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Abstract

The properties of chemical systems can be determined computationally by solving the
physical equations that govern them. This typically requires the calculation of a very large
number of molecular integrals that take various forms depending on the approximations
used. Most of these integrals are negligible and avoiding the calculation of negligible
integrals can increase computational efficiency immensely. In this work, novel upper bounds
and screening algorithms are developed for this purpose. These bounds and algorithms are
applicable to a wide range of quantum chemical theories and can be used in combination
with the state-of-the-art integral approximation methods that are at the heart of today’s
most efficient numerical implementations.

A Schwarz-type bound that captures the decay of four-center two-electron integrals due
to the decreased interaction of distant charge distributions is developed and tested in the
context of Hartree-Fock and range-separated density functional theory, and on four-center
integrals over short-range correlation factors that arise in explicitly correlated theories.

An integral partitioning procedure is developed which leads to extremely flexible upper
bounds, integral partition bounds (IPBs), for molecular integrals over any number of elec-
trons, any number of basis function centers, and various combinations of integral operators.
The procedure allows for the inexpensive calculation of rigorous extents for charge distri-
butions within these various contexts. The IPBs are completely separable into two-center
factors, which capture all the sources of asymptotic decay. This allows for the formulation
of scaling-consistent screening algorithms, even for the three- and four-electron integrals
that arise, e.g., within explicitly correlated Mgller-Plesset perturbation theory (MP2-F12).

The IPBs are used to increase the efficiency and reliability of semi-numerical tech-
niques for calculation of the exchange matrix in Hartree-Fock and hybrid DFT calcula-
tions, where real space numerical quadrature is used to approximate electron repulsion
integrals. Similarly, a framework for very efficient MP2-F12 working equations based on
optimal combinations of resolution-of-the-indentity, density-fitting, and numerical quadra-
ture approximations are given. They reduce the fifth-order formal scaling of the MP2-F12
method to fourth-order, while drastically reducing the cost of the initially most expensive
terms. The resulting equations involve various types of sparse integral tensors which can
all be treated using IPBs, and asymptotically linear scaling implementations are possible.

Furthermore, a Schwarz bound is developed and implemented for screening the novel
four-center two-electron integrals that arise in the treatment of resonance states using the
method of complex basis functions within non-Hermitian quantum chemistry. This is a
crucial step for increasing the efficiency and reach of the method.



Abstract




Contents

[1__Introductionl 1
5
2.1 Foundations . . . . . . . . . . .. 5
[2.1.1 Hartree-Fock Theoryl . . . . . . . ... ... ... ... ... .... 6

[2.1.2  Orbital Spaces|. . . . . . . .. . . . ... 7

2.1.3  Electron Correlation and Correlated Wave Functionsl . . . . . . . . 8

[2.2  Explicit Correlation|. . . . . . . .. . . ... o 11
[2.2.1 Basis Set Incompleteness Errors and Electronic Cusps|. . . . . . . . 11

[2.2.2  Explicitly Correlated Wave Functions| . . . . . . . ... ... . ... 12

[2.2.3  Explicitly Correlated Second-Order Mgller-Plesset Perturbation The- |

| OTY] « o v v o o e 14
[2.2.4  Explicitly Correlated Coupled Cluster Theory| . . . . . . .. .. .. 19

[2.3  Approximations for Reduced Scalingl . . . . . ... ... ... ... .. .. 20
[2.3.1 Resolution-otf-the-Identity Approximation/. . . . . . . . . ... ... 20

[2.3.2  Real Space Numerical Quadraturel. . . . . . .. .. ... ... ... 22

[2.3.3 Integral Screeningl. . . . . . ... ... 23

[2.3.4  Density Screening| . . . . . . . .. ... 28

[2.4  Semi-Numerical Hartree-Fock Exchange|. . . . . . . . .. ... ... .. .. 29
[2.5 Reduced Scaling MP2-F12 . . . . ... ... ... ... ... ... 30
2.6 Electronic Resonances and Non-Hermitian Quantum Chemistry| . . . . . . 37

[3  Integral Partition Bounds for Local Molecular Orbitals| 41
[3.1 Overlap Factors for LMOs| . . . . . . .. ... ... .. ... ... ..... 42
[3.2  Maximal Coulomb Potential of Non-Negative Radial Distributions| . . . . . 45
4__Publications 47
4.1 Publication Il . . . . . . . .. 47
4.2 Publication Il . . . . . .. ... . 59
4.3  Publication Il . . ... ... .o 83
4.4 Publication IVl . . . . . . .. . 93




xii

Contents




Chapter 1

Introduction

The ultimate aim of quantum chemistry is to solve the equations of motion governing
chemical systems, allowing for the understanding and prediction of chemical phenomena.
Because of the small size of the atomic nuclei and electrons involved, quantitative accuracy
can only be achieved by a quantum mechanical treatment, in which the state of the system
is described by a wave function ¥, also known as a state vector. Physical observables are
represented by linear operators whose eigenvectors correspond to possible state vectors.
The eigenvalue of a particular eigenvector is the value of the observable for that state.
In non-relativistic quantum chemistry, the most important operator is the non-relativistic

many-body Hamiltonian H, which corresponds to the energy of the system. For N, elec-
trons and NV, nuclei, # can be written in atomic units as

- N o ZAZB 1 Jo S 7 Jo e 1
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where A4 and A; are the one-particle Laplacians of atoms and electrons, respectively, r 4z,
ria, and r;; are the distances between particles, and Z4 and m 4 are the nuclear charge and
nuclear mass of nucleus A, respectively. The importance of the Hamiltonian arises from
its role in the equation of motion in quantum mechanics, the time-dependent Schrodinger
equation [1]:

o — : (1.2)

ot

which allows for stationary states determined by the time-independent eigenvalue equation

HY = BV (1.3)

In the widely used Born-Oppenheimer approximation [2], nuclear and electronic motion
are separated and the first and most time consuming step becomes the description of the
electronic structure in a field of fixed positively charged nuclei. The electronic states are
then determined by the equation

HY = EV (1.4)
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where the electronic Hamiltonian H takes the form

D W D R TO I e
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Despite the simplifications afforded by the Born-Oppenheimer approximation, solving
requires computationally demanding numerical procedures for all but one-electron
systems. On the other hand, obtaining accurate approximations to these solutions is
essential to a quantitative theoretical understanding of chemical phenomena and has thus
been the focal point of an extensive amount of scientific research since the early 20th
century. This has led to large advances in approximation techniques which, combined with
massive increases in computational resources, means that today a wide array of chemical
problems can be studied theoretically.

This work is concerned with deterministic computational methods in quantum chem-
istry, which can be grouped into two categories that distinguish between the main object of
interest. In so-called wave function methods, one attempts to construct an accurate model
of the many-body wave function W for the state of interest. Many-body wave functions
are in general complicated, highly-dimensional mathematical objects. They are dependent
on 3N, spatial coordinates and N, spin coordinates, which account for the two possible
states of the intrinsic angular momentum of each electron. In addition, the antisymmetry
properties of fermionic states lead to a complex nodal structure.

Alternatively, a large branch of quantum chemistry known as density functional theory
(DFT) aims to describe chemical systems through the ground state electronic density p,
which is a particle density defined on R?, and is constructed by integration over all but
the spatial coordinates of one electron of the electronic probability density |¥|?. Using the
Hohenberg-Kohn theorems [3], one can reduce the problem of determining the ground state
energy to finding the exchange-correlation functional of p that gives the external potential
of a noninteracting system with the same ground state density. Given such a functional,
which must be approximated in practice, the Kohn-Sham equations [4] determine the
optimal one-electron functions for building the electronic density of the non-interacting
system, which can then be used to determine the energy and other properties of the system.

In both wave function and Kohn-Sham DFT approaches, orbitals, i.e., functions repre-
senting one-electron states, play an important role. The orbitals are typically defined as
expansions in a large one-electron basis set, and the determination of electronic energies
requires the calculation of an extremely large number of integrals over such basis functions.
While the integrals themselves can be evaluated quite efficiently, their large numbers can
quickly exhaust the resources of even the most modern supercomputers as the size of the
studied chemical system increases. On the other hand, the inherent sparsity found in
molecular calculations means that a very large proportion of the integrals contribute neg-
ligibly to the final energies. For this reason, integral bounds can be used in combination
with screening algorithms to drastically reduce the computational costs of many quantum
chemical methods. These techniques have a long history in quantum chemistry and have
allowed for the treatment of very large systems.



The main work of this cumulative thesis is comprised of [Publications I-IV| where
integral bounds and screening algorithms are developed and applied in various electronic
structure theories. While this work is motivated by the needs of modern wave function
based methods, the techniques developed are also applicable to hybrid and range-separated
DFT models and applications to theories from both paradigms are presented.

In Chapter [2| a survey of wave function based electronic structure theory is presented
with special attention given to those methods that have motivated the main work. The
central goal of the present work is to allow for efficient and accurate implementations of
so-called explicitly correlated methods [5] 6], which introduce explicit multi-electron inter-
actions not present in traditional excitation-based correlation treatments. These methods
have seen rapid development in the last two decades and have become very effective at
reducing basis set incompleteness errors, which present a difficult problem in traditionally
correlated methods. At the same time, this family of methods introduces complicated
molecular integrals which require new approaches for developing bounds and screening
methods. The R12/F12 explicitly correlated theory [5HE] is discussed in detail, especially
in regards to its application to second order Mgller-Plesset perturbation theory (MP2).
Afterwards, approximation techniques for integrals are discussed which can be used to
drastically reduce the computational effort required in quantum chemical calculations.
Their application to explicitly correlated MP2-F12 and the exchange matrix of Hartree-
Fock theory is outlined. A brief introduction to non-Hermitian quantum chemistry is also
given, as this is the subject of [Publication TII|

In [Publication I, a Schwarz-type inequality is introduced that captures the decay of
four-center, two-electron integrals as the distance between electronic charge distributions
increases. This decay is mediated by a two-electron operator which is traditionally the
Coulombic inverse distance operator 775, but, in explicitly correlated and range-separated
DFT methods, can also be an exponentially decaying function of the inter-electronic dis-
tance ri9, leading to much faster distance decay. The inequality is formulated for a large
class of operator functions F'(r12) covering all the relevant use cases. One drawback of the
bound is that it does not perform as well for integrals that are negligible due to a combi-
nation of operator decay and small basis function overlap within the charge distributions,
and instead works best when one of these factors dominates. To ameliorate this problem,
an integral estimate is introduced that captures both sources of decay simultaneously, but
is no longer a rigorous upper bound. In practice, the estimate is close enough to an upper
bound that it is still very useful. While these bounds and estimates work well for four-
center two-electron integrals, they are not easily generalized to different number of basis
function centers or multi-electron integrals. On the other hand they turn out to perform
extremely well for the typical operators used in range-separated theories.

[Publication II], which can be regarded as the most important and fundamental result
of this work, introduces a completely new integral partitioning procedure that leads to very
general upper bounds for all types of electronic integrals involving any number of electrons
and basis function centers. A hierarchy of bounds is obtained that can be used to formu-
late scaling-consistent screening algorithms with optimal memory space requirements and
time complexity. The screening techniques can be used to treat any integral in explicitly
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correlated methods and thus pave the way for efficient and low-scaling formulations of the
required algorithms. In addition, the generality of the bounds developed here make them
useful beyond the intended application to explicitly correlated methods, and in
ftion TV] they are used to rigorously screen the integrals that arise in the semi-numerical
treatment of Fock exchange. This simplifies the previously used algorithm and allows for
an extremely efficient calculation of the exchange-matrix on graphical processing units
(GPUs).

[Publication ITI|is a collaboration with the Jagau group that focuses on the problems
that arise in complex basis function methods, a subset of non-Hermitian quantum chem-
istry. In non-Hermitian quantum chemistry, an unbounded similarity transformation of the
electronic Hamiltonian H allows one to treat electronic resonance states, i.e., metastable
states with regards to auto-ionization, using the same methods developed for bound states
with only slight modifications. In the method of complex basis functions, the complex
scaling of the Hamiltonian that results from the similarity transformation is approximated
by using a partially complex-scaled one-electron basis set. This introduces new integrals
which could not be treated directly using the screening techniques employed in the corre-
sponding bound state calculations. The integral bound introduced in this work overcomes
the problems associated with the non-Hermiticity of the integral tensor and thus allows
for the application of the usual screening procedures that are essential for treating large
molecular systems.

In Chapter [3| the bounds developed in [Publication Il| are extended to the case of
integrals over local molecular orbitals, which require a numerical, instead of analytical,
calculation for some of the factors involved.

Throughout this work both explicit and implicit summation notation are used. Sum-
mation over indices is implied whenever they appear on only one side of an equation.
“Physicist’s” integral notation [J] is used for molecular integrals over any number of elec-
trons, e.g., for any two real-valued n-electron functions g and h and an n-electron operator
O1..ns

(g|Or..m|h) = del L deng(wl, o 2,)Ornh(z, . xy)

and for 2n real-valued one-electron functions g1, ..., gn, b1, ..., hx,

{gy - .gnlélmnml by = fd:cl . den gi(xy) - .gn(xn)ol...nhl(wl) o hg(2,)

“Chemist’s” integral notation [9] is frequently used for two-electron integrals, e.g., for any
two one-electron functions p and ¢ and a multiplicative two-electron operator G,

(p|Crslg) = f d, j dazy p(@:)G(@r, @) xs)

This notation is also used for two-electron integrals over complex-scaled basis functions in
Section [2.6] where p and ¢ may be complex valued, but integral notation without implicit
complex-conjugation is used. This is because the complex parts of the basis functions are
generally not complex-conjugated in the method of complex basis functions, since they
originate from analytic continuation and not from the use of a complex wave function [10].



Chapter 2

Theory

2.1 Foundations

The numerical solution of equation starts with the explicit definition of an approx-
imate many-body wave function ®, which is motivated by the underlying physics and
mathematical structure. In non-relativistic electronic structure theory, the one-particle
Hilbert space $) is spanned by an orthonormal basis of real square-integrable spin orbitals
¢o;a € N. These functions depend on the spatial and spin coordinates * = (r,w) of a
single electron and are orthonormal with respect to the scalar product:

Gal6s) = | dul@)os(a@i)der = 5us 1)
They are separable in to spatial and spin functions

Pa = (Pa(rl)SOé(w) ) (2'2)
where s, is one of two possible orthogonal spin functions s, € {s™, s }:
JS+(W)8+<w)dw = fs_(w)s_(w)dw =1, fsﬂw)s‘(w)dw =0. (2.3)

From this one-particle complete basis set (CBS), an orthonormal basis for the space of
N-electron wave functions can be constructed as the set of all Slater determinants

¢Oé1 (131> Qbal (wQ) T (bal (wNe>
1 as \ L as \ L az \ LN,
Doy, (®1, - TN,) = ’ 2? ) ¢ QF 2 , ¢ 2<, ) C(24)
N,! : : . :
¢OCNQ (wl) gbaNe (mQ) e ¢aNe (wNe)
with a1 < ay < ... < ay,. This determinant form results from the restriction to anti-

symmetric elements of the N.-particle Hilbert space $y, = ®ZJ-V=‘31J§, which is necessary for
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describing the physics of electrons. Thus, any N.-electron wave function ¥ can be written
as an infinite sum

where 7 runs over all the Slater determinants in the complete basis.

In numerical practice, an basis of infinite size cannot be realized and one is restricted to
the use of a finite set. However, the mathematical structure described above still motivates
most approaches. In this setting, the construction of the finite set of spin orbitals becomes
crucial and, in molecular calculations, their spatial parts are typically expanded in a fixed
set of Gaussian basis functions. The use of Gaussians is motivated by a compromise
between capturing the underlying physics and maximizing computational efficiency [11].

2.1.1 Hartree-Fock Theory

In Hartree-Fock (HF') theory, the wave function is approximated as a single Slater de-
terminant ®pr of N, spin orbitals ¢;, i € {1,..., N.}. The spatial parts, ¢;, of these
orbitals are typically expanded in a fixed, non-orthogonal, atom-centered Gaussian basis
set X, it € {1,..., Ny}, known as atomic orbitals (AOs):

©; = ZCMiXM ) (26)
I

and the expansion coefficients C),; are determined through the variational minimization of

the expectation value

Fue (P | H|Ppr) ’
(Pyr|Pur)

under the constraint of orthonormality, (¢;|¢;) = d;;. This results in the canonical HF
equations

(2.7)

A

foi=eaoi, f=t+i+i—k, (2.8)

with the single-particle Fock operator f comprised of the kinetic energy operator t, nuclear
attraction operator v, and mean-field Coulomb and exchange operators j and k:

. 1 . & i)
toi(@1) = —5An¢i(@1),  0¢i(x1) = ~>.7Za - (2.9)
A

oo = @) 3 [ i, ) = S [ 2L g, 10

In the closed shell Roothan-Hall scheme [12], these non-linear equations are expressed in
the AO basis set leading to the Matrix eigenvalue problem

F'C' = C'e, (2.11)
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where ) 1 )
F'=S8S:FS:,6 C(C'=8:C, (2.12)

S is the overlap matrix with elements S, = (u|v), F is the Fock matrix with elements
F

“w
coefficients C,;, and € is the diagonal matrix of orbital energies ¢;. The use of S =3 has

the effect of representing the problem in an orthogonalized AO basis set and is known as
Léwdin orthogonalization [I3]. Diagonalization of F” leads to a set of NV, spatial orbitals
and corresponding orbital energies. The resulting spin orbitals are called molecular orbitals
(MOs) or HF orbitals. The N, molecular orbitals with the lowest orbital energies are the
occupied MOs used in the HF Slater determinant ®yr. Because the operators j and k
depend on the occupied MOs, the HF equations are solved iteratively by constructing the
Fock operator from the solutions of the previous iteration, starting with an initial guess,
until some criterion for convergence is met. This iterative procedure is known as the self-
consistent field (SCF) method. If convergence is reached, the occupied MOs provide the
optimal representation of the wave function as a single Slater determinant in the chosen
basis. The remaining virtual MOs are interpreted as one-particle excited states.

, = {u|f|v) , C is the coefficient matrix made up of the initially unknown expansion

2.1.2 Orbital Spaces

Table 2.1: Orbital spaces and notation used in this work

Description Indices Cardinality
Atomic orbital basis (non-orthogonal) VA, O N, =N,
HF occupied orbitals 1,7, k,l,m N; = N,
HF virtual orbitals a,b,c,d N,
Arbitrary HF orbitals D,q, T, S N,
Complete one-electron basis set (CBS) a, 3,7y o0
Approximate CBS-spanning auxiliary set (non-orthogonal) P, Q, R, S Np
Complement of HF space in CBS, o, By e
span({a’}) = span({a})\span({p})

Approximate complement-spanning auxiliary set (CABS) p”,¢", 7", s" Ny
(orthogonal)

Approximate CBS-spanning auxiliary set (orthogonal) p/ ¢/, 7", s Ny

('} = {p} v {p"}

The remaining discussion will rely heavily on the distinction between different sets
of orbitals and their relation to the HF procedure. Table serves as a reference for
understanding the notation for the different orbitals and orbital spaces used in this work.

Particularly important for explicitly correlated theories is the distinction between the
space spanned by the HF orbitals and the infinitely dimensional complementary space of
functions outside of this span. This complementary space is spanned exactly by an infinite
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set of orthogonal orbitals {«/}, and approximately by the finite orthogonal complementary
auxiliary basis set (CABS) {p”}, which is constructed to be orthogonal to the set of HF
orbitals {p} [14]. The union of the HF and CABS orbitals {p'} = {p} U {p”} thus builds an
orthogonal set of orbitals which approximately spans the complete one-electron space.

2.1.3 Electron Correlation and Correlated Wave Functions

The HF equations represent a mean-field treatment that neglects all but the exchange-
type Fermi-correlations between same-spin electrons, which are necessary for an antisym-
metric wave function. The electron-electron Coulomb interactions are treated in an aver-
aged manner, so that the Coulomb repulsion is underestimated in regions of R*V¢ where
two (or more) electrons become close. While the HF wave function often represents a qual-
itatively good approximation, an accurate description of the missing Coulomb correlation
is required for quantitative accuracy. Traditionally, and in the following discussion, the
correlation energy is defined as the difference between the exact non-relativistic energy of
the system and the complete basis set HF' energy.

Configuration Interaction

A straightforward way to include correlation effects is provided by configuration interaction
(CI) wave functions. A CI wave function is defined as an expansion of Slater determinants
within the orthonormal HF orbitals. Because the HF Slater determinant typically provides
an accurate description of the system, the resulting HF orbitals are seen as an appropri-
ate candidate for a finite Slater determinant expansion. In the case of full configuration
interaction (FCI), all possible determinants are included. The resulting approximate wave
function can be written as

Bper = (1 + anaTaz + ) dtalaala; + Y. cfvalaalaala, + . )Pur . (2.13)
1<j i<j<k
a<b a<b<c
Here, the indices 7, 7,... and a,b,... are used for occupied and virtual MOs respectively.

The annihilation operator a; removes an electron in the state ¢; from a Slater determinant,
while the creation operator a! adds an electron in the state ¢,. The resulting determinants
are known as singly, doubly, triply, etc., excited determinants and all possible excitations
are included. Linear variation can be used to determine the optimal expansion coefficients
(c2, c?jb, cf]b,j, ...) and this results in the best possible approximation of the exact wave
function within the given one-electron basis. In practice, FCI is computationally unfeasible
for all but very small systems, because the number of determinants grows factorially with
the number of spin orbitals [11]. The computational scaling of the method with respect to
the number of electrons can be reduced by restricting the number of allowed excitations,
but this leads to the loss of size consistency [11].
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Second-Order Mgller-Plesset Perturbation Theory

Another approach to electronic correlation is to treat the electron-electron interactions
using perturbation theory. In the case of Mgller-Plesset perturbation theory, the electronic
Hamiltonian (excluding nuclear repulsions) is written as

H=Hy+U, (2.14)
where
R Ne R A Ne 1 Ne R
Hy = > fi, U= —- (i — ki) - (2.15)
i i<j Y i

The unperturbed Hamiltonian H, is the sum of the Fock operators for each electron and,
for any Slater determinant ®,, . made up of a subset of HF orbitals ¢, , k € {1,..., N},
one has

sPNe

HO P1,--PNe Zepk P1y--sPNe (2'16)

which is taken as the zeroth-order (unperturbed) eigenvalue equation, with the ground
state being given by the HF determinant of occupied MOs. The operator U is treated as a
perturbation to . A Taylor expansion of the ground state energy and wave function
in the order of the perturbation leads to first-, second-, and higher-order corrections to the
unperturbed ground state energy and wave function, which define approximate solutions
to the full eigenvalue problem. The zeroth-order energy is simply the sum of occupied
orbital energies and adding the first-order energy correction to this sum gives exactly
the HF energy, so that the second-order correction to the energy, Fyps, is the first to
introduce electronic correlation. The first-order correction to the wave function is expanded
approximately in the full set of excited HF determinants and intermediate normalization
[T1] leads to the following expression:

@HFH N fil®,
Z|< | S Frl @l

: 2.17
1 6’5) Ep ( )

where p runs over all the excited determinants ®,, with their corresponding zero-order
eigenvalues (sums of orbital energies) denoted as E,. The second term in the numerator
vanishes in all cases, while the first is only non-zero in the case of double excitations, so
that the expression simplifies to

[Cijlris [lab)l®
E = E 2.18
M2 2”, €t e —€—€ (2.18)
ab

where [|ab) is an antisymmetrized two-electron state ||aby = 272(|aby — [ba)).
It is noted that the MP2 energy correction can be written as a sum of pair energies

Evpy =3, € ey, where the definition of e}j"? is evident from equation (2.18)). In Section
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(2.2.2)), the fact that the second-order pair energies e;; can also be obtained as the minima
of the variational equations

T[] = Cugg| fr + fo — € — €;luiy + 2Cugs|gua lig) (2.19)

is used to introduce explicit correlation to MP2 theory. Here, the ij are the second-
order Hylleraas pair functionals [I5], and the u;; represent abstract two-electron states.
Variational minimization of ij with respect to u;; gives the exact second-order correction
egf*t. In the MP2 formalism, €f3* is only reached in the limit of a complete basis set,
where the expansion of the first order wave function in the doubly excited determinants

is exact. The standard MP2 pair energies are recovered from the Hylleraas functionals by

using the linear ansatz
uptt?y = >t |ad) | (2.20)
a<b

and minimizing the ij with respect to the amplitudes t?}’

Coupled Cluster Theory

The coupled cluster (CC) method is currently the most successful way for accurately treat-
ing electron correlation for systems whose ground state is described well by a single deter-
minant. Similar to CI, the CC wave function is expanded in terms of excited determinants,
but instead of a linear expansion one uses the exponential form

(I)CC = exp(T)Q)HF y T = Tl + TQ + ..., (221)

where the excitation operators

Ty = Zt ata;, Ty = thj alaala;, ... (2.22)
" ah

also appear, albeit in a linear fashion, in the CI wave function . The advantage over
CI is that the operator T can be truncated to a given order n, i.e., T~T0 =30 Tk,
without sacrificing size consistency, while retaining high accuracy. ThlS is because the trun-
cated wave function still contains all possible excited determinants as a consequence of the
exponential form. The amplitudes of the determinants not included in T are approximated
naturally as sums of products of those that are included, which reduces the computational
cost relative to FCI drastically. One trade-off of the CC formalism is that a variational
optimization is no longer computationally feasible and, instead, equations for optimizing
the amplitudes are obtained by projection of the similarity transformed equation

exp(—T ™) H exp(T™)|®ur) = Eco|Pur) (2.23)

onto the set of excited determinants up to order n. The CC energy is obtained by projection
onto the HF determinant:

ES) = (@yp| exp(—=T™)H exp(T™)|®yp) . (2.24)
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This procedure leads to tractable equations for the amplitudes but the CC energy is no
longer variational and may, therefore, be lower than the exact energy. This drawback is
usually compensated for by the high accuracy of the method.

2.2 Explicit Correlation

2.2.1 Basis Set Incompleteness Errors and Electronic Cusps

The correlated methods presented in Section all suffer from rather large basis set
incompleteness errors (BSIE) and prohibitively large one-electron basis sets are needed to
reach their full potential. To increase the size of the basis towards completeness, shells of
functions with increasing total angular momenta L are added. The nodes of these functions
give the basis set more flexibility to describe correlation but the convergence for correlated
methods can be shown for atoms to go as O((L + 1)73) [16-20], which is rather poor. At
the same time, increasing the size of the basis set causes large increases in computational
cost.

The reason for the slow convergence of the correlated energies with the size of the
basis set has been known for some time. In 1957, Kato [21] was able to characterize the
regularity of exact eigenfunctions of H, showing that their partial derivatives are singular
at the points where two electrons coalesce, and that the dependence of the wave function
on the inter-electronic distance 15 near the coalescence points is linear. This analysis and
further work [22] 23] led to the formulation of the s- and p-wave cusp conditions, which
state that in regions close to electron coalescence (113 ~ 0),

W _ "2 g0 2
Py = 305+ 1>\If + O(ry) (2.25)
where, s = 0 for singlet and s = 1 for triplet states, and W) is the first order correction
to the zeroth order wave function ¥ in a perturbative treatment in which the electron-
electron Coulomb interaction is treated as the perturbation to a bare nucleus Hamiltonian.

The form of the exact electronic cusp for the coalescence of the two electrons of the
helium atom is shown in Figure [2.1, where the slow convergence of CI expansions at the
coalescence point is demonstrated.

This slow convergence of excitation based correlation energies means that chemical ac-
curacy is almost impossible to reach by simply increasing the size of the one-electron basis
set. However, due to the relatively predictable nature of basis set convergence, correlation
energy extrapolation techniques [24-26] can be used in combination with Dunning’s corre-
lation consistent basis sets [27] to obtain near CBS results. Another, often more efficient,
way to reach the CBS limit is to go beyond the restriction to antisymmetric products
of one-electron functions. It is well known that the correlation cusp can be represented
much more efficiently, i.e., with fewer terms, when basis functions are included that depend
inseparably on two electrons. Wave functions that include terms explicitly dependent on
inter-particle distances show much faster convergence with respect to the one-electron basis
set.
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Figure 2.1: Exact angular correlation cusp and convergence of a CI description with basis
sets of increasing maximum total angular momentum n,.,. Reprinted with permission
from Ref. [5]. Copyright 2012 American Chemical Society.

2.2.2 Explicitly Correlated Wave Functions

Explicitly correlated wave functions are defined by the inclusion of terms explicitly de-
pendent on electron-electron distances. The first arguments for including such terms were
made by Slater in 1928 [28], whose analysis of the wave function of helium led him to
suggest multiplying the wave function by the factor exp(—%rlg) in order to account for the
Coulomb singularity at coalescence. Interestingly, this ansatz fulfills Kato’s cusp conditions
for helium exactly, despite the fact that these would only be formulated many years later,
in 1957. The first practical calculations employing explicitly correlated wave functions
were published a year later, in 1929, by Hylleraas [29]. Hylleraas had previously failed to
satisfactorily reproduce experimental results of the ionization potential of the Helium atom
using a Cl-type expansion [30], and had discovered that by including odd powers of 715 in
his expansion, he could reduce the discrepancy with experiment to 0.01eV using only a
very compact six-term wave function. This breakthrough provided strong evidence for the
validity of wave mechanics but proved his method proved difficult to extend to polyatomic,
many-electron systems, where the inclusion of products of inter-electronic distances leads
to highly-dimensional integrals over 3N, variables.

More tractable, but still highly accurate explicitly correlated methods were then devel-
oped for studying few-electron atoms. One example is the Hylleraas-configuration interac-
tion (Hylleraas-CI) method [31H35], which has been used for one-center systems with up
to ten electrons [36]. In this method the wave function is defined generally as

Vmax Ne
U = Z{)ZC”’”ZTZ(I)"’ (2.26)
v=0 n 1<J

where n runs over a predetermined set of Cl-type Slater determinants {®,}, typically
Vmax = 1, and the optimal coefficients C,,, are determined through variational optimiza-
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tion. The restriction to terms containing only one inter-electronic distance means that
only up to four-electron integrals are required, but the computational cost of the method
remains very high. Another class of explicitly correlated methods is obtained from ex-
ponentially correlated Gaussian (ECG) wave functions [37H41], which employ spherical
Gaussian geminals in a variational ansatz. The wave function takes the form [5]

U= oy, (2.27)
k

Ne
O = AXP exp(— Z Bijkrfj) H i (T3) (2.28)
=1

i<j i

where A, X, and P are the N,-electron antisymmetrizer, spin-function, and symmetry
group projector, respectively. The g;, are Cartesian Gaussian basis functions, which are
explicitly correlated through the Gaussian geminals for each electron pair. The use of
Gaussians means that the electronic cusp is not captured exactly, but allows for the ana-
lytical computation of many-electron integrals. Still, the costs remain high, and the main
drawback is the need for non-linear optimization of the geminal exponents.

Also of note is the family of transcorrelated (T'C) Hamiltonian methods first proposed by
Boys and Handy [42] and recently revisited in Refs. [43-46]. Here, the explicitly correlated
terms are folded into the Hamiltonian through a similarity transformation of the form:

]:ITC = e_FﬁeF, F= Z f(ri,rj), (229)

1<j

where f is a two-electron correlation function. The function f can be chosen such that
the transformed Hamiltonian has no singularities, but a drawback is that Hrc contains
three-electron interactions and is a non-Hermitian operator, so that one must abandon the
traditional variational approach when solving for its eigenfunctions.

The most successful explicitly correlated methods are based on the so-called R12
method introduced by Kutzelnigg and Klopper [7, 8], which introduces explicitly correlated
terms as non-variational corrections. Modern versions of their theory replace the original
linear correlation factor r15 with a more suitable general r5-dependent correlation factor
typically denoted Fis. For this reason, these methods will be referred to as F12 methods
in this work, as has become standard practice [5l, [6]. A breakthrough in Kutzelnigg and
Klopper’s approach was the realization that resolution-of-the-identity (RI) approximations
(see Section can be used to reduce the resulting three- and four-electron integrals
to sums of products of two-electron integrals. The application of their work to the MP2
correlation energy is discussed in the following section ([2.2.3]), with emphasis placed on
the general theory and an Rl-free formulation. In Section [2.2.4] the explicitly correlated
correction to coupled cluster theory, which is closely related to the MP2-F12 correction, is
discussed briefly. The manner in which RI is applied to simplify the resulting F12 terms
is discussed in Section [2.5] along with possibilities for reducing the scaling of the method
further.
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2.2.3 Explicitly Correlated Second-Order Mgller-Plesset Pertur-
bation Theory

The most straightforward way to introduce Kutzelnigg and Klopper’s R12/F12 method
is within MP2 theory. In MP2-F12 theory, the explicitly correlated terms are introduced
at the level of the first order wave function correction in the Hylleraas pair functional.
Whereas the typical MP2 energy is obtained from the pair functional in equation (2.20),
in the MP2-F12 formulation the following pair functional is used:

ubP2-FIZy | MP2y |, F12 2.30
= 2 tab\|ab> + 2 ! Q12 Fua|(Sayy)) - (2.31)
a<b <y

The explicitly correlated functionals |u;}'*) are linear expansions of antisymmetrized gem-
inal states Fia(|r1 — 72|)||zy), where the geminal generating orbitals, x and y, typically
run over the (active) HF occupied space in ground state calculations. The orthogonality of
the geminal states with respect to the HF occupied space, and with respect to the double
excitations within |uMP2> is assured by the strong orthogonality operator

Q12 = (1 —61)(1 = 62)(1 — ¥1%2) , (2.32)

where 0,, and v,, are the projectors of the n-th electron onto the occupied and virtual HF
spaces, respectively:

On e Ty ) = Z(bi(rn)(J(bi(rn)g(. T .)drn) (2.33)
Gn g Ty ) = Zgba(rn)(fqba(rn)g(...,rn,...)drn> . (2.34)

While the projection onto the complement of the doubly occupied space provided by
the term (1 —061)(1 — 62) is necessary for orthogonality to the reference configurations, the
removal of the double excitations through (1 —¥;¥5) is used to decouple the MP2 and F12
corrections as much as possible.

The rational generator

X 3 1.
Sxy = § + gpzy (235)
Pryou(11,01)0y(12,02) = ¢p(T2,01)Py(11,02), (2.36)

which was introduced by Ten-no [47], ensures the simultaneous fulfillment of both the s-
and p-wave coalescence conditions.

The optimization of the MP2-F12 parametrization of the Hylleraas pair functional,
J7 g, MP2=F12] "with respect to t%’ and ¢;7 leads to the following weakly coupled amplitude
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equations:
b b brad b rk bl b
V;?y + leyt?;’ + Byaciit — Xoucry ik — X Vel Jl =0, (2.38)

where v and w are further geminal generating orbitals and the F12 intermediates are defined
as

By = <(S$yxy)|F12Q12(f1 + f2)@12F12|!(ngvw)> 2.39
X = <(S’xy$y)|F12Q12F12’|(vav’w)> 2.40
Vi’ =5

ngl; - <ab|(f1 + f2)@12F12||(§xyxy)>
g5y = Cablriy'||if)
fe = <lfla
For the amplitudes that satisfy equations (2.37) and (2.38), the second-order energy

correction is given by

(2.39)
(2.40)
Seyty) | FioQuarty |li) (2.41)
(2.42)
(2.43)
(2.44)

_ fijab ij X
Enpa-r12 = go tij + VJy”Ci]fy (2.45)
In practice, one usually avoids the need to optimize the geminal amplitudes cfj” by using
the fived amplitude ansatz [47, [48]:
il = 0,0] (2.46)
which fulfils the cusp conditions, gives accurate results, and reduces computational de-

mands drastically [5] [6, 48]. Using canonical orbitals and fixed geminal amplitudes, solving
(2.37)) leads to the corresponding optimal double excitation amplitudes

9Oy (2.47)

€q T € — € — €

ab __

The residual of equation (2.38)) then becomes:

gy + clyrer

R e e, T XSS (2.48)
and the second-order correction is
Enpa-r12 = gZth?j’ + VI + IR (2.49)
- gg)ﬂ‘tg]b + I/ZJ + sz (2.50)
_ _92?9?}’ + 292;7]0;1} + CZZJC%b n 2Vi§j n ij _ X;Zfik _ Xfffgl _ (2.51)

€q T € — € — €
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Two approximations that are often employed in the context of MP2-F12 theory are
the generalized Brillouin condition (GBC), which assumes that the Fock matrix element
between an occupied orbital and any function o’ outside the span of the HF orbital set
vanishes,

/

i ~0, (2.52)

and the extended Brillouin condition (EBC), which assumes the same for a virtual orbital,

0. (2.53)

While the GBC is typically a much better approximation than the EBC, both become
better as the size of the HF orbital basis set increases.

The EBC is often used to simplify equation further, since the elements of Cg
vanish under the EBC, leading to

Tij _ab
EEBC Yab Yij V“ B“ )(“ k XH l
MP2-F12 = — . + 2 i;‘] Zj] ilcjglz lejj : (254)
€q T € — € —€;

Equation represents one of the simplest explicitly correlated corrections for ef-
ficiently approaching complete basis set MP2 results using moderately sized one-electron
basis sets. However, already here, a plethora of new integrals are contained in the F12
intermediates that are not present in traditional quantum chemistry.

Approximation-Free Integrals in MP2-F12

For the sake of completeness, the various two-, three-, and four-electron integrals needed
in an exact evaluation of the fixed-amplitude F12 correction are now given.
The underlying terms within the V', X, and B intermediates take the form

Vil = (| FraQuaris kD) (2.55)
Xl = (ij| FiaQua Fo| k1) (2.56)
By = (ij|Fi2Qu2(f1 + f2)QuaFro|kl) (2.57)
and, in the fixed amplitude approach, only the diagonal direct-type Vg, ng i BZ, and

diagonal exchange-type V;{, P i B;jl terms are needed.
Inserting the definition of ng gives the following expressions for the direct V and X

terms,

)

X:rzflm :(Eﬂrim + fgfﬁfj - .F;ifﬁlb] — <2]k|F12F23\k]m> — <jlk|F12F23‘kmj>) flm s (259)

J

Vi =FG + FGE — FiGe — (ijk|Fiorys |kjiy — (jik|Frarys [kig) (2.58)
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where

Gri = (pqlriyIrs) (
Fry = (pq|Fiz|rs) (
FGEL = (pq| Frarpy |rs) (2.62
JFE = (pq|FiaFralrs) (

The exchange-type expressions are obtained by exchanging the positions of ¢ and j for V

terms or m and j for X terms in each ket. The last two terms in equations and

contain three-electron integrals that result from the single projectors 6; and 6,.
The B” and B; A . integrals are by far the most complicated expressions due to the presence

of the Fock operators alongside the projectors in Q12 These terms contain novel integrals
over two, three, and four electrons. To derive these integrals, it is first observed that one
only needs to consider expressions coming from the f1 operator, since the f2 terms can be
related to them by

<ij|F12Q12f2Q12F12|ij> = <ji|F12Q12f1Q12F12|ji> ) (264)

which is obtained by simply switching the electron indices 1 <> 2 and using the symmetry
of ng and Fio. The operator Q12f1Q12 within B” contains the follwing terms:

+Ji1 _]ilél —Ji162 +Ji16162 —Ji1</1‘72
—61Ji1 +61Ji161 +61Ji162 —61f:16162 +61Ji1\71\72
—62]i1 +62]i161 +62]i162 —62]i16162 +62]i1\71\72 (2.65)

+0102f1  —0102/101 —0162/102  +0102/16102 —0102f1V1V2

—ViVaf1 +ViVa 101 +V1Vaf102 —V1Vaf10102 +ViVaf1V1Va
By permutating commuting operators, using the idempotency of projectors, the relations
OnVn = VpOp = Onann = annon =0 ) (266)

and removing canceling terms in the third and fourth rows, (2.65)) simplifies to:

+]€1 —f:161 —flég +]f16162 —]?1‘71\72
—01f1 +01f101 +0102f1 —01f10102 0
0 0 0 0 (2.67)
0 0 0 0 0
—1 92 f1 0 0 0 +91f19192

Therefore, leleu can be written as
Qu2f1Q12 =f1 — f162 (2.68)
+ T (= f161 + f16102 — f1¥1%2) (2.69)
+ 01.f161 — 0116109 + ¥1 11 ¥ (2.70)
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where the linear operator T adds the transpose, e.g., Tflf)l = f161 + élfl. The terms in
(2.70)) involve only standard Fock matrix elements and evaluate to

(ij| Fia01 161 Fialify = (ijk|FiaFys|lji) f, (2.71)
(ij| F1261 f106100 Fialif)y = 2 frFEm (2.72)
(ij| Fio¥1 frin¥aFia)ig)y = ]:;%fg]:;;b : (2.73)

The rest of the terms contain non-standard Fock matrix elements and they must be split up
into the kinetic energy, nuclear attraction, exchange, and Coulomb operator contributions
for exact evaluation. The terms that lead to at most two-electron integrals evaluate to

. A . 1, . . 1, . ..
(ij| Fiati Fiolig) = §<ZJ|(V1F12 Vi Fh)|ij) — §<Z]|F122|(AZ)J> (2.74)
(ij| Fratn Fraligy = = " Zadij| Fiyrialig) (2.75)
A
. o . . 1, . 1,. . .
(ij| Fiat1 (6102 — V1V2) Fiolif) = —§<U|F12|(Ak)l>]:¢l§l + §<U|F12|(A@)b>]'—ijb (2.76)

(i Fraby (0160 — ¥192) Fualig) = = ) (| Frar s [RDFS + > Gij| FrorydlabyFed . (2.77)
A A

Up to three-electron integrals result for the follwing terms:

Cij|Fra Fraligy = (k| Fioriy |ighy (2.78)
<Z]|F12]%1F12|Zj> = <Zjl€|F12F237’1_31|k3‘]Z> (279)
o p oA - L, . g
<Z]‘F12t101F12‘Z]> = —§<Zjl€‘F12F23|(Ak’)jZ> (280)
(i| Frat161 Fialijy = = . Zalijk| FiaFagryAlkyji) (2.81)
A
o h oA . L, . o
<Z]|F12t102F12|’L]> = *§<Z‘]k"F12A1F13|Zk"]> (282)
L, . o
= —§<Zjl€‘F12(A1F13)|Z]€j> (283)
— (ijk|F1aV 1 Fig - [(Vi)kj) (2.84)
L, . N
- §<Z]k7|F12F13\(A@)k]> (2.85)
(2.86)

(ij|Fia0102 F1alij) = — 2 Zalijk|FiaFiary i )ikj)
A

<l]|l 12j1(6162 :1:2)1 12|Zj> <ij|l 127 131|klm>‘; ik'l <Z]k|l 12 131|CL(II{J>.; i'b (28‘)
J J

<Z]“ 12k1 (OAIOAQ :1:2)1 12|Zj> <ij|l 127 131|mlk>‘: z'k'l <Z]k:|l 12 131|kba>‘; i'b . (288)
J J
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The remaining four terms lead to four-electron integrals

(| Fraj161F1a|ij) = (ijkl| Fio Fagriy [k jil)
(15| Frok16y Fiolig)y = (ijkl| FigFasrit|ljik)
(| Fraj162Faij)y = (ijkl| FioFigriy likjl)
(15| Fioky69 Fyalig)y = (ijkl| FygFaqrii|lkji).

Many of these integrals also arise in the Hylleraas-CI method and their calculation
within this context has been described in Refs. [49H52] in terms of a linear ansatz Fio = 712.
Their calculation for general correlation factors is also discussed in Refs. [43], 53H61]. Due
to their high cost, the three- and four-electron integrals are typically approximated in some
form or another, see Section

2.2.4 Explicitly Correlated Coupled Cluster Theory

The application of the R12/F12 approach to coupled cluster theory (CC-F12) [62H65]
is achieved by including excitations into explicitly correlated configurations. The wave
function ansatz is given by

A

q)CC7F12 = exp(Té@wa)(I)HF y ngwa = R + Tl + TQ + ...+ Tn R (293)

with the excitation operators Ty, T, etc., defined as in regular CC theory (see eq. (2.22))
and the explicitly correlated excitation operator R defined as

R=> A, (2.94)
i<j
<y
where the ¢, are the geminal amplitudes and the ;7 describe two-electron excitations
into orthogonalized geminal configurations:

i3y = Qu2Fual (Seyy)) (2.95)

One proceeds as in regular CC by formulating the similarity transformed Schrédinger
equation

exp(—T o0 1) H exp(To0_p12)| Py = Eco—ria| Prr) (2.96)

and projecting onto conventional singly, doubly, etc., excited determinants, as well as onto
the linear geminal functions produced by ’A)/ij|(I)HF>a leading to equations for determining
the excitation and geminal amplitudes. In practice, the most common choice is n = 2 so
that the 7' operator is restricted to single and double excitations (CCSD-F12). In CCSD-
F12 theory, in addition to the V', X, C, and B intermediates needed in MP2-F12 theory,
additional intermediates result that are of similar complexity to the B intermediate. They
can be factorized using the methods in Section [2.3|and screened using the bounds developed
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in [Publication TI, However, there exist various very good approximations to full CCSD-
F12 that only require the intermediates of MP2-F12 theory [66H71]. As in MP2-F12 theory,
the use of Ten-no’s fixed amplitudes leads to great savings and is standard practice [0],
and the approximate CC-F12 methods show the same scaling with the system size as the
base CC method. In contrast to MP2-F12, the cost of the CC-F12 calculations is not
significantly higher than the base coupled cluster calculation, making the F12 correction in
this context even more attractive. Due to the large overlap between the F12 corrections of
MP2 and CC theories, the methods aimed at reduction of the scaling of the F12 correction
presented in this thesis are also directly applicable to CC-F12 methods.

2.3 Approximations for Reduced Scaling

The overarching goal of quantum chemistry, to accurately characterize and simulate chem-
ical systems of practical interest, requires the development of computational methods that
exhibit low scaling with the size of the system M. M is used here as an abstract measure
that generally corresponds to the number of atoms in a system, but not always to the
number of basis functions used, since the latter may increase without adding more atoms
by simply choosing a larger basis set. However, the scaling with the size of the basis set is
also an important property that can be reduced by the integral factorizations introduced in
this section, but not through integral screening, which relies on increasing spatial distances
between basis functions.

The calculation of the four-electron terms that arise in MP2-F12 theory scales formally
as O(M?®) in the AO basis, which is formidable considering that even the formally quartic
scaling of the uncorrelated HF method (Sec. can become intractable for moderately
sized molecules if integral screening or other approximations are not used. The root prob-
lem of steeply scaling methods is that the size of systems that can be treated increases
unacceptably slowly with increases in either compute time, memory size, or processor num-
ber and speed, so that improvements in computational resources alone cannot be relied
upon to extend the reach of quantum chemistry. To overcome the resulting computa-
tional wall, the scaling of most methods can be reduced by using accurate approximations
and additionally avoiding the calculation of negligible contributions to molecular energies
through integral and density based screening. In many cases, the asymptotic scaling can
be reduced to linear using these methods.

2.3.1 Resolution-of-the-Identity Approximation

The identity operator 1 on the space of one-electron functions can be resolved exactly, with
respect to an electron n, by the CBS projector

G G Ty ) = Za(rn)<fa(rn)g(. T .)d'rn> . (2.97)

«

In the resolution-of-the-identity approximation (RI) [T2-76], &, is approximated as the
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projector onto the subspace spanned by a finite, orthonormal set of functions. The most
straightforward way to construct a suitable projector is to orthogonalize a large auxiliary
basis set { P} to obtain an orthogonal set {P,}, e.g., through Léwdin orthogonalization [13]:

Py(r) =[S72]qQ(r) , (2.98)
where S is the overlap matrix in the auxiliary basis set.
This leads to the approximation

dn = Y PP = X IP)(PQ)TH QI (2.99)
Py PQ

where the shorthand notation (PQ)~" = [S™']{, is used.
For a multiplicative two-electron operator

m: R3 X ]Rg - [O, OO]7 (’l"17 7’2) — m(rl, 7’2) , (2100)

the corresponding two-electron integral

(nv|m[Ao) = foﬂ(rl)xu(m)m(rl,rg)XA(rQ)XU(rg)drldrg : (2.101)
can be approximated through insertion of (2.99)):

(wv|m|Ao) = (pvénm|azda) ~ > (wP)(PQ)™ (Q[m|R)(RS)™(SAo) . (2.102)
PQRS

Given a second two-electron operator n defined analogously to m and known as the RI
metric, one can, starting from {P}, define a new set of functions {P,} as

P,(r) = fP(r’)n(’r/,r)d'r’, (2.103)

which, for certain n, can also be used as an auxiliary basis set for performing RI [77]. Using
this set (2.102)) can be generalized to

(lm|Ao) ~ 3 (uvin| P)(P[n|Q) ™ (Qlm|R)(RIn|S) ™ (S|n|Aa) , (2.104)

PQRS

which has the potential to be more accurate than . Here again, the shorthand
notation (P|n|@Q)~! is used to refer to elements of the inverse of the matrix with elements
(P|n|@Q).

Through the closely related method of density fitting (DF) [78], one can show that, if
m can be used as the RI metric, then the most accurate approximation of the type ([2.104))
is given by setting n = m, which leads to the most widely used RI expression

(v|mIAe) ~ Y (jav|m| P)(Plm|Q) " (Qlm]|A) - (2.105)
PQ
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The form is available for all of the two-electron operators that appear in this
work and is the preferred expression from an accuracy standpoint when factorizing two-
electron integrals. However, for slowly decaying operators such as the Coulomb operator
775, it has been shown that the overall efficiency of the RI factorization can be increased
by using more quickly decaying RI metrics, see, e.g., Refs. [79, B0]. This increases the
sparsity in the three-center integral tensors of (2.104)), which can be used to increase the
speed of numerical implementations at the cost of slight reductions in accuracy.

In the following, the acronym RI is used to denote the insertion of a completeness
relation in the form of (2.99), i.e., with respect to the overlap metric d(|r; — r5|), and the
basis used to represent the RI will be assumed to be orthogonal. The acronym DF' is used
to denote the factorization of a two-electron integral given by the formula (2.105)), with
the usual choice of the RI metric being the one that is optimal in the sense of accuracy,
i.e., equation ([2.105]).

2.3.2 Real Space Numerical Quadrature

An alternative to RI for factorizing molecular integrals is provided by three-dimensional nu-
merical quadrature (QD). QD has a long history of use in density functional theory (DFT)
methods, where analytical integration is usually not feasible. This has led to the develop-
ment of efficient molecular grids [R1H86], which consist of a set of three-dimensional points
r, with corresponding weights w,, such that the integration over a function f:R* — R
(such as the electronic density, or spatial orbitals) can be approximated as

J Fr)dr = > wyf(ry) (2.106)

where the accuracy of the approximation depends on the number of grid points N, and
their positions and weights. In general, the approximation can be made as accurate as
desired by adding more grid points at the price of increased computational demand.

To factorize the molecular integrals that occur in the wave function based methods of
Section one can, e.g., set

£(m) = X () xa(m) f Yo(F2)xo (r)riidrs, (2.107)

in (2.106)), which leads to the approximation

(uA|vo) ~ nggxggga , (2.108)
where x§, = x,(ry) and
Go, = JMW . (2.109)
v — 1y

The one-electron potential integrals G9_ can be computed analytically and they are already
required for the calculation of the nuclear electronic attraction term of the fixed nucleus
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Hamiltonian, where instead of the potential at the grid points one needs the potential at
the atomic centers. This type of factorization can be used to greatly reduce the scaling of
molecular energy formulas and is used extensively in Sections [2.4] and 2.5

2.3.3 Integral Screening

The methods presented in Sections [2.1] and expand the wave function using products
of molecular orbitals, which are themselves optimized linear combinations of fixed atomic
orbitals. This leads to the need to calculate different types of interactions between a very
large number of comparatively simple charge distributions. The prototypical interaction
is the two-electron repulsion, which can be broken down into the direct £ and exchange
EX energies:

EP = (iiljj) = PuwJuw, EX = (ijlij) = PuK,

o (2.110)
where

Juw = Pro(uv|Ao), K, = Py(pAvo) , (2.111)

are the Coulomb and exchange matrices, respectively, and P,, is the one-particle density
matrix.

In non-explicitly correlated theories, the electron repulsion integrals (ERIs) (uv|Ao) are
the most computationally intensive integrals to calculate and also appear in the greatest
number with a formal scaling of O(N ﬁ) total integrals. Consequently, significant time and
research has been devoted to improving the speed of their calculation [87-HI01]. In addition
to the complexity of the ERIs, their large number means that prohibitively large amounts
of computer memory would be required to store their values for reuse in the iterative HF
scheme. This has led to the prevalence of direct SCF methods [102] [103], in which the ERIs
are recalculated on-the-fly in each SCF iteration. In order to reduce the computational
demands of these algorithms, estimates and bounds are used to avoid the exact calculation
of integrals that are approximately zero, i.e., smaller than some given threshold ¢. Initially,
non-rigorous estimates were employed [102), 104], but they were quickly replaced by the
very efficient and rigorous Schwarz bound [105]:

(| Ao)| < (uv) ) 2(Aa|Ao)? = QQxs - (2.112)

This bound is a consequence of the fact that the ERI defines an inner product on the vector
space of one-electron charge distributions [12} [72].

The usefulness of derives from the local nature of Gaussian basis functions,
which vanish at infinity and are in the Schwartz space of rapidly decreasing functions [106],
so that as system sizes increase, only a linearly scaling number of significantly overlapping
basis function pairs results, and products of non-overlapping basis functions vanish, as do
integrals over them. This overlap decay is captured within the diagonal integrals (uv|uv),
which can be used to determine which basis function pairs never contribute, based on the
size of (uv| pv)Y/? alone, and which basis function quartets are negligible, based on the size
of (uv|pv)?(Aa|Ao)/2. The integrals (uv|uv) depend on only two basis functions and can
therefore be easily precomputed and stored for use in screening algorithms.
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The overlap decay captured by the Schwarz bound reduces the number of asymp-
totically non-negligible integrals to O(N, 3) Due to the decay of the Coulomb operator r;,
at large distances, the number of significant integrals is actually asymptotically linear. This
operator mediated distance decay is not captured by the Schwarz bound, but because 73
decays so slowly with increasing distances, linear scaling would only be seen for systems
significantly larger than can be treated today and the Schwarz bound is usually adequate
in this case. However, in some cases, the operator decay can become very important. The
multipole expansion of 775 can be used to show that for charge distributions with vanishing
low-order multipole moments, the operator decay increases. This is an important aspect
in linear-scaling formulations of correlated theories such as MP2, where transformation
of the charge distributions leads to vanishing monopoles [107]. In addition, single atomic
orbitals have vanishing multipoles up to the order of their total angular momentum, lead-
ing to faster distance decay for the three-center integrals over 75 that occur when using
density fitting [108]. The first bound to successfully address distance decay was developed
by Lambrecht, Doser, and Ochsenfeld [109, 110]. This bound is based directly on the mul-
tipole expansion of 75, and introduced the concept of charge distribution extents based
on the convergence of the multipole expansion. Later, it was shown that a simpler and
more effective approach could be obtained through a tight estimate [107, [111], which is
not a strict upper bound but retains the extent-based form of the rigorous multipole-based
bound. This so-called QQR estimate is a product of the Schwarz bound factors @, which
capture the overlap decay, and a distance factor R'~(1*™) where m is the number of van-
ishing leading multipoles in the bra and ket, and R’ is the distance between the two spheres
defined by the charge distribution centers and extents, which are computed in the same
way as in the continuous fast multipole method (CFMM) [112, 113]. The QQR estimate
was shown to work very well and was used later in a more general way to estimate integrals
over the operator erfc(0.11ry5) [I14]. Here, the distance factor is simply replaced by the
function erfc(0.11R’), while the Schwarz bound factors and CFMM extents are retained.
In this context, the QQR estimate still performs very well, however, this changes for other
operators as outlined below.

In[Publication T| it is shown that the generalized QQR estimate becomes increasingly
inaccurate as the rate of operator decay increases, leading to unacceptable errors for the
very short-ranged operators encountered in explicitly correlated theories. In this same
work, a new Schwarz-type bound is introduced that rigorously and effectively captures
the distance decay of such operators without the use of distribution centers or extents.
While the ability to effectively apply screening methods to explicitly correlated theories
was a breakthrough, some drawbacks of the bound were quickly apparent. For one, it can
only be applied effectively to two-electron four-center integrals and is therefore not useful
in combination with the RI, DF, and QD introduced above, or for explicitly correlated
methods with exact calculation of three- and four-electron integrals. In addition, the bound
can fail to correctly discard integrals that are negligible due to roughly equal contributions
of overlap and distance decay, and instead performs best when either overlap or distance
decay individually lead to negligibility. The latter problem was addressed by introducing a
non-rigorous integral estimate based on the bound in the same publication, but the estimate
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has similar downsides for very-short ranged operators as the QQR estimate. Both problems
are resolved in[Publication 1l where very general bounds for molecular integrals involving
any number of electrons and all relevant combinations of integral operators are developed.
The ability to treat many-electron integrals makes these bounds especially attractive for
use in highly accurate explicitly correlated approaches such as Hylleraas-CI, where exact
evaluation of many-electron integrals is more common.

The integral partition bounds (IPB’s) developed in [Publication II| are based on the
intuition gained from the earlier extent-based bounds and estimates, but rely on previously
unused mathematical techniques to ensure formulas that are rigorous and tight for any of
the two-electron operators used in quantum chemistry, and combinations thereof. While
previous extents were determined based on the convergence of the multipole expansion of
75, IPB extents are generated in a much more direct fashion by explicitly partitioning the
multi-electron integration space. The fundamental ideas behind the IPB’s are detailed in
the following.

The goal of the bounding procedure is to take advantage of the fast radial decay of the
charge distributions €2; used to describe one-electron states. This radial decay remains for
the corresponding absolute charge distributions €; = |Q;| and it is therefore sufficient to
develop bounds for absolute charge distributions.

Given a set of N absolute charge distributions {Qi,...,Qx}, one can define distribu-
tion centers {C,...,Cy}. The distribution centers can be chosen arbitrarily, but their
positions have practical consequences for the sizes of the extents and the tightness of the
resulting bounds (see [Publication IIj and Chapter |3). The next step is to partition the
integration spaces around each distribution into core regions — which are balls, centered
at the distribution centers, with variable radii {R;,..., Ry} — and tail regions, which are
the spaces outside of these balls. A two-dimensional depiction of the partitioning of the
integration space for an absolute charge distribution €; is shown in Fig. .

Figure 2.2: Depiction of the spherical partitioning of an absolute charge distribution €,
into core and tail regions.

A depiction of an absolute two-electron integral within the IPB framework is shown in
Fig. [2.3al Because integrals are linear maps with regards to the integration space, one can
represent a multi-electron integral exactly as the sum of a single integral over core regions
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only, the principal integral, and further auxiliary integrals that have the core region re-
moved for one electron. This exact partitioning into the principal and auxiliary integrals
is shown for an absolute two-electron integral in Fig. [2.3b| For practical reasons, it is ben-
eficial to use, instead of the exact partitioning, an upper bound partitioning that results
in auxiliary integrals that are congruent in the sense that the have the same general form.
This is obtained by adding any missing tail regions to the distributions of the auxiliary
integrals of the exact partitioning. For the general n-electron integral, the resulting parti-
tioning is the sum of the principal integral and n tail integrals describing the interaction
of the tail region of one distribution with the other (n — 1) absolute charge distributions
involved. A depiction of this upper bound partitioning for a two-electron integral is shown
in Fig. 2.3d In practice, the overestimation that occurs through the use of the upper
bound partitioning scheme is insignificant, since the distribution radii are optimized such
that the added tail regions become negligible.

Ry 'R—2'
(a)
Principal N
Integral Auxiliary Integrals
©------ @ = @ ----- @ + Q- ---- - + @ - @
(b)

Tail Integrals

Figure 2.3: @ Depiction of an absolute two-electron integral involving two absolute charge
distributions interacting through the operator Gi,. @ Exact partitioning of absolute two-
electron integral into principal integral and auxiliary integrals. Upper bound partition-
ing of absolute two-electron integral in principal integral and tail integrals.
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A large advantage of the upper bound partitioning is its generality. The partitioning of
an absolute one-electron potential integral, which describes the interaction of a charge dis-
tribution with a point charge, is shown in Fig.[2.4a] In this particular case, the partitioning
is exact. The partitioning for an absolute three-electron integral is shown in Fig. [2.4b|

Absolute Principal Tail
Integral Integral Integrals
. ——————— -. - . ——————— -. + ———————— -.
(a)
.\ 7777777 /7
‘o
+
e @ o @ (. ©
\ , 7/ < \ N , 7 + ® N\ N , 7
\./ \./ \./
+

(b)

Figure 2.4: Depiction of the IPB partitioning procedure for absolute @ one-electron po-
tential and @ three-electron interaction integrals.

In the general n-electron case, the tail integrals provide a natural starting point for
the determination of rigorous extents, since they individually depend on the radius of only
one distribution and can be made negligible by increasing this radius, because the charge
distributions vanish at infinity. Given an integral threshold ¢, if each tail integral in the
partitioning is smaller than 9/(n + 1), then the the entire integral is insignificant if the
principle integral is also smaller than J/(n + 1). Using the symbol Tli1,~~~k(n_1> (R;) to denote

the tail integral that describes the interaction of the tail region of €, with the charge

distributions Q,, ... + %), the condition for determining distribution extents, i.e., the
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R; that ensure that tail integrals are negligible, is

(R) <9/(n+1) . (2.113)

n—1)

This condition leads to rigorous extent equations for each charge distribution, indepen-
dent of all others. The solution of these equations is no trivial task from a mathematical
perspective and is a large part of the work in [Publication TI|, where efficient numerical
procedures are developed for all integral types of interest involving AO based charge distri-
butions. Once the extents have been determined, only the principal integrals over bounded
core regions must be taken into account for screening purposes. The bounded nature of the
integration spaces within the principal integrals makes it possible to estimate them from
above by simple, separable formulas that take both overlap and distance dependence into
account.

2.3.4 Density Screening

For many classes of molecules, the electronic structure itself is a source of sparsity that can
be used to reduce the time-complexity of computational algorithms. While the occupied
molecular orbitals obtained from canonical Hartree-Fock theory are typically spread out
throughout the molecule, the one-particle density matrix P, defined through the expansion
coefficients of the MOs in the AOs, C,,, as

up>
Pyu = Cm’szi (2114)

is often a sparse matrix, where spatially distant atomic orbital pairs correspond to van-
ishing density matrix elements. Taking advantage of this sparsity can lead to early onset
asymptotic linear scaling of expressions such as the exchange matrix.

In [Publication TI|, a variety of screening schemes which take density matrix sparsity
into account are given for the different types of integrals that result in explicitly correlated
and other methods. These schemes can easily be adapted to treat the three-center integrals
and semi-numerical quantities that result from the use of RI, DF, and QD.

Screening the density matrix directly requires the formulation of energy expressions
either partially or completely in the AO basis. While this has the advantage of increased
sparsity, it can lead to inefficiencies for midsize and large basis sets, since the number of
occupied orbitals is then much smaller than the number of AOs. This problem can be
addressed by using localized MOs, which result from unitary transformations of canonical
MOs. When combined with MO based integral bounds, this allows one to retain the low
scaling nature of AO methods, while also reducing the dependence of the expressions on
the size of the basis set. The most efficient localization scheme for large systems is obtained
through Cholesky decomposition of the density matrix [I15], which can be performed in a
linear scaling, non-iterative fashion [116] [117]. The result is a lower-triangular coefficient
matrix L such that

P-LL (2.115)
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where L retains the sparsity of the density matrix and defines an orthonormal set of MOs
denoted Cholesky MOs.

In order to take advantage of such localized MOs, it is necessary to find upper bounds
for molecular integrals containing them. In [Publication TI|, the IPB’s are developed for
atomic orbitals, where the equations that arise can be largely calculated analytically. When
dealing with MO-type orbitals, i.e., expansions of AOs, a numerical approach is required to
ensure that the calculated extents and overlap factors lead to tight bounds. The formulas
necessary in these cases are given in Chapter [3

2.4 Semi-Numerical Hartree-Fock Exchange

The use of numerical quadrature is the basis for the semi-numerical calculation of the
exchange matrix [T18-127]
K,, = Py, (pA|vo). (2.116)

The calculation of the exchange matrix scales formally as O(M*), and, while the asymptotic
scaling with the size of the system can be reduced to linear using integral and density based
screening methods [I28H130], the increases in computational demands when increasing the
size of the basis set remain high. QD can be used to approximate the exchange matrix
using the following formula:

K, = Pyowgx9x397 (2.117)

vo )

This expression can be calculated in three steps,

FY = X3P (2.118)
GY = GI_F9 (2.119)
Ky = wex3GY (2.120)

each of which scales formally as O(N,N 3) Because K w18 not exactly symmetric due to
the asymmetry of the QD factorization, a symmetric approximation of K, is obtained
through the use of: 5 3
K, + K,
K;w ~ % .
The improved formal scaling (O(M?)) of this method, combined with only quadratic
scaling in the size of the basis set, leads to much improved computational efficiency for
large basis sets and/or molecules compared to exchange matrix calculation with analytic
integral evaluation. In addition, screening based on the integrals G7_ and density matrix
elements leads to a very efficient, asymptotically linear scaling method. However, bounds
on the values of GJ_ were initially unavailable. For this reason, heuristic estimates were
used, which, although effective in most cases, have drawbacks in reliability and flexibility
[121), 127]. To remedy this problem, in [Publication IV] the general and rigorous bounds
developed in [Publication IT| are applied to the screening of the G7_ integrals, leading to a

(2.121)
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rigorous screening procedure. In addition, the improved simplicity of the bounds allows for
an efficient implementation of the screening routines on graphic processing units (GPUs),
leading to further large gains in performance.

2.5 Reduced Scaling MP2-F12

RI Integral Factorization

A big reason for the success of Kutzelnigg and Klopper’s original R12 method [7, [§] was the
use of RI to break down the many-electron integrals into products of two-electron integrals.
For example, inserting equation into the three-electron integrals contained in the
VZ;] intermediate gives the following approximation:

<2jk\r—”yka> = (ijk|Frady—]kji) ~ (i Fral k Pk Polrit iy = Fip GEP . (2.122)
23 23

This is equivalent to first representing the Qm projector as
Qia = 1 —¥1V + 0109 — 01649 — G109 (2.123)

and then resolving &,, approximately using the finite set {P,}.

In the initial work on R12 methods, the finite set used to approximate the CBS was
simply chosen as the MO basis itself [§ [62]. Later, efficiency was improved by employing
a larger auxiliary basis set to construct the RI [I31], allowing for better accuracy without
the need to increase the size of the HF orbital basis set. Today, the most popular RI
scheme is Valeev’s complementary auziliary basis set (CABS) method [14], in which the
RI is performed using the union {p'} of the HF orbitals {p} and the CABS basis set {p”}.
The corresponding projectors are denoted p!,, p,, and p!, respectively. Using &, ~ P/, in

leads to the approximation
le ~1—Dip2 — 6115,2/ - 15’1/62 ) (2.124)
and further use of RI in the form of 1 = p/p; gives
Quz ~ DYDY + 105 + DYV . (2.125)

In the CABS method, instead of using and resolving the complete one-electron space
with an auxiliary basis set, either (2.124)) or (2.125]) is employed, and one approximately
resolves the projector &, = &, — P, directly using the CABS basis set. The version ([2.124])
is used when the unity operator leads to tractable terms, while , which cannot be
approximated as accurately due to the double RI insertion required for the first term, is
used to avoid the unity operator. The construction of the CABS basis set is detailed in
Ref. [14]. The utility of the CABS method is that more compact formulas are obtained
and errors due to inexact cancellations that could arise in the last three terms of equation
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(2.123]) are avoided. Such errors would occur when using an approximation to &, that does
not sufficiently span the HF orbital space.
For the V; "7 and X &4 L fi terms, equation ([2.124)) is used to obtain the working equations

Vi = 5 - 70l T4 - ey 2120
XL = (B — Fip Pl — PPt = FUFm) (2.127)

The treatment of the BZ terms is complicated by the fact that the factorization of the

many-electron terms requires the use of Q12 in the form (2.125)), and care must be taken
to ensure that the error of the required double RI insertion remains manageable.
Using eq. (2.64) and the expansion (2.67)), B;] can be written exactly as

ij ij i ij i ab ab
Bjj = A+ Aji — 2] — 2] — FCly — FLCiY, (2.128)

where
AZ = <7;j’F12f1Q12F12|i]'> (2.129)
ZZJ] = <ij|F1261f1Q12F12|ij> (2.130)
Ci = (abl fi(1 = 1) Fialigy (2.131)

Defining plg =1- ng, one can divide AZ into two terms:

‘AZ - Mg - N’zlyj = (ij| Frafy Fualigy — ij| Frafr PraFhalig) - (2.132)

In the so-called approximation C [I32, 133], N7, 27, and CZJ] are treated exclusively

l] ? 1] )
through RI. For ./\ffj] , one uses

Py = —pipa — 01D — Don , (2.133)
to obtain
(ij|FrafrPraFualify ~ G| P filpa) Fift + G P filkp Y F + Gl P filp k) F . (2.134)

An additional RI insertion of the form &; = P leads to

(ij| Frobo filpg) FEY ~ F fr FY, (2.135)
<ij‘F12d1f1\kp”>]:kp ~ FY //fk (2.136)
<2']'\F12d1f1\p”k>}—£ "~ FY f’"u]:p”’g : (2.137)

The ZZJJ and ijb terms are typically small and vanish in the approximation of the GBC
and EBC, respectively. ZZJ] is treated using equation (2.125]) for Q12:

(ij| Frao1 iQuaFraligy ~ Fil fo FE Y + FA o FE“ (2.138)
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For CZ”, one uses 1 — vy ~ 0; + pf to obtain

Ceb ~ (abl f1(61 + DY) Fualig) = [ FL " . (2.139)

In both (2.138) and (2.139) the identity_ [P =0 is used.
The remaining terms j\/lU = (ij|F2 f1F12\2]> could be factorized as

<ij|F12@1f1d1d2F12|ij> ~ fgq,fgfgq/ , (2.140)

but the error this would introduce has been shown to converge too slowly with the size of
the RI basis set to be useful. Instead, one can use the fact that the operators v; and 7;
commute with Fis to write

A 1 . 1
Fiaf1Fio = 5[[F127t1], Fip] - Fiok1 Fip + = ((fl + k) FL + FA(fi + kl)) , (2.141)

where it is noted that fl ko =t 40 + 71-
Using the product rules for the Laplace A; and nabla V; operators one can show that

[[F12,£1],F12] = (ViFi2 - ViF,) (2.142)

which leads to two-electron integrals that can be readily calculated for all relevant forms
of F12.
The last two terms in (2.141)) can be treated using a single RI insertion:

Gjl(fr + k) an Fyligy ~ (f + k) FFY) (2.143)
(| Fhén (fi + k)ligy ~ FFO(f + k)Y (2.144)

The remaining exchange operator term {ij |F12]%1 Fis|ij) is typically treated as in (2.140)),
because the errors that result for the exchange operator are acceptable [7, [§]:

(ij| FrabkiGaia Fraligy ~ Fii kb Fii (2.145)

p'q

It is noted that these terms partially cancel with the exchange operator parts of the terms
given in equations (2.135))-(2.137)), (2.138), and (2.139).

The formulas given here are working equations suitable for a computer implementa-
tion. The main ingredients necessary are the determination of the CABS orbitals, the
calculation of the mixed MO-CABS and CABS-CABS matrix elements of the kinetic en-
ergy, nuclear attraction, exchange and Coulomb operators, and the calculation of the two
electron integrals over the operators 7’1_21, Fio, F127’1_21, F122, and (V1 Fia - ViFio).

Density Fitting

The most costly terms that arise in the RI-factorized F12 correction energy exhibit the
same O(M?®) scaling with the system size as the MP2 energy. They are essentially of the
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same form as the numerator in the MP2 energy expression, which is made up of the direct
and exchange terms,

DYV =Guge, XM =gug, (2.146)

ijab ijab

respectively.

The formal fifth order scaling in these expressions comes from the AO to MO transfor-
mation of the four-center integrals — the most expensive step scales formally as O(N;N, :f)
— and another significant bottleneck is the O(N?N?2) scaling for the memory required to
store the transformed integrals. These bottlenecks can be reduced by using the density
fitted expressions for the energies

DY ~ GhGEGS GRGRGS,  X)WE~ GhGRGS GRGRgs . (2.147)
where
g;]; (pqlriy |P) (2.148)
Go =197"15 (2.149)
G, = (PIrp|Q) . (2.150)

This reduces the memory costs to O(NpN;N,). If the Laplace transform is used to factorize
the denominator in the MP2 energy expression [I34HI37], the direct energy can be calcu-
lated in O(N3N;N,) steps, i.e., fourth order scaling with the system size, while the scaling
of the exchange energy remains fifth order (O(NpNZN?)), but with a reduced prefactor
compared to no use of DF.

This type of density fitting is also used extensively in the calculation of the F12 cor-
rection, where, e.g., becomes in direct and exchange forms, respectively,

Fi kL F ~ FRFRFLK FRFRFS, (2.151)
r -Q Q 1.7 TR TS TS
Fi kL FL ~ FRFRFLKL FRFRFS, . (2.152)

Analogous definitions to (2.148)-(2.150)) are used here. Again, the memory costs are re-
duced to O(M?), and the calculation of the direct and exchange energies scale as O(M*)
and O(M?), respectively. Due to the large number of terms and the need to use large
auxiliary basis sets for both the F12 specific RIs and density fitting of the four-center
two-electron integrals, the F12 correction costs considerably more than the calculation of
the MP2 energy. However, the short ranged nature of the correlation factor means that
considerable gains in efficiency are possible through the screening of negligible integrals.

Numerical Quadrature For MP2-Type Terms

In this section, possibilities are explored for the use of QD, in combination with RI and
DF, for reducing the formal scaling of the MP2-F12 method to O(M?*).
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For an MP2-type term such as F'1 fgfg’ (eq. (2.73))), density fitting already leads to
low prefactor O(M*) scaling in the case of the direct terms. For exchange-type terms, a
combination of DF and QD leads to the decomposition

FAfeFD ~ FLFRFR fwg ol Fs | (2.153)

where
o7 = ¢;(ry) (2.154)
Fiy = Gl Fig|b) (2.155)

and Fy, = F(]ry — 7,]). The calculation of the integrals F3, scales formally as O(M?)
and is potentially asymptotically linearly scaling when using localized orbitals. The steps
necessary for the calculation of the final energy, with their respective scaling behaviors, are

ng = F R, NEN;N, (2.156)
= feel, NyN? (2.157)
ng fQ : NyNpN;N, (2.158)
Fe = F3 NyNpN;N, (2.159)
Fh = ngng NyNpN;N, (2.160)
Wy F i Fiys NyNiN, (2.161)

Therefore, the formal scaling is O(M*) with the potential for only needing asymptotically
linear computational time using the bounds in [Publication 11|

Despite the potential computational savings afforded by expression , the mem-
ory bottleneck for storing the three-center DF integrals remains. An advantage of the QD
approach is that the grid points are completely independent and do not need to be trans-
formed so that the three-center QD integrals can be computed and used in a batch-wise
manner. This reduced memory footprint is beneficial for the use of high-performance com-
puting architectures such as GPUs, which can offset the increased computational prefactor
that results due to the fact that N, is typically much larger than the size of an auxiliary
basis set. To fully leverage these advantages a method that strictly uses QD is needed.

The following formulas alleviate the memory bottleneck through two QD integrations.
The resulting expressions scale formally as O(M*?) but are expensive due to a quadratic
dependence on the size of the grid and will therefore be most useful for large calculations on
high-performance computers. The direct-type and exchange-type expressions are factorized
according to

FaloFg ~ Fhw o liliwnd op Fy,  FayfoFs ~ Fowdioflglowng ot Fly , (2.162)

where a factorization of the Fock matrix f2 = [41¢ is used for symmetry purposes. The
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steps to calculate the energies, with their respective scaling behaviors, are then

¢ = Loy, N, N; (2.163)

Fi' = Fiudh, NZN;N, (2.164)
FXoh — Fohoh, NZN; (2.165)
FFoh = Foh ot NZN; (2.166)
ot = ¢t NZN; (2.167)
wyw, FXI" FX " Ng direct (2.168)
wywy FFI A", N7 exchange (2.169)

Numerical Quadrature For Three- and Four-Electron Integrals

As shown above, all the contributions to the MP2-F12 energy can be put into the form
of through RI factorization, so the QD formulas given so far are enough to formu-
late an O(M*) scaling MP2-F12 theory. However, some terms, particularly three-electron
integrals, can be treated much more efficiently by using QD without first bringing them
into the form of equation through RI. In Refs. [47] and [I3§], the use of QD for
simplifying the three- and four-electron integrals in F12 theory yields very promising re-
sults. In this work, QD is used in a similar fashion, with some differences in the way the
B intermediate is treated, and the scaling of the resulting formulas is discussed.

The three-electron integrals of the V' and X intermediates can be effectively factorized
with a single QD integration. One obtains for example

<Uk5|i|kﬂ> ~ Wed]OFF .G (2.170)
.. F12 .. 9 19179 ~g
<wk|r—23|kw> ~ Wi F Gl - (2.171)

These expressions scale very favorably as O(N,N?), i.e., O(M?), with the actual bottleneck
coming from the preceding AO to MO transformation of the one-electron three-center
integrals. For the exchange term (2.171)), this O(M*) transformation could be avoided
through direct calculation in the AO basis (see egs. and ) These expressions
are therefore potentially much more efficient than those that result from the usual RI
insertions.

For the B intermediate a combination of RI and QD is the most effective strategy. Here
again, the identity

Qu2f1Q12 =f1 — f162 (2.172)
+ T(—f161 + f16102 — f1¥1%2) (2.173)
+061f101 — 61f1010 + V1V f171 (2.174)

is used.
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The first term in (2.172) can be treated through commutator relations as in equation
(2.141)), where the only difficult term that arises is the integral over FiokyFo. Instead of
using a triple RI insertion here, a double RI insertion leads to

<ij|F12d1];31@1F12|ij> X <ljp/|F12F23|q/]Z>kz: s (2175)
and QD can be used to get the following formulas

Gp |PraFasld jidky —  wydloIFL, Fo kL, wedl¢tFoFo kL (2.176)

Jp'"p
where here, and in the following, the QD factorization notation

direct integral — QD form (direct), QD form (exchange) ,

is used. These terms scale formally as O(N,N>N;) and O(N,N}), respectively. The
scaling of the exchange-type term decreases quite significantly from O(M?®) for the RI+DF
expression to O(M?3). This is very promising, especially considering that this is the most
expensive term in the computation of the MP2-F12 correction using RI+DF.

The second term in can be treated in a few ways. One way is to procede as in

eqgs. (2.134)-(2.137)), which imply a double RI insertion, and treat the resulting MP2-type
terms with QD, DF, or mixed DF-QD. To avoid a double RI insertion, it is necessary to

treat the different operators in f; separately. The three terms that arise from #; (egs.

(2.83)-(2.85]) ) can be treated directly with QD:

(ijk|Fia(A1 Fis)|iky) — w7 f F 5 (AF )5, Wy 7 F 5 (AT )3,
—(igk|FiaViFig - [(Vi)ki) = wedf (V)] - (VF)5) Firr wedd (V) - (VF)L)Fik
(ijk|FiaFi3|(Ai)kj) — Wy (AQ)] F T wed] (AP F Tk

where

(AF)2, = DlAFylgy,  (VF), = pIViFyl), (2.177)
(Ag)] = (Agi)(ry), (Vo)! = (Vi) (ry) (2.178)

can be calculated analytically, and A;Fi3 = AsFj3 and V1 Fi3 = —V3F)3 have been used.
The operator 7105 leads to the four-electron integral of (2.91), which can be treated
with a single QD factorization:

Gkl FeFuarid|ikil) = w,d{olFR 500wl i FFaG . (2179)

A single RI insertion before QD factorization is required for the operator 010, in order to
avoid the singular behavior of |r, — r4|™" :

gkl FiaFiscarislikyy ~ (gk|FroFislp' kv, —  we¢lod FFoor, wedlel FLFqu) .
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These expressions for the integrals over Flg(fl + 01 + J1)02F12 can all be calculated at
O(M?3) cost. The remaining term over ki, however, can only be reduced to O(M?).
Here, a single RI insertion and then QD factorization leads to the formulas

(1| Frabii k165 F1sigy — f;‘/jlwg¢i¢?ﬂ‘gj i f;?lwg¢z¢?.7:lgi e (2.180)

which require a further factorization of ]—";7[ through DF or QD.
The rest of the terms from (2.173) and (2.174)) are approximated in the following way

T(—f101 + f10162 — f1V1V2) 4 01 f101 — 0110102 + V1 f1V1V2 (2.181)
~ T(—dy f101 + Gy f161062 — Gy f191¥2) + 01 f101 — 01f16102 + V1 f1V1¥2 (2.182)
= T(—&) 161 + &) f16109 — & f1¥1V2) — 01 f101 + 0110102 — V1 f1V1V2 | .

(—a&4 f161 + &) f10109 — &) f1¥1Va) — 01 f101 + 01 f10100 — V1 f1V1V (2.183)

where V1 f107 = 01 f1¥; = 0 is used and at most a single RI insertion is required. The three-
electron integrals that result are treated with QD and the two-electron integrals with DF or
QD. This leads to O(M?) scaling for the terms Td’lflél and 61f161, and otherwise O(M*)
scaling.

These formulas show that numerical integration can play a large part in reducing the
computational demands of explicitly correlated MP2-F12 theory by both reducing the
scaling of the most expensive terms and reducing the dependence on the RI basis set.
Based on the work in [Publication TI| tight integral bounds are available for all of the
three- and four-electron integrals and their factorizations with either RI, DF, or QD. This
allows for screening algorithms to further reduce the asymptotic scaling of all the F12
expressions to potentially O(M) or O(M?), depending on the electronic structure.

2.6 Electronic Resonances and Non-Hermitian Quan-
tum Chemistry

Electronic resonances are metastable electronic states characterized by a finite lifetime.
These states are embedded in the continuous spectrum of the many-body Hamiltonian
and are unstable with respect to ionization or detachment. Because they are part of the
continuum, resonances cannot be described as a single state within Hermitian quantum
mechanics, but are characterized by an increased density of states within the continuous
spectrum [139]. For this reason, the methods presented in Sections and cannot
be applied directly. A number of alternative methods have been employed to characterize
resonance states, including time-dependent treatments [140-142], stabilization techniques
[143H145], the Stieltjes-Tchebycheff approach [146], methods based on the core-valence
separation approximation [147, [148], or methods based on finding the poles of the scattering
matrix [149)].

An elegant route to the characterization of resonance states is provided by non-Hermitian
approaches, in which analytic continuation of the Hamiltonian to the complex plane is em-
ployed. The advantage of these methods is that resonance states are described by a single,
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square integrable wave function. Through analytic continuation, the continuous spectrum
of the Hamiltonian is rotated into the complex plane, and, additionally, discrete complex
eigenvalues of the resulting non-Hermitian Hamiltonian appear [I39]. These eigenvalues
are the so-called Siegert energies, whose real and imaginary parts give the positions £ and
widths I' of resonance states, respectively:

E=E—iT/2 (2.184)

The square integrability of the resonance eigenfunctions opens the door for the use of
methods analogous to those developed for bound states.

One way to achieve this is to augment the Hamiltonian with a complexr absorbing
potential (CAP) [I50H152] of the form inW (r). The CAP is constructed to absorb the
diverging tail of the resonance wave function and the resulting Hamiltonian

H, = H—inW(r), (2.185)

is non-Hermitian and its spectrum is purely discrete for finite values of n [150].

Alternatively, complex-scaling (CS) methods [10, 139] can be employed, in which all
coordinates within the Hamiltonian are scaled by a complex number e, which can be
expressed as a similarity transformation of the form [10, 153]:

ﬁ@ _ ei@r(&/ar)[:[efier((?/ar) ) (2186)

Because the transformation operator (%) used here is unbounded (in contrast to,
e.g., the operator exp(—T(”)) used in coupled cluster theory, see Section , the spec-
trum of H?, o(H?), is changed compared to that of H [154]. These changes are illustrated
in Fig. 2.5 which shows the rotation by an angle of 20 of segments of the continuous spec-
trum around the ionization and detachment energies (thresholds) into the lower half of the
complex plane. Notice that the bound-state energies and thresholds of H are invariant
under complex scaling.

The mathematical basis for such a transformation is given by the Balslev-Combes theo-
rem [I56HI58] and its subsequent extensions for resonances in external fields [I59-161]. In
the original CS formulation , the similarity transformation is not compatible with
the Born-Oppenheimer approximation [162) [163]. This is not a problem for atomic sys-
tems [I55], but a different approach is required for molecules. In a variant called exterior
complex scaling [162], only the molecular coordinates outside a given radius are complex
scaled. This variant is compatible with the Born-Oppenheimer approximation, but its di-
rect application leads to practical difficulties in the context of electronic structure theory
using Gaussian basis functions.

An alternative and related complex-variable technique that is readily applicable to
molecular systems is the method of complex basis functions, originally proposed by Mec-
Curdy and Rescigno [163]. In this method, the asymptotic effects of CS are described
through a complex-scaling of the exponents of the most diffuse basis functions. The Gaus-
sian basis functions used in such calculations take the form

Xu(r, A) = NS, (ra) exp[—a,e 2P rs]. (2.187)
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o(H) o(H')
Im(FE) Im(FE)

Thresholds

Bound states Bound states

Thresholds

Re(E) Re(E)
® X
Hidden Exposed
resonance resonance

Figure 2.5: The transformation of the spectrum of the Hamiltonian through complex scal-
ing as described by the Balslev-Combes theorem. Adapted from Ref. [155] with permission.
Copyright 2013 AIP.

where N, is a normalization constant, A is an atomic center, 74 = r — A, and S, is a
real polynomial in the components of r4 that depends on the angular quantum numbers
of x,. Each basis function is either strictly real, 8, = 0, or scaled using a global complex
scaling factor ¢, = ¢ € R. The mathematical justification for these methods is that,
in the limit of a complete basis set, the scaling r — re® of the coordinates within the
Hamiltonian is mathematically equivalent to the scaling r — re~® of the coordinates of
the basis functions [139]. This approach had long been restricted to small systems and
small basis sets [I64H170] due to the need to calculate non-standard two-electron integrals
over complex basis functions, but renewed interest led to efficient implementations at the
non-Hermitian static exchange (SE) and Hartree-Fock (HF) levels of theory [I71, [172].
Extensions to include electron correlation at the second-order Mgller-Plesset (MP2) and
coupled cluster singles and doubles (CCSD) levels of theory [I73] soon followed, allowing
for accurate descriptions of the resonances of small molecules. Additionally, applications
to atomic and molecular Stark resonances have been detailed in Refs. [I74] and [I75] for
coupled cluster wave functions and, very recently, the acceleration of the complex basis
function HF and MP2 methods through the use of density fitting has been accomplished
in Refs. [176].

The scaling used within the method of complex basis functions leads to new types of
molecular integrals not present in bound state calculations and the efficient screening of
these integrals is the subject of [Publication IIIl In Ref. [I72], it was identified that one
barrier to reaching the efficiency of bound state calculations is the lack of a simple upper
bound on the value of the electron repulsion integrals (ERIs) over complex basis functions.
In bound state calculations, one has the Schwarz bound for screening ERIs over real basis
functions [72], 105]:

(| A0)| < (uv|uv)' (Aol ra) /2. (2.188)
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In complex basis function methods, the bound cannot be used directly, because
the ERIs are complex-symmetric and not positive-semidefinite. In [Publication III] it is
shown that the proper Schwarz bound in the case of non-Hermitian complex basis function
methods is given by

(v Xo)| < (' v* ) 2 (X*a* [ Aa) /2. (2.189)

This bound makes the efficient screening methods of bound-state quantum chemistry avail-
able to the non-Hermitian, complex basis function description of molecular resonances.
The resulting improvements in efficiency will be especially useful for the description of
resonance states of large systems, where integral screening becomes vital. Two examples
of areas where the resonances of large systems are important are the study of DNA damage
processes caused by ionizing radiation [I77HI80] and in plasmonic catalysis [I81], 182].
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Integral Partition Bounds for Local
Molecular Orbitals

In [Publication II] the integral partition bounds (IPBs) are introduced. The basic struc-
ture of these bounds is largely independent of the type of charge distributions involved,
provided they tend to zero at large distances and are absolutely integrable. Given a set
of such distributions {€,...,Qxy}, with N > 2 one can choose corresponding centers
{C1,...,Cx}. These are points in R? which can be chosen arbitrarily, but should be close
to the centers of absolute charge to maximize effectiveness of the bounds. The IPB for-
malism then requires the calculation of (or the calculation of a tight upper bound for) the
following overlap factor integrals:

Si(R) — J () |dr — J@R(|r—Ci|)Qi('r)|dr (3.1)
B;(R)
Vi(R) = max J ()] maxf@R(\r B ILLIG Py (3.2)
r/eR3 |r — /| T/eR3 lr — 7|
B;(R)

Here, B;(R) is the complement (in R?) of a ball centered at C; of radius R, and Op, is the
shifted Heaviside step function

0 z<R

The closed form calculation of upper bounds for these functions is given in
in the case of distributions made up of contracted Gaussians (AOs), or contracted
Gaussian products (AO pairs). In this context, it is beneficial to treat the special cases
S; = S;(0) and V; = V;(0) separately, as these integrals are particularly important and
tighter bounds are available than in the general case. In most situations, V;(R) is actually
only needed in the special case of R = 0.



42 3. Integral Partition Bounds for Local Molecular Orbitals

In the context of distributions made up of local MO (LMO) products some special
considerations are required. In principle, an LMO, ¢, is simply a contraction in the AO
basis:

Op = Z LyupXu » (3.4)
I

where the matrix L is determined, e.g., by an incomplete Cholesky factorization of the
density matrix P. Thus, after choosing centers C,, for each MO product distribution
Op@q, one could calculate

SulB) = | leronlldr < Dltwkal | mu@lir,  @5)

Byq(R) w Byq(R)

and similarly,

[Xu (1) X0 (7)]
Vpe(R) < ZV | Lyup Lsg] max J Wd’f ; (3.6)
g By (R)

which can be calculated from the AO formulas derived in [Publication TIl The problem
that arises here is that, in contrast to the fixed contracted Gaussian coefficients, taking
the absolute values over the LMO coefficients will generally lead to large overestimates.

3.1 Overlap Factors for LMOs

For the IPB overlap factors over LMOs, one can use numerical quadrature to avoid the
need to take absolute values of the LMO coefficients. We note that this procedure should
also lead to tighter estimates for many of the AO function pairs (L = 1) as well, since
some of the upper bounds needed for an analytical approach are no longer necessary. The
numerical procedure consists of the following steps:

Step 1: Determining MO centers
MO centers C,, = (C%, CY

e Coas C;q) are determined as the centers of absolute charge:

1

Chu= 57 | i@l = @)

where the integrals involved are calculated numerically using QD:

Sul0) = | lou(r)en(r)ldr ~ w, 6307] = w,FoyFo 33)

where,

Frg = |ZLMPXZ’ : (3.9)
I
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If S,,(0) is negligible based on the integral threshold, then the LMO pair pg can be neglected
entirely and the remaining procedure is only needed for significant LMO pairs.
The remaining integral in (3.7)) can be calculated similarly:

friwp(r)%('r)\dr ~ wgr;Fngqg, 1=x,Y,7 . (3.10)

Step 2: Determining Preliminary Extents

Using the AO product centers C),, and maximal extents E,, from [Publication II| one
can determine rough overestimates &,, for rigorous extents using:

€y = max {IChy = Cuul + Ep} (3.11)

[ Lyp Lvg|Suv>9

where 9 is the integral screening threshold and pr runs over AO pairs that contribute
significantly to ¢,¢, (determined by the criterion under the max in (3.11))).

If extents are needed based on (3.2)), equation is used with the corresponding
AO extents and V), instead of S, in the significance criteria.

Step 3: Calculating S,,(R)

For the final calculation of S,,(R), an atomic grid centered at C,, is used, which can be
broken down into a spherical (e.g., Lebedev) grid & combined with a chosen radial grid
M, which should integrate on the interval [0, max,, €,,]. The total atomic grid is then
&4 = R ® G, and it is noted that the number of grid points for such a grid is constant
with respect to the size of the system. The integral can then be approximated as

Sp(B)~ 3, ) wFFgY, (3.12)
reR  ger®6
R<r<€pq
where
F3? = 2 DX Xl = xulrg + Cog) - (3.13)
“w

Because both S,,(R) and its numerical representation are decreasing in R, one can easily
use (3.12)) to find, to a desired numerical precision, the smallest R, i.e., the smallest extent,
such that

S,y(R) < T, (3.14)

where T' is a ¥-dependent threshold that is given by the general IPB procedure. The easiest
way is to simply increase R incrementally until (3.14)) is fulfilled, but more sophisticated
optimization procedures can also be used.
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Step 4: Upper bounds for V,,(R)

If one proceeds for V,,(R) in the same manner as for S,,(R), the determination of the
maximum would necessitate a numerical global optimization procedure over a complicated
function in three dimensions. To avoid this we use the following upper bound for the charge
distribution:

19p(1) ()| < Qpy(|7 — Cpyl) (3.15)
where
qu(r) = 1;};%}( |Pp(x)Pg()] - (3.16)

|&—Cpq|=r

Here, the value of the distribution |¢,¢,| at a point 7 is bound by the maximum of the
distribution on the (7r-containing) sphere centered at C,, with radius |r — C,,|. This leads
to the upper bound

|¢ (r)ég(r)] |
qle%f@ (I — G 122000 o r (3.17)
<maXJ@R(|7‘—C ) Qg7 - Coal) gy (3.18)
r/eR3 = lr — /|
Per construction, the function r» — qu (|r — pq| is non-negative and spherically sym-
metric around the point Cp,. This is true for Og(|r — Cyy|) as well, and thus also for the
product Og(|r — Cpy|)Qpe(|7 — Cpyl). In Section 3 | it is proven that the maximum po-

tential of a non-negative, spherically symmetric functlon is always obtained at the spherical
center. This allows for the determination of the remaining maximum directly:

pq(|"° pq| J qu(|’l° - Cpq|)
ﬂ%f@R Cyl) P dr = | Or(jr — Cyyl) o dr (3.19)
_ J@R(\ﬂ)%Tgf')dr. (3.20)

The remaining integral can be calculated on the radial grid:

V() < [ O(lr) pj('f‘) (3.21)

=4 JOO 7 Qg (r)dr (3.22)

Z w7 Qg (1) (3.23)

reR
R<r<€pq
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The function qu can be approximated numerically at each grid point r € R as the
maximum

qu(r) ~ m%’é [Pp(rg + Cpyg)Pg(ry + Cpy)| (3.24)

ger

= max FPOFFrD) (3.25)

ger®6 Py 9

Again, both V,,(R) and its numerical bound are decreasing in R and solving
Vi(R) < T, (3.26)

is straightforward.

3.2 Maximal Coulomb Potential of Non-Negative Ra-
dial Distributions

Here, it is proven that for any integrable, non-negative radial charge distribution ¢, spher-
ically symmetric around a point C' € R3, whose Coulomb potential

o[¢](z) = J ar2T) (3.27)

r—=|’

is finite for any = € R3, it holds that
max ] () = B[4](C) | (3.25)

xeR3

i.e., the Coulomb potential of ¢ takes its maximum at & = C'. This can be seen as follows:
Translating to the center of spherical symmetry, » — r + C, we have

ololia) - [ar 2EEL (3.20

Because the numerator of the integrand is now spherically symmetric with respect to the
origin, Newton’s shell theorem [183], [184] can be applied to obtain

1

B o(r+ C)
e —-C| '

I

(3.30)

D[p](x) J dro(r + C) + J dr

r|<fe—C]| r|>[e—C]|

Using {|r| > |z — C|} = R*\{|r| < |x — C|} for the integration space of the second term,
one obtains

Plp](x) = JdrM + J dr <ﬁ - ’71|>g0(r + C) (3.31)

! [r|<|z—C]|
_ a[4](C) + J dr(ﬁ - ’?1|>g0(7“ o) (3.32)

Ir|<lz—C]|
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The identity (3.32)) allows for the calculation of the limit

. 1 1 :
| ir( g~ ) el + €)= im (elel@) — ofl(€)) =0 (333
|r|<|e—C]
From ¢ > 0, and because |$_1—C‘ — ﬁ < 0 follows from |r| < |& — C|, we conclude that
J dr< ! —1><p('r+C)<O (3.34)
lz—-C| |r| o '
|r|<|e—C]

so that, together with (3.33]), one obtains

max f dr( ! ! >go(7° +C)=0 (3.35)

zeR3 |iB — C‘ B m
irl<lz—C]

Taking the maximum over ®[p](x) thus gives

wax0fel@) = 9AlC) +max | ar(oZg - pr)elr 0 (339
r|<|z—C]

= 2[¢](C) . (3:57)

which concludes the proof.



Chapter 4

Publications

4.1 Publication I

Distance-including rigorous upper bounds and tight estimates
for two-electron integrals over long- and short-range operators

T. H. Thompson and C. Ochsenfeld,
J. Chem. Phys. 147, 144101 (2017).

Abstract:

We introduce both rigorous and non-rigorous distance-dependent integral estimates for
four-center two-electron integrals derived from a distance-including Schwarz-type inequal-
ity. The estimates are even easier to implement than our so far most efficient distance-
dependent estimates [S. A. Maurer et al., J. Chem. Phys. 136, 144107 (2012)] and, in
addition, do not require well-separated charge distributions. They are also applicable to a
wide range of two-electron operators such as those found in explicitly correlated theories
and in short-range hybrid density functionals. For two such operators with exponential
distance decay [e™™2 and erfc(0.11 - 712)/r12], the rigorous bound is shown to be much
tighter than the standard Schwarz estimate with virtually no error penalty. The non-
rigorous estimate gives results very close to an exact screening for these operators and for
the long-range 1/r12 operator, with errors that are completely controllable through the in-
tegral screening threshold. In addition, we present an alternative form of our non-rigorous
bound that is particularly well- suited for improving the PreLinK method [J. Kussmann
and C. Ochsenfeld, J. Chem. Phys. 138, 134114 (2013)] in the context of short-range
exchange calculations.
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and can be found online at: https://doi.org/10.1063/1.4994190
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We introduce both rigorous and non-rigorous distance-dependent integral estimates for four-center
two-electron integrals derived from a distance-including Schwarz-type inequality. The estimates are
even easier to implement than our so far most efficient distance-dependent estimates [S. A. Maurer
et al., J. Chem. Phys. 136, 144107 (2012)] and, in addition, do not require well-separated charge-
distributions. They are also applicable to a wide range of two-electron operators such as those found
in explicitly correlated theories and in short-range hybrid density functionals. For two such operators
with exponential distance decay [e™"'2 and erfc(0.11 - r12)/r12], the rigorous bound is shown to be
much tighter than the standard Schwarz estimate with virtually no error penalty. The non-rigorous
estimate gives results very close to an exact screening for these operators and for the long-range
1/r1, operator, with errors that are completely controllable through the integral screening threshold.
In addition, we present an alternative form of our non-rigorous bound that is particularly well-
suited for improving the PreLinK method [J. Kussmann and C. Ochsenfeld, J. Chem. Phys. 138,
134114 (2013)] in the context of short-range exchange calculations. Published by AIP Publishing.
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. INTRODUCTION

Reducing the computational effort of quantum-chemical
calculations requires taking advantage of the sparse nature of
the interactions involved. This can be done efficiently through
low-cost estimates that allow one to skip the exact calcu-
lation of numerically vanishing contributions. Traditionally,
the development of reliable estimates of the four-center two-
electron integrals over the Coulomb operator 1/r1, has played
an important role in decreasing the storage and computational
requirements. The use of the Schwarz estimate (QQ),

| (uvlAo) | < (ulp)'? Ao |Ad)? = 04 Qaes (1)

where

(uvlder) = // Xu(rl)Xv(rl)X/l(rZ)Xcr(r2)drldrz, 2)

r2

and {y} is a finite set of sufficiently local orbitals (usually
Gaussians), represents the first breakthrough in integral screen-
ing techniques.? It accurately captures the—in the case of
Gaussian basis functions—exponential decay of two-electron
integrals with increasing distances between the centers of y/,
and y,,and y, and y. (overlap dependence), while also being
simple and very efficient to calculate.

More recently,” estimates have been developed that not
only capture the overlap decay but also incorporate the decay
of (2) arising from the behaviour of the Coulomb operator as
the distance between the local charge distributions y/ x, and
XaXxo becomes large (distance dependence). In this regard,
Maurer et al. showed that a good approximation of the inte-
grals can be even more useful than a strict upper bound and

0021-9606/2017/147(14)/144101/10/$30.00

147, 1441011

introduced the QQR estimate® given by

Q,qu/la'(R/lO_)_l, R > 1
| (uv]do) | = N )
,quxlo', R/w <1
where
RIT = R\ — extyy, — extyg. 4)

Here, Rﬁ“f is the distance between the centers of the two charge
distributions y, x, and x . x o, while ext,,,, and ext, are their
respective numerical extents (precise definitions in terms of
entire shells are given in Ref. 3).

Further advances include the development of tighter esti-
mates for three-center Coulomb integrals* and the extension
of QQR to the operator erfc(wryz)/r2° used in some den-
sity functional theory (DFT) methods employing short-range
exchange.

In the following, we introduce integral estimates that accu-
rately describe the distance dependence and are applicable to
a wide range of multiplicative, distance-dependent operators,
including those that arise in some modern quantum-chemical
methods, such as explicitly correlated F12%7 and short-range
hybrid DFT methods.® The expressions are as simple and
easily computable as the Schwarz estimates and are used to
form both rigorous and even tighter non-rigorous estimates. In
addition, they employ a distance-including term that is sim-
pler and more efficient to calculate than that used in QQR
type estimates. We test the estimates for integrals over the
Coulomb operator 1/r12, which we call “long-range” due to
their slow inverse distance decay, and over the operators ™12
and erfc(0.11 - ryp)/r12, which we call “short-range” due to

Published by AIP Publishing.
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their exponential distance decay. The operator e™¥"12 is impor-
tant in explicitly correlated F12 theory with a true Slater-type
geminal® and optimal values of y depend on the basis set but
are typically close to 1.0.'° The operator erfc(0.11 - r13)/r12 is
used in, e.g., the HSE06,'!! HSE-3c,!? and N12-SX'3 density
functionals.

Il. THEORY

The QQ estimate (1) remains applicable when the
Coulomb operator 1/r;> is replaced by any positive-definite
integral kernel, and in the following, we use the integral nota-
tion (uv| o) as in (2), but with the Coulomb operator replaced
by some general function G of the inter-electronic distance. For
proof of this statement and of the positive-definiteness of vari-
ous important operators used in quantum chemistry, including
those in this work, see Appendix B. Thus, from now on, the
factor Q,,, always depends implicitly on the operator G. In
addition, we consider the generalized QQR estimate of the
form

pAo plo
Gvlae) [ = {Q,qu/lu-G(R#V ), 0< GRE <1
v O otherwise
with R as in Eq. (4).

A. Arigorous upper bound for short-range operators

The QQ estimate is the Schwarz inequality on the
space of one-electron charge distributions defined as €, (r1)
= xu(r1) xv(r1). It is applicable due to the fact that the two-
electron integral over some distance-dependent operator G is
an inner product on this space, as long as G is positive definite.
We show in Appendix A that the integral is also an inner prod-
uct on the space of real continuous two-electron functions, if G
is strictly positive for ri, > 0. The two-electron orbital prod-
ucts fzw(rl, r2) = xu(r1) x»(r2) are a subset of this space and
the corresponding Schwarz inequality leads, due to symmetry,
to the following two upper bounds:

| (uvldo) | < (uul A (vvloa)'? = MMy, (6)

| (uvldo) | < (uuloa) 2 (A = MyeM,y.  (7)

In contrast to the original QQ estimates, the right-hand sides
of (6) and (7) inherently contain distance dependence, while
lacking any overlap dependence. Equality holds in (6) and
(7) for integrals of type (uu|vv), i.e., for “perfect” overlap in
forming the charge distributions. We combine the original QQ
estimates (1) and the Schwarz-type inequalities (6) and (7)
into a rigorous distance-including upper bound, the combined
Schwarz bound (CSB),

| (/lVI/lO') | < min (Q/JVQ/UT7 M/J/IMV(J" Mu(rMV/l)~ (8)

For the long-range Coulomb operator, overlap depen-
dence is much more important than distance dependence and
we find that the CSB estimate is no more useful than the
QQ estimate for currently tractable systems. However, for
operators with much stronger distance-decay, such as e™"12
and erfc(0.11 - r12)/r12, we find that that the rigorous CSB
provides a much tighter bound and correctly captures the lin-
ear scaling increase in the number of significant two-electron
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integrals already for medium-sized systems. This is in con-
trast to the QQ estimates, which scale quadratically with
system size regardless of the operator, due to the missing
distance-dependence.

Lastly, we note that the CSB estimates are exact for both
(uv|uv)-type and (uu|vv)-type integrals. This is because the
QQ estimates are exact for the former integral types, while
Egs. (6) and (7) are exact for the latter, and all three are upper
bounds.

B. Tight estimates for short- and long-range operators

The descriptions provided by the QQ bounds and those in
Egs. (6) and (7) can be seen as being complementary. While
the QQ estimates describe the overlap dependence at zero dis-
tance, the new bounds provide a description of the distance
dependence at full overlap. This makes it plausible that they
can be combined in a way that captures both properties simul-
taneously and gives a good estimate for most, if not all, of
the two-electron integrals. In order to preserve the exactness
of the estimates for (uv|uv)-type integrals, we developed the
following normalized description of the distance decay:

_ Ma
Mua=—5—75 - ©)
"onel
‘We note that 0 < M/ul < 1land thatMM = 1if y, = xa. This
follows from the QQ estimate of M,,,,

i QL (10)

My <
where equality holds if y, = xa. The denominator in (9)
depends neither on the overlap nor on the distance but ensures
that the factor 1\7[# A gives unity for y,, = xa so that an estimate
derived by multiplying the QQ bound with this factor will
reduce to the QQ bound for (uv|uv)-type integrals, which is
exact in this case. On the other hand, the distance decay of
the factor M, is included. We use 1\71# 1 to formulate our non-
rigorous combined Schwarz approximations (CSAs),

[(uv|do)| ~ QMVQ/IU'M/W/IU' > (1D

with three different approximations [CSA1, CSA2, and CSA
max (CSAM)] given by the choice of M, 1,

MMy, CSAl
Mﬂy/lo— = M,uo'Mwls CSA2 . (12)
max (MM/IMVU’MMUMVA)’ CSAM

We note that in addition to 0 < MH a1 < 1, one also has
Ouv
< ﬁ <1, (13)
up Lyv

with equality on the right-hand side for y, = x,, which fol-
lows by estimating Q,,,, with Eq. (6) [or (7)]. This ensures that
the CSA estimates are also exact for integrals of type (uu|vv)
because they then reduce to the bound (6), which is exact in
this case.

We note that CSA1 and CSA2 offer more flexibility due
the separated form of M, ., but are slightly less accurate
than CSAM (see Sec. III A). We have found, as one might
expect, that CSA1 and CSA?2 perform nearly identically and
we only present results for CSA1.
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The combined Schwarz approximations exhibit many
excellent qualities. For one, they require only diagonal ele-
ments of the integrals themselves. Furthermore, no well-
separatedness condition is required for their application, in
contrast to QQR, and the error incurred in their use is mediated
through only one screening parameter, the integral threshold.
In addition, their use is very inexpensive because the distance
factors M,,V can be easily precalculated and stored, and only
simple multiplication is needed in the screening step. Lastly,
they lead, in terms of integral shell counts, to a nearly exact
screening, i.e., the neglect of all integral shells with exact
norms below the integral threshold, for all of the operators
we have tested.

C. Incorporation into Coulomb and exchange matrix
screening algorithms

Modern methods allow for the linear-scaling calculation
of both the Coulomb (J) and exchange (K) matrices needed in
Hartree-Fock (HF) theory and hybrid DFT (see, e.g., Ref. 14).
J and K are defined in terms of the density matrix P and the
two-electron integrals as

Ju = D Pag (uvlde), (14)
Ao

Kuv = " Pag (udlve), (15)
Ao

and traditionally, individual contributions are screened, i.e.,
contributions estimated below a chosen screening threshold
are neglected, via the QQ bound,

[P (uv|do) | < |P/10'|Q/.WQ/10', (16)
[P (udlvo) | < |P/lo'|Q;1/le0'- (17)

In the case of the Coulomb matrix, the continuous fast
multipole method (CFMM)'3 can be used to partition J into
near-field and far-field contributions based on interaction dis-
tance. The near-field part inherently contains only a linear
scaling number of interactions due to the distance cutoff and it
is calculated using exact integrals, while the formally quadratic
scaling far-field contribution is handled with arbitrary pre-
cision using a highly efficient multipole expansion based
algorithm in a linear scaling fashion. Typically, the near-field
contribution dominates Coulomb matrix calculation times and
integral screening via Eq. (16) is used to reduce the prefactor.

The exchange matrix can be calculated in a linear scaling
fashion for systems with non-vanishing HOMO-LUMO gaps,
such that the density matrix P is sparse.'®~!® This is because the
two charge distributions present in exchange terms are coupled
through the density matrix as seen in (17) so that the number of
significant contributions to K scales linearly in this case. Alter-
natively, very recent work'® explores the use of fast multipole
methods for calculating the exchange matrix.

While a naive screening using Eq. (17) will scale quadrat-
ically with the system size, the LinK method'”'® intro-
duces a prescreening/preordering step preceding the Schwarz
screening that reduces the complexity to linear for sparse P
matrices.

We implement our estimates within the Coulomb near-
field screening and LinK screening algorithms by simply
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adding a final screening step in which integrals are neglected
when the estimates,

[P (uv|do) | ~ |P/10'|A/1v/10'7 (18)

[P (udlvo) | ~ |P/l(r|A/t/le7 (19)
are less than some fixed thresholds %; and ¢, for Coulomb
and exchange contributions, respectively. Here, A, 1 repre-
sents one of the approximations to the two-electron integrals
described above. Although one could tailor the prescreening
step to the particular approximation used, we have found that
this has little impact on the efficiency of calculating the exact
exchange matrix, i.e., for two-electron integrals over the 1/r»
operator, to which this work is restricted. This is because the
slow distance-decay allows for only small improvements in
the coarse prescreening step. In addition, the large amount of
non-negligible integrals means that the screening step makes
up a small fraction of the calculation time in this case.

Lastly, we note that while the LinK prescreening algo-
rithm is very efficient on central processing units (CPUs), it is
not suited for use on graphical processing units (GPUs) due to
the complex control flow required. However, the PreLinK pre-
screening method?? allows for linear-scaling through a coarse
preselection of significant K matrix elements before integral
calculation begins using only efficient sparse matrix multipli-
cations. Defining |P| as the matrix of absolute density matrix
elements and Q as the matrix formed from the factors Q,,,
the approximated matrix of absolute exchange elements |K|’
is given by the simple expression,

IK|" = QIPIQ. (20)

Because the CSB, QQR, and CSAM estimates do not separate
into two-index quantities, they cannot be used straightfor-
wardly within the PreLinK method because they do not lead
to an efficient prescreening involving only matrix operations.
On the other hand, the CSA1 estimates lead to a very simple
expression for |K|’,

IK|'=Mo (Q(Mo [P|)Q), (21)

where o symbolizes the Hadamard matrix product and
M = (M) Thus, only two Hadamard products and two
matrix multiplications are required, which again can be
performed in a linear-scaling fashion.

We have found that, in terms of speed vs. accuracy, Eq.
(21) performs the same as (20) for the exact exchange calcu-
lations to which this work is restricted. This is not surprising
considering the long-range nature of the 1/r, operator and that
the PreLinK method is a coarse prescreening. We note however
that for short-range operators, the matrix M will become sparse
for currently tractable systems and we have found Eq. (21) to
perform significantly better than (20) in this case. Additionally,
the sparsity of M means that for both the LinK and PreLinK
methods, linear-scaling will be achievable even for small band-
gap systems with densely populated density matrices. We will
present results for short-range exchange calculations in future
work.

lll. COMPUTATIONAL DETAILS AND RESULTS

We compare the performance of the rigorous CSB [Eq.
(8)] estimate and the non-rigorous CSA1 and CSAM [Egs.
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(11) and (12)] estimates to that of the established QQ [Eq.
()] and QQR [Eq. (5)] estimates. For the QQR estimates, we
employ a fixed well-separatedness threshold of 10~!, which
has been shown to give sufficient accuracy.’ As test systems,
we use a subset of the screening benchmark test suite described
in Ref. 3.

In Sec. IIl A, preliminary results based on statistics
and integral only screenings are given for the long-range
Coulomb operator 1/r1; and the short-range operators e~"12
and erfc(0.11 - ry2)/ri2. The importance of these operators is
given at the end of Sec. I. We give results for a range of thresh-
olds and also compare estimate performance for a series of
linear alkanes containing up to 160 carbon atoms.

In Sec. III B, we give results for the 1/r|, operator in the
context of Hartree-Fock SCF calculations to demonstrate the
applicability of our estimates in electronic structure theory.

Due to the way in which molecular integrals are cal-
culated, it is advantageous to screen at the level of integral
shell-quartets. We estimate the contribution of a shell-quartet
by taking the maximum norm of our estimates with respect
to entire shells, before combining these shellwise estimates
in the screening step to a final estimate. If a shell-quartet is
deemed non-significant, none of the corresponding integrals
are calculated.

A. Statistics and estimate performance

As afirst test, we evaluate the performance of the estimates
through statistics of the ratio

F = Iegtimate /exacts (22)

where [ estimate and exaer are the estimated and actual norms of
an integral shell-quartet, respectively. The maximum (F,x),
minimum (Fpip, ), average (F,y), and standard deviation [0 (F)]
of F are given for the molecule Amylose;s from the test
suite and the basis sets cc-pVDZ and cc-pVTZ in Tables I
and II, respectively. Due to the way the integrals over the
erfc(0.11 - ry2)/r12 operator are calculated as the difference
between the integrals over the 1/r, and erf(0.11-712)/r2 oper-
ators, numerical instability occurs for large distances between
charge distributions. Such integrals are calculated as the small
difference between large values. As we show below, this does
not affect the real performance of our estimates when using
a fixed integral threshold; however, it distorts the statistics
of F. To avoid this distortion, we restrict our statistics to
shell-quartets with exact norms larger than 10712

For the cc-pVDZ basis set we see, in the case of the
1/r12 operator, only slightly improved statistics with the CSB
versus the QQ estimate. This is expected due to the weak
distance dependence for this operator and we suspect that
most of the improvement comes from (uu|vv)-type inte-
grals for which CSB is exact while the QQ bounds are strict
overestimates (assuming X, # Y,). The non-rigorous QQR,
CSAM, and CSALl bounds perform similarly, with signifi-
cantly improved averages, standard deviations, and maximal
overestimates compared to the two rigorous bounds. The two
CSA estimates have slightly improved standard deviations at
a cost of slightly larger errors indicated by lower Fiy, values.

In the case of the e™"'2 operator, the CSB estimate shows
large improvements to the rather poorly performing QQ bound.
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TABLE 1. Statistics of the ratio F = Iegimate/Iexact for the molecule
Amyloseyg, the cc-pVDZ basis set, and the estimates QQ, CSB, QQR, CSAM,
and CSA1. Only shell-quartets with exact norms above 10712 are included in
the statistics.

cc-pVDZ
Operator Estimates Fay o(F) Frin Finax
QQ 7038 1.5 x 103 1.000 43 x 100
CSB 62.06 954.00 1.000 23 x 100
Urp2 QQR 227 24.29 0.376 4.6 x 10*
CSAM 232 17.01 0.161 1.9 x 10*
CSAl 2.30 17.01 0.083 1.9 x 10*
QQ 1.4 x 10° 2.0 x 107 1.000 7.3 x 10°
CSB 15 x 10° 6.0 x 10° 1.000 5.1 x 10°
e 2 QQR 12.76 47.45 0.179 1.6 x 10*
CSAM 239 6.20 0.002 1.3 x 10
CSAl 1.88 497  24x10*  911.86
QQ 20 x 10° 4.0 x 107 1.000 3.9 x 1010
CSB 20 x 10° 7.1 x 103 1.000 5.5 % 10°
w QQR 5.14 5.49 0.448 741.05
CSAM 1.48 1.30 0.042 132.70
CSAl 1.34 1.22 0.014 12533

Again, the non-rigorous estimates outperform the rigorous
bounds greatly but come with the cost of underestimates which
are more severe than in the case of the Coulomb operator. The
CSA estimates are significantly better on average than the QQR
estimates but also show much larger underestimates.

The results for the operator erfc(0.11 - r12)/r|, are similar
to those for e™"'2. The non-rigorous estimates however show
improved values in each category with the same general trends
between them.

The results for the cc-pVTZ basis are very similar to
those for the cc-pVDZ basis. The trends stay the same, but all

TABLE II. Statistics of the ratio F = Iegimate/Iexact for the molecule
Amyloseyg, the cc-pVTZ basis set, and the estimates QQ, CSB, QQR, CSAM,
and CSAL. Only shell-quartets with exact values above 10712 are included in
the statistics.

cc-pVTZ

Operator Estimates Fav o(F) Finin Frnax
QQ 101.54 2.6 x 103 1.000 9.0 x 100
CSB 90.08 2.1 x 103 1.000 9.0 x 10°
1ris QQR 3.05 43.28 0.337 9.9 x 10°
CSAM 3.15 30.06 0.145 3.4 x 10*
CSAl 3.12 30.06 0.069 3.4 x 104
QQ 1.5 x 10° 1.9 x 107 1.000 7.4 % 10°
CSB 1.8 x 10° 8.1 x 10° 1.000 1.2 x 107
e QQR 11.05 98.69 0.119 1.0 x 10°
CSAM 3.88 19.17 0.001 34 x 10°
CSALl 2.97 1474  1.1x10% 22x10°
QQ 20 x 10° 3.5 x 107 1.000 4.0 x 1010
CSB 23 x10° 8.6 x 10° 1.000 6.5 x 100
w QQR 4.74 20.67 0306 7.8 x 10°
CSAM 1.97 3.84 0.033 12 x 10°
CSAl 1.77 3.63 0.010 12 x 10°
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estimates perform slightly worse than with the smaller basis
set.

We also present results regarding the efficiency and accu-
racy of direct integral screenings and compare to an a pos-
teriori exact screening. In these tests, integrals are discarded
when they are estimated to be smaller than a fixed thresh-
old . In the case of the exact screening, they are discarded
if they truly are smaller than the threshold. As a measure of
the efficiency, we use significant shell-quartet totals, and as a
measure of accuracy, the entrywise 1-norm (W) of the differ-
ence between the exact two-electron integral tensor {(uv|10)}
and the “screened” tensor {(uv|Ao)’} with integrals from
non-significant shell-quartets set to zero,

W= 1uldo) = (o) |. (23)

uvido

We note that W is just the unsigned sum of all discarded
integral values. Although W will be much larger than the actual
screening error due to error cancellation, it offers a good metric
for comparison with the well-tested estimates QQ and QQR
and with the error involved in an exact screening. We note that
for non-rigorous methods, W will include contributions from
integrals that are larger than the screening threshold; how-
ever, our accuracy metric treats such terms on equal footing
with correctly discarded integrals, making a comparison with
rigorous estimates possible. In almost all cases, the contri-
bution from accurately screened integrals is larger or of the
same order of magnitude as that coming from those discarded
erroneously.

We tested our estimates using various screening thresh-
olds. In Fig. 1, the ratio of the number of significant shell-
quartets Nggp of the most conservative ( = 14) QQ screening
to those of each method/threshold (speedup) and the W val-
ues are plotted against a sequence of increasing screening
thresholds # for all three operators tested. The numbers are cal-
culated using sums of the Ngp and W data from the molecules
Amyloses,, Polyethyness, and (Sg)yo from the test suite.
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For the 1/ry, operator [Figs. 1(a) and 1(d)], we find no
improvement in efficiency for the rigorous CSB estimate and
no change in accuracy compared to the QQ estimate. In fact,
virtually identical sets of integrals are discarded in both cases.
On the other hand, the non-rigorous estimates, which perform
nearly identically, show significant improvements in efficiency
close to that achieved with an exact screening. This increased
speed is accompanied by an increase in error of more than an
order of magnitude compared to the rigorous bounds. However
the error is virtually identical to that of an exact screening
and is controllable through the screening threshold. The error
increases linearly with increasing .

In Fig. 1(b), we see that the speedups for the
erfc(0.11 - r12)/r1» operator are much higher than for the 1/r >
operator for all estimates except QQ, for which they are more
or less identical (notice the different scales for the speedup).
Remarkably, the rigorous CSB estimate shows a speedup of
ca. 2.5 already for © = 10~!# with virtually no error increase.
This can only be matched by the QQ estimate by increas-
ing ¥ by six orders of magnitude, which is accompanied by
an increase in error of roughly six orders of magnitude. The
speedup gap between the two rigorous estimates increases with
increasing #, while the errors incurred [see Fig. 1(e)] remain
virtually identical. Therefore, it seems that there can be no
justification for the use of QQ instead of CSB for this oper-
ator. Looking at the non-rigorous estimates, we see speedups
rivaling the exact screening from the CSA estimates with
the QQR estimate discarding considerably less. The gap in
speed between the non-rigorous and rigorous estimates has
widened significantly in comparison to the 1/r1, operator. In
contrast to the speedups, the errors of the screenings decrease
across all estimates compared to the 1/r|, operator, especially
for the QQ, QQR, and CSB estimates. This is notable con-
sidering the fact that many more integrals are discarded for
this operator. One sees as well that the speedup of the CSA
estimates compared to QQR comes at the price of a slight
decrease in accuracy.

1/r1 erfc(0.11r12)/r12 e
L] -6-csB
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FIG. 1. [(a)-(c)] Speedup (relative to QQ estimates with screening threshold @ = 10714y and [(d)-(f)] decadic logarithm of the error measure W [see Eq. (23)]
for the molecular systems Amyloses,, Polyethynejsg, and (Sg)ao for a series of screening thresholds . The number of significant shell-quartets and the W
values are summed over the three molecules. The rigorous screenings QQ and CSB are compared to the non-rigorous QQR, CSAM, and CSA1 screenings as
well as an a posteriori exact screening for the operators 1/r1; [(a) and (d)], erfc(0.11 - r12)/r12 [(b) and (e)], and e™"12 [(c) and (f)]. Note that while the range of
speedup of the upper plots varies for the different operators, the range of the lower error plots is fixed.
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The results for the e™"'2 operator [Figs. 1(c) and 1(f)] are
similar to that for erfc(0.11 - 12)/r12, except that the speedups
are much larger for all but the QQ estimates. Again, we find that
CSB significantly outperforms the QQ estimates in efficiency
with virtually no error penalty. We see the same trends between
the non-rigorous estimates with a wider speed gap between the
CSA and QQR estimates and between CSA1 and CSAM. The
accuracy of the exact screening and rigorous estimates again
increases, for QQR and CSAM it stays about the same, while
the error of CSA 1 increases slightly in comparison to the values
for the erfc(0.11 - r12)/r12 operator.

We also evaluated the performance of our estimates with
increasing system size. In Fig. 2, the number of significant
integral shell-quartets Ngp and the W values are given for a
set of linear alkanes ranging from methane to Cg9Hz3,,. Here,
a fixed screening threshold of # = 1071% is used.

For the 1/r|, operator [Figs. 2(a) and 2(d)], we observe a
quadratic increase in the number of significant shell-quartets
with increasing system size for all estimates and for the
exact screening, as expected. The non-rigorous estimates are
nearly exact in terms of both significant shell-quartets and
error.

For the erfc(0.11-r12)/r12 and e™"'2 operators, we observe
that all estimates except for QQ, including the rigorous CSB,
correctly predict a linear scaling number of significant shell-
quartets. While the CSB has an increased prefactor compared
to the non-rigorous estimates, it shows almost no error increase
compared to the QQ bound. Remarkably, for the largest alkane
(Ci60H322), the QQ bound predicts 5.14 times as many sig-
nificant shell-quartets as the CSB bound in the case of the
erfc(0.11 - r13)/r1» operator. For the e™"1? operator, this num-
ber increases to 8.09. The non-rigorous bounds are much
closer to the exact screening in terms of significant integral
shells. The CSA estimates are barely distinguishable from the
exact screening, while the QQR estimate discards slightly less
integrals. In terms of the accuracy of the non-rigorous esti-
mates, CSA1 performs the worst in both cases, followed by
CSAM and then QQR. We also note that the errors for all

1/},-12 erfC(O.llrlz)/}’lz
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estimates and operators increase linearly with increasing
system size.

In Sec. III B, we focus on the use of our newly intro-
duced CSA estimates in Hartree-Fock SCF calculations, in
which only the 1/r1, operator is needed. We will publish fur-
ther results on the effectiveness of these estimates for the
erfc(0.11 - r13)/r12, €72, and other operators when integrated
into the corresponding chemical theories in future work. For
now, we point out that in these preliminary results, the errors of
all estimates for the short-range operators erfc(0.11 - rj2)/r12
and e~ "2 are lower than those seen for the QQR, CSAM, and
CSA1 estimates for the 1/r;; operator. This is encouraging
because, as shown in Ref. 3 for the QQR estimate and as we
show in the following, these estimates can be well utilized in
the efficient calculation of Coulomb and exchange matrices in
SCF calculations of large molecules, while incurring minimal
error. Thus we expect that our new estimates, CSB, CSAM,
and CSA1, will perform very well for these and other operators
when used in the respective theories.

B. Exact exchange SCF calculations

In the following, we present Hartree-Fock SCF calcula-
tions and compare the performance of the QQ bound with
the QQR and our CSAM estimates. All calculations were
run on 12 core CPU servers (2x Intel Xeon CPU E5-2620
@ 2.00 GHz). We use one screening threshold for exchange
matrix integrals (% ) and a separate threshold (i#;) for near-field
Coulomb matrix integrals, which are calculated separately.
Far-field Coulomb-type contributions are calculated using the
CFMM" method for sufficiently large systems. As an SCF
convergence criterion, the error calculated in the direct inver-
sion of the iterative subspace method (DIIS error) is required
to be below 1077, unless otherwise noted. The superposition
of atomic densities is used as an initial guess.

We do not present results for the CSB bound because it
performs identically to the QQ bound for the systems we tested.
We expect that, for the 1/r;, operator, CSB will only perform
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FIG. 2. [(a)-(c)] Number of significant shell-quartets (Nsq) and [(d)-(f)] decadic logarithm of the error measure W [see Eq. (23)] for a series of linear alkanes
of increasing length, five integral estimates, and the operators 1/r1; [(a) and (d)], erfc(0.11 - r12)/r12 [(b) and (e)], and e "12 [(c) and (f)]. The screenings were
performed with a threshold of © = 10710 in all cases. Note that while the range of N sq in the upper plots varies for the different operators, the range of the
lower error plots is fixed. In (b) and (c), some QQ points are omitted for large n for clarity. For the largest alkane (n = 160), the ratios of significant QQ to CSB
shell-quartets are 5.14 and 8.09 for the erfc(0.11 - r13)/r12 (b) and 712 (c) operators, respectively.
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better than the QQ bound for unrealistically large systems. This
is because of the slow distance-decay of the corresponding
two-electron integrals.

1. Threshold dependence

As afirst test of our CSA estimates for the Coulomb oper-
ator in the context of HF SCF calculations, we compare their
performance for various screening thresholds. We vary the
exchange screening threshold #;, while keeping the Coulomb
matrix threshold ¥J; fixed at 9; = 107'2. In Fig. 3, we plot
the decadic logarithm of the error vs. the computational time
required in the SCF procedure, given as a percentage of the
reference time. Here the molecule DNA, and the basis set
cc-pVTZ were used. The error is calculated as the absolute
difference between the converged energies of the reference
calculation and the calculation performed with the respective
estimates and thresholds. The exchange screening threshold
varies from 107 (top left) to 1072 (bottom right). The cal-
culation with the QQ bound and 9, = 107'2 is used as the
reference and is shown as the dotted vertical line at the right of
the plot. It has zero error by definition. Here, we see that the
non-rigorous distance-including estimates perform much bet-
ter than the QQ bound. They offer either improved speed with
little loss of accuracy for a fixed threshold or vastly improved
accuracy with the same calculation speed if used with a more
conservative threshold. The exception is the QQR estimate
with 9 = 1072, where four additional iterations are needed
for SCF convergence, leading to no speedup compared to the
QQ bound calculation with the same threshold. (The CSAM
calculation with %, = 10~ requires one additional SCF itera-
tion, which can be attributed to small numerical differences.)
CSAM gives very similar results to QQR with the exception
of the just mentioned better convergence for % = 1077, caus-
ing it to be much faster with slightly less accuracy in this
case. With 9 = 107!9, CSAM is only slightly faster than
QQR with a slight loss of accuracy, while for ¥ equal to

o - = = -Reference E
-6 . ——QQ .
X --0- CSAM .
R™ -f1- QQR :
/g =7 m‘\ :
= " '
Q “ L]
= :
& -8 “ .
— "\ .
9 Ny
\a :

50 60 70 80 90 100

SCF Time (% of Reference)

FIG. 3. Threshold dependence of the SCF calculations for the system DNA,
and the basis set cc-pVTZ. Errors and SCF calculation times are given for the
estimates QQ, QQR, and CSAM and exchange matrix integral thresholds 9
varying from 1072 (top left) to 107!2 (bottom right), with the combination
QQ/10™'? used as the reference. The Coulomb matrix integrals are screened
with a constant threshold J; = 10712, The error is given as the unsigned
difference between the converged energies of the reference and the respective
estimate/threshold combinations.
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10-1 or 10712, it is slightly faster than QQR with no loss in
accuracy.

2. System and basis set dependence

In the following, we give results for a wide range of chem-
ical systems from the screening test suite and three different
basis sets. For each estimate and system tested, we give errors
and speedups with respect to reference calculations.

Unless otherwise noted, the calculations are per-
formed with Coulomb and exchange integral thresholds of

TABLE III. Errors (E) and speedups (SU) with respect to reference calcula-
tions for HF SCF calculations and the cc-pVDZ basis set. The calculations
are performed with ¢ = ¥ = 10719 unless noted otherwise. References are
calculated with the QQ estimate and ©¥; = ¥ = 10712,

cc-pVDZ basis set

QQ QQR CSAM

System EwH) SU EuH) SU E (uH) SU
Amylose; -0.02 1.28 -0.02 1.30 -0.05 1.43
Amylosey -0.04 134 -0.06 1.48 -0.12 1.60
Amyloseg -0.09 1.50 -0.13 1.76 -0.26 1.84
Amyloseig -0.19 1.53 -027 1.88 -0.54 1.97
Amylosesp -0.39 1.57 -057 1.88 -1.16 1.98
Amyloseys -0.60 155 -0.86 1.88 -1.74 1.99
Amylosegy -0.80 1.56 -1.14 1.88 -2.32 1.97
Angiotensin -0.10 1.50 -0.12 1.72 -0.19 1.85
Angiotensin dep. -0.10  1.50 -0.12 1.74 -0.18 1.87
Angiotensin zw. —0.10 149 -0.13 1.73 -0.18 1.83
CNTy?* -0.02 1.18 -0.01 1.17 —-0.06 1.24
CNTyp?* -0.07 128 -0.13 1.33 -0.24 1.41
CNTgp* -022 136 -031 1.48 -0.44 1.55
CNT(6,3)s* -4.18 176  -6.70 2.74 -9.35 2.78
Diamond -0.20 135 -037 1.45 -1.70 1.55
DNA; -0.03 1.29 -0.03 1.39 —-0.06 1.48
DNA, -0.13 149 -0.15 1.71 -0.23 1.82
DNA4 -033  1.62 -041 2.03 -0.56 2.15
DNAg -0.71 1.79 -0.92 2.46 -1.25 2.57
DNAjq -149 192 -1.88 2.74 -2.62 2.81
Graphiteyy -0.02 1.23 -0.04 1.28 —-0.05 1.34
Graphitesy -0.15  1.32 -025 1.42 -0.34 1.49
Graphitegg -035 1.37 -0.68 1.54 -0.91 1.61
(H20)65 -0.08 174 -0.05 2.19 0.03 2.32
(H20)142 -0.23 1.88 -0.14 2.59 0.13 2.72
(H20)285 -0.54 210 -027 3.04 0.39 3.19
(H20)569 -1.17 230 -0.55 3.55 0.98 3.70
(LiF)3, -0.02 1.13 -0.10 1.18 -0.13 1.20
(LiF)7, 0.09 119 -0.65 1.25 -0.60 1.29%
Phtalocyaninec. —-0.05 1.25 -0.09 1.34 -0.16 1.40
Polyethynegy -0.02 134 -0.02 1.71 -0.07 1.73
Polyethyne g -0.04 1.44 -0.05 1.91 -0.15 1.92
Polyynegy 0.04 1.14 -054 1.30¢ —-0.05 1.31
Polyynejoz49 0.67 120 -0.01°¢ 1.28%¢ 0.74¢ 1.31¢
(S8)s -0.10 1.37 -0.10 1.53 -0.09 1.66
(S8)20 -0.54 1.66 -045 2.19 -0.29 2.36
Triphenylmethyl —0.01 123 -0.02 1.28 -0.05 1.34

4Convergence criterion relaxed to DIIS error below 1076,
One less SCF iteration than reference calculation required.
€One more SCF iteration than reference calculation required.
dConvergence criterion relaxed to DIIS error below 1073,
o = 10711, 9 = 10712
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9 =10 =10710, while the reference calculations are per-
formed with the QQ bound and ¢; = 9 = 1072,

In Table III, we give the results for the cc-pVDZ basis
set for a wide range of chemical systems. The errors (E) are
given as differences in converged energies compared to the
reference in microhartree (¢H), while the speedups (SU) are
given as the ratios of the sum of Coulomb and exchange matrix
computation times (using the converged density) to that of
the reference. In general, the errors are roughly proportional
to the system size for each estimate. For almost all systems,
the speedups are the lowest with the QQ screening and high-
est using our CSAM. The only exception is for the CNTg
molecule for which QQR is slightly slower than QQ. In some
cases (see footnotes of Table III), the calculations using the
QQR estimate require an additional SCF iteration for con-
vergence, while in one case [(LiF)7,] the calculation with
CSAM requires one less iteration than the reference. Typi-
cally, the size of the errors increases when going from QQ
to QQR and from QQR to CSAM. The H,O and Sg clusters
are exceptions to this rule; here, the non-rigorous bounds give
energies closer or just as close to the reference. Most impor-
tantly, we find small absolute errors for all of the estimates
and systems tested. The largest errors occur for the sizeable
CNT(6,3)s molecule, with absolute errors of 4.18, 6.70, and
9.35 uH with the QQ, QQR, and CSAM estimates, respec-
tively. For all but the largest systems, errors of below 2 yH are
observed.

In Table IV, we present analogous results for the cc-pVTZ
basis set and smaller subset of the test suite. For this larger
basis set, we see increased speedups and typically a larger
gap between QQ and the non-rigorous estimates compared to
the same systems with a smaller cc-pVDZ basis set. There
is almost no speedup gap between QQR and CSAM for this

TABLE IV. Errors (E) and speedups (SU) with respect to reference calcula-
tions for HF SCF calculations and the cc-pVTZ basis set. The calculations
are performed with ¥ = 9 = 10710, References are calculated with the QQ
estimate and ¥ = ¥y = 10712,

cc-pVTZ basis set

QQ QQR CSAM
System E (uH) SuU E (uH) SU EH) SU
Amyloseg -0.10  1.59 -0.11  2.02 -0.12  2.05
Angiotensin -0.12  1.57 -0.14  1.99* -0.12  2.01*
Angiotensin dep.  —0.13 1.59 -0.15 1.98 -0.13 2.01
Angiotensin zw. -0.12  1.60 -0.15  2.01* -0.12 2.03
CNTyo® -0.10 1.33*  -0.16 144 -022 149
Diamond g -0.31 1.43 -099 1.61* -097 1.67
DNA,; -0.14 154 -020 1.89 -0.17  1.92
Graphitesy -0.22  1.34*  -038 1.51° -1.02  1.54°
(H20)6s -0.12  1.85 -0.22 253 -025 254
(LiF)32 -0.02  1.18 0.02 1.27 0.02 1.27
Polyynegy -0.50  1.18 -1.01 1.42 -0.13 1.42
(S8)20 -046 1.72 -0.26 233 038 242
Triphenylmethyl ~ —0.02  1.29 -0.04 138 006 142

20ne more SCF iteration than reference calculation required.
l:'Convergence criterion relaxed to the DIIS error below 107°.
“Two more SCF iterations than reference calculation required.
d0ne less SCF iteration than reference calculation required.
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TABLE V. Errors (E) and speedups (SU) with respect to reference calcula-
tions for HF SCF calculations and the aug-cc-pVDZ basis set. The calculations
are performed with J; = ¥ = 10712, References are calculated with the QQ
estimate and ¥; = ¥ = 10714,

aug-cc-pVDZ basis set

QQ QQR CSAM
System E (nH) SU E (nH) SU E (nH) SU
Amyloseg -0.40 1.21 1.40 1.33 -0.20 1.34
Angiotensin -1.50 1.18 -1.80 1.25 1.80 1.29
DNA, -0.50 1.19 -2.60 1.26 -0.80 1.27
(H20)68 0.70 1.35 -6.80 1.53 -0.80 1.52
(LiF)3, -0.10 1.06 0.70 1.08 1.00 1.09
Triphenylmethyl -0.20 1.06 -0.30 1.06 -0.10 1.09

basis set and CSAM is only marginally faster in most cases.
Interestingly, the errors incurred using the QQ bound typi-
cally increase using the larger basis set, while those of the
QOQR estimate are not significantly different and those of the
CSAM estimate typically decrease. This leads to errors that
are very similar across screening methods. Often the CSAM
gives less error than QQR, while still being slightly faster. The
largest absolute errors are only 1.02 yH (Graphitess, CSAM)
and 1.01 uH (Polyynegs, QQR).

In Table V, we give results for a basis set augmented with
diffuse basis functions, the aug-cc-pVDZ basis set. In this case,
tighter thresholds are required to ensure SCF convergence
regardless of the estimate used and thus we choose Coulomb
and exchange integral thresholds of ¥; = %, = 107'2, with ref-
erence calculations using the QQ bound and &; =9 = 10714,
Due to the tighter thresholds, the speedups are less than seen
for the previous two basis sets. On the other hand, the errors
are reduced drastically and are now given in nanohartree (nH).
The speedups of the QQR and CSAM estimates are largely
similar, with CSAM marginally faster than QQR for all but
one system [(HyO)g3]. CSAM outperforms QQR in accuracy
for all but two systems [angiotensin, (LiF)3,].

IV. CONCLUSION AND OUTLOOK

We have presented first results for our newly developed
distance-including rigorous bound CSB and non-rigorous esti-
mates CSA for three different operators [1/r},, erfc(0.11 -
r12)/r12, and e~"12] based on direct integral screenings that
are independent of any quantum-chemical theory. In addi-
tion we have implemented the CSA estimates in the con-
text of Hartree-Fock SCF calculations and shown that they
can be used to speed up integral calculation compared to
both the distance-neutral QQ bound and distance-including
QOQR estimates. The errors incurred are, in almost every case,
of the same order of magnitude as for the QQ and QQR
estimates and are controllable through the chosen screening
threshold.

We expect, based on the results in Sec. III A, that the
CSB bound and CSA estimates will perform even better
in comparison to the QQ and QQR estimates for operators
with much stronger distance-decay than the 1/r;; Coulomb
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operator. In fact, one could already consider CSB as the new
default estimate for short-range operators due to its rigorous
nature, ease of implementation, low cost, and vastly supe-
rior performance compared to the QQ bound. On the other
hand, the CSAM estimate has several advantages over the
QQR estimate that become more pronounced for short-range
operators. One of these advantages is the near-exact nature of
the estimate for the short-range operators that we have tested.
Another is the fact that the screening itself can be performed
more efficiently because the distance-including factor is cal-
culated through two multiplications and one logical operation,
whereas in QQR the distance between shell-pairs must be cal-
culated and inserted into an operator function that is relatively
expensive to compute. This extra cost is also more important
for short-range operators because the ratio of screening time
to integral calculation time will naturally go up due to the
much larger numbers of insignificant integrals. Regarding the
CSAL1 estimate, it remains to be seen how it will perform when
used in the PreLinK method for short-range exchange DFT
calculations. We will compare it to the QQ bound and other
distance-including PreLinK methods’ in this context in future
work.
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APPENDIX A: PROOF OF EQS. (6) AND (7)

We first prove a more general statement for any pair of
two-electron functions. We denote with &, the real vector
space of all continuous real-valued functions of the positions
of two-electrons. We consider the two-electron integral with
multiplicative operator G as amap (-, -) from the product space
&> x &, onto the real numbers,

)= [ [enraGonyemandr. @b
where e and f are functions in &, and show that (-, -) defines
an inner product on &. We assume that G(r|,) is positive for
ri2 > 0 (positivity property). In order for (-, -) to be an inner

product, it must satisfy the following requirements for any
functions e, f, g in & and any real number A:

e.f)=1(fe),

(de.f) = Ae.f),

(e +g7f> = <€,f> + <g’f>,
{e,e) >0,

(e,e) =0if and only if e = 0.

el

The first requirement follows from the fact that G is mul-
tiplicative, while requirements two and three follow from the
linearity of integrals. To show four and five, we note the fact
that the value of the integral (A1) does not change when we
restrict the integration to values of r; and r,, such that ri # 0.
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Therefore, we have, using the multiplicity and positivity
property of G, that
(e,e) = / / e (r1,r)G(ri)dridry > 0 (A2)

because the integrand is always positive for 1 # 0. This is
requirement four. If e(ry, r») does not vanish for some pair of
positions (71, r2), then the continuity of e and the positivity
property of G dictate that (e,e) > 0 must hold. On the other
hand, if e vanishes for all possible (r, ), then (e, ¢) must be
zero. These two facts together are requirement five and this
ends the proof that (-, -) is an inner product.

Because (-, -) is an inner product, the Schwarz inequality
for any two functions e, f in & holds,

(e.f) < (e, ) 2 (fL V2,

with equality if and only if e and f are linearly depen-
dent. Equations (6) and (7) are a direct consequence of (A3)
when e and f are replaced by the corresponding products of
Gaussian basis functions (and Mulliken integral notation is
used).

(A3)

APPENDIX B: A NOTE ON THE APPLICABILITY

OF THE SCHWARZ INEQUALITY (QQ BOUND)

TO INTEGRALS OVER MULTIPLICATIVE, DISTANCE
BASED OPERATORS

Proofs for the Schwarz inequality for two-electron inte-
grals over the Coulomb operator 1/r1; have appeared in various
forms in the quantum chemical literature'->!->> and more gen-
eral theorems can be found in mathematical physics textbooks,
see, for example, Refs. 23 and 24. Although the inequality
has been used, as in this work, for two-electron integrals over
other operators,”>%% this has been done without giving explicit
proofs or references to proofs for these cases. We have also
been unable to find explicit proofs elsewhere in the literature.
Thus, in this section, we aim to clarify the applicability of
the Schwarz inequality by giving a simple, sufficient con-
dition for any multiplicative, distance based operator. Our
condition is based on the proof for the Coulomb operator
given in Ref. 22. Further, we show explicitly that this con-
dition is met not only for the operators used in this work but
also for some other important operators in quantum chemical
theories.

Let G be some multiplicative operator depending on the
distance between the positions of two electrons. In order to
show that

| (uvlcldo) | < (uwvlcluv)'* (Aoclao)' /2, (B1)

where

(wvlgldo) = //Xﬂ(rl)Xv(rl)G(rl —I2)

X xa(r2) x o (r2)dr dry, (B2)

it suffices to show that the integral (uv|G|Ao-) defines an inner
product on the space spanned by all the orbital products x, xy.
For this, the same conditions given in Appendix A, with
e, f, and g replaced by one-electron functions, must be ful-
filled. Again, the first three conditions follow directly from the
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multiplicativity of G and the linearity of the integral. However,
conditions four and five turn out to be slightly more difficult to
show, due to the fact that the integrand on the right-hand side
of the equation,

f1) = / fa)f(2)G(ry — ro)dridr,, (B3)

is not everywhere positive. Here f is any one-electron function
for which (B3) converges. Assuming G has a well-defined
three-dimensional Fourier transform Fg, given by

1 .
Folk) = — / G(r)e ®*dr, (B4)
2n
we can represent G in terms of its inverse Fourier transform,
G(r) = / Fek)e™®Tdk. (B5)

Here we write F¢ as a function of k = |Kkl, which is possible
because G only depends on r = Irl. This allows us to write (B3)
as

(1) = / Folf ®)[2dk, (B6)
where

fk) = / f®e ™ rdr. (B7)

Thus, when F¢ has the positivity property defined in Appendix
A, the same arguments given there apply in this case so that
conditions four and five follow analogously, and the Schwarz
inequality can be used with the operator G. The condition
Fgk) > 0 for k > 0 is, according to Bochner’s theo-
rem,”’ equivalent to the statement that G is a positive-definite
function.

It thus suffices to calculate the Fourier transform of G and
check that it is positive for k > 0. This can be done, e.g., using
the following formula of Grafakos and Teschl:?8

TABLE VI. Fourier transforms for some important operators in quantum
chemical theories. The parameters y, w, and « are positive real numbers.
All transforms are strictly positive for k > 0.

Operator Fourier transform
1
1/r1 2”y2k2
~Yr12 _r
¢ P IR
~Yr2 1
e 27202 2)
2
R =
erf(wrlz)/rlz 27r2k2e 402
2
: K
erfc(wryz)/ri2 azl-e 4w?)

2
2 k

—ar 1 —
e 12 787r3/203/26 4a
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1 d -
Fok) = =5~ Falk). (B8)

where Fg is the one-dimensional Fourier transform given by

Folh = 5 / " Gretar. (B9)

(o8]

Using this equation, we have calculated the Fourier transforms
given in Table VI for a variety of important operators in quan-
tum chemical theories, including those used in this work. In
each case, the transforms are easily seen to fulfill the necessary
conditions and the Schwarz inequality holds for each of these
operators.
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ABSTRACT

We introduce tight upper bounds for a variety of integrals appearing in electronic structure theories. These include electronic
interaction integrals involving any number of electrons and various integral kernels such as the ubiquitous electron repulsion
integrals and the three- and four-electron integrals found in explicitly correlated methods. Our bounds are also applicable to
the one-electron potential integrals that appear in great number in quantum mechanical (QM), mixed quantum and molecular
mechanical (QM/MM), and semi-numerical methods. The bounds are based on a partitioning of the integration space into balls
centered around electronic distributions and their complements. Such a partitioning leads directly to equations for rigorous
extents, which we solve for shell pair distributions containing shells of Gaussian basis functions of arbitrary angular momen-
tum. The extents are the first general rigorous formulation we are aware of, as previous definitions are based on the inverse
distance operator 1/11; and typically only rigorous for simple spherical Gaussians. We test our bounds for six different integral
kernels found throughout quantum chemistry, including exponential, Gaussian, and complementary error function based forms.
We compare to previously developed estimates on the basis of significant integral counts and their usage in both explicitly corre-
lated second-order Mgller-Plesset theory (MP2-F12) and density functional theory calculations employing screened Hartree-Fock
exchange.
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I. INTRODUCTION Modern theories often require additional forms of such
two-electron integrals in which the multiplicative operator
Cy is replaced by a different function of inter-electronic dis-
tances. Examples of such methods include variants of den-
sity functional theory (DFT), which require the calculation
of screened Hartree-Fock exchange terms’'™ and explicitly
correlated methods employing various correlation factors,>#
where two-electron integrals result from the insertion of the
(uv1Ac)c,, = / dry Q0 (1) / drs Qa0 (r2) Cra 1) resolution of the identity (RI) approximation into the required
many-electron integrals. Table I gives a non-exhaustive list

where Cy; = 1/1y, is the Coulomb operator, 1, = |r; — 75|, and of some important interaction functions and where they are

Quv = Xuxv is an electronic distribution that is a product of ~ found.

The large numbers of integrals that arise in electronic
structure theories pose a difficult challenge for accurate
computations involving large systems. The most demand-
ing cases are interaction integrals between charge distribu-
tions described by basis function pairs, with the prototypical
example being the electronic repulsion integrals (ERISs)

two basis functions in a basis set {x,},.s, where B is a finite In addition, explicitly correlated methods that do not
set of basis set indices with |B| = M. employ RI require many-electron integrals. The general
J. Chem. Phys. 150, 044101 (2019); doi: 10.1063/1.5048491 150, 044101-1
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TABLE I. Some important operators in quantum chemical theories. The parameters
v, w, and « are positive real numbers.

Operator Theory
e Explicitly correlated theories”
e "2 /1y Explicitly correlated theories”
erfc(wry) /T2 Range-separated DFT’
e M Range-separated DFT*

explicitly correlated theories®-1"
1/r12 Ubiquitous

formula for an N-electron integral involving only multiplica-
tive, two-electron operators is given by

N

(il - Tkn)yp, = /dm Q, ~-~/d7‘N Qi nFij~ (2
j=1
i<j

Here, F is the r;-dependent interaction function between
electrons i and j, and Q, denotes the charge distribution of
electron i, with k; being an index in the set of all distribution
indices . Usually, the set of distributions is made up of all
basis function products so that [D| = |B x B| = M2, and the
number of integrals represented by (2) scales as M?N, while the
asymptotic scaling of the number of numerically significant
integrals with increasing system size is typically not larger
than quadratic and often linear, due to the local nature of the
basis functions and the decay of the interaction functions with
increasing distances between distributions.

In order to take advantage of this inherent sparsity, it is
necessary to develop simple upper bounds or reliable esti-
mates that take the decay properties of the integrals into
account as best as possible.

The use of the Cauchy-Schwarz inequality,'%'*

|(,UV|/10')C12| S Q,qu/la'y QMV = \'(}lVll.lV)Cu bl (3)

to screen ERI contributions is essential to efficient calcula-
tions in quantum chemistry. Inequality (3), which also holds
when Cj, is replaced with any positive definite function,’*
allows for the screening of integrals based on their exponen-
tial decay with increasing distances between the two basis
functions that describe the electronic distributions (overlap
dependence). However, it neglects the operator dependent
decay due to increasing distances between the distributions
themselves (distance dependence). We denote a bound that
captures the asymptotic overlap and distance dependence as
scaling consistent. In the case of the untransformed ERIs, dis-
tance dependence is negligible because of the slow decay of
Cj2 and (3) can be considered scaling consistent in practice.
However, for most other operators of interest and in the case
of transformed integrals such as those occurring in electron
correlation theories (see, e.g., Ref. 15), the distance decay is
much faster and it becomes essential to take distance depen-
dence into account. Often, it is sufficient to use approximate
formulas that are not strict upper bounds, as long as the
error is still controllable, as shown by Maurer et al.,'® who

ARTICLE scitation.orgl/journalljcp

introduced the first efficient estimate for the Cj; opera-
tor denoted as QQR. A similar non-rigorous estimate with
improved performance for three-center two-electron inte-
grals over Cj; was introduced by Hollman et al.'” and non-
rigorous estimates for the short-range erfc(wryz)/r12 opera-
tor! 1819 as well as for some operators involved in F12 theory?°
have also been formulated. Recently,’* we introduced both
non-rigorous estimates and the rigorous combined Schwarz
bound (CSB) for screening four-center two-electron integrals
over general operators in a way that includes both opera-
tor and distance dependence. The very simple CSB uses a
distance-including Cauchy-Schwarz type inequality combined
with inequality (3) and works well with quickly decaying opera-
tors because it is tightest in the limiting cases of strong overlap
or strong distance decay. However, the generalization of both
the CSB and the Cauchy-Schwarz inequality to many-electron
integrals leads to complicated factors that are less practical
for screening purposes.

Recently, Barca et al.?'-?5 presented upper bounds for
various operators and three- and four-electron integrals.
Their work is based on bounding primitive basis functions by
spherical bounding Gaussians (SBGs) to get scaling-consistent
bounds at the cost of an integral over spherical Gaussians.
While the tightest bounds achieved in this way are insepara-
ble, a hierarchy of increasingly separable bounds is obtained
using Holders inequality at the expense of general scaling
consistency.

In this work, we present upper bounds that are tight, sep-
arable, and scaling-consistent. They can be used with a large
variety of integral kernels and are applicable in the many-
electron case. These properties allow the formulation of very
low cost, truly scaling-consistent screening algorithms with
negligible computational and storage requirements.

Our bounds are also easily adapted for use in electronic
potential integrals of the type

Riw); = [ dr,0F(r - R, 4)

where F is a general distance function and R is some point
in space. These integrals appear in great number in mixed
quantum and molecular mechanical (QM/MM)?4-2¢ and semi-
numerical methods.27-2°9 Here as well, the bounds account
for both the overlap dependence in Q,, and the decay with
increasing distance between R and the center of Q,,,.

This paper is organized as follows: we present the con-
cepts behind our new upper bounds in Sec. II A and give the
rigorous extent equations that result in Sec. II B. The bounds
that result are presented in Secs. II C and II D. In Sec. II E,
we discuss how to take the effects of density coupling into
account during screening, leading in some cases to asymptotic
linear scaling even when the number of significant integrals
is quadratic. In Sec. II I, we give scaling-consistent screening
procedures for two-, three-, and four-electron integrals and
discuss the costs involved.

In Sec. 11], we quantify the performance of our bounds
on the basis of significant integral counts for six differ-
ent integral kernels and in the context of two quantum
chemical theories: explicitly correlated MP2-F12 theory, and
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range-separated DFT, where we use the estimates to speed
up the formation of the screened exchange matrix used, e.g.,
in the HSE06 DFT functional.? The results shown in this work
are based on two-electron integrals; however, we are cur-
rently working on an implementation of the equations for the
exact calculation of three- and four-electron integrals,?23031
in order to test our bounds in these cases as well. Because
our bounds generalize very straightforwardly to these cases
and because the decay properties are the same, i.e., largely
dependent on overlap and operator decay, we expect our very
promising results for the two-electron case to carry over to
the many-electron case. In addition, our one-electron inte-
gral bounds are currently being incorporated into our recently
published screening scheme?® for semi-numerical DFT
calculations.

Il. THEORY

Our upper bounds are based on the intuition that, due
to the exponential decay of the typical Gaussian basis func-
tions, it should be possible to restrict integration to spheres
that contain all non-negligible contributions, while the sum of
the contributions outside the spheres remains below a given
screening threshold 9.

In this work, we are concerned with integral operators
whose kernels are positive, monotonically decreasing func-
tions of the distance between two electrons. We distinguish
between two different classes of such operators: bounded-type
operators, whose kernels are bounded in the limit of zero dis-
tance, and Coulomb-type operators, which are the product of a
bounded-type operator and the Coulomb operator Cj,. For any
operator Fj;, we denote its bounded part as FZ such that Fj =

Fz for bounded-type operators and Fy; = F%Cij for Coulomb-

type operators. This distinction is made because of the simpli-
fications that arise for bounded-type operators. In particular,
the overlap factors needed for the three- and four-electron
integrals of F12 theory are the same as for the two-electron
case when the correlation factor used is a bounded-type oper-
ator, which is essentially always the case and is assumed in this
work.

A. General ideas

1. Space partitioning

The basic procedure for developing our integral partition
bounds (IPBs) is as follows: for an arbitrary charge distribu-
tion Q, k € ID, we choose its center C, and consider the ball

centered at C;, with radius R, which we denote R;. This ball is
defined by the set equation

R, = {x e R®: [x - Cy| <R}, )
while its complement, loik, is given by

f(szs\l.ka{xeRgzlx—Ck|>R}. (6)

By integrating separately over the ball and its complement, i.e.,
by using the identity

ARTICLE scitation.orgl/journalljcp

/M%mm:

dr Qk(r) .ot
Ry Ry

droym..., ()

we are able to generate equations for determining R large
enough that the second term in (7) is always negligible. The
equations that arise, which are given in Sec. II B, have very
simple dependence on the operators present and the num-
ber and type of distributions involved so that the proce-
dure can be applied very generically. By solving them, one
obtains maximal extents, E;, for each distribution and guar-
antees that only the first term of (7) must be taken into
account for screening purposes. Such spatially restricted
terms can be easily bound from above in a scaling-consistent
manner.

A second partitioning can be used to obtain still tighter
bounds. By defining intermediate extents, e, such that 0 < ey
< Ej, we can partition the first term in (7) according to

/l::k drQp(r)... = /ék d"er(r)...+/ék\ék drQ(r).... (8)

With the right choice of e, this allows for a more accurate
description of the space closest to the center C,, where most
of the charge is concentrated.

A graphical representation of the spaces that result from
our partitioning procedure for the distribution € is shown in
Fig. 1.

2. Separable bounds

Partitioning leads to integrals of the form

N
(il i X, = [ dn@.. [ drn [ By @)
X Xy i=1

j<i

with integration restricted to subspaces X;,...,Xy € R®. In
Appendix D 2, we derive separable bounds for this integral for
any set of operators.

Here and in the sequel, we assume that N > 2 and that
all operators excepting Fj, are bounded-type, while Fj, may be
either bounded- or Coulomb-type. When this is the case, the
bounds can be simplified to the following form:

[ B,
(D E,
Dék\;k
[
[Ar

FIG. 1. Representation of the integration spaces used for a distribution €
centered Cy in the xy-plane.
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N
(ks Xal - - - lkn; Xn)mrg | < Uf;zx] H rl ', (10)
j=2 i<j
with
v Sk dKY) zdE -
: Vf;_Y otherwise,
| FgdX ), dX,Y) = dn‘jm )
7P, Y)  otherwise,
S = Sty - / driQy (1), (13)
1€ (1)1
Y J
VX Qk) I?Eaxx/dr il (14)

The set distance d(X, Y) > 0 is defined as

dX,Y) = d(Y,X) = min_x-yl,

while di?i , is a cutoff distance that is zero for bounded-type
and unity for Coulomb-type Fj;.

We note that for any balls R; and Ry, with centers C; and
C, and radii Ry and Ry, the set distance is given by the simple
formula

d(R],Rz) = max{O, |C1 - C2| - R1 - Rz}. (15)

B. Extent equations

As shown in Appendix D 1, the maximal extent Ej, for Q;,
is determined by bounding
Al R, |-+

R = (k) - lkn )i (16)

where the bars over distribution indices indicate integration
over the absolute values of the distributions, and solving the
equation (1 + N)I°k“ = ¢ for Ry,. Applying (10) leads to the
separated form

(N+1)SR‘MHFlz ]_[ HFU 0) =¥, 17)
j=2
j#n 1<]

where

e =

ky

S, Fio is bounded-type
{ R T12 4% (18)

Vi, Fi2 is Coulomb-type,
RS SRB
Skj = Skj ,and V, = V,;Ri

. Taking the maximal values
Sh < Smax = max S, Vki < Vinax = max V;
ieD ieD
leads to a form that is independent of all other distributions
o N
(N+ DS Hi2 S [ | F4(0) = 0. (19)

ij=1
j<i
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In practice, one can reduce the size of the extents E,
when Q, is combined in integrals with distributions that have
small absolute overlap, as evidenced by (17). For this we also
take the minimum values S, and Vi, and perform a 10-point
logarithmic interpolation between the values HfﬁgXSﬁﬁ and

’HrFr‘lfnSﬁlf , which are typically on the order of unity and 9N-1,

respectively. For each point p in this interpolation, we solve
(19) with the substitution H52 SN2 5p and use the small-
est extents applicable during screening, based on the size of
the overlap factors for the particular distribution combination
being screened.

Intermediate extents ey, are obtained as the smallest radii
such that

Sik" < (YSknv (20)

with the parameter ¥ < @ < 1. In this work, we use a fixed
value of @ = 0.1so that the intermediate extents give the radius
outside of which at most 10% of the absolute charge remains.
In some cases, the e, determined in this way may be larger
than Ey_, in which case we set ¢;, = Ey, .

C. Scaling consistent bounds
1. Simple bound: IPB1

The bound that results from the single partitionings

R® = Izjki u Ek. and inequality (10) is

KMIWMIWWWMH HD @1)

j=2 i<j

where 0 < N < N is the number of distributions that have
been partitioned. N, is always equal to N in the last screening
step, but lower values can be used in earlier screening stages
(see Sec. I D).

Th L t Sé"J' d Vékzé"l t within (21
e overlap factors y and Vg present within (21)

account for the overlap decay. For practical reasons, they are
bound tightly by Skj and V,, during screening. The distance

Ej, Ep.
factors Di).k1 Y account for the distance decay of each operator,
leading to general scaling-consistency.

2. Prescreening bound: IPBO

For distributions formed by basis function pairs, Q, = Q,,,,
with centers C,, and maximal extents E,,, the numbers of
significant factors S, and V,, scale asymptotically linearly
with small pre-factors and can thus be easily pre-computed.
However, the U and D factors can depend on up to four basis-
functions, making storage costly for large systems, despite
asymptotic linear scaling. To avoid these storage costs and
an expensive quadratic screening loop, we bound these fac-
tors from above using two-index values while retaining scaling
consistency. For the U factors, we use

— S
Suk1={ k1

max{Sy,, Vi,}

By, i, Fj is bounded-type

ky

U
Fyp is Coulomb-type.
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For the D factors, we define single-function extents

&y = max {|Cpyy —Cy| +Eu ), (22)

veO(u)

where C,, is the center of y, and O(u) is the set of functions
that overlap significantly with y,. This leads to the inequality

d(E,ey,Y) > max(d(E,, ), d(E,, )} 23)

for any Y ¢ R?, and accordingly
. iy
D;“ V< mm{Dij Y,Ds ). (24)

This allows the formulation of the bound

N . .
- £.E
(ol - - - |I«WN)HFU| < (1+ Np)lpy, H SHVj r[ Dij ' (25)
j=2 i<j

which is not as tight as (21) but separates completely into fac-
tors that are easily pre-computed. It is especially useful for
determining distance based significance lists I for short-
ranged operators Fy;, allowing for the design of very efficient
screening algorithms that are inherently scaling consistent.

3. Final bound: IPB2
The tlghtest upper bound results from the partitionings
R® = ek U Sy, U Ek , where Sy, = Ek \ ek The terms containing

o
Ey, are negligible per construction and what remains is a sum
of 2N terms

oY

n
Xi=eg, .Sk,

I(Re; X1l - - - Ikn; XN)mig |- (26)

Xn=ehy Sy
Each term is bound using inequality (10). The needed set dis-
tances can be calculated using (15) since, for all relevant Y <

R?, d(y, Sk,) = d(Y, ]:Ikl.). The overlap factors that result are
bound according to

ék‘ Xe,a

Skj < Skj k; Vk , (27)
Sk_ XiSk. R ek.

S <as, ARIER VRS 28)
j J kj kj

Here, a is the parameter used to determine the intermediate
extents.
For N = 2 and bounded-type Fj,, IPB2 becomes

(kal - e, | < (1 Np)Sy, S, [ Fro(de 1))

+ @ (Fi(d(Er, é,) + Fia( (G, Ex,))

+ a?Fpp(d(Ey,, Ekz)] .

In general, the bound can be written as a sum of N + 1 terms
TO, ..., TN,

ARTICLE scitation.orgl/journalljcp

N
[kl - - TRn)ygg | < (1+Np) Y Ti(@), (29

i=0

with each T' containing (If) sub-terms and having o depen-
dence given by

T @) = O(@)). (30)

These terms are given explicitly for up to N = 4 in the supple-
mentary material.

4. Approximate bound: alPB

In the limit @ — 0, one has e, —Ey,, and the terms with
i > 0 in (29) vanish. We have found in the two-electron case
that even with rather large values of «, (29) is dominated by
the TO term, which contains only the intermediate extents ey, .
This has led us to test the approximate upper bound given
by

sl o) | < (1 N 1—15 [17% e
j=2 i<j

which we have found to be very effective. Our results show
that with @ = 0.1, for which e, is typically much smaller than
Eg,, (31) gives roughly the same error as IPB2 and less error
than previously developed rigorous upper bounds for a given
screening threshold, while being both simpler and tighter than
IPB2.

5. Unit point-charge distributions

The bounds given above are easily applied to integrals
containing point charge distributions. When Q, is a point
charge at Ry, i.e.,, Q, = Qg, = 6(r; — R;), one simply defines
Cgr, = R;, Eg, = eg, = 0, and Sg, = 1. These distributions do not
require partitioning, and N, is reduced by one for each point-
charge present. If Fj; is Coulomb-type, then some care must
be taken for the distributions Q;, and Q, because V;, becomes
infinite for a point charge. If only one is a point charge it should
be placed at the position of Q, so that it is not used in the U
factor. This is always possible by switching electron labels 1 &
2 if necessary. If both are point charges, then the integral over
r; and 1, evaluates to Fip(|[R; — Rp|), which is used in place of
u;(lerDing.

The most prominent example of such integrals is one-
electron potential integrals, where one has

3
(R1; X1IR2)p,, | < ZUE XIDERZ. (32)

The set distances are again calculated using (15), with Ry being
interpreted as a ball centered at Ry, with zero radius. In the
case of Coulomb-type one-electron potential integrals, the
extent equation,

zv’o‘kn F2,(0) = 9, (33)

is used instead of (19) since there is only one distribution
available to bind the Coulomb singularity.
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D. Intermediate bounds

Intermediate bounds are required in preliminary screen-
ing steps, in which only a subset of the N distributions has
been specified. These bounds can be obtained by taking the
maximal possible values over overlap and/or distance factors
in the bounds given above, while a reduction in the value of N,
follows from the formal derivations in Appendix D.

For the overlap factors, one simply uses the maximum
values over all distributions, Smax, Vmax, and

_ Smax Fj2 is bounded-type
umax =

max{Smax, Vmax} Fiz is Coulomb-type.

Distance factor bounds are given by
iXj
D < F(0), (34)

and N, is reduced by one for each j for which (34) is used for all
combinations ij. An important example is the one distribution
overlap bound

N

(Ral -~ RNy, | < Sk, bt Smax | | F5(0) (35)
j=2
J1'<j

foranyn €{1,..., N}, with

HFlz _ {Smax
max —
Vmax

The distribution Q, can be neglected completely when the
right-hand side of (35) is less than #, allowing one to setup a
list of significant distributions based on this criterion.

Another important example is the basis-function pair
distance bound

Fy is bounded-type
Fi» is Coulomb-type.

. e N
(il kx| < 3D UnaxSnax | | F5(0), (36)
j=2,i<j
(ij)#(nm)
where 1 <n <m < N and u,v € B are contained in k, and
km, respectively. This bound is used to setup distance-based
significance lists for Fnp.

E. Density coupling

The significant number of integrals that contain an
instance of the long ranged Coulomb operator 1/ry2 scales
quadratically in practice. However, coupling to the density
matrix P can cause the scaling of the actual number of sig-
nificant energy contributions to be linear for systems with
significant HOMO-LUMO gaps. This allows, e.g., for the linear
scaling calculation of exchange contributions in Hartree-Fock
and Hybrid DFT for such systems.3%33

This coupling can be used to reduce the scaling to lin-
ear for all three- and four-electron integrals of F12 theory,
in both direct and exchange forms. As an example, we con-
sider the direct V%e and exchange Vf;e three-electron integral
contributions to the so-called V intermediate energy

ARTICLE scitation.orgl/journalljcp

Vie = ) (ijkICioFas kjiy = > Pl P P2 (uip|CpaFasvorn),

ijk /.4/\;;[70'

(37)

Vi = > (ijkICFas ki) = > PI P3PS (up|CraFaslvon).
ijk ,u;/]l]a'

(38)

Here, i, j, and k denote molecular orbitals, Fo3 is a bounded-
type correlation factor, and superscripts on density matrix
elements highlight which electrons are coupled. Although
the number of significant integrals scales quadratically, the
number of significant energy contributions scales linearly
when density decay is present.

To capture this decay, a final preparatory step involves
calculating Pmax = max,, g I[Py, |, and creating, for each basis
function u, a density based significance list Pys(u) based on
the criterion

N
_ Fpo N-1
IPyuy 1P M Simax | | F5(0) < 9. (39)
L1
po

The lists Pps(u) cannot be used directly in algorithms that uti-
lize basis function pair symmetry to only calculate integrals
over pairs |uv) in which u < v, which reduces the compu-
tational work by a factor of roughly 2N. Symmetry respect-
ing lists P(u) are obtained through the procedure given in
Algorithm 1. During integral calculation the scaling-consistent
and intermediate bounds given above are simply multiplied by
the appropriate absolute density matrix elements (or powers
of Pmax) during screening.

F. Screening procedure and costs

For practical reasons, basis functions that share the
same exponents, coefficients, and total angular momenta are
grouped into shells with indices g € S, and entire sub-tensors
of integrals corresponding to shell-tuplets are bound simulta-
neously. Accordingly, one aims to bound the maximum norm
||| over shell-based integral tensors

Nl - lanvnng = max (el - lunvn) g, |-
#@Ellli,ViENVi J
i=1,...,

Algorithm 1. Symmetry respecting density significance lists.

for all u < B do
for allv € O(u) do
for all A € Pys(v) do
for all o € O(1) do
Add o to P(u)
end for
end for
end for
end for
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Our formulas for calculating the factors needed in the
IPBs give values that bound all functions within a shell or
shell-pair automatically. They are calculated once per shell
or shell-pair using the equations in Appendix A and are
directly usable in shell-based bounds, which are obtained
through the substitutions u— for any basis function and B—S
in the bounds and factors defined above. This allows, e.g.,
for the construction of shell-based overlap significance lists
O(@).

For a screening including density coupling, shell-based
bounds are obtained by taking maximum values within shell-
pairs of density matrix elements

Py = max_|Py,|. (40)

MEMVEV

Shell-based lists Pns(f2) are obtained by replacing |P,,| with
Py in (39). Symmetry respecting lists IP(a) are obtained with
Algorithm 1 using the shell-pair lists O(i) and Pns(g).

In Secs. II F 1 and II F 2, we give an overview of the
algorithms used for screening integrals over contracted Gaus-
sian shell-pairs; the procedure for single-shell distributions
that occur in density fitted integrals is obtained through sim-
ple modifications. We do not distinguish between Cartesian
and spherical shells at this point; the procedure is the same
and only the values of the overlap factors and extents change
slightly. Additionally, if one wishes to perform a finer screen-
ing of primitive contributions, the bounds given above are
applicable and can be used with smaller primitive overlap fac-
tors and extents. The formulas needed for these various cases
are given in Appendix A.

Algorithm 2. Two-electron integral screening procedure.

forall i € S do
for all v € O(a) do
for all 1 € Fj5(v) do

if 317{,1;7)52‘“‘61 Smax < @ then Continue
end If
for all 5 € O(1) do

EioEis EisEas

Calc Tinit = DlZH “’Uﬂ'l; "
if 3S;; Tinit < @ then Continue
end if

2 _ SavSic 7 fEieSav
Calc T? = a D)} Uﬂ‘;

1 _ Lz 7 s S
Calc T} = D} Z/{P.”7

1 _ Es357 [Bas o
Calc Ty =aD,; Z/l‘;‘;

Cale TO = DiFiogfiotis
uv

Tfin = TO + T} + Th + T2

if 3T, S35 = O then

Calculate integral sub-tensor (av |Fio |A5)
end if
end for
end for
end for
end for

ARTICLE scitation.orgl/journalljcp

1. Preparatory work

The first step is calculating Spax for each set of distribu-
tions used. If Fy; is of Coulomb-type, Vnax is also required. For
shell-pair distributions, we note that

Smax = max Sy, =1, Vmax = maxV,, (41)
ueB ueB

due to the Cauchy-Schwarz inequality and the normaliza-
tion of the basis functions. Then, the overlap factors, S;;

and, if needed, V;» and U,;;, are calculated and, if significant
according to bound (35), the maximal extents E;; [solve (19)
or (33) for each interpolation point p], intermediate extents
e;» [solve (20)], and single-shell extents &£; [Eq. (22)] are cal-
culated. Significant pairs are stored as overlap significance
lists O(a) containing significant partners v < g for each
shell 4.

The next preparatory step is the calculation of the shell-

. . iy
pair distance factors D™ for each short-ranged operator

involved. These values are checked for significance accord-
ing to bound (36), and the linear scaling number of significant
pairs are stored as distance based significance lists [Fy;(z).

Algorithm 3. V3¢ and V3¢ screening procedure.

forall 1 eSdo
for all 6 € O(1) do
for all 5 € Fa3(5) do

if SSiz? Dif; & Smameaxp?nax < ¥ then
Continue

end if

for all ;7 € O(p) do

Calc Dyg = Dyl

Pint = maX{Pj,ﬁ—y P/"lﬁ, Pj‘;, P(}-ﬁ, P(;-/;}

if 3535 S5:7D23Pint VmaxPaax < ¥ then
Continue

end if

for all i € P(57) do
for allv € O(a) do

Calc Dyp = sz*"Ei"’
Calc UI;;, = Z/[?if}E’N
S =4U;sSi5Spi
D=DpDs
Pp = PisPisPpi(PasPiasPri)
Px = PisPisPpi(PaiPssPei)
if SDPp > or SDPx > then
Calculate integral sub-tensor
(145 |Cr2Fa3 lvarip)
Contract with P elements
end if
end for
end for
end for
end for
end for
end for
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If density coupling is to be taken into account, the last
step is to calculate Pnyax, setup the simple density decay lists
Phs(i2) using (39), and then the symmetry respecting lists P(i)
according to Algorithm 1. The restriction v < j for v € P(a) is
not made here or for the distance based lists in general.

All of these factors and lists are inexpensive to compute,
depend on at most two shells, and require low pre-factor,

Three-electron integrals

Label Direct Term Exchange Term Loop Structure

o2 3 sy

3B 92 g2y
5 N 22 3

Four-electron integrals

Label Direct Term Exchange Term Loop Structure

4A I i : I 3 : 223ty Ty y
4B 3 ST gy Tay
4C I ) : I b : 22308 4"y

—— Coulomb interaction
------ correlation factor interaction
- = - density coupling

FIG. 2. Graphic representations of the three- and four-electron integrals that arise
in F12 theory. Electronic distributions (circles) are coupled through Coulomb inter-
actions (solid lines), the F12 correlation factor (dotted lines), and density elements
(red dashed lines). Scaling consistent loop structures are given for each integral

type.
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asymptotic linear scaling storage. The expressions needed are
given in Appendix A. The cost of their calculation is always
negligible and timings demonstrating this are given in the
supplementary material.

2. Integral screening

Using the significance lists described above, it is simple to
iterate through a prescreened set of shell combinations that is
inherently scaling consistent and takes advantage of shell-pair
symmetry. We give the procedure for a general two-electron
integral in Algorithm 2 using the bounds IPBO, IPBI in inter-
mediate forms, and IPB2 as the final bound. This procedure
scales linearly for short ranged operators and quadratically for
long ranged ones. The procedure for using aIPB is obtained
by neglecting Tint and the bound containing it and using
Tan = TO.

In Algorithm 3, we give an outline of the procedure used
for screening the three-electron contributions V¥ [Eq. (37)]
and V;’(e [Eq. (38)] using only the bounds IPBO and IPB1 for

brevity. Here we use the maximal permutation operator 7%;
defined as

Pl;,;Xﬁ;, = max{Xz;, X5 -

Density coupling is used to reduce the scaling from
quadratic to linear for sparse density matrices. In both direct
and exchange forms, the second and third electrons are cou-
pled by the short-range operator F»3 and the first and third
electrons are coupled by at least one density matrix element,
which allows for a common scaling-consistent loop structure
for both terms. We loop over the distributions in the order
2 —» 3 — 1Dbecause this leads to the strongest intermediate
bounds for weak density decay.

In Fig. 2, representations of each type of three- and four-
electron integral that arise in F12 theory are given that high-
light the operator and density couplings involved. Scaling-
consistent loop structures are given in a format that details
the loop order and the significance lists used to ensure scal-
ing consistency. The same loop structure is applicable to both
direct and exchange integrals in each case. Type 3A in Fig. 2
corresponds to the terms Vge and Vf(e, which are screened
according to Algorithm 3. The other terms are screened anal-
ogously using the given loop structures and the proper inter-
mediate and final bounds. The procedure for a four-electron
integral (Type 4A) is given in detail in the supplementary
material.

11l. COMPUTATIONAL DETAILS AND RESULTS

We test our bounds based on their performance in
screening two-electron integrals in various settings. We com-
pare to the distance-independent Schwarz bound (QQ), given
by

(@716l < QarQis »
where Q,;,;:max,lel;,,,e,;,/(pvlyv)p and our recently

developed distance-including combined Schwarz bound
(CsB)'#
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(@7 126 )e] | < min{Qgs Q5. Mz 1Mss, M My 3 ),

where M; j = max,,.; 1c7 /(s[4

We use six different integral operators in our analysis: the
very long ranged Coulomb operator Cjz, two shorter ranged
operators used in DFT calculations employing screened
Hartree-Fock exchange,?* and three very short ranged oper-
ators that are needed in explicitly correlated F12 theories
employing a Slater-type geminal (STG).

We quantify the range of each of these operators by com-
paring the distances, Rmax, at which they fall below the thresh-
old 10~*2. The abbreviated names used in this work for each of
the six operators are given in Table 11, along with their func-
tional forms and Rpax values. Plots of the operators are shown
in Fig. 3.

We implemented and tested our estimates in the quan-
tum chemistry program package FermiONs++3436 developed
in our group. The molecular structures used in our tests are
part of our integral screening test suite, which are available
for download online, see Ref. 16.

A. Direct integral screening

In this section, we compare the bounds based on a
screening of the entire tensor of four-center two-electron
integrals. Entire shell-quartets are neglected when the
respective estimates are below the screening threshold. The
number of significant quartets remaining is used to measure
the speedup possible with each estimate, while the accu-
racy is measured by the unsigned sum of discarded integrals,
which we denote W. This allows for the comparison of the
estimates for various operators independent of any particu-
lar theory. We also compare to an a posteriori exact integral
screening in which only integrals are discarded whose exact
shell-quartet-maxima are below the threshold.

As test systems we used linear alkanes (CpHzn+2) of
increasing length up to n = 100. A screening threshold of 10710
is used for the exact screening. For the other estimates, and
for each different operator, we use thresholds chosen such
that the W errors are the same as for the exact screening for
the largest alkane (the errors for the smaller alkanes are also
roughly equal). This is done to ease comparison of the over-
all effectiveness of each estimate. The decadic logarithms of
the thresholds used in each case are given in Table III. For
all but the long ranged Cj, operator, the IPB-type estimates,

TABLE II. Operators used in this work and their Ryax values. Ryax is the distance (in
bohr), after which the operator value falls below 10— 2,

Short name Operator Rmax
C12 1 / T12 1012
(2G)2 0.27¢=0075" 4+ 0.18¢=0-0067, 65.7
Ep 0.25 erfc(0.11r2) /112 421
Si2 (1/1.2)e7 12 22.9
(SC)12 (1/1‘2)671'21“2 /T12 20.4
8122 (1/(1.2)%)e~24me 114

ARTICLE scitation.orgl/journalljcp

r12 (Bohr)

FIG. 3. Plots of the six operators listed in Table II.

including alPB, give smaller W errors and are therefore shifted
to looser thresholds.

The results are given in Fig. 4, where the difference
between the number of significant shell quartets Ngq and the
exact number N, Sg’“ is given for each combination of estimate,
operator, and alkane size n. For the Cj; operator, there is little
difference between the estimates for all but the largest linear
alkanes, where the IPBs show improvement compared to the
QQ and CSB bounds. The small difference is not surprising due
to the long-ranged nature of the Coulomb operator. As the
range of the operators decreases, we see that the distance-
including bounds significantly outperform the QQ bound. The
best performance is clearly given by aIPB, while the completely
rigorous bound IPB2 performs consistently well and is only
slightly outperformed by CSB for the very short ranged oper-
ator SZ,. It is of note that although alPB is only an approximate
upper bound, no underestimations were observed in these
calculations.

All of the distance-dependent bounds show the correct
scaling of the number of integrals with increasing n, which is
essentially linear for all but the operator Cj,. This scaling con-
sistency is evidenced in Table IV, where we give the approxi-
mate scaling exponent A in the equation Ngq(n) = O(n?). The

TABLE lll. Decadic logarithms of the thresholds that ensure W = Wy, for each
estimate-operator pair in the direct screenings in Fig. 4.

10g10(19)
Ci2 (2G)2 Ep Si2 (SO)2 S2,
QQ —8.78 —9.06 —8.79 —8.83 —8.76 —8.92
CSB —8.78 —9.08 —8.83 —8.87 —8.81 —8.99
IPBO —9.20 —8.47 —8.12 —7.49 —7.51 —6.98
IPB1 —9.37 —8.63 —8.18 —7.49 —7.51 —6.98
IPB2 —9.37 —8.73 —8.30 754 —7.53 —6.99
alPB —9.39 —8.35 —8.35 —7.62 —7.60 —7.02
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Nsq — NES*(10%)

Nsq — NE&(10%)

Nsq — NE&**(10%)
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FIG. 4. Difference between estimated and exact number of significant shell quar-
tets for a series of linear alkanes with one to 100 carbon atoms. The basis set
aug-cc-pVDZ was used, and the individual integral thresholds were chosen such
that for, C1goH202, the W errors are the same as for an exact screening with a
threshold of 1010,
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TABLE IV. Significant integral scaling behaviour for each estimate/operator combina-
tion when increasing the number of carbon atoms in a linear alkane from 80 to 100.
The scaling exponents A are calculated according to Eq. (42).

Scaling exponent A

Ci2 (2G)12 Ep St (SO)r2 s,
Exact 1.974 1132 1.085 1.053 1.048 1.038
QQ 2.036 2.036 2.036 2.034 2.034 2.033
CSB 2.036 1180 1.113 1.073 1.065 1.048
IPBO 1.947 1184 1.129 1.099 1.092 1.086
IPB1 1.957 1.166 1111 1.081 1.074 1.067
IPB2 1.966 1.143 1.092 1.060 1.055 1.049
alPB 1.967 1.140 1.089 1.056 1.051 1.046

A values are approximated using the values for the last two
alkanes (n = 80 and n = 100) in Fig. 4,

_ ln(NSQ(100)/NsQ(80)) (42)
- In(100/80)

As expected, the Schwarz estimate does not show the cor-
rect asymptotic scaling behaviour because it lacks distance
dependence.

B. Explicitly correlated MP2-F12 calculations

We tested our bounds and estimates within the context
of the explicitly correlated F12 correction®37-3% to the second-
order Mgller-Plesset correlation energy, which improves the
description of the wave function at electron-electron cusp
regions, significantly accelerating basis set convergence. We
employ a Slater type geminal (STG) correlation factor,”3?
given by the operator Sj, and Ten-no’s fixed amplitudes*®
within the 3*C variant“' of the F12 correction. Standard within
the F12 method is the use of resolution of the identity approx-
imations (RI) to break down the formally required three-
and four-electron integrals into sums of products of two-
electron integrals over five different operators. Four of these
are the Cyp, Si2, (SC)y2, and Slz2 operators defined in Table II.
The remaining operator is the so-called double commutator
operator, which, for the explicit STG correlation factor, is
just S, multiplied by a constant” so that only integrals over
the former four operators are needed. We use the CABS+
method of Valeev“? for constructing the RI basis from an aux-
iliary basis set {u’} and density fitting to further break down
the four-center two-electron integrals into two- and three-
center two-electron integrals, which requires a second auxil-
iary basis set {u”}. In total, the following sets of integrals are
needed:

(1), ) G0 1)s,) (1)} (v 1 ) sy, )
{(I_lv’ |/l”)c12 } {(llv/l/l”)slz } {(llv’ |/l”)s'122 }-

Due to the use of density fitting, integral calculation is
not the most expensive step in the presented calculations.
Hence, speedups in integral computation do not lead to large
decreases in total calculation times here. For this reason,
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we view these results as a proof of concept, which will be
indispensable for some proposed variants of explicitly corre-
lated methods. For example, an efficient implementation of the
completely atomic orbital based F12 correction as proposed
by Hollman et al.**> would be possible using our estimates. p
In addition, an explicitly correlated F12 method that for-
goes the usual RI insertions and thus requires large numbers
of three- and four-electron integrals (as considered, e.g., in
Refs. 31, 43, and 44) would greatly benefit from our estimates,
as the vast majority of the arising integrals are expected to be
insignificant.

The CSB bound cannot be used for these calculations
because its formulation for three-center integrals is not
straightforward. Therefore, we compared our new bounds
IPB2 and alPB to the QQ bound and the non-rigorous
generalized QQR estimate,'*'6¢ which also takes distance-
dependence into account, but uses non-rigorous extents
designed for the Coulomb operator. The bounds IPBO and IPB1
are used for pre-screening purposes but are always less tight
than IPB2 and are thus not included in these results. We imple-
mented our bounds within the RI-MP2-F12 routines available
in FermiONs++.34-36

Because the bounds perform similarly for the long range
Coulomb operator Cjy, we give results based on screening of
the integrals over the other three operators. We tested the
three molecular systems shown in Fig. 5 and used a series of
four screening thresholds ¢ from 10710 to 1077

In Table V, we present the screening errors given as the
difference to the F12 correction of the reference (no integral
screening), and the speedups in integral calculation given as

(©)

FIG. 5. Molecules used in MP2-F12 calculations. (a) Adenine-thymine base pair,
(b) B-carotene, and (c) linear alkane (CyoHa2).

set in the SCF reference calculation and aug-cc-pVDZ-RI for
both auxiliary basis sets.

the ratio of the total number of integral quartets of the refer-
ence divided by this number for the respective screenings. All
three molecules were calculated using the aug-cc-pVDZ basis

Our bounds show both significant speedups and reduced
errors compared to the QQ bound. The approximate bound
alPB outperforms IPB2 in each case, with significantly better

TABLE V. Error in F12 energy correction and speedup (SU) calculated as a number of significant integral quartets of the
reference divided by the respective value for each threshold () and estimate. The aug-cc-pVDZ basis set was used in
combination with the aug-cc-pVDZ-RI basis for both required auxiliary basis sets.

QQ IPB2 alPB QQR®
9 Error (H) SU Error(H) SU Error(H) SU Error(H) SU
Adenine-thymine 10~1©  2x1071° 109 <1071 150 1x10°1© 176 1x10°¢ 174
base pair 107 —7x1079 116 2x1071° 162 6x10°10 194 3x10~% 193
10-8 1x10~7 123 1x1078 176 2x10~8 218 2x10~5 216
1077 9x1076 133 1x1076 195 2x107% 249 6x107° 246
B-carotene 10710 1x1071© 109 <1070 205 4x10°10 249 8x10~6 250
10—9 1x10—8 114 1x1079 221 —2x10710 273 1x10~° 274
108 5x10~7 121 1x10-% 240 3x10~% 3.03 3x10~° 3.03
10~7 4x10-5 129 9x10~7 263 1x1076 341 4x10~* 341
Linear alkane 10710 1x107? 108 1x10°10 154 2x107'0 184 2x10°7 185
CooHao 10-° 2x10~8 113 9x10~1° 165 1x107° 200 3x10-¢ 201
10-8 3x10~7 119 7x107% 178 4x107°9 222 3x107° 221
10~7 4x106 126 8x10~% 194 7x10°% 248 4x10°5 248

2Due to increased error and for ease of comparison, the thresholds used in the QQR screening are three orders
of magnitude tighter than those given in the © column.
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speedups and very similar errors. The QQR estimate suffers
from reduced accuracy for these operators and much tighter
thresholds are needed. The error to speedup ratio for QQR is
worse than for both IPB2 and aIPB.

C. Screened Hartree-Fock exchange

In this section, we present the results of DFT calcula-
tions using the HSEO6 functional,? which employs a screened
Hartree-Fock exchange matrix that is calculated using inte-
grals over the Ej; operator. We use our estimates to screen
such integrals within the LinK*23 screening algorithm. This
method allows for linear scaling calculations of the exchange
matrix for systems with sparse density matrices, which is
accomplished by pre-sorting and pre-screening in a way that
takes this sparsity into account.

As an SCF convergence criterion, the error calculated in
the direct inversion of the iterative subspace method (DIIS
error) is required to be below 10~7. A superposition of atomic
densities is used as an initial guess.

In Fig. 6, we plot the errors of the respective screen-
ings against the speedups attained for screening thresholds
increasing from @ = 10 to @ = 10~ and using the basis set
cc-pVDZ. The system used is a DNA strand of 16 adenine-
thymine base pairs, containing 1052 atoms. Here, IPB2 and
alPB perform very similarly and again show reduced error
with increased speed compared to the other bounds at each
threshold tested.

In Fig. 7, we show the analogous plot for the aug-cc-
pVDZ basis set and a chain of 16 amylose sugar molecules,
containing 339 atoms. Screening thresholds from # = 101 to
9 =107 are used here. Tighter thresholds are used because
SCF convergence is more difficult with larger, more diffuse

75,
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FIG. 6. Speedup vs. SCF energy error for DFT/HSE06 screened exchange matrix
calculations for a strand of 16 adenine-thymine DNA base pairs using the basis set
cc-pVDZ. Data points correspond to four different screening thresholds from & =
10~"" (bottom left) to % = 10~8 (top right). Error and speedup are calculated with
respect to reference calculation using the QQ bound and % = 10~"2. The speedup
is given as the ratio of significant integral quartets when calculating the screened
exchange matrix using the converged density.
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FIG. 7. Speedup vs. SCF energy error for DFT/HSE06 screened exchange matrix
calculations for a chain of 16 amylose sugar molecules using the basis set aug-
cc-pVDZ. Data points correspond to four different screening thresholds from 9 =
10~"2 (bottom left) to # = 10=° (top right). The calculations using the QQ and
CSB bounds did not converge in combination with % = 109 so that these data
points are missing. Error and speedup are calculated with respect to reference
calculation using the QQ bound and » = 10~"3. The speedup is given as the
ratio of significant integral quartets when calculating the screened exchange matrix
using the converged density.

basis sets. In fact, the calculations using the QQ and CSB
bounds with © = 109 do not converge so that these points
are missing from the plot. These calculations converge in

TABLE VI. Error and speedups for DFT/HSEQ6 calculations of various systems usin
our bounds for screening exchange integrals. A screening threshold of 9 = 10—
and the basis set cc-pVDZ are used throughout. Errors are given as the difference
of final SCF energy to the reference calculation using the QQ bound with a screen-
ing threshold of 10— 2. Speedups are given as the reference number of significant
integral quartets divided by the number for the respective estimate.

QQ CSB IPB2 alPB

DNAj Error (uH) 3.21 3.22 1.04 1.04
Speedup 3.64 5.15 6.78 7.15
(H20)s69 Error (uH) 272 273 .00 100
Speedup 5.19 8.21 12.5 13.4
(Ss)20 Error (uH) 121 122 038  0.38
Speedup 3.08 3.81 4.84 5.11
Amylosegy Error (uH) 2.02 2.02 0.81 0.79
Speedup 264 329 382 395
Angiotensin Error (uH) 0.25 0.25 0.09 0.09
Speedup 240 2.67 3.00 3.10
Angiotensin Error (uH) 0.25 0.25 0.09 0.09
deprotonated Speedup 2.39 2.66 2.98 3.08
p-carotene Error (uH) 0.06 0.06 0.02 0.02
Speedup 1.78 2.62 2.82 2.89
Graphite Error (uH) —0.21 —0.21 0.03 0.05
CgeHog Speedup 1.90 2.00 2.46 2.53
Polyyne Error (uH) 9.13 12.5 0.81 0.76
C1024H2 Speedup 1.85 23.9 24.6 25.1

J. Chem. Phys. 150, 044101 (2019); doi: 10.1063/1.5048491
Published under license by AIP Publishing

150, 044101-12



The Journal of
Chemical Physics

combination with IPB2 and alIPB, which again screen a larger
number of integrals while incurring less error.

We tested various other systems from our screening test
suite'® in combination with the cc-pVDZ basis set and a fixed
screening threshold of # = 107°. These results are given in
Table VI. Here, we see the same general trends with speed
increasing in the order QQ, CSB, IPB2, and aIPB. The IPB2
and alIPB show very similar errors and both produce between
one-third and one-tenth smaller errors than the other two
bounds.

IV. CONCLUSION AND OUTLOOK

We have derived completely rigorous, distance-including,
and scaling consistent upper bounds (IPBO, IPBl, and IPB2).
They can be used for integrals over any number of electrons
and involving a wide range of distance based multiplicative
operators. The bounds are based on a partitioning of the inte-
gration space that allows for the determination of rigorous
extents for neglecting contributions far away from distribu-
tion centers. They can be used in a wide variety of chemical
theories and are particularly well-suited to those involving
short-ranged operators, for example, in explicitly correlated
theories.

We have also introduced an approximate bound, alPB,
that is almost never an underestimate in practice. The advan-
tage of alPB over the tightest rigorous bound IPB2 is that
it uses a simplified distance factor and is tighter in gen-
eral, while virtually no error increase is observed. We have
found that both IPB2 and alIPB lead to reduced errors and
higher speedups for a given screening threshold when com-
pared to the Schwarz inequality bound QQ and our previ-
ously developed distance-including combined Schwarz bound
CSB.

The high separability of IPBO allows one to screen very
efficiently by determining distance-based significance lists,
leading to scaling consistent loop structures. We regard this
as a crucial advantage when developing fast and accurate
methods for large systems.

We expect that the IPB bounds will be useful in many
branches of quantum chemistry due to their generality, sim-
plicity of use, and exceptional tightness. We are currently
working on the development of efficient quantum chemical
methods based on their application.

SUPPLEMENTARY MATERIAL

See supplementary material for further data as indicated
in the text.
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APPENDIX A: EXPRESSIONS FOR GAUSSIAN
BASIS FUNCTIONS

The contracted Gaussian-type orbital (cGTO) basis func-
tions used in practice are given by

kll
X A) = NI > Cuad (ra). (A1)

a=1

Here, A is the center of the cGTO, [ is the angular quantum
number, NL is the normalization constant, k, is the degree
of contraction, and r4 = r — A. In the case of spherical-
harmonic Gaussians (SHGs), m is an integer with -l < m <
I, while for Cartesian Gaussians (CGs) m = (my, my, m;) is a
three-dimensional vector with my + my + m; = l. The primitive
Gaussian-type orbital (pGTO) ¢E{2 , is defined as

qﬁf{’:vu(r) = Y;?‘Q‘*“(G, <p)rl exp(—/ll,,arz). (A2)
For SHGs, on has

cos(img) m =0

Y9, o) = Ay P™(cos 0
Im (6,9) mE] ( ) sin(|m|<p) m <0,

where Ay, = V(Z__l)f""‘o ((ll:"::";: and P'lm' is an associated Legendre

polynomial. For CGs, one has instead

Yl’;‘l"“(a, ¥) = Afn“'“ (sin @ cos ¢)™(sin O sin )™ (cos 6)",

. Aua (2/1‘4,(1)8”/2
with A = Ts=mymy,m, . In both cases, (A2) can

I'(s+1/2)
be bound [see Ref. 45 (SHG) and Ref. 23 (CG)] in a radial,
m-independent manner using the inequality

1 SHG

(22,0,0)372 (A?’)

Y| < Bl = G
2T 1+1) ’

The most complicated distributions we are concerned
with are absolute products of cGTOs

ik
Q0 | = LXI™(r; A (r; B)|, (A4)
Ry ky
i ik
<SNLNL DT D cuatypl 16 6% 1 (A5)
a=1 b=1

Inequality (A5) is used to bound integrals over cGTOs by
sums of integrals over pGTOs. In the following, we use the
definitions

Iy = anf"~“B;V~b, (A6)
Pab = Aa * v, (A7)
Auad,
Kqp = exp (- 5222 b |AB|?), (A8)
Pab
Py = (1uaA + 24, pB)/Pap, (A9)

Ry = maX(O, R—-|Py — Cyv |) (AlO)

The cGTO product center C,, is defined as
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Cyv = Pmim

where Pp, is the center P, of the primitive pair with the
smallest combined exponent pg,. This choice is motivated by
the fact that the description of the total distribution at large
radial distances is dominated by this primitive pair, and we
wish to describe this outer region as accurately as possible.

The bounds given below are in terms of integrals over
pGTO pairs. They are combined with (A5) to bound integrals
over pairs of cGTOs. If one wishes to bound primitive contri-
butions individually, tighter primitive bounds are obtained by
neglecting the terms corresponding to all other primitive pairs
in (A5) and letting Ry, — R in the inequalities given below.

1. Absolute tail integrals

To calculate extents, one must be able to calculate the
quantities

R Ry
St = Sk = / 19,0 (1) dr,
[r-Cuy|>R

V]R Ruv max/ 1Q,, ()/ |1 — x|.
xeR® Jir C.v|>R

In both cases, we first insert the definition (Al), use inequality

(A5), and bound the resulting integrals over primitive pairs.

In the SHG case, if the two contracted functions share the
same center, i.e., (A = B), or if the charge distribution is formed
by only one basis function (e.g., for density fitted integrals),
integration in spherical coordinates gives

ik ~ T3, pa,R?
k)= M Jlabw (ALD)

34
(pab) 2
where I is the upper incomplete gamma function, and 0 <
M,; < 4x is a factor that depends only on the two non-
negative integers i and j and bounds the angular part of the
distribution

Ml] = maX {Mlmjk

—J<k<J

S'@hr,

2

Mingi= [ dosing [~ doiYin(@,0)%(0.0).

The numerically calculated values of M, jfor0 <i,j<8are
given in the supplementary material.
In all other cases, we first use the triangle inequality

[Tal < Ir —Pgy| + |Pgp — Al
to get

(A12)

l
l -
ral' < > (t)wab — Al e, I
t=0

This bound combined with (A3) and the Gaussian product
theorem“® (GPT) lead to

1
ik
1B (ra) )y (rB)| < TpKap Y > FyIrp,, Ve
t=0 u=!

0

r2
~Pab Pay ,
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with
lj AV - -
thu = (t)(i)u)ab _A|l t |Pab - B|J "
We use the inclusion

{r:lr—=Cu | >R} C{r:ir—Pgl >Ry} (A13)

to shift the center of integration to P, simplifying integration
and giving

Stu

SR(qﬁlm » Pab ab).

)<IabKabZZF

(A14)
t=0 u=0 (pab

3+t+u
)z

The potential integral requires the additional applica-
tion of Newton’s Shell theorem,“7“® which states that for any

spherically symmetric function S and any v’ € R?,

S(r
/d'r‘lr meri 7 / drS(r) + / dr . (Al5)
[ri<r| [r]>|r'|
This leads after further analysis to the bound
r(1+ P, bR )
V@ &) ) < lwKa Z Z F! & (A16)

t=0 u=0 )l+

2. Absolute integrals

It remains to give the equations for the two absolute inte-
gral types S, and V,,. While both can be obtained by let-

ting R — 0 in the bounds for S, and VE,,, tighter bounds
are achievable. For S, in the case of SHGs with A = B, the
bound (All) with R = 0 is best. For the other cases, the inte-
grals over contracted functions are bound by integrals over
primitive functions as in (A5), which are bound further using
(A3). Afterwards, the Cauchy-Schwarz inequality can be used

to get

S, < \[S60 A0S0 a0, )

Vel o) < \/V(% OWEL#0), (a1)
where
l l even
L = (A19)
{l +1 lodd

is always a non-negative, even integer and equality holds when
land j are even. For non-negative and even integers r and s, we
can use the derivative representation ¢"0 = (-1)"/237/% ¢9°

pa H,a 1,0
and the GPT to get the following expression:

T+s

1610, ()30, (rm) | = (-1)F 1y 32 8% Ky exp(-part3,)
/2 s/2

=1y Z Z(—l)““E;jafh 0%, exp(=PaTp,,)-
t=0 u=0

The factors EI}, whose efficient recursive calculation is out-

lined in Appendix C, are given by
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; IN(S\ r_¢ s_
EP = (_1)%—t—u(§ )( z )% ta;b "Kap- (A20)

Performing the integration and then carrying out the deriva-
tives give

0 Y22 F( +t+u)
S #L)=lw ). ) Etu 2 o (A21)
t=0 u=0
/2 s/2
F(1+t+u
(¢Z?, a¢/lvb) = Ly Z Z B e (pap)Htre (A22)
t=0 u=0

where (A15) is needed in the second case.

APPENDIX B: SOLVING EXTENT EQUATIONS

Here, we discuss our method for solving extent equations
for pairs of ¢cGTO basis functions. Because of the similarity
of the three integral bounds (A14), (A16), and (All), we discuss
now only the use of (Al4) for calculating extents; the other
expressions can be used analogously. Given a target T, which
represents the maximal amount of charge that should be left
outside of the extent to be solved for and depends, for max-
imal extents, on the integral threshold ¢, we must solve the
following equation:

j
Nl N, ZZ [Cu, anb”abKabZZFU i

a=1 p=1 t=0 u=0 (Pab

3+t+u

» Pab ab) 7 (Bl)

3+t+u

for R. This is done numerically using Newton-Raphson opti-
mization. The needed derivatives of (Bl) can be calculated
using

_ZeXp( ParR%,)

R (Zx T Rap >0

ir(xvpabRib) _
X

R Pa 0 R, = O.
Because this derivative is never positive, the left side of
(Bl) is decreasing in R and, if it less than T for R = O,
then (BI) has no solution and the cGTO shell-pair can be
neglected.

To obtain an initial guess, we solve a simplified version
of (Bl) by only retaining the term corresponding to t = I,
u = j and the smallest exponents 1, and 4, with corresponding
coefficients ¢, min, Cv min, cOMbined exponent ppin, and factors
Imin and Kpin. The resulting equation is

3+1+}

N 3+2[+j , Prin RZ )
ey

T|C;1 minCy,min |~ (pmm) (B2)

minNy NvainF(&Tlﬂ)

where we divided both sides of the equation by I'(34) and
isolated the resulting regularized incomplete gamma function
given by I'(x, y) /T'(x) on the left hand side.

This allows us to solve for R using routines for inverting
the regularized incomplete gamma function.”®> We note that
(B2) gives the exact solution for uncontracted functions on
the same center. If (B2) has a solution, it is typically a very
good guess and Newton-Raphson optimization quickly con-
verges. If (Bl) has a solution but (B2) does not, which occurs
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when the right hand side of (B2) is larger than unity, then
the extent is quite small and bracketing solvers“® can be used
effectively.

APPENDIX C: CALCULATION OF E;? FACTORS
For fixed A4, 1, and AB =

x § r S
57 - (2)(2)orei, @

A — B|, we write ES as
| tu

where we define
O = (-1)lgkale” =t A (C2)
For k =1 =0, we simply have
0% = eHaAP — Ky (C3)

Using the general Leibniz formula for derivatives, one obtains
the recursion formulas

ok _ BZZZ( )( ) kPN q)[( 1)?%1@})#]

p=04=0
(C4)
(k+1)l _ Ap2 l (k- /lg
+1 + P
e = AB Z::Z‘( )( )@ P [( P9k 84 o +/lb)2]
(©5)
The remaining derivatives are given by
/12 1 min(p,2) p X
HPragh L _ = (.)—11
( ) Aa /lb (/la+/lb)2 (/lu+/lb)p+q ; i ( )
(prq-i+) 5
X (o + ) 94, A4 (C6)
P g kzn 1 mmz(qf) q i
(- 1)p+qaﬂa 1 = - (,)(—1)1
P(Aat ) (Aat AP A\d
Prq-itD 5
X Waﬂb/lb. (C7)

APPENDIX D: INTEGRAL BOUNDS

We bound the absolute value of the generalized N-
electron integral (ky;Xi|- - - |kN;X1\;)npij using the elementary
inequality

I(Re; Xal - - - Tkn; XN)miE; | < (Ri; X1 - - - |KJ;XN)HFU-7

where bars over distribution indices indicate integration over
the corresponding absolute distribution Q- = |, .

1. Partition bounds

As in Sec. II A 1, we consider a set of charge distribu-
tions O,k € DD, with centers C, and partitionings of three-

dimensional space into balls, Ry, centered at C, with radius Ry,

and their complements R, such that
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/erk(r)...:/ﬁ erk(r)...+/§ droym.... (D)

We define N = {1,...,N} as the set of electronic indices.
We denote with P(N) the set of all subsets of . Each subset
T € P(N) is characterised by its cardinality 0 < |Z| < N and
the particular set of indices 7 = {i, ..., iz}, which we assume
to be in ascending order.

We define, for any n € M. the shorthand notation

(kil - Iknl - - lkn)ig, = (1l - - lkn; Re, | - - Rn)isy
(il - < Ikl - lkn)ip, = (ki - lkn; Ry, | -+ - lkn)nir -

We choose a subset of indices Z € P(N) and partition the
integral over 12, |, giving

(k1] - - - ”al)HFij = (kg - - ”%l e |k_N)nFU
+(E|~~~|@|~~~|H1)npij. (D2)
We then partition |Qk12 | in the first term in (D2),
(k- T - Ty = (Rl = g i - len)iiey
+(E|~-~|@|@|~~|Eq)npﬁ, (D3)

and bound the resulting second term

(il - - [l Ikiy | -+ - k), < (kyl -+ Ry |+ - lkn)ny. (D4)

The notation used here highlights the integration spaces used
for the distributions in the middle but is meant to make no
restrictions on their positions within the integral. In particular,
there may be indices between 1; and i, for which the corre-
sponding distributions have not been partitioned. Inequality
(D4) is used to obtain a term that depends on the radius Ry,

only and is very tight when }.Qkil contains most of the absolute
charge of Qp, -

The partitioning and bounding procedure of Egs. (D3) and
(D4) is repeated successively for the remaining indices in Z
leading to the following result:

(il - - lknyiry < (ke - - hl-l@|~~|ﬁi)na,.

IZ|
Z(kn - RNy (D5)
.
=iF+ Y, (D6)
n=1

where the notation |k11| |k | implies the partitioning of all

HI\

indices in Z. If each term in (1)6) is less than ¢#/(|Z] +1), it fol-
lows that (k1| |kN)HFiJ~ < ¢ and the integral can be neglected.
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An important special case of (D6) occurs for Z = N, [Z| =
giving the fully partitioned form

N
(kal - lkn)nry < (Ral- - lkn)ig,  + > (Rl -« [kal - < [,
L] L] nl o
(D7)
N
=R+ ) I (D8)
n=1

This form is used for determining radii R, such that the
tail integrals I;’\?” are less than (¢ /(N + 1)) or equivalently such

that ((N+1)I;'\Ik" < ). This results in maximal extents E; for each
distribution. Because |Z| < N, these extents also ensure that
the tail integrals are negligible in the more general bound (D6).
They are then used in the principle integrals I;\IZ, which can be
bound straightforwardly in a distant-dependent manner due
to the restriction to finite balls around the distribution cen-
ters. The different forms of Z lead to the final and intermediate
bounds of Secs. I1 C and 11 D.

2. Separable bounds

The principle and tail integrals given above are not sepa-
rable and are difficult to compute directly. Here we present
our ansatz for obtaining separable bounds containing easily
computable factors. This procedure is independent of the par-
titioning, and it is the combination of the two that gives an
efficient and scaling-consistent bound.

We write the integral (k_l;Xll e |@;XN)HF@. over the gen-
eral spaces Xj, . . ., Xy in the following form:

/ dry |9y, | / dry |9, |Frp .. / dry 10 [ [Fn. (D9)

j<N

With the shorthand notation (r); = (ry, ..., 1), we define
the function

U (®)m-1) / At 19, | ]_[ Fjm(I15 = Tm ). (D10)

]<m

The restriction of this function to X, =X;x -+ XXm_1 is
bound from above by the general maximal potential integral

UXm

km < max Ui:"’ ((r)m—l) =U miqu.

K-t (Nm-1€ X1 m km

Inserting this bound successively into (D9) gives the inequality

XX
it (D11)

—a

I
[N

(ki X1 - - s X, <

1

which is a product of terms that depend only on a single distri-
bution directly, with parametric dependence on the integra-
tion spaces of the other distributions. We note that it is always

possible to simplify UXm ™1 further by taking maxima over 1y,
for each Fj, to get
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r7Xm; Xm- Xm
U ™ < 8, l—[ nax Fjm(I7j = 1m 1) (D12)
J<M piex;
= Si::: l_[ Fim(d(Xj, Xm)) » (D13)
j<m

where Sf;’: = Jx, dr|Qy, |. This is a significant simplification
because d(Xj, Xm) is always straightforward to calculate for
the sets used in practice. However, for unbounded Fj,, and
overlapping X; and Xm, one has

(%, Xor) = Eyn(0) = . (D14)

For each j where this is the case, we take the corresponding
maximum over 1y, only for the bounded part of the operator
Fjbm in order to obtain a practically useful bound.

If we restrict our formulation to the case that all Fj
are bounded-type, except for Fj», which may be bounded

or Coulomb-type, then we can safely use (D13) for all terms
except 0?:22;?(1 where we use the following inequality instead:

~Xo: X1, X X
Ut <UDy, (D15)

These factors are defined in Sec. II A 2. The result is the bound

N
L. L. X197 /X1X; X j X, X
(Ri; Xl -+ - Ik Xy < Syt D™ ]_[s’k‘; [Py o)
j=3

i<j

(D17)

N
_ 7 /%X2X1 jl—[ iXj
s ]2
L j
j=2

i<j
The second form is obtained by exchanging electronic indices
1 & 2 and using the symmetry of Di(zl’xz. Applying (D17) to the

integrals I;?“, II'\II and those that result from the partitionings

Ey, = éki U S, lead to the extent equations, the IPBI, and the
IPB2 bounds, respectively.
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I. IPB2 TERMS

The IPB2 bound is given by

We define

LJ o
ee __ ek ek_] Fe Ek ekJ eE e’“ Ek_] EE EkiEkj
Dy =D pEe = H™M pef = p M7 DEF — )

Uk ueklekz Ugis_ €k25k1 U uEk2ek1 UkEl Z/{Ekzskl

O(«), while Uge and U,f:e are independent of o. When Fis is

and note that as o — 0, U,fls = O(«) and U,ﬁs =
Uit = UE" =S,

bounded type the factors simplify to U,fls = U,ﬁs = a8k, and
For N = 2 one calculates the factors,

ee ES EE
Uklkalkalkal 127D127D127D12

The T" terms are:

0 =S Uee ee
—OkaY; H12

V=81, (U DEy + a UF* DY)
—S,aUESDEE

For N = 3 one calculates the factors,
ES EE EE
Ulﬂ?UklvU Ukl 127D127D12»D12 13»D13»D137D13
EE
237D23 7D23 7D23

as early as possible in the loop structure. For the integral types 3A and 3B of the main paper, Fi3 = 1, and the D13
factors are not needed. The T terms in the general case are:

=Sk, Sks U,§ED€€D
:sk25k3 (UL DE DE DS + a UEC DY DS DES + a U DS BEDggE )
T? =Sp, Sk, (¢ U,ﬂ FDEDE, +aU,§ EeDEFDSE + o2 U,ﬂ ¥ D8 DEF)

:Sk28k3a2 U,CEIS D D



For N = 4 one needs

ES EFE EE
Uk17Uk17Uk17U1 12»D127D127D12 137D137D137D13
EE EFE EE
237D237D237D23 14»D14»D147D14 D247D247D247D24
EE
347D347D34»D34 )

where in the F12 integral types 4A, 4B, and 4C, only three of the six operators are present and only the D factors
corresponding to these are needed.

The T? terms are in the general case:

0
T" = S S UL DD DR D DEDS

Sk28k38k4(U,§SDEeD ¢ DSs DY D5 DS + a U DY Dy DEs DY DEe Ds5
+aU,§€D€€D EDs ijD;f;D +aU§eDeeD§§D§§D§fD§fD 7)
T? = Sy, Sk Sk (e UES DEF DYy DY DEF D¢ DS + o Ug® DYy D DSY DY DS DEY
+a2U,§fD1'2D' D3 D{SDEC DY + a US® DIy DIy DSSDEF DS D
QU,ﬁfofD -DEDSEDEEDSE QU,ng;;D Ds¥ D$Y DsE DEF)
Sk28k38k4(oz 5 DEF DEF DEF DY DY, D34+ 2UESDEF DYy DY DY D DSY
+a Uk;’D"ED"ED D{fD DEF + o U;;SDEPDEED DﬁEDQ‘4D4)

= Shy Sk Sk @ UL DEF DEF DEF DEF DEF DE;

In practice, the terms are simpler due to the fact that three of the six D factors are equal to unity in each term.

II. SCREENING PROCEDURE FOR A FOUR-ELECTRON INTEGRAL

Here we present the screening algorithm for the four-electron integral type 4A from the main paper. The energies
that correspond to these terms are

Eft = Z(Z]kl|C12F23F14 |jikl) = Z P2 Pys Pt P (uApd| Cra Fas Fialvond) (2)
ijkl uv Ao
pn 8¢

B = (ijkl|CraFosFulkilj) = > EL2 P3PPI (upd|Cro Fas Fralvond). (3)
ijkl nv :S\U
pn 6§

Here, C5 is the Coulomb potential and Fb3 and Fi4 are bounded-type correlation factors. The procedure for screening
the integrals using IPB0O and IPB1 is given in Algorithm 1 below.



Algorithm 1 E%)A and E;L(A screening procedure

for all A € S do ~
for all & € O(\) do
for all p € Fa3(6) do

if 385, D525 F14(0)82, Vinax Pt on < ¥ then
Continue

end if

for all 7 € O(p) do

Calc Dys = Dage 7
if 385\58[;77D23F14(O)Smaxvmaxpéax
Continue
end if
for all i € P(¢) do
for all 7 € O(1) do

<Y then

o o
E;,;E*(;
Calc D12 = 'D12l A
L] o
S xe Lao
Calc Uy = oy

Py = max{ﬁﬁf/Pﬁ&P;,;\,75,1913;1613,317,75,117P,1;\Pﬁ:7,ﬁ;}ﬂpﬁﬁpﬁﬂ,ﬁﬁﬂpﬂ;\Pﬁa
if 4U;11785\58ﬁ77D12D23F14(O)Hntsmaxpglax <Y then
Continue
end if _
for all 0 € F14(jz) do

if 5 Up5S5585mD12D23D5 257 PistSmax Paay < ¥ then Continue
end if _ R
for all ¢ € O(J) do

Calc D14 = DﬁlﬂEsé

Px = Puo P35 Pi Poin(Pac Pay Fc Psy)

Pp = PusPs5Ppi Ppn(Pas Ppo Py Psj)

Pﬁn = max{PX,PD}

if 5 UﬁgS}\&SﬁﬁSSEDlgD23D14Pﬁn Z ¥ then
Calculate integral sub-tensor <ﬂ5\ﬁ(§|012F23F14|l75’77C~>
Contract with P elements

end if

end for
end for
end for
end for
end for
end for
end for
end for

IIT. COST OF PRE-FACTOR CALCULATION

In Table I we compare the timings for IPB pre-factor and Schwarz inequality (QQ) pre-factor calculation. The
timings were performed on a single node containing two Intel E5-2667 CPU’s (2*8 cores) for strands of adenine-
thymine DNA base pairs of increasing length with the cc-pVDZ basis set. The times are also given as percentages of
the time needed for one exchange matrix build using the converged density matrix of the respective system. Here we
see that IPB pre-factor calculation time, which is dominated by the solution of the extent equations, is only slightly
more costly than that of the Schwarz factors in absolute terms. Pre-factor calculation time is negligible in both cases
and the slight increase for the IPB’s is compensated for many times over by the savings seen in integral calculation,
which are detailed in the main paper.



TABLE I: Pre-factor calculation times in seconds for strands of DNA base pairs with cc-pVDZ basis set. The times
are also given as percentages of the time needed for one exchange matrix build (%K) using a QQ screening and
¥ =10""Y.

Prefactor Calculation Times

QQ PB2
Base No. of Absolute Absolute
pairs atoms Time (s) 7K Time (s) 7K
1 62 0.09 0.4% 0.3 1.8%
2 128 0.3 0.2% 0.9 0.8%
4 260 0.6 0.1% 2.1 0.4%
8 524 1.3 0.07% 4.6 0.2%

16 1052 2.6 0.07% 9.6 0.2%

IV. SPHERICAL INTEGRAL FACTORS ./\;lz,j
The /\;ll, ; values given in Table II were calculated using the computational software Wolfram Mathematica [1].

TABLE II: Numerically calculated values of M, ;

0 1 2 3 4 5 6 7 8
12.56637
6.283185 4.188790
4.836774 2.720699 2.513274
4.084063 2.336123 1.756204 1.795196
3.601415 1.985678 1.576410 1.298730 1.396263
3.257724 1.831955 1.433464 1.184905 1.030835 1.142397
2.997066 1.659836 1.287233 1.108474 0.948599 0.854958 0.9666439
2.790302 1.561038 1.177159 1.033207 0.890517 0.797688 0.7313304 0.8377580
2.621252 1.454301 1.127299 0.949797 0.854748 0.752337 0.6883817 0.6389458 0.7391983

o~
OO\]C)U‘»POJ[\D»—‘O(

[1] Wolfram Research, Inc., Mathematica, Version 10.2, Champaign, IL (2015).
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ABSTRACT

A generalization of the Schwarz bound employed to reduce the scaling of quantum-chemical calculations is introduced in the context of non-
Hermitian methods employing complex-scaled basis functions. Non-Hermitian methods offer a treatment of molecular metastable states in
terms of L*-integrable wave functions with complex energies, but until now, an efficient upper bound for the resulting electron-repulsion
integrals has been unavailable due to the complications from non-Hermiticity. Our newly formulated bound allows us to inexpensively
and rigorously estimate the sparsity in the complex-scaled two-electron integral tensor, providing the basis for efficient integral screening
procedures. We have incorporated a screening algorithm based on the new Schwarz bound into the state-of-the-art complex basis function
integral code by White, Head-Gordon, and McCurdy [J. Chem. Phys. 142, 054103 (2015)]. The effectiveness of the screening is demonstrated
through non-Hermitian Hartree-Fock calculations of the static field ionization of the 2-pyridoxine 2-aminopyridine molecular complex.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123541

I. INTRODUCTION The use of this unbounded similarity transformation is gen-
erally known as complex scaling (CS), and its main advantage is
that it allows one to apply the efficient quantum-chemical meth-
ods developed for bound states to resonances. The mathematical

Electronic resonances are metastable states embedded in the

continuum. Such states are involved in a variety of chemical
1,2

processes where unbound electrons occur.” For example, reso-

. . . basis for CS is provided by the Balslev-Combes theorem® '’ and its
nances are important in the chemistry of molecules exposed to ) ; 13
. . . . subsequent extensions for resonances in external fields. A prob-
electric and electromagnetic fields with strengths comparable with . . o .
. ; lem that arises, however, is that the original CS formulation is not
the intermolecular forces. These occur, for example, in molecular tible with the B o hei imation.'*'® which
high-harmonic generation,” laser-induced electron diffraction,” and compatib’e wi ¢ born-tppenheimer approximation, - - whic

initially limited applications to atoms.'” A mathematically rigor-

ous unification of CS with the Born-Oppenheimer picture is given
by exterior complex scaling,"* where only the coordinates outside
a given radius are complex scaled, but its direct application is not
practical in the context of electronic-structure theory using Gaussian
basis functions.

One suggestion to overcome the practical difficulties involved
was proposed by McCurdy and Rescigno,”” who noted that the
important asymptotic effects of CS could be captured by complex-
scaling the exponents of the most diffuse basis functions. The
Gaussian basis functions used in such calculations take the form

Coulomb explosion.’

An elegant description of such states can be achieved
using complex-coordinate methods"® in which the coordinates
of the Hamiltonian are rotated into the complex-plane through
an unbounded similarity transformation. The resulting Hamil-
tonian is no longer Hermitian, its eigenfunctions are square
integrable and provide a mathematically rigorous description
of the resonance states. The corresponding eigenvalues are
the so-called Siegert energies,””’ whose real and imaginary
parts give the positions £ and widths I' of resonance states,
respectively,

E=&-iT/2. (1) Xu(r,A) = N,Su(ra) exp[—oc,,e_w”ri], (2)
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where N u is a normalization constant, A is an atomic center,
ra=r— A, and S is a real polynomial in the components of r4 that
depends on the angular quantum numbers of y,. Each basis func-
tion is either strictly real, 6, = 0, or scaled using a global complex
scaling factor 6, = 0 € R. We note that the use of complex 6 has been
explored in the context of the closely related approach of analytic
continuation of the Hamiltonian matrix elements.'”

The method of complex basis functions had been restricted
to small systems'® " due to the need for calculating nonstandard
two-electron integrals over complex basis functions. Recently, how-
ever, renewed interest has led to efficient implementations of com-
plex basis function methods in the non-Hermitian Hartree-Fock
(HF) and static exchange (SE) approximations.”””° This allowed the
application of the method to resonances of medium-size polyatomic
molecules for the first time. This implementation was then extended
to include electron correlation at the second-order Moller-Plesset
(MP2) and coupled-cluster singles and doubles (CCSD) levels of the-
ory,” allowing for accurate descriptions of the resonances of small
molecules.

In Ref. 26, it has been identified that one barrier to reaching the
efficiency of bound-state calculations is the lack of a simple upper
bound on the value of the electron-repulsion integrals (ERIs) over
complex basis functions. In bound-state calculations, a key step for
efficiency was the introduction of the Schwarz bound for screening
ERIs over real basis functions,”®”’ which in Mulliken notation takes
the form

|(uvido)| < (uvluv) > (Aalra) V2. (3)

This already reduces the asymptotic scaling of the integral work
involved from quartic to quadratic and, in combination with den-
sity matrix screening methods for the exchange part, can even lead
to linear scaling.”’

The application of the Schwarz bound to complex-valued
electron-repulsion integrals is straightforward as long as they con-
form to a true inner product. Such integrals arise, for example, when
describing finite magnetic fields by means of London orbitals™**
or when working with a mixed basis set of Gaussian functions and
plane waves.”” " The use of the latter type of basis is appropriate, for
example, for describing electron-molecule scattering.”"

However, in complex basis function methods for molecu-
lar electronic resonances that are the subject of this article, the
bound (3) cannot be used directly because the ERIs are not
positive semidefinite. Here, we show that a simple and effective
Schwarz-type bound is nevertheless available and can be used anal-
ogously to (3), making the efficient screening methods of Hermitian
quantum chemistry available to the non-Hermitian, complex
basis function case, and eliminating this barrier to large-scale
calculations.

In this work, we present results pertaining to the application
of the new Schwarz bound to Stark resonances, which are induced
by a static electric field. The application of the method of complex
basis functions to atomic and molecular Stark resonances was first
detailed in Refs. 40 and 41 for coupled-cluster wave functions. Very
recently, an implementation at the resolution-of-the-identity MP2
level of theory has been reported.”” Here, we focus on the complex
basis function HF part and use the Schwarz bound to screen the
complex ERIs required.

ARTICLE scitation.orgl/journalljcp

Il. THEORY
A. Non-Hermitian SCF with complex basis functions

The working equations for non-Hermitian self-consistent field
(SCF) methods employing complex basis functions are of essentially
the same form as their bound-state counterparts. Details of exact for-
mulations can be found in Refs. 19, 20, 25, and 26. Here, we focus
on how the features of the theory affect the two-electron integrals
involved.

The goal of non-Hermitian SCF methods is to find a stationary
solution of the complex energy functional,”**

E[¥]=+—11, 4)

where (|-} denotes the c-product,” in which the bra is not complex-
conjugated, H is the many-body Hamiltonian, and ¥ is a com-
plex trial wave function for which (¥|¥), < co. ¥ is approximated
as a Slater-determinant of complex molecular orbitals which are
expanded in a basis of atomic orbitals of the form (2). Thus, anal-
ogous to the case of a real trial wave function, non-Hermitian SCF
is an iterative orbital optimization procedure, with an added depen-
dency on the global complex scaling angle 0 < 8 < 77/4, which is con-
tained completely in the one-electron basis. For an exact solution,
the corresponding Siegert energy is independent of 8 above the crit-
ical value 0. required for square integrability.” However, this is not
the case in an incomplete basis set, and it is necessary to determine
the optimal value Oopt for a particular system and basis set, which is
given as a stationary point along a calculated 0-trajectory.””"® The
use of the c-product leads to complex ERIs of the form

who) = [ drp(rx(n) [ ()
= C(uv,Aa) € C, (5)

where 715 = |r; — r2|. The number of such integrals scales quarti-
cally with the size of the basis set and their calculation forms a large
portion of the work to be done. The algorithms for their evaluation
are similar to the case of real basis functions and require the evalua-
tion of the complex version of the Boys function.” As we show in
Sec. II C, the magnitudes of the complex ERIs are increasing on
the interval 6 € [0, 7/4] so that the value of 0 has an impact on the
number of integrals which can be neglected.

B. Schwarz bound for complex ERIs

The mapping € defined in Eq. (5) assigns a complex energy to
two complex one-electron functions. We denote the map describ-
ing the real ERIs of bound-state calculations as R, and it is just the
restriction of € to real functions. Thus, for any real one-electron
functions, f and g, we have

e(f.9) = %) = [ dnf(n) [ dngr)rid ek (©)

Itis clear that A is a symmetric bilinear form, and one can also show
that it is positive semidefinite,”"”* i.e., (f,f) > 0 for any real
f. Thus, all conditions are met for employing the Cauchy-Schwarz
inequality,

R(f> 9} < R(f.£)R(g9)- )
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This is just a reformulation of bound (3), which is of great impor-
tance in quantum chemistry, as it provides an inexpensive and sim-
ple test for determining a priori if an ERI, or class of ERIs, can be
neglected. Integral screening techniques based on inequality (7) take
advantage of the inherent sparsity in molecular calculations and lead
to great computational savings.”*’

In contrast, the map € is not a positive semidefinite Hermitian
form and thus does not fulfill the complex version of inequality (7).
For this reason, the efficient screening techniques developed on the
basis of the Schwarz bound have, until now, evaded use in complex
basis function methods.”® However, we now show that one can relate
¢ to a map €* which is Hermitian and positive semidefinite, giving
access to a complex Schwarz bound that can be employed in non-
Hermitian complex basis function methods.

We define €* as the following Hermitian generalization of R
for complex functions:

Q*(z,w):/ drlz*(rl)/drzw(rz) 2. (8)

The restriction of €* to real functions again coincides with R, i.e.,
C*(f,g) = R(f.g) for real f and g, which allows us to deduce the
positive semidefiniteness of €* from the real case,

€% (z,z) = R(Re(z),Re(z)) +i9i(Re(z), Im(z))
- iR(Im(z),Re(2)) - i’ R(Im(z),Im(z))  (9)
=R (Re(z),Re(z)) + R(Im(z),Im(z)) >0, (10)

where we have written z as a sum of real and imaginary parts,
z = Re(z) + ilm(z), which are real functions. Accordingly, €* fulfills
the Cauchy-Schwarz inequality,

€ (z,w)|* < € (2,2)C* (w,w), (11)

in analogy to the real case. In addition, from Eq. (10), we con-
clude that €*(z,z) = €*(z%,z"), and using the trivial relation
€(z,w) = €* (2", w), we obtain the bound

I€(z,w)* = |€* (", w)|* < €* (2", ") ¢* (w, w)
=¥ (z,2)¢" (w,w) = €(z",2)C(w*,w). (12)

Thus, in computational practice, the real, non-negative diago-
nals of the map €* can be used to bound the norms of the complex
ERIs from above. For integrals over products of complex scaled basis
functions, the bound takes the form

(uviAo)| < (u*v*|uv) > (A 6™ ho) 2, (13)

in direct analogy to Eq. (3).

The integrals (4*v*|uv) are not required in the non-Hermitian
SCF calculation itself but can be precomputed using the same
machinery used for the regular complex ERIs. The complex conju-
gates are given by

X (1. A) = NiSu(r4) exp[-ae*” 1] (14)

so that the estimates are calculated by simply substituting 6, with its
negative in the bra.

ARTICLE scitation.orgl/journalljcp

C. Theta dependence

The complex ERIs depend on the parameter 8, and calcula-
tions are usually performed for a range of 6 values. For screen-
ing purposes, the dependence of the magnitudes of the ERIs on 6
is important, and here, we take a closer look at this dependence
analytically.

The magnitude of a product of normalized, complex-scaled
basis functions is given by

Xu(r A)xo (v, B)
= [Su(ra)Sv(rB)| exp[—(aty cos 26,74 + &ty cos26,75)],  (15)

where we have used Euler’s formula and the fact that |e”| = 1 for any
real-valued x. The polynomial functions in Eq. (15) can be bound™’
according to

1Su(ra)| < Culral™, (16)

with a constant C, and total angular momentum L,. Defining
CK; = C,C,C)\Cy, this leads to the following estimate for the
magnitude of the complex-scaled ERI:

b 1‘2C\L'1 \1'21)|L”

\(/,tv|/\¢7)|SCi‘Zfdrl/drzrl_21|r1A|L"|r13

e—(txﬂ cos 29;4’%,4 +a, oS Zﬂvrixﬂx,l cos 29),1'§C+1x,, cos 29.,1';)) (17)

X

This estimate includes the important radial decay effects inherent
to integrals over Gaussian basis functions, which tend to zero expo-
nentially at distances far from the Gaussian centers. This decay is
responsible for the convergence of the integral which would other-
wise become infinite in the limits & + &y — 0 or &ty + & — 0. For scal-
ing parameters larger than zero, the cosine terms cause a decrease
in the effective Gaussian exponents, leading to more diffuse func-
tions. The integrand in (17) strictly increases as the complex-scaling
parameters increase. Accordingly, the magnitudes of integrals con-
taining complex-scaled basis functions increase with the global
parameter 6, so that the number of significant integrals increases
and fewer integrals can be screened. The strictly real integrals are,
of course, not affected by increases in 0, and the effect of larger 6
values becomes more influential as the number of complex-scaled
functions in the integral increases.

Due to the symmetry of the cosine function, the estimate (17)
is unchanged for a complex-conjugated bra, i.e., for the integral
(u*v*|A0). For this reason, the 6-dependence is contained in the
Schwarz estimate (12), and it performs similarly in terms of percent-
ages of insignificant integrals screened over the complete range of
0 values and integral types. This is demonstrated in the numerical
results below.

11l. COMPUTATIONAL DETAILS

We have implemented the integral screening routines based
on Eq. (13) into a development version of the Q-Chem program
package,” building on the implementation presented by White,
Head-Gordon, and McCurdy in Ref. 26.

In order to test the performance of our generalized Schwarz
inequality for complex basis functions, we examine the ionization
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of the 2-pyridoxine 2-aminopyridine (2p2a) complex (Fig. 1) from
the S22 benchmark set’ in a static electric field. At a large enough
field strength F, the ground state of the neutral molecule becomes
metastable with respect to electron detachment, and no bound states
exist.

The complex energies are calculated at the HF level of theory for
varying distances between the 2-pyridoxine and 2-aminopyridine
units in order to test the performance of the screening at various
degrees of integral tensor sparsity. The distance is varied by trans-
lating all atoms of the 2-pyridoxine molecule in positive x direction.
The degree of translation is denoted Ax and is given in A. The xyz
coordinates of the reference geometry, Ax = 0 A, are available for
download online.”

Electron correlation has been shown to have a large impact on
the calculated ionization rates’' so that the numbers presented here
do not necessarily provide a qualitatively correct description of the
strong-field ionization of the 2p2a complex. This inherent inaccu-
racy in the mean-field treatment does not present a problem for this
work, as we are concerned here with the general effectiveness of our
integral screening, and the calculations presented are always the first
step toward more accurate correlated calculations.

The electric field is applied in the positive z direction at a
field strength of F = 0.03 a.u. The non-Hermitian SCF energies are
corrected according to the following formula from Ref. 40:

Ecore(F,0) = E(F,0) —~E(F=0,0) + E(F=0,0=0).  (18)

This correction accounts for finite-basis effects, which result in a
nonzero imaginary part of the bound-state energy even without the
presence of an electric field (F = 0). We have performed calculations
with a range of 6 values between 0°and 30°, with a step size of 1°.
Optimal values O, are determined as the value at which the numer-
ically calculated derivative |dEcor/d6)| obtains its minimum in this
range.

All calculations are performed with aug-cc-pVDZ™ ™ as the
unscaled (6, = 0) basis set. This set is augmented with 3 dif-
fuse complex-scaled shells (6, = 0) for each atom and shell type
(+3s3p3d) such that the most diffuse unscaled shell and the 3 addi-
tional shells form an even-tempered set with a spacing of 2.0. This
procedure for constructing the complex basis set is outlined in
Refs. 26 and 41 and is common for the treatment of electronic
resonances based on the method of complex basis functions.

As an SCF convergence criterion, the error in the direct inver-
sion of the iterative subspace (DIIS) method of Pulayv‘“ is required

ARTICLE scitation.orgl/journalljcp

FIG. 1. 2-pyridoxine 2-aminopyridine (2p2a) complex in the xy-plane.

to be below 107® for both non-Hermitian HF and preceding HF
calculations.

IV. RESULTS

A. Screening threshold dependence

As in the case of real ERIs, a screening threshold ( is used
to strike a balance between screening accuracy and efficiency. We
tested the threshold dependence of the screening for the 2p2a com-
plex with Ax = 6 A, which is chosen because it contains a wide
range of distances between basis function centers. A reference value
is obtained using the very tight threshold ¢ = 107!, In Table I, the
optimal 0 values and differences in the real and imaginary parts of
the energies are given for thresholds down to { = 10™°. For { = 107,
the non-Hermitian SCF no longer converges, which is to be expected
with the SCF convergence criterion used (see Sec. II1). Integrals are
screened in a shellwise manner; i.e., basis functions are grouped
into shells with the same exponent and total angular momentum
and the maximum estimate for the integrals within a shell-quartet
is used to determine if the entire shell-quartet can be neglected or
not. We give the percentages of shell-quartets that were screened
(% Screened) and the percentages of shell-quartets that were not
screened and whose magnitudes were determined to be less than the
integral threshold after exact calculation (% Missed). In both cases,
the percentages are calculated with respect to the formal number of
shell-pair combinations,

TABLE I. Comparison of non-Hermitian HF calculations on the 2p2a complex (Ax = 6 A) for various screening thresholds ¢.
In the first row, the reference energies Re(E) and Im(E) are given, while the remaining rows show differences to the reference

values for looser thresholds.

4 Oopt (deg) Re(E) (a.u.) Im(E) (a.u.) % Screened % Missed
I1x10 1 6.0 —623.4313522349  —0.0002399627 15.54 0.29
1x10 1 6.0 —3.1x10 —55x%x 10 12 15.98 0.46
1x10 12 6.0 —52x 101 22x10° 1 16.74 0.68
1x10° ! 6.0 46 %107 —11x107° 17.96 0.89
1x10 10 6.0 7.7%10°° —14x10°8 19.66 1.09
1x107° 6.0 —28x10"7 28x10°8 21.87 1.33
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TABLE Il. Comparison of non-Hermitian HF calculations on the 2p2a complex using a screening threshold of ¢ = 10— with reference calculations using ¢ = 10— for various

values of Ax.

Ax Gf)ft (deg) Oopt (deg) Re(E) (Error) (a.u.) Im(E) (Error) (a.u.) % Screened % Missed
0 6.0 6.0 —623.4521001(2.1x107'7) —0.0002198(—1.1x107'%) 3.66 0.42

3 9.0 9.0 —623.4325848(1.6x10 ') —0.0002249(4.3x10°) 9.93 0.63

6 6.0 6.0 —623.4313522(4.6x10°) —0.0002400(—1.1x10"?) 17.96 0.89

9 6.0 6.0 —623.4312002(7.7x107'%) —0.0002394(6.5x107°) 27.42 1.05
12 6.0 6.0 —623.4311872(—2.8x10"°)  —0.0002425(2.2x10 '?) 36.86 1.21
15 6.0 6.0 —623.4311752(3.9x10 ) —0.0002450(—8.4x10 ') 45.68 1.11
18 6.0 6.0 —623.4311926(3.2x10 ) —0.000246 5(1.9x10?) 52.59 1.03
21 9.0 9.0 —623.4311236(3.3x10 ) —0.0002673(—2.7x10 ') 57.29 0.93

N, + N? ’ (19)
— |

where N is the total number of shells. For the present system, this
corresponds to a total of just over 4 - 10° shell-quartets. As expected,
more integrals are screened with looser thresholds, while the mag-
nitudes of the deviations from the reference also increases. Encour-
aging is the fact that the optimal value for 6 remains the same for
all thresholds, and the errors in the real and imaginary parts of the
energies are always less than 107% a.u.

B. Ax and 6 dependence

In order to test the performance of the Schwarz screening for
a variety of Ax and 6 values, we used a fixed threshold of { = 1071
and calculated errors compared with corresponding reference cal-
culations using ¢ = 10™"*. In Table II, the optimal 8 values of the
reference and test calculations are given for each Ax value tested,
along with the deviations to the reference in the complex ener-
gies. The screening performance metrics % Screened and % Missed
defined above are also listed. The optimal 6 values are always the
same as for the reference, and the errors are low in each case. As
expected, the number of integrals that can be screened increases dra-
matically with the distance between the monomers, as the overlap
in the basis functions diminishes. The small % Missed values are a
testament to the quality of the Schwarz estimate for the complex ERI
tensor.

In Fig. 2, the errors induced by the screening for all Ax and 6
values are given in more detail. The errors tend to be slightly higher
for larger separations between the monomers, which is expected due
to the larger number of integrals screened. More interestingly, we
see that the errors tend to increase with the value of 6 despite the
fact that fewer integrals are screened as 6 increases. This is most
likely due to the increased diffuseness of the complex scaled func-
tions for larger 6 values (see Sec. IT C), which generally increases the
magnitude of the integrals, also those that are discarded. This means
that the discarded integrals are on average closer to the screen-
ing threshold in magnitude. While the errors remain acceptable,
it makes sense to consider using tighter screening thresholds as 6
increases.

In Fig. 3, the screening metrics for all Ax and 6 values are
shown. As expected, the number of integrals screened is higher for
larger separations and smaller 6 values. The low % Missed values
show that the inequality performs quite well over these ranges of
values.

C. Performance for different integral classes

When using complex-scaled basis functions, the arising inte-
grals can be divided into six different classes depending on the
number of complex-scaled functions in both bra and ket. For a
pair of shells, one can distinguish between the number of complex-
scaled shells present N Ce {0, 1, 2}. This leads to nine categories of
shell-quartets N§ -Ng based on the number of complex-scaled shells

1074
107°
10—6 L
1077 F

10-8

Error/a.u.

1079 ¢

10710

FIG. 2. Errors in the real and imaginary
parts of the non-Hermitian HF energies
for various Ax and 6 values. A screening
threshold of ¢ = 10~"" is used, and errors
are given with respect to the references
with ¢ =10=™,
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FIG. 3. Percentages of screened integrals (% Screened) and unscreened integrals
that were actually negligible (% Missed) for various Ax and 6 values. A screening
threshold of ¢ = 10~ is used.

in the bra N§ and ket N§. For example, the category 2-1 contains
integrals with two complex functions in the bra and one in the ket.
Due to symmetry, three of these categories are redundant and the six
classes given in Table IIT result.

Because the complex-scaled functions are in general much
more diffuse and become even more diffuse as 0 increases, it is inter-
esting to study the effects of the Schwarz screening for each class
separately. In Fig. 4, screening performance data are given for each
of the integral classes. In addition to the % Screened and % Missed
metrics, the integrals that were not screened are broken down into
percentages for each class. As expected from our analysis in Sec. IT C,
the more complex-scaled shells are present, the less screening is pos-
sible. As 0 increases, the percentages of screened integrals decrease
for all classes, except 0:0, because these completely real integrals are
unaffected by 6. In the % Missed category, it is apparent that the
screening performs worse when mixed real/complex shell-pairs are
present. This may be due to an increased importance in operator-
based distance decay for such shell-pairs, which will tend to be

TABLE Ill. Unique integral classes based on the numbers of complex-scaled shells.
The number of shell-quartets is given for the 2p2a test system described in Sec. IIl.

Integral Included No. of % of
class categories shell-quartets total
0:0 0-0 196784 784 4.7
1:0 1-0,0-1 899 587 584 21.5
2:0 2-0,0-2 519821568 12.5
1:1 1-1 1028100096 24.6
2:1 2-1,1-2 1188163584 28.5
2:2 2-2 343286784 8.2
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FIG. 4. Percentages of screened integrals (% Screened), percentages of
unscreened integrals that were actually negligible (% Missed), and percentages
that each integral class makes up in the unscreened integrals (% of all unscreened)
for the six classes of integrals (see discussion in Sec. |V C) and various 6 values.
A screening threshold of ¢ = 10~ is used and Ax = 15 A.

mostly described by the much less diffuse real function. For such
integrals, a distance-dependent treatment**”*” may be warranted,
although for SCF calculations with the Coulomb operator 1/r, used
here, the performance of the Schwarz inequality is still quite good.
The percentage of all unscreened data given at the bottom of Fig. 4
show that because the integrals containing fewer complex-scaled
functions are more often negligible, the use of an efficient screen-
ing shifts the class percentages to those classes containing more
complex functions (compare with the formal class percentages in
Table I1I). This indicates that increasing the efficiency of the calcu-
lation of complex-scaled integrals should be an important goal of
future work.

V. CONCLUSION AND OUTLOOK

We have presented an extension of the Schwarz bound that is
applicable to complex basis functions that appear in non-Hermitian
extensions of quantum mechanics to treat electronic resonances. We
have implemented a screening procedure based on this bound and
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shown that it performs well when used to screen the complex ERIs
with various distances between basis function centers and various
values of the complex-scaling parameter 0.

In future work, we anticipate that the combination of this
bound with density-matrix based screening techniques will afford
the reduction of the asymptotic scaling of the integral work in non-
Hermitian SCF methods that employ complex-scaled basis functions
to linear, as has already been accomplished for the correspond-
ing bound-state methods.” "’ Such developments will become
increasingly important for transforming the ideas of non-Hermitian
quantum mechanics” into electronic-structure methods' suitable for
the treatment of resonances in large systems.
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ABSTRACT: We present a highly efficient and asymptotically linear-scaling = —, 1,200 LinK

graphic processing unit accelerated seminumerical exact-exchange method (sn-
LinK). We go beyond our previous central processing unit-based method
(Laqua, H.; Kussmann, J.; Ochsenfeld, C. J. Chem. Theory Comput. 2018, 14,
3451—-3458) by employing our recently developed integral bounds (Thompson,
T. H; Ochsenfeld, C. J. Chem. Phys. 2019, 150, 044101) and high-accuracy
numerical integration grid (Laqua, H.; Kussmann, J.; Ochsenfeld, C. J. Chem.
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Phys. 2018, 149, 204111). The accuracy is assessed for several established test

sets, providing errors significantly below 1mE, for the smallest grid. Moreover, a comprehensive performance analysis for large
molecules between 62 and 1347 atoms is provided, revealing the outstanding performance of our method, in particular, for large
basis sets such as the polarized quadruple-zeta level with diffuse functions.

1. INTRODUCTION

During the last 1S years, graphic processing units (GPUs) have
gained increasing interest within the quantum chemistry
community, focusing, in particular, on the evaluation of 4-
center-2-electron (4c-2e) integrals, which represent the major
bottleneck in most Hartree—Fock and Kohn—Sham calcu-
lations."'* Since, for Hartree—Fock (HF) and hybrid density
functional theory (DFT) calculations, the mandatory compu-
tation of exact (Fock-like) exchange matrices is particularly
expensive, efficient and linear-scaling implementations have
been developed since the late 1990s'°~*' including recent
developments.”” However, for larger molecules and partic-
ularly in combination with larger basis sets (i.e., triple- or
larger), resolution-of-the-identity (RI)**** or seminumerical
methods, that is, grid-based methods employing 3-center-1-
electron (3c-1e) integrals,”*~** are possibly more efficient due
to their superior O(Ng,,) formal scaling compared to the
formal O(NY,,) scaling of the conventional 4c-2e integral-based
methods.

As we demonstrated recently,** seminumerical exchange
methods can, in contrast to the asymptotically O(M?*) scaling
RI-K method,””** be implemented in an asymptotically linear-
scaling fashion. This is an increasingly important property
since modern computer hardware now allows for the routine
calculation of multiple thousand atoms on conventional server
nodes or workstations. In addition, seminumerical methods
may directly be employed to compute the exact-exchange part
of local hybrid functionals, which represent a very promising
new class of functionals due to their higher variability and
therefore more general applicability.”’ ~>® Indeed, the prospects
of these new functionals have been the major motivation for
many recently developed seminumerical methods.**~**>7%¢

© XXXX American Chemical Society

7 ACS Publications

In this publication, we present a reformulation of our
previous method"™ that allows for an efficient and highly
performant GPU implementation. These changes include the
use of our recently developed generalized integral bounds®
and our improved molecular grids.(’o_(’z Not only were these
new techniques necessary for a performant GPU implementa-
tion but they are also applied to our existing central processing
unit (CPU) implementation, in this way, further improving its
performance as well, especially if run on modern CPUs, which
provide an ever-increasing support for single-instruction-
multiple-data (SIMD) vector instructions. Particularly, the
batch-wise inte4gral selection, which we pioneered in our
previous work®™ and refined in this work, is essential for a
highly efficient and performant implementation on SIMD
computer architectures, such as GPUs and modern CPUs.
That is, our new method exploits the superior computing
performance of SIMD computer architectures while maintain-
ing the asymptotic linear-scaling behavior of our previous
work.

The paper is organized as follows: we begin with a brief
review of the theory underlying the seminumerical method in
Section 2.1, followed by the description of our revised integral
screening in Sections 2.2 and 2.3, and our newly developed
prescreening method in Section 2.4. Subsequently, we provide
an outline of our GPU implementation for the Compute
Unified Device Architecture (CUDA)® and the Open
Computing Language (OpenCL)*** frameworks in Section

Received: August 28, 2019
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3, focusing on the particular techniques employed to maximize
performance. Finally, we assess our new accelerated semi-
numerical exchange method, denoted as sn-LinK, in terms of
the accuracy of the numerical integration in Section 5.1 and in
terms of performance in Sections 5.2.1 to 5.2.5. For simplicity,
we restrict the discussion within this paper to the computation
of Fock exchange within the Hartree—Fock theory, noting that
the application to global and local hybrid DFT is
straightforward.

2. THEORY

2.1. Seminumerical Exchange Matrix. The exchange
matrix is given in the atomic orbital (AO) basis as

K, = z P, (uolvd)
Ao (1)

where y, v, A, and o represent AO basis function indices, and
the 4-center-2-electron integral (uo | vA) is defined as

(uolvd) = //;( (r)z, (1‘1)
(2)

Within the seminumerical ansatz, the integration over one of
the coordinates (r; or r,) is performed analytically, and the
other one is performed numerically by employing discrete grid
points with coordinates r, and weights w,. To preserve all the
symmetries within the integral tensor, this decomposition is
performed symmetrically over both coordinates r; and r,,

leading to

)( (rz))Q (ry)drdr,

(uolvd) ~ Z Wkl (rg)}(a (rg) %dt
g
(r)x, (r)
+ 2w %dt ACYALY
g g

)

Inserting eq 3 into the definition of the exchange matrix (eq

1) yields
Z Z)( (r [/‘%Xi(lr)d ]Pﬂa;(”(rg) + transpose]
8
(4)

where the transpose is the result of the symmetric integral
decomposition in eq 3 in combination with the symmetry of
the ground-state density matrix P,, = P,,.

The exchange matrix may thus be computed in three
consecutive steps

P;lg = Z Xy (rg)Pla (5)

Gy = 2 WeAygFrg
1 (6)

K = z%(rg)Gv
4

where A

(7)

Lig denotes 3-center-1-electron integrals of the form

ALAN

|l'g - l'l (8)

Abﬂg =

The integrals A,,, are evaluated on-the-fly using optimized
automatically generated Obara—Saika®>®” recursions for the
different I-quantum number combinations. The so-obtained
exchange matrix K is subsequently symmetrized as

Ky = ( L+ K,) ©)
to account for the transpose in eq 4.

2.2. Integral Screening. The integral screening of our
previous method™* targeted only the exchange energy, that is,
significant integrals were selected solely based on their
contribution to the exchange energy

E
gl//lg - wg z /Y” (rg)P/wAbigpﬁfr)(g (l‘g)
puo

1/2 1/2
|W FgAMg Figl (10)

This is a simple and symmetrical expression, which provides
the tightest screening possible if one is only interested in
energies.

However, during the self-consistent field (SCF) iterations, a
high accuracy in the exchange potential matrix is also desirable,
in particular if larger basis sets are employed. In analogy to the
conventional (4c-2e integral-based) LinK method,” we
revised our scheme to also include contributions to the
exchange matrix K into the screening

e, = lemaxZIJ((r)ll P 1A, N, (x ),

PPACHIV R PACA]

Ho

<l max(IEJE 1) 1A, | Z Iy, (x,)!
(11)

In our new implementation, a 3c-1e integral A, is labeled as
significant if it is significant by either eq 10 or 11, that is

EI/E/lg 2 8E \ ebljg 2 8K (12)
employing two different thresholds d; and Iy for each
criterion. Since, during the SCF, both the exchange matrix
and the exchange energy are of interest, we employ both eqs 10
and 11 for the screening during the SCF, whereas for the final
energy calculation (which is typically performed on a larger
grid), we screen only for the energy (eq 10). A similar
optimization was also described in ref 36.

In order for the screening to be efficient, not every integral is
inspected individually; instead, a whole batch of spatially
adjacent grid points is considered at once, which reduces the
screening overhead to an insignificant amount (<5% of the
total cost of the integral evaluation). For this purpose, the
maximum contribution within a whole batch b of points has to
be estimated, that is

https://dx.doi.org/10.1021/acs.jctc.9b00860
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX



Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

‘c’\zﬁb max(e,ig)
geb

= max(lw'/?E _max(Iw'/?E, )max(1A , |
geb( 8 Dg)geb( 8 Ag)geb( Mg)

(13)

and
K _ K
Evib = max(fuzg)
geb

= max(max(lw;/zFugl), max(lw;/zFﬂgl))
gED g€ED

max| w2 ) Iy (¢) Imax(1A , |
max gx,,(g max(1A, )

(14)

The necessary quantities meazc(lw;/zFugl) and
g

max(lw;/ A Iy (x )l) are trivially precomputed from F and

geb nn 8

)(ﬂ(rg) , and a rigorous upper bound for the integral max(lAMgl)
geDb

is obtained as a special case of our recently developed partition
bounds for many classes of electronic integrals.”” This bound is
briefly described below.

2.3. Integral Bounds for 3c-1e Integrals. In ref 59, two
different rigorous bounds result for 1A,,]. A distance-
dependent bound that captures the Coulomb decay of far
away grid points can be formulated by calculating rigorous
centers and extents for each shell pair. The resulting bounds
are very tight but also necessarily batch-dependent.

A simpler bound that is independent of r,, and therefore also

batch-independent, is given by
dr] =V,
(13)

b, (1), (r)]
Ir, — 1l

The batch independency of 15 allows to decrease the
complexity of the screening algorithm because it only relies on
precomputable shell-pair quantities. This is particularly useful
for a high-performance GPU implementation, where algorithm
complexity should be kept to a minimum. The equation
necessary to compute V,; is given in Appendix A of ref 59. In

max(lAMgl)Smax
geb r,€R’

8

short, we bound V,; by simpler integrals over spherically
symmetric functions and use the fact that for any function S
that is spherically symmetric with respect to a point p, one can
show that

max
T, eRrR®

i.e., the maximum is always achieved at the spherical center.

In contrast to our previous screening scheme,44 our new
screening employing (eq 15) is completely rigorous and
requires only a few multiplications for each grid batch and shell
pair instead of a full integral evaluation, which better suits the
parallel architecture of GPUs. In our sn-LinK method, this
screening is performed in a hierarchical way, that is, a set of
significant shell pairs is first selected for a large batch (typically
around 10,000 to 20,000 grid points) on the CPU and
subsequently a tighter selection for sub-batches of 64 grid
points is made on-the-fly on the GPU.

This batch-wise integral selection is essential for both an
efficient CPU and, to even greater extent, an efficient GPU

1S(x)! dr] _ [ s
e, — rl lp — xl (16)

implementation since it does not interfere with single-
instruction-multiple-data (SIMD) vector instructions because
identical branching within one sub-batch is guaranteed.

2.4. Prescreening. Having determined a tight screening
for 3c-1e integrals (i.e., the shell pairs vA involved in eq 6), we
now consider the screening of the set of indices /0 and v/4 to
also guarantee the asymptotic linear-scaling evaluation of eqs 5
and 7.

For each given batch of grid points, the set containing all the
significant basis function indices g is identical to the set
containing the indices 6. These sets, which we refer to as {u},
are determined solely by the extent of the AO basis functions,
that is, only functions y, with a significant basis function value
within a given batch are labeled significant. Due to the
exponential decay of Gaussian-type AO basis functions, the
size of the set {§} is asymptotically constant for any given grid
batch.

Analogously, the sets of significant basis function indices v
are also identical to the sets containing the indices 4. However,
these sets (denoted as {v'}) cannot be determined by the basis
function extents since they couple indirectly via {#} and the
density matrix element P,, or, equivalently, by the extent of the
exchange hole. Therefore, depending on the electronic
structure of the system, a variable amount of basis function
shells need to be considered in {v}.

For this preselection, we simply select all the significant shell
pairs VA by eq 13 or 14 and subsequently select the set of all
shells that contribute to at least one of these shell pairs since all
other shells do not contribute to the exchange matrix at all
because all of their contributions would be screened out by the
integral screening later anyhow. This method thus introduces
no additional error and is sufficient to ensure asymptotic linear
scaling (and constant memory scaling) since only a constant
amount of shell pairs v are significant for each batch. That is,
all batch-wise quantities are of asymptotically constant size,
resulting in a constant workload per batch and therefore in an
overall linear scaling since the amount of grid batches scales
linearly with the system size.

One complication arises from the fact that the intermediate
quantity F is required for the preselection, while the set {v'}
needs to be known prior to the computation of F, since {1} is
just the set of significant entries in F. Therefore, an upper
bound for the absolute value of F that can be computed at low
cost prior to the computation of F is required. For this
quantity, we choose the batch-wise maximum of F, that is

max(lwg}/zFAgl) = max ‘Z Rlaw;/z)(g(rg)
geb gEb P

< D 1B, tmax(lw! % (x)1)
- geb (17)
Therefore, an upper bound for F can be obtained by only

one matrix-vector multiplication of IPl with ma;c(lw;/ 2}(6 (r)l)
g€

for each batch.

3. IMPLEMENTATION

We implemented the above described sn-LinK method within
our C++-based FermiONs++ program,”’ revising our CPU-
based local hybrid implementation described in ref 44. Our
implementation for the AMD GPUs is based on OpenCL,**
whereas our NVIDIA GPU implementation employs CUDA®*

https://dx.doi.org/10.1021/acs.jctc.9b00860
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since we found OpenCL to be less performant on NVIDIA
GPUs. All steps are performed exclusively with double
precision (fp64) to obtain reliable results and to allow for
tight convergence even with large basis sets.

In contrast to the analytical integral-direct method, which
consists of only one compute-intensive step, the seminumerical
implementation contains multiple bottlenecks, that is, the three
steps of eqs 5—7 and the evaluation of the basis function values
X,(1,). Therefore, all these steps have to be performed on the
GPU to minimize bottlenecks from the CPU and the CPU-
GPU data transfer. Additionally, we decided to use multiple
concurrent streams of instructions on each GPU, which allows
for the data transfer of one stream to be performed
concurrently with GPU kernel execution of another stream,
maximizing the utilization of the available hardware in this way.

3.1. GPU Implementation. The sn-LinK algorithm
operates on grid batches of typically 10 000 to 20 000 grid
points on GPUs and typically $12 points per batch on CPUs.
We found 256 points per AMD compute unit (CU) or
NVIDIA streaming multiprocessor (SM) to be optimal,
totaling 15,360 points for the AMD Radeon VII GPU and
20,480 points for the NVIDIA GV100. In contrast to our
previous implementation,44 we adapted our Hilbert curve-
based sub-batching scheme (see Section 3.3 of ref 44) to also
generate the large grid batches. The main advantage of the new
approach is the fixed size of grid points per batch, that is, every
grid batch except the very last one contains exactly the same
amount of points, which ensures optimal utilization of the
parallel compute capabilities of the GPUs.

Algorithm 1 sn-LinK GPU implementation

1: for all batches b do > openMP parallel
2 perform pre-screening (Section 2.4) > CPU
3: end for

4: Allocate GPU memory

5: for all batches b do > openMP /multi-GPU/multi-stream parallel

6: copy grid data and significant shell-data to GPU

7: compute basis function values x,(r,) > GPU
8 get batch-local density matrix P > CPU
9: copy batch-local P to GPU

10: evaluate eq. (5) (BLAS-3) > GPU
11: collect data for all shellpairs significant by eqgs. (13) and (14) > CPU
12: copy shell-pair-data to GPU

13: evaluate eq. (6) (integral evaluation) > GPU
14: evaluate eq. (7) (BLAS-3) > GPU
15: copy batch-local exchange matrix K to CPU

16: add batch-local K to global K > CPU
17: end for

In our GPU implementation (see Algorithm 1), we primarily
parallelize over these large grid batches, employing multiple
parallel host threads, each of which maps to one device stream,
which we implemented using CUDA streams and OpenCL
command queues. For maximum performance, we found two
or three parallel streams per device to be optimal (see also
Section 5.2.3), allowing for concurrent CPU execution, GPU
execution, and CPU-GPU data transfer, maximizing hardware
utilization in this way. This strategy requires the pre-allocation
of GPU memory since allocation of device memory forces
stream synchronization.

For a small system (up to ~200 atoms), the evaluation of
the 3c-1e integrals in eq 6 is by far the slowest step, amounting
to over 90% of the computation time, whereas for larger
systems, the matrix multiplications of eqs 5 and 7 become
comparatively more expensive, for example, for the system over
1000 atoms, the integral evaluation amounts to less than 50%
of the total computation time. In contrast to the Intel Xeon Phi
implementation presented in ref 43, we therefore decided to
implement all four compute-intensive steps, that is, the

computation of the basis functions y,(r) and the evaluation
of eqs 5—7 on the GPU, thereby also reducing the amount of
CPU-GPU memory transfer.

To achieve asymptotic linear scaling of the implementation
while still utilizing the high performance of dense matrix
algebra routines provided by basic linear algebra subroutines
(BLAS-3) libraries (i.e., Intel MKL for CPUs, cuBLAS for
NVIDIA GPUs, and cIBLAS for AMD GPUs), we employ
dense batch-local submatrices of asymptotically constant size
for P and K, containing only entries for the significant basis
functions within the current batch, determined by the
preselection algorithm outlined in Section 2.4, thereby also
guaranteeing asymptotically constant GPU memory require-
ments.

3.2. Implementation of the 3c-1e Integrals. The
prescreening of Section 2.4 also provides an asymptotically
constant-sized set of shell pairs for each batch, which is further
refined on the CPU using the integral selection methods
described in Sections 2.2 and 2.3. The shell-pair data is then
copied to the GPU, where all the significant 3c-1e integrals 4,,
for the respective batch are subsequently computed and
directly multiplied with F), to form G,, according to eq 6 (see
Algorithm 2), performing on-the-fly integral screening on the
sub-batch level.

The performance of GPUs relies heavily on single-
instruction-mutliple-data (SIMD) vector operations, that is,
32 or 64 parallel threads are collected within one “warp”
(NVIDIA) or “wavefront” (AMD), respectively. Since
branching within a warp necessitates the evaluation of both
branches, such warp-level branching has to be avoided for a
highly performant code, which is particularly problematic if
combined with integral screening. However, our sub-batch
implementation of ref 44 provides spatially local sub-batches
with exactly the same number of grid points. Therefore, we
choose sub-batches of exactly 64 points, which perfectly maps
to the warp/wavefront size of current GPUs. We thus perform
the tightest level of integral screening (employing eqs 13 and
14) for 64 points at once, thereby minimizing the screening
overhead and ensuring identical branching within each warp/
wavefront.

Algorithm 2 Evaluation of eq. (6) (integral evaluation)

> sequential
> multi warp parallel

1: for all sign. shell-pairs vA do
2 for all sub-batches b of 64 points do

3 if shell-pair v\ is significant by eqs. (13) and (14) for b then

4: for all grid points g € b do > SIMD-parallel (within warp)
5: for all primitive shell-pairs do > sequential
6: compute primitive integrals (Boys integrals)

T perform optimized Obara-Saika recursions — Cartesian integrals

8: end for

9: multiply Cartesian integrals with Fy, and add onto G,

10: end for

11: end if

12: end for

13: end for

For our GPU implementation, we employ the same
computer-optimized Obara—Saika®*®’ recursions as for the
CPU code, that is, our CUDA, OpenCL, and CPU
implementations share the same input file for the integral
kernels. This reuse of the 3c-le integral code simplifies the
GPU implementation significantly, an important advantage
compared to the analytical 4c-2e integral-based methods (see,
e.g, refs7,11), where considerable modifications have to be
made to obtain an efficient and performant code. Since the
integral kernels are parallelized solely over the grid point
within each batch, there is no need for communication
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between different threads. This also considerably simplifies the
GPU implementation because neither shared memory nor
explicit synchronization have to be utilized.

The optimized recurrence relations were generated by
application of common sub-expression elimination (CSE)
(implemented in the SymPy Python package®®) to the unrolled
Obara—Saika recursions for each specific l-quantum number
combination. Moreover, we found that for most practical
applications, Head-Gordon—Pople-like (HGP)®” shifts on the
contracted level do not provide speedups for 3c-1e integrals in
practice since the recursions are only relevant for larger I-
quantum number combinations, but basis functions with I-
quantum numbers larger than 1 (d functions or higher) rarely
contain more than one primitive Gaussian. Therefore, we
decided not to perform any HGP-like contracted recursion
steps.

To avoid the transformation between pure and Cartesian
integrals, we perform the whole sn-LinK algorithm with
Cartesian basis functions, that is, we initially transform the
density matrix into the Cartesian basis, then perform the whole
sn-LinK algorithm in the Cartesian basis, and finally transform
the exchange matrix back to the pure basis. Analogously, we
also multiply the non-axial normalization factors, which are
needed to ensure normalization of the non-axial basis functions
(e.g, dxy), onto the initial density matrix and onto the final
exchange matrix, thereby avoiding the necessity to multiply
these factors within the integral code.

4. COMPUTATIONAL DETAILS

To provide a fair comparison between GPU and CPU codes,
all possible optimization options were enabled for both the
CPU and GPU integral codes. The CPU kernels are compiled
with the Intel C++ compiler (ICPC) version 19.0.17° with the
“-Ofast”, “-march = native”, options, to enable autovectoriza-
tion of our integral code using the AVX2 instruction set
extensions. We have also tested GCC”" and Clang”” but found
that the Intel C++ compiler provides significantly better
performance (up to a factor of two) due to better optimization
heuristics, more aggressive autovectorization, and more
advanced instruction reordering. The 3c-le CPU integral
kernels benefit particularly from these optimization because
parallelization over the grid index is well suited for SIMD
vectorization, whereas for the 4c-2e integral kernels, vectoriza-
tion is hindered by the heterogeneity of the shell pairs (i.e.,
different amounts of primitive Gaussians), the branching
associated with LinK,” and the need for more local storage.

The CUDA kernels were compiled with NVCC-10.0
(CUDA-10.0)** with “-O3” and “-use fast math” using
GCC-7.1 as the host compiler. The OpenCL kernels were
precompiled with amdgpu-pro-19.20°° employing the “-03”,
“-cl-mad-enable”, “-cl-finite-math-only”, and “-cl-no-signed-
zeros” options. The CPU timings are performed on one server
node with 2 Intel Xeon Silver 4216 CPUs comprising 32 cores
at 2.1 GHz providing a performance of 1.075 X 10" floating-
point operations (FLOPs) per second (1.075 TFLOPs/s). The
GPU timings are performed on the NVIDIA-GV100 GPU
(8.33 TFLOPs/s) and the Radeon VII (3.36 TFLOPs/s). The
geometries of the molecules” employed in this work are
available online at http://www.cup.Imu.de/pc/ochsenfeld/
download/.

Throughout this work, we employ our recently developed
grids defined in the appendix of ref 62 and briefly summarized
in Table 1. All presented timings are given for one full

Table 1. Specification of the Grids Employed in the Present
Work Given as “n,,4/n,,, (Number of Points per C Atom)”*

grid SCF grid final grid
“gm3” 35/110 (2586) 50/302 (9564)
“gm4” 40/194 (5056) 55/434 (15526)
“gms” 50/302 (9564) 60/590 (21330)

“Within the SCF, a coarser grid (denoted as SCF grid) was employed
and a finer grid was used for the final energy calculation (denoted as
final grid). Grids have been pruned, that is, less angular points are
employed for the inner radial shells of each atom.

exchange matrix build employing a converged density matrix
and the smaller (SCF) grid of the multigrids defined in Table
1, in this way, representing a typical SCF step without
incremental Fock builds. Note that molecular grids typically
contain about 10 to 30% less grid points than the atomic grids
defined in Table 1 due to the erasure of grid points with zero
weights, a consequence of our modification to Becke’s
molecular partitioning scheme® (see also discussion in ref 62).

The timings of the conventional (4c-2e integral-based) code
exclude the preLinK7 preselection, since in the current version
of our FermiONs++ program,”” the two matrix multiplications
within the preLinK algorithm are performed on the CPU using
dense matrix algebra, adding a significant overhead for large
systems. However, the sn-LinK timings comprise every step
needed for exchange matrix formation, including the
preselection.

For all sn-LinK calculations, we choose the screening
thresholds 9y = 1.0 X 1077 and 9 = 1.0 X 107'* during the
SCF and 95 = 1.0 X 107" for final energy calculation. These
thresholds provide screening errors smaller than 1nEy, per basis
function for all tested systems, which is consistent with our
default threshold for the analytical 4c-2e integrals (107'°).
Although significantly looser thresholds could probably be
used for most applications, we wanted to provide a very safe
default in terms of numerical stability and encourage the user
to fine tune these parameters for the specific system of interest
to obtain even better performance than presented here.

5. RESULTS AND DISCUSSION

5.1. Accuracy of the Numerical Integration Grids. We
begin the analysis of the sn-LinK method by investigating the
errors caused by the numerical integration. In Table 2, we
investigate the grid-induced errors in the Hartree—Fock energy
and the indirectly induced errors in the MP2 energy, caused by
the errors in the converged density matrix and serving as a
measure for the accuracy of the density matrix. We employ the
G2 test set’* (atomization energies of small molecules), the
$22x5 test set”” (noncovalently bound small dimers), and the
L7 test set’® (7 noncovalently bound dimers with up to 101
atoms) in combination with the def2-TZVP basis set.”’”

Even for our smallest grid “gm3”, all errors are significantly
below 1mE; and are therefore considered insignificant
compared to typical errors from methods and basis sets.
Moreover, these errors rapidly decrease with larger grids, and
the “gmS” grid provides numerical accuracy up to a few pE,.
Interestingly, the Hartree—Fock errors agree well with the
observation we made in ref 62 about the grid errors of the
Perdew—Burke—Ernzerhof (PBE)”® functional despite the use
of a very different energy functional.

If only single-point energies are of interest, “gm3” should be
the best choice for maximum efficiency, whereas if energy
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Table 2. Grid-Induced Errors in the Absolute Hartree—Fock
(HF) Energy and the Absolute MP2 Correlation Energy
(G2 Test Set) or the Respective Interaction Energies (S22x5
and L7 Test Sets) Referenced to the Analytical (4c-2e
Integral-Based) Method Employing the def2-TZVP Basis
Set”

HF MP2

test set  deviation gm3 gm4 gm$ gm3 gm4 gmS

G2 MaxD 200 70 20 691 122 21
MAD 23 07 02 60 12 ol

$22 MaxD 845 202 59 1782 396 52
(09%)  MmaD 188 45 13 314 96 19
$22 MaD 478 170 71 1768 432 37
(10x)  MaAD 151 37 13 319 99 1S
$22 MaD  S74 138 49 662 467 34
(12x)  MaD 166 46 12 325 97 11
22 MaxD 630 189 41 1546 493 45
(1.5%) MAD 127 38 09 348 10.5 12
$22 MaxD 803 169 30 1176 5.0 52
(20x)  MmaD 136 37 08 308 109 12
L7 MaxD 1653 424 213 4899 1191 252
MAD 202 243 S0 1477 286 74

“The errors in the MP2 energy are only due to the errors in the
converged density matrix. The seminumerical integration was only
used for the exchange matrix formation within the SCF but not within
the MP2 calculation.

derivatives (forces and vibrational frequencies) are inves-
tigated, we recommend to default to the finer “gmS” grid for
the higher numerical stability. Note that much smaller grids
have been recommended in the works of Neese et al.** and
Friesner and co-workers.””****”° However, we advise caution
for the use of small grid especially when computing molecular
properties and recommend to carefully test the influence of the
grid on the specific quantity of interest prior to any application.

In contrast to our method, analytical corrections to the
seminumerical exchange matrix are added within the approach
of ref 36 and to even greater extent within the approach of
refs,””?%3%7 that is, some selected 4c-2e integrals are
computed analytically to reduce the grid error. In particular,
Neese et al.*® proposed to only employ one-center corrections,
that is, all integrals where all four basis functions reside at the
same atom are computed analytically. We tested this approach
but found no improvement at all since our grids integrate every
atom-centered function pair virtually exactly. The grid errors
thus arise solely from non atom-centered function pairs, where
the two different functions reside on different atoms and are
therefore not considered within the one-center corrections.

5.2. Performance Analysis. In the following, the
performance of sn-LinK is assessed in terms of asymptotic
scaling behavior (Section 5.2.1), floating-point performance
(Section 5.2.2), multistream GPU performance (Section
5.2.3), and multi-GPU performance (Section 5.2.4). Finally,
we give a comparison with the 4c-2e-based preLinK
method”?® on both CPUs and GPUs in Section 5.2.5.

5.2.1. Scaling with Respect to the System Size. Although
the evaluation of eqs S to 7 formally scales as O(M®) with
respect to the system size (more specifically O(NgridNﬁaS)),
exploitation of the locality of the Gaussian basis functions and
of the locality of the exchange interaction for systems with
nonzero HOMO—LUMO gaps should result in an asymptotic
O(M) scaling, if the screening techniques described in Sections

2.2 to 2.4 are employed. That is, sn-LinK is asymptotically
linear scaling by construction. For most practical systems,
however, the observed scaling lies somewhere between the
formal O(M?) and the asymptotic O(M) scaling.

In Figure 1, we investigate the scaling behavior for linear
alkanes, separated into the 3c-1le integral part required for the
evaluation of eq 6 and the matrix multiplication (BLAS-3)
steps of eqs S and 7.

In all cases, almost linear scaling is reached for the largest
fragments. Unsurprisingly, with larger and more diffuse basis
sets, linear scaling is reached later (i.e., for larger fragments)
since the selection schemes of Sections 2.2 and 2.4 exploit the
locality of the Gaussian basis functions. Interestingly, the 3c-1e
integral part reaches linear scaling faster than the BLAS-3 steps.
This is a consequence of different screening techniques
employed for these two steps, that is, the preselection scheme
of Section 2.4 compared to the integral selection scheme of
Section 2.4, where the latter is tighter (individual contributions
are overestimated to a lesser extent).

Although linear alkane chains are a valuable model system to
analyze the asymptotic scaling behavior, more globular systems
are of interest for many practical applications. Therefore, a
more detailed efficiency analysis of our sn-LinK method is
given for adenine-thymine DNA fragments in Figure 2 and for
spherical water clusters in Figure 3.

Here, all the observations discussed above for linear alkanes
are still valid. That is, the integrals reach linear scaling faster
than the BLAS-3 steps, and the asymptotically linear scaling is
reached later for larger basis sets. Indeed, the linear-scaling
onset for def2-TZVP is so late that even the largest fragment of
(DNA) ¢ still scales quadratically. Such a late onset of linear
scaling has also been observed by ref 36. In contrast to our
previous work," sn-LinK (present work) selects significant
shells and shell pairs according to their contributions to the
exchange potential matrix instead of the exchange energy. This
results in a later onset of linear scaling but provides better SCF
convergence, particularly for larger basis sets.

Moreover, due to the heterogeneity of GPU computing, the
total execution time within sn-LinK also contains a
considerable amount of noncompute steps, for example,
CPU-GPU data transfer and memory management, as
illustrated for (DNA),s/TZVP in Figure 4. The performance
impact of these other steps can, however, be significantly
reduced by employing multiple streams per GPU since the
different steps do not compete for the same computational
resources (see also Section 5.2.3). Moreover, the high cost of
these other steps necessitates the use of rather large grid
batches and prohibits the use of block-sparse matrix multi-
plications to accelerate the BLAS-3 steps since the manage-
ment steps would dominate the computation time otherwise.
The larger grid batches also contribute to a later onset of linear
scaling within the BLAS-3 steps.

In summary, although sn-LinK scales linearly by con-
struction, perfect O(M) scaling is only archived for the largest
systems and smaller basis sets. This is the expected behavior
since the selection schemes within sn-LinK exploit the locality
of the basis functions and of the electronic structure.

5.2.2. FLOP Utilization of the 3c-1e Integral Kernels. Since
the 3c-le integrals still represent the most time-consuming
step in the seminumerical exchange build, we put significant
effort into its optimization. In particular, the batch-wise
integral screening described in Section 2.2 allows for SIMD
parallelization resulting in comparatively high utilization of the
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Figure 1. (a—c) Total program execution time and individual execution times for 3c-1e integrals (eq 6) and for the two BLAS-3 steps (eqs S and 7)
within one exchange build for linear alkanes on one NVIDIA GV100 GPU with one CUDA stream given as a double logarithmic plot. The colored

numbers correspond to the scaling with respect to the preceding fragment.

theoretical floating-point performance, as presented in Table 3.
An outline how the FLOP counts were obtained is contained
within the Supporting Information.

To provide some context, the best dense linear algebra
libraries achieve about 70 to 80% FLOP utilization, the
GAMESS program package®”®" was reported'” to provide 0.51
to 1.4 GFLOPs/s (6 to 17.5% utilization) on CPUs, and GPU
implementations for 4c-2e integrals were reported to provide
10 to 30 GFLOPs/s (13 to 39% utilization)"? in double
precision and up to 80 GFLOPs/s (6% utilization) in single
precision. Although the theoretical FLOP performance of
processors grows exponentially due to ongoing developments
in microarchitectures, it becomes increasingly difficult to utilize
their full potential since other bottlenecks (cache, memory
latency, and bandwidth) dominate in many cases. In this
context, the FLOP performance of our 3c-le integral kernels
(230 to 330 GFLOPs/s; 22 to 32% utilization on CPUs and up
to 1040 GFLOPs/s; 11 to 16% utilization on GPUs) is very
promising.

5.2.3. Multiple Streams on One GPU. In all of the above
performance analysis, only one stream per GPU was utilized to
time the different steps separately. However, employing more
than one stream per GPU should provide some additional
speedup since CPU workloads, GPU workloads, and CPU-

GPU data transfer allocate different resources and can
therefore be performed concurrently. That is, one stream
can, for example, transfer data to the GPU, while another
stream performs GPU calculations at the same time, thus
optimizing the total device utilization (see also discussion in
Section 3). The performance gains of this optimization are
presented in Table 4.

Compared to the single-streamed evaluation, speedups of up
to 50% can be achieved with multiple streams, where the
majority of this speedup is already achieved with two streams
per GPU. However, the memory use of each GPU scales
proportionally with the amount of employed streams, and we
therefore decided to employ three streams per GPU as a
sensible compromise between performance and GPU memory
usage.

5.2.4. Multi-GPU Scaling. Since many high-performance-
computing (HPC) servers or workstation are available with up
to 16 GPUs per node, the parallel scaling with an increasing
amount of GPUs is also of high interest, particularly if
employing comparatively inexpensive GPUs like the AMD
Radeon VII. We therefore present the multi-GPU scaling of
our sn-LinK code in Table $, activating one, two, or four AMD
Radeon VII GPUs.
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Figure 2. (a—c) Total program execution time and individual execution times for 3c-le integrals (eq 6) and for the two BLAS-3 steps (eqgs. S and
7) within one exchange build for adenine-thymine DNA fragments on one NVIDIA GV100 GPU with one CUDA stream given as a double
logarithmic plot. The colored numbers correspond to the scaling with respect to the preceding fragment.

We indeed observe very favorable parallel scaling (3.5X to
4.4X speedups for 4 GPUs), particularly considering that the
available CPU resources and memory bandwidth need to be
shared between four devices. The over 100% parallel efficiency
for (DNA),/TZVP/“gmS” is a consequence of a particular
fortunate workload distribution, that is, all 12 streams finished
at very similar times. Such timing fluctuations are typical within
such a highly parallel setup because the number of work
batches per stream is very small, for example, for (DNA),/
“gm3”, there are only 40 grid batches in total, which needs to
be split between a total of 12 streams if all four GPUs are
utilized.

5.2.5. Comparison with PreLinK. In Table 6, we compare
the CPU and GPU performance of the 3c-1e integral-based sn-
LinK method of the present work with the analytical (4c-2e
integral-based) preLinK method” employing 32 CPU cores, 4
Radeon VII GPUs, or 1 NVIDIA GV100 GPU. In this
comparison, preLinK typifies all other 4c-2e integral-based
methods for Fock exchange, as implemented in most quantum
chemistry programs, and allows for a consistent comparison
within the same program on both CPUs and GPUs.

The sn-LinK method outperforms the analytical method in
most tested applications on CPUs and, to even greater extent,
on GPUs. The performance gains from sn-LinK compared to

the analytical method are most significant for larger systems
and larger basis sets (e.g, factor 17 (14.7 s vs 252 s) for
(DNA),/def2-TZVP/“gm3”) due to the superior basis set
scaling (O(Ng,,)) of sn-LinK compared to preLinK (O(N{,,)).
Moreover, the seminumerical code provides better CPU —
GPU speedups (up to a factor of 9.5 on four AMD Radeon VII
GPUs and a factor of 5.5 on one NVIDIA GV100 GPU) than
the analytical code (up to 4.6 on four Radeon VII and 3.8 on
one GV100). The better speedups are a direct consequence of
the reduced local storage requirements of the 3c-le integral
code compared to the 4c-2e code, resulting in a significantly
better utilization of the GPU’s floating-point compute units.
In summary, the sn-LinK methods transfer particularly well
to GPUs and therefore enable the routine computation of large
molecules containing hundreds of atoms and large basis sets.
This represents a substantial improvement over existing
seminumerical methods, for example, for the fullerene C,,o/
cc-PVT?Z, our sn-LinK method is close to 100 times faster than
the seminumerical Intel Xeon Phi-based implementation of ref
43 (30.5 s vs 2970 s). In addition, our sn-LinK method allows
for routine calculation for hundreds of atoms and augmented
quadruple-{ basis sets, (e.g., one exchange build for (DNA),/
def2-QZVPPD/“gm3” takes only 257 s), which is of particular
interest in combination with post-Hartree—Fock correlation
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Figure 3. (a—c) Total program execution time and individual execution times for 3c-le integrals (eq 6) and for the two BLAS-3 steps (eqgs. S and
7) within one exchange build for spherical water clusters on one NVIDIA GV100 GPU with one CUDA stream given as a double logarithmic plot.
The colored numbers correspond to the scaling with respect to the preceding fragment.

other: 20%

3c-1e integrals
(L. 13):33%

data-transfer
(1.9/15): 10%

sub-matrix
(1.8/16): 14% BLAS-3
(1.10/14): 23%

Figure 4. Breakdown of the total execution time of one exchange
build for (DNA),¢/TZVP into different lines of Algorithm 1.

Table 3. Number of Floating-Point Operations Necessary
for the Evaluation of All 3c-1e Integrals (with Batch-Wise
Integral Selection Activated) for One Exchange Build for
(DNA), and Floating-Point Performance of the Integral
Code Given as GFLOPs/s (Utilization of the Theoretical
FLOP Performance in Parentheses)

basis #GFLOPs CPU GV100 R. VII
STO-3G 700 330 (30.7%) 1040 (15.5%) 426 (12.8%)
def2-SVP 2780 239 (22.2%) 750 (11.2%) 429 (12.9%)
def2-TZVP 16,100 234 (21.8%) 932 (13.9%) 470 (14.1%)
def2- 199,000 257 (23.9%) 797 (11.9%)

QZVPPD

methods, which typically require large basis set for accurate
results.

Furthermore, calculations employing basis functions with
very high angular momentum (e.g, g-functions) are very
challenging for 4c-2e-based GPU implementations since the
high complexity of the high-/-quantum number kernels (e.g,
our (gglgg) kernel contains over 100,000 lines of code) can
lead to numerical instabilities of our present GPU code. The
extent of this problem depends on the sg)eciﬁc GPU in use and
has also been reported by other groups.” Our sn-LinK method,
however, does not suffer from these issues because the 3c-1le
integrals are much simpler to evaluate.

6. CONCLUSIONS AND OUTLOOK

Within the present work, we described a new, highly efficient
seminumerical exchange method, denoted as sn-LinK, and
outlined its implementation for graphic processing units. After
validating the accuracy of the numerical integration, we
compared the performance of this new method with our
conventional (4c-2e integral-based) preLinK method” and
found outstanding performance improvements, especially for
larger basis sets. Moreover, we showed that the sn-LinK
algorithm benefits particularly well from GPU acceleration due
to the lower local storage requirements of the 3c-le integral

https://dx.doi.org/10.1021/acs.jctc.9b00860
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Table 4. Time in Seconds for One Exchange Build Using One to Four Streams on One GPU Employing the “gm3” Grid

GV100 R.VII
system basis streams 1 2 3 4 1 2 3 4
(DNA), def2-SVP 0.36 0.29 0.26 0.27 0.85 0.68 0.79 0.98
(DNA), def2-TZVP 1.36 1.11 0.98 1.10 3.01 2.73 2.38 2.85
(DNA), def2-SVP 7.4 S.5 S.3 S.0 15.1 11.3 10.9 10.5
(DNA), def2-TZVP 33.8 274 25.4 252 64.3 52.9 50.7 49.8
Table 5. Multi-GPU Scaling Employing One, Two, and Four derivatives need to be evaluated.””*® Moreover, the extension

Radeon VII GPUs within One Node”

system basis grid 1 GPU 2 GPUs 4 GPUs
(DNA),  def2-SVP “em3” 109 54 (20) 3.0 (3.6)
(DNA)4 def2-TZVP “gm3” 50.7 26.0 (1.9) 14.7 (3.5)
(DNA),  def2-SVP “ems” 273 139 (19) 63 (44)
(DNA),  def2-TZVP  “gms’ 1433 732 (20)  37.9 (3.8)

“Timings are given in seconds for one exchange matrix build,
employing a converged density matrix using the smaller (SCF) grid
from Table 1. Speedup compared to 1 GPU in parentheses.

kernels compared to the 4c-2e kernels that are required within
conventional implementations. Furthermore, we could verify
the asymptotic linear-scaling behavior of our implementation
for linear alkanes, DNA fragments, and spherical water clusters
for small basis sets. For the larger def2-TZVP basis sets, the
onset for linear scaling is so late that it was only observed for
large linear alkanes and water clusters.

Although the focus of the present work was solely on single-
point calculations, seminumerical methods are particularly
efficient for computing molecular forces since no integral

of the sn-LinK algorithm to local hybrid functionals is
straightforward in principle, however, requiring quite some
additional implementation effort to merge the CPU-based
DFT code with the GPU-based sn-LinK code. Thus, our,
herein, presented sn-LinK algorithm also facilitates future
developments of local hybrid functionals, which used to be
restrained by their high computational cost. These two
extensions are currently under development and will be
discussed in future work.

Finally, we want to emphasize the applicability of the
seminumerical/pseudospectral method to other molecular
properties®*>***3 and post-Hartree—Fock correlation meth-
ods®* as well as the conceptional similarities to the tensor
hypercontraction (THC) framework.*®
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Table 6. Timings in Seconds for CPU (32 Cores/64 Threads@2.10 GHz) and GPU Codes Run on either Four AMD Radeon
VII (4x R. VII) or One NVIDIA GV100 (GV100) Using sn-LinK (Denoted as “sn-LinK@gm3”/“sn-LinK@gm5”) as

Compared to the preLinK Method of Ref 7 (Denoted as “preLinK”)“

system
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
(DNA),
Caso

Caso

Caso

Caso

Cao

Cao

basis

def2-SVP
def2-SVP
def2-SVP
def2-TZVP
def2-TZVP
def2-TZVP
def2-QZVPPD
def2-QZVPPD
def2-QZVPPD
def2-SVP
def2-SVP
def2-SVP
def2-TZVP
def2-TZVP
def2-TZVP
def2-QZVPPD
def2-QZVPPD
def2-QZVPPD
cc-pVDZ
cc-pVDZ
cc-pVDZ
cc-pVTZ
cc-pVTZ
cc-pVTZ

method
“sn-LinK@gm3”
“sn-LinK@gm5”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gm3”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gmS$”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gm$5”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gmS5”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gmS$”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gm$”
“preLinK”
“sn-LinK@gm3”
“sn-LinK@gmS$”
“preLinK”

#BFs

660
660
660
1422
1422
1422
3815
3815
3815
2904
2904
2904
6336
6336
6336
16,574
16,574
16,574
3600
3600
3600
8400
8400
8400

CPU

0.8
2.5
1.7
3.6
11.0
29.6
30.0
99.6
2035
17.6
59.3
54.2
139.5
316.3
1038.8
1334
5119
101,250
49.9
168.8
4114
207.0
678.6
6294

4x R. VII

0.3 (24)
0.6 (42)
1.0 (1.8)
1.0 (3.7)
2.4 (4.7)
10.4 (2.8)
8.1 (3.7)
21.5 (4.6)
3.0 (5.9)
6.3 (9.5)
18.5 (2.9)
14.7 (9.5)
379 (8.3)
252.2 (4.1)
257.4 (5.2)
814.6 (6.3)
6.6 (7.6)
19.4 (8.7)
162.1 (2.5)
30.5 (6.8)
86.8 (7.8)
1365 (4.6)

GV100

0.4 (2.0)
0.8 (3.2)
1.2 (1.5)
1.2 (3.0)
3.1 (3.6)
15.6 (1.9)
10.5 (2.9)
32.5 (3.1)
5.8 (3.1)
14.4 (4.1)
232 (2.3)
27.2 (5.1)
75.3 (4.2)
419.9 (2.5)
307.8 (4.3)
924.2 (5.5)
12.2 (4.1)
38.6 (4.4)
215.6 (1.9)
55.0 (3.8)
170.4 (4.0)
1660 (3.8)

“Timings are given for one exchange matrix build, employing a converged density matrix using the smaller (SCF) grid from Table 1. For context,
the number of Cartesian basis functions (#BFs) is given for each system, and the CPU — GPU speedups are given in parentheses.
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Chapter 5

Conclusions and Outlook

The integral bounds developed in this thesis are applicable to a wide range of quantum
chemical theories and can be used in combination with the best approximations currently
available for reducing the computational time scaling of numerical implementations. The
integral partition bounds can be used to reduce the complexity of explicitly correlated
methods, which offer the best way to get very close to complete basis set results by direct
treatment of the short-range cusp behavior of the wave function. Due to the near universal
form of correlation cusps, very few parameters are needed to describe them accurately, and
instead, the high dimensional integrals that arise are the main computational challenge. At
the same time, the very short-ranged nature of the cusps means that the integrals within
modern explicitly correlated methods exhibit a level of sparsity that particularly lend them
to accelerated calculation through integral screening. This work details several working
equations for the F12 correction to the MP2 energy, all of which can be calculated with
asymptotic linear scaling cost through the application of the integral partition bounds if
the electronic structure of the system is sufficiently local. The most promising formulations
are those that use three-dimensional numerical quadrature to factorize two-, three-, and
four-electron integrals, since this reduces the formal scaling of the method in addition to
drastic reductions in memory requirements. At the same time, such formulations lend
themselves to high performance, highly parallel computing architectures such as graphical
processing units (GPUs). In this work, the integral partition bounds have been shown to
be quite effective for carrying out semi-numerical exact exchange matrix calculations on
GPUs.

The bounds and formulas developed here for the MP2-F12 method will be similarly
effective for accelerating other explicitly correlated methods. In areas such as the explicitly
correlated random phase approximation (RPA) [I85HI8T7], explicitly correlated coupled
cluster theories [62H7T], 188 [189], explicitly correlated multi-reference calculations [190-
194], and highly accurate explicitly correlated methods such as Hylleraas-CI [3TH35], the
same or similar expressions are needed.

The Schwarz-type bound developed for the complex basis function method in non-
Hermitian quantum chemistry solves a scaling problem that will become increasingly im-
portant as the method matures and its reach extends to molecular resonances of large
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systems. The techniques used for the formulation of this bound should also be important
when extending other types of integral bounds, such as the integral partition bounds devel-
oped in this work, to the complex-symmetric, non-Hermitian integral tensors that arise in
complex basis function methods. Such developments would be especially useful for explic-
itly correlated versions of complex basis function methods, which would have considerable
merit considering the large basis sets that are often required [174]. Numerical quadrature
combined with screening based on the integral partition bounds could also deliver similarly
large performance boosts for complex basis function methods, and this is an opportunity
for further research.
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