =
k(k+ 1)V _y, and S3V_y = —kV_g. Then for any wavefunction ¥ = Zfsz a; U,

where VU, are given by

STV,
(ST |SLW_ )12

Uy = j=1,...,2k,

with Y% |ai|> = 1, the pair density (¥|V,,|W) is independent of the choice of

Q.

This means that we may freely pick an Ss eigenfunction for a given L*-S?
eigenspace from which to calculate the pair density. Thus the only choice that
remains for a given L?-S? eigenspace is which linear combination of Ls eigenfunc-

tions to choose.

6.2.2 Angular Momentum Dependence of the Hydrogen
Density

We claim that, unlike for spin, the pair density depends on the choice of linear
combination of the L3 eigenfunctions. This is motivated by the simple example
of the density of the Hydrogen p-orbital for which there is a one-parameter family

of densities. Consider

Z aipi(r) = k((a +ib) - z)e1*I/2

where oy € C, Y20 | |ai|> =1, k € R, a,b € R® and |a|? + |b]* = 1, then

= (la -z +b-2))kPe " = (z- (a@a+b®b)x)k e .
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We now apply a general rotation R € SO(3) and note that Trace(R(a ® a + b ®
b)RT) = |a]®> + [b]* = 1 and Rank(a ® a + b ® b) < 2, and so we may choose R
such that

I-X 00
Rla®a+b@b)R"=| 0 X 0], xe€[0,1/2].
0 00

This gives a one-parameter family of densities with canonical form
p¥ = ((1— Naf + ad) keI, (6.5)

Figure 6.2 shows this density for a number of choices of the parameter A, the
case A = 0 is the traditional view of a p-orbital. Note that, despite the relatively
simple proof, this flexibility of the hydrogen orbitals does is not mentioned in the
literature.

This analysis suggests that a general pair density containing p-orbitals is also
likely to depend on a number of parameters and we must derive a canonical pair
density in each case. We expect a parametrized pair density only when p-orbitals

are present as s-orbitals are invariant under rotation.

A=0 A=0.25 A=0.5

Figure 6.2: Plots of the one-parameter family of Hydrogen p-orbital densities
given in (6.5).

We now investigate the physical meaning of A and in particular justify why

we have described this as an angular momentum dependence of the density.

6.2.3 Physical Interpretation of \

Intuitively, A is some measure of the axis under which the wavefunction is rotation-

ally invariant and hence we expect it to be connected with angular momentum.
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Consider the total angular momentum vector

where L; are defined in (3.1). We note that Ly is the zero vector on s-orbitals
and hence we consider the effect only on the three dimensional space spanned by

pi. For U := ayp; + asps + asps, a; € C, by (3.6) we see that

| O P2 | ip3 P3| —ip2
(U|LIP) = |ay|? < 1| —ip3 > + |asl? < p2| O > + |az|? < P3| ip1 >
) 0

P1| D2 P2 | —ip1 D3
p1| ips p2 | —ip2
+ 2Re(ajas) < pi| O > + 2Re(aja3) < p2 | ip1 >
p1 | —ip1 pe| O
ps| O
+ 2Re(aj0n) < P3| —ips > :
P3| W2
Using the orthonormality of the p;, we find
—ias 0 50
(V|L|¥) = 2Re | —icjay | =2Im | ajon
—taq o oy

Inserting our example of ¥ := /1T — Ap; + iv/Apy gives

0 0
(U|L|¥) = 2Im 0 = 0 :
ivV1I— MW 2v/1 — MW

therefore [(L)y|* = 4A\(1—X) € [0, 1], and since A € [0, 3], this uniquely determines
A
An analogous calculation shows that setting U := aq |paps) +ae|p1ps) +as|p1p2)

(which is the case where the spin-aligned p-shell is ‘missing’ an orbital) gives

—aj g
(V|L|W) =2Im | ofas

—asas
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which, setting a; = 1 — X\, ap = iv/A and a3 = 0 once again gives |(L)y|? =
AN(1 = N).

6.3 Oxygen

As mentioned previously, one of the most commonly studied bond angles is that of
water. We therefore begin our analysis of pair density prediction of bond angles
with the central atom being Oxygen. We will cover this case in some detail,

deriving a general method which will be applicable to a number of other atoms.

6.3.1 General Ground State

We begin by finding a general Oxygen ground state wavefunction from which we
will derive a canonical Oxygen ground state pair density. We note that, from the
restriction to the ground state energy and fixing S3W = W (which we may do by

Corollary 6.2.3) the wavefunction is

3 3
U =" a,|15T252sp1popsPi) = |1515252spipaps() | cipi))
i=1 =1

where o; € C and Y, |a;|? = 1. Using Slater’s rules from Theorem 2.3.1, the pair

density of this general wavefunction is given by

Py (w,y) = ph 1o RBmPr) (! Z o ) | BB (1) - y)

B %((18(1‘)18*(3/) +25(x ZalpZ *(Z@jpj(y» T y)

In order to find a canonical pair density we rewrite the sum of p-orbitals as

Zozzpl (a+ib)-z))e "2 keR, abeR |a + |b* =1

which gives

}Zo‘zpz = (la-al’ +1b-2’)K?e 2 = (2 (a@ a+ b @ b)) ke 7,
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and also

(Zaipi(x))*(zajpj(y)) 4z ey

= [((a—ib) - z)((a+1ib) -y) + ((a—1ib) - y)((a+ib) - x)}kQG_Z(‘x‘HyD/Q
2 [( 2)(a-y)+ (b-2)(b-y)] L2~ 22l +lyl)/2
= (- (a®a+b@b)y)k2e 2D/

It follows that
p\lslstQsplmps) (x’ y) (66)

+3[(e- (a@a+b@ba)RRe D pTEERR () 1 g sy

— (1s(@)15(y) + 25(2)25(1)) (2 (a ® a + b @ D)y) K2 211172

P2 (:c y) =

We now perform a simultaneous rotation of all coordinates and define
UE(zy, ... zn) == U(RTzy, ..., RTxy) where R € SO(3). In particular we wish
to show that pllsTs252sp1p2ps) (1) and ph*1¥%2#1P23) (1 ) are invariant under this

simultaneous rotation.

From Table 4.18 we see that the ground state of Nitrogen is given by the 45
state, which, from Table 3.5 and Lemma 6.2.1 has a unique pair density generated
by U = |1s15252sp1paps). It is therefore sensible to consider the case of Nitrogen

before proceeding with the discussion of Oxygen.

6.3.2 Nitrogen Density and Pair Density

From the above calculations for Oxygen, it is clear that we need to find the
unique density and unique pair density for the ground state of Nitrogen, given by
= |1515252sp1pap3). The uniqueness follows from Corollary 6.2.3. The single

particle density is trivial to compute and is given by

pN(x) = 2[1s(z)|* + 2|2s(x)* + [p1(2)]> + |p2(2)]* + |ps(z)|?
= 2[1s(|z|)[* + 2[2s(|z|)|* + k* (2] + 23 + 23)e 7]
= 2[1s(r)|* + 2|2s(r)|* + k*r’e 7", (6.7)

where we use the notation 7 := |z| and p;(x) = kx;e ?"/2.
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Using the expansion (6.1) we obtain

Py (,y)
=3 {\18($)\2|18(y)\2 + 4 Ls(x)[*12s(y)|* + [2s(2)[?[2s(y) |

2(|1s(a) + [25(x) Zm S |pi<as>|2|pj<y>|2+wy]

1<i<j<3

- |2 tstsanss) + X p@nn@n)

1<i<j<3
+ (1s(o)ts) + 25(0250) 3 i)
1<i<j<3
We now define notation for the radial terms:
R%(r) = |1s(x)|2, Rg(r) = |25(x)|2, Rg(r) T (6.8)

Fixing |z| = |y| = r gives

p3 (z,y) = F(r) — R3(r) (R{(r) + R3(r)) (z1y1 + z2y2 + 23y3)
+ 1R3(r) [2Ty5 + 23yt + 2iys + 23y5 + 3y5 + a3yl

- 2x1y1x2y2 — 221 Y1 3Y3 — 2T2Y2T3Y3)

= F(r) = R3(r) (R} (r) + B3(r Z Ty

+ 4Rl {; DR

= F(r)— Ri(r)(R;(r) + Rg(r))r cos© — L R5(r)r' cos* © (6.9)

where F(r) and F(r) are purely radial functions and © is the angle between

and gy, which in spherical polar coordinates is given by
cos © = cos 6 cos Oy + sin 0 sin O (cos @1 cos po + sin ¢y sin @s). (6.10)

In particular

F(r)= Ril(r)+2R%(T)R§(T)—f-Rg(T’)+2(R%(T)+R§(T))T2R§(T)+%T4R§(T). (6.11)
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For the density, using (6.7) and the above notation, we have
PN (x) = 2R3 (r) + 2R3(r) + r*R3(r). (6.12)

It is clear that both the density and pair density are invariant under simultaneous

rotation of x and y.

6.3.3 Maximizing the Nitrogen Pair Density

Theorem 6.3.1 (Maximum of Nitrogen Pair Density). Let Ri(r) := |1s(r)|,
Ry(r) := [2s(r)], B3(r) == |p1(2)* + |p2(2)[* + |ps(2)[* and define

Ag(r) = Ry(r) + 2R{(r)R5(r) + Ry(r) + 2(Ri(r) + Ry (r)) R3(r) + 3 Rs(r),

Ai(r) = (Ri(r) + R3(r))R3(r), As(r) := Ri(r). Then the mazimum of the

Nitrogen ground state pair density

py = Ag(r) — Ai(r) cos © — 2 45(r) cos* ©

: _ 1 _ A
18 atcos@—max{ 1, AQ(T)}.

Proof Denoting the pair density in (6.9) by
py =1 Ag(r) — A1(r) cos© — L Ay(r) cos® ©

where A (r) := R3(r)(R%(r) + R3(r)) and As(r) := Rj(r) (note the difference in
definition of R%(r)), with A;(r) > 0, we have

0

%Pé\f = A;(r)sin©® + Ay(r) cosOsin O,
2
%Pé\f = A1(r) cos © + Ay(r)(cos® © — sin? ©),

As(r)
Aa(r)”

If sin©® = 0 then 88—(;2,09/ = +A(r) + As(r). The sub-case when cos©® =1 is

clearly never a maximum as the second derivative is A;(r) + Az(r) > 0, and the

and the critical points of p) are clearly at sin© = 0 and cos© = —

sub-case cos © = —1 is a maximum if and only if —A;(r) + As(r) < 0, which is

equivalent to —ﬁ;—g:; < —1.

If cos® = —ﬁ;—g:; then 8‘9—@22pév =

Ay(r) < Ay(r) which is equivalent to —

A2(r)—A3(r)

Aa(r)
Ai(r)
Az ()

density is at cos © = max {—1, —ZE:; } 0

, which is negative if and only if

> —1. Hence, the maximum pair
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I I O
0 1 2 3 4
r

Figure 6.3: Bond angle range for Nitrogen

It follows that, since As(r) decays (exponentially) more slowly than A;(r), the
bond angle ranges from arccos(—1) = 180° close to the nucleus and tends to to
arccos(0) = 90° as r — oo. This is consistent with the idea that, close to the
origin, the pair density is dominated by s-p interactions which favour 180° and

passes to the p-p case, which favours 90°, as the radius increases.

Figure 6.3 shows more explicitly how the predicted bond angle varies with r.
In particular, we note that at a distance of 1.044au, which is the position of the
outer maximum of the radial density as given in Table 5.2, our method predicts
a bond angle of 114.9° as compared to the experimental value of 103.3°. Possible
reasons for the discrepancy will be discussed later. Another interesting feature of
the bond angle is the non-monotonicity, which follows from the non-monotonicity
of |th9s(r)|?, which enters the bond angle through A;(r).

Along with the predicted bond angle at various distances, we may also plot
the pair density on the sphere for a given distance. We do this by noting that the
rotational invariance allows us to choose the position of the first electron, which
we fix to be the north pole (marked by the black dot) and then plotting the pair
density on the rest of the sphere via a colour map. The pair densities for a range
of distances are plotted in Figure 6.4, blue areas denote low pair density, red high,

and shades of purple the areas in between.
The pair densities are clearly invariant under rotation about the north-south
axis, which follows trivially from the fact that (6.9) depends only on the angle

between the two electrons. The distances chosen are such that they show the
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change from a bond angle of 180° near the origin (r = 0.2) to a bond angle of
almost 90° as r becomes large (r = 6.0). The distances in between show the

progression of the maxima, » = 1.044 being the ‘bonding distance’.

r=20.2 r=20.5 r=1.044 r=06.0

Figure 6.4: Nitrogen pair densities for various distances. The first electron is fixed
at the north pole, red denotes high probability of finding the second electron in a
given region, blue low probability and shades of purple those areas in between. In
particular, the third figure shows a predicted non-linear NHs molecule at a radius
given by the outer maximum of the single particle density.

6.3.4 Simultaneous Rotation of the Oxygen Pair Density

From Section 6.3.2 and in particular the invariance of p¥(r) under rotation and
p5 (x,y) under simultaneous rotation of x and y, we see that the only terms in
the Oxygen pair density (6.6) that vary under simultaneous rotation are given by
the tensor products.

We therefore have

pf%%y)=/@%%y)+%[@%fﬁa®a=%b®bﬂf¢V9€Z”bN@)+x6ﬁy

— (x-R(a@a—i—b@b)RTy)
x (1s(x)1s(y) + 2s(x)2s(y)) ke~ Zelth/2,

We now note that Trace(R(a ® a +b® b)RT) = |a|* + |b]*> = 1 and Rank(a ® a +
b®b) <2 and hence we may choose R such that

1-X 00
Rla®@a+b@b)R =1 0 X 0], A€]0,1/2].
0 00

It follows that there is a one-parameter family of pair densities with canonical



164 Chapter 6. Pair Densities and Bond Angles

form

Py (,y) = p (2, y) + L[R2 (1 = Na? + Aad)e 2N (y) + 2 y] (6.13)
— (1s(2)1s(y) + 25(2)25(y)) (1 — N1y + Aways) ke~ Z(=H+1uD/2,

The canonical form for the wavefunction representing these pair densities is given
by a =+v1— Xey and b = i\/Xeg, with a wavefunction

O — |1515252sp1paps (V1 — APt + iV AP2)). (6.14)

6.3.5 Maximizing the Oxygen Pair Density

We wish to find the global maximum of the canonical Oxygen pair density (6.13).
We first note that, to simplify the spherical polar coordinate representation, in-

stead of v/1 — Apy + iv/Ap; we may take v/1 — A\ps +4v/Apy in (6.14). Then, from
(6.13) and using the notation in (6.8),

— (RI(r) + R3(r)) R3(r) (1 — A)zsys + Az1y1)
1R3( )[((1 )‘)x3+)‘xl) (y)+x<—>y]

— (Ri(r) + R3(r)) R3(r) (1 — N3y + Az1yn)
%R3(T)PN(7’) (( /\)(% + ?J3) +A(2F + yl))

pQO(xvy) - p2

—PQ

Inserting the Nitrogen density (6.12) and pair density (6.9) we have

p9(x,y) = F(r) — R(r )(R3(r) + R3(r))r* cos © — L Ryr? cos® © (6.15)
— (Ri(r) + R3(r)) B3 (r) (1 = Nasys + Az1y)
+ 3 R3(r) (2RY(r) + 2R3 (r) + r*Ry(r)) (1 = M) (5 + 93) + A1 + 7)),

where F is given in (6.11).

We now see that finding the critical points of this pair density is highly non-
trivial, it being a quartic polynomial in six variables. However the fact that pair
density is symmetric in x and y and suggests that there may be some symmetry

in the position of critical points, which would reduce the degree of the problem.

Lemma 6.3.2. Let f: S? x 5?2 = R, r >0, be a symmetric function given by

f(z,y) = ar(z1y1 + Tayo + T3y3) + Qa(T1y1 + Toys + 13y3)*
+ 71 (@] + u1) + Ba(23 + 3) + Bs(a3 + v3))
+ (Brziyr + Baxays + Baw3ys) (V2 + y3(ziyr + T2y + 23y3))
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where ¥ = (x1,x2,23), ¥y = (Y1,Y2,y3) € S, a; = a;(r), vi = v(r) and B; € R.
Then every isolated critical point (a,b) = ((a1, a9, a3), (b1, be, bs)) satisfies either
a?="0bi=1,2,3 ora-b=r%y/(2y1 — r*y3). Furthermore, for any continuum
of critical points with a - b # r*yy /(271 — 1?73), a representative can be chosen
which satisfies a? = b7, i = 1,2, 3.

Proof We use the method of Lagrange multipliers where our function to be
maximized is f and we have two constraints, namely g;(x,y) = 23 + 23 + 235 —
r? = 0 and gao(z,y) = y? +y3 +y2 —r? = 0. Hence we wish to solve Vf =
MV g1+ Vg, where our gradient is over the 6-dimensional space with coordinates
{1, %2, 23,Y1,Y2,y3}. Denote an extremum of f under the constraints g; and
g2 by (a,b) = ((a1,az,as),(b1,bs,b3)). We therefore have, along with the two

constraints, the six equations given by

2M1a; = a1b; + 2a0b;(a1by + agby + asbs) + 271 Gia;

+ Bibi(v2 + v3(ai1by + agbs + azbs))

+ 3bi(Brarby + Baasby + Bsazbs) (6.16)
2X9b; = a1a; + 209a;(a1by + agby + azbs) + 271 6:b;

+ Biai(y2 + v3(a1by + azba + azbs))

+ y3a;(Brarby + Baagby + Bzazbs). (6.17)

We now consider the two sets of equations a; x (6.16); and b; x (6.17); where

the subscript ¢ denotes the equation for a; and b;. We then have

a?(2M — 2713;) = aibi[on + 205(a1by + asbs + azbs)
+ Gi (72 + v3(a1by + agbe + a3b3))
+73(Bra1by + Baazby + Baasbs)] (6.18)
b7 (2Aa — 271 3;) = ab; (o1 + 202 (a1by + agbs + azbs)
+ Gi (72 + v3(a1by + agbe + a3b3))
+73(Bra1by + Paagby + Baasbs)]. (6.19)

Now noting that, for each ¢, the right hand sides of (6.18) and (6.19) are equal

gives the set of three equations

a;i(\ —mBi) = 0 (A — 118). (6.20)
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Summing these three equations over ¢ and using g; and g, gives
(A = Xo) = n(Bi(al — ) + Ba(az — b3) + Ba(a3 — b3)). (6.21)
Similarly, we construct a; x (6.17); and b; x (6.16); which give

azbz(2)\1 — 2’}/161) = OJ? [Oél —+ 20&2(@1[)1 —+ azbg —+ a3b3>
+ v3(Bra1by + Brazby + Bza3bs)
+ Bi (72 + 73(a1bs + azbs + asbs))] (6.22)

aZbZ(Q)\g — 2’}/151) = b? [O[l —|— 2042((11[)1 —|— a2b2 —|— a3b3)
+ y3(Braiby + PBrazbs + Bzazbs)
+ ﬁz (’}/2 + 73((11[)1 + agbg + a3b3))] . (623)

Taking (6.22) — (6.23) gives the set of equations

Q(Iibz‘(/\l — /\2) = ((IZ2 — b?) [041 —|— 2042((11[)1 —|— a2b2 —|— a3b3)
+ 73(Bra1by + Barazby + Bsasbs)
-+ ﬁz(’}/z —+ 73(@1[91 —+ azbg —+ agbg))} .

Again, summing the set of equations over ¢ and using g; and g, gives

2()\1 — )\2)(@1[)1 -+ agbg —+ agbg) (624)
= (51((1% — b%) + Bg(a% — b%) + 53((1?)’ — b?)’)) (’72 + ’73(61,1[)1 + a2b2 + agbg)).
From (6.21) we see that if either 74 = 0, or §; = 0, i = 1,2,3 then A; = \y. Else
we have fy(af — b7) + Ba(a3 — b3) + B3(a3 — b3) = TQ% and inserting this into

(6.24) gives

2’}/1()\1 — )\2)(&161 + a2b2 -+ a3b3) = 7"2()\1 — )\2)(’}/2 -+ 73(@1[91 —+ azbg + agbg)).

It follows that that either A\; = Ay or a;b; + asby + azbs has a value independent

of \;, o; and f3;, specifically, a;b; + asby + aszbs = r? 271121"2%.
Suppose A\; = Ay = A then (6.20) gives

(a7 =)A= mpi) =0

for each i. If §; = (35 = (5 then f depends only on z-y and hence has a continuum
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of critical points. It is clear that we may therefore choose a? = b7 for all i.

If B # P2 # (3 then at most one of A — v, 3; is zero and hence at least two of

a? = b? and then g; and g, give that a? = b? for all i.

The remaining case, without loss of generality, is 1 = G # G3. f A—~1065 =0
then a? = b7 and a2 = b3 and again g; and g, give of the a3 = b2. If X — 118 =
A —yf; = 0 then we must have a3 = b2 and since ; = [, we see that f is
invariant under simultaneous rotation about the es axis, giving a continuum of
critical points. We may then simultaneously rotate a and b about the e axis to

choose a? = b? for all 7. O

We move on to consider the case from Lemma 6.3.2 for which there is a fixed

inner product, namely a - b = r?y,/(27; — r?v3). Inserting this into f gives

fa,b) = 71 (Bu(a? + y2) + Bo(23 + y2) + Ba(@d + y3))
+ (Brv1y1 + Bazaya + B3x3y3) 27217,1,72273
=: A(B1(2] + yi) + Bo(23 + y3) + Bs(23 +u3))

+ B(f1x1y1 + Pazay2 + B313Yys),

where a - b = Br?/(2A). Further note that if A = 0 then B = 0 and there is
nothing to prove.

For simplicity, we restrict to the case where 5, =1 — A\, 8 = X and 33 = 0,
i.e. a one-parameter family of pair densities where the parameters come from the

simultaneous rotation of the two coordinates, as in the Oxygen case.

Applying the method of Lagrange multipliers leads to Vf = 1 Vg1 + Ve +
13Vgs where g1 = ai + a3+ a3 —r, g2 = b] + b5 + b5 —r and g5 = a1b; + azb; +
agbg — B7"2/(2A)

Lemma 6.3.3. Let f : S? x S2 — R, r > 0 be a symmetric function given
by fz,y) = A((1 = N)(af + 1) + AMa3 +3)) + B((1 = N2y + Avays) where
A e R\ {0}, BeR, and X\ € [0,1/2]. Further restrict the values of f to those
where x -y = r?B/(2A). Then, for any critical value of f, we may choose a

representative point (a,b) where a; = £b;, i = 1,2, 3.

Proof The Lagrange multiplier equations for f with the three restrictions at a
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critical point (a, b) give the six equations

2A(1 — Nay + B(1 — N)by = 201 + pushy (6.25)
2ANas + BMby = 2pu1a9 + j13bs (6.26)

0 = 2uqa3 + psbs (6.27)

2A(1 — N)by + B(1 — Nay = 2uaby + psay (6.28)
2ANby + BAag = 2pu9by + pi3as (6.29)

0 = 2p9b3 + pgas. (6.30)

Forming the sums (6.25)a; + (6.26)as + (6.27)as and (6.28)b; + (6.29)bs + (6.27)bs,
and making use of the three restrictions, gives the two equations

2A[(1 — N)a? + Aad] + B(1 — Nayby + Aaghy] = 272 + pz 58 (6.31)
2A[(1 — \)b? + Ab2] + B[(1 — N)aiby + Aasho] = 2p9r + 322, (6.32)

Suppose now that B # 0, and taking (6.31) — (6.32), we have

2A[(1 = N)(@? = B) + M3 — B)] = 201 — pa)r™ (6.33)

Similarly, the sums (6.25)b; + (6.26)bs + (6.27)b3 and (6.28)a; + (6.29)as +
(6.27)as give

214[(1 — /\)albl + )\agbg] + B[(l — )\)b% + )\b%] = 2,[1/17122—/4{8 + M3T2 (634)
2A[(1 — Narby + Aagbs] + B[(1 — N)a? + XaZ] = 20258 + pgr?, (6.35)

and (6.34) — (6.35) gives
BI(1 = X)(b — ai) + A(b — a3)] = 21 — p2) 55 (6.36)
Rearranging (6.33) and (6.36) we see that

(1= X)(af = b]) + A(a3 — 03) = (1 — o) g = (1= A)(B — aF) + A(b — a3)

and hence p; = po.

Setting p1 = ps = p, the three equations given by (6.25)a; —(6.28)by, (6.26)as—
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(6.29)by and (6.27)as — (6.30)bs are

2A(1 = N)(ai — b7) = 2p(ai — bY)
2AN(a3 — b3) = 2u(a; — b3)
0 = 2p(a3 — b3).

It follows that a2 = b2 and, when A # 1/2; at most one of A(1—\) —p and AN —p
can be zero and hence at least one of a? = b? and a3 = b2 hold. The result follows
from ¢ and gs.

For the case when A = 1/2, f is given by 2 (a?+b3+a3-+b3)+£(a1b1 +asbs) and
using the three restrictions gives that f(a,b) = 4(2—a2—b3)+Z(r’B/(2A)—azbs).

This leads to the six equations

0 =2ma; + psbr, 0 = 2p9b1 + psay,
0 = 2p1as + psbs, 0 = 2p2b3 + pzas,
—Aaz — Zbs = 2p1a3 + psbs,  —Abs — Zaz = 2psbs + pizas,

and an analogous argument to the above gives
— b = (Ml p2) = b — aj,

from which it follows that gy = pp and a3 = 02. Again following the above
argument, we see that 2u(a? — 0?) = 0 and 2u(a3 — b3) = 0 and the result follows
for B # 0.

If B = 0 then forming the sum (6.25)a; + (6.26)ay + (6.27)as + (6.28)b; +
(6.29)by + (6.30)bs and recalling that |a|*> = 72, [b]*> = r? and a - b = 0 gives
fla,b) = (1 + po)r?

We next note that a; = 0 if and only if b; = 0. For example, if a; = 0 then
(6.25) gives pusb; = 0 and hence by = 0. Suppose first that a; # 0 and hence (6.25)
and (6.28) give

a1 H3 2(A(L =) — po)

b 2(A1 =N —p) 13

and hence p3 = 4(A(1—\) — 1) (A(1 — \) — p2). Similarly, for ay # 0 and az # 0
we find i = 4(AX — p1) (AN — p2) and i = dp puo.

Since a - b = 0 it is clear that at least four of the a; and b; must be non-zero.
If a; # 0,a9 # 0 we find that A = 1/2 or g + us = A. Similarly, the other two
cases give A = 0 or uy + pe = AX and py + pe = A(1 — \) respectively.
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If f(a,b) = Ar? we may choose a; = ay = by = —by = 7“/\/5, az = by =0, if
f(a,b) = A(1 — A\)r? we may choose a; = a3 = by = —by = 1/\/2, a3 = b, = 0 and
if f(a,b) = AM? we may choose ay = ag = by = —bg = 1/+/2, a; = b; = 0. Hence
it remains to consider the cases where A € {0,1/2}.

If A =1/2 we find that f = (2} 4+ yf + 23 + y3) = 5(2r? — 23 — ¢3) and so,
by symmetry of the restrictions, we need only consider f = A(x? + y?), which is
equivalent to the A = 0 case. We still have that a; = 0 if and only if b; = 0. If
a; = by = 0 then we may choose ay = a3 = by = —bg = 7"2/\/5 and are done.
Suppose that a;, b # 0 then by the above we have p3 = 4(A — u;)(A — ps) and
pa = 41 ps (since at least one of ay and az must be non-zero), from which it follows
that g, + p2 = A and hence f(a,b) = Ar?. Setting a1 = ay = by = —by = 1//2
and az = by = 0 gives the result ]

From Lemmas 6.3.2 and 6.3.3 we see that

Corollary 6.3.4 (Symmetry of Pair Density Critical Points). Let f : S?xS? — R,

r >0, be a symmetric function given by

f(2,y) = ar(z1ys + Tayo + 23Y3) + a(T1y1 + Tays + T3y3)? (6.37)
(1= M) (@] +97) + A3 +93))
+ ((1 — Nz1y1 + Azoy2) (V2 + Y3(x1y1 + 2oy + $3y3))

where © = (x1,22,23), y = (Y1,Y2,Y3), o = (1), 7 = 7(r) and X € [0,1/2].
Then every isolated critical point (a,b) = ((ay, as, as), (by, by, b)) satisfies a? = b?,
1 = 1,2,3. Furthermore, for any continuum of critical points, a representative

can be chosen that satisfies a? = b2, 1 =1,2,3.

The importance of this result is that it reduces the six-variable problem to one
of three variables and three parameters (which determine whether a; = £b;). The
restriction to a sphere of radius r then allows us to use spherical polar coordinates
and hence reduce the problem further to one of two variables which, as will be

seen in the next section, can be solved exactly.

6.3.6 Critical Points of a General Pair Density

Using Corollary 6.3.4, changing to spherical polar coordinates, and setting cos #; =
€cp COs by = cosf, sinf sin g = €54,5in0;5in 9 = sinfsin ¢, and sin by cos p; =

€cySin Gy cos pp = sinfcos ¢ where €, € {—1,1}, the general form of the pair
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density (6.37) is given by

P2 = sin® f sin? ¢+ s sin® # sin? ¢+ az sin* @ + «, sin? 6 sin? o+ as sin? 0 + ag,

(6.38)

where the «; depend on €y, €4, €56, A and r. This follows by noting that all

powers of sin §, cos 6, sin ¢ and cos ¢ are even and using the usual identity cos? p =
1 —sin? .

We wish to find the general form for the critical points, into which we can

insert the specific values of the «a; for our pair densities. The dependence on the

€’s results in eight possible cases for each critical point.

We begin by finding the first derivatives with respect to 6 and ¢:

)
% = 2sinfcosf [2041 sin? 0 sin? ¢ + 2, sin? 0 sin? ¢ + 23 sin? 6
+ aysin® ¢ + as), (6.39)
)
% = 2sin ¢ cos ¢ [2&1 sin? @ sin? ¢ + ay sin® @ + ay sin? 0} . (6.40)

We do not calculate the second derivatives at this point, one reason for this is
that they will depend strongly on the exact values of «; and it may well be easier
to compare the resulting densities directly. Another reason for using this method
instead of, say, the Hessian, is that in order to find the global maximum we would
still have to directly compare the densities of the resulting maxima. Consider first

(6.39), which is clearly zero if and only if

aysin® ¢ + as

cosh =0, sinf=0, orsin’f=— — —5 )
2(aq sin® ¢ + ag sin® ¢ + ag)

The first two cases are always possible solutions whereas the third case is only a
solution if a; are such that the value lies in [0, 1]. Similarly, for (6.40) we find
that the critical points lie at
2
s sin” 6 + «
cosp =0, sing=0, and sin?¢ = —2—,—;4
2av; sin” 6
where once again the first two cases are always valid and there is a restriction on
the o for the third to be valid, i.e. to lie in [0, 1].

It remains to calculate the pair densities at each of the critical points (of which
there are clearly nine, although the three cases with sin?f = 0 are degenerate,
leading to seven cases). These are given in Table 6.2. The only non-trivial case

to evaluate is when the third case for each of # and ¢ are chosen but the pair of
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sin” sin? ¢ P2
0 - Qg
1 0 ag + as + ag
1 1 ()41+()42+OZ3+OZ4+045+046
2
_ o5 _ 9%
2a3 O 4oy + Qe
_ __ astas _ _(outas)?
2(a1+an+as) 1 4(o1+a+as) + ag
_ aotoy o (O¢2+Oé4)2
]_ —2a1 74(11 —+ Q3 —+ (673 —+ (675
asag—2a1 a5 203004 — 25 *QIC%*QSC&‘FOQOULO!S Lo
4a1a3—a% 2a1 a5 —ag g 4a1a3—ag 6

Table 6.2: The critical points of a general pair density as given in (6.38) along
with the value of py at those points.

equations is easily solved to give the simultaneous values in the table.

We now have a list of all possible maxima for the pair density and it remains

to insert the specific values for the «; for the ground state of Oxygen.

6.3.7 Global Maximum of the Oxygen Pair Density

Using Corollary 6.3.4 and (6.15) we have

P8 (x,y) = Ao(r)
+ A1 (r)[2 cos® § — 2e.9 cos® @ — sin® O(eq4 cos® ¢ + €54 8in” @)
+ A(—=2cos? 0 + e cos® 0 + 2sin? Osin® ¢ — €56 sin? 6 sin? (b)]
+ As(r) [2cos? § — cos® 6 — 2eq9 cos® O sin® O(ecy cos® @ + €44 8in° @)
— sin 0(ep cos® @ + €5 8in° ¢)” + A(—2 cos® 6 + 2sin’ fsin”® ¢)]

= F(r) (given by (6.11)), A(r) := r>R3(r)(R3(r) + R3(r)), and
sr4Ri(r). Rewriting this in terms of only sinf and sin ¢, as in (6.38),

we have

ps (2, y) = Ao(r)
+ A1(r)[2(1 — €co) + 2(eco — 1) sin® 0 — sin® G(ecy + (€55 — €cp) sin® @)
+ A(—2 + 28?0 + € — €psin® O + (2 — €s6) sin? 6 sin? (b)]
+ As(r)[1 — sin 6 — 2e9sin® (1 — sin® ) (€cg + (€5 — €cp) SIn° @)
— sin® 0(€cp + (€sp — €cp) SIn® 9)* + 2A(—1 + sin® 6 + sin® @ sin® ¢)].
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Ignoring Ay(r), which is identical for each critical point, this gives

a1 = —Ay(€sp — €ep)’,

g = 245(€sp — €cp) (€t — €co);

as = 2As(€pecy — 1),

oy = Al( — (€sp — €cp) + A(2 — es¢)) + Ag( — 2€0(€sp — €co) + 2/\),
o5 = Al( — 24 2€p — €cp + A2 — ecg)) + 2A45(—€cpep + ),

o = A1 (2 = 2e0 + M—2+ €0p)) + Aa(1 — 2)),

and inserting these values into the critical points of Table 6.2 we obtain the

following critical values:

o oS = a5 = A1(r)[2 — 2€9 + M2 + €9)] + Aa(r)[1 — 2)].

This is clearly maximized when €, = —1 (since # = 0, the pair density is inde-

pendent of ¢ and hence also of €.4 and €,,) and gives a pair density of

pS = Ay (r)[4 — 3N + Ag(r)[1 — 2). (6.41)

) pQO = (3 -+ (071 + Qg — —Al(T)€c¢ — AQ(’I“).

This is clearly maximized when €., = —1 (and is independent of both €, and €,y)

and gives a pair density of
p5% = Ay(r) — As(r).

0 09 =1+ s+ s+ g+ a5+ ag = A (r)[2X — ego(1 + N)] + Ax(r)[2A — 1],

where we have used the fact that €2 = 1.

This is clearly maximized when €, = —1 (and is independent of e, and €.4)
and gives
PP = Ay(r)[1 4 3A] + Ay (r)[—1 + 2)].

2
o) a5
.p2 = —Z%+a6

After inserting the 8 possible combinations for the €’s we find that there are



174 Chapter 6. Pair Densities and Bond Angles

two possible pair densities:

Py = g [AL(r) (=5 + 3X) + As(r) (2 + 2)))

+A1(T)[4 3] + Aa(r)[1 — 2], (6.42)
P53 = feaemy AL (LX) + Az (r) (2 + 20))°

+ A1(T)[ Al 4+ Aa(r)[1 — 2], (6.43)

which are valid for f,; € [0, 1] where

1A A(r)5-3A
fix=—~ Lo 8 (6.44)
Ji2 = 1 A 8 (6.45)

The fy4; correspond to sin?@ in Table 6.2. The first case corresponds to
(€co, €cgy €sp) = (—1,1,£1) and the second to (1,—1,=%1), the other four possi-

bilities giving a3 = 0.

(064 + 065)2
4(0[1 —I— (6] —I— 0[3)

opQO:— + ag.

After inserting the 8 possible combinations for the €’s we find that there are

again two possible pair densities:

P57 = ey [AL(r) (=5 4 4X) + Ax(r) (2 + 4N

+ Al(r)[4 A+ Ay (r)[1 — 2], (6.46)
P57 = Ty L) (14 40) + Ax(r) (2 + 4N))°
+ Al(r)[ A+ As(r)[1 — 2)], (6.47)

which are valid for f5; € [0, 1] where

CLH2) A(r)5— 4N

fs1= I A4 8 (6.48)
_1+2)\ Ar(r) 144X

f52 = 1 A2 OB (6.49)

The first case corresponds to (€., €cs,€50) = (—1,%£1,1) and the second to
(1,£1,—1), the other four possibilities giving oy + g + a3 = 0.

g + ay)?

2041
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Once again inserting the 8 possible combinations for the €’s results in two possible

pair densities:

p5 ot = 16A12(1") [AL(r)(=2+ A) + Aa(r) (4 + 20)]* + Ai(r) — As(r), (6.50)
Py = T (A1) (2430 + A () (4 4+ 20 = Ai(r) — As(r),  (6.51)

which are valid for fs; € [0, 1] where

24N A (2N

for=——- L0 8 (6.52)
_2+)\ Aq(r)2 43X

Jo2 = 1 WO (6.53)

Note that for this case fs; correspond to sin®¢. The first case corresponds to
(€co, €ces €sp) = (£1,—1,1) and the second to (1,1, —1), the other four possibili-

ties giving a; = 0.

Qo — 2000 203004 — Qo x
5 3 5

e sin’f = . sin?¢ =

dajaz — a2 20105 — gy
We note that there are no choices of ¢, which give a valid pair density in this
case. This can easily be seen by considering the denominator of sin?@ which is
identically zero.

We now wish to prove the following result on the global maximum of the

Oxygen pair density:

Theorem 6.3.5 (Maximum of Oxygen Pair Density). Let Ri(r) := |1s(r)],

Ro(r) == [25(r)], R3(r) = |pi(@)]” + |p2(2)]* + Ips(@)]* and define Ao(r) =
Ri(r) + 4RI(r)R3(r) + Ry(r) + 2(Ri(r) + R3(r))R3(r) + 1/2 R3(r), Ai(r) =
(R2(r) + R3(r))R2(r), As(r) :=1/2 R3(r). Further denote

L= AQ(T’) + Al( )[4 — 3/\] + AQ(T)[l — 2/\],
P52 (r, ) £ = Ao(r) + sy [Ar(r) (=5 +4A) + Ao (r) (2 + 4N
+ A (r)[4 — 3] + Aa(r)[1 — 2)],

and f(r,\) = £ — ﬁ;g:g 54A

density is given by

Then the global maximum of the Ozygen pair

p >t f(r,N) € (0, 1]

p2 ! else.

pQO max(,r’ )\) _
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In order to prove the theorem it is sufficient to determine the maximum of
the critical points pg’l—pg’m as given above. This then gives the maximum of the
part of the pair density which has angular dependence, and the purely radial part
is given by Ag(r).

We now move on to compare these critical points in order to find the global

maximum. Since pd*! — p§t = 16+M [AL(7) (=5 4 4X) + Ay (1) (2 + 4N =

44,(r) f2(r, A) it is clear that, whenever it exists, pS™>! > p5'.
We have that fs; < (1+2X)/4 <1 and hence for pS">' not to exist we must
have f51 < 0, which gives the case pS"™* = pS"' = Ay (r)[4 — 3] + Aa(r)[1 — 2A].

Comparing the critical points that always exist gives

Pt = pS?7 = Ay (r)(3 — 3X\) + Ay(r)(2 — 2)\) > 0, (6.54)
p5t = p5% = Ai(r)(3 = 6X) + Aa(r)(2 — 4X) > 0, (6.55)

and hence, except when A\ = 1/2, neither p20’2 nor p20’3 are the global maximum.
The degeneracy of pQO’1 and p20’3 when A = 1/2 is due to the invariance of the pair
density under rotation about the e, axis. Since, for p20’1 we have €,9 = —1 and for
,020’3 we have €,4 = —1, both cases have the electrons opposite each other in the
ei-e3 plane and hence give the same pair density.

In order to compare ,020’1 with the critical points that have an angular depen-

dence we use the following lemma:

Lemma 6.3.6. Suppose that A;(r) > 0 and let

P = er Ay (r) + ex As(r),
) (52141(7") + ’72142(7"))2

P’ = — 20 A5 (r) + 91A1(r) + g2 Aa2(r),
B Au(r) + 72 As(r)
Ja=— a A (r) , and
£y = ~ B3Ai(r) + 3Aa(r)
5 043142(7’) '

Suppose further that —agAs(r) > 0, —azAs(r) > 0, v3 > 0, fo € [0,1], f3 <0,
and 2e3 — (72 + 2g2) < 0. If

h:=(2e1 — (B2 4 2g1)) 73 — (262 — (72 4 292)) B > 0

it follows that p(zl) > ,0(22).

Proof Since f; > 0 and —asA3(r) > 0 it follows that FA1(r) + 12 As(r) > 0.
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Hence, since fy <1, ,052) is bounded above by

pE < L((By +291) A1 () + (72 + 2g2) As(1)).

We then have

2005 = p5”) = (21 — (B2 + 290)) Ar(r) + (2e2 = (72 +202)) As(r).  (6.56)
Now, since f3 < 0, —agAs(r) > 0, and v3 > 0, we have

Ao(r) < B2,

V3

and since 2es — (72 + 2¢g2) < 0 it follows that

(262 — (72 + 292)) Aa(r) > —(2e2 — (12 + 292)) ﬁgji;(r).

Inserting this lower bound into -5 times (6.56), and recalling that v3 > 0, gives
that

273(ps) — p&) > hAL (),

where h is as in the statement of the lemma, and the result follows. O

)

When applying this lemma we will have that pél) = pQO’l, fs = fs1and p(22 and
fo the critical point to be tested. Hence, from (6.41), we have that e; = 4—3\ and
es =1 —2\. It is clear from (6.46) and (6.48) that v3 =2+ 4\ > 0, —apAs(r) =
8A5(r), which is positive whenever As(r) is positive, and #3 = —5+4A\. It remains
to check the conditions that depend on the exact form of the critical point to be

tested.

For pS*' and p9"™*?, equations (6.42)-(6.45) give for both cases ay = —8,
Yo =242\, and go = 1 —2\. This gives that —apAs(r) > 0 and 2e5 — (72 +2¢2) =
—2 —2X < 0. For p20’4’1 we have B = —5 + 3\ and g3 = 4 — 3\, giving
h = 4X(3 — A) > 0 and hence pS"' > p§*'. For pd™*? we find f, = 1 4 2A

and g1 = — A, giving h =4 + 4X(4 — 3)\) > 0 and hence p20’1 > p20’4’2.

Moving on to p5”*? we have from (6.46) and (6.48) that ap = —8, 3y = 1+4),
Y2 =2+4X\ g1 = —X and go = 1 — 2\, This gives that —asAs(r) > 0 and
2e5 — (72 + 2g2) = =2 —4X < 0 and h = 4 — 16A? > 0 and hence p20’1 > p20’5’2.
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,6, 0,6,2

Finally, for p5"%" and pS"%?, equations (6.50)-(6.53) give for both cases oy =
—8, 79 = 442\, and g, = —1. This gives that —asAs(r) > 0 and 2e5— (Y2 +2¢92) =
—6A < 0. For pS"%" we have 8, = =2+ and g; = 1, giving h = 4(4—3XA—X2) > 0
and hence ,oo1 > p2061. For ,0062 we find f; = 2+ 3\ and ¢ = —1, giving

h =4(4 — 4X — 3X%) > 0 and hence p5"* > p92.

We have therefore shown that, when p5"™* = pS"*, this is indeed the global

O,max

075,1 . . .
maximum. It remains to consider the case when p, = s Since in this case

pd7t > pdt it follows from (6.54) and (6.55) that pS°! > pS? and pd°**' > p3*

The final part of the analysis is to compare p20’5’1 with the five cases which

have an existence condition The first stage of this is to note that, since Ay(r) > 0,

0,5,1

16A5(r)(p9™" = pS*) has the same sign as pS">' — pS"*. For the five cases we find

16A5(r)(p5>" = p51) = [A1(r) (=5 +40) + As(r) (2 + 4N
— [A1(r) (=5 + 3\) + Aa(r) (2 + 20))?,
16A5(r) (9" — p94%) = (24 — 42X 4 15X A2(r) + 4N(2 + 3X) A2(r)
+ (40 — 64X + 287\%) A, (1) Ay(r) > 0,
16A5(r) (p9>" — p95%) = 24(1 — 2X\) A2(r) 4 40(1 — 2X\) A1 (r) Ay (r) > 0
16A5(r) (p9>" — p951) = (21 — 36X 4 15X2) A2(r) + 4(5 — 8\ + 3X2) A2(r)
+4(11 — 18N + TA?) A1 (r) Ay(r) > 0,
16A5(r) (pS7" = p9%) = (21 — 52X + TAZ) A2(r) + 4(5 — 8X + 3X2) A%(r)
+4(11 — 26X\ + 5AH) A; (1) Ay (7).

The degeneracy between ,0?’5’1 and ,0?’5’2 when A = 1/2 is due to the invariance
of the pair density under simultaneous rotation about the e, axis. Since sin? ¢ = 1
for each case, it is clear that all points lie in the e;-e3 plane. Furthermore the

angle between the points is the same in each case, leading to the same pair density.

The fact that the angle is the same follows by considering that, when A = 0,
we have sin® 605, = 1/2 — 3A;(r)/(845(r)) and sin® 055 = 1/2 — 3A,(r)/(8Aa(r)).
However, since for pg"r”l we have €9 = —1 and €, = 1 and for ,08’5’2 we have
€ = 1 and €, = —1, this means that the two angles are given by ©; = m — 205 ;
and Oy = 205 5, where 05, € [0, 7/2].
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We then have that, for a = 34,(r)/(8A2(r)),

cos(051 + 052) = cos s 1 cos s o — sinbs 1 sin bs -

=V1/2—ay1/2+a—/1/2+ay/1/2—a =0,

and hence 05 1+605 5 = 7/2, from which it follows that ©; —0y = 1—2(051+652) =
0. This degeneracy actually extends further since, as previously noted, the pair
density is invariant under rotation about the e, axis and hence there is an S?
of global maxima. When later plotting the pair densities we will use the unique

continuation with respect to A of the global maximum.

We now need only consider p20’4’1 and p20’6’2. For the case of ,020’4’1 we see that

p20’5’1 — ,020’4’1 > 0 if and only if

(Al(r)(—S +4N) + Ay(r)(2 +4>\))2 -
Ai() (=5 43\ + Ay (r)(2+2)) ) =

The identity

A(r) (5 AN+ AR Ay (1) + 245(r)
A (5430 + A (2+20) A (=5 + 3N + A (r)(2 + 20

shows that this holds when A;(r)(=543X)+ Aa(r)(242X) > 0, which is precisely
the condition required for p§’4’1 to exist. Thus ,0?’5’1 > ,0?’4’1 whenever they both
exist, with equality only when A = 0.

The degeneracy in this case is due to the fact that, when A = 0, the pair
density is invariant under simultaneous rotation about the ez axis. Both cases
have €,y = —1 and hence the value of ag in each pair density is the same, and
furthermore both have the same symmetry of ¢. The values of sin? # are the same
(or the pair densities would be different) and hence they are equivalent up to a
simultaneous rotation by 7/2 around the ez axis. Once again there is actually an

St of global maxima in this case.

The remaining case is pS"%%. We first note that —A; (r)Ay(r) > —1(A}(r) +
AZ%(r)) and hence

16A5(r) (pS 5 — p95%) > (43 — 104X + 1TA2) A2(r) + (42 — 84X + 2202) A2(r).

From (6.53) we see that, in order for pS"®? to exist we require that Ay(r) >

A1 (r)232. Noting that the coefficient of the A3(r) term in the above is positive
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and inserting this lower bound gives

164, (r)(4 — 22)% (o™ — py*?)
> 2(428 — 1092X + 783A% — 590\ + 133\*) Af(r),

and it remains to determine the sign of
h := 428 — 1092 + 7837 — 590A* + 133"

Differentiating with respect to A gives that

dh
= —1092 + 1566\ — 1770\ + 523)\°

< —1092 + 1566/2 4 523/8 = —1949/8 < 0,

and hence the minimum value of h is at A = 1/2 and is given by 197/16 > 0. It

therefore follows that p§’5’1 > pg’w, completing the proof of Theorem 6.3.5.

6.3.8 H->0 Bond Angle

We now wish to use Proposition 6.1.1 to predict the bond angle of the water
molecule. We see that both cases of pg’m‘” of Theorem 6.3.5 have €9 = —1 and
further, p20’1 is independent of ¢ so the values of €.4 and €4 are irrelevant in this
case. We recall that p20’5’1 has cos ¢ = 0 and thus the pair density is independent
of the choice of €.4, and we have that e,, = 1. It follows that the angle between

the electrons is given, in both cases, by m — 26 where 6 is obtained from

20 . 142\ Ai(r) 5—4)
sin® 0 := maX{O, i no s [

and hence the bond angle is given by

© = 7 — 2arcsin ( max {0, 12 _ A1) 54 v (6.57)
' Ax(r) 8 : :

For fixed values of r, the angle between the electrons, as given by (6.57), is
monotonically decreasing with A. To prove this, note that, by symmetry, we may
restrict to 61 € [0, ] and then, since sin #; = sin 0, and cos #; = — cos 65, we must

have 0; € [0,%] and 0; € [5,n]. Therefore, without loss of generality, ¢ € [0, 7].

t 422 Ai(r) 5—4)
4 AQ(T) 8

is also monotonically increasing with A, and by the restriction to [0

is monotonically increasing with A, hence sin?#

It is clear tha
, 5], s0is 6.

Therefore © = m — 26 is monotonically decreasing with .
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TTT T[T T T T[T T TT[TTT1T]
0 1 2 3 4
r

Figure 6.5: Bond angle range for Oxygen, the upper curve shows the bond angle
for A = 0, the lower curve for A = 1/2 and thus, by the monotonicity of the bond
angle, the bond range at a given r is the interval between the two curves.

The main use of this result is that we may easily determine the range over
which the bond angle may freely vary with no penalty to the energy (which is
independent of A). The bond angle range is plotted in Figure 6.5. One interesting
aspect of this plot is that, for suitable fixed A\, the bond angle is non-monotone
with respect to r. This is analogous to the Nitrogen case in Figure 6.3 and again
is due to the non-monotonicity of the radial functions R;(r).

Further we note that, since A(r) decays exponentially slower than A;(r), the

bond angle range as r — oo is given by

4

1/2
© = 7 — 2arcsin <max{(), ﬂ}) .

By the monotonicity we see that the extremal values are at A = 0 and A = 1/2,
giving © € [90°, 120°].

6.3.9 Comparison with experimental data

We wish to compare our calculated values for the bond angle in water to the
experimentally measured values. As discussed earlier we cannot give a precise
value of r at which to test the bond angle range. However, we will use the
position of the outer maximum of the radial distribution as an indicative value.
These values are given in Table 5.2. The experimental bond lengths and bond

angles are shown in Table 6.1.
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We wish to find the predicted range of angles for the water molecule and
so use (6.57) with A € {0,1/2} and r = 0.897 giving an angle range of 6 €
[129.4°,180°]. The lower bound is obviously still quite a way from the experimental
result. However, we have already noted that the choice of r is in no way expected
to be ideal, and we have not taken into account the interaction of the bonded
atoms.

One interesting thing of note is that the traditional method of predicting bond
angles finds a maximum at 90° and then justifies the fact that it is more than
90° by claiming that the Hydrogen atoms repel each other. (See, for example,
[AdP01]). As can be seen from the above, our method predicts a bond angle
which is larger than the experimental data. In order to understand this it would be
necessary to perform a full multi-centre calculation and determine the attraction
or repulsion between the Hydrogen atoms.

In section 6.1.2, we noted that, whilst HoO is strongly bent, LisO is a linear
molecule. Whilst the bond length is different to that of water (experimentally it
is 3.035au [BBO1]), we would expect the position of the electrons to be reasonably
well modelled by taking half the bond length. (In fact, due to the large positive
dipole towards the Li atoms, it could be argued that we should take a position at
less than half the bond length). Figure 6.5 shows that, at these sort of distances, a
suitable ground state wavefunction exists such that the pair density has its global

maximum with an angle of 180°.

6.3.10 Plots of the Oxygen Pair Density

We now use the bond angle information from (6.57) to plot some pair densities
for Oxygen. As with the Nitrogen case, we may fix the position of one of the
electrons to be at a maximizing point and then plot the pair density as a function
of the position of the other electron. In the plots below we follow the convention
that the black dot is the position of the fixed electron (in its optimal position)
and the pair density is denoted by the colour of the sphere, red being the highest
and blue being the lowest.

We begin by plotting the two extremal cases for a range of values of r. The
values have been chosen so that the lowest value of r gives a point close to the
nucleus where we would expect the s-orbitals to be dominant, the middle value
of r gives a ‘bonding’ distance, the final value shows the pair density at very long
range and should be a good approximation to the limit as r — oo. Three views
of each pair density are shown, the ‘side’ view aims to show all the maxima and

minima as well as the position of the fixed electron, the ‘front’ view is looking
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along the positive z-axis (the side on which the fixed electron is chosen to sit) and
the ‘back’ view shows the view along the negative x-axis.

From Figure 6.5 and the associated monotonicity argument, we know that the
bond angle for A\ = 0 is greater than that for A = 1/2. This is clearly visible
when r = 0.9 where the A = 0 case in Figure 6.6 clearly shows a single maximum
opposite the fixed electron, whereas the A\ = 1/2 case in Figure 6.7 has two
maxima, one on the same side of the sphere as the fixed electron, and one on the
opposite side.

The A = 1/2 case is slightly different to all other cases in that the second
maxima on the ‘back’ of the sphere is as strong as the one on the front. This is
directly related to our discussion above concerning the degeneracy when A = 1/2.

Whilst the two cases for high values of r look similar, both having two maxima
and two minima and a bond angle approaching 90°, there are some subtle differ-
ences. One is that the minima on the ‘front’ in the A = 1/2 case is centred on the
fixed electron, whilst in the A = 0 case it is clearly not. This may be explained by
the fact that the density in the A = 0 case is strongly polarized in the z-direction,
meaning that there is an enhanced probability of finding electrons near the poles,
forcing the minimum towards the equator.

Finally, Figure 6.8 shows a pair density at a value of A and distance r chosen
to demonstrate that the global maximum for the non-degenerate case is on the
‘front’.

We also plot the Oxygen single-particle densities in order to show the discrep-
ancy between naive intuition about where the pair density should be maximized
and the actual analytic maxima. These are shown in Figures 6.9 and 6.10.

It is clear that it is very difficult to predict the position of the electrons in the
maximizing pair density simply from looking at the single particle density. For
example, Figure 6.9 shows that, for A = 0, the single particle density is strongly
polarised and intuitively one may expect the most likely pair density to have one
electron at each pole. While this is true for small values of r, for larger values it
is clearly not the case. (It is worth noting that for A = 0 there is in fact an S* of
possible positions for the first electron, obtained by rotating around the z axis so
the chosen position is not unique).

Similarly, intuition and Figure 6.10 would suggest that the optimal pair density
would have electrons at opposite poles of the sphere, this time having an S* rotated
around the y axis. However this is again clearly not the case for even bond-length
values 7. It is true (as we would suspect from intuition) that the maximizing
pair density occurs when the electrons are located on the S! of maximum single

particle density.
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r=0.2

r=20.9

r=6.0

Figure 6.6: Oxygen pair densities for various distances with A = 0. Front denotes
the view along the positive e; axis, Back the view along the negative e; axis, and
Side the view with the e; axis out of the plane and the e3 axis vertical. The black
dot denotes the position of one electron for the maximum pair density.
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r=20.2

r=20.9

r=26.0

Figure 6.7: Oxygen pair densities for various distances with A = 1/2, details as
in Figure 6.6.

r=20.9

Figure 6.8: Oxygen pair densities with A = 0.4, details as in Figure 6.6.
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Pair Density Density Side Density Front

03

r=10.2

r=20.9

r=6.0

Figure 6.9: Oxygen pair density and single particle density with A = 0, orienta-
tions as in Figure 6.6. The black dots denote the positions of the electrons in the
maximum pair density.
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Pair Density Density Side Density Front

03 03

r=20.2

r=20.9

r=6.0

Figure 6.10: Oxygen pair density and single particle density with A = 1/2, details
as in Figure 6.9.
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6.3.11 Advantages of Analytic Results

Our results show that a reasonably good approximation to the bond angle in
water can be obtained with an easily-computable wavefunction formed from a
minimal basis of one-electron orbitals, along with the simple assumption that the
two bonds with the Hydrogen atoms will pass through the maximum of the pair
density.

As can be seen from the equation for the bond angle (6.57), one of the most
important factors affecting the bond angle at a given distance from the nucleus
is the relative rates of decay of the 1s, 2s and 2p orbitals, which are represented
by A;(r) and As(r). Hence it is very important to accurately model the effects of
screening, which is done via the variational model in Section 4.2.

Furthermore, since Theorem 6.3.5 is independent of the exact forms of the
radial components R;(r), it would be interesting to perform a similar calculation
to that of Chapters 2-4 (enforcing the canonical form of the wavefunction), but
in a near-complete basis. The resulting radial functions should then give a more
accurate prediction of the pair density and thus of the bond angle.

Another point of note is the relative magnitudes of the pair density at various
distances from the nucleus, along with the difference between the maxima and
minima at a fixed distance. For example, at short distances the difference between
the maxima and minima is of order 10 (r = 0.1) whilst at long distances it is of
order 107!8 (r = 6). Similarly, the total pair density at r = 0.1 is of order 103
whilst at 7 = 6 it is of order 107!8. This shows that numerical approximations
could come into difficulty when trying to find the critical points, and also how
useful an analytic expression is when trying to determine such physical properties.

Another advantage of an analytic expression for the pair density comes when
plotting figures such as those in Figures 6.5-6.10 where no interpolative approxi-
mations are required. In other words, once the pair density has been calculated
explicitly, using it to plot figures and retrieve other such data is relatively sim-
ple and needs little further computation, unlike with a numerical approximation

where only values at a discrete number of points are known.

6.4 Neon

We now move onto the remaining atoms in the second row. We expect that the
Fluorine ground state is similar to the Oxygen ground state in that instead of
having the Nitrogen ground state ‘plus’ a p-orbital, we have the Neon ground

state ‘minus’ a p-orbital. The idea of subtracting a p-orbital from a wavefunction
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is less well defined than the idea of adding one but this will be discussed later.
Hence we will need the density and pair density for Neon. We begin by noting
that UNe = [1515252sp1P1paPapsps) and hence

P (x) = 2[1s(2)[* + 2[25(2)[* + 2{p1 (2)[* + 2[pa(2)]* + 2|pa()
= 2R3(r) + 2R3(r) + 2r*Ri(r), (6.58)

where the R;(r) are as before.

We expect the pair density to have a similar form to that of Nitrogen, in that
it should only depend on the angle between the electrons. Using the same method

with Slater’s rules, we have
Py (,y) = %[|18($)|2|18( )P+ 4f1s(2)]?[2s(y)|* + [25(2)[*]2s(y)[*
A([1s(@)]* +[2s(2) Zm |2+Z|pz ) pily

22 Y (PP + \p¢<y>|)+w4

1<i<j<3

— 2[1s(w)2s(2) 1s(y)25(y) + > p@piwps(@)py )

+ (1s(@)1s(y) + 25(2)25(9)) D pile)pi(y) .
i=1
Writing the p-orbitals in Cartesian coordinates we have
Ne _ 2 2 2
po“(2,y) = F(r) = 2R5(r) (Ri(r) + Ry(r)) (w191 + w2yo + w3ys)
+ Ry (r) 21y} + 233 + @53 + 207y; + 2w5y7 + 227y + 2wy
+ 225y5 + 203Y5 — 29513/13323/2 — 221 Y1 23Y3 — 2T2Y2T3Y3)

— F(r) — 2R3(r) (R3(r) + R(r Z iy

+R§(T)[2ix iy leyz ]
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I O R A B
0 1 2 3 4
r

Figure 6.11: Bond angle range for Neon

It is now clear that the Neon density and pair density are invariant under si-
multaneous rotation of both coordinates. We denote the pair density in (6.59)
by

e = Ag(r) — 2A41(r) cos © — Ay(r) cos® ©

where Ao(r) := F(r), Ay(r) :== r*R3(r) (Ri(r) + R3(r)), As(r) == r*Ri(r), and

in particular, A;(r) > 0. We then have, following the analogous calculation for
Ai(r) .
Aa(r) -

Nitrogen, that the maximum is at cos® = max{ -1,—

Theorem 6.4.1 (Maximum of Neon Pair Density). Let Ry(r) := |1s(r)|, Ra(r) :=
25(r)], B3(r) := Ip1(2)* + [p2(2)* + Ips(2)[* and define

Ao(r) = Ri(r) + 2R (r)R5(r) + R3(r) + 4(Ri(r) + R3(r)) B3(r) + 2R3(r),

Ai(r) == (R}(r) + R3(r))R3(r), As(r) := Ri(r). Then the mazimum of the Neon

ground state pair density

pYe = Ag(r) — 2A:(r) cos © — Ay(r) cos* ©

: _ 1 A
18 atcos@—max{ 1, AQ(T)}.

This maximizing angle for Neon is shown in Figure 6.11, whilst the pair density
plots are very similar to those of Nitrogen and are therefore not included here. We
see that, as r — oo, the fact that A,(r) decays exponentially slower than A (r)
gives a limit of cos©® = 0, or © = 90°.

Unlike in the previous cases there is no experimental data for the NeH,
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molecule and hence we cannot test the accuracy of our predictions in this case.
This lack of experimental data leads us to expect that, for a multi-centre calcula-

tion, the NeH; molecule should be energetically unstable.

6.5 Fluorine

6.5.1 Canonical Ground State Pair Density

We begin by noting that the Fluorine case is slightly more complicated than that
of Oxygen as there is no simple way to write a Slater determinant as another
which is ‘missing’ some orbitals. By Lemma 6.2.1 we consider the S3¥ = %\If

case:

UF = | 15152528p1 papsPaps) + | 15152528p1 papsPiDs)
+ a3|131_8282_8p1p2p3p1p2>
=: 041\111 + OZQ\IJQ + 043\113

where o; € C,Y " |a;|*> = 1, and the labelling has been chosen to emphasize the
idea of ‘missing’ orbitals from a spherically symmetric wavefunction. The corre-

sponding pair density is given by

py = lonl’ oyt + |aal?py® + |as|*py® + 2Re(arag) (W[ Ve 4| W)
+ 2Re(a1a3) (U1 |V, Us) + 2Re(anad) (Va| Vi 4| Vs).

We begin by finding the pair density for one of the W;:

Py (x,y) = p© — & [ph(x)p/ S T2EPIPRII) (1) 4 g s g
+ ps()ps(y) (1s(2)1s(y) + 25(x)2s(y) + p1(x)p1(y) + p2(2)p2(y))
= 02 — 3 [p:s(x)PNe( )+ 1 y}

3
+ po(@)ps(y) (15(0)15(y) + 25(2)25() + > pil@)pa(y) )
Hence, by symmetry, we see that

P2 (2,y) = p2* = 5[} (@)p" (y) + @ < y]

+pu(a)pi(y) (1(e) Ls(y) + 25()25(0) + D ps(@)p(0) ).



192 Chapter 6. Pair Densities and Bond Angles

The next stage is to derive a form for the cross terms in the pair density, for

which we need to use Slater’s rules for a pair of Slater determinants which differ

by one orbital. For example, consider

(Wo|V,y [T3) = Lpo(a)ps () plt 15225 P1P20a7T) ()

— $p2(2)ps(y) (Ls(x)1s(y) + 2s(x)2s(y) + pr(x)p1(y)) + 2 <=y
= 1pa(2)ps(@)p™(y) — Lpa(@)ps(2) (p3(y) + P3(v))
()ps(

— p2(2)ps(y) (1s(x)1s(y) + 25(x)2s(y) + pr(2)p1(y)) + 2 <y

= dpa()ps(a) | 0" (y) = Ls(@)1Ls(y) — 2s(x)25(y) = D pi(a)pily)]

i=1

and the other cases are analogous.
We therefore see that the pair density for a general Fluorine ground state

wavefunction is given by

3

ot () = 08 = 13 laalpi(@) ) 0 ()

=1

+ é(f; o Ppi@)pi(y) ) (15(2) 15(y) + 25(2)25(y) + ipi@)pi(y))

+ (Re(o1a3)p1 (z)pa(x) — Re(onag)py (x)ps(x)
+Re(OZzOé;)PQ(33)293(33))PN6(3/)
— (Re(anas)pr(x)p2(y) —Re(a1a§)p1(w)p3( ) + Re(azas)pa(2)ps(y))

x (Ls(x)Ls(y) + 2s(x)2s(y) + me)pi(y)) trey

= 03¢ = 507 (y)lonpr (x) — agpa(x) + asps(z)|?
+ %(alpl (z) — aopa(r) + 043293(33)) (&Tpl(y) — aspa(y) + 0@93(9))

x (1s(2)1(0) + 25()25() + Y_pielpi(®)) +x = .

The minus sign with ay comes from the fact that the py orbital is at an odd
position in the Neon Slater determinant whilst the p; and p; orbitals are at even
positions, leading to a change of sign in order to apply the annihilation operator
to the py as compared to the other two cases. We could equally well have defined

U with a minus sign on the second term.

Similarly to the Oxygen case, we set ke=2171/2(q +ib) - 2 := a1 p; — aaps + a3ps
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and we now have
Py (2,y) = py'“(z,y) - %(pNe(y)kQG_Z'm' (z-(a@atb@b)r) +2 0 ?J)

+ (1s(@)1s(y) + 25(2)2s(y) + sz'(@m(y))

 F2e—Z(lal+lyD)/2 (x (a®a+b® b)y)-

We now note that the terms pd¢(z,y), p™e(-), 1s(z)1s(y) + 2s(z)2s(y) and
Z:;:l pi(z)pi(y) are invariant under simultaneous rotation of = and y, which leads

to the one parameter family of pair densities

R)

( e e — x
s (,y) = py“(z,y) - %(pN (y)k?e™ 2 (1 = N)ad + Aad) + 2 y)

3
+ (1s(2)1s(y) + 2s(2)2s(y) + > _ pi()pi(y))
i=1
with a corresponding one-parameter wavefunction given by

Ul =1 - A|15152525p1papspipz) + i\/X|1sEQS%p1p2p3p2p3>.

We now insert the expressions for p® and p® from (6.58) and (6.59) and

change to spherical polar coordinates to obtain

of = F(r) — 22 B(r) (R3(r) + RE(r)
X ( cos 01 cos Oy + sin 0y sin 65 (sin ¢ sin ¢y + cos ¢y cos ¢2))
—r*R3(r) ( cos B cos By + sin 0y sin O, (sin ¢q sin ¢o + €os P cos (bg)) 2
— rR3(2R;(r) + 2R5(r) 4+ 2r°R5(r))
x ((1 = X)(cos? 81 + cos® B) + A(sin® 6; sin® ¢y + sin® 0, sin” ¢,))
+ r?R3(r) ((1 — X) cos 01 cos B, + A sin 6 sin ¢; sin 6 sin ¢»)
x (R}(r) + R3(r) 4+ r*R3(r)(cos 0 cos 6,
+ sin 6 sin 65 (sin ¢ sin ¢,5 + cos ¢q cos ¢2)) )

Denoting Ao(r) := F(r), Ai(r) :== r2R3(r) (R2(r) + R3(r)) and As(r) == r*Ri(r)
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and using Corollary 6.3.4, we have

py = Ao(r)
+ Ay (r) [ — 2(669 cos? 0 + sin® 0,y sin” ¢ + €cod cos? ¢)) + (1 — e cos® 0
—2(1 — X) cos® 6 — 2Xsin® @sin® ¢ + e,y sin® 0 sin® @]
+ As(r)[ = (eco cos®  + sin® O(egg sin® ¢ + €. cos® ¢))2
—2(1 — \) cos® @ — 2\ sin? fsin? ¢
+ ((1 — A)ég cos® O + pY sin? 0 sin? (b)
X (ecg cos? 0 + sin? 0 (€se sin® ¢ + €co cos? gb))} )

From this expression and the identity cos? p = 1 — sin? ¢ it is simple to find

the corresponding expressions for the «; (once again ignoring the contribution of
Ap(r) to ag):

ar i = Ap(r)(€sp — €es) [ = (€56 — €cp) + Ao,
= As(r)[(€sp — €0p) (2(€ct — €cp) — (1 — N)ecp) — Aesg(€co — €co) ],
ag 1= As(r)[2(ecreep — 1) — (1 — A)ecp(€cs — €cp)];
ay = A1(r)[—2(€sp — €cp) — 2N + €55 )]

+ Ao (1) [—2€cp(€sp — €cp) — 2A + (1 — N)€co(€sp — €cg) + Necp€sg)
as = A1(r)[€cn — 2€cs + 2 — 2X + Aeg)

+ Ao (r)[3 — 2€c0€cp — A+ (1 — Necg(ecn — €co)],
ag 1 = A1(r)[—€o + 2N — Aep — 2] + Aa(r)[—2 + Al

We may now use these values of the a; to compute the global maximum pair

density for Fluorine. The critical points in Table 6.2 have the following forms:

o b =g = AL(r)[—€p + 2\ — Neep — 2] + Ax(r)[-2 + A

This is clearly maximized when e, = —1 (and is independent of €., and €,4) and
gives a value of

pyt = AL(P)[=1 4 3\ + Ao(r)[-2 + A

o pb =g+ as+ag = —2A41(r)ey — Aa(r).

This is clearly maximized when €., = —1 (and is independent of €, and €,4) and
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has a maximum value of

ph? =24, (r) — Ay(r).

o pl = an + s+ az 4 au+ a5 + ag

= Al(T)[—Q/\ + )\65(75 - 2€3¢] + AQ(T’)[—l - /\]

This is clearly maximized when €, = —1 (and is independent of €. and €.,) which

gives a maximum value of

p§’3 = Ay (r)[2 = 3]+ Ay(r)[—-1 — Al

2
F 5
° = —— 4+ op.
P2 dovs 6
After inserting the 8 possible combinations for the €’s we find that there are two

possible pair densities:

p§’471 = WM [Al(r)(—l — ?)A) + AQ(T)(?) + )\)]2

+ AL (r)[=1 4+ 30 + As(r)[=2 + A, (6.60)
PR = LS AR5 — M) + A ()3 + NP
+ A (r)[=3+ N + Ao (r)[~2+ A, (6.61)

which are valid for f,; € [0, 1], where

fax = A1+ Ay(r)22+2)) (6.62)
fe =1y T A e 22T (6.63)

The first case corresponds to (e, €ce, €sp) = (—1,1,£1) and the second to
(1,—1,4£1), the other four possibilities giving az = 0.

(g + a5)?

aq +OZ2 +a3)

opgz—4( + ag.

Again inserting the 8 possible combinations for the €’s we find that there are two
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possible pair densities:

Pyt = LA (1) (=1 — 4\) + As(r) (3 — 2)))°

845 (1)
+ Ay (r)[—1 4 3\ 4+ Aa(r)[-2 + A, (6.64)
PO im (A1) (5 — 4N) + Aa(r)(3 — 2]
+ A1 (r)[-3 4+ A\ + Az(r)[-2 + A, (6.65)

which are valid for f5; € [0, 1], where

3=20 Ay(r)1+4x

fs1 = 1 ) 1 (6.66)
3—2)  Ai(r)5—4A

fs2 = 1 A 4 (6.67)

The first case corresponds to (€., €cs,€59) = (—1,%£1,1) and the second to
(1,41, —1), the other four possibilities giving o + s + a3 = 0.

Qg + ay)?

Inserting the 8 possible combinations for the €’s we find once again that there are

two possible pair densities:

P2 = sy A1 (1) (4 = A) + As(r)(4 = 3N
24, (r) — As(r), (6.68)

2" = smay A1 (1) (4 = 30) + As(r) (4 = 3N
— 244(r) — As(r), (6.69)

which are valid for fs, € [0, 1], where
430 Ay(r) 44

fou: 42=X)  Ay(r)4@2-)\) (6.70)
o2 =35 =xN T Az - N (6.71)

The first case corresponds to (€, €cs, €s9) = (£1,—1,1) and the second to
(£1,1,—1), the other four possibilities giving o = 0.

The final case is that in which both sin? 6 and sin? ¢ are non-trivial and are

given by
0y — 20005 .9
————————5, sin ¢ =

4oz — a5

o, 20304 — 05
e sin“ 0 = -
2001005 — QipQuy
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We note that, out of the 8 possible combinations of the €’s, there are 6 cases where

sin? @ is well defined, giving the following possible values:

3 1(r)
o—+2A2()>1,

3A1(r)
3 _|_ 2A;(r) > 1,
A1 (1) (16—34A+4X02)+ Ao (1) (12—220—4)?)
Ao (—4+161—1612)

<0,

A1 (r)(=16+30A—1422)+Ag(r) (= 12+181—612) <0
Aa(2—2))2 )

A1 () (164260 10N )4 Ap (r)(~12+18A-6)%) _ ()
Ag(2—2N)2 ’

A1 (r)(16—38A+1222)+Ap(r)(12—22X—4)2)

A2(— 41 16A-16A2) <0.

Hence none of these cases are valid choices for sin? @ and the final critical point

never exists.

Theorem 6.5.1 (Maximum of Fluorine Pair Density). Let Ri(r) := |1s(r)],
Ry(r) == [2s(r)], R3(r) == |p1(2)]” + |p2(2)]* + Ips(@)]* and define Ao(r) :=
Ri(r) + 2R3 (r) R3(r) + Ry(r) + 4(R3 (r) + B3(r)) B3 (r) + 2R5(r), Ai(r) = (R3(r)+
R3(r))R3(r), As(r) := Ri(r). Further denote

P 2(r, A) := 244 (r) — Ag(r),
P21 N) = ey A1 (r) (=4 = A) + As(r) (4 = 3A))°
+ 2A,(r) — Ay(r),

and f(r,\) = 44 32’\)\) ilgg 2(33‘)\). Then the global maximum of the Fluorine pair

density is given by

ps >t if f(r, M) € (0,1]

Fmax _
p2 (’r7 )\> - F,2
P> else.

As with the Oxygen case, it suffices to consider the part of the pair density
with angular dependence, the critical points of which are given by p2 ' to ,05 02,
We begin with the case from Theorem 6.5.1 in which pi ™" = pb** and f < 0.

Comparing to the cases which have no existence condition we find that

Py =Py = 3(1= N A(r) + (1= N As(r) >0,
Py = py? = BAAL(r) + AAa(r) > 0
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where equality in the second case occurs only when A = 0.

This degeneracy is similar to that in the Oxygen case. When A = 0, the pair
density is invariant under rotation around the ez axis and hence, since x and y lie
opposite each other in the e;-e5 plane for both ,05’2 and p§’3, the values of these

critical points are the same.

In order to compare ph™ to the critical points with existence conditions we use
Lemma 6.3.6 with p(zl) = ,05’2 and f3 = fs1. We then set p(22) and fy to be the
critical point to be tested. We therefore have e; = 2, e; = —1, ag = —4(2 — \),
B3 = —4 — X and 73 = 4 — 3\, giving that —a3As(r) > 0 whenever As(r) > 0 and
v3 > 0. It therefore remains to check the two conditions 2e; — (75 + 2g2) < 0 and

h > 0 in each case.

From (6.60)-(6.63) we see that ay; = —4(1+ ), B41 = —1 — 3\, Bao =5 — A\,
Vi =3+ A guna = —1+3X, guz,1) = =3+ A, and guy)2 = —2+ A. Hence
2e9 — (V4 +29(4,02 = =1 —3XA < 0 and

hy1 =20 —6(5A+A%) >0, hyo=14—10(2A+\?) >0
and thus, when fs; <0, ,02F’2 > p5’4’i forv=1,2.
From (6.64)-(6.67) we see that ay; = —4, 51 = —1 — 4\, 52 = 5 — 4],

Y5 =3 = 2X, g1 = —1 43X 9521 = =3+ A, and g2 = —2+ A Hence
2es — (75, +29(,07,2) = —1 < 0 and

hyi =20 — 46X —\?) >0, hyp =14 — 420+ \?) > 0,
and thus, when fs; <0, Py > phP for i =1, 2.
From (6.69) and (6.71) we have ago = —4(2—A), B2 =4 —3X, Y62 =4 — 3,

921 = —2 and g(g2)2 = —1. These give 2es — (762 + 29,2)2) = —4+3XA <0
and hgy = 8 — 6(2X — X2) > 0, and so, when fg; < 0, p5* > pi®".

This completes the analysis for the case when pi™* = pi** and we move on
to the case when pi™* = p"®! Tt is clear that, when it is valid, pi®' > p2? and

so, by the above analysis, pg’G’l is larger than both pg’l and p§’3.
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From (6.60) and (6.68) we have

8(1 4 A)(2 = N Ax(r)(ph o — pEh1) = (14 4 13X + 10X% — 3A2) A2(r)
+ (28 — 6X — 3407 + 24X*) A1 (r) Ay (r) + (14 — 19X — 27A* + 18)3) A3(r)
= &1114%(7“) + &12141(7’)142(7“) + CLQQA%(T),

and differentiating the a;; with respect to A we have

dan 2

—— =13-6A+30\">0

A + !
da12 2

—— = —6—-—063\+T2\* <0
A + :
dagg 2
— = = 19— 54\ + 54\ < 0.
A +

Thus the minimum values on A € [0,1/2] are given by a; = 14, a;2 = 39/2 and

Ggo = 0. Thus we see that pi &' > pbd!,

Using (6.61) and (6.68) gives

S(1 4+ A)(2 = N Ay (r)(ph % — pi™?) = (=34 4 69X — 322 + 2)03) A%(r)
+ (=12 4 30X — 18\ + 120%) A, (1) Ay (7)
+ (14 — 19X — 27\ + 18M%) A5(r)
= ap AX(r) 4 ayp AL (r) Ay(r) + ag A3(r),

We note that agy is the same as in the previous case and hence is non-negative.
Differentiating with respect to lambda gives
day

K:69—6A+6A2>0, and

dalg

=30 — 36\ +36)%2 >0
3\ + ’

and so both have their maximum values at A = 1/2, both of which are zero and

hence ay; and aqo are both non-positive. In order to prove that pg’G’l — p5’4’2 >0

we use the following lemma:
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Lemma 6.5.2. Let A;(r) >0 fori=1,2 and define
f = (IHA%(T) + CL12A1 (T)AQ(T’) + CLQQA%(T)

where ayy <0, a;o <0 and ass > 0. Further define

_ BAL(r) +7As(r)
aAs(r)

g:=
and suppose —aAq(r) >0, >0, a+~v<0and g <1. If h >0 where

h:= an(oz + 7)2 - alz(Oé + ”y)ﬁ + a2252a

then f > 0.

Proof Since g <1, —aAs(r) > 0 and § > 0, it follows that

Aylr) < —0”5‘7

where both sides are non-negative, and hence we also have that

() < (“;”)2A§<r>.

AQ(T)

Recalling that a;; and a5 are both non-positive and inserting the two bounds

above gives that

B2 = lan(a+7)* — an(a+7)8 + axnB’]A5(r).

Noting that 32 > 0 and A2%(r) > 0 gives the result. O

Setting g = fio from (6.63) gives a« = —4(1+\), =5— A\, 7y =3+ A, and so
—aAs(r) >0,3>0,a+~v=—-1—-3X <0 and from the above, a1,a;2 < 0 and
ag > 0. These values give that h = 256 — 768\ + 10243, and so

dh

—— =3072)\*> — 768 < 0
d\ =

giving a minimum value for A at A = 1/2 with value zero. Hence h > 0 and

applying Lemma 6.5.2 shows that pb %' > pl*?2.
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Moving on to consider pi ™", we have from (6.64) and (6.68) that

8(2 = M) Ao (r)(ph = pEP1y = (14 — TA — 2302 + 16X%) A% (r)
+ (28 — 22X — 22X\% + 16A%) A, (r) Ay(r)

+ (14 — 15X — 3X% 4+ 4)0*) 4A3(7)
= ap AY(r) 4+ arp A1 (r) Ay(r) + ag A3(r),

from which we find

dan . 9
da12 . 2
= 22— 44X+ 48X <0,
da22 . 9
T 15 —6A+ 12X < 0.

Hence the minimum values of ajq, a12 and ag on A € [0,1/2] are all at A = 1/2

and are respectively 27/4, 27/2 and 25/4, showing that all three coefficients are

" F,6,1 F5,1
positive and p5" > py 7.

The next case is py’>* and by (6.65) and (6.68) we have

8(2 — N Ao (1) (py ¥t — p5™?) = (=34 + 113X\ — T1IN2 4+ 16X%) A%(r)
+ (=12 4+ 78X — 62\ + 160*) A (1) Ay(7)
+ (14 — 15X — 302 + 4X*) 4A3(r)
= ap AL(r) + arpA1(r) Ay(r) + agn A3(r).

Once again ays is the same as in the previous case and is always positive. However,
a11 and ais do not have a fixed sign so we bound them from below by functions
which do. Let by = —34 4+ 68X < 0, bjs = —12 4+ 24X < 0, and so

ay — by = A(45 — TIA + 16A%) > 0,
ay — big = A(54 — 62\ + 161%) > 0,

which, setting by, := agy gives that 8(2 — N)Ay(r)(ps % — pi™?) > by A2(r) +
b12A1 (’I“)AQ(?") + bQQA%(T).

We now apply Lemma 6.5.2 with the a;; given by b;; and g = f52 from (6.67),
giving a = —4, 3 =5— X, v =3—-2), and so —ady(r) >0, >0, a+vy =
—1 —2X < 0 and from the above, bi1,b12 < 0 and by > 0.
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These values give that

h = 256 — 955\ + 1125A2 + 60\ — 208\* + 64)\°
> 256 — 955\ + 917\ =: h,

where j—i = 1834)\? — 955 < 0, giving a minimum value for hat A = 1/2 with

value —38. Hence h > h > 0 and applying Lemma 6.5.2 shows that p5’6’1 > p5’5’2.

The final case is that of pt®? where from (6.68) and (6.69) we get

8(2 = A)As(r) (™" — p™%) = 8A(4 = N)AT(r) + 4A(8 — 3N) Ay (r) As(r),

from which it is clear that both coefficients are non-negative and hence ,05 Ol >

,05 02 with equality only when A = 0. This degeneracy when A = 0 is because the
pair density is invariant under rotation about the e3 axis and all points lie in the
e1-ez plane. We have fs1 = 1/2—a and fg2 = 1/2+a, where a = A;(r)/(245(r))
and, analogously to the Oxygen case, this gives the same angle of separation and

hence the same value at the two critical points.

6.5.2 Bond Angle

We are interested in the angle between the two electrons and note that p§’6’1

corresponds to €9 = £1,6.9 = —1,65 = 1, p§’2 corresponds to €, = £1,€6,p =
—1, €55 = +1 and both have sin® @ = 1 (hence the lack of dependence on €.). We
then see that

4 — A 4
sin? ¢ = max {0, 3 1(r) 4+ }

42=N)  Ay(r)4@2-N\) (6.72)

By assumption, sinf; = sinf, and so we have 6, = 6, = 7. We also note that if
sin ¢ = 0 then the choice of €4 is arbitrary and we can therefore take ¢o = T — ¢,
in both cases, where ¢, is given by (6.72). The angle between the electrons is then
given by ® = m — 2¢4, where ¢, is given by (6.72).
As with the Oxygen case, we may consider the effect of changing \ at a fixed
value of r. Considering the function inside the max in (6.72) we see that
d[4-3\  Ar) 4+x ] (1+3A1(r)/As(r))

DA2=n  Amaz—xn| = - Y

and by a similar argument to the Oxygen case we see that we may choose ¢; so

that arcsin ¢, is monotonically increasing with A, and hence the bond angle is also
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TTT T[T T T T[T T TT[TTIT]
0 1 2 3 4
r

Figure 6.12: Bond angle range for Fluorine, the upper curve is for A = 1/2 and
the lower curve for A = 0. The area between the two curves gives the range in
which the angle may vary with no energy penalty.

monotonically increasing with A\. The bond angle range is shown in Figure 6.12.

As with the Neon case, there is no experimental data for the FHy molecule
and hence we cannot test the accuracy of our predictions in this case. Again, for
a multi-centre calculation, the FHy; molecule should be energetically unstable.

As with the Oxygen case, the pair densities for the two extremal values of
A = 0,1/2 are shown for a range of radial distances in Figures 6.13 and 6.14.
The small value of r demonstrates the linearity at short range, the large value
the r — oo limits, and the middle value of r = 0.8 has been chosen as it is
approximately the position of the outer maximum of the radial distribution.

The limiting values of r — oo are once again given by noting that Ay(r) decays
exponentially slower than A; () and hence sin? ¢ = max{0, ﬁ;—f’:\\)}. For A = 0, this
once again gives ® = 90° and when \ = 1/2 it gives ® = 7 — 2arcsin(/5/12) ~
99.6°.

It is worth noting that the specific values of r chosen are somewhat smaller
than those for the Oxygen case, which is an effect of the contraction of the atoms
across the period. In contrast to the Oxygen case, the A = 0 case has the smallest
angle, which can be seen from the relative direction of the monotonicities of the
angles.

Figures 6.15 and 6.16 show the pair density along with the single particle
density for A = 0 and A = 1/2 respectively. In general, the density is dominated
by the ps-orbital which is always present. For the A\ = 0 case, the p; orbital is

given full weighting and hence the density is invariant under rotation about the
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r=0.1

r=20..8

r=2>5.0

Figure 6.13: Fluorine pair densities for various distances with A = 0. Front
denotes the view along the positive e; axis, Top the view along the positive e3
axis and Side the view with the e; axis out of the plane and the e3 axis vertical.
The black dot denotes the maximizing position of one of the electrons.
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r=20.1

r=0.8

r=2>5.0

Figure 6.14: Fluorine pair densities for various distances with A\ = 1/2, orienta-
tions and description as in Figure 6.13.
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Pair Density Front Density Front Density Top

-0.15

r=20.1

r=0.8

r=2>5.0

Figure 6.15: Fluorine pair density and single particle density with A = 0, orien-
tations as in Figure 6.13. The black dots denote the positions of the electrons in
the maximum pair density.

e3 axis. In contrast, in the A\ = 1/2 case the p; and ps orbitals have the same
weighting and the density is invariant under rotation about the e, axis.

Similar effects to the Oxygen case can be seen, in that for the A = 0 case the
two maximizing points of the pair density lie in the plane of maximum density. In
the A = 1/2 case we see the same effect as with the A = 0 case of Oxygen where

the maximizing points move away from the maximum of the density.
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Pair Density Front Density Front Density Top

015

r=20.1

r=0.8

r=2>5.0

Figure 6.16: Fluorine pair density and single particle density with A = 1/2, details
as in Figure 6.15.
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6.6 Beryllium

We now move on to consider atoms which have a correlated ground state. In these
cases we have an extra parameter which we may vary - the relative phase between
the two correlated wavefunctions. However, we claim that in order to attain the

minimum energy, this relative phase is in fact fixed.

6.6.1 Uniqueness of Correlated Wavefunctions

Lemma 6.6.1. Let Uy and ¥y be two wavefunctions which are coupled by H, i.e.
(U1|H|Wy) # 0. Then the normalized correlated wavefunction U which minimizes
the energy is unique, up to an overall phase factor e, ;i € R. Furthermore, the

expected value of any linear operator on WV is independent of this phase factor.

Proof Consider a general interaction matrix

(o 0)

where a,c € R and b € C. In our case we have a = (H)y,,c = (H)y, and
b = (Uy|H|¥sy). We see that the normalized eigenvectors of the form ¥ =

mopl + yWs) satisfy
a b 1 B 1
b* C y o y

a+by=Xand b* + cy = \y.

and hence we have

It follows that

y=5 =5 (6.73)
and we recover the energies
A = e 41/ (5)° 4 [p]2.
Note in particular that, for a fixed energy A, (6.73) uniquely determines y.

It is clear that, for any linear operator O, we have

1
(O)y = m(«%l +(O)a, + 2Re((110]0)) ),
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all three terms of which are trivially invariant under multiplying both ¥, and ¥,

by a phase factor e?*. Noting that we may choose O = H gives the result. O

In particular, it follows trivially that the pair density is invariant under choice
of overall phase of the wavefunction. Further, we may choose the coefficient y to
be real and absorb any phase factor into a new wavefunction Uy := e 0,, i.e.
U = ¥, + 1 — 20, In addition (6.73) shows that, if both U; and ¥y may
be made real by multiplying by suitable phase factors, then we may take y to be
real.

6.6.2 Canonical Ground State Pair Density

We now consider the case of Beryllium which has a general ground state wave-

function of the form

Vi—&
V3

where ¢ € R is a variationally determined parameter. Note that both parts of

WP = ¢|15152525) — (|1sTspipr) + |Lslspaps) + |1slspsps))  (6.74)

the wavefunction are real so this restriction to ¢ € R is allowed by Lemma 6.6.1.
Since ¢ is close to one (see Table 4.6), we expect the first Slater determinant to
dominate at short ranges (where 1s- and 2s-orbitals dominate) but the other part
of the wavefunction will dominate at longer ranges due to the slower decay rate

of the p-orbitals.

We first rewrite the wavefunction as
VB¢ = ey — V1 — 20,

where Wy and Wy are the natural choices from (6.74), and note that the pair

density is given by
Py =cpy" + (1= ¢)py? = 20V1 = PRe(U1 |V [ Vo).

It is clear that pgj ! has no angular dependence but we will compute it for com-
pleteness. For a general Slater determinant |1sIsiy)) the pair density is given

by

A = [Ls(@) P[Ls(y) P + 20Ls() P () + 20(@) P L)l
+ [P @) PRI =2 1s(@)1s()u ()b ().
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The other terms in the pair density of U5¢ are of the form

(LsTsyn| Vi y | 1sTspp) = o (x)v(y)e(z)e(y),

where ¥ # ¢. Hence we see that

o = (@) 1) + 2015(2) P125(0)? + 2125(2) Y 15(0)
F RSP 25 2 1s(2)Ls(y)25(2)25(s),
oV = s@Ps)P + 5 S plenlpipy)

1<i<j<3

+ 3 [2l1s(o) |Z|pz )+ 215 Y o) P
+Z|pz PIpi(w)P =2+ 1s(x)1s(0) D pil)a(w)

and the final term is given by

3

(U 1Vey [) = —=25(0)25(0) D))

Using the definitions of R;(r) from (6.8), this gives

- [R3(r) a7y} + 2395 + 2393 + 20112292 + 2011 73y;
+ 2x5y013ys) — 2R (r)R3(r) (2191 + 2oy + 3733/3)}
- QCV\}?Rg(T)Rg(T)(‘lel + Z2y2 + 73Y3)
= F(r) + 52 [Ri(r)r* cos® © — 2R2(r) R3(r)1? cos O]
- 26\/\}?1?%(7’)}33(7“)7’2 cos ©
=: Ap(r) — A1(r) cos © + Ay(r) cos® O,

Py =F(r)+ 5

Ag(r) = F(r) = Ri(r) + ¢ (2R;(r) By(r) + R5(r)) + 3(1 — ) Ri(r)r* B(r),

Al(r) == 2555 R (r) R3(r)r? + 220=SR3(r) R3(r)r?, and Ay(r) = S5=Ri(r)r
Recall that A;(r) >0,i=1,2.
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Consider pZ¢ = Ay(r) — A1(r) cos© + Ay(r) cos® O, giving

0
%pfe = A1(r)sin©® — 2A,(r) sin © cos O,
82
@pfe = A1(r) cos© — 24,(r)(cos* © — sin? O).
It is clear that the critical points lie at sin©® = 0 and cos © = %.
If sin©® = 0 then we have cos © = %1 and hence 83—(;;)236 = +A:(r) — 2A5(r).
The case for cos©® = —1 gives —A;(r) — 2A42(r) and is clearly a maximum; if

cos © = +1, we have A;(r) — 2A45(r), which is negative (and hence a maximum)

when 2@12((?) < 1. However, comparing the two densities which are respectively

Ao(r) + Ar(r) + Ay(r) and Ag(r) — A1(r) + As(r), it is clear that the cos© = —1

case is always the global maximum. It follows trivially that, when it exists,

Aq(r)
2A5(r)

for all . As can be seen from Table 6.1, this agrees with the experimental data.

cosO = must be a minimum and hence the predicted bond angle is 180°

We have shown:

Theorem 6.6.2 (Maximum of Beryllium Pair Density). Let Ry(r) := |1s(r)|,
Ry(r) := [2s(r)], R3(r) := [p1()]* + |p2(2)[* + [ps(2)|* and define

Ao(r) = Ry(r) + ¢ (2R} (r) R5(r) + R3(r)) + 5(1 — ) Ri(r) R3(r),

Ai(r) := 21’362 R3¥(r)R3(r) + 267V\/1§’CQR%(?")R%(r), and Ay(r) := 1’362 Ri(r), for c €

[0,1]. Then the mazimum of the Beryllium ground state pair density
PP = Ag(r) — AL(r) cos © + Ay(r) cos® ©

is at © = 180° for all r.

6.7 Carbon

6.7.1 Canonical Ground State Pair Density

We wish to find a general form for the Carbon ground state wavefunction and by
Lemma 6.2.1 we may choose the case S3¥ = W. The form used to calculate the

energy was
U = |1515282sp1p2) — V1 — c2|1s1sp1papsDs3),

which is an eigenfunction of L3 with eigenvalue zero. By an almost identical

argument as for Fluorine in Section 6.5 we know that we may write a general
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form of the first Slater determinant as
U = aq|15152528paps) + a|15152525p1p3) + 3| 1515252sp 1 ps)

where o; € C, Y |a;|> = 1, which has a pair density of the form

|1s15252sp1p2p3)

Py (z,y) = ph (z,9)
_ %[pllsls2s2sp1pzp3>(y)kﬂefZ\:v\ (x (a1 ®a+b ® bl)x) + 1z y]

+ (1s(@)1s(y) + 25(2)25(y) + sz'@m(y))
x k2e 202 (1 (ay @ ay + by @ by)y),

where k((a; + iby) - z)e ?1"1/2 := ayp; (x) — aopa(x) + asps(z). We also note that
by Lemma 6.6.1 we may choose c to be real and choose W, with a suitable phase
factor.

Similarly, following the argument from the Oxygen case in Section 6.3.1, we

may write the general form of the second Slater determinant as

Uy : = B1|1s1sp1prpaps) + Bo|1s1spaDapips) + Bs|1s1spspapips)
= (1|1s1sp1papspr) — B2|1s1spipapsDa) + Bs|1s1lspipapsps)

where 3; € C, >_|3;|? = 1, which gives the pair density

|1s1sp1paps)

P (2, y) = py (,y)
_|_ %[p‘lSTSPlPQIB) (y)k,Qe—Zlml (l‘ . (a2 ® a9 + b2 ® b2)l‘) _|_ T yj|
— 1s(z)1s(y)kPe 22 (0 (a5 @ as + by @ by)y),

where k:((ag + ibs) x) e 212 .= Bip)(x) — Bope(x) + Baps(z).
The remaining term in the pair density we need to calculate is (Uy|V, ,|Us).
We begin with (U;|V,,|1s1spipipaps) and, since all required Slater determinants

differ by two orbitals, we have

(1|V, y|1sTsp1pipaps)

= a1 (1s152528pap3 |V y| 1s1sp1pipaps) + aa(1s1s252sp1ps| V| 1s1spiPipaps)
+ a3 (15152525p1 2| Ve y|1sTsp1 Drpaps)

= 1 (15152525pap3|Vy | 151sp1pipaps) — a2(1s15252sp1ps| Ve y|1s1spapipips)
+ az(15152525p1p2| Vi |18 IspaPipip2)

= % - 25(x)2s(y) [0‘1191(95)291 (y) — aopa(z)p1(y) + asps(z)p1(y) + x < y],
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and similarly

(U1 |Vay| Ls1spapapips)
= —1-25(2)2s(y) [oap1 (@)p2(y) — copa(@)pa(y) + csps(@)pa(y) + 2 < y]

(U1 |Vy,y|151spsDapip2)
- % - 2s(x)2s(y) [Oé1p1 (x)p3(y) — aapa(x)ps(y) + asps(z)p3(y) + = < y]'

It is now clear that

(U] Viy|Wg) = % - 2s(x)2s(y) [Oélﬁikpl(x)pl(y) — a1 p2()p1(y)
+ asfips(2)p1(y) — a1 B3p1(2)p2(y) + 2832 (x)p2(y)
— azBaps(z)pa(y) + a1 B3p1(2)ps(y) — azB3p2(2)ps(y)
+ azOps(2)ps(y) + 2 <y,

which we rewrite as

(U1|Vay|Wa) = § - 25(x)25(y) [(0411?1(95) — agpa(x) + 0431?3@))
X (Bip1(y) — Bspa(y) + B3ps(y)) +x < y].

Using the definitions of a; and b; above, this is equivalent to

|z _ Iyl

1-2s(x)2s(y)[kPe” 2 e 2 ((a1 + ib1) - @) ((az — iba) - y) + x < y].

Hence the canonical Carbon pair density for wavefunctions is

py (2,y) (6.75)
_ 2 [p|2151_s2s2_5p1p2p3> (z,y)

_ %[p\lsﬂ%%plpzps)(y)kﬂeflel (x (g ®a;+b ® bl)x) + T y}

_|_

/N

Ls(x)Ls(y) +25(@)25(s) + Y pi(a)pu(y))

x k2e~Z(al+luD/2 (- (a1 ®ar + by ® bl)y)]
(1= )b (2, )
+ %[p‘lsgplmp?’)(y)k:%_zlm' (z- (a2 ® az + by @ by)z) + = < y]
_ 18(90)1s(y)er*Z(‘x‘+|y‘)/2 (x (ag @ ay + by ® bg)y):|
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— cV/1 — 2Re |25(x)2s(y) ke ZeltvD/2

X ((a1 +1iby) - z) ((az — ibo) - y) + x < y].

We now simultaneously rotate x and y to bring ¥, to the canonical form
Uy = V1 — N15Ts252spaps) + iV A|15152525p1 ps)

where A takes some value in [0,1/2]. We wish to use the fact that ¥ must be
a minimizer of the energy to determine restrictions on the ;. Suppose we have
two general wavefunctions ® = > a;|®;) with S |a;2 = 1 and & = 3 a4|P;)
with Y |a;)* = 1. Suppose further that the Slater determinants forming ® and
O satisfy (O|Vee|®;) = (;|Vee|®;) Vi, 5 and (®;|V.|®;) = 0 Vi # j, then we
clearly have (®|V..|®) = (®|V..|®), i.e. the choice of coefficients does not affect

the individual energies.

It is clear that the Slater determinants in each of W, and W, satisfy these
conditions (due to rotational symmetry and orthogonality of the angular terms).
It follows that only the term 2cv/1 — ¢2Re(W;|V,e|Ws) (where we have used that

c € R), will affect the energy. For the canonical ¥; and a general Wy this gives

(U] Vee|Wg) = m(5f<131_3232_3292p3‘vee\181—3}91]9_1p2p3>

— B35 (15152525paps|Vee| LsTsprPapaps) + Ba (15152525pyps| Vee| 151spiPspaps))
+ Z\/X( — 37 {15152525p1p3|Viee|1518paDip1p3)

+ 05 (15152525p1p3|Vee| LsLspaPapips) — 35 (1515252sp1ps| Vee| Ls1spaPapips) )-

Noting that each integral has Slater determinants that differ by two orbitals, we

have

(1| Vee| Wa) = V1 = N5} (2sp1]p12s) — B5(2sp1]pa2s) + G5 (25p1|ps2s))
+ Z\/X( — B (25p2|2sp1) + 53 (25p2|p22s) — 5;(23]92\27328))-

Now note that for ¢ # j, (2sp;|p;2s) = 0 and (2sp;|p;2s) = (2sp;|p;2s), which
follow from orthogonality of the angular parts and rotational symmetry respec-

tively. It is therefore clear that

(U1 [Vee W) = (VI = NG5 +iVABS) (25p1[p125).
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For the ground state energy we require (W1 |V, |Ws) = (2sp1|p12$), giving

B = oge [ (439)" + bl

where a 1= (Vq|Vee|W1), ¢ := (Vo|Vee|Ws2) and b := (Vy|V.|Vs). Hence, for ¥ to

be a minimizing wavefunction it must follow that
VI=ABi+iVAB =1, [+ B+ 16 = 1.

It is trivial to show (by considering the equations for §; = v/1 — A(1 + ;) and
By = ivVA(1 +72), v € C) that the only solutions are

51:\/]—_)‘7 ﬁQZZ’\/Xy 53207

which gives a canonical one-parameter wavefunction with corresponding one-

parameter family of pair densities.

As in previous cases, for ease of notation, choosing ais = v/1 — X and oy = iV,
(and hence 3 = /1 — X and ) = zx/X), we have a canonical pair density

Py (2,9) (6.76)
_ 2 [ p|215T52575p1p2p3> (z,y)

[P (2 (1 N4 ) 42 )

+ (Ls(@)1s(0) + 25(@)25(0) + 3 pil@pi(y)

X er’Z(‘xH'y‘)/Q((l — N)z3ys + )\xlyl)}
(1= )b (2, )
+ L plteTsepere) () k2= Z1E (1 — N)a2 + Aa?) + 2 < y]
_ 15(33)1S(y)k2€_Z(|m|+\yl)/2((1 —\)Tays + /\x1y1)}

—2cV1—¢? [QS(x)Qs(y)kze’Z““'Hy'W((1 — N)xsys + )\xlyl)} :
given by the wavefunction

UC = ¢(V1 — N|1sTs252spipa) + iV A|15T52525paps))
+vV1—¢2 (\/1 — MN1s1spypapsps) + i\/X|1sEp1p2p3p_1>).

By Corollary 6.3.4 we set cosfl; = €9 cosby,sing; = €545in g9 and cos ¢y =
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€c COS 2 wWhere ¢, = £1. Recalling the notation from (6.8) and denoting the angle
between x and y by O, where cos © = €. cos? 0 + sin® 0(e. cos? ¢ + €44 5in” ¢), we
see that

p\lsl_s2s2_sp1p2p3 2R3 (r) 4+ 2R3(r) + r*R3(r),
p|1slsp1p2p3 - QRQ(T) + 7’2R§ (T),
p\213132s2sp1p2p3 _ ’I“) — TQRQ )
)

(RI(r) + R3(r)) cos © — L Ry(r) cos® O,
—r?R3(r)Ri(r ) cos© — 1Ry (r) cos® O,

[1sIspipaps) _
P2 Fy(r

where Fy(r) is given by (6.11) and Fy(r) = R{(r) + 2R}(r)r*R}(r) + $r*Ri(r).
Using the identity cos? p = 1 — sin® ¢, this gives a pair density of the form

ps = F(r)+ [ecg + 5in? 00 — €0p) + sin® Osin® (e, — es(z))}
x [ = ArPRy(r)Ry(r) — r*R3(r)R3(r)]
+ [1 + 2(€co€cy — 1) sin 6 + 2€c0(€sp — €cop) sin #sin® ¢ + 2(1 — €ctch) sin* @
+ 2(€cp — €cp)(€sp — €cp) sIn* Osin® ¢ + 2(1 — €54€04) sin 0] - 2r Ry (r)
+ [(1 = N)(1 —sin®#) + Asin® O sin® ¢]
x [(1—2¢%) (2R3 (r) + r*R3(r))r*R3(r) — R (r)r*R3(r)]
+ [(1 = A)eea(1 — sin? §) + ey sin® fsin” ¢
x [(2¢ = 1)R3(r) + (¢ — QCM)Rg(T)]TQRg(T)
+ [(1 = Aeeg(1 — sin? 6) + ey sin® O sin” ]
X [ecg + 8in” O(€cp — €cp) + sin® Osin® P(egy — es¢)] AriRy(r),

where F(r) = AFi(r) + (1 — ¢®)Fy(r).
Following the method in Section 6.3.6, and in particular, recalling the identity

P2 =y sin? 0 sin? ¢+ s sin* 6 sin® ¢+ az sin 0 + ay sin? 6 sin® ¢+ as sin? 0 + ag,

we find that, with the notation A;(r) = R}(r)r?R3(r), Aa(r) = R3(r)r*R3(r) and
As(r) = r*R3(r), and ignoring for the moment the F'(r) contribution to ag,

(= 1+ €cplap + AP (1 — €sgecy)) As(r),

(1 = €cpsp + (1 — )ecplEsp — €cp) + A€cp(€sp — €co)) As(r),
(1 =+ AN (€cpep — 1)A3( ),

(2A + 26" M(€sp — 2) + €0 — €56 — Aesg) Ar (1)

+ (P (€cp — €sg) + A (€5 — 2) —2cV1 — Xegy) Ao(r)
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+ ((1 — )ep(€ep — €sg) + A+ AP (€cp€ep — 2))A3( ),
= (2(ec0 = L+ A) — €ep + 4% (1 = X) — Aeeg + 26" A(€ep — 2)) A (1)
+ (P(2 = €cp) + AP (€0 — 2) + 2evV'1 — hegp(1 — A))As(r)
+ (A = €cpecy + (1 — Neees) As(r),
= (2(1 — ecg) +2c%€9(1 — A\) —4c*(1 — \) + )\Ecg)Al(’F)
+ (=221 = X)) = e — 2evV'1 — egy(1 — A)) A (r)
+ (% —A- )‘))A:s( )

One thing that is immediately obvious from the above is that the pair density
is much more complicated than in the non-correlated cases previously discussed.
For reasons given in Section 6.3.11, we wish to give an analytic proof of the global
maximum. However, we need to deal with the extra correlation parameter c,

which we believe will have a large effect on this maximum.

6.7.2 Explicit Critical Points

As with previous cases, we begin by finding the possible critical points of the pair
density. Inserting the values of the «; and each of the eight combinations of the

€, into the critical points of Table 6.2, we obtain the following:

® pg = Og.
It is clear the ag depends only on €. and hence we have, for €9 = —1 and €4 = 1

respectively,

P s = (=3XN — 6% + 62N + 4) Ay (r)
+ (=26 +2evV1T — (1 — \) + 3¢®X) Ay (r)
+ (= + 5+ AN = N)As(r)

pzc L2, (=X —2¢% 4+ 2N A (1)
+ (= 2¢% = 2eV1 — (1 = \) + A2N) Ay ()
+ (= + 1+ N =) A43(r)

° pg =3+ a5+ g = —€pA1(r) — C2€c¢A2(T) — %Ag(T).

which is clearly maximized when e.4 is —1 and gives
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op§:a1+a2—|—a3+a4—l—a5—l—a6.

This expression depends only on €, and, for €;4 = 1 and €, = —1 respectively,

P = (=2 N+ X — DA(r) + (=X — & — 2ev/1 — N) Ay(r)
+ (=X = 5+ A)As(r)

P53 = (=62N + 3N+ 1) A1 (r) + (=3 A + 2 + 2ev/1 — N\) Ay (r)
+ (=X = 2+ N)A5(r).

It is trivial to see that
pS3% = pSB = (4N 42X + 2) Ay + (22N + 262 + 4ev/1 — 2N Ay

C,3,2
9 >

and clearly both coefficients are positive. Hence it follows that p§’3 =p

,020’3’1 and we need only consider this case when finding the global maximum.

This is a complete list of critical points which are always possible (i.e. have
no dependence on the relative magnitudes of the radial terms). We now move on
to enumerate the remaining cases, each of which has an existence condition. For
the three cases in Table 6.2 which have one non-trivial angular dependence we

denote the term which must lie in [0, 1] by f;, and it must be of the form

_ 1
aiAg (’I")

fi =: (b A1 (1) + c;As(r) + d; As(r)), (6.77)

where a;, b;, ¢; and d; are coefficients depending only on ¢ and \.

The reason that the denominator of f; depends only on A;(r) can be seen from
Table 6.2 and (6.38), which show that the denominator contains only coefficients
corresponding to terms which contain sin®#. All four orbitals in the integrals
(11102|1h31h4) that contribute to these a; must have angular dependence, and thus
be p-orbitals with radial term rR3(r).

We further note from Table 6.2 that the resulting pair densities are of the form

1

Pi = —m (biA1 (1) + ciAa(r) + diA3(7n>)2 + gi(r), (6.78)

where g¢;(r) is a linear combination of A;(r), Ay(r),and As(r) with coefficients in
c and \. Note that (6.78) uniquely determines the sign of «;, even though (6.77)
does not.

c_ o
.p2 ——E+OZ6

For this case we find that there are two possible maxima, denoted pS™*' (with
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(€cos €ces €s) = (—1,1,£1)) and pS*? (with (€co, €cey €sp) = (1, —1,£1)) with cor-

responding coefficients

(41 = Qg2 = Ay = 4( -1 +02(1 — )\)),
biy = —5+6c*(1 — \) + 3,
bio=1+23(1—N\)+ ), (6.79)
ca1 = A1 —3)\) = 2¢V1 — (1 - \),
cag = (3 =N +2cV1 = c2(1 = \),
dyg=dig=ds=1—c*(1—N\)+ A,

and

gaa(r) = (4 — 631 — ) = 3N) A1 (1) + (*(3X — 2) + 2evV1 — 2(1 — \)) As(r)
+ (=1 = M)+ 2= N A;3(r), (6.80)
gaa(r) = (=271 = X) = AN Ai(r) + (P(=2+ X) — 2ev/1 —¢2(1 — A))As(r)
+ (= AQ =)+ 1 =) A;3(r).

C _ (aq+tas)?
® P2 = Tlaitaz+as) T Q-
Again there are two possibilities with (e, €0, €50) = (—1,£1,1) and

(€co, €y €s6) = (1, £1, —1) respectively, with coefficients

as1 = Q5 = a5 = 4(c* 1),
bsq = —5 + 6¢* + 4\ — 82\,
bso = 1+ 2¢* — 8¢\ + 4, (6.81)
51 =& — 4\ — 2eV/1 — 2,
C59 = 3¢2 — 42\ + 2¢V1 — 2,
ds1 =dso=ds =1—c*— 27\ + 2\,

and

g51(r) = (4= 6c(1 = X) = 3X) A1 (r) + (A(—=2 + 3X) + 2¢V1 — (1 — X)) As(r)
+ (=1 =)+ 2 = N\)A43(r), (6.82)
Gsa(r) = (=271 = X) = AN)Ai(r) + (P(=2+ X) — 2ev1 — (1 — A))As(r)
+ (=1 =X+ 5= \)A45(r).



220 Chapter 6. Pair Densities and Bond Angles

The third and final case with at least one of sin?# and sin? ¢ having a trivial

form is given by

_ (a2+0u)?

c _
./02 - 4o

‘|—063+CY5+046,

which once again leads to two possibilities with (e.g, €04, €56) = (£1,—1,1) and
(€co, €coy €sp) = (E£1,1, —1) respectively, with coefficients

a1 = Qg2 = Qg = 4(AN —1),
b = —2+ A — 2c2A,
bea = 2+ 3\ — 62N, (6.83)
o1 = —2¢% — A\ —2cV1 — ),
o2 = 267 — 3N+ 2¢V/1 — A2,
de1 = dso = dsg =2 — 3¢\ + ),

and

96,1(r) = Ai(r) + ¢ Asy(r) — S A5(r),
Goo(r) = —AL(r) — P Ay(r) — %Ag(?”). (6.84)
We are left to consider the final critical point in Table 6.2, where both sin? 6
and sin? ¢ are non-trivial. We wish to show that this critical point does not exist,
i.e. that there are no values of r and \ for which both the expressions for sin®#
and sin? ¢ are in [0,1]. This is an easy but lengthy set of calculations and is
given in Appendix D, which shows that, for ¢ € (1/+/3, 1], this critical point never

exists.

6.7.3 Global Maximum

Theorem 6.7.1 (Maximum of Carbon Pair Density). Let Ri(r) := |1s(r)],
Ry(r) = [2s(r)], R3(r) == I|p1(@)* + [p2(2)]* + |ps(x)]* and define Ao(r) :=
R+ 2R F(r) + LRY(r) + ¢ (2R () F(r) + RA(r) + 2B B3 (1)), As(r) o=
(R%(r) + R3(r))R3(r), and As(r) := Rj(r). Further denote

a=4(*A—1), B=-24+X\—-2)\,

27 — AN —2cV1 — 2\, §=2—-3N+ ),

g(r,\) = Ay(r) + 2 As(r) — %Ag(']"),

Y
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and

_ BAL(r) + 7y As(r) + 6As(r)
aAs(r) '

Then the global maximum of the Carbon ground state pair density is given by

f(ra )‘) =

A (r Ao (r)+6A3(r))? .
pomas 3y = § Aolr) = EREEEEREE Sg(r X) - () € (0.1],
2 ) -

Ao(r) +g(r, N) else.

We note that the two possibilities for the global maximum correspond to p§’6’1

and pg’Q respectively. Hence to prove the theorem it remains to show that, when

Uis larger than all other allowed critical points from the previous

it exists, pQC’G’
section, and if it does not exist then p§’2 is the global maximum.
Note that the constraint in Theorem 6.7.1 that f(r, A) ¢ [0, 1] is equivalent to

fe(r,A) < 1: It is clear from (6.83) that ag 1, bs1 and cg, are all negative and

2 — 3c? 24 (1+¢2
ds 30)\+)\_1+ +(1+c)A

w  A1—N) -y b

which, using (6.77) implies that fs(r,\) < 1.

In order to compare the values of the critical points we use the Lemmas of
Appendix E; and it is clear that we need to determine the sign of a number of
polynomials in ¢ and A. This is analogous to the requirements of Lemmas 6.3.6
and 6.5.2 but with an extra dependence on c.

It is possible to rigorously determine the sign of these polynomials, however,
this leads to a large number of lengthy calculations. Instead we choose to plot the
required function, evaluated at our value of ¢, using Maple and hence determine
the sign. This should be very reliable since (as will be seen later) the polynomials

are at most quartic in A and on the interval [0, 1/2].

We begin with the case from Theorem 6.7.1 for which pS™* (r, \) = Ao(r) +

g(r,\) = ,020’2, i.e. when f(r,\) < 0. In order to compare this to ,020’1’1, pQC’l’2 and

p§’3 we apply Lemma E.1 with pgl) = pQC’z, giving

€11 = 1, €12 = C2, and €13 = —%
Further we see that f = f(r, A) from Theorem 6.7.1 has
a=4(PA—1), B=-2+A—-23\, 7=2+3A—6c*)\, §=2-3\+ ),

and it is therefore clear that, for A3(r) > 0, —aAs(r) > 0 and § > 0. It remains
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to calculate ¢, ; for the three cases.

From Section 6.7.2 it is clear that, for pg’l’l we have

6(171)71 = —3)\ — 602 —I— 602A —f- 4,
e = —2¢° +2cV1 — 2 + 3PN — 2Vl — 2\, (6.85)

6(171)73 = —C2 + % + 02)\ — )\,
which leads to

hi = (2 — 12¢% + 16¢M)A* + 2(3 — 1¢® — 8c¢*)A — 8 + 14¢%, and
hy = 2(—c* +4c* +2(1 — 2¢*) V1 — 2)A? 4 2% (=1 — 5c® + 4evV'1 — )\
+4c® + 4t — 4Vl — 2,

The functions are shown in Figure 6.17 and are both clearly positive. Lemma E.1

then gives that pg’z > ,020’1’1.

C12
For p;"* we have

€(1,2)1 = -\ — 202 + 202/\,
e2)2 = —2¢% —2cV1 — 2+ A+ 2cV1 — 2\, (6.86)

6(172)73 = —C2 —I— % —I— C2)\ — A,
from which it follows that

hy = 2c*(c® — 1)A? +2(3 — 5¢% — 2¢H) A + 6¢%, and
hy = 2¢%(c* 4 2cV1 — 2)A? +2(c® — 5¢* — 4(1 + *)ev1 — )\
+4c® + 2¢* + 4eV1 — 2.

Once again, plotting these functions in Figure 6.17, it is easy to see that, for our

value of ¢, these are both positive. Lemma E.1 therefore gives that p§’2 > ,020’1’2.

The final subcase is for p§’3 we have

e31 = —6c° N + 3\ + 1,
32 = =3¢+ + 2cV1 — 2\, (6.87)
6372 = —02)\ — % —f- )\
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and hence

hi =2(—1+6¢* — 8c)A\? 4+ 2(—4 + 7c¢*)\, and
hy = 2(c? + 4c* +2(2¢2 — 1)ev1 — 2)A2 +2(c? + 2¢* — 2¢V1 — ).
Plotting these functions with our value of ¢ (see Figure 6.17) shows that they

are both non-negative and, by Lemma E.1, pg’z > p20,3‘ In fact for this case we

need only determine the sign of a linear function but, for consistency, we plot the

quadratic.
6 7
5 6 1.25
5
4 1.0
4
3 0.75
3
2
P 0.5
1 1 025
O T[T T TTTIITIT[TTIT] O TTTT T TIT[TTTT[TTTT TTTT] R I e
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
A A A
C,1,1 C,1,2 c,3
P2 P2 P2

Figure 6.17: Plots of hy (red) and hs (green) from Lemma E.1 for pél) = p5?,

pg) the indicated critical point, and ¢ = 0.98576. It is clear that all functions are
non-negative.

We now move on to compare pg’z when f(r,\) < 0 with p§’4’i, p§’5’i, 1=1,2

and pS"%? for which we use Lemma E.2. We set p(22) = pS? and fs = f(r,\),
whilst pg) and fy are the pair density and angular condition to be tested. We
have already shown that, for A3(r) > 0, —azAs(r) > 0 and d5 > 0.

The coefficients «;, 3;, etc are given explicitly in (6.79), (6.81), (6.83), and the
gi; can be read off from (6.80), (6.82) and (6.84). In particular it is trivial to see
that —asAs(r) > 0 in all cases.

It is clear that all of these coefficients are at most linear in A and hence
coefficients in the upper bound on pgz) in the proof of Lemma E.2 also are at most
linear in A. In particular we have the explicit forms for 2e; 3 — (02 + g2.3) given by
—3(1 =) =32+ X, 3(2 — 1), and —2 — A+ 3\ for pS"*, pS™" i = 1,2, and
pg’m respectively, and all three are negative.

It remains to consider the coefficients h; and hy from Lemma E.2, which are

given by
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C4,1,
P2
hy = (1 —5c% + 6¢H)A? + (5 — 9c? — 6¢H)A — 4 4 9¢%, and
hy = (—c® 4+ 3c* + 2(1 — 3¢%)eV1 — )\
+ (= = 9c* +2(3¢ — 1)ev1l — )N + 262 + 3¢t — 2eV1 — 2.
Pyt
hi = 4(2 — 5¢*)A — 4+ 10¢*, and
hy = 4(—3c* — 2cV/1 — )\ + 6¢* + 4eV/1 — 2.
C5,1.
P2
hi = 2(1 — 5¢* + 6¢)A? +2(3 — 4c* — 6¢*)\ — 8 + 18¢%, and
hy = 2(—c* + 3c* +2(1 — 3c*)eV1 — 2)\?
4+ 2(—c* = 6¢* +2(3¢% — 1)evV1 — )\ + 4c® + 6¢* — 4evV'1 — 2.
p5 %
hi = 2(—145¢% — 6¢*)A* — 2¢*X — 4+ 10¢, and
hy = 2(c* — 3c* — 2(1 — 3c*)eV1 — 2)\?
+2(2¢% — 3¢* — 12¢V1 — )\ + 6¢* + dev'1 — 2.
C6,2.
P2

hy = —2(3c® —1)(2¢ — 1)A? +4(2¢ — 1)), and
hy = —2(3¢® — 1)(¢* — 2eV1 — )A* + 4(c* — 2eV1 — )\

The cases of p§’4’2 and ,020’6’2 are clearly equivalent to finding the sign of func-
tions linear in A and it is therefore trivial to show that these h; are all non-negative
on A € [0,1/2] for our value of ¢. The remaining cases are quadratics in A, which
follows from the fact that all coefficients are at most linear in A and the form of
the h;. These are plotted in Figure 6.18 and are clearly all non-negative.

It follows from Lemma E.2 that, when pg"a’l does not exist, p§’2 > pg’i’j where
(1,7) = (4,1),(4,2),(5,1), (5,2) and (6,2). This concludes the analysis of the case

C,maz

when p, = ,020’2 and shows that this is indeed the global maximum of the

Carbon pair density.
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Figure 6.18: Plots of h; (red) and hs (green) from Lemma E.2 for ,0(21) = p52, p(22)

the indicated critical point, fs its existence condition, f3 = f(r, A) from Theorem
6.7.1, and ¢ = 0.98576. It is clear that all functions are non-negative.

We must now consider the case from Theorem 6.7.1 where p5™™™ = Ay(r) +

pS51 . for which we must have f(r,\) € [0,1]. Using Lemma E.3 we compare
this to the four critical points which are always present. However, the fact that
pg’ﬁ’l > p§’2 whenever it exists is trivial since in this case we have —2aA3(r) > 0
and g; = e;.

,2

For the cases of pg’l’l and pg’l we use Lemma E.3. We have already shown

that —aAs(r) > 0 whenever As(r) > 0 and hence it remains to consider the f;;.

1,1
For ,020’ "~ we have

fii = (2+2N =\,

faz = A4 =32 +4cV1 — )N+ 43 (P + 8cV1 — )\ + 42,
fiz =224 2N = N (2 + N + 22eV1 — ¢2),

faz = (1 — 142 + 17N + 4(3 — 3¢ — 8c*)\ + 8% — 4,
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fiz = 2(1 = 17¢* + 30¢")A* + 4(6 — 5¢* — 12¢*)\ — 32 + 48¢7,
faz = 2(—=c® 4+ 15¢* = 2(2 + 1)eV1 — )\
+4(=8¢* — 3c* +2(2¢2 + 1)ev1 — )N + 16(c* — V1 — ¢2).

It is clear that all of fi1, foo and fio are positive, and since it is a quadratic in A,

it is easy to show that, for ¢ > 1/v/2, fs3 is also positive.

Thus, using the notation of Lemma E.3, it follows that

fu=fu+ %X13f13, foo = far + %X23f237 fiz = fia,

f33 = fs3 + %(X13f13 =+ X23f23), f13 = (1 - X13)f137 and f23 = (1 - X23)f23-

Figure 6.19 show that, for our value of ¢, each of the fij is non-negative on
A € [0,1/2] and by Lemma E.3 we have p5"®' > pS""! Tt is worth noting that, for
our value of ¢, only fo3 is ever negative.

For pQC’l’2 we note that fi1, foo and fi12 depend only on the coefficients of ,020’6’1
and hence are the same as for pS™'. Furthermore, by (6.85) and (6.86) we see

that e(,1)3 = €q1,2)3 and hence f33 is also unchanged. The new terms are given

by

fiz = 2(1 — 9% + 14NN\ +4(2 — 5¢% — 4\ + 1662,
foz = 2(= +Tc* +2(7¢* — 1)eV/1 — )\
+4(—4c* — 3c* — 2(2¢% +6)eV1 — )N+ 16(c2 + V1 — ?).

Inserting our value of ¢ results in all six coefficients being positive for all A (see

Figure 6.19) and thus we have fij = fi; for all 7 and j and Lemma E.3 gives that

6, o,
OB 012,

For the case of pS**, we must use Lemma E.4 with f = 8(1—Ac2)As(r)(pS*" —
,020’3), which has the same sign as ,020’6’1 — p§’3. This gives

e11 = (2A® +2 — N2,

o = (444X = 30 + 40AVT — (A 4 2) + 402,

12 = AM2 + At + 8023V — 2 +2(4 — A +4A(2 — VeV — 2,
ez3 = 4(1 — A1+ c*)) + N (ct +262 +1).

It is clear that, for ¢ € [0,1), all of these are strictly positive, satisfying the
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Figure 6.19: Plots of f;; and fij from Lemma E.3 for pél) = pQC’G’l, p(22) the indicated
critical point, and ¢ = 0.98576.

restrictions in Lemma E.4. In addition it is simple to check that the identity

4eq1e9y — €35 = 0 holds. The remaining coefficients are given by

e13 = 2(1 + 7¢ — 18¢")A? + 4(13¢% — 6)\ — 8,
eg3 = 2(—c*(1 4+ 9¢%) + (14¢* — 2)eV1 — 2)\?
+4(*(4 + 3c?) — 14eV1 — )\ — 8¢,

from which it is trivial to compute r = —%elgelg +ej1693 and ry = —iei,, + e11€33
and the two test functions ¢; := —rie13 + ree12 and ¢o := —6%3 + 4egsess.
We find that

q1 = 32cA(2 + 262\ — A)(1 — A)Qq,
¢ = 642N (1 — A\e?)Q,

where ()7 and (), are explicit polynomials in A of degree 3 and 2 respectively, with
coefficients depending on c. It is clear that the prefactors in ¢; and ¢y are positive
and hence we need only determine the signs of r; (which must be non-positive),
(1 and ()5, which must both be non-negative.

The functions r1, ()1 and Q)5 for our value of ¢ are shown in Figure 6.20 and it
is clear that r; <0, @1 > 0 and ()2 > 0. Hence Lemma E.4 allows us to conclude

that pS"% > p&3 and equality holds only when \ = 0, and for this case it is trivial
P2 P2 q y y

to directly check that p20’6’1 > ,020’3.

The final case to consider is when both critical points have an existence con-
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Figure 6.20: Plots of e;; from Lemma E.4 for f = 8(1 — A2) Ay (r) (p5 5t = pS3),
along with the resulting 1, @)1 and @2, all evaluated at ¢ = 0.98576.

dition. Recall that if, for each A € [0,1/2], at least one of Lemmas E.5 and E.6

apply then py) > pf?

and agAz(r) > 0 whenever As(r) > 0 in all cases. We also have that ¢, > 0 and,

by the assumption that p5™™* = pS"®! that f, > 0. Further, to apply Lemma

E.6, we have that fo < 1 (since both critical points exist), but we must check that

in each case we have —(ay + d2) > 0. It then remains to show that ejq, €12, €9,

everywhere. As already stated, we have that —a; As(r) > 0

hi1, hio and hgg are all non-negative.
All the necessary coeflicients are given in (6.79)-(6.84) and are at most linear

in A. It follows that e;; are at most cubic and h;; at most quartic in A.

For the case with pi = ,03’6’1 and pg’G’Q we see that there is a quicker argument

than Lemmas E.5 and E.6. Since a; = oy we construct 2a; As(r)(p5 %" — p5%?)

which is, as in the proof of Lemma E.5, of the form

2041143(7")(0;1) - sz)) = ent A}(r) + enA3(r) + e33A5(r)
=+ 612141 (T)AQ (7") + 613141 (T)Ag(?") + 623142 (T)Ag(?"),

where we find

e11 = A(8(—=1+4c® — 4chH)A +16(2¢* — 1)),

ea2 = M8 (—c + 2¢V1 — )\ + 16¢%),

ez = 0,

e12 = A16(c* — 2¢* + (2¢% — 1)eV1 — )\ + 32¢%),

e13 = M4(—1+5c% — 6\ +8(3¢* — 3)),

ea3 = M4(c? — 3c* +2(3¢? — 1)evV1 — )\ + 8(c* — 2eV1 — ¢2).
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It is therefore clear that we need only determine the sign of a function linear in A
and see that, for our value of ¢, these are all clearly positive, as shown in Figure
6.21.

€11 €12

Figure 6.21: Plots of ¢;; from Lemma E.5 for pgl) = ,020’6’1 and p§2) = pg’G’Q. All

functions are evaluated at ¢ = 0.98576.

For the cases of p§’4’1 and ,03’4’2, we use Lemma E.6 and have —(ag + 92) =
3(1 — ¢) + A(3¢% — 1), which is clearly positive for ¢ € [1/4/3,1] and hence our
value of c.

We first check that in each case ei3, €3 and es3 are non-negative, which can
be seen from Figure 6.22. We also show eq1, e15 and egs to demonstrate that these
are not always non-negative, and hence these cases are non-trivial. Furthermore,
also from Figure 6.22, we see that hi1, h1o and hy3 are non-negative and so Lemma

E.6 shows that pg’G’Q > p§,4,i

, 1 = 1,2 whenever both exist.

The case of pQC’E”1 is less straightforward and requires the use of both Lemmas
E.5 and E.6. We see that —(ag + d2) = (3 — 2A)(1 — ¢?) > 0 and so it remains to
check the conditions on the e;; and h;;. It is clear that that the e;; are the same
in both lemmas and, as shown in Figure 6.23, these are positive. Once again the
other e;; are not always non-negative and thus this case is non-trivial.

Figure 6.23 shows that the resulting h;; from Lemma E.5 are all positive for
A € [0.1,0.35] whilst those from Lemma E.6 are all positive for A € [0,0.1] and
A € [0.35.1/2]. From this it follows that, for each A, at least one of Lemmas E.6

and E.5 apply and thus, when they both exist, pg’G’l > ,020’5’1.

For the final case of pQC’E”2 we again see (Figure 6.24) that ej3, es3 and e33 are

positive and in this case the other e;; are negative so this case is also non-trivial.
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Figure 6.22: Plots of ¢;; from Lemma E.6 for p(zl) = pg’ﬁ’l and p(22) = p§’4’1 for the

top line and p20’4’2 for the bottom line. Also shown are the with the resulting hqq,
hi2 and hsy. All functions are evaluated at ¢ = 0.98576.

Applying Lemma E.6 we have the same —(as+d2) > 0 as for p§’5’2 and Figure 6.24
shows that the h;; are once again positive. Thus, when both exist, pzc’6’1 > pQC’E”Q,

which completes the proof of Theorem 6.7.1.

6.7.4 Bond Angle

It remains to determine the angle of the maximizing pair density. We begin by
noting that pg’z corresponds to cost) = 0, sing = 0 and €, = £1, €.y = —1, €54 =
+1 and hence has an angle of 180°. Now, ,05’6’1 corresponds to sin® ¢ = fg with
cos) = 0and €y = 1,6y = —1,€, = 1. Hence we may set 6, = 0, = 7 and ¢ =
T — ¢, which gives an angle of ® = 7—2¢;, with ¢; = arcsin((max{0, f(r, \)})/?),
where f(r, \) is given in Theorem 6.7.1.

As in the previous cases we plot the bond angle range for Carbon. In this

case the monotonicity is less trivial. Differentiating the expression for f(r,\) in
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and py? = py >,

along with the resulting hi1, hi2 and hoy and the combined h;;’s which are always
positive. All functions are evaluated at ¢ = 0.98576.
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Figure 6.24: Plots of e;; from Lemma E.6 for pgl
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shown are the with the resulting hq1, his and hog. All functions are evaluated at

c = 0.98576.
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Figure 6.25: Bond angle range for Carbon. The area between the two curves gives
the range in which the angle may vary with no energy penalty.

Theorem 6.7.1 and multiplying the result by a positive term, we have

A\ — 1)2A3(7")dil)\f(r, A = (1= 42 Ay (1) + (= — 26" — 20/ T = &) Ag(r)
+ (1 — ) As(r).

Hence the derivative is independent of A and thus the bond angle is always mono-
tone (but unlike in previous cases, not uniformly increasing or decreasing for each
value of r).

For small values of r we expect A;(r) and As(r) to dominate Az(r) and hence
the derivative will be negative. A similar argument to the previous cases shows
that the bond angle will be increasing with A. For large enough r this will reverse
so that the bond angle is decreasing with A. The resulting angle ranges are shown
in Figure 6.25.

As in the previous cases we may use this monotonicity and the fact that Ay(r)
decays exponentially slower than A;(r) to give the range in the limit » — co. We
see that the limiting range of f(r,\) is —0/a = —(2 — 32X + \)/(4(c*X — 1). For
A = 0 this gives a value of 1/2 and for A = 1/2 it gives a value of (5—3c?)/(8—4c?),
leading to a range ® € [1 — 2arcsin(((5 — 3¢2)/(8 — 4c?))1/2),90°] ~ [89.2°,90°].

Inserting r» = 1.254, the position of the outer maximum of the single particle
density from Table 5.2, we find a bond angle range of [114.6°,180°]. From Table
6.1 we see that the experimental bond angle for CHy is 136° and is contained in
the predicted bond angle range.

Figures 6.26-6.29 show the densities and pair densities when one electron is
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r=20.1

r=20..8

r=2>5.0

Figure 6.26: Carbon pair densities for various distances with A = 0. Front denotes
the view along the positive e; axis, Top the view along the positive ez axis and
Side the view with the e; axis out of the plane and the ez axis vertical. The black
dot denotes the maximizing position of one of the electrons.

placed in the maximizing position. The plots are very similar to those of Fluorine
in Figures 6.13-6.16, which is due to the similarity in the wavefunctions when

cn~ 1.
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r=0.1

r=20..8

r=2>5.0

Figure 6.27: Carbon pair densities for various distances with A = 1/2, orientations
and description as in Figure 6.26.
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Pair Density Front Density Front Density Top

03 03

r=20.1

r=20.8

r=2>5.0

Figure 6.28: Carbon pair density and single particle density with A = 0, orienta-
tions as in Figure 6.26. The black dots denote the positions of the electrons in
the maximum pair density.
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Pair Density Front Density Front Density Top

-03

r=0.1

r=20..8

r=2>5.0

Figure 6.29: Carbon pair density and single particle density with A = 1/2, details
as in Figure 6.28.
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6.8 Boron

We wish to find a general form for the Boron ground state wavefunction and by
Lemma 6.2.1 we may choose the case S3¥ = W. The form used to calculate the

energy was
U = ¢[1s152s2sps) — V1 — 2(|1s1spipips) + |1s1spapaps)),

which is an eigenfunction of L3 with eigenvalue zero. As shown by Lemma 6.6.1,
we may take U = cW; — /1 — ¢2¥y with ¢ € R. By an almost identical argument
as for Oxygen in Section 6.3.1 we know that we may write a general form of the

first Slater determinant as
Uy = ay|1515252sp;) + qo|15152525py) + az|1515252sps3)
where o; € C, Y |ay|* = 1, which has a pair density of the form

Py (x.y) = ph 1 () (6.88)
+ %{phsTs%Ts) (y)k;Qe—Zm(x (a1 ®a; +b ® bl)x) 4+ y}
_ (13(95)13(3/) + 23(95)23(3/))er*Z|“|/Qe*Z|y‘/2
X (2 (a1 ® a1 + b1 ® by)y),

where k((ay +iby) - 2)e?12/2 .= a;p (x) + qgpa(z) + asps(z). We also note that
by Lemma 6.6.1 we may choose ¢ to be real.

We may also write the general form of the second part of the wavefunction as

v, ;:%(\131_3192}9_2291) + [1sTspspap1)) + %(|131_sp129_1p2> + |1s1spspspa))
+ 2 ([15Tspipips) + |15Tspapaps))

where 3; € C, > |3;|> = 1. We now wish to use the restriction that ¥(«, 3) is a
minimizer of the energy to derive restrictions on the (; in terms of the «;. Firstly
we see that (Ws|V.|Ws) is independent of the choice of 3;, which follows, as in the

Carbon case, from the symmetry of the p-orbitals.

We now choose a suitable simultaneous rotation of all coordinates such that

W, obtains the canonical form
Uy = /1 — A|15Ts2525p1) + iV A|15T52525p,)

which is clearly possible from the form of the pair density of ¥; and arguments
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analogous to that in the Oxygen case. We wish to determine the energy for this
choice of ¥y and a general choice of 3; and note that the energy only differs in

the term (W;|V,.|Ws) which, removing terms differing by 3 orbitals, is given by

(U1 Vee| W)
= \/\1/? [5?(15523%]91“/&(|13Ep2p_2p1> + |1SEP3P_3P1>)>
+ 35 (15152525p1 | Vee| LsLspy Pipa) + B3 (15152525p1 | Vee| LsTsp1 Pips) |
+ % [55“31—3252—3}92\‘/@‘ (|131_sp1p_1p2> + ‘131—3P3]9_3p2>)>
+ B (15152525pa| Vee| LsLspapapr) + B3 (15152525po| Vee| LsTspapaps)

= V2(V1 = XB; +ivVAG;) (23]32).

In order for the energy to be minimized we therefore have the two restrictions
VI=AG +ivVAG =1, B+ 16 + |6 = 1,
which, as in the Carbon case, imply that

Bi=V1-X [Bo=iVA, [3=0.

The next stage is to determine the canonical pair density, which will clearly

be a one-parameter family. We have
py =y (,y) + (1= )py”(2,y) — 26V — (1 |V,., [ V).

The pair density py ' (x, y) follows trivially from (6.88) and the result from Oxygen,

and is

Py (x,y) = ph " (Ja, ly ) (6.59)
+ 3 [P (R (1 = Nt + Aad) + @ o o]
— (Ls(|z])1s(|y|) + 2s(|z|)2s(|y|)) k2~ Z =1 HID/2
X ((1 - A)$1y1 + )\l’zy2>.

The canonical pair density for W, is less straightforward as there is no obvious
radially-symmetric pair density from which is can be derived by adding or sub-
tracting a single orbital. The previous methods would suggest using |1s1sp;py) +
|1s1spyps) + |1s1spsps), which unfortunately leads to problems resulting from the
fact that |1s1sp;p;p;) = 0, destroying the symmetry of the result. It therefore
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seems more sensible to directly compute the pair density:

P =512 [f)'zmsmm” + ph i) 2<1SEP2P_2]91|%,y|15§p3p_3p1>]

+ %/\ [,0|2151_sp1p_1p2) + p|2151_sp3p_3p2> + 2<1sﬁplp_1pg|V;,y|1sﬁp3p_3p2>] .

Computing the two general terms required we see that

o TP — L [1s(@) P 1s(y) | + 41(2) o (y) P + 2015(2)Plps ()
+ Ipi() 2 |pi(y) |2 + 2|pi(z) P pa ()| + 2 < y
— [2- 5@ 1s)pi@)pily) + 1s(@)1s()pele)pi(y)

+ i (@)pi(y)pe@)pely)|
and (1s1sppipk|Vay|LsLspipipr) = pi(2)pi(y)p;(2)p;(y)-
We now combine the above results and note that all orbitals are real to obtain

P'zlsgpiﬁpk) + PHSTSP@M) + 2(1s1sppipr|Vay | 151spTipr) =
L 211s@) P15 + 4@ (W) + ) + I w)l?)
+ I @)Plpi )P + ps @)l )
+2(1pi(@)? + [ps (@) ) Ipr ()P + 7 = y]
(

— |2 1s(2)15(y) (pi(@)pily) + 23 (@)p3 () + Pr(@)pr(v)

+ (pi(@)pi () + 0 (@)p; (W) pr(2)pr(y) — 2pi(@)pi(y)ps (2)p; (y) |

and add and subtract the same terms to make the symmetry more obvious, ob-

taining

p\lslsmpﬁ'pk) + plzlslspjp_jpk> + 2<1SEpi]7ipk|V;,y|1SEpjp_jpk>

= 3 [211s(2)[[1s(y)]? + 4|1s(2) > (I ) P + [p2(v)* + Ips(y)]?)
+ (Ip1(@) Pl (0) PP + [pa(@) Plp2(w) P + [ps(2) P [ps (y)]?)
+ 2([p1(2)? + p2(2) P + |ps(@)1?) Ipe (W) * = 3lpw(2) Plor(y) P + 2 < y]
— [2- 1s(2)1s(y) (p2(2)pr(y) + p2(2)p2(y) + ps(x)ps(y))
+ (P (@)p1(y) + p2(@)pa(y) + ps(2)ps(y)) pr()pr(y) — |ps(@)*[pr(y)
— 2pi(2)pi(y)p; (2)p; (v)]
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We now use the symmetry of a number of terms under =z < y and simplify to

p\leTspiEpk) + Plzlsﬁpjp_jm + 2(1sTspiPipk|Vayl 151sp;D5pk)
= 2|1s(x)][15(y)]* + |pr (@) P o1 () * + [p2(@) [ [p2 () [* + [p3(2)* s (y)”
— 2 1s(x)1s(y) (p1 ()1 (y) + pale ) 2(y) + ps(x ) (y))
— [p1(@)p1(y) + p2(2)p2(y) + p3(2)ps(y)] pe(x)
— 2|pi(2)*|pe(y)|* + 2pi(2)pi(y)p ( ) i(y)
+ [(2|18(96)|2 + e (@) ) (Ip1 (W) P + [p2 () + [ps(y)?) + 2 y],

which shows that the canonical form of py? is

= [1s(z )I |18( )P+ 5 (Ip1 (@) Plor ()1 + [p2(2) P p2(9)* + |ps(2)[*|ps(v)]?)
— 1s(x)15(y) (p1 ()1 (y) + pa(2)pa(y) + ps()ps(y))
—(1- )\pl(x)|2\p1(y)\2 Alpa(2)[?[p2(y)]*
+ (L = N)p2(2)p2(y)ps(@)ps(y) + Ap1(2)p1 (y)ps(2)ps(y)
— 5 (D1(®)p1(y) + p2()pa(y) + ps(x)ps(y))
X ((1 = Np1(x)p1(y) + Ap2(x)p2(y))
+ 3] 2l1s(@)]* + (1 = N)[pu(2) [ + Apa(2) )
X (I @) + [p2 () * + [ps(y)]?) +2 < y].

In the same spirit as (6.89), we write p;(x) = kz;e~41*1/2 and hence

py® = [Ls(|z)P[Ls(ly)[* + Fhe ?le 2 (aty? + adys + 23y3)
— 1s(|z))1s(|y) ke 712202 (@) + woys + x3ys)
- %k46_z|m|€_z|y‘($1y1 + oy + T3y3) ((1 — Nz + )\$2y2)
— klelelelvl (1= Nziy; + Az3y3)
+ ke lHle (1 = N)aazsyoys + Az12391Y3)
+ ([s(|2)) PR Wy [* + [1s(ly)) PRe ™ |2 )
+ gkte e W1 = N)(@dlyl? + vil2?) + Madlyl® + vile)]].

It remains to compute the cross term (¥,|V, ,|Ws) which, noting that terms

containing Slater determinants that differ by more than 2 orbitals give zero, is
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given by

(W1 Vi [W2)
= (1= X)((Ls152525p1|Vay [ 1s1spapapr) + (1s15252sp1 |V, [ 1s1spspspr))
+ A((15152525po| Vy y | LsTspipipa) + (15152525po| V| 1sTspspspo))
+ iy A1 — /\)((13@25%p1|%,y|1sﬁp1p_1p2>
+ (15152525p2|Vy | Ls1spapap1)) .-

It is trivial to check that the two terms with imaginary coefficient vanish. The

two remaining terms give

(W[ Vay|Wa) = (1 = A\)2s5(2)25(y) (p2(2)p2(y) + ps(x)ps(y))
+ X25(2)25(y) (p1(2)p1(y) + 3 (2)ps(y))
= 2s(x)2s(y) ke 2D (py (2)py (y) + pa(2)pa(y) + ps(x)ps(y))
- 23(x)23(y)k: e (|m|+\y|)/2((1 — Mpi()p(y) + /\pg(x)pg(y)).

Hence the total canonical pair density for the Boron ground state is given by

Py =
gkfﬁmﬂmmm%%mummw+uxwmﬁﬁex«1—»ﬁ+wﬁ)+w~?
—uammaww+%mwxmnweM@ﬂwau—»mm+wumﬂ

+(1—c?) [|1s(|x|)|2|15(|y|)|2 + L kte el (222 4 2292 4 a2y2)

|z _\yl
— 1s(|z|)1s(|y[)k*e™ 2 e 2 (z1y1 + 2y + 23Y3)

— 1pte flmle W (2191 + 2oys + 23Y3) (1= Na1ys + Azayp)
— ke lelem vl (( )xlyl + )\9523/2)
+ k:4 \y| (( )\)1’2x3y2y3 + /\xlxgylyg)

+(Hdumk%*wm”+%%*ﬂfW«r—MﬁWF+A£WW

+xHyﬂ

|z lyl

— V3T = P2s(|a )25y ke 2 2

X ((z1y1 + 22 + w3y3) — (1 — N)21ys — Azays)

Unlike all previous cases, this is not of a suitable form to apply Corollary 6.3.4.
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This is due principally to the terms of the form z7y?

for which are not present in
the general symmetric function in (6.37). There seems to be no analogous proof
for the symmetry of the critical points in this case.

As discussed in Section 6.3.11 it is difficult to perform numerics on these pair
densities, due in part to the number of variables involved and also the range of

numerical values encountered.

6.9 Dependence on the Core Orbitals

As mentioned in Sections 6.1.3 and 6.1.4, methods such as VSEPR and Walsh
Diagrams ignore the core orbitals when determining bond angles. We wish to
investigate whether our method allows the same approach, i.e. whether we get
the same predicted bond angles if we ignore the core 1s electrons when calculating
the bond angle.

Intuitively this would indeed be the case if the 1s-orbitals are suitably localised
around the nucleus (i.e. have a high enough decay rate) to prevent significant
interaction with the valence shell electrons at bond-like distances.

It is clear that the energy calculations require us to include the 1s-orbitals
in order to accurately determine the atomic ground state. However, the proofs
of the global maxima of the above pair densities require only that the A;(r) are
non-negative functions. We may therefore set |11,]> = 0 and re-plot the bond
angle diagrams.

As can be seen from Figure 6.30, the removal of the 1s-orbital dependence has
a very small effect on the predicted bond angle at bonding distances. It is also
clear that the effects at short range are very large, and those at long range are
negligible. This agrees with the intuition that the 1s-orbitals are dominant only

close to the nucleus.

6.10 Conclusions and Open Problems

In this chapter we have seen that a simple (although in no way mathematically
motivated) way of calculating the bond angle in an AHy molecule (Proposition
6.1.1), combined with the simple, but hopefully accurate, canonical wavefunctions
derived in the previous chapters, leads to very good qualitative and relatively
accurate quantitative results. Of particular interest is the discovery of a parameter
which can be freely varied without affecting the energy of the central atom, but

which leads to a range of predicted bond angles. The only case we have been
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Figure 6.30: Bond angle plots without the core 1s-orbitals, the red curves include
the 1s-orbitals, whilst the blue curves use the same bond angle formulae but with

|¢15|2 = 0.
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unable to treat using this method is that of Boron, which would be an interesting
area for further investigation.

A further area of interest would be to consider low-lying excited states of the
central atom. This should only be important when the spectral gaps are small,
otherwise the energy gained by bonding will be insufficient to overcome the energy
penalty for excitation of the central atom.

One other motivation for doing this comes from Pauling’s rules in Section
6.1.2, which suggest that an atom can only form two bonds if it has two unpaired
electrons. This is not the case in the ground states of Beryllium and Boron and
suggests that the first excited states (which do indeed have two unpaired electrons
in each case) should be considered.

Another extension would be to use higher order densities to explain notions
such as double and triple bonds. For example, we would conjecture that a double
bond may only form between two atoms if the four point density of the (va-
lence electrons) of the full dimer system has a maximum that is suitably localised
between the atoms. The precise mathematical definition of ‘suitably localised be-
tween’ is unclear but the investigation of a number of systems would hopefully
shed light on the formation of higher order bonds.

These calculations require a relatively simple but energetically accurate ground
state for a molecular system. The presence of multi-centre integrals (which, in
the case of Slater type orbitals, are more complicated than single centre ones, see
e.g. [Sug27, ZG29]) and the exponentially increasing size of the CI matrix make
this more difficult than the atomic case.

However, the relative success of the simple approximations in the above cases
suggests that it may be possible to reduce the dimension of CI calculations for
molecules and still obtain accurate results. For example, it is conceivable that in
order to perform an accurate molecular calculation on AH, it is only necessary to
consider wavefunctions corresponding to the ground state configurations of each
atom.

From Tables 2.1 and 5.1 it is clear that this method would drastically reduce
the dimension of the full CI matrix. It is hoped that the calculations would
be simple enough to enable understanding of why a particular choice from the
range of bond angles with the same central atom energy is favourable to different
molecules. It is also expected that in some cases the true bond angle lies outside
this range, with the energy penalty to the central atom being lower than the
energy gain from the outer atoms.

A very interesting direction would be to use the densities and pair densities

to investigate the correlation between electrons. This would require a definition
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of correlation, probably similar to that used in multi-variate statistics. From
DFT, one would hope to see that the correlation function is (to a large extent)
independent of the number of electrons in the system. This could be seen as the
first step in a mathematical justification of the correlation functions used in DFT,
although more accurate densities and pair densities than those derived here may

be necessary to see any interesting effects.






Chapter 7

Rate of Convergence of CI for

Helium

7.1 Introduction

The aim of this chapter is to reproduce some of the results of [Hil85] with as
much mathematical rigour as possible. The paper deals with rates of convergence
of approximations, in particular, the result we are interested in concerns the rate
of convergence of a Configuration Interaction calculation on the ground state of
Helium. Specifically, if the bases chosen span the subspace with total angular
momentum less than or equal to L, it gives the asymptotic rate of convergence
as By — FEp_ 1 =O(L+ %)*4 as L — oo. This gives that the overall energy error
converges as £ — B, = O(L + )75,

Furthermore, Hill derives the constant for the leading order term, finding it to

be (Hill’s (5.11a))
C) = 27?2/ [ (r, 7, 0)|*r°dr,
0

where 9 is the exact wavefunction whose coordinates are r1, ro and rqo, the two
nuclear-electron distances and the interelectron distance respectively.

The main interest in this result is that it may be used to extrapolate the
results of low dimensional CI calculations to give a more accurate value for the
energy with little computational cost. (See for example the recent work [BMO0G].)
For this application it is important that we are able to derive the leading order
constant.

In general we will follow Hill’s method but hope to make a number of improve-
ments both in terms of mathematical rigour and understandability. In particular

Hill’s Section III on the convergence rate of a general problem is very hard to

247
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follow and there are a number of typographical mistakes throughout the paper.

The main changes in our method are that we use an alternative, simpler,
formulation of the energy error. This leads to replacing Hill’s integrals containing
(-projections of r;,'9 (denoted ¢;) by integrals involving derivatives with respect
to r1 and ry of the (-projections of the wavefunction.

A further difference in our analysis is that we construct an explicit form of
f¥(ro, 7<) whereas Hill uses a recursion formula to obtain an asymptotic result.
The analysis of the remainder terms R;,(r<,rs) is similar to that of Hill but we
produce a more detailed version of his Appendix C, the necessary conditions seem
optimal in this formulation of the problem.

One noteworthy point is that, in order to obtain Hill’s asymptotic result, the
wavefunction is required to be three times differentiable in 5. The validity of

this assumption will be discussed later.

7.2 Form of the Energy Error

Let ¢ be the actual ground state solution to the Schrédinger equation for the
Helium atom, Hvy = E where

1 1 2 2 1
H = ——Al — —AQ

- - + -
2 2 ‘I']_‘ |I'2| |I'1 — I'2"

where ri,ro € R3 are the positions of the two electrons and we later use the
notation |r; — ra| := r1s.

The ground state of the Helium atom has angular momentum zero (see for
example the experimental data of [NIS06]) and is therefore invariant under simul-
taneous rotation of r; and ry. Hence the ground state may be described by the
lengths of the two vectors r; and ry, denoted respectively r; and 79, and 6, the
angle between r; and ry. Equivalently, § may be written in terms of r{, ro and
712, giving

P = 7/1(7"<7 >, 7"12)
where
r<:=min{ry,re}, rs :=max{ry,ry}

and

g = |r1 — 1| = (12 + 72 — 2r_rs cos§)Y/2

We wish to investigate the energy of the approximate ground state wavefunc-

tion given by projection of ¥ onto the space spanned by functions with angular
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momentum less than or equal to L. It is well known [AS72] that the Legendre

polynomials

It follows from the normalisation formula [AS72]

2

/ P,.(cos0)P,(cos0) sin 0dO = 6, pp——
0 T 2n+1

that the corresponding orthonormal wavefunctions are given by
Dy(0)(x) := (I + 2)*Py(cos ), (7.1)
which form a complete basis under this inner product. These ®,(0) are eigenfunc-

tions of the angular momentum operator with eigenvalues —¢(¢ 4 1) and we must

therefore take the projection onto the span of the first L of these, i.e.

Ppi=> (-, 04(0))(0).

We denote the expansion coefficients by w,(r<,rs):

Ue(re,rs) = / UW(re,rs,712)P(0) sin 0d6. (7.2)
0
and hence have .
PLw(T<7 rs, Tl?) = Z 1/1@(7"<, 7“>)CI)£(9).
£=0

By the completeness of the ®,(0) we denote the part of the wavefunction whose

angular part does not lie in the span of the first L Legendre polynomials by

by = — Py,

with an analogous expansion:

7vDIJ:("A<77A>77012> = Z wg(’l“<,’l“>)q)g((9).

{=L+1
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We now wish to investigate the error in the energy in terms of 1. The fol-

lowing result [Fri04] gives a suitable form:

Given a symmetric operator H, defined on a dense domain D C X of some
Hilbert space X, we say Hy > 0 if (¢, Hytb) > 0 for all v € D\{0}. If Hy > 0,
the associated ‘energy norm’ and ‘dual energy norm’ are denoted by ||, =
(6, Ho)) 2 (10 € D), [0l = supy ey oy (106 ) I/Ille) (@0 € X). T£S € X is
a subspace, the orthogonal complement {¢) € X | (x, %) = 0Vx € S} is denoted
S+

Theorem 7.2.1 (Eigenvalue error asymptotics). Consider a linear operator of
form
H = Hy+ H;

where H, Hy, Hy are symmetric operators defined on a joint dense domain D C X
of a Hilbert space X. Assume Hyo > 0 and let || - |, || - ||e denote the associated

energy norm and dual energy norm.
(H1) (boundedness of Hy with respect to energy norm) ||Hyv|| < Col|¢||e Vb € D

(H2) (Existence of ground state with spectral gap) There exist v € D\{0} (ground
state), E € R (ground state energy) and A > 0 (spectral gap) such that Hy = E,
H > (E+A)I.

{Spanp}+
Let S be an arbitrary subspace of X with S C D, let Pg be the orthogonal projection
operator onto the closure of S, let Py = I — Pg, and let

e He
B= a8 el

denote the ‘Ritz-Galerkin ground state eigenvalue’. (If S is finite dimensional, the
infimum is attained and equals the bottom eigenvalue of PsH Ps on S.) Assume
E < Cy. There exists a constant C > 0 independent of the subspace S (and
depending only on Cy, Cy and A) such that the eigenvalue error E — E satisfies

(E—E) = (H)psy

< C(IPFWIP + IPS oIl + 1Ps, Hol P02 ). (7.3)

A simple lemma now reduces the number of terms to be calculated in our case:
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Lemma 7.2.2. Let H :== —A + V(2), X = L*(RY), D = H2(RY), V : R? - R,

be a general Schrodinger operator with

M N 7 1
V($1,...,$N):—22m+ Z m

a=1 i=1 1<i<j<N
Then Hy = —A is symmetric and positive, the energy norm is given by |||l =
IVl 2 and

IV (z)¢]] < Cill¢]le (7.4)

for some Cy > 0. Furthermore, for the Helium Ground State with
Sy = Span{®,(0), £ =0,...,L},
we have [Ps,, Hy) = 0 and defining

. (¢, Hop)
E; = inf
B sesvor |92

and i = (I — Ps, ) gives

B~ B < [0} 2 + Gl Nzl + G (112 + 1 1),

for some Cy > 0.

Proof The symmetry, positivity and norm equivalence follow trivially from inte-
gration by parts. The bound on ||V (z)v] follows from Hardy’s inequality in R3,
Jas ‘d](f'gpdx <4 [os |Vo()da.

Noting that the Helium ground state is symmetric, we use that, for symmetric
functions f(r<,r~,0), Hy may be rewritten [KB77] as Hy = —3 (A} 4+ A}) where

10,0 1 0,42 (7.5)

Bi= Zsin0 00 o0

: r;
7 2 7
ry Or; ' Or;

Hence, since

1 o . 0
ing 0 05 2e(0) = UL+ 1)(0) (7.6)

we have that [Ps,, Hy| = 0.

This, along with (7.3), gives

0< B— B < () +0(I0dl + et ]L).
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Decomposing the first term on the right hand side as

(H)ys = IR + (V) e

and using the Cauchy-Schwarz inequality along with (7.4) gives the result.

Note in particular that the constant of one for the ||¢7 ||? term is optimal. [

We therefore see that, in order to determine the rate of decay of the energy
error, we need to determine the rate of decay of the two terms |[¢7 | and [[1L]|e.
As mentioned in the introduction, this is in contrast to Hill’s method, the energy

norm replacing ||¢1| [Hil85].

7.3 Form of the Error Estimate Norms

Consider the part of the wavefunction not captured by the first L angular mo-

mentum eigenfunctions,

Ui = > tb(r, ) 20(0). (7.7)

{=L+1

Lemma 7.3.1. The following identities hold:

ot =10n > [ [ e Prtetarear.. (7.8)
¢=04+170 0
oo [’ r>
Hd,i”gzgﬁ Z / / (\%1/1@(7“<,7">)|2+\%1/1@(7“<,7">)|2)7“i7"id7"<dr>
t=r+1"0 0
00 00 r>
+877 > / / 000+ 1) (2 + 72 |[e(re, ms) Pdrodrs (7.9)
(=410 0

Proof Noting that [ [¢7]2d0 = >_;2, ., [¢|*, using spherical polar coordinates
and integrating over the three angles that are independent of 6 (essentially ¢, ¢o
and 0y, leaving 0; — 0y =: 0) gives a factor of 872, We are hence left with only the

radial integrals, and using the Dominated Convergence Theorem gives

[ot|? =822 3 / / e, 7o) Priridrdrs.

{=L+1
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Using the general identity

/ / f(r1,re)dridry = / / flre,r=)+ f(7">,7“<))d7“<dr> (7.10)

and the fact that [¢,(ry, 72)|?rir3 is symmetric in 71 and 7y, gives the first result.

For the second case we use (7.5) and (7.6) which give

Hyyp = — Z Z (%2 Tin -~ E(EJ; D)W(m,rz)@e(@)

i
£L+1z 1 Ti v

and, as with the previous case, forming (¢1, Hyy1 ), integrating out over the three
independent angular coordinates, and using the fact that ®,(#) is an orthonormal

basis gives

[ee) 2
12 4.2 R iiQE)_f(f-I—l)
ol ==1x [ [ 3 Swdnrd) (gt =)

{=L+1 i=1 7

X (11, 7o) *riridridrs.

Using the Dominated Convergence Theorem to swap the sum and integrals (the
modulus of the sum up to a finite N is bounded by Z£L+1(|¢g(r<,r>)|2 +
|Howe(r<,rs)|?) < |1 |2 + |[Hop|?, which is integrable) and integrating the first

term by parts gives
14 —|— 1
iz =a > [T Z Atalrn ) + L)),
(=L+1
Noting that the integrand is once again symmetric in r; and ro and using (7.10)

gives the result. 0

Equation (7.8) mirrors (5.87) of [Hil85], although the proof is more rigorous,

whilst the second result is new.

7.4 Form of the Wavefunction

7.4.1 Expansion of the Wavefunction

For the start of this section we follow the proof of Theorem 2 of [Hil85], which
derives a form for by(r1,79) (which is later set to ¥y (r1,72)), essentially by applying
Taylor’s theorem to the definition of 1y(r-, r~) in (7.2) (equivalent to Hill’s (4.34)).
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We will instead apply Taylor’s theorem to the wavefunction ¥ (r-, r~, 2) and then

project onto ®,(0).

87
8r{ 5

0<j<J—-1and %w(rQT» T12) 18 absolutely continuous for r~ —r- < 119 <
12

Lemma 7.4.1. Suppose that (re,rs,r2) exist forrs —ro <rig <re 47,

r<+7rs . Then ¥(r-,rs,r2) can be expanded as

J-1 ' ’
Pio— (re —r WV [ &
1/}(70<77A>77A12) = Z ( 12 (j>‘ <)) a,r] w('l"<,7“>’7ﬂ12)
Jj=0 : 12 S
"2 (rg — )7t 97
t)dt.
’ /r>—r< (J—1)! arifﬂ(%?&, )

Proof This is simply the application of Taylor’s theorem about # = 0 (which is

equivalent to rjy = r~ — r.) with the Cauchy form of the remainder. O

It is now clear that we may project each of the terms in the (finite) expansion
of ¥(r<,r~,ri2) to obtain an expression for the partial waves ¥, (r-,r~). The first
thing of note is that, for ¢/ > 0, the term [8—;w(r<, rs, 7“12)] is simply a

s T12=T>—T<

multiplicative factor as it is independent of §. For the same reason, for ¢ > 0, the

term corresponding to 7 = 0 contributes zero. To simplify notation we denote

Ere,rs) = /Oﬂ (riz = (Zﬁ —r)) O, () sin 0d0),

the coefficients in the expansion by

oI

J
oris

Aj(?“<,7’>) = |: w(r<>7“>>7“12)} ,j = O,. . .,J— 1,

T12=T>—T<
the last term in the expansion by

12 1o — 1 J aJJrl
Ry(re,r>,112) 3:/ : 12J| : arJ+11/1(7"<77">at)dta

>—Tr< 12

and its projection onto ®,(6) as

Ryo(re,rs) ::/ Ry(re,rs,m12)P0(0) sin 0d0.
0

Hence we see that, for £ > 0, and ¢ (r-, r~,ri2) J-times differentiable with respect
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to 719, the partial waves can be written as

<

-1

we(r<,r>) = Aj(T<a 7">)€Z(7"<a 7">) + RJfl,Z(r<77ﬂ>)' (7-11)
1

<.
Il

The norms given in (7.8) and (7.9) depend on |¢y(r—, r~)|* and |%W(r<, r-)|?,
where 7, € ro,r-. It is immediately clear from (7.11) that, for £ > 0, these

correspond to

J-1
|¢€(7’<a7’>)|2 = Z Ai(?“<,7”>)§§(7“<,7”>)Aj(7”<,7“>)*£§(7“<,7”>)*

4,j=1

J-1
+ 2Re (RJfl,Z(T<7 )" Z Ap(re, 7">)55(7"<a 7">)>
k=1

+ Ry _16(re,rs)]? (7.12)
and
J .
‘87’ ¢£(7"<77"> = Z 7“<,7“>)§e(7”<,7“>))%(14j(7“<,7">)€i(7“<,7">))

i,j=1
27-1

+ 2Re<%RJ—1,E(T<a )" Z %(Ak(ro 7’>)£§(T<a 7’>))>
k=1

+ |%RJ—1,£(T<,7’>)|2- (7.13)

We now require [[|¢o(r<,rs)*riridredrs,  [[ |o(ro,rs)Pridrodrs,
[ [e(r<,rs)|?ridrodrs and [[ |$W (r<,rs)|?rir2dr.dr. In order to simplify

notation, we introduce the norm on symmetric functions

1/2
||f||ab—(// widr<dr>) |

which comes from the inner product (f, 9)ap := [[ fg*rertdr.dr~. Inserting the
expansions (7.12) and (7.13) into ||¢e(r<, 7>)||ap and Hmwg(r@g)ﬂmb, using the
linearity of the integrals, and applying Cauchy-Schwarz, we obtain the bounds

J—-1
loe(re, )z < D A<, ro)&(re, ro)lap 145 (re. )€ (re, 7o) o (7-14)
ij=1
J—-1
+2 Z [ Ax(r<, 7’>)£§(T<a P lap 1R7-16(r<, 75) lap + [[Ry—1,e(r<, 7“>)||2,b
k=1



256 Chapter 7. Rate of Convergence of CI for Helium

and, using the product rule for differentiation,

||%W(7’<>T>)H2,b (7'15)

J-1
< Z [Hfﬁ(rcT>)%Az‘(7’<>r>)”a,b ||£i(7“<,r>)%Aj(T<,r>)lla,b

ij=1
+ 2||§é(7ﬂ<ar>)%Ai(T<ar>)||a,b ||Aj(7’<aT>)%§Z(T<>T>)Ha,b
‘|‘||Az‘(7’<>T>)%§é(7’<>7ﬂ>)”a,b||Aj(7“<a7’>)%fg(7“<a7’>)||a,b
J—1
+ 2055 Ryae(r, ) lap Y 1Ak(r<, 75 ) 568 (r<,m5 )l
k=1
2J-1
+ QH%RJA,Z(T@ > ) lab Z ”55(72, r>)%Ak(r<7T>>"a,b
k=1

+ ”%RJ*L@(T<a 7">)”c2z,b~

We now have a complete list of the required integrals and see that we need

only consider those involving a single &) (r—, ) or a%ﬁg (r<,rs). The next stage is
LY

to obtain a more explicit form for the projections &) (r, ) and their derivatives.

However, before we do this, we state the main result of this chapter.

7.5 Statement of the Result

Theorem 7.5.1. Let ¢(r-,r~,712) be such that 88]- W(r<,r=,r12) exist for ro —
T2
re <ripe <ro+rs,0< 35 <2J. Define the functions

. ™ _ _ 7
re,rs): = / (riz (Tj <)) g,(0) sin 0 do.
0 J:
o7

J
oris

Aj(’]“<,7">) L= |: 1/1(7"<,’I“>,7"12):| , j = O, .. ,2J —1 (716)

T12=T>—T<

and 712 (r12 _ t)] a]+1
Rj(’]“<,7“>,7”12) = q j+1w(7"<,7">,t) dt.
r>—Tr< j 87”12

The large { behaviour of

Yo(re,rs) 1= /Oﬂw(r<,r>,r12)<1>g(9)sm9 de
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1S given by
2J-1 '
Ye(re,r>) = Z Aj(re,ro)&(re,m>) + Ragor0(re, rs) (7.17)
j=1
where

RQJ_Lg(T<, T>) = / RQJ_l(T<, s, Tlg)q)g(e) sin9 d@
0

Furthermore suppose that A(r-,rs) satisfies A(-,rs) € CY(RT), and there
exists A : RT — R such that

A(T>)Z ,VseR", n=0,...,N.

ZrlAGre )]

T<=S§

Define a norm on the set of symmetric functions f : R xR — C by

1/2
| fllap == (/ / (re,rs)| 7"27“1; dr<dr>)

then, for any M < N,
IIA(T<,T>)55(T<,T>)||2b

a — )"
~2j-4) [2/ P2 +bT>) |:8rm|A(r<’,r>>| ] dr

Tr<=T>

N 0 . ~
+ > o™ / riﬂ+l+a+b+"A(r>)dr>] (7.18)

n=M+1 0
Define
r<+r> aj 2
[j(,r<7 7n>) = / a 1/1(7“<77">a t) dt
T>—r< T12
and suppose that Is; < co. Then
lim ¢*' Ryy_14(re, 7<) =0 (7.19)

L—00

If, in addition,

/ / Y g (re, ro)riet drodrs < oo

then o e
lim fu/ / |Rog_16(r<,r<)’r2r? drodrs = 0. (7.20)
o Jo

{—00
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Theorem 7.5.2. Let (r-,r~,r12) be such that 8; UV(re,rs,m12) exist for r —
12

re <rip<re+rs,0<j5<2J+1andletr, € {r<,r>}. With the same notation

as in Theorem 7.5.1, the large-€ behaviour of %1/1@(7"<,7“>) 15 given by

2.
%W(Qﬂ&) = Z %(Aj(7"<a7">)fi (re,m>)) + %RN,Z(TQ rs). (7.21)
j=1
Furthermore, for A(r-,r~) and 121(7’>) as in Theorem 7.5.1, for any M < N,

||A(7’<> T>)aifj(7“<a 7’>)||Z b

M o
~2j-2) Z/ 2] 1+a+b(,r< )™ [Q—Z‘A(T@B)F] dr-
0 <
m

Tr<=Tr>
=0

+ g: o) / Oorij+1+a+bfl(7">)dr>}. (7.22)

n=M+1 0
If I;.1 < o0 then
th > 2 RQJ[(T<, r~) =0, (7.23)
and if, in addition,
/ / oy (re, ro)ried drodrs < oo,
then s e
glim €4J/ / |52 Rage(re,rs)Prird drodrs = 0. (7.24)
—00 0 0 Y

These two results are analogous to Theorems 2 and 3 of [Hil85], although
formulated in a slightly different way.

7.6 The Decay Rate of £§(r<, rs)

For this section we follow the proof of Hill’s Theorem 2 (specifically page 1180)
by noting that

. 1<~ [T/ . .
) =13 [T ()04 = ry ) sinas
. 0 O
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Since the Legendre polynomial expansion of 7?5 terminates at ¢ = k, taking

0> j/2 gives

| LI | | .
§(re,rs) = il Z <2k _ 1) (=177 (s — 7"<)]2k+1/ T ®e(0) sin 00
- 0

where the notation [n] means the greatest integer m < n. We would now like
to show that all terms in this sum decay at the same rate, i.e. that the rate is
independent of k.

The first stage of this is to write the Legendre polynomial expansions of odd

powers of r5 as
o0

ri =) (C+ DT fE (e ) 2(0), (7.25)
/=0

from which it immediately follows (using the orthonormality of ®,(6)) that
/ r%lg_l@g(é’) sin 0df = (¢ + %)_1/2ff(r<, rs).
0

We would therefore like to find an explicit form for the fF(r.,r-) which will
allow us to estimate the necessary decay rates. Hill bypasses this step by deriving
recursion relations for the fF(r-,r~) but we feel that an exact formulation will

give more insight and also make the calculation of the derivatives easier.

7.6.1 An Explicit Form for ff(r_,r-)

We begin by considering the form of ff(r-,r-), the (up to a multiplicative con-

2k—1

stant) projection of ri5 ~ onto the /th angular momentum eigenstate ®,(0):

Lemma 7.6.1.

k k,.2(k—j) 25

afrZ s
fhre,rs) =rlrst 1y — - (7.26)
=0 H(2€+2m+1) [1(2¢—2n+1)
m=1 n=1
ko k) 2(k— J)
0 —0—1 ajr< s Y
=TS Z k
2 P

where Pf(ﬁ) 15 a polynomial in ¢ of degree k and af € Z are given by

k
ab = [J(2k—2i+1), af:(_1)j<§)a§, j=1,...k,
=1
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with the convention throughout that an empty product takes the value 1.
Proof We prove Lemma 7.6.1 in a number of stages. Firstly we show that

Lemma 7.6.2.

fire,rs) 7"<7n>e 1ZCM 2Ak) r¥ (7.27)

kit oo , ‘
where ¢; is given by the recursion relation

k41,6 20 g 2(£+1>Ck,€+1

e = = 5 20191 T 013G

and the initial condition ¢J* = 1.

We then derive a suitable expression for c?’g which proves Lemma 7.6.1.

Proof of Lemma 7.6.2 We recall expansion (7.25), and note that

ristt = (r2 + 72 — 2rrs cos O)rii Tt (7.28)

Inserting (7.25) into (7.28) gives
ristt = (r2 + 12 — 2rrs cos6) Z 0+ 3 VY2 k(o ) Dy (8). (7.29)
=0

In order to determine the action of cos 6 on ®,(f), we recall the definition (7.1)

of ®,(6) and the recursion relation for the Legendre polynomials [AS72]
(0 +1)Ppy1(cosB) = (20 4 1) cos O Py(cos0) — (Py_1(cos D). (7.30)

It follows from (7.30) that

l
(f‘F )1/2P£+1+2£7(f+ HYPP

+1

cosO(¢ + )2P, = YA

and hence by (7.1)

cos O P,(0) = ! <( e+l ¢

N R AN e W‘I’H(@))
(+1 ¢

T 20+ D20+ 3) (B + [(2¢ + 1)(2¢ — 1)]*?

Oy, (0). (7.31)

Inserting (7.31) into (7.29) and comparing coefficients of ®,(f) with (7.25)
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gives

(C+3) 72 f e rs) =(C+ )7 P02 +r2) fi (re, )

oL —4)~17 k
__2T<T>K22%-1X2£—-1ﬂ”2ﬁpl@k,r>)
(C+1)(0+ 3)-1/2

k
r<T> [(2@—'— 1)<2€ N 3)]1/2f€+1(r<7r>)7

which implies the recursion relation

2/
f+1(7"<a rs) = (r2 + Ti)ff(7"<a rs) = 7"<7">ﬁf£1(7"<77">)
2(04+1)
—rrs mfz+1(7"<a 7). (7.32)

It is clear from the standard form

o0 ¢
1 T
7“121 = 0+ %) 1/2ﬁ@£(9)
1=0 >
that the expansion (7.27) holds for n = 0. Assuming the expansion (7.27) for

fE(r-,rs) and inserting it into (7.32) we have

k
AL ) = rlr St c“ 2(k—j+1) 2]+ch1z 2(k—),,. ]+1)
=0
k
_Z ib=1,20k=5), ]+1 ZQ(€+1 ko041 Q(k Jt),.29
£—1J < = wA+3 7 >

and equating powers of r- and r~ with (7.27) gives the result

20 2(0+1)
k1,0 _ k¢ kt—1 kt+1
c; —|—c VAL w3 G (7.33)
O
We now wish to show that c?’g is of the required form:
Lemma 7.6.3.
k k
kot a; . %
¢ = , = PR (7.34)

—j j ;
[T@0+2m+1) [[(2¢0—2n+1) !
m=1

n=1
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where i
af = [ J(2k —2i + 1), (7.35)
=1
and .
ab = (=1) (j)a’g, j=1,... .k, (7.36)

with the convention throughout that an empty product takes the value 1.

Proof of Lemma 7.6.3 We start with the case j = 0, £k = 0 which is clearly of
the correct form as a) = 1. Assuming (7.34) and substituting into (7.33) gives

GV e @ 2 a2+ g
k - k
PF(L) - PHO)

J
PF(0) 20—1PF (6—1) 2043 PF(l+1)

Which, multiplying by Pf“(f), gives

0+1) (20— 25 + 1)
P = 20+2(k+1— P 204 3)—————~
“ l( TR L= ) = Sy GO T,
, 20 (20+2k—-(—-1)+1)
20— 2 1) — 20 —1
+a31[( U T 20+ 1) (2¢-1)
AR+ 204 2% 42+ 1, —ARO—2—2+1 ,
- 2011 o+ 20+ 1 -1 (7.37)
For j = 0, using (7.35) for k and that a*, = 0, this gives
k
Akl + 20 + 2k + 1
k+1 k 9 — 2 2 —9
al T = (2k + 1)af = (2k + 1 11 k—2i+1
k+1
= [k +1) - 2i+1),
i=1
showing that (7.35) holds for k + 1.
Noting now that (7.36) implies, for 1 < j <k,
koo J k
a];l = —maj (738)
and hence, for 1 < j < k, inserting (7.38) into (7.37) gives
S (k4 1)(20 4 4kl 4 2k + 1)ak (kD + 2k)ak (7.39)
T 2+ )(k—5+1) 7 (k—j+1) 7 '
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It remains to show (7.36) holds for af“, which is equivalent to

ajt = —ﬁa?l, 1<j<k+1 (7.40)

Using (7.39) for affll and applying (7.38) we get

S (k+1)(1+2k)ak (B + D +2k) j "

T (k=g+2) T (k=j+2) (k=j+1)7
which holds for 1 < j < k. Using (7.39) gives (7.40), showing that (7.36) holds
fork+1,57=1,... k.

The final case is j = k + 1. By (7.37) and the fact that af,, = 0 we have

kL _ gk (—4k£—2k—2(k+1)+1

Ay = O Y ) = —(2k + 1)aj.

Using (7.36) for j = k and (7.35) for k£ + 1 this gives

agfy = (=) (2k + Dag = (-1)"ag™,

and since (iﬁ) =1 this gives the result. O
Combining Lemmas 7.6.2 and 7.6.3 proves Lemma 7.6.1. U

Lemma 7.6.1 appears to be entirely new and may well be useful in other

applications involving partial wave expansions.

7.6.2 Decay of §i(r<,r>)

We now wish to use the explicit form of fF(r-,r~) given in Lemma 7.6.1 along

with the expansion

L(G+1)/2] .
) B 1 9 . .
dirers) =+ D705 3 (5] )0 - )

k=0
(7.41)
derived at the start of this section to derive the decay rate of the fg(r<, r~) in
terms of the decay rates of the f§(r.,rs). Following the ideas of Hill, we write

J—2k+1 _ j—2k;+1<1 e

j—2k+1

(rs — 7<)
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and hence, up to a constant, (7.26) shows that the term in the summand of (7.41)

may be written as

We now investigate a general function of the form h,,(z) = (1 — z)P2", z €
[0,1], n,p € R\ {0}, where = will correspond to r— /r~, and in particular we would

like to find a bound for hy,,(x) in terms of p and n. It is clear that

d

%hp,n(x) =n(l— x)p:c"’l —p(1— x)pflx",

from which it follows that /,,(x) is maximized at = . Noting that this value
is indeed in the allowed range = € [0, 1], we find that the maximum value of hy,,,

can be bounded from above by (2)P.

In our case, we see that p = j — 2k + 1 and that we may take n = ¢/m with
m > 0. This gives that

£/m , J—2k+1 t/m
(rs —ro)i™ 2k+1<r>) _ rj>—2k;+1<1 B :_§> <:_§)
<L (m(j — 2k + 1)) L (7.49)

which shows that the decay rate in ¢ is independent of the choice of m. Inserting
this bound into (7.41), and using that 1/(¢+ 1/2) < 1/¢, we see that

LG+1D)/2] [(G+1)/2] 3
2 2j-3 2(k+k)
16 (reyrs) P < €737 ( ) Z Z 4 (2k—1>(2k¢’—1)

% Tij 2(k+k")+2 (m(j _ 9k + 1))] 2k+1 (m(] —_ 9 + 1))] 2k"'+1

( ) %/mfz( ) (re,rs)]. (7.43)

Similarly, we need an expression for |%§g (r<,r<)|? and differentiating (7.41)

we see that

%fﬁ(ro 7’>)
L[(5+1)/2]

(£+ 3) 1/2j1! Z (ij_ 1)(_1)j2k+1 [(7"> - 7"<)J 2 8 fz (re,7>)

k=0
+(—2k+1)(rs — 7"<)j72kff(7"<a rs)|-
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Using (7.42) and the analogous version for lower powers of (r~ —r.) gives

|%§Z(7’<>T>)|2 <

12 VD2 LG /2] j j 2j—2(k+k')
I (E) X Y e o
5! ok —1)\2k —1)"

x [(j — 2k 4 1)(j — 2K + 1) (m(j — 2k))" 7 (m(j — 2K))
X ’(K)ize/mff(ra7“>)fe/(7’<77“>)}
207 (= 2k + 1) (m(G — 2k))" (m(j — 2K + 1))

X ’ (K)izwmff(ra T>)%fz ,(7’<> 7“>)’

j—2k

=2k +1

+ 0722 (m( — 2k + 1) 7 (m( - 2k 4+ 1)
X (52) M s )| (7.44)

It remains to determine the decay rate of the f(r-,r-) and their derivatives.
We have an explicit form for fF(r-,r), given in (7.26) and the following lemma

gives an explicit form for % fEre,rs):

Lemma 7.6.4. The derivatives of ff(r-,rs) are given by

0 . abrZ D E (04 2(k - )
Gl e rs) =t Do (7.45)
- =0 T[ (20 +2m +1) [] (20— 2n+1)
m=1 n=1
0 P a"?rz(kfj)r%(—f —1+2y)
anlZg(T<a7">) :7"£<7“>£ 22 o RS > r (7.46)
g =0 T[ (20 +2m+1) [T (20 —2n+1)
m=1 n=1
Proof This follows trivially from differentiating (7.26) term by term. O

The remaining step is to determine the decay rates of integrals of products of
two of ff(r-,r~) and %fﬁ(m, r~) with a general function of r— and r-, which
will later to be chosen to be products of the A;(r.,r~) or their derivatives. Again

by Cauchy-Schwarz it is necessary only to consider integrals of the products

rirlg(re, T>)(T</T>)_2£/mff(7’<aT>)ff/(7“<, rs)

and

T’ZTTg(r<, T>)(T</r>)_2£/m%fzfg(r<a T>)%ff(7’<a 7“>)-
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7.7 Results on the Integrals

Following the discussion in the previous section we need to derive the rate of decay

of integrals of the form

o > o r —2¢/m ’
/ / 7"<7"[>39(7"<77">)(i) / ‘ff(r<ar>)ff (r<,rs)|drodrs (7.47)
o Jo

and
o0 > a r —20/m /
/ / 7’<T§9(T<>T>)(i) /|%ff(r<,r>)%ff(r<,r>)|dr<d7’>, (7.48)
0 0

where o, f € NU {0} and r, € {r,r>}.
The evaluation of these integrals is obviously highly dependent on the form of
g(r<,r<) and, whilst we have an explicit form for ff(r-,r~), we do not have an

explicit form for g(r-,r-). We begin by noting the following result on fF(r.,r-)

and %flf‘;(m, rs)

Lemma 7.7.1. For m > 1 and { > k, the functions (r-/r<)" ™ fF(r_,rs)
and (r</r>)’5/m%ff(r<,r>) for vy, € {r<,r>} are strongly peaked on the line

T< :T>.

Proof From (7.26), (7.45) and (7.46) we see that a general term in 7. and r~ is of
the form r£te /7t where a,b € {=2,...,2k} and £ = (m —1)¢/m > 0. Rewriting

this and using that r- = r~ — x where = € [0, r~] we have that

I+a /- /.
T<  asb T l+a ab 1 €T l+b
ib = T> —_— = T> _ .
r&h r> r>

For ¢ > k we have £ + b >> 1 and this expression is strongly peaked when x = 0,
giving the result. O

Although stated in [Hil85] (page 1187), this result was not proved.
For suitably smooth g(r~, r~), this result implies that it is sensible to to Taylor

expand g(r.,rs) around r- = r~ giving

glra,ms) = glrs,rs) + (re = r2)g' (s, r5) + (re —r2)2g"(rs,r5) + ...,

where ¢'(z,rs) = %g(r<,r>)\r<:x and so on. This result is made rigorous by

the next lemmas



7.7. Results on the Integrals 267

Lemma 7.7.2. Let g(-,7r-) € CN(R) be such that |g™ (s,7<)| < G(rs) for all
s € Ry and forn = 0,...,N. Then, for M < N, p > 0, and f(r.,r~) an

arbitrary function,
>
/ g(re,rs)|f(re,rs)ldr<
0

= Zg(m)(r>,7">) /Or> w‘f(,r<’,r>)‘d,r< (749)

+ i O™)g(rs) /Or> rt <T—<>Z/p|f(r<,r>)|d7“<

r>

Proof We begin by noting that we may Taylor expand g(r-,r~) in r- about r-

and, since g™ is continuous, we may use the Lagrange form of the remainder, i.e.

=2

N
T —T
% o™ (s,72)

(re —ms)" (n)

9(7"<77">) = ol g (7">77">) +

i
o

for some point s € (r-,rs). It is clear that the first M terms of this expansion
contribute the terms in the sum in (7.49). We now note that, in a similar way to
the derivation of (7.42),

ro\ P
(re —rs)" (—<> <erle™,

r>

for any p > 0 and for some ¢ > 0 (which depends on p). Hence, since |¢™ (r, )| <
g(rs) for all r, the result follows. O

This result replaces the non-rigorous argument of [Hil85].

Applying this result to the integrals (7.47) and (7.48), we find the general

integrals are now of the form

oo r>
« r<\—2¢/m !
/0 /0 7”<7"[>39(7">)(E) 2 [fE(re, ) J7 (re,rs)|drdrs (7.50)

and
& > a re\—2¢/m !
/ / T<T§g(7ﬂ>)(i) 24/ |%fé€(r<’r>)%ff (r<,r>)|dr<dr>. (751)
0 0

The advantage of this form of the integrals is that, since the unknown function g

is no longer dependent on r—, we may explicitly evaluate the r~ integral. We now
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move on to discuss the decay rates of integrals of the type (7.50) and (7.51).

7.7.1 Decay rates of the integrals

From Hill’s result we expect the norms (7.8) and (7.9) to decay at least as O(I™%).
In fact, since the norm in (7.8) is the L? norm and that in (7.9) is a higher
Sobolev norm, we expect the slowest decay to come from the energy norm. Recall
that we have factors of ¢~21—3+2(k+K) = p=2j—1+2(k+k") gnq ¢~2-3+2k+K) for terms
involving fEro,rs) fF (re,rs) from (7.43), fE(ro,rs) fF (re,rs) from (7.44) and
o O fh(r., T>)ar f¥(ro,rs) from (7.44) respectively.

The main aim of this section is to remove the dependence on k and k&’ from
the decay rates of |€)(r,r)|? and |%£Z(T<,T>)|. We begin by finding the k-
dependence of integrals of the forms (7.50) and (7.51).

Lemma 7.7.3. For k,k' > 1, a € NU{0}, r, € {ro,r>}, and m > 1, let
(= (m —1)¢/m then

"> aflr —20/m ’

/ r<(i) / |ff(r<7r>)ff (re,rs)|dro = (7.52)
0
2(k;+k/)+a 1
kK kk
- - ZZ@ R (e, 1z a),
PHO PG a) 25 2

"> afre\—20/m /

/0 7"<(i) / |%f;(r<ar>)%fé€ (r<,rs)|dre = (7.53)
2(l€+k:’)+oz—3

P )P’“'( )Q’”‘“(f—l a)

S e R~ a2k~ )+ 208~ 1),

Jj=0 j'=0
and
i a(r< —2¢/m 4
|G M st e ) e = (7.54)
2(k+k')+a—3
s k k’ kk y
a” R 6604 0—25)(0 -2
PO P OO e ZZ )(€—=2§)(€ = 2j)

J=0j'=0

where P*(() is a polynomial in € of degree 2k, given explicitly in (7.55), Qk’k/(g; a)
is a polynomial in 0 of degree k + k' + 1 with coeﬁcicients parameterized by o and
is given explicitly in (7.57). The remaining term R (€ l:a) is the product of a
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polynomial in ¢ with a polynomial in ¢ (both of degree k + k'), with coefficients
parameterized by « and is given explicitly in (7.58).

Proof We prove the result for ff(r-,r~), the proofs for %flf‘;(TQ r~) are analo-
gous. By (7.26) we have that

K kgt 2(k+k’ Ji=i") 2(J+J)

(:—i)iﬂ/mff(r<,7“>)ff,(7“<,7’> _ 2Z+QZZ a; ]/ r< Pk/(f)

Jj=0j'=

and hence

s a 2@/7’1’7, kl d
; 7“<( ) fz( <) fy (re,rs)dre
. K akak 2(k+k/ —j= J)r2(]'+j/)
-

2Z+a 722 2 a; ]' < >
ZZ Pk'(ﬁ) dr

=0 j'=0

k k'

o 2(k+k +a— 122 a;ag
PF(O)PE (¢ O@042k+k —j—j)+a+1)

J=03"=0
We now define the polynomial
k k
Py =] 20+ 2m+1 H (20— 2n+1), (7.55)
m=1 n=1

which is the product of all distinct terms in the denominators of (7.26) over all j.

We also note that the terms given by the integration are
{0420k +F —j—j)+a+ DM = {20+ 2+ a - D} (7.56)

and we therefore define
Tkt
Q" (0 H (20+2i4+a—1). (7.57)

It follows that

/0>7”°<“( ) 2£/m|f£( <,T>)ff/(r<,r>)|dr<:

2(k+k YHa—1

e POPSUULAIL

Jj=0j'=0
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where
k k
REE (W Gay= T @+2m+1) J] @0—2n+1)
m=k—j+1 n=j+1
K k'
< I @e+2m'+1) J] 20-2n"+1)
m/=k'—j'+1 n/=j5'+1
k4K +1
X H (20 +2i+a—1). (7.58)

#(kJrk’ j J'+1)

For %ff(r<,r>) the power of r— is unchanged, leading to the same coeffi-
cients from the integration but a reduced power of r~. The extra two terms in
¢ come from the initial differentiation as given in (7.46). For % fE(ro,rs) the
initial power of r. is reduced by two, and we once again gain two factors from
the initial differentiation as shown in (7.45). O

The results of Lemma 7.7.3 show (noting that O(f) = O(¢)) that the inte-
gral (7.52) is of order ¢~ +¥)=1 and the integrals (7.53) and (7.54) are of order
¢~+k)+1 However, this is not strong enough to counter the £25++) in the sum-
mands of (7.43) and (7.44). We would therefore like to show that the summation
over j and j' in (7.52)-(7.54) causes an increase in order.

The first step is to note that Rf]k,/ (¢,7; ) and the (£ + () terms in these sums
contribute powers of j and j'. The terms in (7.56), i.e those in the final product
of Rﬁ’ﬁ/(ﬁ, (; @) in (7.58), may be written in the form (204 ~; — (j +j')) where the
~v; depend on k, k' and « but are independent of 7, j/ and ¢. There are k + k" of

these terms and this product may be expanded as

k+E+1 k+E k+k k+E —

[T ezt =3 el Gt =30 z P

=1 n=0
#(kJrk’ J=3'+1)

where ¢, and d,,,, depend on k, k" and . Similarly, we see that the extra two
terms in (7.53) and (7.54) lead to sums of the form

k+k' k+k' ) Ktk —n
Z f (] + ] )k:—l—k; —n j/yEQ—x—y — Z €n€2—m—y Z dmmjm_i_mj,k_’_k/_n_i_y
n=0 s s

where z,y € {0,1}.

From these expansions and the explicit form of R (f (: ) given in (7.58) we
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see that, for fixed n and m, the double sum over j and j’ in (7.52) is, up to a

constant, of the form

k 174 k k
SO dkdbermgttem I 20+ 2p+1) I 20-2v+1)
j=0 j’=0 p=k—j+1 v=j+1
174 K
< JI @+2/+1) J] @e-2v/+1). (7.59)
W=k'—j'+1 Vi=j'+1

This double sum separates into the product of two sums:

k k k
"> abim [ @e+2u+1) J] 0—20+1) (7.60)
§=0 p=k—j+1 v=j+1
K K
X Z i et I @+2/+1) [T -2/ +1).
w=k'—j'+1 v'=j'+1

The sums in (7.53) and (7.54) are of the same form but the sum over j contains
either an extra power of £ or and extra power of j and analogously for j'. We now

wish to show:

Lemma 7.7.4. For a} = (-1) (];)alg, and p € NU {0}, the sum

k k
Zaj IT @+2m+1) JT @—2n+1)
m=k—j+1 n=j+1

is O(CP).

Proof We first note that if p > k then the result is trivial as the highest order
of ¢ possible is k. Hence we need only consider 0 < p < k and begin by dividing
through by 2¥ and rearranging to give

k k k
Sep=Y_diim [ (+3H+m) [ ((¢+3) —n),
=0 m=k—j+1 n=j+1

where ¢ is some constant. For ease of notation we let a := (¢ + %), giving

k k k

cShp:Z(—l)j(k.:)jp I[[ @+m) [] (@—n).

Jj=0 J m=k—j+1 n=j+1
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Recall the Gamma functions [AS72],

['(z) :/ t*te~tdt,
0

which are the generalized factorial function and satisfy

MNz)=(z—-1I'(z—-1), z e R (7.61)
This gives that
ﬁ 0+ m) T(o+k+1)
k1 F(a+k3+1—j)

Lk +1—0a)
nllfa_")_( Rl Vi

and the standard form of the binomial coefficient is

k\ T(k+1)
(j) TG+ DI(k—j+1) (7.62)

It follows that

k+1) Dla+k+1) Tk+1-a)
Stp = Zj Tk—)T(a+k+1—HTG+1-a)

We will prove the cases 0 < p < k by induction on p and begin with the case
p = 0. Using the identity

I'(2)
I'(w)

B o I'(z2) o w z—1
=Tz + 1)F(z —w+ DT (w) ( ) (z - w) (7.63)

and the Vandermonde identity [AS72] for the sum of binomial coefficients

2 ()67)-(07) ro

7=0
gives
Fla+k+1) — fat+k
Tatk+1—j) 7\ j
and
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Hence

o = (—1)FT(k + 1)22 (O‘ j k) (’Z B j‘)
)

— (—1)FT(k 4 1) (2: (1) + 1)F(kr+(21’;;(;)+ 3
L T@kt1)
=(-1) Thil) o(1),

which shows the result holds for p = 0. For 0 < p < k we consider the sum

k

Tep:=(=1"Y_iG-1)...(G— - D)g

J=0

L(k+1)
FG+1rk—j+1)
L Tlatk+l) Tk+1-a)

Na+k+1—-j)T'(j+1—-a)

which is clearly zero when j € {0,...,(p — 1)} and thus

Tk,p
E: I'(j+1) D(k+1) Dla+k+1) T(k+1-a)
FG-p+)IG+1)k—j+)MNa+k+1-)TH+1—a)
’“i T(k+1) T(a+k+1) T(k+1-aq)
rG+1)Ik—j+1-plla+k+1—-j—p)I'(i+p+1—a)
B kkpr(k+1)r(a+k+1) T(a+k—p+1)
=(=1) ; MNa+k—p+1) TG+ (a+k—p—j+1)
" I'k—a+1)

FNk—j—p+)I'(p+j—a+1)

We now apply (7.62) to the last two terms to obtain

k—p
IFa+k+1) CY‘I—/{? D k— «
Thp= (=) +1
kp = (=D (k + >F(C(—|—]€—|—1— ( )(k—p—j)’

J=0

and using (7.64) gives

Typ = (—1)*T(k + 1)F<Fa(iz ﬁ;fl) (2:__5).

It is clear from (7.61) that I'(a + k 4+ 1)/T(a+ k —p+ 1) is O(a?) which is
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equivalent to O(¢?). Finally noting that j(j —1)...(j —(p—1)) =77+ ZZ 0 CiJ*
and using the inductive hypothesis gives the result. O

We are now in a position to determine the decay rates of the integrals (7.52)-
(7.54):

Lemma 7.7.5. Let m > 1 then
” o (r<\72/m) ok K dr. — 2(k+k’)+a—1o 6_2(k+k/)_1
r< (K) \fe(ra,rs)fi (re,rs)|dre =13 ( )
0

i a —20/m o B ,
/ P (52) T G S s ) g I (s dr e = 2SR OO,
0

where 7, € {r<,r}.

Proof Lemma 7.7.4 and (7.60) shows that the sums in (7.59) are overall of order
O((***) and the analogous sums for the derivative cases given in (7.53) and (7.54)
are of the form O(¢*+¥+2). Combining this order with that of the polynomials
outside the sum in (7.52)-(7.54), which are of order £~3*+¥)=1  gives the result
for the order. The result for the power of ry follow directly from the results of
Lemma 7.7.3. O

Recall from Section 7.6.2 that there exist bounds on [ (ro,75)> and
|%£§(r<,r>)|2 (given explicitly by (7.43) and (7.44)) such that

J[ ot Parar.

LG+1)/2] [(5+1)/2]

TED DI DI o

k=0 k'=

o —2(k+K’ ro\ —2¢/m ’
X //7"<7">] 2k )+ﬁ+2g(r>)(f) ! [ (resrs) [ (re, ) |dr<dr

and, using Cauchy-Schwarz to bound the middle term of (7.44),

LG+1)/2] [(5+1)/2]

// gl e r)Pdradr, VT, 5 40

k=0 k'=

« re\—2¢/m
jk;k/ // 2J A +ﬁ( <) / ‘ff(7"<a7">)ff (r<,rs)|dr<drs

>

— a 2j—2(k+k")+2+8 (r o\ —2/m
+ 072 Cj,k,k;’,m //7“<7“> (E)

X \%f;(&,T>)%ff(r<,r>)\dr<dr> ;
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for some constants cﬁf,)g’k,ym, 1=1,2,3.
This holds for any m > 1 and the bounds in Lemma 7.7.5 are independent of

the choice of m and so, inserting these decay rates into the two above expressions,

and noting that O(f) = O((), we find

// rﬁrﬁg(%ﬂfﬁ(&,7">)\2d7“<d7“> = O(K_Qj_4)/rij+1+a+ﬂg(r>)dr>, (7.65)
J[rertate g e Paradr. = 04 [y yar. (1.66)

These bounds lead to the following result about the decay rates of the norms

of Yy(r<,r~) and 3 @Z)g(r<,7“>) given in (7.14) and (7.15).

Corollary 7.7.6. Let g(-,rs) € CN(R) be such that |g™ (s,rs)| < §(rs) for
some g(rs), alls € R andn =0,...,N. Recalling the notation

) 1/2
£llwi= ([ [ 11Prestarar. )
we have, for any M < N,

||g(r<a 7’>)£Z(T<a T>)||62l,b

M oo ) . m
€2j4)[2/ Tij+1+a+b(r< m:">) [(’?TZ (7“<77“>)‘2} B drs
m=0v0 ’ <=
N o
s> o | r§+l+“+b+”g<r>>dr>] (7.67)
n=M+1 0

and

Hg(7"<a7">)£§g(7"<a7">)”2b
—2j— 2 {Z/ 2j 14ats (7 7">)m[am
m] orm

+ Z o) /Oorij_1+a+b+”§(r>)dr>] (7.68)

n=M4+1 0

(7"<7 7">) |2] drs

T<=T>

forr, € {re,r-}.
Proof We first insert the expansions for |&)(r.,r-)|* and |%£ﬁ(r<,r>)|2
given in (7.43) and (7.44), with m = 2 into the ]\g(r<,r>)£g(r<,r>)]\§vb and

lg(r<, m)%gﬁ (re,rs) Hgb respectively.
Next we apply Lemma 7.7.2 with p = 2, g(ro,rs) = |g(r,7-)|? and
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flre,rs) = rerb fE(re,ro) fF (re,rs) or TiTZ%ff(rQr>)%ff’(r<,r>) to each

of the r. integrals, resulting in the sums over m and n in the above.

The final stage is to apply Lemma 7.7.5 to each of the r_ integrals, where, by
the choice m = p = 2 for the preceding lemmas, the coefficient m in Lemma 7.7.5
is either 2 or 4/3, both of which are greater than 1.

Hence all powers of £ in terms of k& and k' cancel. The calculation of the powers

of ¢ and r~ is trivial by following the application of the above lemmas. O

Although the decay rate results are analogous to those of [Hil85], the method
of proof is entirely different. We use the explicit form for f¥(r.,r.) and its
derivatives, whilst Hill proceeds inductively, the proof of which contains a number

of typographical errors.
We will later choose g(r<,rs) to be A;(r<,r) or %Aj (r<,r~). It remains to
estimate the decay rate of the norm of the remainder and its derivatives in (7.14)

and (7.15).

7.8 Bound on the Remainder

We now wish to determine the rate of decay of the remainder terms Roj_1 ¢(r<,7)
and %RQM(TQ r~) in Theorems 7.5.1 and 7.5.2. In particular, from (7.14) and

(7.15), we see that we are interested in the integrals

/ |Rog_16(r<,r<)|?r2ridrodr~ and //|%R2J7g(r<,r>)\2riridr<dr>.

7.8.1 Remainder Decay Rates with Assumptions

For much of this section we follow the method used by Hill, starting with the
definition of the differential operators £; ([Hil85, page 1181]), which are chosen
so that Lo, is equivalent to n applications of the angular Laplacian. We have the

recursive definitions

Cl = 9 EQn = (i + COSG) £2n—1; £2n+1 = 88_9£2na (769)

sin 6

and it is clear that Lo, P¢(0) = [—0(¢+ 1)]"®,(0). Consider now an integral of the

form

I:= /Oﬂ f(0)P,(0) sin 6db,



7.8. Bound on the Remainder 277

(where f(0) will be Roy_1(r,r~,712) OF %RQJ(TQ r~,712)), for which we have

[—e(¢+ 1)1 = / ' F(0)(LosPe(0)) sin 6d6. (7.70)

We now wish to rewrite this integral so that the operators £; apply to f(#) rather
than to ®,(6):

Lemma 7.8.1. For a general 2.J-times differentiable function f(6) and operators
L; defined in (7.69) we have

2J-1

/OW F(0) (LD (0)) sin 0 = [sine PEIO) (£2J_1_j¢>€(9))}

™

0

+ / ’ (L2 £(6)) D¢ (6) sin 6d6.

Proof We prove the result by induction and first note that £;£, = Lo for all j,

which follows trivially from the definitions of the £;. Consider a general integral
I :/ F(0)sin 0Ly (G(0))do = / [F(0) sin@(aa—;G(H)) + F(0) cos 0(-ZG(0))]db,
0 0

which, integrating by parts, gives

I = [F(6)sin0(2G(0)) + F(0) cos G (0)]

_ /0 2 (F(0) sin 0) (5G(6))df — /0 2 (F(0) cosf)G(O)d0.  (7.71)
Integrating the first integral by parts once again gives

[ = [F(6)sinf(ZG(9)) + F(0) cos0G(0) — 2 (F(0) sin@)G(H)]g
+ /0 (25 (F(0)sin ) — 2 (F(0) cos 0)] G(0)do
= [F(9)sin0(5G(0)) — (5F(9))sin0G(0)]

+ /OW (2 + <20) 2 p(p)] G(6) sin 06,

sin 6

It is therefore clear that the result holds for J = 1 with the more general functions

£(6) = F(0) and ®,(0) = G(0).
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Assume the more general result holds for J and so we have

2J-1

| PO aranGO)) sindts = [sind 3 (-1 (3F) L2115 (£260)]

™

+ /O ' (L2 f(0)) (L2G(9)) sin 6db.

Using £;L£5 = L2 and the inductive hypothesis we find

/0 " P) (Lagr41)G(6)) sin 6df = /0 ' (Lags11)f(6))G(6) sin 6d6

+ |:Sin9 Z (—1)j (ij(ﬁ)) (£2J+1_jG(9)) + (»CQJf(Q)) SIDQ(%G(H))
=0
— (g—eﬁsz(é’)) sin QG(H)] :,
recalling that 2Lo; = Lo711, and setting F(0) = f(6), G(6) = ®¢(6), gives the

result. O

We now note that as long as (£;f(0))(La-1-;P¢(6)) is bounded for all j =
0,...,2J — 1 then the boundary terms in (7.71) are zero. In our case, f(f) =

Ry(re,r>,m2), I = Rjs(r<,r~) and we have the following lemmas:

Lemma 7.8.2. Suppose that

|(LiR2y-1(r<,75,712)) (L25-1-;P4(0)) | < o0

for7=0,...,2J —1, then

T> +’I"<

> T
Z€4J\R2J1,e(7“<77“>)\2§/ |L27Roy 1 (e, s, m10)|P —o—dryy. (7.72)

=0 T>S—Tr< T<T>

Further, if the integral on the right hand side is finite then

glijglo £2JR2J—1,€(T< ) 7’>) =0

and if, in addition,

[e%¢] r> r>+r< 5 19 5 o
/ / / |LogRoy_1(r<,r>,712)| - drigrirsdrdrs < oo (7.73)
0 0 r

>—T< <'>
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then

{—00

o0 >
lim fu/ / |Roy_16(r<,m<)|r2ridr_dr- = 0.
o Jo

Proof Using (7.70) with f(0) = Roj_1(r<,7>,712) (i.e. I = Roj_14(r<,75)), along
with the assumption that (£;Res_1(r<,r>,712))(L27-1-;P¢(0)) is finite, Lemma
7.8.1 shows that

[—€(£+ 1)]JR2J,175(7"<,7">) = / (£2JR2J71(70<’T>,’r12))®£(9) sin 6d6. (774)
0

Since Loy Ry 1(r<,r~,712) is a function of r—,r- and 6 it may be expanded as

LoyRoy—1 7“<a7">,7"12 ZOQ 7“<a7"> )
Hence -
/ (L'QJRQJ,l(Q, rs, rlg))CI)g(H) sin 0df = ay(r<,r-)
0

and so
[E(f‘i” 1)]2J|R2J—1,€(7’<>T>)|2 = |Oée(7“<,7”>)|2~

Summing over £ gives

Z (€ +1)] |R2J71,€(7"<77">)‘2 = Z |ve(r<, 7">)|2-
=0 £=0
By definition,
|LogRog1(re,ms,m0)|* = Z %(7"<77">)04;(7"<,7">)<I’i(9)q)j(9)a
i,j=1

where we have used the fact that the ®;(6) are real. Using the orthonormality of
the ®@;(#) and the Dominated Convergence Theorem we have that, if the integral
of the left hand side is bounded,

/ |LogRoy (1<, 75, 712)|? sin 0df = Z |l (re, rs)|?.
0 =0
Since 47 < [0(¢ + 1)]*/, it follows from (7.74) that

ZE4J|RzJ—1,£(T<>T>)|2§/ |£2JR2J—1(T<>T>>T12)|2Sineda-
—0 0
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Using that
s r<+r>
/ fsinfdf = / 889 sin 8dris
0 T

>—T<
and % = r.r-ry, sinf gives the first part of the result.
The second part follows trivially as if the sum is bounded then the summand
must tend to zero and hence limy .o (? Ry 1 4(r<,7s) = 0.
The final part is less trivial and requires the use of the Dominated Convergence
Theorem. Let f, = > ;o (*|Roj_1,(r<,75)|? then it is trivial that f, — f =
oo (| Ray—1,(r<,r=)|* pointwise as n — oo. Further, by the positivity of the

summand,

|ful < f < / L2 Ray—1(re, rs,712) [ sin 0d6 =: g.

By assumption fo Z grir2drodr. < oo and hence we may exchange the order

of summation and 1ntegrat10n in

o) rs
47 2.2 2
/ / g (| Roy_10(r<,rs)|*riridrodrs < oo,
o Jo
=0

which gives the final part of the result. O
Lemma 7.8.3. Suppose that

’ (CjRQJ(T<, rs, 7’12)) (EQJ_j@g(e)) } < 0

forj=0,...,2J —1, that Rng(r<,T>) and %(EQJRQJ(T<,T>,T12)) exist for
ry € {7"<,7">} and that (EQJRQJ(T<,7">,7"12)) is a continuous function of ..
Then

[e%] . 9 r>+r< 2 T19
S Ratrer )P < [ [ (CarRarlrers i) P dra. (173
(=0 e <l

Further, if the integral on the right hand side is finite then

hm 62 8 RQJ[(T<, 7/.>) — 0

{—00

and if, in addition,

7">+T<
/ / / EzJRQJ(T<,7“>,T12))}2 dr12r<r>dr<dr> < oo (7.76)

>—T< T< r>

then
[o¢] r> 9 9 9
A 0
Zhr?of / / ’81"7 Roj(re, 7">)’ rersdredrs = 0.
- o Jo
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Proof As in the proof of Lemma 7.8.2 we find

[—0(0+ 1)]JR2J7[(7"<, r~) = / (EQJRQJ(T<,7">, 7"12))@@(9) sin 6 d6.
0

Differentiating both sides with respect to 7, and, by the continuity of

LojRoy(r<,r~,m12) and %(;CQJRQJ(T<,T>,T12)), using Leibniz’s rule [AS72] to

take the derivative inside the integral gives

™

[—f(f + 1)]J%R2J7E(T<,T>) = / [% (,CQJRQJ(T<,T’>,T12))]¢)g(e) sin 6 d6.
0

The rest of the proof is analogous to that of Lemma 7.8.2. O

7.8.2 Validity of Assumptions

It is clear from the statement of Lemma 7.8.2 that we wish to show that, for
J' e {2 —1,2J},

}(EjRJ/(T<,7n>,T12)) (EJ/,]'CI)@(Q))} < o0, 7=0,.. ,QJ -1,

r>+r< 9 r12
}£2JR2J71(70<77A>a7012)’ dris < 00
r>—T< T<r>

and

>+
>rre g 2 T19 p
’m(£2JR2J(T<,7’>>T12))’ r12 < 00
r>S—T< T<T>

for r, € {r<,r~}. The other necessary assumptions will turn out to be more
technical assumptions on the wavefunction.

For convenience we follow Hill in defining the more general function

T12 (’1"12 _ t)m an
m!  orf,

ht (re,m=,712) ::/ U(re,rs,t)dt, m >0 (7.77)

r>—r<

where, in particular, R;(r,7s,712) = h™ (r<, 7=, 712). Using Leibniz’s rule,

0 hy, (T<a r>, T12) - hfnfl(r<a r>, T12) (778)

Oriz  m

and so we also define

aTL
arty

Y(re,rs,112). (7.79)

hﬁl(r<7 >, rlZ) =

The aim of the next step is to write the operator £;, which is in terms of %, in
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terms of 8%2 allowing us to make use of (7.78). The following lemma follows Hill’s

Appendix C:

Lemma 7.8.4. The operator L;, as defined recursively in (7.69), may be rewritten

as
J
§ : J o+
= UW\T<, TS, T12) 77
o k( <H!> )87’If2

where the u)(r<,r,r12) are given recursively by

uk(r<,r>,r12) =0, ifk<1ork>j,

ui(re,rs,m12) 1= 85;2,

uzj(r Ts,T12) = (59—6, + ‘;f’;g) uij 1(7“<,7">,7“12) + %uiﬁl(m,g,mg), (7.80)
uzj”L (re,r=,7r19) = g—eui (re,m,712) + agéQ uij (re,rs,m12). (7.81)

Proof The proof proceeds by induction, the first case of j = 1 is given by £; =

88—6 = agéQ Br and the result holds. Now assume the identities hold up to 25 — 1
12
cos 6
and construct £,; which, by definition, is equal to (& + <8)£,; ;. Inserting the
expansion
2j—1
2j—1 ok
Loj1= E uy, (T’<,T>,T12)—8T,f2
k=1
e find
2j—1
. _ (0 cosf 2j—1 ok
Loj = (ae + sino) E :“k (7’<>T>,7’12)—3Txf2
k=1
2j—1
_ 9 ,.2j—1 ok 2j—1 Oris 0 Ok
- (%uk (T<7 >, Tl?)) ok, + Uy, (7"<, >, 7"12) 90 oy, ork,
k=1

cosf, 2j—1 ok

+ sin 0 sing Yk (7"<, >, 7"12) 87,11€2

and equating powers of a% gives the result. The formula for progression from
12

D Lo;. O

even to odd follows analogously, using Lo;11 = 7;

It follows directly from this lemma that we may write

J

ﬁjh%(7"<a7">,7"12 Zh —k ’I“<,7">,7"12)Uk(7“<,7">,7"12) (782)
k=1

and hence we are interested in the boundedness of the ui(m, r~,T12). At present

we have an expression for uj(r<,rs,r2) with terms in both ry, and 6, which
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can can be related in terms of r— and r~. Our next step is therefore to write

ui(r<, r~,r12) in only r—, v~ and rio, this again follows Appendix C of [Hil85].

Lemma 7.8.5. The ui(r<,r>, r12) defined in Lemma 7.8.4 are expressible in the

form
J= k k+z
w(re,r>,r12) E <k+2z ri 7 .(0) (7.83)
i—0 T2

where the viz(e) are given recursively by

viyi(e):O, if i<0ori>j—k
vio(é’) =sind,
00) = (5 + 5af) vl (0) +sin 6 [0 (0) — (k + 20 = 207 71(0)] . (7.84)
VN 0) = S (0) + sind [0, (0) — (k+ 2i — 2)u;77(6)] . (7.85)
Proof Again we proceed by induction and for the case of 5 = 1 we have
W (re,re, o) = 292 = r_r_ sin@/rs, hence v! () = sinf and the result holds.
1 o0 1,0

Now assume the result holds up to 25 — 1 and insert the expansions into the

formula for u}’ (r~, 7, 715) given in (7.80) giving

2j-1-k k+i
- 0 cos T T i
U?(T<,r>,m) = (89 + = ) E : ( <;§3@ viﬂ- 1(9)

sin 0 - s ’
2j—1—(k—1) hri
(rers) 2j—1
+ o sinfv” .(0)
i—0 712

Investigating the first term further, we have that

2j—1—k

0 (T<7’>)k+i 2j—1 (7’<T>)k+i 8 2j—1
% Z P2 Uk{z‘ (9>: Z pht2i %’Uk;,]z‘ (9)
i=0 12 i=0 12
popo )il -
+ (—k —2@')7( jﬂkigiﬂ sm@vi{i 1(9).

12

Inserting this back into the original expression and comparing powers of %
12

leads to the result. The result for progression from 25 to 25 + 1 is proved in an

analogous manner. U

The final stage necessary to derive a form for ui(r<,r>,r12) sufficient to
prove the boundedness of h?, (1<, 7, 7"12)U£(7"<, r~,712), and hence by (7.82) the

boundedness of L;h}, (r<,7,712), is to derive a more explicit form for vil(e) For
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this stage of the proof we deviate somewhat from [Hil85] and derive the minimal
degree of the vil(ﬁ) as polynomials in sin # more directly. In particular we wish

to show

Lemma 7.8.6. Let

pt; o= max{0,2(k + i — 5)},
piitt = max{1, 2(k + i — j) — 1},

then for 1 <k <jand0<i<j—k, viz(ﬁ) are of the form

%(kﬂwgi) ‘ )
> agc,i,n(Sin 9)2n+u’“’i if 1+ k41 even
vl (0) = n=0
kz( ) (k+i717,u,;€,i) ' ,
> ay, i (sin 0)>" i cos@ if j 4+ k+1i odd,

n=0

[N

where a{;’i’n € R, and else viz(ﬁ) =0.

Proof The cases where viz(e) = 0 follow immediately from their definition in
Lemma 7.8.5. It is also worth noting that the upper limits of the sums are integers
since u?“ is of the same parity as j.

For the other cases, proceeding by induction, for j = 1 we need only consider
the case v o(f) = sin@ where p; =1, j +k+i=2,k+i— p;, =0 and so the

result holds with aj = 1.

Now, assuming that the result holds up to 2j — 1, we see from (7.84) that

v (0) = (5 + <0) 0 771(0) + sin 0 [vi? 1 (0) — (k + 20 — 2)ui71(0)],  (7.86)
so to construct vzjl(ﬁ) we require vZ{i_l(Q), v _11Z(9) and vz];ll(@) It is useful at

this stage to compare

Ni{@'_l = max{1,2(k +i—j)+ 1},
VB = G = {1205+ ) 1), an

pid; = max{0,2(k +i — j)},

from which it is clear that

25—1 27
M =+ L
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We now consider two cases, firstly, if ,ui{{l = 1 then we have
2j—1 2j—1 2j—1 2j
:“k;{z‘ = :U’k;]—l,z‘ = :U’k;?z‘—l =1, Nkj,i = 0. (7.87)

Secondly, if ,ui{{l > 1 then, by its oddness, ui{[l > 3 and hence 2(k+i—j)—1 > 1,
giving

2j—1 2j 2j—1 2j—1 2j—1 2j
/’Lk],i = /’Lk],i +1, :ukjfl,z' = :uk],ifl = ,Uk],z‘ —-2= :uk],i -1 (7.88)

Recalling that we are constructing ’Uijz(e) from v;”"(6), there are two cases to

consider depending on whether 25 — 1 4+ k + ¢ is odd or even. Suppose first that
2j—1+k+iisodd (so 25 — k+i— 2 is even). Therefore we have

1 . 2j—1
o (kti—1—p ) "
2j—1 o 2j—1/ . 2n+pt>
v (0) = E i (I 0)7 i cos 6,
n=0
1 . 2j—1
g (k+i=1—pp ) )
2j—1 . 2j—1 . np2i Tl
v (0) = E ) (S0 0) 7 TR
n=0
Lpicip2i
2( +i— 7/1']@72'71) )
2j—1 - 2j—1 . 42t
Vi 1(0) = E e G 1)
n=0

which, for the first term of (7.86) gives, up to a constant,

(5 + 529 (6005 cosd
— (2n+ 127 4 1) (sin 6 A 1 2 (e g2t L
= pyi  +1)(sind) : cos” 6 — (sinf) :

— (204 7N 1)(sin B)2 R T (2n 4 2 4 2)(sin g2

Using that ,ui{ _111. = ,uij;ll, the second term of (7.86) contributes, up to a constant,

251 .
(sin 6)2"H#-1+1 These two results lead to an expression for UZ]z(G) of the form

(k+z‘—1—ui{i—1)
GO = Y an(sin @) B (sing) e

n=0

N[

1 . 2j—1
§(k+l_1_lik]_17i)
2j—1

S o

n=0
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If ,ui{{l = 1 then, using (7.87) we see that this becomes

(k+i—2)
UZJZ(Q) = Z Ozn(sin 0)2” + (ﬁn + %)(sin 0)2n+2

n=0

DO [

1 .25
§(k+zfﬂk{¢)

. 2j . 2ntpl.
=: g ay); (S0 6) 7 e

n=0

2]' 2]' o . . .
for some Qi a0d pp; = 0, which is of the required form.

If ,ui{l._l > 1 we have, using (7.88),
%(k+i72*l¢i{¢) %(kJrZi‘uijl)
: . N y
v0) = ) an(sing) e 4 B, (sin 0)2 TR 4"y (sin )2
n=0 —

1 .25
§(k+17,u'k]7i)

. 2j . n+p?l.
=: g ay); (510 0) 7 e

n=0

for some ai{m, which is once again of the required form. This proves the case
for 2j — 1 — 2j with 2 — 1 + k + ¢ even. The other results follow with almost
identical proofs and the use of (7.85). O

The important point of Lemma 7.8.6 is that it shows that the lowest power
of sinf in vil(ﬁ) is given by ,u{” Writing szz = max{0,2(k + i) — 25} and
,ui{;rl = max{1,2(k + i) — (25 + 1)} it is clear that, for some positive constants
Chio
i, if 2k +2i —j <0

Uiz(e) < . bt o
Ci(sin )27 if 2k + 27 — j > 0.

(7.89)

We wish to use this result to prove a bound on ui(m, T, T12):

Lemma'7.8.7. For ui(r<,r>,r12) as defined in Lemma 7.8.4 and positive con-
stants C}, ; as defined in (7.89),

. oo N1/2 o
lup (re, s, m12)| < C’,i( ;1;) (re4rs)’ 17“If2 i1z (7.90)

J _ Nk
where Cj, = 3 -5 C. ;.

Proof Consider first the case 2k 4+ 2i — 7 < 0. Inserting the bound in (7.89) into

the summand of the expression for u(r<,r~,712) in terms of v; ;(f) as given in
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(7.83), and using the trivial inequality r1o < 7~ + r—, we see that

(7"<7“>)k+ivj (0) <Y ‘(7”<7“>)k+i <7"< + 7“>>j2k2i
A = G

= Ci,i(v“<7“>)’“”(7“< s )RR,

By the arithmetic-geometric inequality

(rers)'? <re s, (7.91)
we have i /
TT LA CsroroN1/2 , »
( jﬂkigz 'Uiz(e)’ < CZM( ;1;) (r< + 7">)]’17"]f2 JH1/2 (7.92)
12

where (r.rs /r12)"/? is kept so as to cancel with the analogous term in (7.72).

For the case where 2k + 2i — 7 > 0 we use the inequality
sinf < rip(rers) Y2, (7.93)

which is easily derived from the sine rule, to give

(T<T>)k‘+’i . ) (T<T>)k+i ‘ y
i Vi(0)| < O35 (sin §)2k-+2i=
T2 s
. k+i 2k+2i—j ‘ | |
<Cy; (rers) T _ C;f;,i(r<7“>)]/2r’f2‘3,

T e P

Once again using (7.91) gives

(T<T>)k+i i TS\ /2 i1 k—j+1/2
0 < () ey Y
12 712

which is identical to (7.92).
Noting that this bound is independent of i and using the summation formula

for u)(r<,7s,712) given in (7.83) we have

r<T>

. . 1/2 1 k—in1/2
(e, rasmia)] < CE(52) (e Y

T12

where CY = Zi;g; C’,f;’i, proving the result. O

We now prove an analogous result for the derivatives of uj (r<, rs,712).

Lemma 7.8.8. For %ui(m,r»mg) with u)(r<,r~,r12) as defined in Lemma
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7.8.4 and v, € {r.,r-} there exist positive constants CN’ZW such that

.1
k,],Q

Trs\ 1/2 .
= >> (re +7s) 7y

o . j -
|%ui;(7"<a7">,7"12)‘ < C,f;,w( -

Proof We start with the case r, = r-. From (7.83) we see that

Jj—k ‘
or ('I" r )k-i—z
P 12 A \T<T>
k- ==’
Or< uk(r<>r>ar12 2 [37“< i) rllf;r2z+1
k+i—1
rers ;
+(k+i)r>7( kzm ]U;i(e)
T12 7
j—k i—
a - (7’ r )k‘+1 1
= [(—k — 2i) 7 2rors + (k+Z)T12T>}?];rWUi,i(9>'
Py < 12

Now note that |0ri2/0r<| < 1, which follows trivially from the geometric
interpretation of r5, the triangle inequality and the definition of the derivative
(or from considering the algebraic form of (9ry2/0r-)?).

Using the inequalities r~ < ro 417+, rig < re + 75 and (rers)¥? <o + 1o

we therefore have that

(rors )itHi—1 ‘
j“k-|>—2i+1 (re +7s)%|vp,(0)]
12

i—k
%Ui(T<,T>,T12)| S Z ]jﬁi
=0

for some positive constants C’fm The rest of the proof is virtually identical to that

of Lemma 7.8.7. The proof for r, = r- is analogous. O

These bounds on uk(r<,r>,r12) and 5 uk(r<,r>,r12) are sufficient to show

that the assumptions necessary for Lemma 7.8.2 hold, namely that:

Lemma 7.8.9. For j =0,...,m there exist constants 0 < C7 < oo such that

, roron1/2 N
|Lihe (re,rs,m12)] < CJ[}L/Q(¥> (re + 7))/~ Lpttsd

T12
and 0 < C < oo such that
r>+r< 2 1
/ |Loiihp (<, 5, m12) o d7“12 < Crit, (7.94)
T>—T< <!>

where
r<+r> o 2
[TL = / n 1/1(7“<, T>, t) dt
T>S—Tr< arlQ
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Furthermore, there exists 0 < C' < oo such that

r>+r< 2 N
/ 87»7 (E h,, (T<a r>, Tl?)) ) dTlQ S CT> In (795)
r>—T<

r<T>

Proof We begin by using the identity (7.82) which implies

J
|£jhfn(T<,T>,T12 Z r<7T>ar12)uk(r<7T>ar12)| (796)

k=1

and hence the bound on u(r-,r,712) given in (7.90) shows that

J
rers\1/2 o
|£jhfn(7n<77ﬂ>77nl2 Z 'I"<,7">”]“12)|< ;12>> (T< +T>)J 17,,]162 ]+1/2.

Recalling the definition of Al (r<,rs,712) from (7.77) and using the Cauchy-

Schwarz inequality we have, for m > 0,

r12 r —t 12 o 9 1/2
[P (1<, 75, 112)| < (/ )(127‘ dt/ ‘87“" w(r<,r>,t)‘ dt)
T r 12

>—T< >—Tr<
an

_ (112 = (1> — 7"<))m+1/2 (/T<+r>
miv2m + 1 , orly

9 1/2
¢(T<a T’>,t)‘ dt)
>—T<

- Tg+1/2 (/7’<+7“> o
- m' V + 1 rT>S—T< arﬁ

Hence, denoting the integral

w(r<,r>,t))2dt) " (7.97)

r<+r> o 2
L, := / n @Z)(T<,T’>,t)‘ dta (798)
r>—T< 8T12
we have, for 1 <k <2J —1,

|hgz—k(r<’ >, Tl?)ui(r<> rs, T12)|
i

< M2
" (m=k)N2m —2k+1

(rers) 2 (re + po )72 (7.99)

We note that, since 5 < m, the power of 15 is positive, preventing a singularity
at 712 = 0. The first part of the result, the bound on £;h (r<,rs,712) for 1 <
j < m follows from the expansion (7.96) and the bound (7.99) (which, apart from
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the constant is independent of k). In particular,

J J
Z G (7.100)
YW2m — 2k + 1

The case j = 0 follows directly from the bound (7.97). This proves the first part
of the result.

The above bound does not apply for £ = m+1 as the Cauchy-Schwarz estimate

is not valid. However, since ui(r,rs,719) = 8gé2 and uj+1(r<, r~,r12) = 0, using

(7.80) and (7.81), we have

u?(r<, Ts,T12) = (‘9552 ).

Hence, using the definition of A" (r.,rs,r2) in (7.79),

8T;2¢(r<,r>,t)’<%>m+1

Ih’il(%T>,T12)Uﬁﬁ(r<,r>,m)l = ’

o r<rs sin 6\ m+1
= T, T, ’<7>
8T{L2¢( <" 1) T12
a" 1/2
< P(re,rs,t) (r<r>)(2m+”/4(&) (7.101)
orty T12

where the last inequality uses (7.93) and |sinfé| < 1.

To obtain the bound on the integral we use the identity

m+1

£m+1h¢n(7ﬂ<7 r>, Tl?) = Z hnmfk(r<7 >, 7012)uzl+1(7n<7 r>, 7"12)
k=1

and the bounds (7.99) and (7.101) to obtain

‘Eerlh (7"<77">77"12)‘

cptt rers\1/2
1/2 ( - >> (re +rs)™

E)W2m — 2k 4+ 1\ 712

|M§

(1o )M D/4 <7”<7“> ) 12
12

’a ?2 r<7r>77n12)

< (T<T>)1/ (e +

T12

7

ar?2¢(r<a s, T12) (2m+1)/2]

where the second inequality uses that r- < r- and the constant C is given ex-
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plicitly by

N m Cerl
c.=2m
; (m—k)\W2m —2k+1

Hence we see that

e T'12
[ et )P
T

>—T< <r>
r>+r< o (@m+1)2
S / |:[1/QCT'> + ’a 7"<,7">,'I"12) rs m :| d7"12
r>—-Tr<
B r>+r< - r>+r< 1/2
< I,C%2m / drip + 20,Cr 2" ( / drip) " 42
r>—T< T>—T<

< ClLyr2m!

where we have used the Cauchy-Schwarz inequality, the definition of I, from

(7.98), the fact that
r>+r<
/ drig =2ro < 2rs

>—Tr<

and the definition

C:=2C%*+2V20C +1= (V2C +1)%.

Finally we move on to consider the derivatives of L£,,h" (r-,r~,r12) and using

m
ﬁmhfn('r<7 r>, 7"12) = Z hnmfk(r<7 r>, r12>u7kn(r<7 >, 7"12)
k=1
we see that
m
Ory ('C hay (7"<,7">77“12 Z m—k 7"<a7">a7"12)3?7“2”(72,7"»7“12)
k=1
+UZL(T@7">,le)%h%—k(rarwru)]-
We also have that
|%hfn(r<,r>,ﬁg)\ = |%:172 8?12hnm(r<7r>ar12>| < i (r<, 75, 112)

where we have once again used that |0ri2/0r,| < 1. Using the bound on

|h2 (ro,rs,m12)| given in (7.97), along with the bounds on wi(r.,rs,r53) and
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%ui(r<,r>, r12) from Lemmas 7.8.7 and 7.8.8, we have

r<r>>1/2
b

|52 Loty (1,75, 112)| < CL (re )™ 1( r
12

for some positive constant C'. Hence

r>+r< 9 T19 ) S r>+r<
/ ’87" L h? (7"<,7">,7"12)’ drig < C*I,(re +rs)™™ / driy
T T

>—T< r<r> >—T<
< Crim ',
giving the result. O

7.8.3 Remainder Decay Rates
We now have the following result for the remainder terms:

Corollary 7.8.10. Suppose that

/7’< +r>
r>—r<

then the (-projection of the remainder term

2

a2J
dt < oo (7.102)

a QJw(r<7T>’t)

Roj_14(re,rs) = / Roj_1(r<,r>,112)®¢(0) sin 0d0

(11 — )21 927
/ / 27— 1)1 or? 2J7/1(7"<a7">, t)dtP,(0) sin 6d6,

satisfies

hm € RQJ 1 g(?“<,7“>) — 0

L—00

If, in addition,
[e’¢) > r<+r>
4J—-1
0 0 T>S—Tr<

hm €4J/ / |Rog_16(r<,m=))?r2ridr.dr- = 0.

2

82J
dtrir?dr_drs < oo (7.103)

a ij(,r<77n>7t>

then

Proof We begin by recalling that Roy 1(r<,rs,712) = h3J_(r<,7>,712) and so,
using (7.94) with m = 2J — 1 and n = 2J shows that (7.102) and (7.103) are
stronger than the assumption on the right hand side of (7.72) and the assumption
(7.73) respectively.
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Furthermore, Lemma 7.8.9 and the fact that £;®,(0) < oo for all j removes
the need for the assumption on the boundedness of |£;Ry; (<, 7, 712)| in Lemma
7.8.2.

Hence all assumptions in Lemma 7.8.2 are satisfied and the result holds. [

Corollary 7.8.11. Suppose that

/T< +r>
T>—T<

then the (-projection of the derivative of the remainder term

2

82J+1
dt < oo (7.104)

Ww(%r»t)

%RQJ,Z(T<7T>) = %/ Roj(r<,m>,712)®,(0) sin 6d
0

satisfies
hm EQJ%R2J7£(T<,T>) = 0

{—00

If, in addition,
[e’¢) > r<+r>
4J—-1
0 0 T>S—T<

[e.e] T>
A P 2.2 2 _
lim ¢ / / \%Rgu(r@gﬂ rersdrodrs = 0.
o Jo

{—00

2

927 +1
dtrir2dr_drs < oo (7.105)

WWT@ r>,t)

then

Proof As for the previous result, we have Roj(r<,7s,712) = h33t (ro ra,r19)
and so using using (7.95) with m = 2J and n = 2J + 1 shows that (7.104) and
(7.105) are stronger than the assumption on the right hand side of (7.75) and the
assumption (7.76) respectively.

Furthermore, Lemma 7.8.9 removes the need for the assumption on the bound-
edness of |L£;jRs;(r<,7>,r12)| in Lemma 7.8.3. The continuity assumption in
Lemma 7.8.3 is shown to be true by the explicit forms derived above.

Hence all assumptions in Lemma 7.8.3 are satisfied and the result holds. [

We are now in a position to prove Theorems 7.5.1 and 7.5.2:
Proof of Theorem 7.5.1 The expansion of ¢y(r<, ) given in (7.17) follows from
(7.11) for J = 2J. The decay rates of the norms given in (7.18) follow from the
bound (7.67) in Corollary 7.7.6 with g = A(r-,r~). Finally the results on the de-
cay of the remainder in (7.19) and (7.20) follow directly from Corollary 7.8.10. [
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Proof of Theorem 7.5.2 The expansion of %QW(T<, r~) given in (7.21) follows
directly from (7.11) for J = 2J 4 1. The decay rates of the norms given in (7.22)
follow from the bound (7.68) in Corollary 7.7.6 with g = A(r.,r~). Finally the
results on the decay of the remainder in (7.23) and (7.24) follow directly from

Corollary 7.8.11. O

7.9 Decay of the Energy Error

We are now in a position to prove the rate of decay of the energy error. In order

to do this we prove the following results on the norms from (7.8) and (7.9):

Theorem 7.9.1. Let o := 32 . ¥y(r<,m5)®e(0) be the part of the wavefunc-
tion not captured by projection onto the first L angular momentum eigenfunctions
®y(0). Suppose that %w(r<,r>,r12) exist forrs —ro <ryp <ro+rs, 0< 5 < 4,
that A;(r<,r~) and %Aj(r<,r>), j = 0...4 satisfy the conditions on A(r<,rs)
in Theorem 7.5.1 for N = 1, and that

/ r|(r,r,0)*dr < oo, and / r |(r,r,0) 2 dr < oo.
0 0

Define

2

J
J dt < oo,

i Qb(r<> r>, t)

J
ori,

r<+r>
‘[j(T<a 7’>) = /
T

>—Tr<

and suppose that I3, 1, < oo,

o0 >
3 2.2
/ / rels(re, ro)rirs drodrs < oo,
o Jo

and o e
/ / rzl4(r<,r>)riri drodrs < 0.
o Jo
Then
Iz |® = 57> ) (66/ (7, 0)2 dr + O(W)), (7.106)
(=L+1 0
[z ]? = 67> ) (6‘4/ rolp(r, 7, 0)|2dr+o(€_4)), (7.107)
=L+1 0
and

E,—FE= 27T2L3/ 2 (r, v, 0) 2 dr + o(L™?). (7.108)
0
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Before we prove the result we note that the existence of the fourth derivative
is only necessary for the decay of [[1)i]|? given in (7.8), and in particular it is
required so that the remainder term decays faster than the first term in the ex-
pansion. If we are only interested in the error in the energy then the existence of

the third derivative is sufficient to show (7.107).

Proof We begin with the case of |[1)1]|? and by (7.8) we see that

o0 00 r>
lot|? = 1672 S / / Welre, 7o) P22 drcdrs
0 0

{=L+1
00

= 167> Z HW(T<,7">)H§,2~

{=L+1

Equation (7.14) shows that, with J =4,

3
||W(7“<a7’>)||§,2 < Z ||AZ‘(T<,7’>)£2(7’<,T>)||2’2||AJ‘(T<,7’>)£;(T<,7’>)||272

ij=1

3
+2 Z | Ax(r<, T>)€5(T<7 75 ) |22 [[R3e(r<, rs) |22
k=1

+ ”R3,£(7"<77">)”§,2- (7.109)
By Theorem 7.5.1 with J = 2, and in particular by (7.20), we have that

oo r>
glim || Ry o(r<, )3, = lim ES/ / |Rso(r<,rs)Prir2 drodrs =0
—00 {—o00 0 0

and hence

lim 04| Rs (r<, 75 )[l2.2 = 0,

£—00

ie. ||R3’g(7’<,7“>)||%72 =o(I™®) and ||R3¢(r<,7s)||]2.2 = o(I™%).

The same theorem shows (choosing A(r.,rs) = A;(r<,r~) and a = b =2 in
(7.18)) that || A;(ro, 7)€ (1<, 75 ) ||l22 = O(£~72) and it is therefore clear that the
slowest decaying term comes from the ¢ = j = 1 term in the first sum of (7.109),
with all other terms decaying at least one order of ¢ faster. Theorem 7.5.1 also
shows that (choosing A(r.,r~) = Ay(r<,rs), M =0,a=b=2and j = 1in
(7.18))

o0

”A1(7"<77">)§e}(7"<77">)”§,2 = 0(66)/ rl [|A1(7"<a7">)|2]r<zr> drs +O(07).
0
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By the definition of A;(r-,r~) in (7.16), we have that

0
[Ai(re,ro)lP], . = l {8712@/)(72,5,7“12)}

= [iw(r» >, 7"12)}

87"12

T12=T>—T< :| T<=r>

r12=0

Using the Kato cusp condition without spherical averaging [Kat57] (see also Ap-
pendix E of Hill)

[iw(7">a7">77“12)} - %w<7ﬂ>,7ﬂ>,0>, (7110)

8’1“12 r12=0

gives (7.106) up to a constant, which will be computed later.

The proof of (7.107) is analogous, noting that (7.9) shows that

[z ]2 = 8n° Z (”%W(T@B)Hzg + H%W(Qﬂ&)”m (7.111)

(=L+1
+ L+ D [[[e(r<, 7520 + e(r<, 7)o 2]).

For the terms involving v, (r-,rs) we use Theorem 7.5.1 with J = 2 and in
particular (7.18) with M =0, A(r.,r~) = A1(r<,rs), 7 = 1 and either a = 2,0 =
Oora=0,b=2, giving

A ) el = O [ 02 MAilra, )], ., drs + (),
0

(7.112)
A )g el = O [ 02 MAutra, )], ., drs + ().
0
(7.113)
For the other terms in (7.111), we use (7.15) with J = 3 to obtain
I tbe(r<, )15 (7.114)

2
Z {Hf@ r<,T>) WA‘(T<J’>)||2,2 ||£i(7“<,r>)%Aj(T<,r>)ll2,z

+ 2”@(’"@ r>)%Ai(r<, 7">)H2,2 ”Aj(7"<a 7">)%§Z(7"<7 7">)H2,2

+ ”Az’(ro T>)%€é(r<a 7">)H2,2 HAJ’(7"<7 T>)%€Z(T<a 7">)H2,2
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2
+ 202 Rymre(rers)llze Y I1Ak(re, 1) =&l (<, 75 22

k=1
271
+ 2”%RJ—1,£(T<aT>)H2,2 Z ||§é€(7’<>T>)%Ak(7’<>r>)”2,2
k=1
+ ||%R2,€(T<a7’>)”%,2-
By Theorem 7.5.2 with J = 1 (and in particular (7.24)) we find

||8r Ryu(r<,75)|155 = o(¢~*). Furthermore, Theorem 7.5.1 shows that, for J = 2,
Alre,rs) = %Aj(r<,r>), a=b=2 and j =1,2in (7.18),

||fg}(7’<>7“>)a%7141(7“<a7’>)||%,2 = O((°), and
Hftg(?"<a7">)%f42(7"<a 7">)”§,2 = 0(678)-

Using (7.22) of Theorem 7.5.2 with J =1, A(r.,r~) = As(r<,7~), j = 2, and
a="b=2 gives

||A2(7“<, 7’>)%5§(7’<> T>) ||%2 = 0(6_6)'

Hence it is only necessary to consider the term HAKQ,@)%S(Q,7">)H2,2 in
(7.114). Once again using (7.22) with J = 1, A(ro,r~) = Ai(r<,rs), j = 1,
a=0b=2and M = 0 gives

HA1(7"<77">)%§1}(7"<, 7”>)H§,2 = 0(66)/ rl [‘A1(7"<77">)‘2L<:T> drs +O(7).
0

As before, using the definition of A;(r.,r-) and the cusp condition gives (7.107)

up to a constant.

Calculation of Constants We begin by noting that

& (re,rs) = /O7r (r12 — (r> — 7<) ®,(6) sin 66

which, for ¢ > 0, is given by

2 2

_ ¢ /— T r
E(re,rs) = (C+3) 72 f e rs) = (0+ )7 Prirg (25_7_3 Y = 1)’

and hence

0+ 2) riri‘%)

1/2 —f—1
8r<€€(7"<,7">) (f—'— ) > < 2€+3 26_1
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and

B rirt-2(—¢ -1 rt(—0+1
%5(7"@73): (£+%) 1/27"£<< S )_ > | )>

20+3 20— 1
It follows that
/T> re|&(re, rs)|Pdre = ereﬁﬂ 1
0 < ) f—l—% > (20 +3)2(20 + 5 + a)
2 N X
(20+3)20-1)(20+3+a) (20-1)*20+1+a)

16(2002 + (44 4+ 12a)f + 2a? + 14a + 21)
(204+3)2(20 —1)2(20+5+a)(20+34+a)(20+1+a)(20+1)

_ .20+5+a
=rs

and so

16(10¢ 4 19)
(204 3)2(20 —1)2(20+T7)(20+5)(2¢0 + 1)

(
OO 7 2
X/ 7“>‘A1(7"<7’]“>)‘ d?">7
0

16(10¢ + 19)
(204 3)%(20 —1)2(20+T7)(20+5)(2¢0 + 1)

(
OO 5 2
X/ 7“>‘A1(7"<7’]“>)‘ d?">7
0

16(100 4 7)
(20 + 3)2(20 — 1)2(20 + 5) (20 + 1)?

o0
X / r2|Ai(re, rs) [P drs.
0

HA1(7"<77”>)€t}(7"<77”>)”§,2 =

HA1(7"<77”>)€t}(7"<77”>)”§,0 =

||A1(T<> T>)§t}(7’<> 7“>)||(2),2 =

In a similar fashion, we find that

8(40% +100* + 40 + 1)
20+ 3)2(20 — 1)2(20 + 5)(2¢ + 1)2

0o
X / Ti‘Al(T’<7T>)‘2dT’>7
0

8(403 — 602 — 8¢ + 17)
20+ 3)2(20 — 1)2(20 + 5) (20 + 1)?2

o
X / r2|Ai(re, rs) [P drs.
0

||A1(T<a r>)%£l}(r<7 T>)||%,2 = (

||A1(T<a r>)%£l}(r<7 T>)||%,2 = (

The leading term in ||[¢o7 ]| is 167%(| A1 (r<, 75 )&} (r<, r)||3,, and hence the co-
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efficient of the leading order term is

160 [ >
6*6167r27 rl Ay (re,rs)Pdrs = 57r2€6/ 7|4 (r, r, 0)|dr,
0 0

where we have used the cusp condition (7.110). Similarly, the leading term in
[z 112 is
872 (1141 (<, 7)€ (r <, mo ) B + Aw(r, 72 )52 € e, ) B

0+ D) [ Ar(re ) e o + A, 7o)€ e, ) I3 )
which, combining the above, is given by

192(20° + 702 + 60 + 1) > )
(20+3)2(20 — 1)2(20+ T)(20 +5)(20 + 1) /0 sldlre, )P drs,

872

and the leading order term is thus

192.2 [ h
22 [Tl = oret [T oot
0 0

824

where we have once again used the cusp condition (7.110). We have therefore
shown (7.106) and (7.107) and it remains to show (7.108). For this we note that

1 o - o 1
(L 1 —n—+1 — < < f—1)" = _L—n-‘rl
ey = [ S ene [y r— g

+1 (=L+1 +1

and applying this to the leading term of £, which by Lemma 7.2.2 and the above

decay rate estimates, is given by the leading term of |[¢f||?, gives the result. O

Note that Theorem 7.9.1 gives the same leading order result as [Hil85].

7.10 Conclusions and Open Problems

The first thing of note is that the regularity of the wavefunction required by
Theorem 7.9.1 is not physically realistic. For example, [FHOHOS05] have shown
that any eigenfunction of the atomic Schrodinger equation can be expected to be
at most C'! which is far short of the required third derivatives necessary for the
result to hold.

However, the similar results of [Sch62] and [KM92] (both of which use a per-

turbation expansion in 1/7), along with the numerical simulations such as [BMO0G6]
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suggest that the derived decay rate is indeed correct. In order to rigorously prove
this result using only the known properties of the wavefunction it is clear that a
different method must be used.

One possibility would be to consider not the wavefunction but the density
matrix. One advantage of this is that it would remove the need for an analogous
coordinate system for many-electron atoms, which one would envisage leading to
a much more difficult problem. Further, the density matrix can be thought of
as the kernel of an integral operator, for which more standard methods may be
applicable.

In order to utilise the density matrices it would be necessary to derive an
asymptotic decay rate for the occupation numbers of the natural orbitals. (see,
for example, [Low55] for an introduction to density matrices).

Another possible extension would be to derive an asymptotic decay rate in
terms of the total number of orbitals N. As a first step we may use the result
for L to derive an approximate rate for N. We begin by noting that an angular
momentum eigenspace with eigenvalue L = £(¢ + 1) is of dimension 2/ 41 ~ /L.
Hence we see that, in order to span the whole space, we must have N ~ Lv/L.
It follows that L=2 ~ N~2 and we propose a naive estimate that the energy error
should decay as N 2.



Appendix A

Proof of Lemma 2.3.4

We wish to prove Lemma 2.3.4 and begin by considering the modified integral

e~ Alz—yl

[ ] s I @), A >0 (A1)
R3 JR3 |z —

Now, el /|z| € L*(R?) and hence we may compute its Fourier transform. Either

by following a similar argument to that of Lemma 2.5.1, or by finding the anti-

derivative of the result with respect to A, we have

—

e~ Alzl 4T

@] A2+ [k

Firstly we note that e=**l < 1 and hence [ - y‘f (2)g(y)| < \x—iyﬂf*(x)Hg(yﬂ

Secondly, the right hand side of this mequahty is in L*(R®):

/R3/R3dxdy 1 @llaly ‘_/ / dzdy ||f (z+9)llg(v)l

/{ZS}/Rg : y|z||f =+ vllal)l+ /W} / Ay + )l la(w)

For the first integral we use that f € L®(R3) and g € L'(R?®) and hence

1 *
/ / dzdy 217G+ g < [1Fllo / LI / 9(y)ldy
{|z|<1} JR3 2| {]zI<1} 17 |2|

= 27| fllscllgll < oo
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For the second integral we use that both f and g are in L'(R?) and so
1 * *
| astvirea sl < [ [ e olat)
{lz[>1} JRs 2] {lz[>1} JRs

< [[fllllglly < o0,

and the claim follows.

Now, since e *l — 1 as A\ — 0, the Dominated Convergence theorem implies

/Rg /RS dxdy |;f . *(x)g(y)ﬁ/ﬂgs /Rg dxdy|xiy|f*(x)g(y), A—0. (A2)

Next we rewrite (A.1) as the integral of a convolution:

Definition A.1 ([Fri07]). Let f,h € L*(R™). Define the convolution by
(f=h)(x) = [ fly)h(z—y)dy.
R

Note by Fubini’s theorem that f *h € L*(R"). Setting h := e **l/|2| we have

that
e~ Alz— yl
/]Rs /Rg drdy z — fr(@)g(y) = /RS (f=h)(y)g(y)dy.

A~

Further we have that, for f,h € L'(R"), m( k) = f(k)h(k) [Fri07]. Since
f e LY(R?) and h € L®(R3) we have that f *h € L'(R?) and hence we may
apply Plancherel’s Theorem:

Lemma A.2 (Plancherel’s Theorem, [Fri07]). Suppose that f,g € L*(R™) and
f.g € LY(R") then

to give

/RS /RS dady ;fyy‘l fi(x)g(y) = (271T>3 /RS <€|.A|' *f*)(k)ﬁ(k)dk;

_ (271r)3 /R N frwf*(k)g(k)dk. (A.3)

It is clear that

4 ~ 471 A
—— " (k)g(k — " (k)g(k), A
T 93 — T 930, 3~ 0
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for almost every k. Further we see that, for A > 0, 1/(A\* + |k|?) < 1/|k|* and

hence, in order to apply the Dominated Convergence theorem and show that

! ir g 1 [ an
(27)? /R3 22 +7T|k|zf*(’f)§(/f)dk = @ L # “(K)g(k)dk, A — 0, (A4)

it remains to show that [gq k—”|f (k)||g(k)|dk < .

Counsider

dm 4, . - P 7
[P @nawia= [ Gmipwiaws [ Gmi el

the first term of which is finite since

/ |/c|z'f (K)lg(k)ldh < 4 / e )Igk)|dk < 4] fllo g1 < oc,

k|>1

and the second term is also finite since

/ e I @)k < @m2) fllslldllso < 0o,
|k|<1

and hence (A.4) holds.
Finally, using (A.2), (A.3) and (A.4) gives

Jus Jps dcd e\;‘xy\y‘f( Jaly) = 27r 7 Jgo /\2+|k\2f*(k) g(k)dk
L(A—=0) L(A—=0) )

f]R3 f]R3 dfl?dy‘xiy‘f*(x)g(y) (27r)3 fRB \k;|2 (k)g(k)dk

and the result holds.






Appendix B

Coulomb and Exchange Integrals

The following Coulomb and exchange integrals are evaluated using (2.5) along
with the explicit Fourier transforms given in Table 2.2. As mentioned in Section
2.5.2, a number of standard angular integrals are needed to evaluate the Coulomb

and exchange integrals. These are

™ 2 ™ 2 ™
/ cos* Osinfdo = =, / cos’ @ sinfdf = =, / sin 0df = 2,
0 5 0 3 0

T 4 T 4
/ sin® 0dh = —, / sin® @ cos® 0dh = —,
0 3 0 15
2m 2m
and / sin? gpd¢ = / cos® pd¢ = .
0 0

All angular integrals necessary are evaluated with these standard forms, while the
radial integrals are evaluated using Maple. Alternatively they may be evaluated

via contour integration.

We begin with the integrals that do not contain any angular terms:

(11]22)
1 1 1624 274 776 678
= 9 / KE(Z2 + [FP)? <<Z? TRPE (2 RPE (22t |k|2>4> an
_g/oo 167 < 220 12 62 )dr
T 0 (4Z2+T2)2 (Z2+T2)2 (Z2+r2)3 (Z2+T2)4
217Zx 17
T 1162 817
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1 1 INGYA 9v22° 2
(12)21) = o2 /3 W(((%Z)Q + |k|2)2 N ((%Z)Q + |/€|2)3) dk
2 [ 427" 90v2z° N’
2 - 3 dr
w/o (((%Z)2+7’2) ((G2)* +7r2) )
287Zm 16

7729 729

1 1 274 776 678 2
22122) = —— — — dk
(22122) w/Rs |k|2(<22+\k\2>2 <Z?+\k\2>3+<22+|k|2>4)

2 / 274 776 628 2
== — + dr
T Jrs \(Z2+712)2  (Z2+7r2)3 (224 r2)t

27747 0T 7

71024 512

For the integrals containing only one type of p-orbital, we note that, by rota-
tional symmetry, each of the p-orbitals is equivalent and hence we may consider

just ps, with k3 = rcos@. The integrals are given by

1 1 162* A Z5k3
(1133) = 6 L LA S
2r2 Jwo \k\2<422+7’2> (22 +[k[2)? (22 + [k[)*

1624 A 62512 cos? 0\ .
A2+ PP\ (B 2p (o) ) Smbdbdr

/°° 16Z4 276 47512 d
=~ — r
mJo (AZ2 422\ (Z2 +12)3 (2% + r2)’

1592 99

T n 243 243

1 1 67225k 2
(13[31) = / 5 V22ky dk
2m2 Jus [K2\ ((32)2 + [K[2)®
10,2 .2
/ / 727°r< cos Hsmﬁdedr

+r2)°

/°° 487" d 112
=— ———dr = ——
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1 1 274 A 628
(22/33) = - +
e [KP\ (2% + k)2 (22 + [kP?)* (22 +[K[*)*
ZG 61.2
" B 62°k; "
(22 + [k[?)? (22 + |k]?)*

/ / 274 776 n 678
(2% 4 1r2)? (Zz+7"2)3 (Z2 4+ r2)4
A4 67512 cos? 0\ .
((Z2+7"2)3 — (72517 ) sin 6d@dr
1 /°° 274 775 n 678
T . (Z2+ 122 (Z2+12)3 ' (22 +r2)

y 275 475r2 d 83 7
— r=—2.
(Z2 4123 (22 +r2)*

1 1 67 ks 375k 2
23132 dk
(2332) = 555 / |k|2<<22+|k|> <zz+\k\2>3)

6Z"r cos 6 3757 cosf \ > .
/ / (Z2+r (ZQ+7’2)3> sin 6d@dr

B / ( 627r 3257 )er
T Jo 3\ (Z%2+4r2)t (Z2+r2)3

_245Zn 15

T 371024 512

1 1 76 676k2 2
(33|33) = / - J dk
212 Jus K2\ (Z2+ K23 (2% +|k[2)*

67612 cos? 0\ 2 .
/ / <Z2—|—’I“2 - (Z2—|—7“2)4) sin 6d@dr
Z12 1271272 cos2 6 Z12,4 o g
/ / _ o8 + 362 7 cos sin Odfdr
(Z2 + r2)6 (22 + r2)7 (Z2 + r2)8
/°° Z12 87122 n 727124 dr — 501 7
o (Z2+7r2)8 (ZQ+7’2)7 5(22% 4 r2)8 2560

_1
™
_1
™
1
T

The remaining integral involves two different p-orbitals and, again by rota-

tional symmetry, we may choose these to be ps3 and p;, as in the case of (33]44)
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calculated in Section 2.5.2, giving

1 1 AN
414 ——— | dk
(B443) =55 /Rawd?( <Z2+|k|2>4)

2m 36Z12r4 (3052 6 sin® 6 sin? ¢
=53 / / / I dodOdr

12,.4
/ / 36Z r* cos 9)881n eder

o 36Z12 4
/ 761’1“
27T 15 o (Z2+1r2)8

1 481Zn 27

2715 1024 2560




Appendix C
L?-S2%-[.5-S5 Eigenspaces

In the following we use the fact that the 1sls orbitals present in every Slater
determinant do not contribute to the formation of angular momentum and spin
eigenspaces. This is due to them being a spin pair of rotationally invariant orbitals.

Also recall that we need only consider s > 0.

C.1 Lithium and Fluorine

We begin with the case of Lithium (which by Theorem 3.1.10 will also give us the
case of Fluorine) and see that there are only two Sj eigenspaces, with eigenvalues
1

5 and —%. The s = % space is spanned by

Vija = {ls): [p1), [p2), [ps) }

and since these are single orbitals we need only (3.7) and (3.4), which give L*s = 0,
L?p; =2-p;, fori =1,2,3, and S*) = %w for all ¢ € Vi 5.

It is trivial that each of the Slater determinants with L*|U) = 0 (i.e. |s))
also satisfy L3|¥) = 0. For the space with L*|¥) = 2, with an ordered basis
{Ip1),|p2), |ps)}, we have an L3 matrix given by

o
|
-~

(C.1)

o =
o O
o O O

from which it is clear that |ps) is the only eigenfunction with Lj eigenvalue zero,
the other two eigenfunctions being |p;) + i|p2) and |p1) — i|p2) with eigenvalues 1
and —1 respectively.

309
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C.2 Beryllium and Oxygen

The case of Beryllium is more complicated as we need to consider the two-electron
terms. We see that s € {—1,0, 1} and so we consider first the case s = 0 which is

a 16-dimensional space spanned by

Vo = {[s5), [spi), [5pa). |pis) | 4,5 = 1,2, 3},
We start with S and find that, for ¢ # ¢,
S* ) =0,
S*o) = Vo) + Vo),

and hence the S eigenfunctions are of the form [¢1)), [¢)¢@) —[1¢) and [¢¢) + |1 @),
the first two having eigenvalue 0 and the last having eigenvalue 2. We therefore
write Vo = Vp o U Vp 2 where

‘/0,0 = {WE% WE) - ‘E¢> | 1/}7 (b € {Saplap%p?:}’w 7é ¢}7
Voo = {[0¢) + [0¢) | ¥, ¢ € {s,p1,p2,p3}, ¥ # ¢}

We now wish to partition each of these spaces into their L? eigenspaces. Be-

ginning with Vj o we see that

L|s3) =0,
L2pipi) = AlpiDi) — 2|pi—1Piz1) — 2|piniDis1),
L*(|spi) — [3p:)) = 2(|spi) — [5pi)), and
L*(|pip) — |pips)) = 6(|piB5) — [Dips))-

The only subspace that remains to be diagonalized is {|p1p1), |p2p2), |psP3) }, which

is equivalent to diagonalizing the matrix

4 -2 -2
—2 4 -2 (C.2)
—2 -2 4

leading to the eigenfunction |pip1) + |p2p2) + |psps), with eigenvalue 0, and the
space spanned by {a|p1pr) + b|paPa) + ¢|psPs) | a + b+ ¢ = 0}, with eigenvalue 6.
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Next we consider Vj 2 and see that

L*(|spi) + Ispi)) = 2(|sps) + [5ps)),
L2(|pip;) + [Pipy)) = 2(lpid;) + |pivs))-

and thus all eigenfunctions in V; 5 have L? eigenvalue 2.

We now move on to the case where s = 1, which has a 6-dimensional space

spanned by
‘/1 = {|Spi>7 ‘plpj> | 7’7.7 = 172737i 7£ j}

Since all the spins are aligned these are all eigenfunctions of S? and have eigenvalue

2. Moving on to L? we see that

LZ\SPi> = 2\3]91'%
L?1pip;) = 2|pip;).

and hence each Slater determinant of V; is an eigenfunction of L? and S* with

both eigenvalues equal to 2.

Moving on to construct the L3 eigenfunctions, we begin with the eigenspace
with L*¥ = 0 and S®¥ = 0 (which must have s = 0). This is of dimension 2 and
has minimal dimension 1 and thus has degeneracy 2. It is therefore clear that
both L?-5% S5 in this space are eigenfunctions have Lj eigenvalue zero.

For the space with L*¥ = 20, ST = 0 and s = 0 the degeneracy is 1 and we
note that each Slater determinant has a single p-orbital, leading to an L3 matrix
of the form (C.1). It follows that |sps) — |sps) is an L?-S*-Ss-Ls3 eigenfunction
with Lj eigenvalue zero.

The space with L?U = 20, S>U = 2¥ and s = 1 has degeneracy 2, and with
ordered basis {|sp1), |sp2), |sps), [p1p2), |P1p3), |p2ps) } the Ly matrix is given by

0O — 000 O
¢t 0 00 0 O
0 0 000 O ’ (C.3)
0 0 000 O
0 0 000 —2
0 0 00 ¢ O

from which it is clear that the L?-S?-S5-L3 simultaneous eigenfunctions with Ls
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eigenvalue zero are |sp3) and |p1ps).

The fact that (C.3) is block diagonal with 3 x 3 blocks follows from the fact

that L3 commutes with parity.

The final space has L*¥ = 6 and S*¥ = 0 and hence s = 1. The dimension
is 5, which is the same as the minimal dimension, and thus the degeneracy is 1.

Taking an ordered basis of

{lp1p2) — |P1p2), |P1P3) — |P1ps), [p2P3) — |D2ps), |p1P1) — |p2b2), [P2P2) — |Psbs)},

the L3 matrix is given by

0 0 0 2 —i
0 0 —i 0 0
0 i 0 0|, (C.4)
—2i 0 0 0 0
00 0 0 0

which, with the obvious ordering of basis elements, has eigenfunctions W, 4 2Wg,
Wy + W3, —1Wy + Uy, 00y + Uy, and —iW; + Uy, with eigenvalues 0,1, —1,2 and
—2 respectively. Hence the eigenfunction with eigenvalue 0 is given by 2|psp3) —
|p1P1) — |pob2). This completes the analysis of the Beryllium (and hence Oxygen)

eigenspaces.

C.3 Boron and Nitrogen

For these two cases we see that the possible eigenvalues of S3 are s € {—%, —%, %, %
3

and so we must consider the cases s = % and s = 3. Analogously to the previous

cases we form the 24-dimensional space

U{lpispy) [ i <}

There are two different kinds of spatial-spin arrangements, namely [¢1111)2) and

|[109103) where 1) # 1y # 1b3. We have that

52‘7?1%1/12) = %Wﬁ%d&%
S2hrthaths) = L|ehrihatds) — [Wathiahs) — |1h1esiba),



C.3. Boron and Nitrogen 313

and to find the eigenfunctions for the second case we need to diagonalize the

matrix (in the ordered basis {|@D1%@/}3>, |¢2E¢3>, |¢1%¢2>})

B =

where the sign differences on the off-diagonal terms come from maintaining the
correct cyclic ordering of the orbitals within the determinants. This gives a one-
dimensional eigenspace with eigenvalue % spanned by 17 — Y9 — 13 and a two-

dimensional eigenspace with eigenvalue % spanned by awy 4+ bibs + cii3, a = b+ c.

We now have a splitting of Vi/o = Vi/23/4 U V12,1574 Where

Vijassa = = {|53ps), |spipi), lpipips) | 1 # 7}
U {alspip;) + blpisp;) + c|spjpi),
alp1P2ps) + blpiPsps2) + clpapips) | i < j, a =b+c}
Vijas/a + = {lsPis) — [pisp;) — [sPipi), [pabP2ps) — |piDsp2) — [p2Dips) | @ < j},

where Vi /93/4 is 20-dimensional and V15,4 is 4-dimensional. We now consider

the action of L? on these eigenfunctions:

L?|s5p;) = 2|s3pi),
L?|spips) = 4|spips) — 2|sp;p;) — 2|sPwpr), and
L?|pipip;) = Alpibip;) — 2lpkbrp;),
the second case of which has the same matrix (C.2), and leads to the eigenfunction

|sp1P1) + |spap2) + |spsps) with eigenvalue 0 and the space spanned by {a|sp;pr) +
b|speDz) + c|spsps) | a + b+ ¢ = 0} with eigenvalue 6.

The third case of the above corresponds to diagonalizing the matrix

4 =2
()

which leads to eigenfunctions |p;pip;) + |prPrp;) (with eigenvalue 2) and |p;pip;) —
|pkPrp;) (with eigenvalue 6).

We treat the remaining two-dimensional spaces by noting that {ayy + by +
c)3 | a = b+c} is spanned by the two functions ¢ + 1, and ¥y —1)3. We therefore
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see that

L*(|spip;) + lpisp;)) = 4lspip;) + 2|pisp;) + 2|sp;pi),
= 4(|spip;) + [pisp;)) — 2(Ipisp;) — |sDjpi)),
L*(|pssp;) — |spipi)) = —Alspips) + 2|pisp;) — 2|spip;),
= 4(|pisp;) — |spipi)) — 2(|spip;) + [pisp;)),
L*(|ppzps) + |p1Paps)) = 6(|p1Daps) + [p1Dzps)),
L*(Ip1psps) — |papips)) = 6(|p1Pspa) — [paPips)).

The first two cases once again lead to the matrix (C.5) and hence to eigenfunctions

(Ispipj) + |pisps)) + (Ipisps) — |spjpi)) = 2|pisp;) + |pidps) — [sPipi),
(|spips) + |pisps)) — (Ipsp;) — |sPjpi)) = |sipy) + |5D;pi),

the first of which has eigenvalue 2 and the second eigenvalue 6. This completes
the analysis of ;53,4 and we now move onto the simpler case of Vj 5 15/4. Recall
that

Vijas/a := {|sDip;) — [pisp;) — |SPjpi), |[P1iP2ps) — [p1D3p2) — |p2bips) | i@ < 5}

and hence we calculate

L2(|spip;) — lpisps) — |spipi)) = 2(|sDipy) — 1pisp;) — |sDipi)),
L?|p1p2ps) — |piPsp2) — |p2Pips) =0
which completes the analysis of V, for L2

3

1 and have the 4-dimensional space

We now consider the case where s =

Vo = {|spip;), [pipaps) | 1 < j}.

Applying S? we find that S?|igths) = %|@Z)1w2¢)g> and hence all four Slater

determinants are eigenfunctions of S* with eigenvalue %. Considering angular

momentum we see that

LZ\SPiPﬂ = 2|Spipj> and L2\p1p2p3> =0,

which completes the analysis of the Boron (and, by duality, Nitrogen) L*-S%-Ss

eigenspaces.
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We move on to consider the Ls eigenspaces. For the case with L*U = 0,
S = %\If and s = % the degeneracy is one and the diagonalization is trivial For
the space with L*U = 0, S?U = %\I/ and s = % the degeneracy is also one and

the diagonalization is once again trivial.

For the case with LU = 20, S?*U = %\If and s = %, the degeneracy is
three and, since L3 commutes with the number of p-orbitals (direct calculation or
Lemma 3.3.10), L3 does not couple Slater determinants with different numbers of

p-orbitals. We therefore have three submatrices, which, with ordered bases

{Is3p1),|s5p2), |53p3) }

{|p1p2D2) + |P1p3D3) s |P2p1D1) + |P2p3P3), |Psp1Pr) + [Psp2D2) },
{2[3paps) —|sPaps) —|sp2D3), 2|5p1ps) —|sP1ps) —|sp1Ps), 2[5p1pe) —|sPip2) —|spiDz) }

are each of the form (C.1) and hence the three eigenfunctions with L3 eigenvalue

zero are |ssps), |[pspiD1) + [pspaP2), and 2[Spip2) — |spip2) — [spiD2).

For the space with L*¥ = 20, S*¥ = %\II and s = %, the degeneracy is one,
and with the ordered basis {|spips), |spaps), |spip2)}, the Lz matrix is given by

(C.1) and |spip2) has eigenvalue zero.

For the final case with L*¥ = 6¥, S*¥ = %\I/ and s = %, the degeneracy is
two, and once again considering the two submatrices of Slater determinants with

one two or three p-orbitals respectively, we have the two ordered bases

{|sp1p2) — |sP1p2). |sp1P3) — |SP1ps). |sp2Ps) — |sD2ps),
|sp1P1) — |spaD2), |sp2D2) — |spsps) },

and

{|psp2P2) — |P3p1P1), |P1p2P2) — |P1P3D3), [P2p1D1) — |P2P3P3)
\Dsp1Dz) — |PsDip2), [Pspip2) — |pspiPz) }s

both of which result in the Lz matrix (C.4). It follows that 2|spsps) — |spiD1) —
|speD2) and 2|p3pipe) — |psPaps) — |PspaDs) are eigenfunctions with Lj eigenvalue
zero. This completes the analysis of the Boron (and Nitrogen) eigenspaces.
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C.4 Carbon

We see that there are five possible S3 eigenvalues for Slater determinants forming
Carbon wavefunctions, namely —2,—1,0,1 and 2 and we need only consider 0, 1

and 2. The s = 0 space is 36-dimensional and is given by

Vo : = {|s3p:iDi), |53p:iD;), |sPip;P5)» |DiSPP;) s |pibipPw) | @ # J # k}
U {|spip;Px), |pispiD;), |piDipkDr) | @ # 5 # k,i < k}.

As in the previous cases we begin by considering the total spin and for v¢; # 1;

we have three cases to consider, namely [1191991s), [191100103) and |1110athstdy).
Applying S? we have

S2[th1rtpatha) = 0,

SP|prinipaths) = [hrh1aths) — |th1iibsihy), and

S p1pathsta) = 20nthatstha) — [2tntsths) — [h1iathatds)
— [st10atha) — [P113thatda).

The second case leads to the matrix

1 -1
-1 1)’
which clearly has eigenvectors |1)1¥1191)3) + |1110131bs) (with eigenvalue 0) and

|1 1haths) — |1abriabsthy) (with eigenvalue 2). The third case leads to the 6-

dimensional matrix

2 -1 -1 0 -1 -1
-1 2 0 -1 +1 +1
-1 0 2 -1 +1 +1
o -1 -1 2 -1 -1
-1 +1 +1 -1

-1 +1 41 -1 0 2

which has been given in the ordered basis

{0, Uy, Ug, Uy, Uy T} =
{[U10213t0a), [1010204s), [hathnthsiha), |[athrthaths), [¥1statba), [sth13Patha) }

Diagonalizing this matrix leads to a splitting into three eigenspaces, the first has

eigenvalue 6 and has the single eigenvector ¥y — Wy — W3 + Wy — U5 — Wg. There
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is also a 2-dimensional eigenspace with eigenvalue 0 spanned by
{a(\I/1 —f- \114) —+ b(\IJQ —f- \113) —+ C(\Ilg) —I— \116) | a = b —I— C}.

Finally, there is a 3-dimensional eigenspace with eigenvalue 2 spanned by {¥; —
Wy, Uy — W3, U5 — Wg}.
As before, we may now split Vg into Vo = Voo U Vo2 U V¢ where the spaces

are given by

Voo : = {[sspipi), [piPip;P;), |sspip;) + |s3p;pi),
\PkDxPiD;) + [PKPRD;DI), [PKPEDiS) + [PrPRsDi),
a(|spipaPs) + [p15psPz)) + b(|sPipsp2) + [p1Spaps))
+ c(|sp2p1Ps) + |p2Spsp1)) | i # J # ki < j,a=b+c}

which is of dimension 20,

Vo2 : = {|s3pip;) — |s3p;P3), |pkDrpil;) + |PrPrp;iDi),
|PKDEDiS) — |PrDkSDi), |SPipkDs) — |PispiDe) | i # § # ki < j},

which is of dimension 15 and the remaining one-dimensional space

Voo : = {(|sPip2Ds) + |p13pspz)) — (|sPipsD2) + [p13p2Ds))
— (|sP2p1p3) + |p23pspr))}-

We now move on to consider angular momentum, and beginning with V4 o we

have

L?|sspip;

L?|pipip;p;

L*(|s3pip;) + |s5p;pi)
L*(|pxPrpib;) + |pePrpipi)
L(|pipip;) + |pipish;)

_ — — N
I
= O O e

|piDip;3) + |piDisD;))
— 2(|pxDrp;3) + [PrDrSD;))-

The first two cases are both of the form |¢1111215) and both lead to the ma-
trix (C.2) (in the ordered basis {|¢111atls), [W110s0s), |hathatisiis)}), leading

to one eigenfunction with eigenvalue zero, namely |sSp1p1) + |s5papa) + |sSpsps) or

|p1P1p2P2) + |p1PipsDs) + |peDapsPs). The other eigenspace is 2-dimensional with
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eigenvalue 6 and is given by a|sspip1) + b|sSpeD2) + c|sSpsp3) or a|p1pipapa) +
b|p1P1psPs) + c|papapsps) where in both cases a + b+ ¢ = 0.

The final case leads to the matrix (C.5) giving the two eigenfunctions
(IpiPip;s) + [piDisp;)) + (|prPipsS) + |pkPrsp;)) (with eigenvalue 2) and (|pipip;s) +
piDisP;)) — (|pkPrpsS) + [peDrsp;)) (with eigenvalue 6).

It remains to consider the two-dimensional subspace of V; o for which we choose
the basis functions (|sp1p2p3) +|p15psha)) + (|sPipsbz) + |p1Sp2p3)) and (|spipsps) +
|p15paps)) — (|sPapiDs) + [p2Spspr)), and applying L* gives

L*((|spip2ps) + [p15pspa)) + (Ispipspz) + [p15paps)))
= 6((|spipaps) + [p15psp2)) + (|sPipspa) + [p15paps))),
L2((\8p_1p3p_2> + |p1Spaps)) — (|sPapiPs) + |p25pspr)))
= 6((|spipspz) + [p15p2Ps)) — (|sP2piDs) + |p25pspr))),

showing that the whole of the 2-dimensional eigenspace has eigenvalue 6.

We now move on to consider the fifteen spin eigenfunctions in V; , and applying

L? gives

L*(|s3pip;) — |s5pip;)) = 2(|s8pip;) — |s5pip;)),
L*(|pkprpiD;) + [pkbrpiPi)) = 2(|psPepib;) + |piDepsDi)),

both of which are already angular momentum eigenfunctions. The remaining spin

eigenfunctions give

L*(|pxDrpi3) — |piPrspi))
= 4(|prPrpis) — |pkbrspi)) — 2(lp;Djpis) — |piDishi)),
L*(|spip;pr) — pispaD;))
= 4(|spipsPr) — |Pisprp;)) — 2(|spipibr) — |pjSpaDi))
— 2(|spipkpj) — [PisPiD))-

The first case has a six dimensional matrix, which splits into three submatri-
ces, all of the form (C.5, and hence has eigenfunctions (|pxprpiS) — |PkPrsDi)) —
(Ip;Pipis) — pspjspi)) (with eigenvalue 6) and (|piPrpis) — |pPkPrsPi)) + (IpPjpis) —
\p;P;spi)) (with eigenvalue 2). The second case has matrix (C.2), which once again
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leads to one eigenfunction with eigenvalue 0,

— (|spip2p3) — |p13psb2)) + (|sP2p1P3) — |p25pspr))
+ (|sPipsD2) — |P15p2D3)),

and a 2-dimensional space with eigenvalue 6 given by

— a(|spip2ps) — |p15psP2)) + b(|sPipspz) — |p15p2D3))
+ c(|spap1P3) + |p25pspr))

where a + b+ ¢ = 0.

Finally we need to consider the space V¢ and find that

L?[(|spip2D3) + |p1Spspz)) — (|sPipspz) + [p15p2ps))
— (|sP2p1P3) + |p23pspr))] = 0.

We now move on to consider the case where s = 1, which has a 16-dimensional
basis given by
Vi = {|s3pip;), [Pkspip;), [PiDispr), |DkDkpips), Spipeps) | @ # § # k. i < j}.

Again, starting by forming the spin eigenfunctions, we see that there are two types

of spin Slater determinants, |11111213) and [thyWaths1by) for 1 # 1b;. We have

P1h1aths) = 21 Y1hatfs)

S?|
S?h11athsths) = 3[h1hathsths) — |Vath1hatba) + [Psthibaths) — [hath1tbarhs).

The second case gives the matrix

in the ordered basis

{1h102tb3iba), [ath1bs3ta), [atbrthaths), [Dathribatbs) },
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which gives a one-dimensional eigenspace with eigenvalue 6, namely

Vie = {|Spipaps) — [P1spaps) + |D2spips) — [Paspips)

and a 3-dimensional space with eigenvalue 2 spanned by

{|3p1p2aps) + [Prspaps), [5p1paps) — |P2spips), [3p1peps) + |P3spips) }-

Combining this eigenspace with the other eigenfunctions with eigenvalue 2 we

have the 15-dimensional space

Vio = {|sSpip;), |piPispr), |pkDEpip;), [Sp1D2ps) + [P1spaps),
5p1paps) — [P2spips), [Sp1peps) + |P3spipe) | @ # J # ki < j}

For V; ¢ we find that

L*([sp1paps) — |Prspeps) + [P2spips) — [P3spips)) =0,

and for V; 5 we have

L?|s3pip;) = 2|s3pip;),
L?|\ppisp;) = 4|pipisp;) — 2|pkPrsp;), and
L?|piDipjpk) = 2|piDipipr)-

The middle case once again gives the matrix (C.5) and hence has eigenfunctions
\piPisp;) + |pkDrsp;) (with eigenvalue 2) and |p;pisp;) — |pkPrsp;) (with eigenvalue
6). We are left with the 3-dimensional subspace

{|3p1p2ps) + [Prspaps), [5p1paps) — |P2spips), [3p1peps) + |P3spips) }-

and find that

L*(|3p1pops) + |Prspaps)) = 4|Prspaps) + 2|P2spips) — 2|Psspip),
L2(|§p1p2p3) — |[P2spips)) = —4|p2spips) — 2|Prspaps) — 2|Paspipz),
L2(|§p1p2p3> + [P3spip2)) = 4|Paspip2) — 2|D1Spaps) + 2|p2spips)-

Defining W, := [Spipaps) + [P1spaps), Vo = [Spipaps) — [P2spips) and U3 =
|Sp1paps) + |Paspipe) this gives the matrix (C.2), which once again results in a one-

dimensional eigenspace with eigenvalue zero, Wy + Wy 4+ W3 and a 2-dimensional
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eigenspace with eigenvalue 6 of the form {aW; + bWy + c¥3 | a = b+ c}.

Finally we need to consider the case s = 2 which is the single Slater deter-
minant |spipsps) and is an eigenfunction of both S* (with eigenvalue 6) and L?

(with eigenvalue 0).

Moving on to consider the L3 eigenspaces, we begin with the case where
LT = 0, S0 = 0 and s = 0, the degeneracy is two and we see that both
L*-S2-S5 eigenfunctions have Ls eigenvalue zero. The space where L*U = 0,
S?U = 20 and s = 1 has degeneracy one and the L?-S*-S; eigenfunction has L
eigenvalue zero. Similarly, the case where LW = 0, S?V = 6V and s = 2 has

degeneracy one and the L?-S% S5 eigenfunction has L; eigenvalue zero.

For the space with L?*¥U = 2U, S?¥ = 0 and s = 0, the degeneracy is
one and, with an ordered basis of {|sp;p;—1Pi—1) — |Spipi—1Di—1) + |SPiPis1Diz1) —
[SpiDizipis1),i = 1,2,3}, the Lz matrix is given by (C.1) and the eigenfunction

with ¢ = 1 has L3 eigenvalue zero.

For the space with L?*U = 20, S*¥ = 20 and s = 1, the degeneracy is three.
Using the fact that L3 does not mix states with different numbers of p-orbitals,

we have three ordered bases

{Is3p1p3), |53p2ps), |S5P1p2) }

{Isp1p2D2) + |sp1p3Ds), |Spap1P1) + |SP2p3P3), |sPsp1D1) + |spspaD2) },

and

{|p1p2psD1), |P1P2p3P2), [P102psD3) b

each of which have L3 matrix (C.1), and hence the three L?-5%-S5- Ly eigenfunc-
tions with Ls eigenvalue zero are |$Sp1p2), |p1papsDs), and |spspiPr) + |spspapz)-

For the space with L*U = 6¥, SV = 0 and s = 0, the degeneracy is once

again three, giving three bases with 2, 3 and 4 p-orbitals respectively:

{|ssp1D2) — |SSP1p2), |SSp1D3) — |SSP1ps), |SSpaps) — |$SPaps),
|s5p1P1) — |55p2P2), |s5p2D2) — |s5psps) },
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{[sP3p2p2) — |sPspiDr) + [Sp3pap2) — [Spspib1),
|SP1p2D2) — |sP1psbs) + [Spip2P2) — [Sp1psDs),
|sP2p1P1) — |sD2psPs) + [SpapiPr) — [Sp2psps),
|sPsp1D2) + |SpspiP2) — |sDsPipa) — [Spspip2),
|spsPiP1) + |3P3p1p2) — |$P3piD2) — |3pspib2) s

and

{|psDsp1Pz) — |PsP3D1p2), |P1D1P2P3) — |P1P1D2P3), |P2D2p1Ds) — |P2D2Dips)
\psPap1P1) — |PsP3paD2), |PiP1peD2) — |PsDspibi) ),

each of which give an Lz matrix of the form (C.4) and the L*-5%-S5- Ly eigenfunc-
tions with L3 eigenvalue zero are 2|sSpsp3) — |sSp1p1) — |$SpaDz), 2|p1Dip2p2) —
|psD3p1Pr) — |psPspeP2), and 2|spspipz) — |sPspiPz) — |sPspip2) + 2[3Pspip2) —
|Spap1Pa) — [Spspip2)-

The final case has L*U = 60 and S?U = 2V and s = 1/2, which has degener-

acy one and, with ordered basis

{|spspapz) — |sp3p1P1), [sp1p2D2) — |sp1P3P3), [spepiD1) — |spapsDs),
|spsp1P2) — |spsPipe), |sPspipe) — |spspiP2) }s

has L3 matrix (C.4) and hence the L?-5%-S5- Ly eigenfunction with Ls eigenvalue

zero is 2|spspipa) — |spaspiP2) — |Spspips)-



Appendix D

Validity of a Critical Point of p¥

In this appendix we will prove that the final critical point in Table 6.2 is not valid
for the Carbon ground state pair density.

Lemma D.1. Let V' be an arbitrary space and let f,g:V — R be two functions.
Then, for v € V, with f(v) € [0,1] and g(v) € [0,1], all four of f(v)g(v), (1 —
f@)g(v), f()(1—=g(v)) and (1= f(v))(1 = g(v)) are also in [0, 1].

In particular, if for each v € V| at least one of these four quantities lie outside

[0, 1], then the the intersection of the preimages of [0, 1] under f and g is empty,
ie. f7H([0,1])ng™([0,1]) = @.

Proof The first part is a trivial consequence that a,b € [0,1] = ab € [0,1] and
the fact that a € [0,1] < (1 — a) € [0,1]. The second part is simply the contra-
positive of the first part. O

We now move on to consider the specific functions ¢ and p which are given by

a0y — 2001 Q¢
5

t(T, )‘70) =5, p(?”, /\70) =

2C¥3C¥4 — (g5
dogag — a5 200105 — Qg

(D.1)

Inserting the values of a; from the end of Section 6.7.1 and then inserting the
eight combinations of the €’s there are six cases in which ¢ is defined. We wish
to show that, in each of these cases, at least one of tp, (1 — ¢)p, t(1 — p) and
(1 —¢)(1 —p) lie outside [0, 1] for all r € R, X € [0,1/2] and for a suitable range

of c.

We begin by labelling these six cases as t; and p;, © = 1,...,6, and note further

323
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than ¢; and p; have the general forms
Ay(r) As(r)
71143('1“) +a72A3(T) + a3 ( )

_. é _. bi,lAl (T) + b@gAQ(T’) + b@gAg(T’)
' g; ' Cz"lAl(T’) + CZ"QAQ (T) + Cz‘,gAg (T)7

ti::a

Di

where a; ;, b; ; and ¢; ; are coefficients in A and c.
The general method used to treat the first two cases is the same, namely we
want to show that t; <1 = p; > 1.

Lemma D.2. Suppose t; and p; are as given in (D.2) and (D.3) with A;(r) > 0.
Denote d; j == b j —c;j, 7 = 1,2,3 and e;; = d; j — iza_f, j = 1,2 Suppose
further that a;3 <1, ¢;j >0, and d; 3 > 0. Then if ;1 > 0 and e; 5 > 0 it follows

that t; and p; are never simultaneously in [0, 1].

Proof Suppose that t; < 1 then we have, using that As(r) > 0,

ti S =S ai71A1(r) + amAg(r) + (ai73 — 1)143(7’) S 0

_ ai,lAl (T’) + CLZ"QAQ (T)

S A >
3(r) 2 a;3—1

, (D4)

where the second line uses that a; 3 < 1. Similarly, since ¢; ; > 0 we have g; > 0,
giving
Ji

p>le=>1sfi—g >0.

)

From the definitions of f; and g; in (D.3) it is clear that
fi—gi=dix Ay (r) + d; 2A2(r) + di73143(7“), (D.5)

where d; ;== b, ; — ¢; j. Since d; 3 > 0, it follows from (D.4) and (D.5) that

d; 30, d; 3a;
fi—gi> (di,l _ 2301 ) Ai(r) + (di,2 _ Zia%i2 ) Ay(r)

;3 — 1 ;3 — 1
=: 6@1141(7") + €i72A2(7").

Hence, since A;(r) > 0, it follows that, if e;1,e;2 > 0 then p; > 1, giving the
result. O

It remains to check that the conditions required by the above Lemma hold for
t1, p1, t2 and py, where the first case has €, = —1, €.y = 1, €54 = 1 and the second

has €.p = 1,64 = —1, €59 = —1. For the first case we find that the coefficients for
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t; are given by

1 1 V1—=¢2

2c2’ 2 c

ay = 1-—
and those for p; by

by = 10c*(2¢® — 1)A% 4+ 2(=10c* — 2 + 112,
bro = 2¢°(5c + 2V 1 — 2)A* + 2¢(—3c® +2(2 — )V1 — 2 + 20) A,
bz = 2¢%(5c% — 3)A2 +2(7c* — 2 — 5\,

and
c11 =22 — DA%, c1a=2(c+2V1 — )N, 13 =232 — 1)\2
Further we see that

d173 = 6173 —C3 = 2)\(C—|— 1)(1 - C>(562 - 2)\62 - 2)

Checking the conditions in Lemma D.2 we see that a;3 — 1 = (¢ — 1)/(2¢?)
which is clearly negative when ¢ < 1. It is also clear that, if ¢ > 1/4/2 then each of
the ¢, ; is positive. Finally we have, using that (5 —2\) >4, dy 3 > 0 if ¢ > 1/v/2.

Hence it remains to check that e;; and e; 5 are both positive. We have that
e1n = AN (A2 — 1) +1), eo =AM (A1 +A) + V1 — 24 —2N)),

both of which are clearly positive for A > 0 and ¢ > 1/y/2. If A = 0 we find
that g1 = 0 and hence p; is not defined. Thus we see that ¢; and p; are not

simultaneously in [0, 1].

For the second case we find that the coefficients for ¢, are given by

3 3
azy) = 3 — 2 22=5~ , Q3 =

and those for py by

boy = 14c*(2¢% — 1)A? 4+ 2(—14c* — 6 + 1762,
bao = 2¢*(Te — 2V1 — 2)A* + 2¢(—=9¢* — 2(2 — A)V1 — 2 + 6¢) )\,
bys = 2¢%(5c* — 3)A% + 2(7c* — 2 — 5\,
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and

co1 = 6672 — 1A%, o0 =23 — 2V1 — )N, cp3 = 2¢3(3¢7 — 1)\2

Note that ag3 = a; 3, b3 = b1 3 and ca3 = ¢ 3 and hence it remains to check
that cp; and ¢y 9 are positive. This is clearly the case if ¢ > 1/ V2 and in order to

prove the result we must show that ey ; and ey are positive where

g1 = 4c*(1 = 2¢*)A* + 8(5c" — 4c? + 1),
12 =4 2VT = 2 — )N + 8c(—c+ 3¢ + (2 = 3V — @)\,

Again, if A =0, go = 0 and hence we need only consider A € (0,1/2]. It is easy to
show that, on ¢ € [1/\/5, 1], the coefficients of A\? in ez and ey o are decreasing

and those corresponding to A are increasing. Hence we have, for ¢ < 1,
€21 > 2)\(1 — 2)\) > 0, €29 > 4/\(]_ — )\) > 0.

where the above inequalities hold for A € [0,1/2]. Hence Lemma D.2 applies and

we see that o and py are never simultaneously in [0, 1].

The next case we consider has €9 = 1, = —1,€654 = 1 for which apply
Lemma D.1 and in particular wish to show that pst; < 0. For the coefficients of
t3 we have

2 —(6+A)c? 42Xt
as1 =

21— 2\t
23+ (A =2)c 4+ 2(2 = 2)ev1 = 2
a2 = 2(1 — 2\)c* ’
2—(4+ NP+ (2= )t
as 3 = 1 .
21 — 2\)c

For the coefficients of f3 and g3 we have

bs1 = 4c*(1 — 2¢3)A? + 2(4 — 15¢% + 3¢\ — 4 + 14c* — 4c?,

b3y = 4% (—c? — 2eV/1 — 2)A? +2(—4® — ¢ + (662 — 8)eV1 — ¢2)\
+ 4 + 26" +4(2 - F)eV1 — &,

b3z = 4c*(1 — 33N + 2(4 — 11¢® + 9¢*)A — 4 + 10¢* — 6¢*,
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and

cs1 = 4c%(2¢% — 1A% +2(4 — 11¢% — 2¢)\ — 4 + 1262,

30 = 4c*(® + 20\/@))\2 +2(—4c* — 5ct —2(c* + 4)0\/1——02)
+4c + 4 + 80\/@,

cs3 =4 (=1 — A*)N?2(4 — 7 + 5c")\ — 4 + 8% — 4c.

From these coefficients it follows that

1
bsPs = 5 AT — o0 Ay(r)

(ds1A41(r) + ds 2 A5(r) + d3 3As(r))
where

dsq =2+ (A—T7)c+2(1 — \)c?,
dso = —2¢"+ (=1 = N)c* + (2¢3(1 = \) — 4)evV1 — ¢2,
d3z= (24 (A —5)+ (=3X + 3)c".

This has a simpler form than a general product of two functions of the forms
given in (D.2) and (D.3) because the numerator of ¢; and denominator of p; are
the same up to sign, as can be seen in (D.1). It follows that ¢3ps3 has the same
sign as dz 1 A1 (r) + dz2A2(r) + d33A3(r), and it is easy to see that, for ¢ > 1/v/2,

each of the d; are linearly decreasing in A and hence
dsp <272 +2ct, dyp < —22 —c*+ (2 —4)eV1 — 2, ds3 < 2—5c%+3ct,

from which it is clear that each of the ds; are negative if ¢ > /2/3 > 1/V/2.
Thus, by Lemma D.1, for ¢ > 1/2/3, t3 and p3 are never simultaneously in [0, 1].

For the fourth case, which corresponds to €, = —1, €6 = —1,€54 = 1, we will
use Lemma D.1 and in particular show that if ¢4p4 > 0 then (1 — py)ty > 0. The

following lemma summarizes the method used:

Lemma D.3. Suppose A;(r) > 0, i = 1,2,3 and let F = diA;(r) + d2 As(r) +
d3As(r) with d3 < 0 and G = e1 A1 (1) + e2As(r) + e3As(r) with es > 0. Define
fi :=d; —dse;/es fori=1,2. If both fi and fy are negative then G > 0= F <0

Proof The proof is analogous to that of Lemma D.2. O

In our case we will have F' = k1 (1 —py)ts and G = kaotypy, where k; are positive

functions determined later. It remains to show that the coefficients satisfy the
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necessary conditions of the lemma. We have, for ty4,

6 — (10 + 7TA)c? + 14 ¢

1= 241 — ) ’
S —6c2 + (2+ TNt +2(2 — AN\)eyT — 2
b2 2¢4(1 = )) ’
CA— (44304 (2430
a1 = 2641 — ) ’

and for py,

biy = 6c*[(3¢7 — 1)A* + (2 — 4P\ + 2¢° — 1],
bio = 2¢*[(3¢® — 2¢V1 — 2)A? + (dev/1 — 2 — 6¢)A + 3¢ — 3ev'1 — 2],
biz = 2c*(* — 1)(1 = \)?,

and

ca1 = 14c*(2 — AN +2(6 — 3¢® — 14ch)\ — 12 + 2062,
c1p = 26%(7¢% = 2¢V/1 — )N + 2(—6¢% — 5c* + 2(¢* + 2) eVl — )\
+12¢% — 4¢* — 8¢Vl — ¢2,

ci3 =6*(* — DA +2(2 — 2 — A — 4+ 8¢% — 4ct.

Using these coefficients to evaluate (1 — pg)ts we find 2¢*Az(r)(1 — pa)ts =:
dy1 A1 (r) +dyoAs(r) 4+ dy3As(r), where we note that 2¢* A3(r) > 0 and hence this
expression has the same sign as (1 — p4)t4 and will be our F. The dy; are given

explicitly by

dyq =6+ (=13 — 4N + (6 + 8\)ct,
dig = —6¢"+2(2 — eVl — 2+ (5+4\)c,
d473 = (C — 1)(0 (3 + 2)\) — 2),

where we note that, for ¢ > /2/3, dy 3 is clearly negative.

We also have that 2¢2 A3(r)tapy =: €4, A1 (1) + €42A5(r) + €4 3A3(r), where this
has the same sign as t4p4 and the coefficients are given by

ea1 =3(1—2¢%), eso=2cV1—c2—3c% e3=1-¢c
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It is clear that ey 3 > 0. Using the definition of f4; from Lemma D.3, we have

fo1 =231 — 2%\ + 4c*(2 — 3¢?), and
fi2 =222V =@ = A+ 4K (VT = = &),

It is clear that each of the above terms is negative when ¢ > 2/1/5 > 1/2/3 and
hence, for this range of ¢, the lemma holds and, by Lemma D.1, ¢4 and p, are

never simultaneous in [0, 1].

For the fifth case, which corresponds to €p = 1,€.4 = 1,654 = —1, we have,

for the coefficients in s,

2 — (645N + 10A*

Q51 =

24 (1= \) ’
A —2¢% 4+ (5A — 2)ct +2(c® — 2)ev/1 — 2
»2 24 (1= N) ’
b2 (443N + (2+ 3\
o3 24 (1 —\) '

For the coefficients in f5 and g5 we have

bs1 = 2¢*(1 — N)?(2¢* — 1),
bso = 2¢*(1 — N)2(¢® + 2¢V1 — ¢2),
bss =22 (1 — \) (2 — 1),

and

cs1=2(1 = A)(=2+ (6 + 5N)c* + 10AcY),
cso=2(1 = \)(2¢% + (2 = 50 +2(2 — eVl — 2),
cs3=2(1=A)(1 =) (=2+ (2+3)\)c).

From these expressions it follows that ¢5(1—ps) has the same sign as 2A3(r)(1—
)\)C4t5(1 — p5) =: d571A1 (7") + d572A2 (7") + d573A3(7") where

dsy = 4c*(2¢2 — DA +2 — 7¢* + 2¢%,
dso = 4c'\ —2¢% — c* +2(c* — 2)evV1 — 2,
dsz = (¢ — 1)(=2+ 3c¢® + 2)\P).

It is clear that all three of these expressions are negative when ¢ > /2/3 and
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therefore, by Lemma D.1, for ¢ > /2/3, t5 and ps are never simultaneously in
[0, 1].

For the final case, which corresponds to €.g = —1,€.6 = 1,655 = —1, we use
Lemma D.1 and in particular show that tgpg is always negative. The coefficients

for tg are

6 — (10 4+ 2X\)c? + 6Xc?

o1 = (1—2)\)c ’
—6¢% + (24 3\t +2(2 — A)ev1 — 2
Qg2 = 5
(1 —2\)ct
2—(4+ 1) =Xt
ag2 =
(1 —=2X\)c4

Also, the coefficients for fg and gg are

bea = 12¢*(1 — 2¢*)A\% 4+ 2(6 — 29¢* + 18¢") A — 12 + 26¢* — 12¢*,

by = 4% (2eV/1 — 2 — 32)A? + 2(—12¢% 4 13¢* + (2 — 6¢2) V1 — )\
+12¢2 — 1062 + 4(c* — 2)eV1 — ¢2,

bes = 4c*(1 — 3cH)A? +2(4 — 11¢% + 9¢*) A — 4 + 10¢% — 6¢*,

and

ce1 = 12¢*(2¢7 — 1)A? +2(12 — 1762 — 6¢*)\ — 12 + 2062,
Con = 4c*(3c* — 2eV1 — )A? + 2(—12¢% + ¢* + (2¢* + 8)cV1 — c2) A
+12¢% — 4t — 8ev1 — ¢2,

3 =4 (=1 — )N +2(4 — 72 + 5\ — 4 + 8¢ — 4c.
Using these coefficients, we have that tgps has the same sign as 2A43(r)c*(1 —
2)\)t6p6 = d671A1 (T’) + d&gAg(T’) + d6’3A — 3(7“), Where

de1 = 3c*(1 — 2¢*)A + 6 — 13¢* + 6¢,
deo = *(2cV1 — 2 — 3c*)\ — 6¢* + 5t +2(2 — 2% eVl — 2,

des = *(1 — 3c*)A + 2 — 5c? + 3¢t

It is clear that, if ¢ > 1/4/2, then all the coefficients of A are negative and hence
each is bounded above by the value when A = 0. This gives

deq < 6—13c* +6¢", dgo < —6¢* +5¢* +2(2 — eVl — 2, dgz < 2 —5¢% + 3¢t
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and it is easy to check that all of these are negative if ¢ > \/% > 1/+/2. Hence,
by Lemma D.1, for ¢ > \/%, te and pg are never simultaneously in [0, 1].

Hence we see that the strongest restriction on ¢ in all of the above is ¢ > 2/+/5,
and for values of ¢ in this range the final critical point in Table 6.2 never exists.
In particular it is worth noting that the value of ¢ in our Carbon variational
calculation is approximately 0.9857649926 > 2/4/5 and hence this result holds for

our pair density.






Appendix E

Comparison of Critical Points of

o5

The are clearly four different types of comparison necessary, two for each of the

cases of ,og”m‘”*’, corresponding critical points from Table 6.2 with or without ex-

istence conditions. The following five lemmas give conditions under which pS™™*"

is greater than each of the other critical points from the previous section.

The first lemma compares two critical points, both of which always exist:

Lemma E.1. Suppose that A;(r) > 0 and let

pél) = 6171141 (T) + 6172142(70) + 6173143(7)7
Pg) = e2,141(r) + e2245(r) + e23A43(r) and

f=- (BAL(r) + 7 Az(r) + 0As(r)),

aAs(r)

with —aAs(r) > 0, 6 > 0, and f < 0. Denote & := e1; — e2;, © = 1,2,3, and
suppose é3 < 0. If hy := §é; — é33 > 0 and hy := §éy — é3y > 0, then p > p.

Proof Using the definition of é; in the statement of then lemma, it is clear that
M pP =& A 5y A i3 A E.1
py’ —py = e1Ai(r) + e Az(r) + E3As(r). (E.1)

Since f < 0, —aAs(r) > 0 and § > 0, it follows that

_BAr) + 7 As(r)

Ag(?”) < 5 ,

and, using €3 < 0, we have

E3As(r) > _égﬁAl(T) j;%‘b(?“).

333
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Inserting this bound into (E.1) we obtain
W@ (s _ a0 .2
Pe” — P2 >\ €1 —635 Ai(r)+ 62—635 Ay(r),

and the result follows from the positivity of § and non-negativity of A;(r) and
AQ (7") U

The second lemma will enable us to compare pS"™* = Ay(r) + g(r) and a

critical point péz) with an existence condition f,, under the condition that f3 < 0.

The restriction on fy gives an upper bound on péQ) which is linear in the A;(r)
and the restriction on f3 then allows us to reduce the problem to considering the

sign of two coefficients.
Lemma E.2. Suppose that A;(r) > 0 and let

pgl) = 6171141 ('I") -+ 61,2A2(T) + 6173143(7“)7

AL(1) + 72 As(r) + 63A3(r))?
p(z)__(ﬁz 1(r) + 72 A2(r) + 02 A5(r)) + 921 A1(r) + go.2A2(1) + g23A3(7),

L 2042143(7")

Ja=— (Bar(r) +(;72§2E77:§ + (52143(7“))’ and
fy=— (Bs Ay (1) + v3A5(r) + 65 As(r))

3 azAs(r) :

Suppose further that —asAz(r) > 0, —asAs(r) > 0, 63 > 0, fo € [0,1], f3 <0,
and 2e1 3 — (02 +2g23) < 0. If hy > 0 and hy > 0, where

hy = (2e11 — (B2 + 292.1))d3 — (2e1,3 — (02 + 292.3)) O3,
hy = (2e11 — (72 + 292.1))03 — (2e1.3 — (02 + 2g2.3) )73,

it follows that pél) > ,of).

Proof Since fo > 0 and —agAsz(r) > 0 it follows that GoAi(r) + 2A2(r) +
92 A3(r) > 0. Hence, since fo <1, péz) is bounded above by

/052) < 2((Ba + 292,1) A1 (1) + (72 + 292,2) Ao (1) + (02 + 22,3) A3()).
We then have

2(p5" — p5) > [2e11 — (Ba + 2021)] A (1) + [2€12 — (72 + 2,2)] Ao (r)
+ [261’3 — (52 + 29273)]143(7“). (EQ)
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Now, since f3 < 0, —agAs(r) > 0, and d3 > 0, we have

B3 (1) + 73 A2(r)
03 ’

As(r) <

and since 2e; 3 — (92 + 2¢2,3) < 0 it follows that

BsAi(r) + y3Aa(r)

2613 — (02 + 2g2.3)]A3(r) > —[2e13 — (02 + 202,3)] 5
3

Inserting this lower bound into &3 times (E.2), and recalling that 63 > 0, gives
that
253(/09) - /0%2)) > h1Ai(r) + haAs(r),

where h; and hs are as in the statement of the lemma and the result follows. O

The third and fourth lemmas allow us to compare the first case of pS"™ from
Theorem 6.7.1 with a critical point from Table 6.2 that always exists. In this case
it happens that there is no need to use the restriction that f(r, \) € [0, 1].

Lemma E.3. Suppose that A;(r) > 0 and let

pél) _ (BA(r) +;jj§2)+ 0 As(r))? + 1AL () + g2 As(r) + g3 As(r),

p§2) = e1 A1 (r) + ea Ay (1) + e3As(T).

Denote
fu=0% fao=9" fi=06+2ales—gs), fia=207,
f13 =280+ 2a(e1 — g1), and fr3 = 275 + 2a(ez — g2).
Let
L if fi;<0
Xij =
0 else,

and further denote

fu=fu+ %(mem + x13/13), fao = far + %(Xufm + X23/f23),

fas = fsz + %(X13f13 + X23.f23), fiz = (1 = x12) f12,

f13 = (1 - X13)f137 and fza = (1 - X23)f23-
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Suppose further that —aAs(r) >, then if all of fij are non-negative, it follows that

p(Zl) > pg), with equality only if all fi; are all zero or Ay(r) =0, =1,2,3.

Proof Since —aAs(r) > 0 it follows that —2aAs(r)(pS" — pi?) has the same sign

as p(zl) — ,0(22). Calculating this explicitly gives

—2045(r)(p5) — p&) = fr1A2(r) + far A2(r) + fas A3 (r)
+ f12A1(r)As(r) + fi3A1(r)As(r) + fasAa(r)As(r),

where the f;; are as given in the statement of the lemma.
Since (A;(r) — A;(r))* > 0 then, if f;; < 0, it follows that f;;A;(r)A;(r) >
%(A?(r) + A%(r)). Inserting this inequality into the above for each of the fi;,

1 # 7 which are negative, gives

—ads(r)(ps) = pi”) = FuAl(r) + JA3(r) + fas A3(r)
+ JE12A1(7")A2(7“) + fizA (r)As(r) + f23A2(T)A3(T)a

and the result follows. O

For cases where the bound pél) — ,052) > 0 is tight the previous lemma may not

apply and we need to find the critical points explicitly.

Lemma E.4. Suppose that Ai(r), As(r) > 0 and As(r) > 0. Let

f = 61114%(7") —+ 62214%(7") + 63314?)’(7")
+ e12A1(r) As(r) + e13Ai (r) As(r) + eaz Ao (r) Az(r)

and suppose that e;; > 0, e;a > 0, e > 0, and es3 > 0. Suppose further
that 4611622 — 6%2 = 0 Let T = —%612613 + €11€23, Ty = —iei)’ + €11€33, 41 ‘=
—rie13 + rae1z and qo = —6%3 + deggess. If ry <0, ¢ > 0 and go > 0, it follows

that f > 0, with equality only when ¢ =0 or go = 0.

Proof Since Az(r) > 0, dividing throughout by A%(r), we see that f has the same
sign as

f=e110® +enB +enaf+ eza + exnf + e,
where oo = Aq(r)/As(r) and 5 = As(r)/As(r), o, 5 > 0.

Fixing ( and differentiating with respect to a gives that the critical point lies

_6125 + e13
€11

Qo =



337

Since e;; > 0 it is clear that this must be a minimum and hence the minimum for

a € ]0,00) lies at o« = max{ay, 0}. If @ = a we find that

2

N e? ez e
f= (_i+€22)52+(_ = 13+€23>5—i+€337

2611 4611

and using that 4e;jesy — €2, = 0, e;; > 0 and the definitions of r; and r, we see
that
f>0erB+r>0. (E.3)

Since we have assumed that —mf% > 0, using ej1,e12 > 0, gives that
B < —ej3/e1a, and since m; < 0 it follows that r13 > —riej3/e12. Inserting this
lower bound into (E.3) we have that

OB, >0 f >0,

€12

and since ejo > 0 this is equivalent to —riei3 + roep > 0.

The second case is when oy < 0, which gives a minimum at o = 0 and we
obtain f = 3% + €938 + e3. Differentiating with respect to § and using that
eg2 > 0 gives a minimum at Gy = —ea3/(2€92), and so the minimum on [0, 00) is
at 3 = max{f,0}.

If 8 = 3y we have

2

7 €23
f =——+ €33,
4622

and using that egs > 0 it follows that
f >0& —633 + degess > 0.

Finally if the minimum is at « = 0, § = 0 then f = e33 > 0 and the result
follows. O

The final two lemmas allow us to compare the first case of p5"™, denoted by

(1) )

py  with a critical point from Table 6.2, denoted by ,of
condition f, € [0, 1].

, which has an existence

There are now two existence conditions which need to be met and it should
be possible to derive a joint existence condition. However, this is non-trivial and
we instead use the restrictions f; > 0 and f < 1 and show one of the two lemmas
holds for all values of A. It is worth noting that we could also prove a similar

lemma with the restriction fo > 0.
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Lemma E.5. Suppose that A;(r) > 0 and let

1) (B1As(r) + 1 As(r) + 01 A3(r))?

Py = — 2o As(r) + 911 41(r) + g1242(r) + g1343(7),
2
pf? = D LR ¢ A1)+ gmaa0) + o).
fl=— (B1AL(r) + 71 Aa(r) + 01 45(r)) and
041143(7’) ’
foe (B2A1(r) +7242(r) + 52143(7")).
OéQAg(?")

Suppose further that —ay Az(r) > 0, —asAz(r) >0, 6, >0, f1 >0, eqg = a 55 —
@7 >0, e := 173 — i > 0, and ez3 = 103 — 02¢] + 2a102(g1,3 — g2,3) > 0.
Then if hiy >0, hio > 0 and heo > 0 where

hi1 = [2026101(g11 — 92,1) — 20205 (91,3 — 92,3) — 2025161 — 5765 — 3307),
hia = [2097101(91,1 — g2.1) — 2025101(g2.2 — G12) — 42 B171(91,3 — 92,3)

+ 2(8201 — B102) (7162 — 7201)],
has = [2a97101 (912 — 92,2) — 20427%(91,3 — 92,3) + 271720102 — 7225%]a

it follows that p(zl) > ,0(22).

Proof It is clear that 2041(12A3(r)(p§1) — péz)) has the same sign as pgl) — pg). Tt

follows that

20102 A43(r) (08 — p) = enn A3 (r) + e A3(r) + €33 A%(r) (E.4)
—|— 612A1 (’I“)AQ(?") —|— 613141 (’I“)Ag(?") —|— 623142 (T)Ag(')“),

where the e;; are given explicitly by

e11 = 133 — anf?,

€22 = 0175 — an;,

€33 = Q105 — 207 + 20109(g13 — G2.3),

e12 = 2a1 272 — 202011,

e13 = 2013205 — 200101 + 201 02(g1,1 — G21),
eas = 20117205 — 2097101 + 20105(g12 — g22)-

By the explicit form of f; and the inequalities f; > 0, —a3A3(r) > 0 and
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01 > 0, it follows that

Ag(r) > _ BiAi(r) + mAs(r)

> 5 . (E.5)

Suppose that ej3, eog and ez are all non-negative and hence inserting (E.5) into

62 times (E.4) (which still has the same sign) gives
2 @y _.7 2 7 7 2
207102 A3(r)(py " — py ) =t hin Ay (r) + ha2 A1 (r) Az (r) + hae Aj(r),

where ﬁij = —oqh;j as given the statement of the lemma. The result follows by
noting that, since Az(r) > 0 we must also have that —«; > 0, and so hNZ-j and h;;

have the same sign. O

Lemma E.6. Suppose that A;(r) > 0 and let
1 _ (BirAi(r) +71As(r) + 61 A5(r))”

Py’ = — Do Ay(r) + 91,1A1(7) + g1242(r) + g1,343(r),
p§2) _ (B2A1(r) +;;;42§2)+ 9 A3(r)) + 921 41(r) + g2,2A42(7) + g23A3(7),
 (B1A(r) + 1 Aa(r) + 61 A5())
fi=-— nAs(r) , and
fr=— (B2 A1 (1) 4+ 72 As(1) + 02 A3(1))
2 O[QAg(T) '

Suppose further that —ayAsz(r) > 0, —agAs(r) > 0, —(ae +d2) > 0, fo <1
€11 = Oélb% — Oézb% Z O, €99 = OélC% — QQC% Z O, and €33 — Oéld% - 520% +
20[1042(9173 — 9273) >0 Then Zf h171 > O, hl’g >0 and hg’g > 0 where

~

hiy = [200003(g1,1 — 92,1) — 201 0202(g2,1 — 911) — 20155 (913 — 92.3)
— 20501 (5102 — B201) — 201026105 — a3 + @357 + 035 + 31,
his = [20072(2 + 62) (911 — g2.1) + 2001 B2 (a2 + 02)(g1,2 — g2,2)
— 41 Bora(g1,3 — g2,3) — 261 (B2 + Bov1) (2 + 02) + 23171 (03 + 03)
+ 2027207 — 201050272 + das 17164,
hag = [206104272(91,2 - 92,2) - 2041’7%(91,3 - 92,3) + 2041’7252(91,2 - 92,2)

+ 0577 + 1301 — s + a3yt — 209717201 + 2007702 — 271720162,

it follows that pél) > p§2).

Proof The proof mirrors that of Lemma E.5 but the upper bound on A3(r) comes
from the condition fy < 1instead of f; > 0 and —(as+3d3) > 0 replaces 6; > 0. O
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