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This dissertation shows that the Coulomb operator and the long-range Coulomb
operators can be resolved as a sum of products of one-particle functions. These
resolutions provide a potent new route to tackle quantum chemical problems.
Replacing electron repulsion terms in Schrodinger equations by the truncated
resolutions yields the reduced-rank Schrédinger equations (RRSE). RRSEs are
simpler than the original equations but yield energies with chemical accuracy
even for low-rank approximations. Resolutions of the Coulomb operator factorize
Coulomb matrix elements to Cholesky-like sums of products of auxiliary integrals.
This factorization is the key to the reduction of computational cost of quantum

chemical methods.
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Notation and symbol

In this thesis, we have used the following choice of notation and symbol. Atomic

units and real orbitals are used throughout unless otherwise stated.

Notation

a is a scalar.

a* is a complex conjugate of a.

|a| is an absolute value of a.

(a), is the Pochhammer symbol or rising factorial
a 1s a vector.

la| is a norm of vector a.

A is a matrix.

AT is a conjugate transpose of matrix A.
I is the identity matrix.

Tr[A] is a trace of matrix A.

1 is the imaginary unit, 12> = —1.

f(r) is a function of r.

f(x) is a Fourier transform of f(r).

F is an operator.

R(2) is the real part of z.

I(2) is the imaginary part of z.
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NOTATION AND SYMBOL

Mathematical symbol

B.(a,b)

Yim(7)

Incomplete beta function

binomial coefficient

Gegenbauer (or ultraspherical) polynomial
Clebsch-Gordan coefficient
Dirac delta function

Kronecker delta

;z) hypergeometric function

;z) regularized hypergeometric function

Gamma function

Heaviside step function

Hermite polynomial (physicists’ Hermite polynomial)
modified Bessel function of the first kind

modified spherical Bessel function of the first kind
Bessel function of the first kind

spherical Bessel function of the first kind
Laguerre polynomial

modified Struve function

Legendre polynomial

parabolic cylinder function

complex spherical harmonic

real spherical harmonic

For more comprehensive definition of these symbols, see [8, 9, 10].



Chemical symbol

B

E

(alb)
(alT1b)

number of basis functions

energy

angular momentum in basis set
number of electrons or normalization constant
Gaussian basis function’s exponent
range-separation parameter
electron density

wavefunction

atomic orbital

molecular orbital

orbital energy

spin variable

[ a*(r)b(r)dr

[ [ a*(r)T(ry, r2)b(re)dridrs

For more comprehensive definition of these symbols, see [11].

Resolution symbol

Pk
N, L, K
Z

A

resolution function

truncation points of infinite resolution

scaling factor

logarithm of absolute error of resolution calculation

relative error of resolution calculation

XIX

For more comprehensive definition of these symbols, see §2.1, §3.3, §4.3 and §5.3.






Chapter 1

QM methods

Erwin Schrédinger (1887-1961) Paul Adrien Maurice Dirac (1902-1984)

The Nobel Prize in Physics 1933 was awarded jointly to Erwin Schrédinger and

Paul Adrien Maurice Dirac “for the discovery of new productive forms of atomic theory” [12].

HV = FEV
— Schrodinger, 1926 [13, 14]

“The underlying physical laws necessary for the mathematical theory of a large part of physics
and the whole of chemistry are thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too complicated to be soluble. It therefore
becomes desirable that approximate practical methods of applying quantum mechanics
should be developed, which can lead to an explanation of the main features of complex

atomic systems without too much computation.”

— Dirac, 1929 [15]
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The birth of quantum mechanics dates back to early 19" century. Classical
or Newtonian mechanics failed to explain a number of experiments, for example,
blackbody radiation, gas discharge tube and cathode ray. Attempts to explain
these experiments led to the discovery of a new concept of physics whereby energy
levels are not continuous but discrete.

During the 19 century and early 20" century, there were many renowned
scientists including Boltzmann [16], Planck [17], Einstein [18], de Broglie [19] and
Heisenberg [20] involved in the conception of this new field of physics. As the
unique feature of this new theory is the discretization or quantization of energy
levels, it later became known as “quantum mechanics”. The term was first used
by Born in early 1920s [21].

The two most important theoretical developments to the field were the formu-
lation of the Schrodinger equation in 1926 [13, 14] and its relativistic extension,
the Dirac equation in 1928 [22]. In principle, we can predict any observable of a
system of interest from the wavefunction ¥ obtained by solving one of the two
equations. Therefore, the solutions are of great importance to scientists.

However, Dirac made the popular quote in his 1929 proceeding [15] that math-
ematical description of physics and chemistry is mostly known and the only major
problem left is to obtain numerical solutions from the theory. Time has proven
that Dirac’s comment is correct. The equations can be solved exactly for one-
electron systems but have proven difficult in most other cases.

There have been numerous attempts to solve the Schrodinger and the Dirac
equations. Even with the massive computing power available in the 215 century,
ab initio methods, based on solving equations using the first principles of quan-
tum mechanics, are still relatively expensive and are limited to moderately-sized
molecules.

For molecular systems, the Hamiltonian operator H and wavefunction ¥ de-
pends on time and coordinates of all nuclei and electrons. In this thesis, we are
only interested in time-independent non-relativistic electronic Schrédinger equa-
tion. The justification to remove the dependence on nuclear coordinates is the
Born-Oppenheimer approximation [23] and the dependence on time is removed
because we are interested in stationary states of a system. We will therefore deal
with electronic Hamiltonian operator of the form:

_ Z 1
He=—§;V?—Z$+ZE (1.1)

i,A 1>]

where i and j represent electrons, A represents nuclei and V? is the Laplacian.
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The electronic Schrodinger equation is a partial differential equation. The
Hamiltonian operator H is known from a description of the system — coordinates
and charges of nuclei and total number of electrons. We want to solve the equation
for wavefunction ¥ and energy E. The strategy mathematicians often use to solve
this kind of equation is to start with a guess form of W.

The most difficult terms in the equation are Ti_jl which describe electron-
electron interactions. Without these terms, the equation could be exactly solv-
able. However, we do not have a liberty to simply drop these terms from the
Hamiltonian but rather have to deal with them wisely.

In this chapter, the standard quantum mechanics methods that will be refered

to in later chapters are briefly summarized.

1.1 Hartree-Fock wavefunction

In 1928, Hartree [24] suggested that the wavefunction of an N-electron system is

simply a product of one-electron wavefunctions.

U(ry,r, 13, ... ) = X1(r1)x2(r2)x3(rs) ... xn(rn) (1.2)

This guess was inadequate because this form of wavefunction implies that elec-
trons are distinguishable and does not comply with the well-known Pauli exclusion
principle formulated in 1925 [25].

In 1930, Fock [26] improved this guess by using linear combination of all
possible permutations of N individual wavefunctions. The general expression of

Hartree-Fock ¥ can be described by a Slater determinant

xi(x1)  xe(x1) o0 xw(x1)
Wl o) = e VOO
xi(xn) xe(xn) -0 xwv(xn)

where &={r, 7}. The one-electron spin orbital y; is a product of a spatial orbital
Y(r) and a spin function a(r) or f(r) which are orthornormal (x;|x;) = dij,
(ala) = (B]8) =1 and (a|B) = 0.

In an unrestricted Hartree-Fock (UHF) calculation, there are two sets of spa-
tial orbitals ¢%(r) and ¥°(r) for a and 3 electrons. This is the most general
and expensive form of HF theory. However, it is not necessary to differentiate

between the two spins in a closed-shell system (even number of electrons and all



4 CHAPTER 1. QM METHODS

electrons are paired), thus only one set of 1(7) is used in a restricted Hartree-
Fock (RHF) calculation. A variant of RHF for open-shell system is “restricted
open-shell Hartree-Fock” (ROHF) where doubly occupied molecular orbitals are
used as far as possible and singly occupied orbitals are then used for unpaired
electrons.

This antisymmetric HF wavefunction (1.3) leads to HF energy.
Byp =Y Hi+ Y (Jy — Ky) (1.4)
i i<j
where H;; are one-electron integrals and Coulomb integral J;; and exchange inte-

gral K;; are two-electron integrals.

m:/ﬁ@ﬂ@ﬁ—iﬁﬁymmml (15)

1 A
gy = [ [ xit@ten) ;@ @) deda, (1.6)
K= [ [ @@ @)z (17)

The Coulomb term can be classically interpreted as the repulsion energy between
two spatial orbitals which have electron densities |¢;]? and |¢;|?. In contrast, the
exchange interaction is a result of the exclusion principle and is a purely quantum
mechanical effect with no classical analog.

The above formulae describe the heart of HF theory but in practice one still
need further information about molecular orbitals v; to calculate the energy. The

two subsections below explain how we obtain the HF orbitals.

1.1.1 Basis set

In 1929, Lennard—Jones [27] proposed the Linear Combination of Atomic Orbitals
(LCAO) approximations. The means spatial molecular orbitals (MO) (r) are
expanded in the basis of atomic orbitals (AO) ¢(r).

Yilr) =) cipu(r) (1.8)

The AOs can be modelled by a set of basis functions.

In theory, there is a myriad of basis functions that one can use for AOs. In
1930, Slater proposed Slater-type orbitals (STO) which decay exponentially with
distance [28].

STO (2,4, z) = NSTO (x — Ap)*(y — Ay (2 — A,)* exp(—alr — Al) (1.9)

a0z ,0y,az

¥
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The rationale behind STOs is that they resemble the exact solution of the
Schrodinger equation for hydrogenic ions. However, the STO basis has led to
difficulties in the two-electron integral calculations that are at the heart of quan-

tum chemical methods.

In 1950, Boys suggested Gaussian-type orbitals (GTO) [29].

GTO(:U, y,z) = NGTO (x—A)"(y—A,)"™(z—A,)* exp(—a]r—A|2) (1.10)

O‘7a17ayvaz

¥

They do not have a cusp nor correct long-range decay behavior for wavefunctions
but are much easier to manipulate. This was an important breakthrough and
calculations today are mostly performed using GTOs. There are numerous GTO
basis sets available for quantum chemical calculations. Most of basis sets often

used in quantum chemistry fall into three categories.

e Minimal basis sets, for example, STO-nG, are relatively small basis sets.

They often yield rough results but are computationally cheap.

e Split-valence basis sets, for example, Pople’s X-YZG and X-YZWG are basis

sets that represent valence orbitals by more than one basis function.

e Correlation-consistent basis sets, for example, Dunning’s cc-pVNZ are basis
sets that are designed to converge systematically to the complete-basis-set

(CBS) limit.

1.1.2 The self-consistent field procedure

From the time-independent electronic Schrodinger equation and HF theory with

LCAO approximation one can derive Pople-Nesbet-Berthier equations [30].

F* C* =SC” &~
F’ CP =8CF¢* (1.11)

In the RHF version, the two matrix equations above are reduced to one be-

cause we just need one spatial orbital per pair of electrons. In this case, the
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equations are called Roothaan-Hall equations [31, 32].

FC = SCe (1.12)

core 1
Fu, = H + /\ZPM {(MVP\O') - §(ua]Ay)] (1.13)
e = | o Ly Z d 1.14
p %(”“1) V1T EA: a oo (r1)dry (1.14)

N
P =2 cuicui (1.15)
1

o) = [ [eiroetr) - irpatradrdr,  (L16)
Sw= [ itroe(rir, (1.17)

The MO coefficients C and the orbital energies ¢ are unknown and need to be

determined. The overlap matrix S can be calculated independently. However, F

depends on C and this suggests that the equations must be solved iteratively.
The equations can be further simplified to an eigenvalue problem. First, we

need to find a matrix X which orthonormalizes the AO basis.
X'SX =1 (1.18)

An obvious choice of X is S™%/2. This matrix is multiplied to the left of

Roothaan-Hall equations and yields

F'C =Ce (1.19)
F' = X'FX (1.20)
C =XC' (1.21)

We solve these equations by the self-consistent field (SCF) procedure:

Obtain an initial guess for the density matrix P.

Build the Fock matrix F.

Construct F/ and diagonalize it to get C'.

Construct the MO coefficient C

Calculate the new density matrix P and energy E = § Tr[P(H*™ + F)].
If £ and/or P are not converged go to step 2. Otherwise, stop.

A AT ol o S
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Infinite

basis setA solution

QZ

Tz

DZ
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basis set

>
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CISD CISDT CISDTQ
CCSD CCSDT CCSDTQ

Figure 1.1: Pople diagram [33]
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1.2 Post-HF methods

Hartree-Fock theory is arguably the simplest approach to obtain approximate
ground-state wavefunctions and energies, that is to obtain solutions to the Schrodinger
equation. However, there are a number of factors that make HF solutions differ

from the correct answers.

e External electromagnetic field and relativistic effect are usually neglected.
This is only noticeable for calculation involving heavy atoms or strong ex-
ternal field.

e We solely deal with electronic wavefunction because nuclear masses are
much greater than electronic masses (Born-Oppenheimer approximation).

This can lead to an incorrect description of tunneling for light atoms.

e Theoretically, we need an infinite number of basis functions to completely
and accurately model molecular wavefunctions. However, in reality, we have
a finite computing resource and are forced to use sensible and affordable

basis sets. It is usually not practical to perform calculations at CBS limit.

e Mean-field approximation is a fundamental flaw in HF theory. Replacing
the electron-electron interactions by an average interaction neglects elec-
tron correlation. (Some electron correlation, between like-spin electrons, is

already treated in the exchange term.)

The last two factors are often most pronounced and need to be systematically
addressed together. This can be summarized in a Pople diagram which shows a
combination of method and basis set chosen for a calculation.

We discuss below three methods that provide remedy to HF fundamental
failure to capture electron correlation. They are classified as post-HF methods
because HF' solutions form a basis for the construction of more a flexible wave-

function whose exact form is determined by the nature of each post-HF method.

1.2.1 Mgller-Plesset perturbation theory

Rayleigh-Schrédinger perturbation theory (RSPT) was introduced to quantum
mechanics in Schrodinger’s 1926 paper [34] that made a reference to the work
of Lord Rayleigh [35]. Mgller-Plesset perturbation theory (MPPT) is a special
application of RSPT proposed by Mgller and Plesset [36].
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Perturbation theory is based on the assumption that #, differs only slightly
from the exact H and the contribution from perturbation term V is small. Under
this condition, one can expand the eigenvalues and eigenfunctions as Taylor series

in A\, a parameter which will be set to unity later.

H="Ho+\V (1.22)
E=XEO L X' E®D £ N2E®) 4 (1.23)
U= \0O 4 \o® 2@ g (1.24)
Enipn = E™ (1.25)

There exists two formulations of perturbation theory. The original one gives
Envipo = Egr and Eyp; = 0 while the chemistry formulation gives FEypo + Evipr =
Exr. The higher-order corrections are the same in both formulations and we first

obtain a correction to HF energy at MP2 level. The MP2 energy is given by

 2ialjb) — (jalit)

Enpy = %(ia\jb) PR —— (1.26)
@wm://wmwmwéwmwwwmwg (1.27)

where 1, j are labels of occupied orbitals and a, b are labels of virtual orbitals.

Though the MPn calculation can be done up to an arbitrary order in theory,
the cost of the calculation will skyrocket. Perturbation theory is not variational
but size consistent at any order. MP2 is considered as one of the computationally
cheapest methods to obtain a correlation correction to HF energy. However, the
MPn convergence behavior was described as “slow, rapid, oscillatory, regular,
highly erratic or simply non-existent, depending on the precise chemical system
or basis set” in Leininger et. al.’s 2000 paper. [37]

MP2, MP3, MP4 and sometimes MP5 are used in quantum chemistry calcu-
lations. Typically a large fraction of the correlation energy is recovered at MP2
level whose formal computational cost is quintic with respect to the size of basis
set. Higher-order MP theory are expensive and may be less competitive compared
to other post-HF methods.

1.2.2 Configuration interaction

Configuration interation (CI), the conceptually simplest method for post-HF cor-
relation energy was developed by Boys in 1950s [38]. In this method, the exact
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electronic wavefunction is obtained by mixing (interaction) all the different elec-

tronic states (configurations).

Uper = coWo+ D WL+ > e+ Y catwrst (1.28)
ar abrs aberst
[Wo) = [x1X2 -+ XaXb - - XN) (1.29)
W) = [X1X2 - XeXb - XN) (1.30)
[Wi) = [X1X2 - XrXs - - XV) (1.31)
where a,b,c, ... represents occupied orbitals and r,s,t,... represent virtual or-

bitals. |Wy),|U7), |Wrs) are ground state, singly-excited and doubly-excited de-
terminants respectively. (See the definition of Slater determinant in HF section.)

If the basis set is complete and all configurations are used, the CI method
gives the exact solution to Schrodinger equation. This is the most accurate, the
most expensive, size-consistent and variational procedure in quantum chemistry.
Unfortunately, because the computational cost grows exponentially with respect
to the size of basis set, CI methods are still only applicable to small atoms and
molecules.

However, there are other cheaper variants of CI methods. To avoid confusion,
we refer to the method that use all configurations as full CI (FCI). One can
obtain less expensive and computationally feasible methods by truncating the
FCI wavefunction. CID, CISD and CISDT are examples of these variants. The
S, D or T mean that the method incorporates single, double or triple electronic
excitations into the wavefunction. Unlike MP theory, truncated CI methods are

not size-consistent but variational.

1.2.3 Coupled cluster

Coupled cluster (CC) method was developed in 1950s by Coester and Kiimmel
for nuclear physics problems. It was later introduced into quantum chemistry by
Cizek [39] and Paldus [40]. The derivation starts from the excitation operator T

which is related to the FCI wavefunction.

7_i:7_—1+7_i2+7_—3+"’ (1.32)
ThlWo) = | w7) (1.33)
TalWo) = ciiWi) (1.34)

abrs

[Wper) = (14 T)| %) (1.35)
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The CC wavefunction is defined by

[Wae) = e’ W) (1.36)
=1 =2
- T T T
T_ L 41 1 4.
¢ = + T + o + (1.37)
As in CI methods, in practice, T is truncated so that only the few first terms
are included. The same name conventions are used for CC, for example, CCSD
means single excitation operator 7, and double excitation operator T, are used
in the method. CCSD are size-consistent and capture more correlation energy
than CISD. However, it should be noted that CC methods are not variational.

CCSD(T) [41] is often called a gold standard in quantum chemistry for its
excellent compromise between the accuracy and computational cost. CCSDT

and CCSDTQ are expensive and only used for small molecules.

1.3 Alternative approaches

In the previous two sections, the HF and post-HF methods, traditional ways of
solving electronic Schrodinger equation are presented. In this section, we turn to

a number of recent promising alternatives.

1.3.1 Composite methods

Quantum chemistry composite methods (or thermochemical recipes [42]) com-
bine results of several calculations at different theory/basis set levels to get high
accuracy results (often within 1 kcal/mol of the experimental value or chemical
accuracy). The approach carefully mixes high level of theory/small basis set and
low level of theory/large basis set to mimic the result of high level of theory/large
basis set. Composite methods often start with geometry optimization, follow by
several electronic calculations and end with a frequency calculation to obtain the

zero-point vibrational energy (ZPVE).

In 1989, Pople introduced his first composite method for broad chemistry
application, Gaussian-1 (G1) [43]. It was quickly replaced by its successor G2
[44]. Composite methods used today include CBS [45, 46], Gn [45, 47], Wn [48],
T1 [42], ccCA [49], HEAT [50] and their variants.
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1.3.2 Multireference methods

Instead of using a single Slater determinant obtained from HF, multireference

methods start with several chemically relevant determinants.

Nconric

Uneser = Y Gl (1.38)
The SCF process in this context is called multi-configurational self-consistent field
(MCSCF) [51]. MCSCF can be classified into
e Complete active space SCF (CASSCF)
e Restricted active space SCF (RASSCF)

MCSCF can also be regarded to as a generalization of CI with restricted excitation
space and concurrent orbital optimization. In analogous to HF and post-HF

methods, there are a number of methods that build upon MCSCF, for example,
e Multireference configuration interaction (MRCI)
e Complete active space perturbation theory (CASPT2)

e Multireference coupled-cluster (MRCC)

1.3.3 Density functional theory

The QM methods described in the previous sections are based on the electronic
wavefunction that is a function of the coordinates of all electrons. This makes
these theories computationally expensive. Density functional theory (DFT) is

instead concerned with the electron density.

p(r):N//.../|\If(r,r2,r3,...,rN)\2dr2dr3...drN (1.39)

The root of DET concept is in the Thomas-Fermi model of electron gas [52, 53]
but is rigorously proven by two Hohenberg-Kohn theorems [54].

e The first theorem states that the electronic ground state of a system can
be uniquely determined by the electron density that depends on only three

spatial coordinates.

e The second theorem states that DFT is variational i.e. the correct density

with a hypothetical “exact functional” will give the lowest energy.
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Kohn and Sham [55] developed the theory further by partitioning the energy
into terms and introducing orbitals that provide a practical implementation of
the theory. The Kohn-Sham equation is analogous to HF equation and can be

solved by a similar SCF procedure.

Elp(r)] = Evlp(r)] + Exlp(r)] + Es[p(r)] + Exclp(r)] (1.40)

The first three terms on the right are the nuclear potential, kinetic and
Coulomb energies that can be calculated in the same way as in HF calculation.
However, the last term, the exchange-correlation energy, is not trivial and is the
most important issue in DFT.

The first Hohenberg-Kohn theorem only states the existence of relationship
between electron density and energy but does not give any further information
on how to extract energy from the density.

There have been countless attempts to obtain the best functional that works
for all chemical systems. It was not until 1990s that reasonably accurate DFT
functionals were developed and became popular among computational chemists.

B3LYP (Becke, three-parameter, Lee-Yang-Parr) [56, 57, 58] is arguably the

most popular DFT functional at present.
Egd™" = Ept tao(B," = EZP%) +ao (B8 = By ) +ac(B790 = EPY) (1.41)

The B3LYP parameters ag = 0.20, a, = 0.72 and a. = 0.81 were empirically
determined by fitting the DFT energy to reproduce experimental results. LDA
stands for local-density approximation and GGA stands for generalized gradient
approximations.

B3LYP is a hybrid functional because it incorporates exchange energy from
the Hartree-Fock theory with exchange and correlation from other sources. The
hybrid approach was introduced by Becke in 1993 [56] and was found to improve
many molecular properties.

Because of the parameterization and theoretical inadequacy of functionals,
DFT may give erroneous results when used beyond their fitting data sets or
assumptions of the functionals [59, 60].

DFT is also known to be incompetent for the description of intermolecular
interactions, especially dispersion or van der Waals forces. One simple modifi-
cation to solve this problem is to incorporate energy from long-range Coulomb
operator erf(wrig)/rio into DFT functionals [61, 62, 63, 64, 65] but there exists
a number of other attempts [66, 67, 68].
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1.3.4 Other methods

Apart of the mainstream methods briefly described above, there are also other

theoretically promising QM methods being developed that are worth mentioning.

e Explicit 715 methods explicitly includes interelectronic distance into trial
wavefunctions. The idea was first suggested by Hylleraas in 1927 [69] and
later revisted by Kutzelnigg and explored by many others [70]. R12 ap-
proach speeds up the basis set convergence because they have correct de-

scription of the Coulomb cusp.

e Intracule functional theory (IFT) [71] is the two-electron analogue of DFT.
It aims to remedy DFT well-known systematic failure by using two-electron

“Fertile Crescent”, a largely unexplored land of quantum chemistry.

e Scaled Schrodinger equation developed by Nakatsuji [72] provides extremely

accurate results beyond chemical accuracy for very small atoms and molecules.

e Reduced density matrix (RDM) idea was proposed by Coulson in 1959
[73]. The calculation was done using a reduced density matrix instead of a

wavefunction.

e Quantum Monte Carlo (QMC) calculations use Monte Carlo method to

simulate quantum systems [74].

For a comprehensive recent review, see “Solving the Schrodinger Equation:
Has Everything Been Tried?” a 2011 book edited by Popelier [75].



Chapter 2

Resolutions of the

Coulomb operator

=1
v

O (7 ) (7))

=
2
M)~

T
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The idea of resolutions of the Coulomb operator was first conceived in Gilbert’s
1996 Honours thesis supervised by Gill [1]. Tt was expanded and published in a
series of papers [2, 3, 4, 5, 6, 7). We summarize some basic concepts of resolutions
of the Coulomb operator (RO) [1, 2, 3] in §2.1, derive an extension to symmetric

kernel functions in §2.2 and discuss related techniques in §2.3.

2.1 Basic theory

In Chapter 1, we have described the non-relativistic electronic Schrédinger equa-
tion for an N-electron system. The Hamiltonian consists of two major parts, the

trivial one-electron terms and the troublesome two-electron terms.

[Z R(r) + ) | ¥ =B (2.1)

15
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Why are these rigl terms so difficult? A theoretical answer is that the terms
are responsible for the coupling of electron motion and create many body effects.
A practical answer, on the other hand, is simply the difficulty in dealing with four-
center two-electron integrals. The integrals resulting from 7@1 are at the heart
of virtually all QM methods. Though efficient algorithms for integral evaluation
e.g. PRISM [76] exists, the bottlenecks of QM calculations are still manipulation
of these integrals.

A simple way to eliminate the coupling effect that makes the terms difficult

1 as a sum of products of one-particle functions, in other words,

is to write r;;
resolving them. Historically, there have been a number of interests in resolving a
two-particle symmetric function into one-particle functions.

In 1782, the Legendre expansion [77] partially resolves the radial part of 7,
into r~ and r. (shorthand for min(ry,7) and max(rq,rs) respectively). The
Legendre polynomial P, which represents the angular part can also be resolved

into a sum of products of real spherical harmonics Y},,.

l

> rl
iz =2 s hlcos)
=0 >
Y
- Z 17“;1 Z Yim (r1)Yim (72) (2.2)
=0 m=—I

In the early 20th century, the resolution problem was considered by Hilbert
[78], Schmidt [79] and Mercer [80, 81]. In these works, only the convergence rate
of resolutions was discussed for functions on compact domains.

Though Mercer’s theorem or “kernel trick” does not apply to functions on an
unbounded domain, it has been widely used in many computer science applica-
tions particularly machine learning since 1964 [82].

The first chemical interest in resolving two-particle functions was the work
by Gilbert in 1996 [1]. The aim was to achieve linear-scaling Coulomb energy
calculation by resolving the long-range Ewald operator based on the Coulomb

orthonormal polynomials fj,,,,. The original resolution was in the Cartesian form.

erf(wr
r—u Z¢lmn 1 qblmn('r‘Q) (23)
12
Imn
erf(w|r —7'|)
(blmn /flmn Wd’r’ (2.4)
Jinn (1) = Z ijkclmnr;vr;frl; (2.5)

ijk
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o 2 2 f(lr —
ik Mimn = //r;rg/r]; exp [—2 il ;—2|u| } er|ﬂr_ urbufru;”ugdrdu (2.6)

Coefficients ;;;Cimy, of the Coulomb orthogonal polynomials are obtained by in-

version of the Cholesky decomposition of the monomials ;5 M, [1, 83].
Another related work was by Gill in 1997 [84]. The Ewald operator was
expanded in a Taylor series.
2yn

erf(wrys) 2w o= (—w 5 o
e ) B 2.7
19 \/E o n‘(2n + 1) (rl + "2 " r2> ( )

This was not satisfactory because it includes off-diagonal terms 7% +r3 [3]. Later
in this chapter we discuss how they can be diagonalized.

It was not until 2008 that a rigorous foundation of resolutions of the Coulomb
operator was published [2]. This first paper in the series discusses the resolution of
a two-particle operator 7'(r12) and provides an example for the Coulomb operator.

The derivation in [2] begins with {f;} which is a complete set of functions

that are orthonormal with respect to an operator T, i.e. T-orthonormal.

(filT1f;) = 0y (2.8)
T is a symmetric two-body operator that yields ¢, when it operates on fj.
Tl5ir)) = [ Slr)T (i = /e’ = o) 2.9

From these definitions, one can expand arbitrary functions a(r) and b(r) as

(al = el il = S @lTIf (] = S talo (fil. (2.10)

b) = Z |fi)e; = Z |fi) (5| T|b) = Z | f5){(9;1b). (2.11)

The two-particle integral between the two functions can be factorized into a sum

of one-particle overlap integrals or auziliary integrals.

(lT1b) = 3 (aléa) (£IT1£)(510)
= D _{aln)dii{5lb) = Y {alow) (@x ) (2.12)

This also shows that the operator T and the kernel function 7'(r15) may be re-

solved as a sum of products of ¢y.

T = 1) {(¢x] (2.13)
T(ri2) = Y ¢5(r1)du(r2) (2.14)
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As one specific practical example, the paper [2] describes a resolution of the
Coulomb operator based on Hermite polynomials, H,,, which results in ¢; in a

spherical form.

rE =Y > > Guim(T1)Guim(r2) (2.15)

n=0 [=0 I=—m

Ot (1) = 2v/2Y i (1) / %H% (%) exp (—%2) g(eryds  (2.16)

where j; are spherical Bessel functions.

This resolution was truncated and used to compute the Coulomb self-interaction
energy of point charges. It was shown that the resolution technique provides lin-
ear scaling Coulomb energy calculations while classical particle-particle algorithm
scales quadratically with the number of particles. For a large system, this is a
considerable computational saving with a tunable accuracy.

The second paper in the series [3] described a different resolution of 715 based

on Lagurre polynomials, L,,, where the resolution is easier to manipulate.

Grim (1) = 4 Y1 () /Ln(2x) exp(—x)j(zr)dz (2.17)

This resolution was used to calculate Coulomb and exchange energies of Slater
orbitals of hydrogenic ions, the hydrogen molecule and the beryllium atom.

The three works [1, 2, 3] have laid a foundation for RO theory in quantum
chemistry. The Cartesian choice of ¢, was proven to be numerically unfavorable
[1] and abandoned. Thus, two choices of spherical ¢, based on Hermite and La-
guerre polynomials were considered in the two papers [2, 3]. Recurrence relations
are given to construct ¢, in both cases, but the Laguerre generator one is simpler
and more stable. Thus it is a subject of further investigation in Chapter 3.

We note that our resolutions are also used by other research groups to study
Slater-type orbitals [85, 86, 87]. The cumbersome orbital translation problem can
be circumvented by using RO theory.

Apart from the choice of ¢, there are generally three parameters N/, £ and
Z involved in an RO calculation. The first two are from rectangular truncation

of the resolution of the function T'(r12).

NE
WE
MN

T(r2) = Dot (T1) Pratm (T°2)

0 =0 m=-1

3
Il
I
Il

-
M=
MN

Pt (1) Onim (T2) = D O (1) P (72) (2.18)

Eo
ngls

i
o
I

o

m=—1
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l

n=0 =0 m=—1

N L

o~

K

Z (alGnim) (Guimb) =D (aldr) (¢x|b) (2.19)

=0 =0 m=-— k=1

Q

3

We note that K = (N + 1)(£ + 1)? and we choose to relate the index k to the
indices n, [ and m through k =n(L+1)*+1(l+1)+m + 1.

The compression factor Z also plays a role in RO calculations. The system
can be scaled down by Z before invoking the resolution calculation. The scaling
can change how close the truncated sum is to the integral in (2.19). Of course, if
N, L are infinite, the resolution is exact for all Z. Nonetheless, some resolutions
are insensitive to Z i.e. scaling does not change the convergence rate of the sum
to the integral. (See an example in Chapter 5.) This scaling idea was inspired by

atomic number of hydrogenic ions studied in [3].

The scaling is first introduced in Chapter 3 and also used in Chapter 4. All
relevant input parameters i.e. nuclear coordinates R4, basis set exponents (; and
the range-separation parameter w are scaled accordingly before running the cal-

culation and output variables are scaled back by the same factor before reporting.

The following formulae describe the relationship between the scaled system

denoted by primed variables and the original system.

' =Z 'R, (2.20)
(= 2% (2.21)
W= Zw (2.22)

B} = ZE; (2.23)
EL. = Z*FEy (2.24)
Y(r') = 2% (r) (2.25)
p(r') = 2Z%(r) (2.26)

Equation (2.23) applies to all Columbic energies including nuclear-nuclear, nuclear-
electron and electron-electron interactions while Equation (2.24) applies to kinetic

energy only.

Alternatively, of course, one could scale the ¢ (7) to match the density but we

prefer, for aesthetic reasons, not to introduce a Z-dependence into the potentials.
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2.2 Extensions of resolution theory

In this section, we consider some extensions of resolution theory to functions of
the form T'(ry, 9, 612) that is symmetric with respect to the interchange of r; and
ry. The three parameters of the function are defined by the dot product ry - 7
= 7179 cOoS O15.

We derive four approaches: substitution, diagonalization, Fourier orthonor-
malization and real orthonormalization. Figure 2.1 summarizes the use of these

methods in various circumstances.

2.2.1 Swubstitution

If T can be written in terms of sums, differences and/or products of resolved
functions, it is trivial and straightforward to substitute known resolutions into 7'
and rearrange them to obtain a resolution.

Substitution is the simplest technique but it is not applicable to many cases.
A more general and systematic approach to resolve T involves decoupling and

resolving the angular part of 7.

Decoupling and resolving the angular part

We recall a radial-angular decoupling of the Newtonian potential in terms of

Legendre polynomial [77].

—[20+1 (!
Ty = Z lT—F/ P(z)(r? +r3 — 2r1r2x)1/2d:c] Py(cosby5) (2.27)
1=0 -1
The Legendre polynomial Pj(cosfi5) can then be resolved into a sum products of
real spherical harmonics Y},,.
We generalize this approach to T'(r1, 72, 012).
20+1

1
[T/ Pi(z)T(r1,79,cos ! x)dm} Py(cos b12)
-1

NE

T(Tlﬂ’z, 912) =

=0

[27? /_ CB()T (e, e, cos™! a:)da:} Vi (1) Vi (12)

1

I
NE
NE

~

=l

0 m

I
WE
NE

Ty(1r1,72) Yim (1) Yim (72) (2.28)
!

Il
o
—

m

The angular part is now decoupled from 7" and resolved by Y},,. The expansion

is also valid for other D-dimensional spaces provided that P, and Y}, are replaced
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<T(r1 ¥y 912)>

Similar or related to
known resolutions?

Substitution

Decouple and resolve angular part
T<"1:"2’912)=Z Ylm<r1)Ylm<r2)Tl(rl’r2)
Im

Repeat this to resolve :
all radial functions !

Diagonalization

no

Fourier orthonormalization

Real orthonormalization

Figure 2.1: Four resolution techniques and their specific uses
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with the appropriate orthogonal polynomials and harmonic functions [88]. The

next step is to resolve the radial function 7; into a sum of products of V,,;.
1
Ti(ry,m2) = 27?/ Pi(z)T (11,79, cos ! x)dw (2.29)
-1
= Z an<T1>an (TQ) (230)

We obtain the resolution of the function 7" by combining the angular resolution

and the radial resolution.

T(r1,72,012) = Onim(T1) Prim (T2) (2.31)
¢nlm(r) = an(T)Ylm(r) (232)

As opposed to the resolutions in the previous section, Y},, must be a real
spherical harmonic but V,,; may be complex. This choice of T; = > V;,;(r1) Vi (12)
is better than 7; = >V (r1)Vyu(r2) used in [2] because if Tj(r,7) < 0 we can
achieve a resolution by the former but not by the later. The Heaviside and the
optimum operator in §2.3 are examples of 7; < 0 that can only be resolved if
T => Vaul(r1) Viu(ra).

We now present three methods below to obtain V,,; which are the key to the

resolution problem.

2.2.2 Diagonalization

If the radial functions 7} can be written as a finite sum of products of function of

r1 and function of ry,

Ti(r1,m2) = Y CounXu(r1) xu(r2) (2.33)

uv

we can write it in a matrix form,

Tl(ﬁﬂh) = X1CX2
= x1UDU'"x,
= VIV, (2.34)

where C is a symmetric matrix of coefficients C),,,, I is the identity matrix and x,
X2 are vectors containing linearly independent functions of r; and 7 respectively.
It follows from diagonalization of C that we can obtain a row vector V; and a
column vector V5 which have elements V,,;. The number of non-zero eigenvalues

in D is the number of terms in the resolution of 7j.
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Basis functions f,;,,

If T} cannot be rearranged into the form (2.33), we need to introduce basis func-
tions to resolve it and this usually results in infinite terms in the resolution.

For simple T}, the most straightforward attempt is to find a series expansion
of T; in terms of r; which may be truncated and diagonalized if required. This
naive approach is, however, not applicable to Coulomb operator.

In general, one can resolve Tj by considering a set of complete and T-orthonormal
functions { fum} [2] as discussed in §2.1. We have a slightly different definition

here since there is no complex conjugate in the orthonormality condition.

//fnlm(r1>T<r1> T2, 612)fn’l’m/ <T2)dr1dr2 = 6nn’5ll/5mm’ (235)

We shall derive orthonormalization methods on Fourier and real space that help
us find fp;,,. They are applicable to a wide range of functions. The resolution
function can be derived from f,;,.

Grim(T) = /T(T’17T2,912)fnzm(7“)d’l“ (2.36)

2.2.3 Fourier orthonormalization

If T is a function of 15 only, we may start with ]/C;lm = Yin(x)(—2)'n,.(2) where

fand T are Fourier transform of f and T respectively.

<f:;lm }T‘ fn’l’m’> = 6nn’6ll’5mm’ = //fnlm(rl>T(Tl2)fn’l’m’ (TQ)dTld’rQ
1

(11) it (12) €T dpy drg da
/ Futm (—) P (@) ()2

= 20 [ Vi) ()1 Vi (@) (1) ()T ()

= (21) 20 S /O h (@) N (2)T(2)22d (2.37)

It follows from the orthonormality condition and the choice of f,;,,, that n, must
be orthonormal with respect to 7'(z)z2/(27)3.

* T(x)a? s
/0 () ) = G (2.39)
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We find 7, that satisfies the above condition by using a set of complete and

orthonormal polynomials p,,.

/000 () pr(z)w(z)de = Opyy (2.39)
T(w) = / T(r19) exp[—1 - 112]dr12 (2.40)
(@) = )y | (2.41)

Once 7, is determined, we obtain a resolution of T" by the following formulae.

YZ;(;) /000 N ()1 (ra) 2 da (2.42)

Gt (T) =T [frim ()] = /T(r,r')fnlm(r’)dr'

fnlm(r) =

_ 37;52") /O (@) ()T () da
~Yiu(r) [ pa@ilron 2Tty de (23
Vi — /0 " (@) ji(r) %f(m)aﬂw(m) da (2.44)

Bessel resolutions

From Rayleigh expansion (plane wave expansion) [89]

gt — wz z () o) Yy @)Y ()

=47 ) > () ji(ar) Yip () Yim(r) (2.45)
and Fourier representation of function 7'

1 ~
T(ri2) = (271.)3 /T($)em'(rl_r2)d$

/ 2) Y Y (=) Gilwry) i (272) Vi () Vi (71) Vg () Vi (v2) dao

Im U'm/

/ 2) > Y =0 diwrs)di () GG Yim (71) Y (12) 2 dx

Im U'm/

= % > Vi (r1) Vi (r2) /000 () gi(xrs) T (z)a?da, (2.46)
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one can derive another expression of 7T;.

Ty(re,ra) = % /0 i i) T (@)a? da (2.47)

The V,,; formulae in (2.43) can also be derived from the above formulae by

expanding ji(zr1)y/ 2T (z)2? and ji(zrs) %f(x)ﬁ in terms of p,(z) and inte-

grating over .

We have investigated the possibility of evaluating (2.47) by a numerical quadra-
ture. After a number of quadrature abscissas and weights were obtained for
T(ri2) = 1/r12, we realized that we had obtained an identity rather than a
quadrature. (See Chapter 4 and Chapter 7.)

We also started with this line of thought when we derived a Bessel resolution
for the long-range Ewald operator T'(r12) = erf(wrya)/ri. Initially, we obtained
abscissas and weights and found that they are related to Hermite polynomials.

Thus, the function must have the integral representation (5.6). (See Chapter 5.)

2.2.4 Real orthonormalization

Alternatively, we can begin with f,;, = Y (7)hy(r). Substituting this into

(2.35), we get orthonormalization condition on real space,

/ / Bt (71) Bt (r2) Ty(ry, )11 210 drry diry = 6 (2.48)
o Jo

We can choose a form for the basis functions and find the h,,; that satisfy the
above equation by the the Gram-Schmidt procedure [90]. After the h,,; are deter-
mined, one can obtain the V,,; from (2.36) which are simplified to the following

one-dimensional integral.

¢nlm(”“1) = /T(T17T2,912)fnzm(7°2)d7’2
- / Yion(72)hn(r2) S Th () Ve (74) Vi (2

U'm/

= Vi(r) / Ti(re, 7o) (o) rdrs (2.49)
0
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Table 2.1: Examples of r33 resolutions by Substitution and Diagonalization

T Method Resolution K
r?, Diagonalization In spherical form, 5
$0.00 = Yoo(r)V2r(1 +1?)

D100 = Yoo(r)vV2r(l—r?)
®0,1,m = Y1,m(r)\/§77rm [3 functions]

In the Cartesian form,
b000 = (1—|—x +y? + 2%)
b1.00 = — (1—:c —y2 =2

¢0,1,71 = \/_962

$o.1,0 = V221
do,11 = V2y1
rly  Substitution  Given resolution functions of r%, as s, 15

Qsl = X1X1, gb? = X2X2y - ¢5 = X5X5
b6 = V2X1X2: 07 = V2X1X3, -y D15 = V2XaX5
ri, Diagonalization ¢ 00 = Yoo(r 141) 14

)V 27 (
$1,00 = Yoo("“)\/%(r4 1)
)

4252,0,0 = Yoo ’I° 371’7’

®0,1,m = Yl,m(?“)\/giﬂ(r r3) [3 functions|
OPra,m = Y1,m(7")\/§77r(7‘ + %) [3 functions|
bo2.m = Youm(r)y/ 2w r? [5 functions]

For diagonalization method:

n

K=>» @2l+1)(n—-1+1)

=0

For substitution method:

00RO G0 OO0
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2.3 Examples of T'(r13) resolutions

To begin with, we consider a special case where we can use the substitution
method. If 7" is an even and smooth function of 5, for example erf(wrys)/r12, T

can be expanded in a Taylor series [84].

< (2n),.
T(rz) = T(Qn)!” (2.50)

n=0

To resolve this class of T, we need to resolve all r# in the equation above.

Table 2.1 shows that the five-term resolution of 72,= r?+r2—2r;-ry consists of
two parts. The | = 0 part is obtained by writing 7} into a two-by-two symmetric
matrix and diagonalizing it. The [ = 1 part resolves naturally and does not
require further manipulation. The higher degree terms can be obtained either by
diagonalization or by substituting the resolution of 72, into (r%,)" then expanding
the terms out.

Apart from these special cases, resolutions are generally obtained by angular-
radial decoupling and resolution of the radial functions 7;. The two steps are

demonstrated separately. We consider four long-range Coulomb operators,

Yukawa [91]:
1 —e w2
T(ryp)=—— (2.51)
T'12
~ 4m w?
Tr)=— | ——— 2.52
(z) 2 <w2+x2> (2.52)
Ewald [92, 93]
erf(wr
T(ryg) = ZHr12) (2.53)
T12
~ 47 T \?2
T(x) = — exp [— <%> 1 (2.54)
Heaviside [94]:
1-H
T(r) = - —202) (2.5%)
_ 1/7“12 wrig > 1 (2 56)
0 otherwise '
~ 4m x
T(x)= -2 C08 (;) (2.57)
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Optimum [95]:

Tirig) = 1—-U(0,v/2r)/U(0,0) (2.58)

= 50 (e () 2 (B)]) o

U, I and L are parabolic cylinder functions, modified Bessel functions and mod-

ified Struve function respectively.

For simplicity, we use w = 1 for the first three operators.

2.3.1 Decoupling of the angular and the radial parts

We demonstrate this step by considering r1;°, 715, 12 and the four long-range
operators. They are expanded in Legendre polynomials and the first five T; are
plotted in Figure 2.2 and 2.3

Logarithmic plots of 7} in Figure 2.2 show that 7; decays more or less expo-
nentially as [ increases. All three plots are continuous but the first derivatives of
r5 and 775 are discontinuous at 7, = ry (v = m/4). The effect of singularity of
T at ry9 is responsible for this and it is more pronounced when the exponent in
(r12)™ goes down to —3. This suggests that resolutions truncated in the [ direc-
tion may perform poorly in the proximity of strong singularities of 7" but work
fine for the rest of the domain.

In Figure 2.3, T; of the four functions are plotted. The T} of the first two
functions, Yukawa and Ewald, look like that of Coulomb operator but there is
no discontinuity of their first derivative at r; = ro. The later two functions
result in more complicated 7; in the lower plots of the figure. This is because
their T; are sometimes negative and the plots show |T;|. The sharp downward
peaks correspond to the points that 7; change their sign. We conclude that their
convergence in the [ direction of the long-range Coulomb operators is more or

less the same as Coulomb operators but without the problem around r; = r».

2.3.2 Resolution of the radial function 7;

We now investigate resolutions in the n direction by employing the two orthonor-

malization methods to obtain the V,,;. A long-range Yukawa function where w = 1
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Figure 2.2: Plots of first five T} for 7’1_23, 7“1_21 and 719 for r; =1 and 7y = tanx



30 CHAPTER 2. RESOLUTIONS OF THE COULOMB OPERATOR

Yukawa Ewald
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Figure 2.3: Logarithmic plots of first five T} for long-rang Coulomb operators,
Yukawa (upper left), Ewald (upper right), Heaviside (lower left) and optimum

(lower right) for ry =1 and ry = tanx
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is chosen as a representative example.

1 — exp(—r12)
12

T(Tlg) = (260)

_67\r17r2| _ |7a1 _ T’2| + eI oy g
rir

2me~ "1 (2€T1 rot+e""2—e"2 )

—= r1r2
2me~ "2 (27"16T2 +e "1 —e"1 )

T172

T()(’f’l, 7”2) :27T

(2.61)

=323

=3 ((r1+1)(ra+1)e " — el (| — o) — iy + 1))}

4 (7‘% —3e "1 (r1+1)(r2 Cosh(rg)—sinh(rg)))

2
Tl(T'l,T’Q) = 27“2 {7’? -+ 7’3 — (7"% + 1rirg + 7“%) ‘7“1 — 7’2|
172

rye>r
37"%7’% 1= 72 (2 62)
47r(r{’—36_r2 (ro+1)(r cosh(rl)—sinh(rl))) ’
3722 1 < T2
TiT2

We use the two techniques to obtain the V,,; and plot sums of their products
in Figure 2.4. This figure is analogous to Figure 3 and Figure 4 in [3] but 7; here
do not have a discontinuous first derivative at r; = ro.

xT

For Fourier orthonormalization method, we choose w(z) = e~ and p,(z) =

L,(z) (Laguerre polynomials) and obtained the V; in an integral form.

—X

14 22

Vi = /000 L,(x)5(rz)4/8 dx (2.63)

Thus, we use numerical integration to generate data in Figure 2.4.

For real orthonormalization, we choose the weighted polynomial form.

hri(r) = Z crte” (2.64)
n=0
The n = 0 terms,
hoo(r) = 24 —— e (2.65)
r) = — € .
00 35w

ho1(r) = 2\/%6_’" (2.66)

are determined by normalization.

/ / h()J(’I“l)irl(’f‘l,’Fg) hoyl(’f‘g) T%T%d’l“ld’l“g =1 (267)
0 0
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The rest of h, (n =1, 2, 3, ...) are generated by the Gram-Schmidt procedure.
From these h,,; functions, we obtain analytical but complicated V,; via (2.48).

2\/3—25677’\/7?
Voo = (=8 +8¢" —r(5+ 1)) (2.68)
de "\/T
Vio =—— (—24 4 24¢" — r(30 + (18 + 5r 2.69
10 =3 o ( ( ( ) (2.69)
2/ 5o "/
Voo =——5—— (—48 4+ 48e" — r(39 + r(15 + r(10 + 7r)))) (2.70)
T
4 -T
VT (=600 + 600e” — (690 + (390 + 7r(5 + 2r(=5 + 37))))) (2.71)

Vapg—=—o vV
30 T 5v/3003r

2 [ 2
Vio =1\ 50036V (—840 4 840¢” — £(735 + (315 + 2r(140 + r(105 + (63 + 11))))))
(2.72)
4 2
4 = -r — 1 r - - -
Vo =g\ Togep € VA(— L7640 + 17640¢" + (19530 + r(—10710 + (945 + (3780
117(504 + (—140 + 137)))))) (2.73)
2 2 —r r
Voo =1\ Tioggp€ | V/(—30240 + 30240¢” — (27405 + (12285 + (13230 + r(10395-+
r(—15246 + 13r(510 + (84 + 57)))))))) (2.74)
4 2 —r r
Ve =33\ g7 ¢ V/(—68040 + 68040¢” + r(~T3710 + r(~39690 + r(10395+
(20790 + 1(—54054 + (29988 + (—7335 + 8107 — 34r2)))))))) (2.75)
2 2
Vao = N —7 /7 (—6237000 + 6237000¢” — (5769225 + (2650725
50 =725\ Tr16009¢ V™ + e = +r +

2r (1663200 + (1351350 + r(—3513510 + (2487870 + r(—793980+

17r(7590 + (=605 + 19r)))))))) (2.76)
4
Vo0 = s 095v/15205°

r(—7796250 + 7(3378375 — 2r(—2702700 + (10810800 + 7(—9050580-+

~7V/m(—13721400 + 13721400e” + 7(—14656950+

(3594195 + r(—766260 + 197(4730 + 7(—286 + 7r))))))))))) (2.77)
o2 . B2+ r)(4+r(2+T))
Vb,l —2\/;6 \/’77'(' 7’2 (278)
e (T2 472" — (724 7(36 + (14 4 57))))
Vig =de™"/m 3VI052 (2.79)
Vo =2 %64\/7?(7240 + 240e” — (240 +;§2120 +r(354+r(5+17r))))) (2.80)
Vi, :46_,,ﬁ(—600 + 600e” — (600 + (300 4+ (110 4+ (35 + 2r(=7 4+ 3r)))))) (2.81)

45y/11r2
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2 2 —r r
Vit =g\ eogze " VA(=T560 + T5606” — 7(7560 + (3780 + r(1155+
2r(105 + r(189 + r(—70 + 11r))))))) (2.82)
4 2,
=——1/—€" —1764 17640e" — (1764 2
Vs 3152\ T05¢ Vm(—17640 + 17640e” — r(17640 + r(8820+
P(3150 + (945 + (—T756 + r(644 + r(—148 + 131)))))))) (2.83)
2 2 —r r
Voa =T5r5\ gr€ VA(—30240 + 30240€” — (30240 + r(15120+
r(4725 + (945 + (2079 + r(—1596 + (582 + (=87 + 5r))))))))) (2.84)
4 2
=———\/—=e " —102 102 " —r(102 1 1
Vi 28357“2\/ _15¢ V/7(—1020600 + 1020600e” — 7(1020600 + (510300 + r(179550+
r(51975 + r(—62370 + (80010 + r(—35820 + (7965 — 830r + 34r2)))))))))  (2.85)
2 2
= ——e (=62 2 T (62 11
Vs 111752 14636 /7 (—6237000 + 6237000e” — (6237000 + (31185004
(987525 + 2r(103950 4 (270270 + r(—318780 + r(183150+
r(—52470 + (8030 + (=616 + 19r)))))))) (2.86)
4

Voq =———— =" /m(—13721400 + 13721400¢” — (13721400 + r(6860700+
Ol 31 185v241512 vl e = r(

r(2390850 + 7 (675675 + 2r(—540540 -+ (928620 + r(—615780-+
r(219285 + 1(—43780 + (4928 + r(—290 + 7r)))))))))))) (2.87)

For [ = 0 (on the left of Figure 2.4), the resolutions converge quickly in the n
direction. The two-, five- and ten-term sums are very close to Ty and are visually
indistinguishable from T} in the case of Fourier orthonormalization.

For | = 1 (on the right of Figure 2.4), we instead observe a significant deviation
from T} for the two-term sums. However, the deviation diminishes rapidly as
number of terms in the sums increases. Again, the ten-term sums are are visually
indistinguishable from T} for the case of Fourier orthonormalization.

In all four plots, the ten-term sums are reasonably good estimates of T
and Fourier orthonormalization performs better than real orthonormalization. It
might be worrying that the error grows when [ is increased. However, as T; decays

rapidly with [, the absolute error from higher [ is not going to be significant.

Discussion

The T;-orthonormality condition in the last three methods ensures that no fewer-
term resolution can be obtained by linear combination of terms in the existing
resolution.

We observe that the diagonalization method yields a 14-term resolution for r},,
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Fourier orthonormalization
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Figure 2.4: Plots of Zﬁfzo Vo (r1) Vi (r2), N =1 (dot), N' = 4 (dot-dash), N' =9
(dash) and T; of (1 — exp[—r12])/r12 (gray line, visually indistinguishable from
N =9 except for the lower right plot) for r; =1 and 7, = tanx
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one term smaller than the resolution obtained from the substitution method. The
difference can be much larger for more complicated resolutions. For example, the
diagonalization method yields a 506-term resolution for 729 but the substitution
(22:0 ¢k(r1)gbk(r2))10 results in a 1,001-term resolution.

The resolutions described here are theoretically interesting, but may run into
numerical difficulties when used in practice. The chief problem is to calculate
auxiliary integrals in a stable and efficient manner. We discussed this issue in
Chapter 6. Other examples of resolutions of Ewald operator erf(wryz)/ris can be
found in §5.6.

2.4 Related techniques

The resolutions of the Coulomb operator is conceptually novel to quantum chem-
istry. However, when implemented it results in a factorization of two-elctron
integrals and possibly linear-scaling computational methods. There exists other
techniques in quantum chemistry that can achieve this integral factorization and

linear scaling too. Nonetheless, RO has a number of fundamental advantages.

e RO directly generates three center integrals (uv|¢). There is no matrix

inversion or extra manipulation required.

e RO integrals generation is ready for a parallel computing implementation.
There are several ways to partition the work without compromising the

performance of RO.

e If one desires a higher accuracy, RO methods may require just additional
calculation from extra ¢,,;,, rather than running the whole calculation again.
This is generally true if we truncate resolutions that formally have infinite
terms. However, it is not the case for resolutions involving coefficients from

quadratures. (See Chapter 5.)

e RO opens possibilities of new way of solving the Schrodinger equations.
(See Chapter 3 and §8.2.)

e RO naturally benefits from the short-range nature of exchange energy.
(See Chapter 5.)
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2.4.1 Density fitting or resolution of the identity

The density fitting (DF) or the resolution of the identity (RI) approximation was
introduced in 1973 by two different groups [96, 97]. The idea was later revisited
in 1993 by Feyereisen and cowokers [98, 99].

In this approach, the AO integrals are written as an inner projection in term
of auxiliary (or fitting) basis set labeled by P and Q.

(TIAe) & 3 (uT|P)Mz(QIT| o) (2.88)

PQ
All integrals are just standard electron repulsion integrals. The only additional
procedure required in density fiting program is matrix inversion. M P?(lg denotes

the inverse of Coulomb matrix.
Mrg = (PITIQ) = [ Pr)T(ra)Q(ra)irdr, (2.89)

The above decomposition of two-electron four center integrals into two- and

three- index integrals is based on an approximate “resolution of the identity”.
> IP)Mph(Q ~ T (2.90)
PQ

Similar to the resolution of the Coulomb operator and Cholesky decomposi-
tion, density fitting leads to a factorization of two-electron integrals. However,
the method works best if the auxiliary basis is preoptimized. Thus each auxil-
iary basis is biased towards conditions used for its optimization and there is no
continuous way of improving the results if needed.

Aquilante and coworkers recently showed that Cholesky decompostion can be
used to generate unbias auxiliary basis on the fly [100, 101].

Unlike Cholesky decomposition, density fiting methods e.g. RI-MP2, RI-
CIS(D), RI-DFT are currently available in many mainstream quantum chemistry
packages including GAMESS [102], GAUSSIAN [103], NWCHEM [104], OrcA [105],
Ps1 [106], Q-CHEM [107] and TURBOMOLE [108]. The comparison between the
two techniques can be found in [109, 110].

2.4.2 Cholesky decomposition

Mathematically speaking, Cholesky decomposition (CD) is a decomposition of a
Hermitian, positive-definite matrix into the product of a lower triangular matrix

and its conjugate transpose.

A=LLf (2.91)
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The decomposition was named after its inventor, André-Louis Cholesky, a
french military officer and a mathematician [111].

Cholesky decomposition was first introduced to quantum chemistry by Beebe
and Linderberg in 1977 [112] to help with two-electron integral storage. The
Cholesky decomposition of the AO integrals may be written as

B(B+1)/2
(w|T|ho)= > Li LY,
k=1

K
~ > LE LK, (2.92)
k=1

where B is the number of atomic orbitals. In contrast to RO, the factorization is
formally finite.

When CD is used in quantum chemistry, it slightly differs from its original for-
mulations by mathematicians. First, the decomposition is applied to a symmetric
but not positive-definite two-electron integral matrix. Second, the expansion is
truncated to K terms where K << B(B + 1)/2 so that the the factorization can
give practical benefit.

CD has been studied by a number of research groups and shown to be a
promising technique to reduce computational cost of QM methods [113, 100,
114, 115, 101]. The accuracy of CD can be easily controlled by a single integral
screening parameter. The matrix elements that are smaller than the ratio of this
parameter to maximum diagonal elements are zeroed out. After this prescreening
step, further improvement of the accuracy is not possible [113].

QM methods based on CD are currently available in a few quantum chemistry
packages e.g. MOLCAS [116] and DALTON [117].

2.4.3 Tensor product approximation

In a series of papers, [118, 119, 120, 121, 122, 123] Hackbusch and co-workers have
designed schemes for constructing tensor factorizations of many-electron objects
(including the Coulomb operator) and such techniques have recently yielded im-
pressive results in Hartree-Fock [124] and correlated [123] calculations on a variety
of small molecules.

The tensor product approximation leads to a factorization of two-electron
integral similar to Equations (2.89) and (2.90).
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2.4.4 Linear scaling approaches

Linear scaling computational method [125] is a method whose computational cost
increases linearly with molecular size, M.

Formally, there are O(M*) two-electron integrals in a molecule, but the asymp-
totic scaling of the number of these integrals reduces to O(M?) for large molecules
[126]. To accomplish O(M) scaling, one has to avoid the naive O(M?) pairwise
summation over electron-eletron interactions. Several clever techniques are avail-

able to achieve this goal and we summarize them below.

Coulomb energy

The fast multipole methods (FMM) [127] do not treat individual pairwise inter-
actions between point charges but collect them into charge distributions and use
a boxing scheme to circumvent the quadratic step of Coulomb matrix calcula-
tion. The extended FMM algorithm for continuous charge distribution is called
continuous fast multipole methods (CFMM) [128].

The KWIK algorithm [129] partitions Coulomb energy into short- and long-
range parts. The short-range one is treated analytically while the other is com-
puted by Fourier summation. This later developed into CASE [93] and CAP(m)
[130] methods

It was shown in [2] that the RO technique provides linear-scaling Coulomb
energy calculation for point charges. The same algorithm is also used for Gaussian

charge distribution in Chapter 3 and Chapter 4.

Exchange energy

The ONX [131] and the LinK [132] methods are linear scaling algorithms for
exchange energy. They exploit locality nature of non-metalic system to achieve
O(M) scaling.

Correlation energy

It is also possible to devise a linear-scaling correlated method. In 2002, the linear
scaling MP2 method was accomplished by combining local approximation with
density fitting [133].
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In this chapter, we consider a modified Schrodinger equation wherein the electron-
electron repulsion terms rigl are approximated by truncated one-particle resolu-
tions. Numerical results for the He atom and Hs molecule at the Hartree-Fock,
second-order Mgller-Plesset, and configuration interaction levels show that the so-
lutions of the resulting reduced-rank Schrodinger equations converge rapidly and

that even low-rank approximations can yield energies with chemical accuracy.

3.1 Introduction

The chief difficulty in applying quantum mechanics to problems in chemical

physics is that the Coulomb operators rl-_jl = |r; — ;| which pervade the rel-

39
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evant Hamiltonians, couple the motions of the particles. It is this coupling that
lies at the heart of the Coulomb problem [134], the exchange problem [135] and,
in particular, the notorious electron correlation problem [136].

Although ongoing research efforts have produced a range of methods to ad-
dress this fundamental difficulty, including separating the Coulomb operator into
its short- and long-range components [92, 137, 129, 95, 138], treatment of the
short-range component by specialized techniques [130, 139, 94] and the long-
range component by multipole expansion [127, 140, 141], complete neglect of the
long-range component [130, 93, 61], and treatment of the operator in Fourier
space [129, 142, 143], none of these has yet yielded a comprehensive solution to
the correlation problem.

In [2], Varganov et al. introduced a resolution

_1 = Zanlm (73) i (T5) Z¢k (13) P (75) (3.1)

nlm

of the two-particle Coulomb operator into one-particle potentials

¢nlm(T) = Yim("")vnl(r) (32)

where the radial potentials are given by
Vaul(r) = 2\/_/ x) ji(xr) dz (3.3)

and where Y}, is a spherical harmonic, j; is a spherical Bessel function and the
hn(x) are a set of functions that are complete and orthonormal on [0, co).

This “resolution of the Coulomb operator” (RO) is analogous to the famil-
iar “resolution of the identity” (RI) [97, 144, 99, 109] and allows us to expand
Coulomb matrix elements into auxiliary integrals, i.e.

o o)

(alriz 1b) = D (alénim) (duim|b) =Y (aldr) {d1]b) (3.4)

nlm k

If the resolution is truncated after K < oo terms, the resulting rank-/C approxi-

mation

g Z Z Z Ot (1) Butm (15) = 3 01(m:) b () (3.5)

K
n=0 [=0 m=—1 k=1
which we will call the (N, £) resolution, yields integral approximations

l

(alr [b ZZZ |Gt (Bt |b) = Z<a|¢k><¢k|b> (3.6)

n=0 =0 m=—1
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that are reminiscent of the Cholesky decompositions [112, 100, 109, 101] and

Kronecker approximations [118, 119] currently being developed.

Of the myriad ways to resolve the Coulomb operator, only two have been
previously explored. In [2], Varganov et al. chose the generating functions h,,
to be even-order Hermite functions weighted by a Gaussian but observed that
calculation of the resulting V;,;(r) is unwieldy when A or £ are large. In [3], Gill
and Gilbert chose

ho(x) = V2 L, (22) exp(—1x) (3.7)

where L, is a Laguerre polynomial [8] and this yields a resolution with potentials

such as

2 [tan~!'r
Po00(r) = NG { . } (3.8)
2 [tan~!r 2
P100(7r) = 7 { T IT Tz] (3.9)
buoo(r) = % (_:)n S{B.(n+1,—n)} (3.10)

where & is the imaginary part, B, is the incomplete Beta function and z =

(14712)/2. These are better behaved numerically and were also adopted in recent
work by Hoggan [85, 86, 87].

In [3], Gill and Gilbert studied the rate of convergence of the Coulomb self-
interaction energy of the hydrogenic ions (H, Het, Li**, Be?t and B**) with
respect to K and found that the behaviour deteriorates as the nuclear charge
increases. This arises because the physical size of the potentials ¢y (r) becomes
increasingly poorly matched to the electron densities p(r), which shrink towards
the nuclei as the nuclear charge increases. The problem can be solved simply by
compressing the density (or orbitals) by a well-chosen scale factor Z, applying the

Coulomb resolution, and then re-scaling the resulting energy by the same factor.

In this chapter, we explore the consequences of replacing the electron-electron
terms in the molecular Schrodinger equation by their rank-XC approximations
(3.5). We discuss results for He and Hy at the Hartree-Fock (HF), second-order
Mgller-Plesset (MP2) and configuration interaction (CI) levels.
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3.2 Reduced-rank Schrodinger equations

The non-relativistic electronic Schrodinger equation for an N-electron system is

[Z E(rl) + Z T’igl

1<j

U =EU (3.11)

where h is the one-electron operator describing an electron’s kinetic energy and its
interaction with an external field, such as the nuclei. Replacing the problematic
electron repulsion terms by the rank-KC approximation (3.5) yields the reduced-
rank Schrodinger equation (RRSE)

[ZE(ri)Jr%Z‘Z%(n) 2—%221@@? ¥ =EV (3.12)

and, of course, as K — oo, we recover the original Schrédinger equation (3.11).

At first glance, the RRSE may appear more complicated than the original
Schrodinger equation, but this is not so. The third term in (3.12) consists of
one-electron contributions and therefore presents no difficulty. The second term
is more challenging but still offers a considerable simplification over the original
equation.

In [3], Gill and Gilbert showed that the Laguerre resolution yields surprisingly
rapid convergence of Coulomb and exchange energies and it is therefore interesting
to see how well the solutions of (3.12) mimic those of (3.11) as K increases.

At points where two electrons coincide, i.e. r; = r;, the Hamiltonian in (3.11)
is singular and this leads to cusps in the exact wavefunction [145]. In contrast,
for finite IC, the Hamiltonian in (3.12) is non-singular at such points and the
exact solutions of the RRSE therefore lack such cusps. We therefore expect that
the approximate solutions of RRSE will converge more rapidly with respect to
the size of the one-electron basis than those of the original Schrédinger equation
[146, 147].

In this investigation, we will confine our attention to the special case of two-
electron systems, for which the RRSE reduces to

K

B(ry) + h(ra) + Y du(r1)u(ra) | ¥ = BV (3.13)
k

We anticipate that the general conclusions that emerge from this study will also

apply to larger systems and preliminary studies on Be and LiH confirm this.
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3.3 Reduced-rank quantum chemistry models

3.3.1 Hartree-Fock theory

In conventional Hartree-Fock (HF) theory for a two-electron singlet, the Fock

operator is
F=h+J (3.14)

where J is the full Coulomb operator. If, however, we develop a reduced-rank
Hartree-Fock (RRHF) theory based on the RRSE (3.13), the associated Fock
operator becomes

F=h+7" (3.15)
and, in a finite basis of size B, the resulting Fock matrix elements [11] are given

by
|-

Ep, = (ulhly) + Y (uvin)(dnlp) (3.16)

k
where

(elp) = Z v (v |dr) (3.17)

and P, is a density matrix element. ThlS shows that an RRHF calculation is
analogous to a conventional HF one, except that O(B*) two-electron integrals
(uv|Ao) are replaced by O(B?K) auxiliary integrals (uv|¢y). This is reminiscent
of the RI and Cholesky schemes but, of course, there is no RRHF metric matrix
to invert.

To obtain an initial guess for the self-consistent field (SCF) algorithm, we
diagonalize the core Hamiltonian matrix and, to transform the Fock matrix into
an orthonormal basis, we use symmetric orthonormalization. We terminate the
SCF iterations when the RMS change in the density matrix falls below 10~* [11].
Our algorithm for calculating the auxiliary integrals is discussed in §3.4 below.

We define EQ/F”C as the ground-state restricted HF energy from the (N, L)

resolution, and it is convenient to quantify its error by
AﬁfFL = —log <EHF - Eﬁfpﬁ) (3.18)

There are several ways to introduce the resolution into post-HF' calculations.
Henceforth, we use the (N, £) resolution to generate the orbitals and orbital en-
ergies and then employ the same resolution when computing any required molec-
ular orbital (MO) integrals. In this way, we are employing the same reduced-rank

Hamiltonian throughout.
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3.3.2 Perturbation theory

The second-order Mgller-Plesset (MP2) correlation energy [11] is given by

1 [{abllrs)[*
B = - 3.19
MPp2 4%%—#5;,—&—@ ( )

where a,b are occupied and 7, s are virtual spin orbitals. In a closed-shell two-

electron system, this reduces to a sum over virtual spatial orbitals

Fumy — Z 2(1r|1s)(11]rs) — (1r|1s)? (3.20)

261 — €, — &4

rs

and thus the reduced-rank second-order Mgller-Plesset (RRMP2) energy and its

error are

P o S {116 6el15)] [22<11|if>><ei|>} ~ [SErlon (os/15)

rs

A{\\/I[Pg — logyg (Elj\\/[/P2 EMP2> (3.22)

3.3.3 Configuration interaction

The full configuration interaction (FCI) correlation energy Fgcp is the lowest
eigenvalue of the blocked full CI matrix [11]

(Uo|H — Eynp|¥) 0 (D|H| W)
H= 0 (S|H — Eur|S) (D|H|S) (3.23)
(Wo|H|D) (S|H|D) (D|H — Eur|D)

where the Hamiltonian H is defined in (3.11) and ¥y, S and D are the ground-
state, singly-substituted, and (spin-adapted) doubly-substituted determinants,
respectively. The largest block is (D|H|D) and, when r, s, t and u are all distinct,

the CI matrix element is

(US| H|WMY = (rt|su) + (rults) (3.24)
Using the (N, £) resolution, this becomes
K
(URTH TN = " [(rt|on) (Bl su) + (ruldn) (6x]ts)] (3.25)
k

and, with each matrix element approximated likewise, the lowest eigenvalue be-
comes EFCI It is convenient to quantify its error by the signed quantity

A%f = SgH(EFCI EFCI) 10g10 Eﬁ/’CI EFCI (326)
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3.4 Auxiliary integrals

The calculation of auxiliary integrals (uv|@n,,) is central to the application of
RO theory to any quantum chemical method. The RO can be used with any
type of basis function, and Hoggan has demonstrated [85, 87] that it works well
with Slater-type functions, but we will employ Cartesian Gaussians in the present
work.

Boys differentiation [29] can be used to derive formulae for integrals of higher
angular momentum and we can therefore focus on the fundamental auxiliary

integrals of the form
(58] Gnim) = / e~Calr= Al =Calr=Blg 1 (r)dr (3.27)
Using the Gaussian product rule [11], this becomes
(35|0nim) = Gap / e IR G (r)dr (3.28)

where 72 = (4 + (5 and

R = (C4A+(pB) /7 (3.29)
G = exp(—Cals|A — B*/~?) (3.30)

Invoking Parseval’s theorem and choosing the Laguerre generator (3.7) then yields

(85(Pnim) = (QW/VQ)S/QGABYM(R)/ ha(2)ji(Rx)e™ /47" d
0

= 4(7/7*)* G aBYim(R) Aui(R, ) (3.31)

The spherical harmonics Y},,(R) can be computed efficiently using Libbrecht’s

method [148] but the accurate and efficient evaluation of the radial integrals

00 . .1'2
An(R,vy) = /0 L, (2x) ji(Rx) exp |:—{L' - 4—72} dx (3.32)
form=0,1,...,N and [ = 0,1,..., L is non-trivial. We show in §3.7 that they
can be computed recursively from Hermite functions and one special function. A
special treatment for integrals of higher angular momentum in the R = 0 case is

also discussed in §3.7.1.
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Table 3.1: Basis sets and energies of He and Hy (Ry g = 1.40)

He H,
Present basis [10s3p2d] [653p]
Size (B) 31 30
Qs 0.058 195 9 0.037 866 7
Bs 2.755 780 9 3.367 625 8
a, 0.177 133 8 0.062 978 7
Bp 3.208 762 4 3.217 837 4
Qg 0.345 853 7
Ba 3.519 611 2
Eur —2.861 647 460 —1.133 287 175
Enipo —0.035 127 427 —0.030 496 094
Ercr —0.040 734 987  —0.038 527 089
Infinite basis
FEyp —2.861 679 996 —1.133 629 572¢
Evipo —0.037 40° —0.034 27¢
Frcr —0.042 044 381¢ —0.040 845 207

“Ref. [150]; *Ref. [151] Slightly different values are also reported in Refs [152, 153];
“Refs [150, 154]; “Ref. [155]; *Ry i = 1.40108 Ref. [153]; /Refs [155, 156]

3.5 Numerical results

3.5.1 Basis sets

For the purposes of this preliminary study, we have used even-tempered (ET)
Gaussian basis sets [149] with exponents ( = 3, where k = 1,2,... The
parameters «; and [;, along with the HF, MP2 and FCI energies that they yield
for the He atom and Hy molecule, are listed in Table 3.1. The energies are close

to their respective complete basis set limits.

3.5.2 He atom and H, molecule

Table 3.2 shows that Eﬁfﬁc, E{\\/Ifl’:,cz and Eﬁycf converge more or less exponentially
with N but that the scaling factor Z strongly influences the convergence rate.
At Z = 1, microhartree accuracy is achieved at A" = 10 for all three methods

and we have adopted Z = 1 henceforth.
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Table 3.2: Log energy errors for He atom for various N and Z with £ = oo

47

Agi

1/Z|1/2 1 2 3 4 5 10

N

0 02 07 19 15 10 08 04

2 1.3 28 25 22 22 22 1.1

4 22 40 40 28 24 23 1.9

6 29 48 47 37 29 25 23

8 35 54 50 47 36 3.0 2.3

10 40 6.0 57 48 44 35 23

12 45 6.5 6.7 50 48 42 25

Al Ajer

1/Z 1/2 1 2 3 4 5 10 1/2 1 2 3 4 5) 10
N
0 1.5 15 15 16 17 18 1714 14 15 16 1.7 1.7 1.6
2 1.6 25 28 24 21 20 18|16 27 29 24 21 19 1.8
4 22 37 34 30 27 25 19|23 40 35 30 28 25 19
6 28 46 41 34 3.0 29 21|29 48 43 34 31 29 21
8 34 53 47 39 34 31 24|36 55 50 40 34 32 24
10 40 58 52 43 37 33 26|42 60 54 45 38 34 2.7
12 45 6.2 56 47 40 36 28|46 64 58 50 42 3.7 29

Table 3.3: Log energy errors for He atom for various N and £ with Z =1

Al Ayt Art

L 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

N

0 |07 1.5 15 1.5 14 14 +14 +14 14
2 128 1.6 23 2.5 1.6 2.5 2.7 +2.7 2.7
4 14.0 1.7 25 3.7 1.6 29 -38 +4.1 4.0
6 | 4.8 1.7 25 4.6 1.6 29 -36 -53 48
8 | 54 1.7 25 5.3 1.6 29 -36 48 5.5
10 | 6.0 1.7 25 5.8 1.6 29 36 -47 6.0
12| 6.5 1.7 25 6.2 1.6 29 36 47 64
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Table 3.4: Log energy errors for Hy for various N and £ with Z =1

N.C
Agp
6 8

12

1.4
2.4
2.4
24
24
2.4
2.4

1.5
3.5
3.9
4.1
4.1
4.1
4.1

1.5
3.6
4.4
5.0
5.3
9.3
5.3

1.5
3.6
4.4
5.2
6.1
6.2
6.2

1.5
3.6
4.4
5.2
6.5
6.7
6.8

1.5
3.6
4.4
5.2
6.6
6.9
7.3

1.5
3.6
4.4
5.2
6.7
7.0
7.5

A/\/’E

MP2
10

12 1 0 2

WL
AFCI

12

1.5
1.6
1.6
1.6
1.6
1.6
1.6

1.6
2.5
2.8
2.9
2.9
2.9
2.9

1.6
2.7
3.7
4.1
4.2
4.2
4.3

1.6
2.7
3.8
4.5
5.2
5.7
6.0

1.6
2.7
3.8
4.5
5.2
5.8
6.2

1.6
2.7
3.8
4.5
5.0
5.3
5.4

1.6
2.7
3.8
4.5
5.2
5.9
6.4

14
1.5
1.5
1.5
1.5
1.5
1.5

1.5
2.7
3.1
3.1
3.1
3.1
3.1

1.5
2.8
4.1
4.6
4.8
4.8
4.8

1.5
2.8
4.2
4.9
5.6
5.9
5.9

1.5
2.8
4.2
4.9
5.8
6.4
6.5

1.5
2.8
4.2
4.9
5.8
6.7
6.9

1.5
2.8
4.2
4.9
5.8
6.9
7.2

Table 3.5: Minimum N and £ required to achieve A = 3,6 accuracy (Z = 1)

At =3 | Ay =3 | AR =3
BN L K|N £ K |N £ K
He 96114 0 5|4 2 45| 4 4 125
Hy 900 2 2 274 4 125 4 2 45
At =6 | ANin=06 | Apgr=6
B2\N L K |N £ K [N £ K
He 96110 0 11 |12 2 117 |10 4 275
Hy 900 8 6 44112 8 1053 |10 &8 &91
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Table 3.3 explores the convergence of Eﬁ%ﬁ , Eﬁé and EQ[CIE with respect to

N and L, using dots to indicate that higher £ provide no further improvement.
Because the occupied orbital is spherical and the basis contains only s, p and d
functions, the ¢, with I > 0, I > 2 and [ > 4 contribute nothing to the HF,
MP2 and CI energies, respectively.

The MP2 correlation energies converge smoothly towards their limiting values
as N and L increase but the FCI results are more interesting. At £ = 0, only
radial correlation energy is recovered from the basis set and, for example, EE%? =
—0.017344 is comparable to the value —0.017349 of Goldman [157]. At £ = 2
and £ = 3, some of the Eﬁélﬁ energies are lower than the limiting value because
the contributions from the d functions are treated incompletely. For example, at
L = 2, (sd|sd) integrals are treated but (dd|dd) are not. We conclude from this
that, in practical calculations, one should ensure that £ > 2L, where L is the
maximum angular momentum in the orbital basis set. This is consistent with
comparable recommendations for RI [158] and Cholesky calculations [159].

The results in Table 3.4 for the Hy molecule were obtained with the nuclei
at (0,0,£0.70). Convergence is similar to that for the He atom and, although
N = L = oo is required to achieve formal convergence, the (12,10) resolution

consistently yields microhartree accuracy.

3.5.3 Cost and accuracy

The obvious advantage of the RO, like the RI and Cholesky schemes, is that
the O(B*) four-centre (uv|Ao) integrals are replaced by the O(B?K) three-centre
(v |Gpim) integrals. If £ < O(B?) in large systems, this is clearly beneficial and
Table 3.5 summarizes the data in Tables 3.3 and 3.4 by listing minimum AN and
L required to obtain milli- and microhartree accuracy for He and Hy. Even in
these tiny systems, K is competitive with B2.

The convergence with N and £ is impressive. The demand on £ stems from
the fact that the orbital basis functions have angular momentum and are not
concentric with the ¢,;,,. However, in the cases studied here, it was easy to
saturate the £ dimension.

In [3], Gill and Gilbert showed that the reduced-rank Coulomb and exchange
energies in a fixed system are sums of squares and thus converge monotonically
with respect to K. Here, the convergence with N is more or less monotonic for the
same reason. In larger systems, monotonicity may be lost because of differential

Coulomb and exchange effects.
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3.6 Concluding remarks

We have introduced a systematic hierarchy of approximations to the Schrodinger
equation (SE) in which the two-electron Coulomb operator is replaced by trun-
cated one-electron expansions.

The resulting rank-reduced Schrodinger equation (RRSE) is a mathematically
simpler object than the SE but reduced-rank HF, MP2 and FCI calculations on
the He atom and Hy molecule reveal that the solutions of the RRSE converge
rapidly towards the corresponding solutions of the SE.

In principle, we expect that any computational methods that involve r;l
operator in Coulomb and exchange energy part will benefit from RO technique.
In particular, DF'T methods which are widely used currently may receive more
benefits from our technique than the methods studied in this chapter as there is
only easier Coulomb part to be approximated by RO. Though RO technique is
fundamentally different from RI and Cholesky schemes, further studies including
timing experiments and the comparison of convergence rate with respect to the
rank of RRSE (K) and size of auxiliary basis in other schemes should also be

done in the future work.
In conclusion, these preliminary investigations suggest that the RRSE may
offer a potent new route to accurate calculations.

Construction of radial integrals

Substituting the explicit formula [8] for the Laguerre polynomials

2 n X k
Ln(22) =) (-1)* (k) (Qk!) (3.33)

k=0

into (3.32) allows us to write the set of radial integrals as the binomial transform [160, 161]

n
- k(T
A= (-1) (k> My (3.34)
k=0
of the set of monomial integrals

< (2z)* x?
My (R, ) = / ( k') Ji(Rx) exp [—x - 42} dx (3.35)

0 : Y

Our algorithm first forms Mj; boundary values, then binomially transforms these into A,;
boundary values, and finally uses a recurrence relation (RR) to build the remaining A,,;.
Substituting Gegenbauer’s integral representation [8] of j;(Rx) into (3.35) and integrating

over x yields

(47)k Z Y—u
Mkl(R, ’y) = l+1R . H_(k+1)(u)]:’l ’yRZ du (336)

2
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5() Mk[ Anl
start
44 O @ 4B R AN
3O @ IR B B BN
:22@)\’) Q2DDIIII
start
ro © e @ e 00000
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Figure 3.1: A recursive pathway to generate the My, and A,,; integrals.

where Z = v(1+ R1), H_j, is a Hermite function and P, is a Legendre polynomial. From (3.36),

it is easy to derive the outermost boundary values (the unfilled circles in Figure 3.1)

M_1,="010/2 (3.37)
My =80 5 (11 (2)) (339)

The M}, o with £ > 0 can be generated stably and efficiently by backward recursion, and the

Z
M070 = % Ry {/0 H_l(u) du} (339)

can be computed, for small |Z|, using the Taylor series

k =0 case

YN L i

- (3.40)
R =17 L)
and, for large |Z|, using the asymptotic expansion
1 4
Moo~ 5 S{InZ - Z72)) 3.41

j=1
Using the standard Hermite and Legendre RRs, one can derive from (3.36) the 5-term RR

k+1

WMI@-H,I DTS (M1 — (I + 1) My jpr] +2Mp 1 — My, (3.42)

and this is used to form the M}, 1 (the vertical dotted circles in Figure 3.1). The standard Bessel
RR immediately yields from (3.35) the 3-term RR

RE+1

ST 1(Mk+1 141+ Myg1-1) (3.43)

kil =
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and this, alternating with (3.42), is used to form the M ; (the filled circles) and the My, (the
horizontal dotted circles). We now have two rows and two columns of My, values and these are
binomially transformed via (3.34) into the corresponding rows and columns of A,; values (the
unfilled squares). Finally, multiplying the standard Laguerre RR by the Bessel RR, one finds
from (3.32) the 7-term RR

2020+ 1)

R An,l = (2’”‘ + 1)(An,l+1 + An,l—l)

—n(Ap_1i41+An—10-1) —(n+ D)(Ans1g41 + Ang1-1)  (3.44)

which is used to generate all the remaining A,; (the filled squares in Figure 3.1).

Higher integrals in the R=0 case

In cases where R = 0, the Gaussian product is concentric with ¢ (r) and the resulting unnor-

malized auxiliary integrals are

(v |dnim) = /w“ybzc exp(—72r2)¢>nlm(r) dr (3.45)

As in (3.31), Parseval’s Theorem allows this to be recast as

(| duim) = 4 /7*)* Py (@, b, )Tl () (3.46)
where )

Yim(a,b,c) = / / sin! T 9 cos O cos® ¢ sin® @ Y, (0, @) de df (3.47)
is the angular part and §',(7), the binomial transform of Fl(v), is the radial part of the
integration.

L =0 =1 =2 =3 1=4
0 (ss) 9

1 (sp) fi

2 (pp, sd) o [ = 1} 7

3 (pd) w2 fi =1} fi

N ey L i i

As shown above, the F ,i; (7) are linear combinations of

k+1 9 L k41 i
(4v8)7T ( 27) H_41y(v) _ (49) (i) (bt D oiin() (343)

fi(n) = o o

where | <i<lU=a+b+cand (k+1);=(k+1)(k+2)..(k+1).

Because of the high symmetry of the system, most of the integrals (3.45) vanish. The excep-
tions are those in which the Gaussian product and the RO potential span the same irreducible
representations of the spherical group. As a result, as mentioned in §3.5.2, £ is saturated at

2L, leaving only A to be improved.



Chapter 4

The Bessel quasi-resolution of

the Coulomb operator

T]l_zl = Z @ném ('F]! ) ¢‘Mm (TZ‘))

. nlm

¢*nlm(7) =22 — én,O jl ('ﬂz’i’) }/lm(r)

In this chapter, we show that the Coulomb operator can be resolved as 77, =
Y i Prim (T1) Grim (12) Where ¢y, (1) is proportional to the product of a spherical
Bessel function and a spherical harmonic, provided that ry + ry < 27.

The resolution reduces Coulomb matrix elements to Cholesky-like sums of
products of auxiliary integrals. We find that these sums converge rapidly for
four prototypical electron densities. To demonstrate its viability in large-scale
quantum chemical calculations, we also use a truncated resolution to calculate

the Coulomb energy of the nano-diamond crystallite CgsHgy.

4.1 Introduction
The apparently innocuous Coulomb operator
s = |r— | (4.1)

53
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lies at the heart of many of challenging problems in contemporary quantum chem-
istry and many ingenious schemes have been devised [130, 129, 93, 162, 163, 127,
128, 143, 112, 113, 100, 109, 99, 164, 119, 165, 166] to treat it efficiently and ac-
curately. In most cases, the full complexity of the operator is avoided by partially
decoupling it [130, 129, 93], employing multipole expansions [162, 163, 127, 128],
Fourier transforms [143], Cholesky decomposition [112, 113, 100, 109], density
fitting [99, 164, 119], or other such methods [165, 166].

Our contributions [2, 3, 4] employ Coulomb resolutions

l

Tﬁl = Z Z Z ¢nlm(r1)¢nlm(r2) (42)

n=0 =0 m=—1

where the one-particle functions

¢nlm(7’) = an<7")Y2m(7'> (43)

involve a radial function V,,;(r) and a real spherical harmonic Y},,. Such resolu-

tions reduce Coulomb matrix elements to sums of auxiliary integrals

(alriz [b) = > {aldnim) (Suim|b) (4.4)

nlm

and thus formally resemble Cholesky schemes [112, 113, 100, 109]. However, our
approach forms the “Cholesky triangle” directly, without computing the matrix
elements.

To construct a Coulomb resolution, one combines the Legendre expansion and

the Addition Theorem [9] to obtain the well-known [9] angular resolution

—-1 47 Tl<
M2 = Z N+ 1r l+1 Vi (r1)Yim (72) (4.5)

where - and r- are the smaller and larger of 1 and 7s.

To achieve a radial resolution

2l—|— 1 l+1 Zan 7"1 nl TQ (46)

one possibility [2, 3, 4] is to choose

Vou( —2\/_/ x)ji(zr)dx (4.7)
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where the j; are spherical Bessel functions and the h, are any functions that
form a complete and orthonormal set on [0, 00). Varganov et al. chose Hermite

functions

/A
() = ;f/—én)!ﬂm/ﬁ) exp(—a?/4) (48)

in [2], but Gill and Gilbert adopted Laguerre functions
o) = V3 Lo(20) exp(—a) (19)

in later studies [3, 4]. This approach to the radial resolution is theoretically
attractive but, unfortunately, the radial functions V,; that emerge from such
“natural” choices for the h,, are often computationally expensive [2, 3, 4] and this

has led us to explore alternative schemes.

4.2 Bessel quasi-resolution

In the present Chapter, we offer a route based on the Bessel identity (4.11).
Originally, we derived the identity from fitting quadrature abscissas and weights*

but it can be proven mathematically. (See Chapter 5 and Chapter 7.)

/0 i) ji(ny)dn = ‘51_20 + 3 jina)iny) (4.11)

n=1
where [ = 0,1,2,... and |z| + |y| < 2m. We use the symbol = to remind us of
this domain restriction.
If we begin with the integral representation [167] of the left-hand side of (4.6)

47 L

r bl .
9 1 1@ = 8/0 gu(xr)ji(zre)de (4.12)

and apply (4.11), we obtain the radial quasi-resolution

l
dr ol

204+ 1,751

% + Z Ji(nry) jl(m“g)] (4.13)

*See (2.47) and the discussion that follows. We also obtained an equivalent identity.

/000 Ji(nx)ji(ny)dn = ijl <(n + ;)x> Ji <(n + ;)y> (4.10)

n=0
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and thence the spherical Bessel quasi-resolution

e =Y Guim(T1) Guim (r2) (4.14)

nlm

where the one-particle functions are

(bnlm(r) =24/2 — (5,170 jl(nr) Y}m(r) (415)

This is the key result of this chapter. As the prefix ‘quasi’ and the symbol =
emphasize, it is valid only for r| 4+ ro < 27,

The quasi-resolution, unlike our previous resolutions [2, 3, 4], requires only the
calculation of spherical Bessel functions [168] and spherical harmonics [169, 170]
which is efficient and stable even for large n, [ and m.

Replacing 7, by the quasi-resolution directly yields the Cholesky-like decom-
position

(alrizb) = > (al@nim) (Suim|b) (4.16)
nim

but without the need to compute the (a|r;, |b) integrals. The auxiliary integrals

(a|Pnim) = 24/2 — dnyo / a(r) ji(nr) Y, (r)dr (4.17)

are easily found if the Fourier transform of a(r) is known. For example, if a(r)

is the Gaussian

a(r) = (Ca/m)*? exp(—Calr — RI?) (4.18)
we have )
<a’¢nlm> = exp (_Zz) ¢nlm(R) (419)

If a(r) is sufficiently smooth then, by Darboux’s Principle [171], the (a|®nim)
will decay quickly for large n,l, m, leading to rapid convergence of the sum in
(4.16). We see from (4.19), for example, that small (4 yield fast decay with n,
and small R yield fast decay with [.

One elementary use of the quasi-resolution is to find the Coulomb self-interaction

energy

1 a
E = §<P|7’121|P> (4.20)

of a given charge density p(r). If the density p(r) = p(r) is a normalized, origin-
centered radial function, one finds
B = 23 (plbum) (Guamlo) = 5+ = 3 AB® (1.21)
2 A 2w ~

nlm
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Table 4.1: Coulomb energies E, components AE™ and domain-violation errors®

EPVE of four radial charge densities® p(r)

Uniform density® Exponential density
R x p(r) 3/(4m)H (R —r) exp(—r/R)/(87)
Non-analyticity Discontinuity at r = R Cusp at r =0
RxFE 3/5 5/32
AE™ 952(nR)/(nR)? (1+n2R?)~*
Convergence O[(nR)™] O[(nR)™®]

R x EDVE 6(1 — 9)3H(1 — 0)/64 %(9 + 1)3 eXp(—29)

Rational density ~ Gaussian density
R*xp(r)  (1+(r/R)*)7?/7* exp(—r?/R?)/m%?
Non-analyticity Poles at » = £iR  No singularities
RxE 1/(2m) 1/v/2m
AE™ exp(—2nR) exp(—n*R?/2)
Convergence Olexp(—2nR)]  Olexp(—n*R?/2)]
R x Epyg 1/(66) \V/2/m exp(—262)

9 =7/R
PR is a parameter that characterizes the radial extent of the density.

©H is the Heaviside step function
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and results for four such densities are given in Table 4.1. These densities consist
of a uniform ball (which is discontinuous on its boundary), an exponential (which
has a cusp at a point), a rational function (which has poles in the complex plane),
and a Gaussian (which is entire).

Consistent with Darboux’s Principle [171], the results in the penultimate row
of Table 4.1 confirm that the convergence of the resolution (4.21) is algebraic
if p(r) has a singularity in real space, exponential if it has a singularity in the
complex plane, and super-exponential if p(r) is entire.

The key weakness of the quasi-resolution is the domain restriction r{+ry < 27.
If the quasi-resolution is applied to a density that extends beyond r = m, it

introduces a Domain-Violation Error (DVE)

Epwvg=E—F (4.22)

and the final row of Table 4.1 illustrates this. The message is clear: in practical

applications, one should scale the system so that the DVE is acceptably small.

4.3 Numerical results

We begin our numerical assessment by truncating the radial resolution (4.13)
after N terms. The truncated sums are useful approximations to the left-hand
side and Figure 4.1 illustrates this for [ = 0,1,2 with r;, = 1 and N’ = 10. It
confirms that the approximations are satisfactory when r; 4+ ry < 27 but erratic
outside that domain. We note however that, even there, the errors are bounded.

Truncating the quasi-resolution (4.14) at n = A and | = £ yields well-defined
approximations to both the operator and its matrix elements. For example, the

approximation

ENL _

N —

N C l
> Z (Pl Dnim) (Dnim|p) (4.23)

n=0 [=0 m
has the Truncation Error

ETE = EN’ﬁ — E (424)

Is such a truncation useful in practice? To explore this question, we have used
(4.23) to calculate the Coulomb self-interaction energy of the electrons in the
octahedral nano-diamond CgyHg, crystallite [172]. This molecule has a diamond-

like structure with T; symmetry and, for the sake of simplicity, we have used C-C
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Figure 4.1: The left-hand side (solid) and right-hand side (dashed) of (4.13) for
[ =0,1,2 when r; = 1 and the sum is truncated after n = 10. Plots are scaled

so that the left-hand sides coincide at ry = 1.

and C—H lengths of 154 and 109 pm, respectively. The electron density

148

p(r) =" palr) (4.25)

is the sum of the Stewart atomic densities [173, 174, 175]

pa(r) = Z ci(Gi/m)*"? exp(—Gilr — Ral?) (4.26)

generated from the UHF/6-311G densities of isolated 3P carbon and 2S hy-
drogen atoms. The Stewart parameters are given in Table 4.2 and yield £ =
20511.5578014 a.u.

We have written a C program to compute (4.23) and we use the relative error

ENE—F
E

(4.27)

€=

_ Epve + Etg
E

to measure the accuracy of the approximation (4.23) for different (N, L).
The molecule’s center of mass is placed at the origin but most of its nuclei still

lie outside the allowed domain (i.e. |R4| > 7). We therefore compress the entire
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Table 4.2: Stewart parameters for atoms

Hydrogen Carbon
Ci Gi Ci Gi
0.29449 0.21  1.71581 0.29
0.63550  0.88  2.54666 0.82
0.05859 3.73 -0.18334 2.31
0.01253 15.90 0.26810 6.50
-0.00111 67.73  1.09048 18.31
0.45570 51.55
0.09106  145.16
0.01337  408.75
0.00195 1150.99
0.00016 3241.06
0.00005 9126.48

system by a scale factor Z, perform the Coulomb calculation, and then unscale
the resulting energy. The relationship between scaled and unscaled systems is
described by the following equations.

""=Z'R, (4.28)

G =2% (4.29)
p(r')=2%(r) (4.30)
E' =ZE (4.31)

A scaled system described by R/,, ¢! and p'(r') is mathematically equivalent to
the unscaled one. Thus, in theory, this scheme is exact and works for any kind
of energies or molecular properties. However, when we use scaling in conjunction
with truncated resolution, the compression increases the exponents (/. As a result,
the auxiliary integrals (4.19) decay more slowly, reducing the rate of convergence
of (4.23) and increasing the truncation error (4.24).

Figure 4.2 reveals that there is a DVE-dominated region (£ < 4) and a TE-
dominated region (Z 2 5). The results show that the truncation error grows
slowly as Z is increased but that the domain-violation error grows rapidly as Z
is decreased.

It is therefore important to scale the system to fit in the domain but moderate
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Figure 4.2: Relative error, (4.27), of EN£ for 3 < Z < 15.

over-compression does not magnify the error by very much. For N' = 500, L =
1000, the lowest errors arise near Z = 4.8 but any Z from 4.5 to 12 leads to
e <107,

4.4 Concluding remarks

In summary, we have derived a quasi-resolution of the Coulomb operator that
allows it to be expressed in terms of products of one-particle functions. Unlike
earlier resolutions, the quasi-resolution is based on simple mathematical functions
and is well suited for computational purposes. Our numerical study indicates
that the quasi-resolution is useful for computing the Coulomb energy, which is
an important bottleneck in DFT calculations.

However, the potential scope of the quasi-resolution is much wider than this
and there are significant possibilities for applications to other operators and to

exchange and correlation energies. (See later chapters.)



62 CHAPTER 4. BESSEL RESOLUTION OF THE COULOMB OPERATOR



Chapter 5

Bessel Resolutions of the

long-range Coulomb operators

erf (@Tlg

pe Z ¢nlm Ty )’¢nlm(F2>
' 12

- nlm

Ot (P) = 4/ b Ji( 28w )Y, ™ (7)

We show that the long-range Ewald operator can be resolved as erf(wris)/ria =
>k O5(r1)¢r(re) where ¢ is proportional to the product of a spherical Bessel
function and a spherical harmonic. We demonstrate the use of this new reso-
lution by calculating the long-range Coulomb energy of the nano-diamond crys-
tallite Cg,Hg, and the long-range exchange energy of the graphene CysH,,. The

resolution appears particularly effective for long-range exchange calculations.

63
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5.1 Introduction

We have recently published a series of papers [2, 3, 4, 5, 7] concerned with re-

solving the Coulomb operator
ro == =) |6k (ol (5.1)
k=1

into one-particle functions, where |¢r) and (¢y| are functions of r; and 7y, re-
spectively. Such resolutions factorize a Coulomb integral into a sum of products

of auxiliary integrals
o0

(alriy [b) =) (aldn)(dnld) (5.2)

k=1
and thereby offer the computational benefits of Cholesky decomposition [112,
113, 100, 109] and density fitting [99, 164, 119], but without the need to solve
Cholesky or fitting equations.

In Chapter 4 and Chapter 7, we have shown that the one-particle functions

can take the form
Or(r) = Gnim(T) = 24/2 = p0 Ju(nr) Y™ (1) (5.3)

where j; is a spherical Bessel function and Y, is a complex spherical harmonic.
Although this resolution is valid only for r; + ry < 27, we have shown that this
weakness can be overcome by a suitable pre-scaling of the system under study.
There is considerable contemporary interest [137, 129, 173, 95, 84, 138, 143,
176, 177, 178, 179, 62, 180, 181, 182, 183, 184, 63, 185, 186, 64, 65, 187] in

partitioning the Coulomb operator as
o = S(r12) + L(r1o) (5.4)

where S is a singular short-range operator and L is a smooth long-range operator,
and then treating the short-range and long-range subproblems separately. Ewald
introduced this to chemistry to compute Madelung constants [92] but it can be
traced, in the mathematics literature, to Riemann [188].

The partition strategy is now employed in many quantum chemical methods.
It is particularly prominent in hybrid methodologies, wherein wavefunction-based
and density-based approaches are carefully combined to exploit their respective
strengths. This has led, for example, to the popular HSE [176, 177, 178, 179],
CAM-B3LYP [62], LC-wPBE [184], LCgau-BOP [186] and wB97XD [65] methods.
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Figure 5.1: Quadrature error Ry (wri2) in (5.7) for N =1 (leftmost), 3, 5, 7 and
9 (rightmost)

The short-range operator S can be treated efficiently by the use of boxing
schemes [163, 162, 127, 128, 139, 177] that exploit spatial locality. However, the
long-range operator L is more computationally difficult and it is natural to ask
whether a resolution analogous to (5.1) can be constructed for it.

It turns out that there are many ways to resolve such operators and we will
consider several. Our approaches are general but, in this chapter, we focus on

the long-range Ewald operator

erf(wr12)

L(r2) = (5.5)

T12

The partition parameter w can take any positive value (the limit w — oo recovers
the Coulomb operator) but, in practice, often lies between 0.1 and 1. We use

atomic units throughout.

5.2 Resolutions of the Ewald operator

We have investigated five approaches for resolving the Ewald operator: orthonor-

mal expansion, Taylor expansion, Gaussian expansion, Bessel expansion and Her-
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mite quadrature. The first four are outlined in the §5.6 but we describe the fifth

and most promising here.

If we apply 2(N + 1)-point Gauss-Hermite quadrature [9, 189] to the integral

representation
Lra) = 2 [ jo(2hwra) expl(~52) a5 (5.0
we obtain the spherical Bessel expansion®
4w ad
Liriz) = — [2 brjo(2Bnwria) + Rar(wris) (5.7)

where the (3, and b, are the (positive) Hermite roots and weights.

How accurate are these Bessel expansions? The quadrature error R (wri2)
for N'=1,3,5,7,9 is shown in Figure 5.1. It is initially tiny, indicating that the
expansions are accurate for small wris, but eventually breaks away from the axis
when the expansion becomes unsatisfactory. (We note, however, that the error
is bounded for all wryy.) It is encouraging to observe that the breakaway point
moves rapidly to the right as A is increased, suggesting that even modest values
of N yield Bessel expansions that are useful over large domains of wrs.

In principle, all N terms in (5.7) must be included. However, because |jo(2)] <
1 and the Hermite weights b,, decay extremely rapidly, it is possible to truncate
(5.7) at n = N' < N with negligible loss of accuracy. The minimum N and N’
that guarantee that the quadrature error is below € over the domain 0 < wris < R
are shown in Table 5.1. This Table reveals that, in a molecule where max(ry2) ~
30 (for example taxol C,,H;;NO,,), an accuracy of 107'% requires only N’ = 50
terms for w = 1 or only N’ = 21 terms for w = 1/3.

To resolve the jy functions in (5.7), we start with the spherical Bessel addition
theorem [9]

M8

Jo(Aria) = (20 + 1)7,(Ar1)5i(Arg) Py(cos 612) (5.8)

l

Il
o

and apply the Legendre addition theorem [9] to find

o(Ari2) = ZZ (AT2) G (Ara) Y™ (1) Y™ (12) (5.9)

*For the history of this discovery, see (2.47) and the discussion that follows.
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Table 5.1: N and N’ such that Ry (wri2) < € for 0 < wris < R.

R =10 R =20 R =30 R =140 R =150
logge N NN NN NN NN N
2 30 7 107 12 234 18 409 24 633 29

3 34 9 116 16 247 24 427 31 657 38
4 37 11 121 20 256 28 440 37 673 46
> 39 13 126 23 263 33 449 42 686 52
6 41 15 131 26 269 36 458 47 696 58
7 43 16 134 28 275 40 466 52 706 64
8 45 18 138 31 280 43 472 56 714 69
9 47 19 141 33 285 47 479 60 722 74

10 49 21 144 35 290 50 485 64 730 79
11 50 22 147 37 294 53 490 68 737 83
12 52 23 150 40 298 56 496 72 743 88

Substituting (5.9) into (5.7) then yields our key result — the Ewald resolution

N L l
LN’£<7’12) = Z Z Z | Pt ) (Drim| (5.10a)

n=0 [=0 m=—1

Grim (1) = 43/ bpw Ji1(28,wr) Y™ (1) (5.10Db)

In contrast to the previous Chapter, we note that the above resolution is
insensitive to scaling. This is because we also need to scale w’ = Zw and the

scaling factor Z cancels out when we use the resolution. (See §2.1.)

5.3 Computational considerations

It is essential to be able to determine a priori the minimum values of A and N’
that will guarantee that (5.7) is accurate to within € over the domain of important
wrys values in one’s system. By examining the values of A/ in Table 5.1, we have

devised the simple quadratic estimate

N~ R4+ (V=Togige — 1) R+2 (5.11)
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and it is then easy to show from the asymptotic behavior of the Hermite roots

and weights that
2

N~ =y\/-(N+1)lne—1 (5.12)
T
To use the Ewald resolution (5.10) to find long-range energies, we need the

auxiliary integrals
(ab|ppim) = /a(r)b(r)¢nlm(r) dr (5.13)

where we will assume that a and b are Gaussian basis functions centered at A
and B, respectively. Because the Gaussian product rule allows a(r)b(r) to be
expanded as a finite linear combination [190] of Gaussians with a centroid P on
the line between A and B, the problem reduces to finding two-center integrals

of the form
(G Do) = / P exp(— PV (D) bum(r + PYdr (5.14)

These can be solved in closed form and we will discuss an efficient algorithm for
Gaussians of arbitrary angular momentum in Chapter 6. However, in a basis that

contains only s and p functions, the only necessary formulae are

(Goool Grim) = cnCI™ 5™ (5.15a)
<G200‘¢nlm> = lmOO [3/(2<) - } jlY (515b)
(Gl uim) = [ G Y = O G i (150

<G22m/‘¢nlm> — |:Clm2m jl 2Y2m2 m Cllm2m jlYEmfm 4 CllT22m ]l+2Y2+2
(5.15d)

where x, = B.w/C, i = J1(26,wP), Y =Y, (P)
en = 4/ byw (1/0)*? exp(—(ay) (5.16)
1ol ’ 2l+1)(2l,+ ) ll/Z ll/
lml —(—1 m ( ) 1

and the final two factors in (5.17) are Clebsch-Gordan coefficients. We note that
Cim00 — Y0 = 1/+/4r and, thus, (5.15a) is analogous to (4.19) in the previous
chapter.

We have implemented the Ewald resolution in a standalone C program which
precomputes the required Hermite roots and weights [189], along with the Clebsch-

Gordan coefficients. The j; and Y;™ are calculated recursively, as in the previous
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Table 5.2: (N, £) pairs required in long-range Coulomb and exchange calculations

Long-range Coulomb energy Long-range exchange energy
of the nano-diamond Cg,Hg, of the graphene CysH,,
w=01 w=0.5 w=1.0 w=01 w=05 w=1.0
e=10"3 (2,0) (29,13) (113, 24) (0,4) (1,27) (4,45)
e=10"° (4,4) (48,23) (180, 50) (1,9 (3,44) (7,85)

e=10"" (6,8) (64,36) (240, 68) (2,13) (5,58) (11,99)

chapter. We use the relative error

ENAE B
S i — 5.18
== (5.18)
to measure the accuracy of the approximate energies afforded by (5.10).
5.4 Numerical results
The long-range Coulomb energy of a density p(r) is
1
E; = 2 (pIL(r12)|p) (5.19)

and applying the Ewald resolution (5.10) to this yields the approximation

ML 1 N L l
EfE=23030 Z (p|Prim)” (5.20)

n=0 =0 m

We have applied (5.20) to the electron density in the nano-diamond Cg,Hg, which
is described in Chapter 4. The (N, £) pairs that yield various relative errors e
for various attenuation parameters w are shown in the middle columns of Table
5.2.

The long-range exchange energy is
1
Ex =—35 > (Wit L(riz) [indy) (5.21)
]

and applying the Ewald resolution (5.10) to this yields the approximation

occ

B LY S o (5.22)

n=0 =0 m=—1 1ij
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Diamond has a large bandgap and its exchange interactions decay rapidly with
distance. We therefore chose to apply (5.22) to the more interesting m-system of
the Cy4H,, graphene [191], placing a unit-exponent p, Gaussian on each C atom,
and using its Hiickel orbitals [192]. The (N, £) pairs that yield various relative
errors € for various w are shown in the final columns of Table 5.2.

Because the Ewald operator (5.5) is smooth, the (N, £) pairs required for the
long-range Coulomb energies are much smaller than for the total Coulomb ener-
gies [5]. Moreover, we find that long-range exchange energies require surprisingly
small N values, reflecting that, even in the highly delocalized graphene system,
the exchange interaction decays fairly quickly with distance [193, 191, 194].

5.5 Concluding remarks

There are a number of ways to resolve the long-range Coulomb (Ewald) operator
into products of one-particle functions. Our favorite resolution (5.10) employs
a spherical Bessel expansion of the Ewald operator and thereby generalizes our
earlier quasi-resolution of the Coulomb operator. Numerical results indicate that
this Ewald resolution converges rapidly and may be useful in a range of quantum
chemical contexts. It looks particularly promising for the efficient calculation
of long-range exchange energies. We will discuss the efficient evaluation of the

auxiliary integrals (5.14) and present timing comparisons in Chapter 6.

We note finally that the Bessel expansion method is easy to extend to the
erfgau operator [130, 195, 64]

erf(wr 2w w3r?
LW () = % IRV (_ 12) (5.23)
12

Applying Gauss-Hermite quadrature as for the Ewald operator yields

2—wexp (_WQT%2> _ 4_(,0 /°° 62j0 (iﬂwru) exp(—ﬂ2) dﬁ
™

Nz 3 oo V3
N
8w 2
~ — b,3%50 | —=05, 24
S i (s ) (5.24)

where the (3, and b, have the same meanings as in (5.7).
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5.6 Other resolutions of the Ewald operator

Orthonormal expansion

One way to resolve L(rjs) is to find functions f; that are complete and Ewald-

orthonormal, 7.e.

(felL(r12)| frr) = Onpr (5.25)

If these fy are known, one can show [2] that

Ox(T1) :/L('f’lz)fk(rz)dTQ (5.26)

If fi is chosen to be a product of ¥} and a radial function, one eventually obtains

or(r) =~/2/7 Y™ (r) /Ooopn(x)jl(rx)fl/g(x) xdx

X

= 2V2 Y (r) /0 h P51 (rz) exp (-8—:2) dx (5.27)

where L is the Fourier transform of L and the p, are any functions that form a
complete and orthonormal set on [0, 00). Unfortunately, this approach is thwarted

by the difficulty of selecting p,, that yield tractable integrals.

Taylor expansion

The Taylor expansion of the Ewald operator

20 = (—w?r?,)"
L(rp) = = Z% ot T) (5.28)

converges for all rj5. Because (r},)" expands naturally [84] into a finite sum for
any n, it is easy to construct a resolution from (5.28). However, when truncated
after n = N the series (5.28) behaves as (—r2,)" and is therefore worthless at

large r15.

Gaussian expansion

If we apply 2(N + 1)-point Gauss-Legendre quadrature [9] to the Ewald integral

representation

1
w
L(r2) = ﬁ /1 exp(—w272r32) dry (5.29)
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we obtain the Gaussian expansion [130]

2w
L(ris) Z Gn exp( w%ﬁri) (5.30)

where the 7, and g, are the (positive) Legendre roots and weights. The function
exp(—Ar,) can be partially resolved, using the exponential and Legendre addition
theorems [9] to find

[e.9]

= Z(Ql + 1)i;(Aryre) P(cos 012)
1=0

=47 Y > i)Y ()Y, (r2) (5.31)

=0 m=-I

eXp(_)‘T%Q)
exp(—Ar? — A\r3)

where 7; is a modified spherical Bessel function. However, this does not mirror

the form of (5.1) because we cannot resolve i;(Arqrz).

Bessel expansion

The Fourier-Bessel expansion [9, 196]
L(r12) Z]o nris / L(2)jo(nz)n*z*dx
n? n
== Z [ 1) erf(wn) + exp ( @> R {erf (wr + %z) }} Jo(nriz)

i 2

= L(m) + - Zexp (_4%2) R {erf (wﬂ + %z) } Jo(nriz) (5.32)

converges rapidly but, unfortunately, it is valid only on the finite domain 0 <
rio < m. As a consequence, it yields what we have previously termed a “quasi-
resolution” in Chapter 4 and, to use it in practice, one would need to scale the

system to fit within this domain.



Chapter 6

The evaluation of

auxiliary integrals

. ZC% o (P HI ()
ll/

We discuss the evaluation of RO auxiliary integrals by explicit formulae in this
chapter. In contrast to previous chapters, we shows a general technique which
is applicable to general ¢,;,,(r) of the form V(7)Y (7). Unlike Boys differen-
tiation, our formulae are based on Fourier transforms and linearization of the
products of two spherical harmonics. We apply this new approach to the Bessel
resolution of the long-range Ewald operator and demonstrate that our RO calcu-
lation is competitive to the conventional long-range exchange energy calculation

in a standard quantum chemical program.

6.1 Resolution of two-body operators

We have previously discussed the resolutions of two-body operators T'(r12) into a
sum of products of one-body resolution function ¢y, (7). The function may take
myriad of forms but our favorite resolutions are made of a spherical harmonics

Y, and a radial function V.

T 7’12 Z)/lm ’l”l an(T1>}/lm(’r‘2)an(T2) (61)

nlm

The resolution reduces a two-particle integral (a|T|b) to a sum of auxiliary

73
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integrals,

(alTly = 3~ ( / a*(r>¢k(r>dr) ( / b('r)@(r)dr) , (6.2)

k

and offer computational benefits similar to Cholesky decomposition [112, 113,
100, 109] and density fitting [99, 164, 119].

Efficient evaluation of the overlap integral between a ¢ (7) and a basis function

is a prerequisite to implementation of resolution technique in quantum chemistry.

In this chapter, we derive the integral evaluation scheme, apply it to the long-
range Ewald operator and Gaussian basis functions and devise an RO program

to calculate long-range exchange energy.

6.2 Auxiliary integrals

We first define a basis function g, and a resolution function ¢,;,,.

gn’l’m’<'r‘) = Yi’m’(’r)Rn’l/(Cafr) (63)
¢nlm<r) = Ylm('r')‘/nl(r) (64)

We can derive their Fourier transforms ¢,y and ¢,;,, which are products of a

spherical harmonic and a radial function.

gn’l’m/(w) = H/m’(w)Gn’l’(it) (65)
Grim () = Vi (2) Py () (6.6)

The radial functions G, ;/, ®,; are integrals of a spherical Bessel function j; and

the radial part of the function in real space.

Gn’l’ (I‘) = 471'(—%)” /OOO jl’ (ZL’T)’I“QRTL/Z/(Q ’I“)d’f‘ (67)

Byy() = Am(—2)! /O )V () dr (6.8)

We can express the auxiliary integral as a sum of products of a spherical

. . 171 . Fo ! . . . .
harmonic and the function H l”,,l ™ The coefficients Cllf,”wll,?” arise from linearization
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of the product of two spherical harmonics. (see §6.7.)

<gn’l’m’<r - P)|¢nlm> = /gn’l’m’(r - P)qbnlm(r)d'r

v () explex - (1 — P)|dpim (r)drde
- o7 / (@) xpl =1 - Pl ()i
= (21)3 /Y, (@) Yim () G (2) Py () exp[—1x - Pldx

2n)? / D Clm Yo (®) Gt () i () exp[—1 @ - Pldz

l// "

_ Z Clml’m Yo, ” )le}/ l’nl(P) (69)
l// 17

Thus, the key of this scheme is the evaluation of the function H l",,/l/"l which is

an integral of G, ®,; and jlu

HE(P) = 5 / G () (2)jur (P (6.10)

This is, in principle, applicable to any basis function and resolution of the forms
(6.3) and (6.4). We, however, give one specific example in the following section.
6.3 Bessel resolution and Gaussian function

We apply the scheme described in the previous section to the resolution of long-

range Ewald operator (Chapter 5) and a Gaussian basis function.

L(TIQ) = erf(rﬂ IZ (bnlm ™ ¢nlm(r2) (611)
(bnlm = lm(r)4 bnw ]l<2ﬁnwr) (612)
gn’l’m’<r) = Y (,r,),r,n’ eXP(‘CT2) (613)

. . . 11/
We obtain analytical expressions of Gy, ®,; and Hpy!'™.

v ’ ’ 1
Gn/l/(gj) = (—%) W?xl _7(3+n + )F (5(3 —l— TL/ + l,)) X

- (1B ) a?
1Fq ( 2 %+ y ’_4_C> (6.14)
O,(2) = 872(—1)! /b W (6.15)
HE'™M(P) = 4(—=1)'/bpw G (28,w) jir (26w P) (6.16)
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The regularized hypergeometric function in G, (z) reduces to a product of a

Gaussian and a polynomial in x for all n’ and I’ that we are interested.

o5 7T3/2
Goo(z) = W (6.17)
re i 7r3/2
Gia(z) = — 2057 (6.18)
o5 /22
Goa(t) = —— =p— i (6.19)
e_gw?’/2 (6¢ — 2?)
Gap(z) = e (6.20)

As a result, the special functions required for the evaluation of the integral

(6.9) are only Y}, and j; whose computation has been discussed in Chapter 4.

6.4 Computational considerations

Since the results in Chapter 5 indicate that the resolution is most promising for

long-range exchange energy

occ

= Z ity |L(rio)] i), (6.21)

it is our target for further study. Applying resolution to above equation yields

the (N, £) approximation

occ

N L l
ZZ Z Z wz¢j‘¢nlm> (6.22)

n=0

NL
EK

l\IJI}—l

Pseudocode to compute the long-range exchange energy are described below.

1. Form a list of significant Gaussian shell-pairs
2. Calculate initial 5; and Y},
3. EN*=0

4. Loop over [

4.1 Calculate j; and Y},
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4.2 Loop over n and m
4.2.1 Loop over the shell-pair list

4.2.1.1 Form primitive auxiliaries using HRR,

the Gaussian overlap distribution and (6.9)

4.2.1.2 Multiply the primitives by relevant contraction coefficients

and add them to the contracted AO auxiliaries
4.2.3 Convert AO to MO using DGEMM [197]
4.2.4 Loop over ¢ and j

4241 EXF — EXF — L ()| dnim)

For maximum efficiency, we set a cut-off THRESH=10"1" and screen out
insignificant quantities at step 1 and step 4.2.1. At step 1, Gaussian products
that their prefactors are smaller than THRESH are not included into the list of
shell-pairs. At step 4.2.1, if a Gaussian prefactor times 41/b,w is smaller than
THRESH, the program will skip that shell-pair and go on to the next one.

The most expensive step of this algorithm is 4.2.3 whose formal cost is O(B*KCN)
where B is the number of basis functions, K is the number of terms in the trun-
cated Bessel resolution and N is the number of electrons. This looks like a quartic
bottleneck but, in practice, it can be done relatively fast because it is handled by

DGEMM and because of the screening criteria described above.

For small and moderate size molecules, the actual bottleneck is instead step

4.2.1.1 whose formal cost is O(B?K) but involves multi-step calculation.

At step 4.2.1.1, we use the horizontal recurrence relation (HRR) of Head-
Gordon and Pople [198] to transfer angular momentum from the second center

to the first center of the auxiliary integrals. This process is depicted below.
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(ss]¢)
(ps|®)
N\
(dsl¢) —  (ppl9)
N\
(fslo) — (dplo)
N\ N\
(9slo) — (fpl¢) — (dd|$)
N\ N\
(hslg) — (gpl¢) — (fd|®)
N\ N\ N\
(isljp) — (hplo) — (gdl¢) — (ff]9)
The actual computation is described by
(a(b+1,)|or) = ((a+ 1;)b|ox) + (A; + B;){ab|ok) (6.23)

where a is (ag,ay,a,), a set of three integers, the sum of which is the angular
momentum of the Gaussian, 1; = (8,4, diy, 9;-) and ¢ is one of z, y, z.

By using the Gaussian overlap distribution and Gaussian prodcut rule [199],
we can express the three-center integrals (ss|¢), (ps|¢), (ds|®), (fs|®), (gs|®),
(hs|p), (is|¢) in terms of a linear combination of two-center integrals (s|o), (p|®),
(d|o), (flo), (g]d), (h|p), (i|¢p). For instance, we obtain (ps|¢) from (s|¢p) and
(p|®) by using (6.25).

e~Calr—Ral o ~Colr-Ro _ ¢, o~Glr—Rpl? (6.24)
(z — Aw)e—CA|T‘—RA|2€_CA|7'—RB|2 — (x— P, + P, — A)Gas o~ Golr—Rp|?
= Gup(z—P,) e~ Solr—Rpl? .
Gap (P, — Ay)e Gim=Rel (6.25)

_ SASB _ 2
Gap = ¢ Catip Fa=Rs]

CaRs+ (Rp
P =
Ca+CB

(6.26)

(6.27)

These two center integrals (s|@), (p|@), (d|¢), ... are constructed by linearly
combining (gp/im: (r — P)|¢nim) in (6.9). The relationship between spherical and
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Cartesian basis functions are shown in the following formulae.

4
r=— %YM r (6.28)
47
Yy = ?Yi’,l r (629)
4
p=— ?”Ymr (6.30)
47 4 4
2 = —Y55 — 1/ —=Y5 —Y 2 31
x 1522 5120 + g 100 r (6.31)
41 4 4
2= /=Yoo — /=Y. —Y 2 .32
Y 15 22 sra0+ /g |7 (6.32)
167 4
22 = 15 }/2,2 + ?%70> 7’2 (633)
4
Ty = %3/2,—2 r? (6.34)
4
vy = — 1—75TY271 r2 (6.35)
4
yz = — 1—5}/2,_1 r? (6.36)
r=+/x?+y>+ 22 (6.37)
Y = Y, (cos_1 i, tan~! Q) (6.38)
r x

We now have a completed description of the RO integral algorithm. It is
implemented in a C program for long-range exchange energy calculation. We re-
port NV, £ and RO calculation time where — log;, ‘Eﬁ[ o~ /Ex — 1| > 6. Fockbuild
times (traditional algorithm) from Q-CHEM package [107] are also reported for
comparison. The calculation is based on the HF wavefunction/w = 0.1 and is run
on a 2.66 GHz machine with 2 GB DDR2 memory. Center of mass of molecules

are placed at the origin.

6.5 Numerical results

In this section, we report two sets of numerical results. The first is an accuracy
test for three groups of molecules and the second is a scaling test of exchange

energy calculation algorithm.
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6.5.1 Accuracy test

In previous chapters, our systems are either small molecules/big basis sets or
large molecules/toy densities. Only four molecules He, H,, Cg,Hy, and CyqH,,
were considered so far. It is therefore desirable that the test set is expanded to a
variety of molecules and conducted using a chemically sensible basis sets.

For an accuracy test, we choose 6-311G basis and three sets of molecules.

Geometries of these molecules are provided in the Appendix A.

1. Ten selected molecules made of highly electronegative atoms: These
represents a system with elements from the right of the periodic table which
are known to be difficult for HFPT [200].

2. Lithium metal clusters: These represent a system with elements from

the left of periodic table and a system with relatively large exchange energy.

3. Alanine polypeptides: These represent a typical biomolecule. They were
used to test the scaling of calculation time for RI-TRIM [201]. The long-
chain linear molecules and globular molecules are referred to as 1D and 3D

respectively.

The results are shown in Table 6.1. RO significantly reduces calculation time
for all molecules in the study. The most promising case is Li,; where RO long-
range exchange energy calculation is nearly 25 times faster than conventional
calculation.

The overall NV and £ requirement is fairly small but we may make some
further analysis on them. In the n direction, we see that the lithium metallic
clusters require N/ = 4-5, while insulators require only N' = 1-2. Because N is
a parameter that controls the quality of the radial resolution, this confirms the
fact that the exchange interaction is very short-ranged [193, 191, 194] even in our
metallic lithium clusters. In the [ direction, we find that £ grows weakly with
the size of the molecule and a long-chain 1D molecule requires larger £ than a

compact 3D globular molecule of the same size.

6.5.2 Scaling test

How does the RO long-range exchange algorithm scale with respect to the size of
the molecule and with respect to the size of the basis set? We conduct a simple

study on alanine polypeptides to answer this question.
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Table 6.1: N, £ and runtime of RO program

Calculation time/s

N L RO-Exchange Q-CHEM Fockbuild
S,0 2 3 0.05 0.14
SO, 1 3 0.04 0.17
SiF, 1 3 0.05 0.23
P, 2 3 0.12 0.31
PF, 1 4 0.10 0.36
SOCl, 2 4 0.18 0.47
POCI, 2 4 0.23 0.86
CyFq 1 4 0.14 1.44
SFg 1 4 0.13 1.81
PCl; 2 4 0.38 4.53
Liy, 4 6 2.15 16.43
Li,, 4 7 6.84 83.99
Liyg 5 10 65.69 1619.22
1D-tetrapeptide 1 10 5.06 43.43
1D-octapeptide 1 19 49.63 186.15
1D-hexadecapeptide 1 17 174.85 1019.83
3D-tetrapeptide 1 10 5.95 63.37
3D-octapeptide 1 15 26.94 359.62
3D-hexadecapeptide 1 15 103.99 1831.32
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The runtimes of alanine polypeptides from Table 6.1 are plotted in Figure
6.1. Both the conventional and resolution exchange energy calculation scales
approximately quadratically with respect to the addition of monomer units. This
is because the number of significant shell-pairs at large molecule limit scales
linearly with the size of the molecule [126, 125]. With this analysis, the cost
of conventional calculation reduces from O(B*) to O(B?) and the cost of RO
calculation reduces from O(B?*KCN) to O(BKN).

To study the scaling behavior when the quality of basis set is improved, we use
only s and p functions of correlation consistent basis. # indicates that the basis
has been truncated. The 1D/3D alaninetetrapetides and cc-pVDZ#, cc-pVTZ#
and cc-pVQZ+# basis set are used in the calculation and the result is shown in
Figure 6.2.

This figure indicates that RO calculation scales quadratically with number
of primitive functions while conventional calculation scales quartically. This is
because the screening strategy does not work and the number of significant shell-
pairs does not reduce down to O(B). We can regard N as a constant in this

case and the quadratic and quartic scalings are obvious from the formal cost.

6.6 Concluding remarks

In this chapter, we show a general approach to calculate RO auxiliary integrals
and use it for long-range exchange energy calculation. It is the first time that
we time RO calculation against standard quantum chemistry package. Though
the implementation is preliminary and not well-optimized, RO shows a strong
computational advantage of up to 25 times faster than conventional calculation.
Unlike other technique, RO calculation runtime wins over conventional calculation
even for a small molecule containing only a few atoms.

However, the calculation here contains up to p function only and in order to
proceed to higher angular momentum basis function efficiently, one might consider

deriving a recurrence approach to calculate the auxiliary integrals.

Linearization of the product of two spherical harmonics

In this section, we define ¥, = Y™ (r), Yi,, = ¥i,(7) and C’é’foljg, cLie , are standard

m,m’ ,m+m

Clebsch-Gordan coefficient notation.
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For complex spherical harmonic, the linearization is well-known [202].

’ LU AL e
gy _ [CFDEV+T) < 500 mm s
R R

{=max(|l—U"|,|m+m’|)

For real spherical harmonic, we obtain

I+l
I,m,l",m’
YinYim = Pm,m/ E C[ Yvﬁ,am'm/(m-‘rm)‘i’
C=max(|l-U"|,|m+m’])
I+l
1 m’ Cl,m,l/,fmly
(=1 Gm,m’ 0 e
{=max(|l-U|,|m—m'])

where
A,y =sgn(m) sgn(m’) sgn(m + m')
b, =sgn(m) sgn(m’) sgn(m —m')

clml'm’ _ (2L+1)2r +1) Lol

4 - 471_(2[_’_1) 0,0,0~m,m’ m+m’

mTm’
Pt =55 [ (1 -+ 1)

-1 m < 0and m’ <0

0
1 otherwise
(

—1)mtm Upm.m < 0 and sgn(m)sgn(m’) >0
—(=1)mtm’ Apm.m < 0 and sgn(m)sgn(m’) <0
1 otherwise
qm,m’ :rm,rm, S [bm,m/(m - m/)]

)
1 otherwise

V2 m >0

T = 1 m=20

—(-D)™V/2  m<0
s(m) =1/rm,

sgn(m):{ 1 x>0

-1 otherwise

sgn(m)sgn(m’) <0 and m+m' =0

—1m-m bim,ms < 0 and sgn(m)sgn(m’) >0
1

2
-1 m>0and m' <0
0 sgn(m)sgn(m’) <0and m—m’ =0
1 otherwise
(
mem bm,ms < 0 and sgn(m)sgn(m’) <

(6.39)

(6.40)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)
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A remarkable identity

involving Bessel functions
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We consider a new identity involving integrals and sums of Bessel functions.
The identity provides a new way to evaluate integrals of products of two Bessel
functions. The identity is remarkably simple and powerful since the summand
and integrand are of exactly the same form and the sum converges to the integral

relatively fast for most cases. A proof and numerical examples of the identity are

discussed.
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7.1 Introduction

The Newtonian kernel

1

e = =y

r,r7 € R®, (7.1)

is ubiquitous in mathematical physics and is essential to an understanding of both
gravitation and electrostatics [203]. It is central in classical mechanics [204] but
plays an equally important role in quantum mechanics [205] where it mediates
the dominant two-particle interaction in electronic Schrodinger equations of atoms
and molecules.

Although the Newtonian kernel has many beautiful mathematical properties,
the fact that it is both singular and long-ranged is awkward and expensive from
a computational point of view [206] and this has led to a great deal of research
into effective methods for its treatment. Of the many schemes that have been
developed, Ewald partitioning [92], multipole methods [127] and Fourier trans-
form techniques [207] are particularly popular and have enabled the simulation
of large-scale particulate and continuous systems, even on relatively inexpensive
computers.

A recent alternative [1, 2, 3, 4] to these conventional techniques is to resolve

(7.1), a non-separable kernel, into a sum of products of one-body functions

Z Z Yim T’l T 7" Z Z ¢nlm gbnlm ) (72)

=0 m=—1 n,l=0 m=—1

where Y}, () is a real spherical harmonic [9, 14.30.2] of the angular part of three
dimensional vector r,

o0

/Jz+1/2 (tr) Jl+1/2(t7“)

0

J; (z) is a Bessel function of the first kind, and r = |r|. The resolution (7.2) is

computationally useful because it decouples the coordinates r and 7’ and allows

=4 dt, (7.3)

the two-body interaction integral

Elpa, py) = / / pa(r)T (e, ) oo ()i, (7.4)

between densities p,(7) and py(7) to be recast as

l

pm pb Z Z Z AnlmBnhm (75)

n=0 =0 m=-1
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where A, is a one-body integral of the product of p,(7r) and ¢ (7). If the
one-body integrals can be evaluated efficiently and the sum converges rapidly,
(7.5) may offer a more efficient route to E[p,, pp] than (7.4).

The key question is how best to obtain the T; resolution
Ti(r,r') = Val(r)Vu(r). (7.6)
n=0

Previous attempts [1, 2, 3, 4] yielded complicated V,; whose practical utility

is questionable but, recently, we have discovered the remarkable identity (See
Chapter 4.)
> Jy(at)J, (bt = J,(an)J, (b
[R5 e -
0 t — n

where k,, is defined by
1 =

a,be (0,7, v= %, %, g, ... and we take the appropriate limit for the n = 0 term

in the sum (7.7). This yields the functions

() =\ T 12 () Vi), (7.9)

and these provide a resolution which is valid provided that » < w. We note that

Onim vanish for n = 0 unless [ = 0.
If we write (7.7) as an integral from —oo to oo,

/°° J,(at)J, (bt) . i J,(an)J, (bn) (7.10)

t n ’

the summand and integrand are of exactly the same form. There has been a
number of studies in this kind of sum-integral equality by various groups, for
example, Krishnan & Bhatia in 1940s [208, 209, 210, 211] and Boas, Pollard &
Shisha in 1970s [212, 213, 214].

These discoveries were inspired by a practice to “approximate” an intractable
sum that arises in physics by an integral. They realized that the “approximation”
was in fact exact for a number of cases.

In this chapter, however, our goal is the opposite. We originally aimed to
use the sum to approximate the integral and later found that it was exact. Our
identity (7.7) is also considerably different from theirs but we may regard their
[214, (1)] when ¢ = 0 as a special case of our (7.7) when v = 1/2.

The aim of this chapter is to prove an extended version of the identity (7.7)

and demonstrate its viability in approximating the integral of Bessel functions.
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7.2 Preliminaries

The Bessel function of the first kind J, (2) is defined by [196, 3.1 (8)]

N A e 7.11
HZ:OF V+n+1 n'<2) ' (7.11)
It follows from (7.11) that

7, (2) (g) (7.12)

is an entire function of z and we have

2\ Y 1

lim.J, (—) - - 7.13
iy (2) (5 T(v+1) (7.13)

Gauss’ hypergeometric function is defined by [215, 2.1.2]

2 Fy ( “0 ;z) = i(a>k(b)kz—k (7.14)

& =0 (c), KU

where (u), is the Pochhammer symbol (or rising factorial), given by

(u)=u(u+1)---(u+k—1). (7.15)

The series (7.14) converges absolutely for |z| < 1 [215, 2.1.1]. If Re(¢c —a —b) >
0, we have [215, 2.2.2]

a,b \ T()T'(c—a—0)
2F1< ' ’1>_F(c—a)r(c—b)‘ (7.16)

Many special functions can be defined in terms of the hypergeometric function.
In particular, the Gegenbauer (or ultraspherical) polynomials et (x) are defined
by [216, 9.8.19)]

O)fn (2X),, -n,n+2\ 1—-x
CV(x) = ol o F /\_}_5 — , (7.17)
with n € Ny and
={0,1,...}. (7.18)

In this chapter, we will use the following Lemmas.
Lemma 7.2.1. For k € Ny, we have

_ k+1-— 1
=M (1) :(ij—!“)k (1—22) " «

L1 k
2F1<2+ 2 aa ;x2), |z| < 1. (7.19)

2
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Proof. Using the formula [215, 3.1.12]

1 1
2F1< 2a, 2b .m+1> _T(at+b+3)T(3) " ( a,lb ;x2>
2

at+b+3’ 2 F'(a+H)T(b+3)

F(a+b+%)F(—%) 7 a—i—%b—l—%.xz
T (a)T (b) 2 ’

— X

in (7.17), we obtain

92=2h=1D (1 — 2k + 1) T (u — k —k,p—
OS2 () = : (p=2k+5) Pe—k) O e
I (35— k)T (2p — 4k) (2k)! 1

sinceﬁ:()fork:(),l,....

Applying Euler’s transformation [215, 2.2.7]

b — —b
2F1 ( % 71’) = (1 — (L’)Ciaib gFl < ¢ @ ¢ ,ZL’) (722)
C Cc

to (7.21), we get

U2 () 2D (p— 2k + 5) T (p — k)
o I'(3 k)T (2u — 4k) (2k)!

1 LRI
(1 . x2)é pt+2k 2F1 < 2 + )9 ,u+ 'x2> ’ (723)

1 )

2

and (7.19) follows since

27T (p =2k + T (p—k)  (b+1—p),

= . 7.24
I (- k)T (2p — 4k) (2k)! k! (7.24)
O
Lemma 7.2.2. Let the function h(x;a) be defined by
AM 1 - x2 HiQki% C(M_Qk) x O <
h(x;a) = k(@) ( a_2> o (o) =r=a (7.25)
0 a<lz<T
where 0 < a < T,
—1)" (2Kk)IT (pu — 2Kk) 22121
Ay — CD O (e =20 -

a? 1T (2 — 2k) ’
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Re (i) > 2k — % and k € Ny.

2
Then, h(z;a) can be represented by the Fourier cosine series

— J,
h(z;a) = Z“"MT‘% cos (nx) , (7.27)
n=0 <§an)
where Kk, was defined in 7.8.
Proof. For Re(o) > —1,a > 0 and k € Ny, we have [196, 3.32]

/ (1- t2)a_% L7 (t) cos (at) dt = i EZ_kl))!Flgcgl(CQ—io_c)ig) Joyor (@) . (7.28)

Replacing 0 = u — 2k and @ = na in (7.28), we obtain

J, (na) n? Cokel ok
—“(lcm)u = 2@/A’é(a) (1— )72 0l (1) cos (nat) dt (7.29)
2 0
or
2
Ju (naZn% = —/h(:c; a) cos (nx) dz, (7.30)
(%cm) T
0
and the result follows. O

7.3 Main results

The discontinuous integral

o0

t)J, (bt

I(a,b) = / %dt, (7.31)
0

was investigated by Weber [217], Sonine [218] and Schafheitlin [219]. They proved

that [196, 13.4 (2)]

A—v=1pv (tp=Atl vHp—A+1l v—p—A+1 b 2
I (a7 b) ¢ ( : ) ) 2F1 2 ’ 2 ; (_) ) (732)

T (v 1) (AR v+l a

Re(p+v+1)>Re(N) > —1 (7.33)
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and 0 < b < a. The corresponding expression for the case when 0 < a < b, is
obtained from (7.32) by interchanging a,b and also p,v. When a = b, we have
[196, 13.41 (2)]

PIT (Hﬂf—ﬂl) )

AT (A+u;y+1)r()\+ugu+l)F(V—l—,u;r)\—i—l)’

I(a,a) = (7.34)

provided that Re(y + v + 1) > Re (A) > 0. This result also follows from Gauss’
summation formula (7.16) and (7.32).

Theorem 7.3.1. If0<b<a<m, Re(u) >2k—13, Re(v) > —3, k € Ny, and

[e.9]

J, (an) J, (bn) ran\?2*
Sk (a,b) = E Ko =) (7.35)
= (qan)" (3tn) (2)
then,
I'(k+31) Lvkt—p+k (b))’
- B2 (%) ). @
S (a,0) al' v+ )T (p—k+3) ? 1( v+1 7<a> (7:36)

Proof. Multiplying (7.27) by A (b) 2 (1 — é)y_ and integrating from 0 to b,

we get

b
v 22\
Sk (a,b) = —A 1—— 1—; C (a)dx,
0

(7.37)
where we have used the integral representation (7.30). Setting = bt and b = wa
n (7.37), we obtain

1
Sk (a,b) = —A” / (1—£)"7F (1 W) %5 ) (on)dr. (7.38)
0

Thus, we can re-write (7.38) as

2 ey 2T (= 2k )T (k)
Sk (a,b) _?AO (b) Ay, (a) T (% _ k) T (2p — 4k) (2k)!

1
v—i Lkl —u+k
x/(1—t2) LR ( 2+ "2 ot LWt | dt, (7.39)

0

2
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or, using (7.26) and changing variables in the integral,

) (—1)F 22t /7
Sk (a,b) T g2k (L—k+HT(w+HT(5-k)

X /s% (1-s)"2

0

N
N
Y
DN |
+
“PT‘
N |~
|
=
+
w
&
()
V)
N——
QL
»
s
e~
=

Recalling the formula [215, Th. 2.2.4]

o F < a;b ;1:) = %/ﬂm (1 —t)c—d—l o F1 ( ac,ib ;xt> dt, (7.41)

valid for Re (¢) > Re(d) > 0, x € C\ [1,00), we conclude that

(~1)* 2% /7

Sk (a,b) :a2k+1f(u—k+%)r(’/+%)r(%_k)

r 1 Lokl otk
XMQFI 2+ ’ 2 pt ;WQ ] (742)
I'(v+1) v+1
But since [215, 1.2.1]
1 1 i
F(k+§)F(§—k>:(—1) T, k=0,1,..., (7.43)
the result follows. O

The special case of Theorem 7.3.1 in which k£ = 0, was derived by Cooke in
[220], as part of his work on Schlomilch series.

Corollary 7.3.2. If0<b<a<m, Re(u) > 2k — 1, Re(v) > -1 k € Ny, then

[T (at) T, (b8) S, (an) J, (bn)
/ et = > kit T (7.44)
0 n=0

Proof. The result follows immediately from (7.32) and (7.36), after taking A\ =
i+ v — 2k. Note that since for all £ € Ny

Re(p+v+1)=Re(2k+1+X) >Re(1+X) >Re()) (7.45)

and
Re(A\) =Re(p+v —2k) > —1, (7.46)

the conditions (7.33) are satisfied. O
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. 5/2
Figure 7.1: 1 [mm(a’b)} (solid) and Mig(a,b) (dashed), for a = %, 2% 3% and
b€ |0, 2]

max(a,b)

0.20 -
0.15
0.10

0.05

b
Corollary 7.3.3. If0 < a,b<m, and v — % € Ny, then
<7, (an)J, (bn) [, (at)J, (bt 1(2) ) a<bh
A EACD :/—J (at) J { )dtZ{ w(8) o est gy
= n / t w(2) s a=b

Proof. The result is a consequence of Corollary 7.3.2 and a special case of the
integral (7.32) (see [196, 13.42 (1)]). O

Table 7.1: Ry (a,b) for a = w/2 and various b and N’
b

N /4 27 /4 3n/4 A7 /4 b /4 67 /4
1 3.15E-02 1.81E-01 3.15E-02 -2.37E-02 -4.12E-02 -3.09E-2
10 -3.10E-03  2.02E-02 -2.40E-03 1.45E-04 1.74E-03 -1.16E-2
100 | -1.79E-06 2.03E-03 -4.81E-07 -1.39E-07 7.46E-07 -1.17E-3
1000 | 1.81E-09 2.03E-04 4.86E-10 -1.37E-10 -7.46E-10 -1.17E-4
10000 | 1.81E-12 2.03E-05 4.86E-13 -1.37E-13 -7.46E-13 -1.17E-5
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Figure 7.2: Truncation error Ry(a,b) for a,b € [—2m, 27]
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7.4 Numerical results

In previous sections, we have proven the equality of integrals and sums of Bessel
functions. However, before the identity is used in practice, we need to consider
its convergence behavior.

Firstly, the Weierstrass M-test shows that the series converges uniformly
as long as p+ v — 2k > 1 and pu,v > 0 because the numerator is bounded
|J, (at) J, (bt) | <1 [196, 13.42 (10)].

To explore the rate of convergence of the sum in Corollary 7.3.3, we choose

v =5/2. The exact value of the integral is

/Jm( £)Js2(0t) | /|a /|b min(|al, [b]) 1> (7.48)
n max ]a\ b]) '

0

and truncation of the infinite series yields the finite sum

N
My(a,) = 3 Z2 @) Jop (0n) (7.49)

n
n=1

and a truncation error

mini (a 5/2 a
Ry(a,b) = % {ma;("a" 'ﬁ)" } \/T Ly (7.50)

The integral in (7.48) and sum in (7.49) are illustrated in Figure 7.1 and their
difference (7.50) is shown in Figure 7.2 and Table 7.1.

The excellent agreement region in Figure 7.1, an apparently flat plateau in
Figure 7.2, and the decaying error from the 2" to the 7*" column of Table 7.1
strongly suggest that Corollary 7.3.3 is true over the larger domain |a| 4 |b| < 27
for v = 5/2. Additional numerical experiments not shown here suggest that it
is true for all v. Furthermore, we believe that this larger domain conjecture also
applies to Corollary 7.3.2 but we have not yet managed to find a proof for this.

If a and b are in the domain where the integral equals the infinite sum, the

difference (7.50) is only due to truncation and can be recast as

\/‘7\/|7 yo el J5/2(bn) (7:51)

n=N-+1

Table 7.1 reveals that the rate of convergence of the Bessel sum is strongly
dependent on the value of a and b. For b = 27/4 and b = 67/4, the truncation
error appears to decay as 1/A but, for the other values of b, it appears to decay
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as 1/N3. Because a, b are multiples of 7/4, these two convergence behaviors can
be explained analytically by substituting the first sine or cosine term from the
expansion [196, 7.21 (1)] into (7.51). We have examined at other values of a, b in
the |a|] + |b| < 27 domain and found empirically that the decay rate is between

1/N and 1/N3.

7.5 Concluding remarks

We provide a rigorous proof that the identity (7.7) is valid on the square domain
a,b € (0, 7). A numerical study indicates that the rate of convergence of the sum
in the identity is sensitive to the values of a and b and further work to quantify
this would be helpful. Generalization of the identity is possible and should be

explored in the future work.



Chapter 8

Summary and future directions

Niels Henrik David Bohr (1885-1962)
The Nobel Prize in Physics 1922 was awarded to Niels Bohr
“for his services in the investigation of the structure of atoms

and of the radiation emanating from them” [12].

“Those who are not shocked when they first come across

quantum mechanics cannot possibly have understood it.”

— Bohr [221]

8.1 Summary

In Chapter 1, we look back into the history of quantum mechanics and review
attempts to solve the Schrodinger equation since its birth in 1926. Despite the
enormous effort of scientists and mathematicians over 85 years and the exponen-

tially growing computing power, ab initio QM calculations are still very expensive

and limited to moderate-size molecules.
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“Why Schrodinger equations are so difficult?”, we raise this question in the
second chapter. We find that rigl are chiefly responsible for the complexity of
the equations. One approach to avoid this problem is to resolve rlgl into a sum
of ¢r(r;) and ¢i(r;). This chapter reviews three existing works on the resolu-
tions and touches on two related techniques, Cholesky decomposition and den-
sity fitting. We also derive an extension to the resolution theory and devise four
strategies to resolve a symmetric function T'(rq, 79, 012).

In the third chapter, we replace ri’jl in the Schrédinger equations by the
truncated Laguerre resolution and obtain reduced-rank Schrodinger equations
(RRSE). The RRSEs are mathematically simpler objects than the original equa-
tions yet their solutions are chemically meaningful. This is confirmed by HF,
MP2 and FCI calculations on He and H, using even-tempered basis sets.

Though the resolution of Coulomb operator is a theoretically powerful tool
for quantum chemistry, it cannot reach its full potential unless auxiliary integrals
can be generated efficiently. We endeavored to devise an efficient algorithm for
auxiliary integrals arising from Laguerre but to no avail. We later abandoned it
and looked for alternatives. The works in §2.2 and §2.3 were derived during the
quest for a better resolution of the Coulomb operator.

Chapter 4 describes the most important discovery in this thesis. We tried to
construct a quadrature or a sum that approximates 7; which is represented by
an integral (2.46). Instead, we found an exact formula that relates the integral
to the sum and led to the Bessel resolution of Coulomb operator. The resolution
function ¢ are just a product of a spherical harmonic and a spherical Bessel
function. Auxiliary integrals (a|¢y) for spherical density a centered at R are
simply a product of ¢x(R), a resolution function evaluated at R and a(\), a
Fourier transform of a evaluated at .

The Bessel resolution of Coulomb operator is, however, a “quasi-resolution”
which means that it is valid only within a certain domain. We need to scale our
system of interest to fit within the validity domain r; +7r, < 27 to obtain the best
performance. The Coulomb energy calculation on a large nanodiamond molecule
Cg4Hg, shows that the domain restriction can be easily circumvented and that
the auxiliary integral difficulty has been solved.

Because of the success of the resolution of Coulomb operator, we extend it to
the long-range Ewald operator in the fifth chapter. The resolution functions and
the auxiliary integrals are basically in the same form as Bessel resolution of the
Coulomb operator. Having said that, the Bessel resolution of the Ewald operator

is not a quasi-resolution and converges much faster than the Coulomb one.
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We tested it for both Coulomb energy of nanodiamond Cg,Hg, and exchange
energy of graphene Cy4H,, and found that the resolution is exceptionally promis-
ing for long-range exchange energy calculation. This is because our resolution is
capable of exploiting the short-sightedness of exchange interation.

In Chapter 6, we discuss the building up of angular momentum on the basis
function. Unlike the Boys approach in Chapter 3, we derive explicit formulae by
using Fourier transform and Clebsch-Gordan coefficients. The theory is applicable
to any resolution of the form V., ()Y, (r).

We use the explicit formulae to calculate long-range exchange energy. Correlation-
consistent and 6-311G basis set and three representative groups of molecules are
considered. This is a few steps further from the previous work. (In Chapter 3,
we use uncontracted basis sets containing p and d functions, but only on He and
H,. In Chapter 4 and Chapter 5, the two molecules investigated are fairly large
containing over a hundred of atoms but only toy densities are used.)

The implementation of resolution in Chapter 6, though being preliminary and
not well-optimized, wins over a traditional long-range exchange energy calculation
in a standard quantum chemical program.

The seventh chapter revisits the identity involving Bessel integrals and sums.
The similarity of the summand and the integrand is a remarkable mathematical

discovery. We generalize the identity statement and provide a proof for it.

8.2 Future directions

The resolutions of Coulomb operator is a simple yet powerful idea in quantum
chemistry. This dissertation has extended the theory of resolution and created
new efficient practical resolutions of the Coulomb operator and the long-range
Ewald operator. There are three major directions for future research that will

build upon the work in this thesis.

1. Implementation: The resolutions discussed in Chapter 4 and Chapter 5
are ready for an implementation in any quantum chemical methods. In
principle, the resolutions of Coulomb operator can at least perform the
same task as Cholesky decomposition and density fitting that are widely
used in quantum chemistry. However, the resolution have several advan-
tages over other techniques as discussed in §2.4. This research direction,
parallel computing implementation, in particular, will be explored in the

near future.
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2. Theoretical development: This thesis mainly deals with resolutions of

the Coulomb operator and its long-range analogues. However, we provide
a general discussion on the resolution theory in Chapter 2. It opens a
significant possibility for future study. For example, the resolutions of r19

may benefit explicit 715 methods.

. RRSE: It is also possible to explore the use of the resolutions of Coulomb

operator beyond the two-electron integral factorization picture. We stated
in Chapter 3 that RRSEs are mathematically simpler than SEs but still
solved them numerically using traditional methods, HF, MP2 and FCI.
It is worth looking at the possibility of solving RRSEs analytically or even
numerically via other means. This is a more challenging and more rewarding

research question that may remain open for a long period of time.



Appendix A

Computational notes on

special functions

Three-term recurrence relations

A three-term recurrence relation of the form
Yn+1 + AnYn + bnyn—l =0 (Al)

where a,, b, are given sequence of real or complex numbers, b, # 0 and n =
1,2,3,... generally has two linearly independent solutions. [222] The calculation
of one of the solutions by the recurrence relation is usually numerically stable in
one direction but not the other. In his 1952 book [223], Miller suggested that the
Bessel functions are calculated by using the recurrence relation in the backward
direction. It is now known as “Miller’s backward recurrence algorithm” [222] or
simply “backward recurrence algorithm” [224]. The idea, however, can be traced
back to Lord Rayleigh’s 1910 paper. [225] The behavior of the recurrence relation
of this form has been studied by Gautschi [222], Olver [226, 224] and many other
groups [227, 228]
Hermite functions, Bessel functions and associated Legendre polynomials (ALPs)

discussed below obey three-term recurrence relations.

e Hermite functions H_,,, n = 1,2,3,... are closely related to the complex
error functions and the Faddeeva function w(z) = e *"erfc(—2z). We have
obtained an algorithm for H_,, by modifying the algorithm for the Faddeeva
function by Poppe, Wijers and Gautschi. [229, 230]

e The Argonne’s Bessel function code written by Sookne and distributed

through R project [168] is used for calculating spherical Bessel functions.
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A simple algorithm by Thompson [231] cited by Varganov et. al. [2] does

not work for our purpose.

e A spherical harmonic is product of an ALP P/™, a sine or cosine function and
a normalization factor. Since 1960 numerous algorithms for calculating the
ALPs or the modified ALPs have been developed. [232, 233, 234, 235, 169,
170, 148, 236, 237, 238, 239, 240, 241] However, Equation (4.23) requires
that the ALPs are calculated from high to low degree. Thus, the generation
of ALPs using m-only recursion in [169, 242, 170] is modified and used in
Chapter 4. There is no such requirement in other chapters and the algorithm
for the modified ALPs in Numerical Recipe 3™ edition [243] is the preferred
method.

The error function of complex argument

There are several methods for the computation of the error function of complex
argument. [244, 245] Strand algorithm [245] is modified and used for (5.32).



Appendix B

Molecular geometries

Nuclear orientations in this appendix are reported in angstroms.

Mbolecules in Chapter 4 and Chapter 5

Nanodiamond Cg,Hg, Graphene CygH,,

Nanodiamond Cg,Hg,

C  0.000000  0.000000 5.334716
C -0.889119 0.889119 4.445597
C -1.778239  0.000000 3.556478
C -0.889119 -0.889119 2.667358
C  0.000000 -1.778239 3.556478
C 0.889119 -0.889119 4.445597
C -1.778239 -1.778239 1.778239
C -0.889119 -2.667358 0.889119
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0.000000 -1.778239  0.000000
0.889119 -0.889119  0.889119
0.000000  0.000000  1.778239
-0.889119  0.889119  0.889119
0.000000  1.778239  0.000000
0.889119  0.889119 -0.889119
1.778239  0.000000  0.000000
-0.889119 -0.889119 -0.889119
0.000000  0.000000 -1.778239
0.889119 -2.667358 -0.889119
1.778239 -1.778239 -1.778239
2.667358 -0.889119 -0.889119
3.556478  -1.778239  0.000000
2.667358 -2.667358  0.889119
1.778239 -1.778239  1.778239
0.889119  0.889119  2.667358
1.778239  1.778239  1.778239
2.667358  0.889119  0.889119
2.667358 -0.889119  2.667358
3.556478  0.000000  1.778239
-1.778239  0.000000  0.000000
1.778239 -3.556478  0.000000
0.889119 -2.667358  2.667358
0.000000 -3.556478  1.778239
1.778239  0.000000  3.556478
0.889119  2.667358  0.889119
0.889119 -0.889119 -2.667358
3.556478  0.000000 -1.778239
2.667358  0.889119 -2.667358
1.778239  1.778239 -1.778239
3.556478  1.778239  0.000000
2.667358  2.667358 -0.889119
4.445597 -0.889119  0.889119
4.445597  0.889119 -0.889119
-0.889119  0.889119 -2.667358
-1.778239  1.778239 -1.778239
-0.889119  2.667358 -0.889119
0.889119  2.667358 -2.667358
0.000000  3.556478 -1.778239
1.778239  3.556478  0.000000
0.000000  1.778239 -3.556478
1.778239  0.000000 -3.556478
-2.667358 -0.889119  0.889119
0.000000 -3.556478 -1.778239
-0.889119 -2.667358 -2.667358

oNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNONONoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo NN NONONONOINONONONO!



a=fias i asgiasiiias i as flaniiias s jlasilasflla =il o R s O OO N O NN NONoNoNoNo N NoNoNoNoNoNoNoNoNo N NONO N N NONO MO NO NG

-1.778239
-1.778239
-2.667358
-0.889119
0.889119
-3.556478
-2.667358
-2.667358
-3.556478
-1.778239
0.000000
-2.667358
-1.778239
0.000000
-0.889119
-3.556478
-3.556478
-2.667358
-4.445597
-4.445597
0.000000
-1.778239
0.889119
-0.889119
0.889119
-0.889119
-5.334716
0.000000
0.000000
0.000000
5.334716
-3.296670
2.407551
-2.407551
-2.407551
2.407551
-2.407551
0.629312
-0.629312
2.407551
-4.185789
-4.185789
-4.185789
-4.185789
-2.407551
0.629312
-0.629312
2.407551

-1.778239
-3.556478
-2.667358
-4.445597
-4.445597
-1.778239
0.889119
-0.889119
0.000000
0.000000
-1.778239
0.889119
1.778239
1.778239
2.667358
0.000000
1.778239
2.667358
0.889119
-0.889119
3.556478
3.556478
4.445597
4.445597
0.889119
-0.889119
0.000000
5.334716
0.000000
-5.334716
0.000000
-3.296670
-2.407551
2.407551
-2.407551
2.407551
0.629312
-2.407551
2.407551
-0.629312
2.407551
-0.629312
0.629312
-2.407551
-0.629312
2.407551
-2.407551
0.629312

-1.778239
0.000000
-0.889119
-0.889119
0.889119
0.000000
-0.889119
-2.667358
-1.778239
-3.556478
-3.556478
2.667358
1.778239
3.556478
2.667358
1.778239
0.000000
0.889119
0.889119
-0.889119
1.778239
0.000000
-0.889119
0.889119
-4.445597
-4.445597
0.000000
0.000000
-5.334716
0.000000
0.000000
-1.518431
-2.407551
-2.407551
2.407551
2.407551
-4.185789
-4.185789
-4.185789
-4.185789
-0.629312
2.407551
-2.407551
0.629312
4.185789
4.185789
4.185789
4.185789
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0.629312  4.185789  2.407551
2.407551  4.185789  0.629312
-2.407551  4.185789 -0.629312
-0.629312  4.185789 -2.407551
-2.407551 -4.185789  0.629312
-0.629312  -4.185789  2.407551
2.407551 -4.185789 -0.629312
0.629312 -4.185789 -2.407551
4.185789 -2.407551 -0.629312
4.185789  0.629312  2.407551
4.185789 -0.629312 -2.407551
4.185789  2.407551  0.629312
5.074909  1.518431 -1.518431
5.074909 -1.518431  1.518431
-5.074909 -1.518431 -1.518431
-5.074909  1.518431  1.518431
1.518431  1.518431 -5.074909
-1.518431 -1.518431 -5.074909
1.518431 -1.518431  5.074909
-1.518431  1.518431  5.074909
-1.518431 -5.074909 -1.518431
1.518431 -5.074909  1.518431
-1.518431  5.074909  1.518431
1.518431  5.074909 -1.518431
0.629312  0.629312  5.964028
-0.629312  -0.629312  5.964028
0.629312 -0.629312 -5.964028
-0.629312  0.629312 -5.964028
0.629312 -5.964028 -0.629312
-0.629312  -5.964028  0.629312
0.629312  5.964028  0.629312
-0.629312  5.964028 -0.629312
-5.964028 -0.629312  0.629312
-5.964028  0.629312 -0.629312
5.964028 -0.629312 -0.629312
5.964028  0.629312  0.629312
3.296670  1.518431 -3.296670
3.296670  3.296670 -1.518431
1.518431  3.296670 -3.296670
1.518431 -3.296670  3.296670
3.296670 -1.518431  3.296670
3.296670 -3.296670  1.518431
-3.296670  3.296670  1.518431
-1.518431  3.296670  3.296670
-3.296670  1.518431  3.296670
-1.518431 -3.296670 -3.296670
-3.296670 -1.518431 -3.296670
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Graphene CygH,,

Since this graphene is a planar molecule, only x and y coordinates are given.
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0.000000
0.000000
1.212436
2.424871
2.424871
1.212436
3.637307
4.849742
4.849742
3.637307
6.062178
7.274613
7.274613
6.062178
8.487049
9.699485
9.699485
8.487049
6.062178
4.849742
3.637307
1.212436
2.424871
4.849742
3.637307
2.424871
3.637307
2.424871
1.212436
1.212436
4.849742
4.849742
3.637307
2.424871
1.212436
1.212436
2.424871
3.637307
6.062178
6.062178
4.849742

0.000000
1.400000
2.100000
1.400000
0.000000
-0.700000
2.100000
1.400000
0.000000
-0.700000
2.100000
1.400000
0.000000
-0.700000
-0.700000
0.000000
1.400000
2.100000
-2.100000
-2.800000
-2.100000
-2.100000
-2.800000
-4.200000
-4.900000
-4.200000
-6.300000
-7.000000
-6.300000
-4.900000
-7.000000
-8.400000
-9.100000
-8.400000
-9.100000
-10.500000
-11.200000
-10.500000
-9.100000
-10.500000
-11.200000

107



108

onoNoNoNoNoNoNoNoNoNoNoNoNoNONONONoNoNoNoNoNoNoNoNoNONoNoNoNoNoNoNoNoNONONONOINONONONONONO NN

0.000000
0.000000
-1.212436
-1.212436
0.000000
0.000000
2.424871
3.637307
4.849742
7.274613
7.274613
6.062178
8.487049
9.699485
9.699485
8.487049
0.000000
0.000000
1.212436
-1.212436
-1.212436
-2.424871
-2.424871
-2.424871
-3.637307
-3.637307
-1.212436
-2.424871
-1.212436
8.487049
9.699485
10.911920
10.911920
12.124356
12.124356
10.911920
9.699485
8.487049
8.487049
9.699485
10.911920
9.699485
8.487049
7.274613
7.274613
6.062178
6.062178

-8.400000
-7.000000
-6.300000
-4.900000
-4.200000
-2.800000
-12.600000
-13.300000
-12.600000
-11.200000
-12.600000
-13.300000
-10.500000
-11.200000
-12.600000
-13.300000
-11.200000
-12.600000
-13.300000
-9.100000
-10.500000
-7.000000
-8.400000
-4.200000
-4.900000
-6.300000
-2.100000
-2.800000
-0.700000
-9.100000
-8.400000
-9.100000
-10.500000
-8.400000
-7.000000
-6.300000
-7.000000
-6.300000
-4.900000
-4.200000
-4.900000
-2.800000
-2.100000
-2.800000
-4.200000
-4.900000
-6.300000
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7.274613  -7.000000
10.911920  -2.100000
12.124356  -2.800000
12.124356  -4.200000
13.336791  -4.900000
13.336791  -6.300000

7.274613  -8.400000
10.911920  -0.700000
-4.581274  -6.845000
-3.368839  -8.945000
-2.156403 -11.045000
-0.943968  -13.145000
-4.581274  -4.355000
-3.368839  -2.255000
-2.156403  -0.155000
-0.943968 1.945000

1.212436 3.190000

3.637307 3.190000

6.062178 3.190000
10.643452 1.945000
11.855888  -0.155000
13.068323  -2.255000
14.280759  -4.355000
14.280759  -6.845000
13.068323  -8.945000
11.855888  -11.045000
10.643452  -13.145000

8.487049 -14.390000

6.062178  -14.390000

3.637307  -14.390000

1.212436  -14.390000

8.487049 3.190000
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Molecules in Chapter 6

Ten selected molecules & Alanine polypetides

The geometries of ten selected molecules are obtained by private communication with
Deng, one of the authors of [200]. Alanine polypeptides’ geometries are available online

in a supplementary information section of [201].

Lithium clusters

These clusters are body-centered cubic with a metallic radii of 1.496 [246].
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Li,,

Li -1.727432 -1.727432 -3.454864
Li -1.727432 -1.727432  0.000000
Li -1.727432 -1.727432  3.454864
Li -1.727432  1.727432 -3.454864
Li -1.727432  1.727432  0.000000
Li -1.727432 1.727432  3.454864
Li 1.727432 -1.727432 -3.454864
Li 1.727432 -1.727432  0.000000
Li  1.727432 -1.727432  3.454864
Li 1.727432  1.727432 -3.454864
Li 1.727432  1.727432  0.000000
Li  1.727432  1.727432  3.454864
Li  0.000000  0.000000 -1.727432
Li  0.000000  0.000000  1.727432

Li,,

Li  -3.454864 -3.454864 -1.727432
Li -3.454864 -3.454864  1.727432
Li -3.454864 0.000000 -1.727432
Li -3.454864  0.000000  1.727432
Li -3.454864  3.454864 -1.727432
Li -3.454864  3.454864  1.727432
Li  0.000000 -3.454864 -1.727432
Li  0.000000 -3.454864  1.727432
Li  0.000000  0.000000 -1.727432
Li  0.000000  0.000000 1.727432
Li 0.000000  3.454864 -1.727432
Li 0.000000  3.454864  1.727432
Li  3.454864 -3.454864 -1.727432
Li  3.454864 -3.454864  1.727432
Li  3.454864  0.000000 -1.727432
Li  3.454864  0.000000  1.727432
Li  3.454864  3.454864 -1.727432
Li  3.454864  3.454864  1.727432
Li -1.727432 -1.727432  0.000000
Li -1.727432  1.727432  0.000000
Li 1.727432 -1.727432  0.000000
Li 1.727432  1.727432  0.000000

Ligg

Li -3.454864 -3.454864 -5.182296
Li -3.454864 -3.454864 -1.727432



Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li

-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
-3.454864
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
3.454864
-1.727432
-1.727432
-1.727432
-1.727432
-1.727432
-1.727432
1.727432
1.727432
1.727432
1.727432
1.727432
1.727432

-3.454864
-3.454864
0.000000
0.000000
0.000000
0.000000
3.454864
3.454864
3.454864
3.454864
-3.454864
-3.454864
-3.454864
-3.454864
0.000000
0.000000
0.000000
0.000000
3.454864
3.454864
3.454864
3.454864
-3.454864
-3.454864
-3.454864
-3.454864
0.000000
0.000000
0.000000
0.000000
3.454864
3.454864
3.454864
3.454864
-1.727432
-1.727432
-1.727432
1.727432
1.727432
1.727432
-1.727432
-1.727432
-1.727432
1.727432
1.727432
1.727432

1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-5.182296
-1.727432
1.727432
5.182296
-3.454864
0.000000
3.454864
-3.454864
0.000000
3.454864
-3.454864
0.000000
3.454864
-3.454864
0.000000
3.454864
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