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Chapter 1
Introduction

Since the development of quantum mechanics in the 1920s and with the introduction
of the Schrodinger equation in 1926 [1], different approaches to solve the Schrodinger
equation have received substantial attention by physicists and chemists around the
world. With the discovery and development of computers we are now capable of solv-
ing the Schrodinger equation for systems one did not deem possible less than a century
ago; illustrated by the famous statement of P. A. M. Dirac [2] in 1929,

The underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole part of chemistry are thus completely
known, and the difficulty is only that the applications of these laws leads

to equations much too complicated to be soluble.

Although exact solutions can be obtained only for a few systems, the introduction
of computer technology and the development of computational methods have allowed
the Schrodinger equation to be solved in an approximate fashion for a large variety
of systems. The theoretical studies of molecular properties have developed into an
important tool, used both for predictions and analysis of chemical and physical pro-
cesses. As a result, the use of calculations and simulations, rigorously based on the
laws of quantum mechanics, has increased dramatically in many branches of science in
the recent years; not only in chemistry and physics, but also in related fields such as

medicine and biology.

The traditional way to solve the Schrodinger equation is by the use of wave-function
based methods. The hierarchical wave-function based methods can systematically be
extended to any given level of accuracy, and state-of-the-art electronic structure cal-

culations challenge the accuracy of experiments. The scaling behavior of these meth-
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ods, however, currently limits their use to small systems. For larger systems density
functional theory (DFT) have become very popular, since the DFT methods typi-
cally constitute a good compromise between cost and accuracy. The DFT approach is
based upon the fact that the ground state electron density contains all the informa-
tion necessary to obtain the potential, and vice versa. Thus all the information is in
principle possible to obtain if one of the two is know. The exact universal functional
is not known, and a multitude of different approximate functionals exists. Still, DET
is the most widely used quantum-mechanical approach today, and provide important
qualitative information even for large systems. During the last decade linear-scaling
developments have allowed DFT calculations for molecular systems containing more
than 1000 atoms.

The aim of this thesis has been development towards routine calculation for large
molecular systems. To reach this goal, it is necessary to reduce both the cost and
scaling properties of the DF'T approach, and to develop robust, black-box optimization

schemes.



Chapter 2
A brief summary of included paper

In Paper I we develop a new integral evaluation scheme, in which the solid-harmonic
Gaussian basis functions are expanded in Hermite rather than Cartesian Gaussian in-
termediate functions. This approach both reduces the cost and simplifies the evaluation
of differentiated integrals, and of for example the two- and three-center two-electron
integrals used in the so-called density-fitting approximation. This approach is used
both in Paper IIT and Paper IV to improve computational performance and at the

same time reduce programming efforts.

In Paper II we present a boxed density-fitting scheme for linear-scaling density-
fitted Coulomb evaluation. This approach is based upon the partitioning of the electron
density [3], and the approximation of each part individually. By adding a robust correc-
tion term to the density-fitted Coulomb contribution, the introduced errors are small
- compared to for example the errors introduced by the numerical integration quadra-
ture for the exchange-correlation term. Linear scaling of the density-fitted Coulomb
contribution is demonstrated for polyalanine peptides containing up to 1200 atoms.

In Paper III we follow Dunlap [4] and use a robust and variational density-fitting
formulation to approximate four-center two-electron integrals. The results of this paper
clearly indicate that sparse metrics may in fact be used for linear-scaling density-fitting
developments. As an example, obtaining the fitting coefficients using the overlap metric
introduce errors within 50 — 100% of the errors using the conventional Coulomb metric;
instead of the previously reported order of magnitude larger errors in Refs. [5, 6].

In Paper IV we present an efficient DFT force evaluation - the forces are needed
for traversing the potential energy surface of molecular systems, and are essential for
the determination of equilibrium and transition state structures. For the density-fitted

Coulomb force, the integral evaluation scheme of Paper I is combined with linear-scaling

3
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multipole-moment far-field interactions. This is further combined with an efficient im-
plementation of the exchange-correlation contribution and of the geometry-optimizer,

and results are presented for systems containing up to 500 atoms.

In Paper II and Paper V we present a linear-scaling atomic-orbital (AO) based
SCF optimization scheme. In the trust-region SCF (TRSCF) approach the AO density
matrix is expanded utilizing an exponential parameterization [7], and, rather than
a cubic-scaling diagonalization step, the Roothaan-Hall energy is minimized in each
SCF iteration through a series of conjugate gradient iterations and combined with the
density-subspace minimization (DSM) approach [8, 9] to obtain a new density matrix.
By automating step size criteria, based on the trust-region approach [8; 9], the TRSCF
approach can be used in a black-box manner (i.e. without the need for a common
user to manually set a level-shift or damping parameter), and is further demonstrated
to be more robust than the traditional Roothaan-Hall (RH) direct inversion in an
iterative subspace (DIIS) approach [10]. This approach is applied to the optimization

of polyalanine peptides containing up to 1200 atoms.

In Paper VI we develop an even more reliable and efficient linear-scaling optimiza-
tion scheme, the augmented Roothaan-Hall (ARH) approach. In this approach, a local
quadratic model of the KS energy, that is exact to second order in the subspace of
the previous density matrices and constitute a good approximation in other directions,
is minimized using the trust-region approach. The method differs from previous KS
optimization methods in that it does not involve two separate steps, such as the RH
diagonalization followed by the DIIS averaging. Instead, one single step is performed
that exploits the curvature information spanned by the previous density matrices. Since
the ARH contains information about the electronic Hessian, the method both enhances
performance and converges by design to a minimum. This is demonstrated by sample
calculations where the ARH approach finds a minimum and the traditional RH/DIIS

approach either diverges or converges to a saddle-point.

Finally, in Paper VII we present a linear-scaling AO based linear-response im-
plementation for HF and DFT. The response equations are solved iteratively in a
subspace of paired trial vectors. The used of paired trial vectors preserve the algebraic
structure of the response equations, both enhancing convergence and avoiding complex
eigenvalues. A non-diagonal preconditioner combined with good initial guesses allows
performance comparable with canonical molecular-orbital (MO) theory, with typically
five to ten iterations needed for convergence. The computational time is dominated

by the construction of the effective Fock/KS matrices, as in the canonical case, but



with linear complexity achieved using sparse-matrix algebra. Linear scaling, and robust
convergence is demonstrated for the calculation of frequency-dependent polarizabilities

and excitation energies of polyalanine peptides containing up to 1400 atoms.
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Chapter 3
Theory

In this chapter we first give an introduction to the basic theory essential for this thesis.
As the theory is considered fundamental, we will only occasionally provide references
in this chapter. For a more thorough introduction, consult some of the many theory
books on quantum chemistry, for example Refs. [7, 11, 12, 13] on which most of this
introduction is based upon. We start with a brief introduction to theory essential for
quantum chemistry in section 3.1. In section 3.2, we give an introduction to Hartree-
Fock theory and briefly discuss the post Hartree-Fock methods. In section 3.3, we give
an introduction to Kohn-Sham density functional theory, and finally in section 3.4 we

give an introduction to response theory.

3.1 Introductory theory

This section give a brief introduction to some of the theory fundamental to molecular
quantum chemistry; the Schrédinger equation, the Born-Oppenheimer approximation,
the potential energy surface, the Slater determinant, the one-electron orbital basis-set

expansion and the variation method.

3.1.1 The Schrodinger Equation

We are in this thesis interested in solving the non-relativistic, time-independent, N-

electron Schrodinger equation for molecules,
HVU, = E,¥,, (3.1)

where H is the molecular electronic Hamiltonian operator, ¥, the different eigenstates

or wave functions, and F,, are the corresponding energies. The molecular electronic
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Hamiltonian is given by
H=h+§+ hue, (3.2)
where Ay is the nuclear repulsion, h is the one-electron part, consisting of the kinetic

energy and the nuclear-electron attraction operators, and ¢ the two-electron part of

the Hamiltonian. In atomic units, we have

A
ﬁ_—;va—ZzA:ZA (33)

with N the number of electrons, M the number of nuclei, Z, the charge of nuclei
A, R,p the distance between nuclei A and B, r4; the distance between nuclei A and
electron ¢, and r;; the distance between the two electrons ¢ and j. The N-electron
wave function ¥, = W, (xy,...,xy) depends on the 3N spatial {r; = (z;,v;,2;)} and
N spin coordinates {s;}; jointly written in the compact notation {x; = (r;, s;)}. The
complexity of the electronic Schrédinger equation stems from the fact that the N-

electron wave functions depend on the coupled 4N spatial and spin coordinates {x;}.

3.1.2 The Born-Oppenheimer approximation

To arrive at the molecular electronic Hamiltonian, the Born-Oppenheimer approxima-
tion has been adopted. Although the state of a many-particle system depends on all
particles involved (in the molecular case, both electrons and nuclei), the motion of the
nuclei is slow compared to the motion of the electrons, due to the three or more orders
of magnitude difference in their masses. In the Born-Oppenheimer approximation the
electronic state is therefore taken to be independent of the motion of the nuclei, de-
pending only on their positions. For high accuracy, the motion of the nuclei should be
accounted for by adding vibrational corrections to the electronic energy. Also note that
when two different states cross, the Born-Oppenheimer approximation breaks down.
But, as stated in Ref. [11] the Born-Oppenheimer approximation introduce only very

small errors for the majority of systems.
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3.1.3 The potential energy surface

The energy as a function of the nuclear coordinates is denoted the potential energy
surface (PES). Information about the PES of a molecular system is crucial for the the-
oretical study of molecules and their interactions. The different minima, or equilibrium
geometries, are important in for example the determination of reaction enthalpies, and
also forms the basis for the calculation of several other chemical properties - like vi-
brational spectra and various electric and magnetic properties. Saddle points are also
of great importance, as they represent transitional structures, which are important in
the determination of possible reaction pathways and for the determination of reac-
tion barriers. Efficient geometry-optimization procedures, involving energy, gradient
and possibly Hessian evaluations, are therefore essential for the efficient application to

quantum chemical methods to problems in chemistry.

3.1.4 Slater determinants

For a system of identical fermions, such as electronic systems, the wave function is,
according to the Pauli principle, anti-symmetric with respect to an interchange of two

fermions,

The Pauli Principle The total wave function must be antisymmetric
under the interchange of any pair of identical fermions and symmetric

under the interchange of any pair of identical bosons.

One way to fulfill the Pauli principle is by expanding the total N-electron wave func-
tion in a linear combination of N-electron Slater determinants |[SD). The Slater de-
terminants are anti-symmetrized linear combinations of the products of one-electron

functions, for example

(I)l(Xl) (I)l(Xg) e (1)1(XN)
1 @2(X1) (I)Q(XQ) e @2(){]\7)

5D) = , (3.4)
q>N(X1) @N(Xg) e q)N(XN)

where the one-electron spin orbitals ®,(x) depend both on the three spatial coordinates
and the spin coordinate.
There are many possible approaches for solving the molecular electronic Shrédinger

equation of Eq. (3.1), among others the HF and post HF approaches, DFT and quantum
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Monte Carlo methods. In principle these methods are quite different, but in practice a
linear combination of Slater determinants (possibly only one) typically forms the basis

of the approximate wave function.

3.1.5 Basis sets

The spin orbitals ®,(x), from which the Slater determinants are constructed, are prod-

ucts of orbitals ¢,(r) and spin functions o(s),
®(x) = @p(r)o(s). (3.5)

The spin functions are either the spin up or the spin down functions «(s) or G(s),
respectively, whereas the orbitals could in principle be three-dimensional functions of

any given form.

The orbitals are expanded in a basis {x,} of three-dimensional functions of known

form, according to

() =Y CopXa(D). (3.6)

When the basis functions {y,} are atomic orbitals, the above expansion is known as the
linear-combination of atomic-orbitals (LCAQO) approach. The orbital coefficients Cy,
are for molecules known as the MO coefficients, and the basis functions y, are typically
taken to be atom-centered functions. These functions are somewhat loosely denoted
atomic orbitals (AOs) - although not actually atomic orbitals their form typically
resembles that of the atomic orbitals. Throughout this thesis we will denote these
functions as AOs. The set of all AOs in a basis is called a basis set. To be able to
reproduce the form of the MOs, the basis set must in principle be complete. In practice,

however, a truncation must be made.

Many different forms of these AO basis functions are possible but, in quantum
chemistry, the spherical harmonic Slater type orbitals (STOs) and Gaussian type or-
bitals (GTOs) have proven successful. Of these two, most quantum chemistry software
programs today use the GTOs rather that the STOs, although some use is made of
STOs in DFT. In this thesis, we only use GTOs. In chapter 4, we will see how this
choice reduces the six-dimensional two-electron integrals to one-dimensional integrals

(and recurrence relations on these).
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3.1.6 The variation method

Before addressing the variation method, we take a look at the properties of the exact
solutions to the Schrodinger equation, Eq. (3.1). The energy expectation value is a

functional of the trial wave function W,

(V[ H|¥)
E] = -———+ (3.7)
(W|w)
All exact solutions U, (xy, ...,xy) of Eq. (3.1) are variational in the sense that, for all

possible variations dV¥,, that are orthogonal to ¥,,, the energy is stable, which is easily
verified because

(69, |H|W,,) /5\1/,1 s XN H (X, XN )X L dXy )
3.8

= E,(60,|T,) =

Indeed, solving the Schrodinger equation of Eq. (3.1) and the variational optimization

of Eq. (3.7) are identical. This is known as the variation principle,

The Variation Principle The ground state solution of the time-
independent Schrodinger equation (Eq. 3.1) is equivalent to the varia-

tional optimization of the energy functional (Eq. 3.7).

This principle leads us to the powerful procedure of the wvariation method. Accord-
ing to the variation method, the best set of parameters C of a given trial wave function
U(C) are the values that gives stationary points of the energy function

(ClH|C)

EO =g

(3.9)

A wave function that has been optimized according to the variation method is termed
variational. Variational optimization has several advantages. First, the energy E(C)
is always greater than or equal to the true ground-state energy Fy. This ensures that
improvements of the wave function always result in a decrease in the energy, with the
ground-state energy as a lower bound. Second, the error in the energy is second order

in the error in the wave function,
E(C) = E[V, + 0¥] = E[¥o] + O(6¥?), (3.10)

where Wy is the true ground state wave function and where 0V is the difference between
the true ground state and the trial wave function W(C). Third, energy derivatives

needed in for example response theory are greatly simplified because the derivatives
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with respect to the variational parameters C are zero. This leads to the Wigner 2n + 1-
rule in response theory; provided the energy has been optimized variationally one only
needs to solve the order n response equations in order to obtain 2n + 1-order response
functions.

Note that there are several restrictions on the wave function that need to be met,
for instance that the MOs are orthogonal, so the optimization is not entirely free.
There are different ways to impose conditions on the wave function. One way is to use
Lagranges method of undetermined multipliers, in which a Lagrangian is constructed
as the sum of the energy and of the different constraints multiplied with undetermined
Lagrange multipliers. The Lagrangian is optimized variationally with respect to both

the variational parameters C and the Lagrange multipliers A.

3.2 Hartree-Fock theory

In restricted HF (RHF) theory, the wave function |HF) is taken to be a single con-
figuration state function |CSF); which is a fixed (and minimal) linear combination of
Slater determinants |SD), constructed in such a way as to provide the correct spin sym-
metry. Note that in unrestricted Hartree-Fock (UHF) theory, in which no symmetry
constraints are imposed on the total spin, and for closed-shell systems, the Hartree-Fock

wave function is always a single Slater determinant.

3.2.1 The Hartree-Fock equations

If a RHF wave function |HF), constructed from n molecular spin orbitals ®;, is opti-
mized according to Lagranges method of undetermined multipliers (see section 3.1.6)
under the constraint that the MOs are orthonormal, we arrive at the Hartree-Fock

equations [11],

h+ if(jj - fg)] 0= e;d;, Vi (3.11)
J ij

Here f is the Fock operator, noc refers to the number of occupied spin orbitals and €;;

are the Lagrange multipliers. The Coulomb operator J; and the exchange operator K;

operating on an arbitrary one-electron spin orbital g(x) are defined as

) = ( [ o100 ) o)

12

Kig(xy) = (/ cIDf(?<2)9(>cz)1dx2) ®;(x1). (812)

12
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The exchange operator K; only gives non-vanishing contributions when the spin func-
tion of g and ®; are identical. For a closed-shell system, the RHF equations therefore

reduce to

Nocc n
h+> (2] - fg)} Gi=> €ty Vo, (3.13)
where n and ny.. now refers t(i the number of orbitais and of doubly occupied orbitals ¢;,
respectively, and where the Coulomb and the exchange operators operate instead on a
one-electron function g(r). Note that in the canonical Hartree-Fock representation, the
orbitals undergo a unitary transformation to the canonical MOs in which the Lagrange
multipliers constitute a diagonal matrix ¢;; = §;;¢;. In the canonical representation the
MOs are the eigenfunctions of the Fock operator f , and the corresponding eigenvalues

¢; are denoted orbital energies.

3.2.2 The Roothaan-Hall equations

For simplicity, we will in the following restrict ourselves to closed-shell HF theory and
assume real basis functions. When the MOs ¢;(r) are expanded in a linear combination
of AO basis functions x,(r), in accordance with Eq. (3.6), we arrive at the Roothaan-
Hall equations,

FC = SCE. (3.14)

To arrive at Eq. (3.14) we have in addition multiplied from the left with the different
basis functions and integrated. The Fock matriz F is the sum of the one-electron

matrix h and the two-electron Coulomb J and exchange K matrices, given by

Fab = hab + 2<]ab - Kab

Noce Noce

= (alhlb) +2 (ablii) = 3 (ailbi) (3.15)

i

= (alhb) + 2 (abled)Deg — > (ac|bd) Dea,

cd cd
and the overlap matrix S is given by

Sap = (ab). (3.16)

In Eq.(3.15) we have used the Mulliken like notation
1 = [ st
(flitlg) = [ xs(eyigo)de (3.17)
(flg) = /Xf(rl)%ng(Q)drldr%
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and where the AO density matrix D is the sum of the product of occupied MO-

coefficient pairs according to

Nocc

Dy =Y CaiChi. (3.18)

3.2.3 The self-consistent field approach

In the canonical representation, in which E is diagonal, the Roothaan-Hall equations
has the form of a generalized eigenvalue problem - from which the diagonal elements
¢; and the MO coefficients C can be found by diagonalization. However, since the
Fock matrix depends on the MO coefficients, or the density matrix, the Roothaan-Hall
equations defines a (non-linear) pseudo-eigenvalue problem, where the solutions are
found in a self consistent field (SCF).

In general, a self consistent solution can be obtained through an iterative SCF
optimization. For instance, when solving the Roothaan-Hall equations, the initial MO-
coefficients are used to construct a density matrix. From the density matrix, a Fock
matrix is built and diagonalized. The new MO coeflicients are again used to build a
density matrix and so forth. The procedure is repeated until the MO coefficients (or
the density matrix) are reproduced to a given accuracy - the solutions are then said
to be self-consistent. SCF convergence can be difficult - convergence is not guaranteed
and in some cases the converged solution does not represent a minimum.

A highly successful approach to improve SCF convergence has been the DIIS ap-

proach of Pulay [10]. In this scheme, subsequent sequences of Fock matrices {F(l)7 FO® .

density matrices {D®, D® ...} and error-estimates {E®, E® ...} are stored, and
(k)

int »

at a given iteration k, the error in the subspace of error-estimates E
k
i )
E =Y eEY, (3.19)
i=1

is interpolated by minimization of the scalar error function SE(e), given by

SE(e) = Tr (E.(k)E.““)) : (3.20)

int ~int

under the normalization constraint

k
de=1 (3.21)
=1

Once the coefficients have been obtained an extrapolated Fock matrix Féﬁ is con-

structed according to
k
F =Y eF0, (3.22)
i=1
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from which the new density matrix D(**1) is obtained. The new density matrix is again

used to construct the next Fock matrix F¢:+b

, and so on.
Is some cases, oscillations make convergence problematic. Then damping or level

shifting may be introduced to improve the convergence. With damping, the SCF step

is limited by taking as you new density D**! a linear combination of the current
. , - ; . (D)
density D®) and the predicted, undamped density matrix Dpred ,
k41
D*+D = aD® + (1 — o)D) (3.23)

The damping parameter « can in principle be any number between zero (no damping)
and one (full damping). Level shifting limits the SCF step by increasing the energy of
the unoccupied orbitals. This effectively reduces how much the orbitals rotate (see sec-
tion 6.1), or mix occupied and unoccupied orbitals, and may therefore reduce or remove
oscillations from the SCF cycles. Increasing the level shift reduces the oscillations, but
at the same time larger shifts reduce the convergence rate.

We have now had a look at different techniques to achieve SCF convergence. But,
as mentioned, SCF convergence does not necessarily mean that the energy has reached
a minimum - only that the converged wave function is stationary with respect to orbital
rotations. In order to identify the nature of the solution, one must analyze the electronic
Hessian (which is the second derivative of the energy with respect to the variational
parameters). If the eigenvalues of the Hessian are all positive the solution has reached
a minimum, otherwise the solution represents a saddlepoint. Evaluation of the Hessian
is typically quite demanding, and such an analysis is typically not carried out.

In second order SCF theory both the gradient and the Hessian are calculated at
each SCF cycle. This leads to quadratic convergence near the minimum, and conver-
gence is therefore obtained in only a few iterations. This method is computationally
demanding due to the expensive evaluation of the Hessian and seldom used in prac-
tice. If the computationally demanding Hessian is replaced by an approximate Hessian,
it is possible to enhance convergence (for an example see Paper VI). Note that such

approaches are no longer quadratically convergent.

3.2.4 Electron correlation

The Hartree-Fock method typically accounts for about 99.5% of the electronic energy,
and several chemical properties, like dipole moments, polarizabilities, excitation en-
ergies, magnetizabilities and force constants, are typically off by less than 10%. The

problem with HF is that it does not include all electron correlation effects. The broad-
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est definition of electron correlation is to say that the position of one electron depends
on the position of all other electrons. In the mean-field HF approach, however, each
electron interacts with the other electrons only through an averaged potential, and fails
to account for the instantaneous electron-electron repulsion effects. It does however,
include the electron correlation enforced by the anti-symmetry of the HF wave func-
tion. This correlation is termed the Fermi correlation and accounts for most of the
correlation. Note also that whenever the HF wave function is composed of more than
one Slater-determinant, this leads to the inclusion of additional electron correlation

effects.

In wave-function theory, the term electron correlation is normally reserved to de-
scribe the correlation that occurs upon superpositions of configuration-state functions
- that is, the difference between the HF and the exact result. This leads to the Lowdin
definition of the electron correlation energy: "the correlation energy for a certain state
with respect to a specified Hamiltonian is the difference between the exact eigenvalue
of the Hamiltonian and its expectation value in the Hartree-Fock approximation for
the state under consideration." Note that it is implicit in the above definition that the

basis-set limit is taken.

There exist different hierarchical wave-function methods, like the different orders
of Mgller-Plesset perturbation theory (MPPT), configuration-iteration (CI), coupled-
cluster (CC) and multi-configurational self-consistent field (MCSCF) theory, that incor-
porates electron correlation effects by making linear combinations of CSFs. When the
full CI wave function, in which all possible configuration state-functions are included, is
dominated by a single reference CSF function, the CC approaches in particular provide
highly accurate results. When the full CI is dominated by more than a single refer-
ence state, for instance when looking at bond breaking, the MCSCF methods typically
works well - in particular the complete active space (CAS) approach. The problem
with these methods, however, is their poor scaling with system size, and therefore
these methods are currently fairly limited with respect system size. In this thesis the
focus is on developing theory for treating large systems. Therefore, we will not discuss
the different wave-function approaches further. For large systems, DFT has proven
highly successful, as it constitute a good compromise between cost and accuracy. In

the next subsection we will give a brief introduction to Kohn-Sham DFT.
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3.3 Density functional theory

Today, the most widely used method in quantum chemistry is the DFT approach.
In this section, we will first consider the basis of density functional theory by the
introduction of the Hohenberg-Kohn theorems and the Kohn-Sham equations, followed

by an overview of some of the most common exchange-correlation functionals.

3.3.1 The Hohenberg-Kohn theory

Fundamental to density functional theory is the electron density. The N-electron

density p(r) depends only on three spatial coordinates r,

p(r) = N/ |0 (%1, %, ..., xn) | dsidxy . . . dxy. (3.24)

The electron density is non-negative, vanishes at infinity and gives the total number of

electrons N when integrated over the real-space coordinates R?,

/p(r)dr =N. (3.25)

In 1964 Hohenberg and Kohn [14] established that the exact ground-state electron
density p(r) may be uniquely associated with one external potential vey(r) (up to an

additive constant),

The Hohenberg-Kohn theorem Fach v-representable N -electron
density p(r) is the ground state density of at most one external potential

Vert(r) + C, which is determined up to an additive constant C.

An electron density p(r) is termed v-representable if it is associated with the ground

state wave function of an electronic Hamiltonian of the form

) ISh ., Ien 1 &
H= —§Xi:vq‘, +§;;‘j+z}vem(ri)

N (3.26)
- T + ‘A/;ze + Z Uext(ri)7

where v (r) defines the external potential. It follows from the Hohenberg-Kohn the-
orem that the potential v(r) is a functional of the electron density, v[p], and that the
ground state energy is a functional of the electron density p(r), in the sense that the

density uniquely determines the external potential (up to an additive constant), which
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in turn determines the energy E[v]. Thus the Hohenberg-Kohn theorem provide, at
least in principle, a means of obtaining the ground state energy.
The Hohenberg-Kohn functional F[p] defined by

Flol = Eleld) ~ [ ptr)olplar (3.27)

does not depend on the potential, and is therefore universal. To see this, we rewrite
the Hohenberg-Kohn functional in terms of the wave function Wy[p] associated with
the density p. For non-degenerate systems, there is only one such wave function, and

we may then write Eq. (3.27) uniquely as

Pl = AT+ Vit 3t 0l — [ pteyulplar 528,

= (o p)|T + Vee| Wop]) = T[p] + Veelp].

Hohenberg and Kohn further established that the variational principle may be recast

in terms of the electron density p(r) rather than the wave function ¥(x;,xs,...,Xy),

Hohenberg-Kohn variation principle The ground state energy can

be obtained by the density minimization

ol =min (Fls + [ ool ) (3.29)

where the minimization s constrained to densities that are wv-

representable.

In the original formulation by Hohenberg and Kohn, the ground state was assumed
to be non-degenerate and the variational optimization was constrained to densities
that where v-representable. It has been shown that certain reasonable densities are
not v-representable [15, 16]. Levy [17, 15] solved both these problems by showing that
it was sufficient for the density to be N-representable, which means that the density

can be obtained from an N-electron ground state. This gives the energy functional
Eglv] = inf ([T + V.| ) + / Vet (1) p(r ), (3.30)
—p

where the infimum inf is the greatest lower bound (rather than a minimum).
Hohenberg and Kohn thus established that the ground state electron density con-

tains all the information that is needed to reconstruct the external potential, and

therefore the different wave functions and energies. The functional form of the energy

functional F'[p], however, is not known.
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3.3.2 Kohn-Sham density functional theory

In 1965 Kohn and Sham [18] derived a set of equations for finding the density in a self

consistent fashion. They began by partitioning the energy according to

Elp,¢] = Flp, 6] + / Ve (0)p(1) = To[6] + Jp] + Buelo] + / vea(D)p()  (3.31)

where T} is the kinetic energy of a non-interacting system that gives raise to the density
D, Vexy 18 the external potential and F,. is the exchange-correlation energy. Here the
only unknown is the exchange-correlation energy, which contains the exchange and
correlation energies, and the correction to the kinetic energy 7, (which is obtained in
the non-interacting system). A single Slater determinant is the exact eigenfunction
of the Hamiltonian of a non-interacting system. Furthermore, any density p(r) can
be obtained from a single Slater determinant. As a consequence, a scheme similar to
Hartree-Fock can be adapted for DFT; know as the Kohn-Sham DFT approach. If
the Kohn-Sham (KS) energy functional of Eq. (3.31) is optimized under the constraint
that the the KS orbitals ¢;(r) are orthonormal, we arrive at the Kohn-Sham orbital

equations,

[—W Qe"t+/|r ( ]¢z r) = Zem@ (3.32)

with the density given by
N
r) =)l (3.33)
i=1

We proceed in the exact same fashion as when deriving the Roothaan-Hall equations for
Hartree-Fock, i.e. make an expansion of the orbitals according to Eq. (3.6), multiplying
from the left with an AO basis function x,(r) and integrating, to arrive at the Kohn-

Sham equations
FXSC = SCE. (3.34)

For close-shell systems the KS matrix FXS is given by
F;ZS = hab + 2Jab + Xab

= (alh|b) + 2 (abled)Dog + / Xa () X0 (1) Ve (1) dr

cd

(3.35)

where X is the exchange-correlation matrix and where the exchange-correlation poten-

tial vx(r) is given by

(3.36)
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The solutions to the KS equations are, in direct parallel to solving the Roothaan-Hall
equations of Eq. (3.14), found in a self-consistent field as outlined in section 3.2.3.
There are obvious similarities between HF and KS theory. In both methods, a set
of orbitals is determined self consistently, the cost of the two methods is similar, and
both methods use an effective potential. Still, the two methods are also different by
design. The HF orbitals gives an approximate wave function, whereas the KS orbitals
in principle give the exact density. In both approaches, the energy is determined
variationally, but the DFT energy, although in principle exact, does not provide an
upper-bound to the true ground state energy for approximate exchange-correlation

potentials.

3.3.3 Exchange-correlation functionals

The quality of the KS approximation depends solely on the functional form of the
exchange-correlation energy. In this subsection, we provide a basic overview of the
general form and provide a few examples of the most common functionals.

The local density approzimation (LDA) is based on the uniform electron gas, as
proposed by Kohn and Sham in their initial paper [18], where the electrons are evenly

distributed on a positive background charge. The LDA energy is given as

B o) = [ plo)eclptrlin (337
where €, is the exchange-correlation energy per electron in a uniform electron gas. For
a uniform electron gas, the exchange-correlation energy is split into separate exchange

and correlation energies. The exchange energy for a uniform electron gas was derived

by Dirac [19], s
=5 (2) [ (339)

w
There is no such simple expression for the correlation energy of a uniform electron

gas. However, in 1980 Ceperley and Alder [20] performed highly accurate Monte-
Carlo simulations on the uniform electron gas, resulting in the development of several
analytical forms by Vosko, Wilk and Nussair (VWN) [21]. For the correlation energy,
one of these VWN functional forms (number V), here denoted EY"Y, remains the
most commonly used for the LDA approach to date. The LDA functional thus has the
following form,

ELPA — EIDA 4 pVWN, (3.39)
Despite the rather simple form, LDA provides fairly accurate results, in most cases

comparable or better than the HF approach. With the LDA functional, it is possible
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to achieve good vibrational frequencies, equilibrium structures and dipole moments.
However, bond energies are systematically too high.

In the generalized gradient approzimation (GGA), the energy functional ESS4[p)
depends on the gradient of the density Vp(r) in addition to the density,

EgSp] = / Fye (p, Vp) dr, (3.40)

where the form of F,. varies for the different functionals. As was the case for LDA,
the GGA exchange-correlation energy ESCA is also split into separate exchange and
correlation parts. The use of GGA can lead to significant improvements compared to
the properties calculated with LDA. There exists a variety of different GGA function-
als, including functionals specifically designed for the calculation of certain chemical
properties - commonly used functionals are the BLYP [22, 23], BPW91 [22, 24] and

PBE [25]. To give an example, the BLYP functional has the following form
EBLYP — ELDA + EE88 4 ELYP (341)

where the first term is the LDA exchange energy, the second term is the GGA correction
term to the exchange energy as suggested by Becke [22], and the third term is the GGA
correlation term of Lee, Yang and Perdew (LYP) [23].

In HF theory, the Fermi correlation is accounted for by the exchange contribution,
which accounts for the bulk (about 90%) of the correlation energy, and neither the
LDA or the GGA approaches include Fermi correlation in a fully satisfactory manner

The Coulomb repulsion energy

TMocc

1 o
J =5 (elp) = 5 D _ilii), (3.42)
2
appearing in both HF and DFT includes the self-interaction term, (éilii). An electron
in an occupied orbital moves in the averaged potential generated by all electrons -
including itself. In HF this self interaction is canceled by an equivalent interaction of

the opposite sign appearing in the exchange term,

Nocc

K =2 (ijlij). (343)

tj
Hybrid functionals combines a part z; of the HF exchange K together with GGA

functional contributions,

Ebrid — pGGA _ g ge 4 ROGA. (3.44)
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Actually, K differs from the HF exchange because it is based on the KS orbitals
rather than the HF orbitals. Still it is often denoted HF exchange, or sometimes as
the non-local exchange or the exact exchange.

The inclusion of the full HF exchange (x; = 1) was proposed by Kohn and Sham
in their original paper [18], but deriving an appropriate and accurate correlation func-
tional for use with the non-local exchange has been difficult. Including only a propor-
tion of the HF exchange has proven much more successful. The B3LYP functional of
Stevens et al. [26] is the most popular and widely used hybrid functional to date. It
combines the correlation and the exchange terms of the BLYP and LDA functionals in

a semi-empirical manner,
EBSYP — (1 — 4)) EEPA 4 o ERS — 0 K + bEMYP (1 — b)) EYWN, (3.45)

In the B3LYP functional 20% of the HF is included (x, = 0.2), and the two parameters
a and b are 0.72 and 0.81, respectively. Other examples of hybrid functional are the
PBEO [27] and the B97 series [28, 29, 30].

Finally, we would like to mention the class of range separated functionals, in which
the exchange interaction is described by different mechanisms for short and long range
interactions. An example of such a functional is the CAM-B3LYP functional [31].

3.4 Response theory

In response-function theory, we determine the time-development of an observable when
the molecular system is subjected to, for example, an external electric or magnetic field.
The response of the observable may be expanded in powers of the field strength: the
linear response is determined by the linear response function, the quadratic response
by the quadratic response function, and so on [32]. Molecular response properties, for
example the frequency-dependent polarizability, may be calculated from the response
functions by specifying operators for the observable in question as well as the applied
field. From the poles and residues of the response functions, additional molecular prop-
erties can be obtained, including for example excitation energies and the corresponding
transition moments. At most frequencies of the external field, the interaction imposes
a small change in the wave function. If the frequency matches an excitation energy,
the external field may introduce an excitation that gives rise to large changes in the
wave function. We will in the following give an introduction to the basics of response
theory, for a more thorough discussion consult for example Ref. [32], upon which this

introduction is based.
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3.4.1 From the time domain to the frequency domain

The time development of the exact wave function |0) is governed by the time-dependent

Schrédinger equation

HIO(®)) = i%\()(t)). (3.46)

The Hamilton operator is decomposed into a time-independent part Hy and a time-

dependent perturbation V¢, according to

H=H,+ V" (3.47)
We further assume that the perturbation V* is switched on adiabatically at t = —oo, In
the unperturbed limit ¢ = —oco the time evolution approaches |0(¢)) = exp(—iEyt)|0),

where |0) is an eigenfunction of the unperturbed Hamiltonian Hy,
Hy|0) = Ep|0). (3.48)

In the frequency domain, the perturbation operator can be written in terms of the

Fourier transformation

Vvi= / V¥ exp|(—iw + €)t]dw, (3.49)
where the positive infinitesimal € ensures that the field is switched on adiabatically.

The perturbation V* is required to be Hermitian, which imposes the condition
(V) =v. (3.50)

on the frequency components of V*. At finite time ¢, we can write the perturbed

phase-isolated wave function |0(¢)) = exp(iF(t))[0(t)) as a perturbation expansion

10(2)) =10) + /oo |09) exp|(—iw + €)t]dw
Jee (3.51)
+ [ |057%) exp[(—i(wy + wa) + 2€)t]dwidws + . . .,

[ee]

where |07) and [057*) contain terms that are linear and quadratic in the perturbations,

respectively.
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3.4.2 Response functions

Similarly, the averaged expectation value A,y (¢) of an operator A can be expanded to
different orders of the perturbation according to

Ay () = (0(1)|AJO(1))

o0

= (0]A|0) +/ ((A;V¥))o exp[(—iw + €)t]dw (3.52)

—0o0

1 o0
+ 5/ ((A; VR V9w, exp(—i(wr + we) + €)t]dwidws + .. .,

where ((A; V¥)),, is the linear response function and ((A; V<1, V), ., is the quadratic
response function. In the definition of the response functions we assume that the limit
e — 0 has been taken.

It can be shown [32] that in the basis of exact eigenfunctions {|n)} of Hy, for which

the normalized time-dependent wave function is given by

10) + 22, dn|n)

0(1)) = Nie i (3.53)
the linear response function can be written as a sum over eigenstates
(0]A|n) (n|V]0) (0IV=[n){n|A[0)
A V), = — ) 3.54
( 2 ;0 w—(E, — Ey) HZ#] w+ (B, — Ep) (3:54)

This equation is called the spectral resolution of the linear response function. In

Eq. (3.54) E, is the energy corresponding to state |n).

3.4.3 Poles and residues

The linear response function has poles at frequencies equal to plus or minus the exci-

tation energies w,, = E, — Ej of the unperturbed system. The corresponding residues,

given by
Jim (@ — wa) (A3 V<))o = (0] Aln) {n|V*[0)
n (3.55)
Jm (@4 wa) ((A; V) = =(0[V<[n) (n] A]0),

involve the transition matrix elements. The linear response function thus contains
information about the excitation energies from the reference state |0) to an exited state
|n), and the corresponding transition matrix elements, which is sufficient information
to describe all one-photon processes. Multi-photon processes can similarly be described

by means of the residues of higher-order response-functions.



3.4. RESPONSE THEORY 25

3.4.4 Response equations

By expanding the time-dependent coefficients d of Eq. (3.53) to different orders of the
perturbation, d = d® +d® +. .. the responses to different orders can be obtained by
solving the corresponding response-equations, obtained from the Schrodinger equation
by collecting the terms of the various orders. In the frequency domain the first- and

second-order response equations are given by

(EF —ul)dV(w) = — v

(B — (w1 + wo)Dd® (w1, wp) = _% (VIO () + VE=RIAD (0y)) (3.56)
respectively, with the elements of V¥II, V¥I2 and EP! according to
vt = (iveo)
VZ};D] = (i|V¥]5) — 6:;{0[V*]0) (3.57)
BE = (i|Holj) — 6,5 (0| Hol0) = 8;5(E; — Ep).

The corresponding response-functions are given by
(A; V%)), = d(l)T(—u})A[I] + A[lJTd(l)(w)
(A Ve Vo)), =d@T (—wr, —w) AM + ARTA®) (wy, wy) (3.58)
+ d(l)T(—wl)A[z]d(l)(wg) + d(lﬁ(*wg)Amd(l)(wl%
with
Al = (il AJo)
2 o (3.59)
Aj = (i|Alg) — 6i;(0]AJ0).

Hence, to obtain the response functions to different orders one needs to solve response

equation of the general form
(ER — wl)d = — A, (3.60)

where the right-hand side A,y varies for different perturbations and response orders.
The theory discussed here is for exact theory. For approximate methods, derivations

based on the wavefunction parameterization are needed.
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Chapter 4
Integral evaluation

Efficient integral evaluation is central to quantum chemistry. There are several differ-
ent schemes and formalisms to enhance the performance of integral evaluation. In the
first section of this chapter, section 4.1, we give a brief overview of the McMurchie-
Davidson formalism for integral evaluation, and then, in section 4.2, we outline the
integral evaluation scheme presented in Paper I. This scheme enhances performance
and simplifies the implementation of differentiated integrals, and further reduces the
cost of two- and three-center integral evaluation. In section 4.3 we discuss the effi-
cient and linear-scaling evaluation of the Coulomb contribution, followed by the linear-
scaling evaluation of the exchange contribution in section 4.4. Finally, we will give
an introduction to the numerical quadrature typically used for the evaluation of the

exchange-correlation contribution in section 4.5.

4.1 The McMurchie-Davidson scheme

Most quantum chemistry softwares today use GTOs rather than STOs for integral
evaluation. A greater number of GTOs than STOs are needed to obtain the same level
of accuracy, but integration over GTOs is both simpler and faster than integration over
STOs. The main advantage of using Gaussian basis functions is that they are separable
in the Cartesian directions according to the Gaussian product rule [7], which greatly
simplifies the integration.

There are several formalisms for molecular integral evaluation over GTOs, for in-
stance the Rys scheme [33], the McMurchie-Davidson scheme [34], the Obara-Saika
scheme [35], as well as modifications to these schemes |36, 37]. The different schemes

typically has certain advantages and disadvantages, see for instance [7]. We will not
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go into the different schemes or their differences in this thesis, but rather focus on
the McMurchie-Davidson scheme; which forms the basis of the integral evaluation in
DALTON [38]. In this section we summarize some of the key points regarding integral
evaluation using the McMurchie-Davidson scheme. A more thorough introduction is

given in Ref. [7].

4.1.1 Solid-harmonic Gaussian basis functions

In the McMurchie-Davidson scheme, the integral evaluation over contracted real solid-
harmonic GTO basis functions x! (r) is first carried out over primitive Cartesian
GTOs G} A(r) of the form
Gl (r) = 25yt a} exp(—anr}), (4.1)
with Cartesian powers i = (i, i, ¢,), primitive exponent a,,, the center of the Gaussian
A= (A, A A,), and with the distances ry = [r — A|, 4 = x — A, and similarly for
ya and z4. Then, the primitive Cartesian integrals are both contracted with contrac-
tion coefficients C,, to a contracted basis and spherical transformed to the real solid-
harmonicl basis. Note that in Eq. (4.1) we have omitted the normalization constant
which we include into the contraction coefficients. The contraction and the spherical
transformation steps are independent of each other, which means we are free to choose
the order of these steps
oA (1) = DS Y CuGl, a0) = Y Gy SPG Al). (42)
i m m i
where S“™ denotes the Cartesian to solid-harmonic transformation coefficients 7],

with magnetic quantum number m,.

4.1.2 The expansion of Cartesian overlap distributions in Her-

mite Gaussians

The overlap distribution Q.(r) is the product between two contracted real solid har-
monic Gaussians, and can thus be expanded in primitive Cartesian overlap distributions

Qb

o b, (r) according to

Qup(r) = xER (OB (1) = DS Coun] (1), (43)

ij mn

with the joint spherical transformation

Sgh = Sjamasm, (4.4)
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and with the joint contraction coefficient
Crnn = Cp,C,y. (4.5)
The primitive Cartesian overlap distribution is by the Gaussian product theorem [7]
given as
QU (x) = Gy A(1)Glp(v) = iyt ki wfyp =5 exp(—uRip) exp(—pry),  (4.6)

with p=a+0b, p = ab/p, Rag = |A — B| and P = (¢A + bB)/p. In the McMurchie-
Davidson scheme this overlap distribution is again written as a linear combination of

Hermite Gaussians [34]

Loty
Q) = Y ElAu(r), (4.7)
t+u+v=0

with [, = i, +1i, +1%, and similarly for [;,, with the Hermite to Cartesian transformation
coeflicients Etifm and where the Hermite Gaussians are given by
8t+u+v

Atu’u(r) = W

exp(—pr3). (4.8)

Note that when calculating the overlap distribution between real solid harmonic Gaus-
sians, the intermediate transformation to Cartesian primitives is not necessary, as we

can transform directly to the real solid harmonic basis according to,

la+ly
Qp(r) =Y Conn Y Eiii Aji(x), (4.9)
mn tuv

with A" (r) the Hermite Gaussian for primitive pair mn, and with
Bl = 2 S Bl (4.10)
ij

The differentiations in the three different Cartesian directions are independent of each
other, which leads to simple recurrence relations for integrals over Hermite Gaussians.
Note that since the Gaussians are separable in the three Cartesian directions, we can
separate the E-coefficients Et'fw = EZ”j"Eff’j?’Eisz. The recurrence for the E is given
as [7]

By = XpaEY + BY

Ey" = XppEy + BY (4.11)

. 1 L
B = on (B + B, >0,

starting from EJ° = exp(—puX3p).
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4.1.3 One-electron integrals

We are now ready to look at the integral evaluation of the different integrals over
real solid-harmonic Gaussians Xl“m“( ). We start out with the multipole-moment in-
tegrals from which the overlap integrals are a special case. The overlap integrals are
fundamental for AO-based DFT, and the multipole-moment integrals are used in for
example the fast multipole-moment method, see section 4.3, to achieve linear-scaling
Coulomb evaluation. The Cartesian multipole-moment integrals S$, between two con-
tracted real solid harmonic GTOs, Xl“m“(r) and xlbmb( ), expanded at center C with
the Cartesian powers zyc/ 267, can be written as a linear combination of primitive

Cartesian multipole-moment integrals S Jeb using Eq. (4.2),

n?

5= [ Q)
= ngb Z Cmn/Q:lmen(r)x?yeCyzeczdr (4.12)
ij mn

_ § ab ije
- Sij le Sambn .

mn

These primitive Cartesian multipole-moment integrals can again be separated into the

Cartesian directions according to
S;Jl;s _ Szmhel ZnyEySZz]zez (4.13)

which following the McMurchie-Davidson scheme are given by

i+ i+
She = /QZ)(X)IECZX = Z EY /At(x)xecdx = Z EY M¢. (4.14)
t=0 t=0

The multipole-moment integrals over the Hermite Gaussians M can be found by re-

currence according to [7],

1
MY = tME | + XpoME + oy M (4.15)

s o

which follows directly by taking the differentiation outside the integration, and by

starting from

noting that M; = 0 for all ¢ > e. For the primitive Cartesian overlap integrals this

gives the simple expression

la+lp . T 3/2
Si=S0= > ELMMIM) = Eg, (p) : (4.17)

ab — tuv
t+u+v=0
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4.1.4 Nuclear attraction integrals

We now turn our attention to the evaluation of Coulomb integrals. Similarly to the
overlap integrals, the overlap distribution between two contracted real solid-harmonic
Gaussians, Eq. (4.3), are expanded in primitive Cartesian overlap distributions, which
are again expanded in Hermite Gaussians according to Eq. (4.7). The nuclear attraction
part A2, of the one-electron part of the Fock /KS matrix Egs. (3.15) and (3.35), is given
by

hay = — ZZKvab (Cx) = ZsabZCngZKv;fl h (4.18)

where Cg is the center and Zx the nuclear charge of nuclei K, and where the primitive

Cartesian Coulomb potential VJ(C) is given by

i) = [ O (1) —dr = 225" EY R (. Rpe). 41
) / ab(r) ro r P Z tuvRt (p PC) ( 9)

tuv

4.1.5 The Hermite Coulomb integrals

The Hermite Coulomb integrals Ry, (p, Rpc) are given as the derivatives of the zeroth

order Boys Function Fy(x), according to [34]

Ot Fy(pRbc)
u,v \V> R = 4.2
Rt (p, Rpc) GPOPIOPY (4.20)
with the nth-order Boy’s function given as
! 2
Fo(z) = / e TN, (4.21)
0

The integrals Ry, = RY,, can be found by recursion from the spherical integrals

t,u,v

Rioo(p, Rpo) = (=2p)" Fu(pR3c) (4.22)
of orders n < t + u + v, according to the recurrence relations

R;;l,u,v (p7 RPO) _tR;hLllu v(p7 RPC) + chR;L:,:) (p7 RPC)
RZ’LrH,v (p7 RPC) _U’R?Z 1 U(p‘ RPC) + YPCR:LX%/ (p7 RPC) (423)
Ry o1 (0, Rpc) =vRyL L1 (0, Rpc) + ZpoRiL, (0. Rpc).

4.1.6 Two-electron Coulomb repulsion integrals

We now turn our attention to the four-center two-electron Coulomb repulsion integrals

(abled), which play a central role in quantum chemistry. The contracted four-center
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two-electron integrals (ab|cd) can be written as a linear combination of primitive four-

center two-electron [a,,b,|c.ds] according to
(abled) = ZCMZCM [tmbn|crdy). (4.24)

Here, the primitive solid harmonic Coulomb integrals |

cd] are, similarly to the prim-

itive Cartesian Coulomb potential of Eq. (4.19), given as

1
[abled) = ZsabZS / QXL (r,)dry dr,
12

27T5/2 . ) -
B pq\/ﬁ Z Z Et;lw Z Skf Z - +¢Ek1¢Rt+‘r u+tv, u+¢(0€ RPQ)

tuv TV

27-[-5/2 T 1% Ct
= pq\/ﬁ Z tuvz RS V¢Rt+7' u+Vv+¢(a RPQ)

tuv TV

(4.25)

with ¢ = ¢+ d, Q = (¢cC+ dD)/q, Rpg = P — Q and o = pg/(p + q). Note
that to improve performance, contractions that reduce the number of intermediates
should be carried out as early as possible. This means that we do not calculate the
primitive real solid-harmonic Coulomb integrals [ab|cd] explicitly, but rather carry out
contractions and transformations on the two electrons separately. The McMurchie-
Davidson algorithm for four-center two-electron integrals is outlined in figure 4.1. The
loops are carried out over shell pairs ab and cd, as integrals between such pairs share
intermediates. A shell pair ab consists of basis functions from the shells of two atoms,
each shell sharing both primitives and angular momentum.

The permutational symmetries of the four-center two-electron integrals

(abled) = (baled) = (baldc) = (ab|dc)

(4.26)
= (cd|ab) = (cd|ba) = (de|ba) = (dc|ab)

is exploited by limiting the two loops in figure 4.1 so that for example a > b > ¢ > d,
which reduce the number of computations by (up to) a factor eight. Note that as
a special case two- and three-center two-electron integrals can be calculated using
the algorithm outlined in figure 4.1. This can be done by expanding the primitive
solid-harmonic Gaussian basis functions in Hermite Gaussians, instead of the overlap

distribution of Eq. (4.7), according to

szaza Z tuvAtuv (427)

t+u+v=0
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Loop ab shell pairs
Set p, P, E%

a0 (for all primitive pairs mn)

Loop cd shell pairs
Set ¢, Q, Eﬁ% (for all primitive pairs rs)
Set a, Rpg (for all primitive quadruples mnrs)
Build F‘n(()é7 RPQ) and Rt+7,u+y,v+¢(a, RPQ)
Contract (tuv|c,d,] = %(fl)TJr”*d’Eﬁ:‘és Ritrutvoro(o, Rpg)
Contract (tuv|ed) = Y (tuv|c,ds]Chs

Contract [ay,b,|cd) = 3 E&m (tun|cd)

tuv
tuv

Contract (abled) = >~ Crunlambnlcd)

mn

End loop cd
End loop ab

Figure 4.1: Outline of the McMurchie-Davidson algorithm for four-center two-electron inte-

grals.
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4.2 McMurchie-Davidson using Hermite primitives

In Paper I we develop a new scheme for integral evaluation in which the intermediate
integration is carried out over Hermite Gaussians H, :1 A(r) rather than the Cartesian
Gaussians G}, 4 (r) of Eq. (4.1). This reduces computational efforts for both the evalua-
tions of differentiated integrals and for the evaluation of two- and three-center integrals,

in addition to making the expressions for differentiated integrals simpler.

4.2.1 Solid-harmonic Gaussians expanded in Hermite rather
than Cartesian Gaussian primitives

The new integration scheme follows from the fact that the solid-harmonic combinations

of Cartesian, G% 4 (r), and Hermite Gaussians, H} 4 (r), are identical,
XeAt = D STHiA() = Y STG ). (4.28)
i+jtk=la i+jth=la
The primitive Hermite Gaussians H} 4 (r) are taken to be scaled versions of the Hermite
Gaussians A, (r) of Eq. (4.8), according to

1
(2a)=

H () = Ai(r) = ) Hi(2a,1) exp(—ar}), (4.29)

(2

with the Hermite polynomial H,ji,(2a,r) given by
Hijk(2a,1r) = H;(2ax.4)H;(2aya)Hi(2a24), (4.30)

and with H:(z) defined by the Rodrigues expression
dt

)d - exp(—z?). (4.31)

Hi(x) = (—1)" exp(2®

With the above definition, it follows that the leading terms of the polynomials in front
of the exponent exp(—ar}) of both the Cartesian Gaussian G} ,(r) and the scaled
Hermite Gaussian G 4 (r) are equal to a’{y}{ 2. Following Paper I, the identity of
the two solid-harmonic transformations of Eq. (4.28) follows because only the homo-
geneous polynomial of degree [, = i, + i, + ¢, with unity prefactor, remains after the
transformation.

Although the new integration scheme in Paper I is developed in both the Obara-
Saika and the McMurchie-Davidson formalisms, we will limit the scope in this section to
the McMurchie-Davidson formalism, and demonstrate the benefits of this new scheme

using the McMurchie-Davidson formalism.
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4.2.2 The expansion of Hermite primitive overlap distributions

Similarly to the overlap distribution between two primitive Cartesian Gaussians Qiajb(r),
Eq. (4.7), the overlap distribution between two primitive Hermite Gaussians 23 (r) can

be expressed as

latly
Q;jb(r) = Hi,A( B(r Z gzlivAtuv (4.32)
t+u+v=0
Note that the overlap distribution has here been expanded in the Hermite Gaussians
A4y (r) to coincide with the expansion of Eq. (4.7), whereas in Paper I the expansion is
instead in the scaled Hermite Gaussians H}'5(r). This choice has been made in order
for the intermediate integrals over Hermite Gaussians to be identical to the integrals
developed in the previous section. The Hermite E-coeflicients Stif;v are also separated

into E-coefficients for the three Cartesian directions &,

Lo

tuv —

gzm Ely]y ng (4.33)

which can again be obtained by the recurrence relations

EY = Xpall' + &Y — 57 I
gt _ X, g 4 gl _ 75%*1 (4.34)
0 PB¢&o 1 2 0 .
£ = ( &1+ 3E7TY), > 0.

2pt

The recurrence relations for the E-coefficients in Hermite compared to the Cartesian
representation, Eq. (4.34) and Eq. (4.11) respectively, are equal except for the addi-
tional third term in the two first expressions of Eq. (4.34). The integrals using primitive
Hermite Gaussians basis functions follows exactly the same formulas as for the inte-
grals using primitive Cartesian integrals, by replacing all Etuv and E® by and
E® in Eqgs. (4.17), (4.19) and (4.25). We note, that computationally these recurrence

tuv

relations are fast compared to other steps in the integral evaluation, so the added terms

of Eq. (4.34) are negligible with respect to computational time.

4.2.3 Differentiated integrals

The advantage of using Hermite Gaussians becomes clear for differentiated integrals

and for two- and three-center integrals. When differentiating the primitive Hermite
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Gaussian of Eq. (4.29) with respect to the Gaussian center we get another single prim-

itive Hermite Gaussian, according to

; 8[@ ; ;
Hy'\(r) = FAT Haa(r) = (20) H X (v), (4.35)

with I = (I,,1,,1.), I = I, + I, + I. and with

o o

OAT ~ JAL9AT AL (4.36)

The corresponding derivative of a primitive Cartesian Gaussian, Eq. (4.1), gives a
linear combination of several primitive Cartesian Gaussians. Clearly, expanding the
solid-harmonic Gaussians in Hermite rather than Cartesian Gaussians is preferable
for geometrical derivatives. To give an example, let us consider a differentiated four-
center two-electron integral. First, consider the differentiation of overlap distribution
of Eq. (4.32), which gives

8I+J_Qij (r) s Jla+1+lb+J e
— ab _ irLj
= atapr = 20’ @) Y2 &N A (4.37)

tuv

3,13
Q" (x)
The differentiated overlap distribution use the same expansion coefficients 5,“,, as in

Eq. (4.32), only expanded to higher order. This gives the differentiated primitive solid-

harmonic four-center two-electron integral

[ b‘ d]IJKL aI+J+K+L [ b| d}
o DATOBIOCKIDE N
1
:25@25 / Q' (00) — Q" (r2) iy
i 12
27r5/2 (4.38)

=2 (2a)'(20)7(2¢)” (2d) Zs;%bZE;;}W
PaVP +4q )

Z 31{;? Z T+V+¢571-€,25K l+LRt+‘r,u+V,v+d)(av Rpq).
T
The differentiated integrals of Eq. (4.38) can be obtained (to any order) making only
minor modification of an existing code for the undifferentiated integrals of Eq. (4.25).
Note that the summation over tuv goes from 0 < t+u+v < I, + 1 + [, + J and
similarly for the summation over 7v¢, so the order of expansion of both the expan-

sion coefficients &Y

tuv

and the Hermite Coulomb integrals Ry,,(«, Rpg) are increased
accordingly for the differentiated integrals. Thus, the number of intermediate Hermite
integrals Ryi;ytv0+0(e, Rpg) is the same as when using the Cartesian Gaussian in-

termediates, but the number of contractions with the E-coefficients is greatly reduced
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with increasing angular momentum. For instance the first derivatives with respect
to both center C and D of a cd shell pair consisting of two p-orbitals, gives a total
of 54 solid-harmonic derivative components (two centers, three Cartesian directions,
three components per p-orbital). Using Cartesian Gaussians all these components are
generated by contracting (both differentiated and undifferentiated) E-coefficients with
the Hermite integrals, Ry,.(co, Rpg), whereas when using Hermite Gaussians only the
modified E-coefficients of the 36 Hermite Gaussian pairs (the two combinations of dp-
and pd-orbital pairs) are contracted with the Hermite integrals. The spherical trans-

formation to the solid-harmonic basis can be postponed to a later stage.

4.2.4 Two- and three-center integrals
For the two- and three-center integrals the expressions become even simpler. The
differentiated two-center two-electron integrals become

aM—O—N
~IPNMoQN [plq]

_ZSP qu/HmM qg(rg)drldrg (439)

271'5/
PaVp +q

with M = (M,, M,, M,), M = M, + M, + M, and similarly for N and N, and the

differentiated three-center two-electron integrals become

plg™™ =

(2p)M I (—2q)N ZS& 378! Ruimnin(en Rpg),

8]VI+K+L

[pled™*" = pled]

OPMOCKoDL [

:ZS&ZS /HmM le VK (1) dry dry
kl

pq%s/ (2p)M " (20)” (24) Zsp ngfz

VO

(4.40)

T+v+¢ ock+K I+L
(-1 Ee Bongt Mytrmy+ My +vma+M.+6(0, Rpg),

Note the significant reduction in the number of terms both for higher angular mo-
mentum and for higher order of differentiation. For instance for the undifferentiated
three-center integrals of Eq. (4.40), with M = K = L = 0, the number of intermediates
(tuv|cd), see figure 4.1, for a shell p is reduced from (I,+M +1)(I,+M+2)(l,+M+3)/6
terms to only (I,+M+1)(l,+M+2)/2 terms, per solid-harmonic component of the shell

pair cd, by using Hermite rather than Cartesian primitives. This reduce the number
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of innermost contractions (cd) over E-coefficients accordingly. Finally, the outermost

contraction (p) with E-coefficients is replaced by a simple scaling.

4.3 The Coulomb contribution

The Coulomb contribution to the Fock or KS matrices of Egs. (3.15) and (3.35), the
Coulomb matrix

Jay =Y _(abled)Deg = (ablp), (4.41)

cd

can be obtained in a linear scaling fashion by combining integral screening [39, 40] and
the continuous fast multipole-method (CFMM) [41]. Several approaches to further ac-
celerate the construction of the Coulomb matrix exists in the literature. These include
J-engine based integral evaluation [42, 43, 44, 45|, the Fourier transform Coulomb [46],
Cholesky decomposition [47] and density-fitting approximations [48, 49, 5, 50]. We will
in this section limit the scope to integral screening, CFMM and J-engine, and later, in

chapter 5, we will discuss the density-fitting approach.

4.3.1 Integral screening

The overlap distribution ,(r) decays exponentially with the square of the distance
Rap between the centers of the two solid-harmonic Gaussians, according to Eqgs. (4.3)
and (4.6), and thus becomes negligible with distance. Therefore, the number of non-
negligible overlap distributions Q4 (r) scales as O(N) rather than O(N?). A rigorous
upper bound to the absolute value of two-electron Coulomb repulsion integrals can be

attained by Cauchy-Schwarz (CS) screening of Héser and Ahlrichs [39)],

[(F19)] <V (f1)V/ (gl9)- (4.42)

Note that there is also a nice proof of this inequality by Whitten [48]. When applied
to the four-center two-electron integrals the scaling is reduced from O(N?) to O(N?).
The CS screening does not, however, account for the 1/R distance decay (or faster)
between the centers of the two non-overlapping charge-distributions g(r;) and f(rs).
This distance decay can be incorporated using the multipole-based integral estimate of
Lambrecht and Ochsenfeld [40].
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4.3.2 The fast multipole method

The fast multipole-method (FMM) of Greengard and Rokhlin [51] was introduced for
gravitational forces in astronomy to achieve linear scaling for long-range particle inter-
actions, and can straightforwardly be applied to the interaction between charges. In
FMM a distribution of particles is expanded in multipole moments around some shared
point in space, and the approximate interaction between two well separated particle
distributions can accurately be represented by their multipole moment interactions.
Larger and larger distributions can be treated to the same level of accuracy when the
distance between the two particle distributions increase, and by systematically enlarg-

ing the size of the distributions with distance, linear scaling can be achieved.

More specifically, the FMM procedure starts by forming a parent box that contains
all particles. This parent box is then bisected along each Cartesian axis. Each child
box is further subdivided and so forth forming a computational family tree. The num-
ber of subdivisions is chosen such that the number of particles at the lowest level is
(approximately) independent of the total number of particles. Each particle is placed
within a box on the lowest level, and the multipole moment of the charges contained
in a given box is then expanded in multipole moments about the center of the box; all
empty boxes are removed. The multipole moments of the lowest level boxes are then
translated to the parent boxes at the next level and so forth up through the family
tree. The next step constitutes building up the potential from all boxes at a given level
that are well separated and which are not already included at a higher level. Then,
the potentials at the different levels are translated from the parent boxes and added
to their children all the way down the tree. The next step constitutes the calculation
of the far-field potential at the position of each particle from the Taylor expansion in
the center of the lowest level boxes. Finally, the interactions between the particles and

the far-field potential are calculated.

4.3.3 The continuous fast multipole method

FMM was first used for molecular systems by Ding, Karasawa and Goddard [52] in
their cell multipole method, and was extended to continuous charge distributions in
the CFMM approach by White and Head-Gordon [41]. Contrarily to point charges,
the continuous distributions overlap in space. To illustrate how FMM is extended

to continuous distributions, we consider the Coulomb interaction U,, between two
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spherical charge distribution exp(—pr) and exp(—qr)

2 2
U, — / exp( pmpglixp( LTI, (4.43)

which, following Watson et al. [45], can be separated into a classical U;}IS and a non-
classical contribution Up2"
U = Uy + U3 (4.44)

Although, in principle a Gaussian extend over the entire space, it decays exponentially
with the square of the distance from its center. Therefore, it is sufficient to define some
extent r, for each charge distribution exp(—pr%). Using the definition of the extent by
Watson et al.
1 —1 k
r, = ——erfc™ (107) (4.45)
p \/T? )

it follows [7] that for two spherical Gaussians, separated by more than the sum of their

extents, we have

rq

Ucls

pq

<107*, (4.46)

‘ non

for some choice k. This rigorous upper bound to the ratio between the non-classical and
the classical contributions allows for a division of the contributions that must be treated
explicitly and those that can be treated with multipole-moment interactions. Note from
Eq. (4.45) that, as expected, it follows that the smaller the exponent the longer the
extent. In the CFMM approach [41], distributions with differing extents are classified
into branches according to how many boxes that must separate two distributions (at
a given level of the FMM tree structure) in order for the interactions to be treated
classically. This gives rise to multiple branches of varying extents that makes the
CFMM both more cumbersome and slower than regular FMM. Note that by Eq. (4.44)
it is possible to separate each individual interactions into purely classical and non-
classical contributions, so that all well separated classical contributions can be treated
directly with FMM rather than CFMM [45]. Note, that in this approach the classical

contributions are not only charges, but rather multipoles.

4.3.4 The J-engine approaches

In the J-engine schemes, the density-matrix elements are contracted in an early stage
to bypass the explicit calculation of four-center two-electron Coulomb integrals, as pro-
posed independently by Ahmadi and Alml6f [42] and by White and Head-Gordon [43].

The two methods differ only by the formalism used for integral evaluation - the



4.4. THE EXCHANGE CONTRIBUTION 41

MecMurchie-Davidson scheme [34] by Ahmadi and Almlof and a variation of the Obara-
Saika scheme [35] by White and Head-Gordon. White and Head-Gordon later presented
an improved J-engine scheme based on the McMurchie-Davidson integral formalism.
The speed-up of J-engine compared to integral evaluation schemes based on explicit
four-center integrals typically range from factor 2-10, and is greater with increasing an-
gular momentum functions. The implementation adopted in DALTON [38] is presented
in Watson et al. [45], and is based on the scheme by Ahmadi and Almlof. In this

scheme the electron density p(r) is expanded according to

la+lpy
pe) = Qu®)Da = > ()" ELTA(p,xp), (4.47)
ab p,P t+utv=0
with
Ft[:;f = (_1)t+u+v Z C"VLC"LEZ;anDambn (4.48)
mnéep,P

with mn € p, P meaning all primitive overlap distributions sharing both exponent p

and center P. For the Coulomb matrix of Eq. (4.41) this then gives

la+lp 5/2
27
JabZE CC, § Ef;;”"E —— E Ff’QRf (amn, R )
. v Ut utvo+d \Gmny Prpn@Q )
mn t+u+v=0 7,Q pmnqm TV

(4.49)
where we have used Eq. (4.25), and where the subscript mn on pmn, P, and a, indi-
cate that the overlap distribution arise from the two primitive solid-harmonic Gaussians

with exponents a,, and b, respectively.

4.4 The exchange contribution

The exchange matrix K appearing in both HF and hybrid KS theory,

Kay =Y _(ac|bd)De, (4.50)

d
is intrinsically linear scaling provided the density-matrix elements D, decay with dis-
tance. This can be seen by noting that the density-matrix elements couple basis func-
tions belonging to different electrons, according to Eq. (3.17), thus effectively damping
the long ranged 1/r5 interaction. For insulators, the first order-reduced density matrix

p(r,r'), given by

p(r,v') =" Deaxe(r)xalr), (4.51)

ed



42 CHAPTER 4. INTEGRAL EVALUATION

decays exponentially with distance at long range, with the exponent proportional to the
band gap of the system. For conductors, which do not have a band gap, the decay rate
is only proportional to some power of 1/r12 (which at the length scale of molecules or
solids is very slow). For finite systems the situation is less clear cut. However, systems
with small HOMO-LUMO gaps behaves similarly to conductors, whereas systems with
large HOMO-LUMO gaps behaves similarly to insulators.

Although screening typically shows a small prefactor, it becomes significant for
large systems. Linear-scaling calculation of exchange contribution (for insulator like
systems) is achieved by combining integral screening and proper reorganization of the
integral loop structure, as first implemented in the order N exchange (ONX) [53] and
then later in the linear-scaling exchange (LinK) [54]. At the heart of both ONX and
LinK is the sorting of shell pairs by decreasing values, so that the different loops can
be exited whenever an integral estimate becomes smaller than a certain threshold.
This allows the screening to be performed in time proportional to system size. The
main difference between the ONX and the LinK schemes is that in the original ONX
approach the full permutational symmetries of the four-center two-electron integrals
(abled), Eq. (4.26), is not exploited, as is done in the LinK scheme. Both approaches
reduce naturally to quadratic dependence in systems where the HOMO-LUMO gap is

small.

Figure 4.4 gives an outline of the LinK scheme. The first step constitutes both a
removal of small elements and a sorting of the shell pairs ab - according to decreasing
values of Gy, = \/W. The second step constitutes making lists L, of all shells ¢
that give significant estimates of the couplings with shell a through the density -matrix
D,e, sorted according to decreasing values of |D,.|G™*; with G™** the maximum
element of G4 with shell ¢ fixed. Third, within the loop of significant "bra" shell pairs
ab, one sets up the mini-list ML of all "ket" shell pairs to interact with. This is done
by merging the mini-list ML, of all shell pairs cd the shell a interact with and the
mini-list ML, of all shell pairs the shell b interacts with. Finally, all integrals (ab|cd)
between the current "bra'" shell pair ab, and all "ket" shell pairs c¢d in the mini-list
ML are calculated and contracted with density-matrix elements (exploiting fully the

cd)).

permutational symmetry of the four-center two-electron integrals (ab
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Remove shell pairs ab with maximum element G, < thresh/G2* D and
sort shell pairs according to decreasing values G, = +/(ablab)
Loop over a’s in significant "bra" shell pair list ab
Loop over ¢’s in significant "ket" shell pair list cd
If (| Dye| GG > thresh) then
Store significant ¢’s for each a in list L,
Else
Exit ¢ loop
End if
End ¢ loop
End a loop
Sort L, list according to decreasing values G2**| D,/
Loop over significant "bra" shell pairs ab
Loop over ¢’s in L,
Loop over significant d’s in "ket" shell pair list cd
If (| Dac|GapGea > thresh) then
Add cd to ML,
Else
Exit d loop
End if
End d loop
If resulting number of d’s are zero exit ¢ loop
End ¢ loop
Create similarly list ML,
Merge the two lists ML, and ML, into ML
Loop over significant "ket" shell pairs cd in list ML
Form (ab|ed) and contract with D, Dag, Dpe and Dyg
End ¢d loop
End ab loop

Figure 4.2: Outline of the LinK algorithm.
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4.5 The exchange-correlation contribution

Due to the complex expressions of available exchange-correlation (XC) functionals F.
the integration of F,. is performed numerically in the course of the energy evaluation.
The exchange-correlation contribution the numerical quadratures are intrinsically linear
scaling due to the fast decaying nature of the basis functions used [55, 56] and by using
linear-scaling grid-generation [57]. The DFT exchange-correlation evaluation consists
of three main step, namely the grid generation, the evaluation of the electron density
and the evaluation of the exchange-correlation contribution to the KS matrix and
energy.

The molecular grid is broken down into atomic grids, separated into radial and
angular components, followed by a weight correction by means of a space partition-
ing. For the space partitioning we follow Becke [58], in which the grid weights w; are
evaluated according to

w; = wiwa(ry) (4.52)

where w#' are the atomic grid weights, and wa(r) the partitioning function [58, 57]
depending on the nuclear positions and of the spatial position r; of the grid point
i. The partitioning function is close to unity near the atom center A and zero near
other atoms. Although the partitioning function in principle depends on all nuclear
coordinates, in practice the corrected weights are unaffected by excluding contributions

from atoms B far from A. The density at each grid point i is evaluated according to

p(ri) = > DapXa(ri)Xs(r:). (4.53)

ab
For the efficient evaluation, the space is partitioned into spatial boxes. For each box
only non-vanishing AOs need to be evaluated, and for large molecular systems linear
scaling is achieved since the number of non-vanishing AOs becomes saturated in each
box. Once the density at each grid point has been evaluated, the exchange-correlation
contribution to the KS matrix and energy can be evaluated. The KS energy is deter-

mined according to
Bu= [ Bulptr)ldr = Y wiFulp(r) (4.54)

with Fy.[p(r)] the functional form, and with the XC contribution to the KS matrix X

according to

Xab = /Xa(r)Xb(r)ch[p(r)]dr = Z wiXa(ri)Xb(ri)UXC[p(ri)]' (455)

1
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The extension to the GGA approach follows the same structure as outlined for LDA
above, but requires the additional evaluation of the AO gradient elements and the

gradient of the density.
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Chapter 5
Density fitting

The evaluation of molecular integrals is central to quantum chemistry, and is often
one of the time-limiting steps. Therefore approximations of these integrals have, in
addition to improved integral evaluation schemes, been a concern from the early de-
velopments of quantum chemistry. The density-fitting methods, or alternatively the
resolution-of-the-identity (RI) methods, have today been established as highly success-
ful for approximating the Coulomb contribution. In these approaches the expensive
evaluation of four-center integrals is replaced by the evaluation of two- and three-
center integrals, and a set of linear equations for the fitting coefficients. Speed-ups in
the range of 3-30 are commonly observed, with errors well within the basis-set errors.
Typical errors due to density fitting are about two orders of magnitude smaller than

the basis-set errors.

Linear-scaling density-fitting developments is one of the main topics of this thesis.
In this chapter we therefore start in section 5.1 with a somewhat detailed overview
of the density-fitting approximation and at the same time introduce some important
concepts to be used in the next section, section 5.2, in which we discuss linear-scaling
density-fitting approaches. In section 5.3 we present the boxed density-fitting scheme
for accurate linear-scaling density-fitted Coulomb matrix formation. In section 5.4 we
present a robust variational formulation and implementation. We establish that the
robust variational formulation can be adopted to solve for the fitting coefficient in
sparse, rather than the Coulomb metric, at little loss of chemical accuracy, allowing
the presented formalism to be applied in linear-scaling density-fitting developments.
Finally, in section 5.5, we present a linear-scaling density-fitted Coulomb force evalua-
tion, accelerated using the novel integral evaluation scheme presented in Paper I. The

presented force and energy evaluation is efficient, and used for geometry optimization

47
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for molecules containing up to 400 atoms.

5.1 Historical overview

The density-fitting approximations as we know them today have gone through several
different phases, starting with the axial expansion of Boys and Shavitt’s [59] in 1959,
in which a product between two STOs was expanded by least-square-fitting in twenty
single STOs distributed on the line connecting the two centers, followed by the pro-
jection of diatomic differential overlap (PDDO) method [60, 61] in 1968 and 1969, and
by the limited expansion of diatomic overlap (LEDO) [62, 63] in 1969 and 1971. The
density-fitting approximation is today most often tributed to the 1973 contributions of
Whitten [48] and of Baerends, Ellis and Ros [49], and to the following developments
by Dunlap, Connolly and Sabin [5, 50] in 1979.

5.1.1 Whitten paper

In his 1973 paper, Ref. [48], Whitten developed a mathematical framework for approx-

imation of two-electron integrals (f|g) according to

(flg) = (f19), (5.1)

in terms of approximate densities f (r1) and g(rs), by providing rigorous error-bounds

between the true and the approximated integrals

(flg) = (F19)| <6, (5.2)

for given tolerance 0. Following the LEDO approach of Billingsley and Bloor [62, 63],

the four-center two-electron integrals (ab|cd) are approximated according to
(abled) ~ (abjed) = (abled). (5.3)

In this approach the product between two GTOs is expanded in single GTOs auxiliary

basis functions according to
Qup(r) ~ Qup(r) = D cixalr), (54)

and similarly for the product Q.4(r). Whitten realized that minimization of the residual

density Coulomb repulsion integral A,

Agy = (ab— ablab — ab), (5.5)
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and similarly for Ay, minimize the error in the approximation (ablcd) ~ (ablcd).
Such a minimization actually leads to the same set of linear equations for the fitting
coefficients ¢
> (@lB)ey = (alab). (5.6)
B
as those used in the LEDO method. Note that one can also view the fitting equations

of Eq. (5.6) as imposing that the Coulomb interaction between the auxiliary functions
Xa(r) and both the true Qg (r) and the fitted distributions Qab(r) should be equal.
Harris and Rein [64] originally used this idea, of enforcing that the approximated
charge distributions yield correct values for certain integrals, to calibrate the fitting
coefficients - an idea that was adapted into the LEDO procedure.

The above formulation of Eqs. (5.3-5.6) is more or less identical to the formulas
most people use today. However, Whittens formulation deviates from the conventional
formulation used today on a few of points. First, Whitten proposed to approximate
the four-center two-electron integrals only when their estimated error was below a
certain threshold ¢ (as later used in an SCF implementation by Jafri and Whitten [65]).
Second, he did not make any assumptions about the auxiliary functions - whether they
where atom-centered, or if the same set of functions where used to approximate all the
different products of GTOs Q,(r). Third, the formulae for the integral approximation,
Eq. (5.3), often takes a slightly different form, namely

(abled) ~ (abled) = (abled), (5.7)

in particular when used to approximate the Coulomb matrix J used for the construction
of both the Fock- and KS-matrices, Eqs. (3.15) and (3.35), respectively.

5.1.2 Baerends, Ellis and Roos paper

In the paper by Baerends et al [49], the full electronic density
p(r) = DuyQas(r) (5.8)
ab
is approximated by least-square-fitting of the expansion
) = 3 caxale). (59
«
The least-square-fit is obtained by minimization of the residual density norm Af)

83 = [ (o) = ), (5.10)
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subject to the charge constraint

/ﬁ(r)dr = /p(r)dr = N, (5.11)

with IV, the number of electrons. This gives the linear set of equations for the fitting-
coefficients ¢,

S {aB)es = {ap) + M), (5.12)

B
with the Lagrange multiplier A given by

_ Ne =2 aple)(eB) " (Bp)
Yapl) (@)1 (B)

The approximated density is again used to build an approximate Coulomb potential

A (5.13)

Ve (r) according to

Ve(r) :/|:8‘2/‘dr’ ~ Vo(r) :/ pg‘,r)/‘dr’. (5.14)

v

This gives the density fitted Coulomb matrix J,,

Jun= [ Qutr)Vio(e)dr = (ab]p) (515)
to be compared with the regular Coulomb matrix of Eq. (4.41).
As an alternative Baerends et. al [49] also suggested to fit the individual pair-atomic

densities pap(r) instead of the full electron density,

pas(®) = > Qu(r)Da, (5.16)

a€AbeB
where a € A means all basis functions x,(r) sharing atomic center A, by using auxiliary
basis functions centered on the two centers A and B, only. In this manner the fitted

electron density

p(r) = pas(r), (5.17)

is obtained in a more economical manner.

The approach by Baerends et. al is in many ways similar to the PDDO method,
but differs on certain points. First, each integral is not approximated individually (by
approximating individual diatomic distributions €,(r)), rather the full Coulomb in-
teraction is approximated (by approximating the full electron density p(r)). Second,
and perhaps more importantly, was the choice by Baerends et. al to use an indepen-

dent (atom-centered) auxiliary basis set {x,}. This was contrary to the PDDO and
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LEDO approximations. In both these approaches the auxiliary basis set was taken as a
union between basis functions centered on the two atomic centers, as in the alternative
approach of Baerends et. al. However, the atom-centered set of auxiliary basis func-
tions was in the PDDO and LEDO approximations taken to be the combination of 1)
all possible products between two regular basis functions sharing center and 2) a few
additional functions. This choice of basis functions both limited the size of the regular
basis sets to be used, and led to problems with linear dependencies when solving for

the expansion coefficients.

5.1.3 Dunlap, Connolly and Sabin papers

The density-fitting approach presented in the two 1979 papers by Dunlap, Connolly and
Sabin [5, 50] greatly resembles the approach of Baerends et. al in form, but, following
the LEDO approach and the Whitten paper, uses the Coulomb rather than the overlap
metric for the determination of the fitting coefficients. So, instead of performing a

least-square-fit (in the overlap metric), the residual density Coulomb repulsion integral

A, =(p—plp—p), (5.18)

is minimized subject to the charge conserving constraint of Eq. (5.11). This gives the

slightly modified linear equation set for the fitting coeflicients

> _(alB)es = (alp) + (@), (5.19)

B
with the Lagrange multiplier A now given by

_ Ve = Xosl(@)(al8) ' (Blo)

A (5.20)
2as(@)(alB)71(B)
Dunlap et. al further note that by Eq. (5.18) we have
1 1 1
5(plp) = (plp) = 5(plP) = 54, (5.21)
2 2 2
Therefore, the first order correction AJ to the fitted Coulomb repulsion energy
=1
J = 5(plp), (5.22)
is given by
1 ~
AJ =5 [(elp) = (P1P)] - (5.23)

This correction term is both used to analyze the errors introducing by fitting the density

in either the Coulomb or the overlap metric [5], and as a correction to the fitted
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Coulomb repulsion energy [50]. For the example calculations presented in Ref. [5],
typical errors in the fitted energies are about one order of magnitude smaller when

using the Coulomb rather than the overlap metric.

5.1.4 Robust and variational fitting

In another development from 1979, Mintmire [66] argued that the charge conserving

constraint should be lifted. By taking

T = (ol — 519, (5.24)

as the approximated Coulomb repulsion energy, this then gives a wvariational fitting
procedure that at the same time minimizes the error A,. Note that differentiation of
Eq. (5.24) with respect to the density-matrix elements D,, and the fitting coefficients
Ca gives, respectively, the fitted Coulomb matrix of Eq. (5.15) and the unconstrained

version of Eq. (5.19), namely

> (alB)es = (alp)- (5.25)
B

Dunlap later [4, 67] denoted a fitting method that corrects the target function to first
order in the error made by the fit as robust. Note that although there are many ways to
obtain the fitting coefficient ¢,, and that Eq. (5.24) should in general be used to obtain
a robust fit, the fitting procedure of Egs. (5.15) and (5.25) produces an approximated
energy that is robust even when using Eq. (5.22), as can be seen by noting that by
Eq. (5.25) the first order correction to the Coulomb repulsion energy of Eq. (5.23) is

Zero.
Although the original ideas leading to the density-fitting approximation of Refs. [49,
5] were developed for the approximation of individual two-electron integrals, the density-
fitting approximation was for a long time only used to approximate the Coulomb repul-
sion term of Eq. (5.15). For four-center two-electron integrals, Dunlap [4] emphasizes

that in general the robust approximation

(abled) = (abled) + (abled) — (ablcd) (5.26)

—~

should be used. The minimization of either A, of Eq. (5.5) or (abled) of Eq. (5.26) with
respect to the fitting coefficients c? gives the linear equation set of Eq. (5.6). Therefore,
provided the same set of auxiliary basis functions is used to approximate both €2, (r)

and Q(r), the three approximations (ablcd), (ablcd) and (ab|cd) become identical, and
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thus the three approximations of Eqgs. (5.3), (5.7) and (5.26). For derivatives however,
Eq. (5.26) should be used.

Dunlap further notes [4] that by employing Eq. (5.6) any function of the robust
approximation of Eq. (5.26), E[(m)], is automatically variational with respect to

the fitting coefficients ¢ since by Eq. (5.26) we have

dE|(abled)] _ E[(abled)) d(abled)
W@ o 0 =0. (5.27)

5.1.5 Density fitting of the exact exchange

Density fitting of the exact exchange was first introduced by Weigend [68] as late as in
2002. In this paper, the exchange matrix of Eq. (4.50) was approximated by combining
Egs. (5.6) and (5.7), according to

Kap =YY (acla)(a|8)(Blbd) Dea = Y > (acla’)(c!|bd) Dea. (5.28)

cd af

Here the last step constitutes a transformation to an orthogonal auxiliary basis

1
Xer(r) = Y2 (0/]0) ). (529)
Note that this approach scales as O(N%) in both the transformation and contraction

steps.

5.1.6 Considerations

As we have now hoped to have demonstrated, the density-fitting approximation which
uses the full set of atom-centered auxiliary basis functions for each individual overlap
distribution 4 (r) and follows Egs. (5.6) and (5.26) (leading to Egs. (5.6) and (5.7))
is the best choice of fitting with respect to the variational property and the automatic
robustness. The problem with this way of fitting becomes apparent for large systems
due to 1) the cubic scaling nature of solving the fitting equations and 2) the number
of significant auxiliary functions included in the expansion of the overlap distribution
Qup(r). When approximating the Coulomb matrix, the first point 1) only becomes a
problem for large systems (typically more than 10000 auxiliary basis functions), due to
the very fast matrix-libraries routines - like the lapack DPOSV, which uses standard
LU-decomposition of the metric-matrix (Cholesky-decomposition), followed first by a

forward-substitution step and then by a backward-substitution step, see for instance
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Ref. [69]. Note that the LU factors only need to be calculated once at the beginning
of the SCF cycle. For the exchange matrix, although 1) takes longer than for the
Coulomb matrix, since a set of linear equations must be solved for each orbital pair ab,
the second point 2) becomes the computational bottleneck due to the O(N*) scaling
of the different contractions and transformation steps.

Before we proceed with the linear-scaling density-fitting developments we note that
the important subject of auxiliary basis sets have been studied by Eichkorn et al. [70, 71]
for polarized split-valence (SVP) and polarized triple-zeta valence (TZVP) basis sets,
and by Weigend [68, 72] for correlation consistent basis sets and for the fitting of exact
exchange. Further note that the density-fitting approximation can be accelerated using

the Poisson equation [73], and that is can be applied to MP2 theory [74].

5.2 Linear-scaling density fitting

The recent developments toward large systems have highlighted the need for a linear-
scaling density-fitting scheme. In this section, we give a brief overview of different
linear-scaling density-fitting schemes presented in the literature. We first discuss meth-
ods based on the use of a local metric; next we consider methods based on the spatial

partitioning of the electron density.

5.2.1 Density fitting using local metrics

For the Coulomb contribution, density-fitting methods based on the use of a local metric
has been explored by Refs. [49, 6, 75] and is further developed in paper Paper III, using
a robust, variational formulation. In the approach of Baerends et al. [49], the electron
density is fitted in the overlap metric, giving errors one order of magnitude greater than
in the Coulomb metric [5]. This result was confirmed by Vahtras et al. [6], who compare
three different ways of fitting the four-center integrals in the overlap metric to the
corresponsing ones fitted in the Coulomb metric. In the paper by Jung et al. [75], the
expansion coefficients obtained in the Coulomb metric, overlap metric, and attenuated
metric w(ry,re) = erfc(wria)/ri2 are compared. The attenuated metric bridges the
Coulomb and the overlap metrics by varying the value of the damping parameter w.
The coefficients obtained in the overlap metric decay more or less exponentially with
distance, whereas the coefficients obtained in the Coulomb metric decay more slowly
at long distances. For a one-dimensional test system studied in that paper, the fitting

1.25

coefficients decay as ~ r~ in the Coulomb metric, with a faster decay observed
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for two- and three-dimensional systems. The authors further provide statistics on
atomization energies for the G2 benchmark set using RI second-order Mgller—Plesset
(MP2) perturbation theory in the cc-pVDZ basis, reporting errors six to seven times
larger in the overlap metric than in the Coulomb metric. Note that none of the above
schemes are either robust or variational; which means Lagrange multipliers are needed
for a proper description already for first derivatives and that a far larger number of
auxiliary basis functions must be employed to obtain the same level of accuracy as for

the robust approaches.

5.2.2 The partitioning approach

We now turn our attention to the partitioning approach; in which the density is writ-
ten as a linear combination of subsystem densities and where each subsystem density
is approximated by auxiliary functions in some local region. For the Coulomb con-
tribution, this approach has been explored by several authors [49, 3, 76] and is also
used in Paper II. In the paper by Baerends et. al [49] the pair densities pap(r) can, as
already described in the previous section, be fit individually - including auxiliary basis
functions centered only on the two parent atoms A and B. By standard screening tech-
niques, only a linear number of non-negligible pair densities need to be approximated
and the density can thus be approximated in a linear scaling fashion. The PES of this
approximation is continuous, but the resulting energy is neither robust nor variational.
It is worth noting that STOs are used rather than GTOs, and that the fitted density
is used to build an approximate Coulomb potential that is included in the numerical
evaluation together with the exchange—correlation contribution.

In the paper by Gallant and St-Amant [3], the density is partitioned using Yangs

partitioning [77], according to
p(r) =Y p'(r) = a3 Dufu(r), (5.30)
s ab
with
1, ifbothaesandbes
Topy = 1/2, ifeithera€sorbes (5.31)

0, otherwise.

Each subsystem density p*(r) is fitted separately by including fitting functions centered

on all atoms within some predefined vicinity of the density, with the charge constraint

/ 7 (x)dr = / P (e)dr = @ (5.32)
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enforced for each subsystem. The resulting errors can be made arbitrarily small by
enlarging the buffer size to include (atom-centered) auxiliary functions. The approach
of Gallant and St-Amant is neither robust nor variational, nor does it provide a con-
tinuous PES.

In the local atomic density fitting (LADF) or the atomic resolution of the identity
(ARI), of Sodt et al. [76] the density is partitioned into atomic regions by localizing
the individual overlap distributions 24(r) to one of the atoms that the basis functions
originate from. Following Gallant and St.-Amant, these atomic densities are fitted
individually by including fitting functions in some buffer zone around the atom. In
addition a ‘bump’ function is introduced on the boundary of the buffer zone to smoothly
turn off which fitting functions to include. A robust correction term is added for
the individual Coulomb matrix element, which makes the algorithm both robust and
variational.

Of the above partitioning schemes, the (alternative) pair-atomic fitting scheme of
Baerends et. al is perhaps the most appealing, but the LADF scheme offers the best
compromise between cost and accuracy. The bump function does, however, represent
an artifact, which for instance can create artificial minima on the PES. Also, in all the
above partitioning schemes, except the pair-atomic fitting, some cut-off scheme must
be adopted. A criticism of such cut-off schemes is that the impact of the fitting error

on the calculated properties is difficult to predict.

5.2.3 Linear-scaling density fitting of the exchange contribution

Linear-scaling aspects of density fitting of exchange contribution were first considered

by Polly et al. [78]. The fitted exchange matrix

Ka =Y (aila)c, (5.33)
is computed in linear time. This is achieved using localized orbitals y,(r) and ¢;(r)
that interact with auxiliary functions &,(r) only in some local domain. Localization of
the molecular orbitals is achieved through Pipek-Mezey localization Ref. [79], but can

in principle be localized by any localization procedure - see Ref. [80] and references

therein. The final density-fitted exchange energy

K=Y (ijla)c, (5.34)
ij o«
is computed without use of local fitting domains. It is argued that the fitted exchange

energy depends sensitively on the size of the fitting domains, whereas the optimized
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MO coefficients do not. Reported errors are in the micro-Hartree range. In effect the
MOs are not optimized variationally, although the energy is corrected through first
order. It should be noted that the final step of Eq. (5.34) does not scale linearly with
system size; i.e. without the use of local fitting domains. Furthermore, this scheme
does not provide continuous potential energy surfaces.

The ARI exchange method (ARI-K) of Sodt et al. [81] is an extension of the LADF
or ARI approach of Ref. [76], applied to the exchange rather than the Coulomb con-
tribution. In this approach, the product overlaps €2,;(r) are approximated by auxiliary

basis functions &, (r) in the local domain [A] near the parent atom of AO y,(r),

Quilr) = D cliéa(r), (5.35)

a€[A]

with
ca' =D (alB)3' (Blai). (5.36)
pelAl
Asin the LADF scheme, continuity of the potential energy surface is ensured by the use
of a bump function which is incorporated into the individual inverses (a|3);" associated
with the centers A, see Ref. [81] for details. The exchange matrix of Eq. (4.50) is further

approximated according to

K= 5 S (3 tilalbi) + 3 (aild)e). (5.37)

i agl4] Be(B)
We note that this approach is non-variational, which is justified by reporting errors in
energies using Eq. (5.37) that are typically only twice those of regular density fitting

of exchange.

5.3 Boxed density fitting

The boxed density-fitting approach presented in Paper II follows the approach of Gal-
lant and St-Amant, with a few exceptions. First the charge constraint has been lifted,
second the partitioning is not performed by selection of functional groups but by au-
tomatically generated boxes, finally a first order correction to the energy, according
to Eq. (5.23), is added in order to make the energy robust. For the generation of the
boxes, the total system is put into a rectangular box, which is recursively bisected until
no sub-box contains more than some fixed number of auxiliary basis functions. Each
subsystem is fitted using auxiliary basis functions located within an extended subsys-

tem s, comprising the original subsystem s padded with a buffer zone §s. The error in
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Figure 5.1: Contour plot of the boxed density-fitting error compared to regular Coulomb
density fitting, as a function of the size of the buffer zone and the number of boxes for the
valinomycine peptide (C54NO18Hgo), using 6-31G basis and with auxiliary basis given in

Refs. [70, 71]. Absolute errors in the energy in logarithmic scale, from 1072 to 10~ Hartree.

the energy using the boxed density-fitting approach compared to regular fitting using
the Coulomb metric, is plotted in figure 5.1 for the valinomycine peptide. As can be
seen from the figure, the errors can be made arbitrarily small by extending the buffer
size. Although the error increases with the number of boxes, the approach is most
sensitive to the buffer size. For the calculations presented in Paper II a buffer zone

of 5 Bohr was used, and the total system was recursively bisected until no sub-box

contained more than 5000 auxiliary basis functions.

5.4 Robust and variational fitting using local metrics

In Paper IIT we formulate the robust and variational fitting of four-center two-electron
integrals in a general metric, and present results for the fitting of both the Coulomb

and exchange contributions using the Coulomb, attenuated Gaussian damped Coulomb

and overlap metrics to obtain the fitting coefficients.
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5.4.1 Robust and variational fitting of two-electron four-center

integrals

These coefficients are, in a general metric w(ry, ry), obtained by minimizing the residual

density interaction AY,, according to
Ay = (Aablw|Aaby, (5.38)
with |Aab) = |ab) — |ab) and with the Mulliken like notation

(flw|g) = /f(rl)w(rl7 ry)g(ridridrs. (5.39)
This lead to the set of linear equations
(Aablw|f) =0, {(a|w|Acd) =0 (5.40)

for the fitting coefficients. These equations are sparse when local metric and basis
functions are used, allowing for a solution in time proportional to system size. Following
Dunlap [4], and introducing Lagrange multipliers ¢2* and Ef,d to make the integrals

variational with respect to the fitting coefficients, we obtain
(abjed) = (abled) + (abled) — (abled) — (abjw|Acd) — (Aablwled) , (5.41)
in the notation

(ab] =Y eal, ed) = e'|8). (5.42)

« Jé]

—~

The last two terms of Eq. (5.41) are not needed for the unperturbed integrals (ab|cd),

but become important for the calculation of molecular properties.

5.4.2 The Coulomb contribution using local metric
For the approximate Coulomb matrix the above approximation gives
Jo» = (ab|p) + (ab|Ap), (5.43)

with |Ap) = |p) — |p), which compared to Eq. (5.15) has a first order correction term.
Note that in the Coulomb metric this term is zero by Eq. (5.25). Also note that

the Coulomb integrals appearing in Eq. (5.43) are the same as those appearing in
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the standard density-fitting approximation of Egs. (5.25) and (5.15), except that the

two-center two-electrons integrals (a| ﬂ) now appears in a form,
(alp) =Y _(alB)es, (5.44)
B

that can also be obtained in a linear scaling fashion using CFMM. Finally note that
when evaluating the approximate Coulomb matrix one does not need to calculate the

three-index fitting coefficients ¢, rather on can first solve
> {alw|B)ea = (alwlp) (5.45)
B

then build the first contribution (ab|p), and the intermediate («|Ap) used to obtain

Ac,, according to

> (alw|8)Acs = (alAp), (5.46)
B
and finally build
(ablAp) = (ablw|e) Ac. (5.47)

«
Similar methodology is also possible for the perturbed contributions needed for prop-
erty evaluations. To summarize, the cubic-scaling linear solver step for obtaining the
fitting coeflicients using the Coulomb metric can be replaced by the additional evalu-
ation of the sparse two- and three-center integrals, and two sets of sparse linear equa-
tions, when using a sparse metric w(ry,r2). The sparse linear equations of Eq. (5.40)
can be solved using for example the linear-scaling Lowdin decomposition as outlined in
Ref. [82]. For the benchmark set of Peach et. al [83] the robust variational fitting of the
Coulomb contribution using overlap metric to obtain the fitting coefficients gave errors
in the energy due to density fitting within approximately a factor 2 larger than when
using the regular Coulomb metric; even when using auxiliary basis sets optimized for

fitting in the Coulomb metric.

5.4.3 The exchange contribution using local metric

Linear scaling of the exchange matrix is more intricate as it involves the three-index fit-
ting coefficients c2® or the half-transformed coefficients ¢, where i denotes a molecular

orbital. The robust variational fitting of the exchange matrix can be written as

Koy = (aclbd) Dy = 3 (ailbi) = 3 [(ailb) + (@ilabi)] . (5.48)

cd i i
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where i denotes an occupied molecular orbital, and with
lai) = > Culdc) = > cila). (5.49)

The three-index fitting coefficients are either found directly by solving for the half-
transformed coefficients ¢ or by first solving for the coefficients in AO-basis ¢ and
then contract with either the density-matrix elements or half-transform to c%.

For insulators, linear-scaling density-fitted exchange-matrix construction can be
achieved in a local metric by following the same arguments as for the regular exchange
matrix, and by pretabulating which three-center Coulomb repulsion integrals (abla) (or
(ai])) to calculate. First, we note that, in a local metric, the number of fitting coeffi-
cients ¢ scales linearly with system size, as auxiliary basis functions &,(r) sufficiently
far away from the product overlaps Qu(r) do not contribute to the fitted product over-
lap Q4 (r) [75]. Second, since the density-matrix elements D4 couple basis functions on
two different electrons, x.(r1) and y(r2), we can neglect all integrals (ac|bd) where the
density-matrix elements become sufficiently small; for example, using Cauchy-Schwarz

screening
[(ac|bd)D.q| < +/(aclac)+/ (bd|bd) | Deq] - (5.50)

Therefore, the fitted integrals (ac|bd) of (ac|bd) need only be calculated whenever

v (aclac)\/ (bd|bd) | Deq| > e, (5.51)

for a given threshold e. For insulators, the density-matrix decrease exponentially with
increasing distance, which means, for instance, that ,.(r;) only interact with ﬁbd(rg)
provided x.(r;) and y.(r2) are within some finite distance of each other. As a result,
Xa(r1) and xp(r2) must also be close to each other. The same argument applies to the
fitting functions since &, (rs), included in €4(r,), have a limited extent from the center
of Qpq(r2), from which ﬁbd(rg) originates. The combined effects of locality in the den-
sity matrix and locality in the fit imply that the number of contributing three-center
integrals (ac|a) scales linearly with system size. The same argument holds for the
term including the two-center integrals («|3). Also note that for the half-transformed
fitting coefficients ¢ linear scaling can be achieved provided local molecular-orbitals
(LMOs) are used—see Ref. [80] and references therein. Linear-scaling follows by com-
bining LMOs and Cauchy-Schwarz screening, since, provided the AOs y, and Yy, are
sufficiently far away from each other, a given LMO will not overlap with both AOs. To

see this, we apply the Cauchy—Schwarz inequality twice

(ailpi)| < v/ailad)y/Gilbi) < [3 ICal vaclad) | [S2 1l Vibelb)]. (5.52)



62 CHAPTER 5. DENSITY FITTING

where we have used

(ailai) =Y~ CuiCai(aclad) <> |Cuil |Cuil v/ (aclac)y/(ad]ad)
= [Z |Ceil / (ac\ac)} ’ (5.53)

(&

and similarly of (bi|bi).

5.5 Density-fitted Coulomb force evaluation

The evaluation of the density-fitted Coulomb force has been considered in Refs. [84,
85, 86], and for the multipole-moment treatment in Refs. [87, 88]. In Paper IV we
combine the density-fitted Coulomb force evaluation with multipole-moment treat-
ment using the CFMM approach [41], and integral screening techniques [39, 48], for
the first implementation of linear-scaling density-fitted Coulomb force evaluation. The
construction of the density fitted Coulomb force contributions are accelerated using
the McMurchie-Davidson J-engine like integral scheme presented in Ref. [45], in com-
bination the novel integral evaluation scheme presented in Paper 1. Expanding the
solid harmonic Gaussians in Hermite rather than Cartesian Gaussians, has the benefits
of reducing the cost of the differentiated integral evaluation and simplifying the im-
plementation. In Paper IV we demonstrate the efficient implementation of molecular

forces for systems containing up to 500 atoms.

5.5.1 The density-fitted Coulomb force contributions

Differentiation of the fitted electronic Coulomb repulsion energy of Eq. (5.24) with

respect to the nuclear coordinate R, gives [85]
o N e e S Dt + 3 el — i) (5.54)
dRC ab ’ ab : @ ’ ’

with e = z,y, z, and where we have introduced e as the first, second or third row of the
three by three identity matrix for differentiation with respect to the x, y or z Cartesian
directions, respectively. The first term is the density-fitted Coulomb contribution to
the so-called Pulay force [89], with the differentiated density matrix is given [90] as
D¢ = —DS®D. The Pulay force is evaluated by contracting the differentiated density

matrix D® with the (converged) KS matrix. This leave the three terms for the density-
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fitted Coulomb force

Jo = ({ab}® |7)
9o = (a®lp) (5.55)

e|~

p)-

5.5.2 Linear-scaling density-fitted force evaluation

Similarly to the undifferentiated Coulomb contribution J the three differentiated con-
tributions of Eq. (5.55) are obtained in a linear scaling fashion combining Cauchy-
Schwartz screening [39, 48] of Eq. (4.42), which for the derivative case includes second
derivative integrals, and the CFMM approach [41].

There are two possible ways to obtain the far-field (FF) Coulomb gradient contri-
bution - either by differentiating a given multipole moment expansion of the classical

part of the interaction energy [88], J, given by [7],

F = 23S D,y (P W (Rep) "T(Rop)W(Rgg)a,(Q)D,  (536)

p q€FFp

or by first taking the analytical derivative and then introducing the CFMM approxima-
tion [87]. Differentiation of J* | gives and exact gradients for a given order of multipole
moment expansion, provided the partitioning of the global system into a hierarchical
family of boxes remains the same throughout the optimization, and provided the cen-
ters P of the charge-distributions ,(r) remain within the same boxes (with centers
P). During the course of the optimization, however, the charge-distributions can move
between different boxes. Furthermore, keeping the boxes fixed throughout the opti-
mization is not a good alternative, since for instance different starting geometries then
would converge to different minima. Therefore, both ways of obtaining the CEMM
contribution to the gradient are limited by the accuracy of the CFMM expansion. We
choose the second approach for obtaining the gradient, namely to first do the analyti-
cal derivative of the density-fitted energy according to Eq. (5.54), and then introduce
the CFMM approximation for each of the three terms of Eq. (5.55) afterwards. This
approach is simpler to implement as it only includes the multipole moments qj of the
differentiated charge-distributions 25(r), keeping the FF potential fixed; and thus also

leaving the translation matrices W(R) and the interaction matrices T(R) unchanged.
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5.5.3 Acceleration of the near-field force contributions

Construction of the three contributions of Eq. (5.55) is accelerated using J-engine based
integral evaluation of Ref [45], and we further utilize the fact that solid-harmonic com-
binations of Cartesian G}, 4 (r) and Hermite Gaussian H} 4 (r) atomic orbitals are iden-
tical according to Paper I. This gives the three differentiated contributions of Eq. (5.55)

la+lp+1

e = Z Sest Z CuCr S (5EA5§+8J + 5EBE§J+9)
t|=0
Z Z FgQRtJreJru(’yv RPQ)

7,Q |u\*l

(5.57)
ge =0ep ) _ SQZC (20,)' 7" Z FiQResern(, Rrg)
[t]=lo 2,Q |u|=0
DY SQZO (200)' 7> " Y FERy e ru(y, Reg),
[tl=la 4:Q ul=l,

where the Dirac delta function dag is zero if the centers A and B are different, and one
if they are identical, and where the primitive Hermite repulsion integrals Ry, (7, Rpq)
are found using the recurrence relations of Eq. (4.20). As can be seen from Eq. (5.57)
the use of Hermite rather than Cartesian Gaussians has two advantages. First, for
the one-center auxiliary functions, the number of contractions is reduced, which can
be seen for instance from the first term of J¢, where the innermost summation only
contains terms for which |u| = [,, rather than stating from |u| = 0. Second, there are

ij>

no differentiated E-coefficients involved, instead the E£}’’s are incremented by one order

in the quantum numbers.

5.5.4 Results and considerations

In Paper IV we present computational timings for the force evaluation for linear alkene
chains, containing up to 502 atoms, and demonstrate efficient linear scaling formation
of the density-fitted Coulomb matrix and gradient evaluation, at the BP86/6-31G**
level of theory. Both the evaluation of the FF and NF contributions to the density-
fitted Coulomb force, takes about a factor two longer than the contribution to a single
Coulomb matrix construction. We further report averaged timings for the energy,
force and geometry optimization steps for the geometry optimization of the taxol and
valinomycine molecules at BP86/6-31G and BP86/6-31G** level of theory, and for
titin molecule at the BP86 level of theory, in a combination of the 6-31G and 6-31G*
bases. The density-fitted Coulomb NF forces are only a factor 2.1 to 2.5 slower than
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the corresponding construction of the density-fitted Coulomb matrix, whereas the FF
evaluation is only 20 to 30 percent slower.

For the full geometry optimization, using the incremental scheme [53] for the KS-
matrix construction, the forces takes 24 to 28 percent of the full calculation, for the
given systems. The forces are balanced between the density-fitted Coulomb and the
XC forces, with the quadratic scaling one-electron part taking about 20 percent of the
force evaluation for the largest system titin (with 392 atoms and 2221 contracted basis
function). For the same system, a single point calculation takes on average about 1
hour for the energy evaluation, a little less than 20 minutes for the force evaluation,
and less than two minutes for the geometry-optimization step.

The computational time of the energy evaluation is dominated by the FF evaluation
of the density-fitted Coulomb contributions. For the titin molecule this step takes on
average 38 percent of the energy evaluation time. The XC contribution takes 22, the
grid evaluation 15, NF contribution 9.5, RH/DIIS optimization 7.8 and the construction
of the screening matrices 4.4 percent.

The results presented in Paper IV clearly demonstrates the efficiency of the pre-
sented implementation. By removal of the quadratic scaling density-fitted force evalua-
tion by using the CFFM approach, and through the implementation of the new integral
evaluation scheme of Paper I for the NF contribution and an efficient XC correlation

implementation.
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Chapter 6
Wave-function optimization

The traditional SCF optimization combines the Roothaan-Hall (RH) diagonalization
step of Eqs. (3.14) and (3.34) with the DIIS approach as outlined in section 3.2.3.
Although highly successful, there are two problems with the RH/DIIS approach. The
first is the cubic-scaling diagonalization step. The second problem concerns the con-
vergence properties and the quality of the converged solution. The RH energy, which
is minimized upon diagonalization, represents only a crude model to the true SCF
energy. At the expansion point the RH energy has the correct gradient but only an
approximate Hessian. As a consequence, convergence can at times be difficult to obtain
and there is no guarantee that the converged solution actually represents a minimum.

In this chapter we look at two linear-scaling alternatives to the RH/DIIS approach,
which incorporates additional information of Hessian. Both the linear-scaling trust-
region SCF (LS-TRSCF) and the augmented Roothaan-Hall (ARH) approaches pre-
sented here are based on an exponential parameterization of the AO density matrix. In
the next section we start by introducing the exponential parameterization, and continue

with the LS-TRSCF and ARH approaches in the following two sections.

6.1 Parameterization of the density matrix

Let D be a valid AO density matrix, satisfying the trace
N

TI'(DS) == 57

(6.1a)

symmetry
D’ =D, (6.1b)

and idempotency conditions

DSD = D. (6.1c)
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Any valid N-electron AO density matrix can then be obtained through orbital rotations
acting on D, according to the exponential parameterization of Helgaker et. al [7, 91, 92]
in 2000,

D(X) = exp(—XS)D exp(SX), (6.2)

where X is an arbitrary anti-hermitian matrix (or anti-symmetric in the case of real
orbital rotations). By inspection, it is easy to verify that the orbital-rotated den-
sity matrix of Eq. (6.2) satisfies the trace, symmetry and idempotency conditions
of Egs. (6.1a~c). Only the occupied-virtual and virtual-occupied rotations are non-

redundant, therefore in order to avoid redundancies, the projection P(X), given by
P(X) = P, XP! + P, XP!, (6.3)
with the projections onto the occupied P, and virtual P, spaces

P, = DS
P,=1-DS,

(6.4)

replaces the anti-hermitian matrix X in Eq. (6.2). The density matrix can further be

expanded in orders of X according to the Baker-Campbell-Hausdorff expansion
D(X) =D + D, P(X)]g + % [D,P(X)]g,P(X)]g+ ..., (6.5)
with the S commutator [A, Blg given as
[A,B]g = ASB — BSA. (6.6)

Note that the exponential exp(A) is evaluated as a Taylor expansion according to

exp(A) = Z % (6.7)

The convergence of the Taylor expansion of Eq. (6.7) is rapid only for small values of
A, and in order to accelerate convergence for large arguments one can apply the scaled
relation

exp(A) = [exp(QikA)] 2 : (6.8)

In this way the density matrix can be evaluated in about ten matrix multiplies. In
this chapter the orbital rotations will be used for the formulation of AO-based HF /KS
theory, which allows for linear-scaling SCF optimization. Orbital rotations based for-

malism is also used in connection with response theory in the next chapter.



6.1. PARAMETERIZATION OF THE DENSITY MATRIX 69

6.1.1 AO based HF /KS theory

Solving the RH/KS equations is intrinsically cubic scaling in time due to the RH
diagonalization step. In an AO-based formulation, however, we may replace the diag-
onalization step by a series of matrix multiplies, thereby allowing linear-scaling SCF
optimization in the limit of large systems when the matrices are sparse. Since all
valid AO densities can be obtained through the orbital rotations of Eq. (6.2), it is
not necessary to go via the MO coefficients - we can instead parameterize the HF /KS
wave function in terms of the orbital rotation parameters X. It is worth noting that
the canonical MOs found when solving the RH/KS equations is just one set out of
infinitely many other choices of MOs, related by unitary transformations. The density
matrix however is unique.

In terms of the AO density matrix D(X), the exact closed-shell SCF energy ESCF

can be expressed directly as
ESF(X) = Tt [D(X)h] + Tr (D(X)G[D(X)]) + Exe [D(X)] + e, (6.9)
with the two-electron matrix G(D) defined by

Gu(D) = [2(abled) — zx(ac|bd)] Dea. (6.10)
cd
Here Ey. [D(X)] does not include the exact exchange; which is instead included in the
two-electron matrix G(D) with fraction x;. The RH diagonalization of Egs. (3.14) and
(3.34) and the minimization of the Roothaan-Hall energy [91, 92]

EY(X) = Tr [D(X)F], (6.11)

give rise to the same density matrix; so in effect the two approaches are identical.
At the expansion point (X = 0) both the true SCF energy ES“F and the RH energy
ERH have the same gradient g, but the RH energy has noly an approximate Hessian
H. Note that the Fock- or KS-matrix F of Eq. (6.11) is determined at the point of
expansion (with density matrix D). The minimization of Eq. (6.11) is carried out by
first making an expansion to different orders of the non-redundant parameter X, and
then minimizing with respect to X. Inserting the parameterization of Eq. (6.5) into
Eq. (6.11), and ignoring third- and higher-order terms, minimization gives the set of

linear equations

Fvvxsoo _ Fooxsvv _ SVVXFOO + SOOXFVV - _ (FOV _ FVO) (612)
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where we have used

OTr(AB)
OB

and the anti-symmetry relation X7 = —X, and where we have introduced the matrix-

= A", (6.13)

notation M** = PYMP,,, with a and b either the occupied or virtual spaces o or v.
The quasi-Newton equations of Eq. (6.12), for which the product of the approximate
Hessian H with X is given by the left-hand side of Eq. (6.12), can be solved using for
example the conjugate gradient approach. In the AO basis such an approach encounters
difficulties [92], due to the high condition number of the Hessian. This problem was
addressed in the curvy step method of Shao et. al [93] in 2003 using the preconditioned
conjugate gradient (PCG) approach, which was achieved by transforming the Newton
equations to the orthogonal Cholesky basis in which the condition number is much

smaller. In the next two sections we discuss improvements to the curvy step method.

6.2 Trust-region SCF

The RH energy ERM constitute only a crude model to the true SCF energy ES¢F,

which may lead to steps that are to large to be trusted. In the trust-region ap-
proach [8, 9] the Newton step is only taken if the Hessian is positive definite and
the Newton step is inside the trust-region; otherwise the minimum is determined on
the boundary of the trust region. This approach was adapted into the TRRH ap-
proach by Thggersen et. al [8, 9] in 2003, in conjunction with the diagonalization of
the Fock/KS-matrix. In Paper IT and Paper V this approach is extended further to
a formalism suitable for linear scaling (LS-TRRH), in which the diagonalization step
is replaced by a minimization procedure involving only matrix multiplications. In the
linear-scaling trust-region SCF (LS-TRSCF) method, the LS-TRRH approach is com-
bined with the trust-region density-subspace minimization (TRDSM), also presented
in Refs. [8, 9].

6.2.1 The Roothaan-Haal Newton equations

In the LS-TRRH approach, the RH energy is minimized subject to the constraint
that the new occupied space does not differ appreciably from the old occupied space,

according to

ID(X) - DI[$ = Tr {[D(X) - D] S [D(X) - D] S}

(6.14)
= 2N — 2Tr [DSD(X)S] < 6,
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for some maximal step-size 0. Introducing the constraint into the RH-energy of Eq. (6.11)
yields the Lagrangian
LX) = E*Y(X) — 2u {N — Tr [DSD(X)S] — §} (6.15)
with Lagrange multiplier u. Expanding the Lagrangian in powers of X gives
LX) =Tr(FD(X) 4 Tr(F*°X — F*X)
+ Tr(F°XS"X — FYVXS°°X) (6.16)
+ 20 [Tr(S*°XSWX — 4] + O(X?)
Minimization with respect to X, ignoring the higher order terms, gives the quasi-
Newton equations
FVVXSOO _ FOOXSVV . SVVXFOO + SOOXFVV
(6.17)
_QM (vaxsoo + Sooxsvv) — (FOV _ FVO) ,

where the level-shift ;1 can, according to Eq. (6.14), be used to limit the step-size
of the orbital rotations based on tolerance §. For each non-redundant solution X =
P(X), Eq. (6.17) has redundant solutions X + Xy, where Xy contains only redundant
elements. Restricting ourselves to only the non-redundant solutions, and introducing

the notation
g = Fov — FYe
(6.18)
H() = B — F* — 48,

for the RH gradient and level-shifted Hessian, we can write the RH Newton equations

of Eq. (6.17) more compactly as
H(u)XS 4+ SXH(p) = —g. (6.19)

It is here assumed that X is pure in the sense that X = 73(5() Before looking into
how Eq. (6.19) is solved, it can be instructive to recast the RH Newton equations in

terms of a vectorized linear equation form. Applying the vec operator

a1
a1 12 @12
vec = (6.20)
a1 22 @21
22

to both sides of Eq. (6.19), noting the relationship

vec(ABC) = (CT @ A)vec B (6.21)
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with ® the Kronecker (or direct) product, we arrive at the RH Newton linear equations
H(p)vee X = —vecg, (6.22)
with the level-shifted Hessian matrix given by

H(p) =H(p) @ S+ S H(p). (6.23)

6.2.2 Preconditioner

To accelerate the convergence of the conjugate gradient method, a proper precondi-
tioner W, that approximates the Hessian H(u) and is easy to invert, is essential. The

preconditioned RH linear equations is given by
W H(p)vee X = — W~ vecg. (6.24)

Factorizing the preconditioner according to W = VTV, with V = V ® V, we arrive at

the preconditioned RH Newton equations

Hy(1)XVSy + SyX Hy (1) = —gv, (6.25)
with
— FoV _ FYo
gv \% v (6.26)
Hy (1) = FYY — FY — iSy,
in notation
Ay =V TAV!

(6.27)

AV =VAVT,

In the limit of large y the Newton equations of Eq. (6.25) takes the form pSyXVSy =
—gy. which suggests that a suitable preconditioner V is obtained by factorizing the

overlap matrix

S=vVv'v (6.28)

which then gives Sy = I. Such a factorization may be achieved in infinitely many
ways. In Paper II we tested both the Cholesky factorization [69], Vo = U, and the
Lowdin decomposition [94], Vg = S!/2. Both factorizations yield the same condition
number for the preconditioned Hessian s [W~YH (11)], as they are related by a (condition
number conserving) orthonormal transformation. Since the structures of F and S are

broadly similar, these preconditioners typically reduce the condition number by several
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orders of magnitude, greatly enhancing the conjugate gradient convergence and thus
reducing overall computational efforts. Of all possible orthogonal bases, the Lowdin
basis is the one that most closely resembles the AO basis, ensuring that locality is
preserved to the greatest possible extent [95]. Although the Cholesky and Lowdin
decomposed preconditioners show similar behavior, we use as default the Lowdin basis.
A further improvement is possible by a diagonal preconditioning; in which the set of
linear equations is scaled so that the diagonal part of the Hessian becomes the identity
matrix. This is achieved by scaling the factorization matrix V by the square-root

diagonal of the Hessian, according to

Vi = diag ([Hy(1)]11, [Hy (w22, ... ) V. (6.29)

6.2.3 The level-shifted Newton equations in the canonical MO

basis

To better understand the convergence of the PCG algorithm, and how the level-shift
parameter is to be chosen, we express Eq. (6.25) in the unoptimized canonical MO
basis; in which the diagonal of the Fock/KS matrix consists of the orbital energies ep
and the occupied-virtual and virtual-occupied blocks are non-zero. The level-shifted

Hessian elements are given by
Harpr(p) = 6adrs(ea — er — ), (6.30)
which for the virtual-occupied elements of Eq. (6.25) gives
(ea—er — p)Xar = Far, (6.31)

where X 47 is the solution vector in canonical MO basis, and with occupied indices I, J

and unoccupied indices A, B. The step-length function

5 F3
IIX]ls = ; (e —pp (6.32)
has k + 1 branches, with k& the number of eigenvalues €4 — ¢; of the unshifted Hessian,
as illustrated in figure 6.1. The function is positive for all values i and has asymptotes
equal to the eigenvalues. For y < min(es — €;) the level-shifted Hessian is positive
definite and the RH energy is lowered to first and second orders [7]. Note that with
too large level-shifts |u| each step is small and the convergence slow, with too small

level-shifts we may take steps that are too long to be trusted. The level shift parameter
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IX|

Figure 6.1: The step length [|X|| as a function of the level shift parameter p. The trust-
radius h is marked by the horizontal dotted line, and the step length function marked with

an asterisk represents the chosen level shift.

w that limits the step length ||XV|| to some maximal value h, is the lower bound to the
intersection between the step-length function and the value h marked by an asterisk
in figure 6.1 No level-shifting is performed if the intersection, u, is positive, since the

Hessian in such cases is positive definite.

6.2.4 The level-shifted Newton equaitons as an eigenvalue prob-

lem

In the AO basis the Hessian is not diagonal, and the iterations are determined itera-

tively. The level-shift parameter is determined by first solving the augmented eigen-

Ale) () _ () (633

in a reduced space R of n + 1 trial vectors

o) () ) )

by dynamically adjusting the parameter o to satisfy

value problem

[l '%"||? = 2. (6.35)

Here, the trial vectors b; = vec B; are orthonormal, and the first trial vector by is the

normalized gradient vector

b = llgv]|'gv. (6.36)
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To determine the lowest eigenvalue of the augmented Hessian efficiently, a good initial
guess is required, but since the Hessian is not strongly diagonally dominant, such a
guess is usually not available. In practice, therefore, the augmented Hessian is only
used to update «, to ensure that the level shift is in the proper interval, and of the
correct size. The improved trial vectors are obtained by solving the reduced space

level-shifted Newton equations
R/, \zR R 0
Hy(p)x" = —gv = —llevll | . | (6.37)

where the reduced space Hessian elements are given by

(M ()], = bi Hy (p)b;. (6.38)

6.2.5 Summary and concluding remarks

To summarize, each time we want to solve the preconditioned RH Newton equations
of Eq. (6.25) we run a series of PCG iterations. In each PCG iteration, we first
solve the augmented eigenvalue problem of Eq. (6.33), by adjusting the value «, until
the condition |Ja™*X®||> ~ h? is met. This gives a level-shift )\, equal to the lowest
eigenvalue of the reduced space augmented eigenvalue problem, which is used to find
the solution vector of the reduced space level-shifted Newton equation, using the basis
b;. To give a more robust convergence in the global region, the Newton equations
are first converged by constraining the Frobenius norm of the step ||XV|| followed
by constraining the size-intensive maximum absolute element size X\, . We have
found || XY|| = 0.6 and XY, = 0.35 to be suitable parameters, and converge the
preconditioned RH Newton, Eq. (6.25), until the residual ||R|| is reduced by a factor
100 and 50, respectively, from the initial two-dimensional reduced space solution. Note
that in the local region both two step size conditions are fulfilled without imposing a
level-shift. Here, convergence is achieved when the residual ||R|| is reduced by a factor
100. Note, that the overall SCF convergence is not sensitive to the choice of these
convergence thresholds. Note that as a convergence criteria for the SCF optimization
we used the size-intensive gradient norm ||gV||/v/N, with N the number of electrons.

The sample calculations presented in Paper II, demonstrate that the LS-TRSCF
scheme is both fast and robust. When compared to the curvy step method, Ref. [93],

the main differences are the diagonal preconditioning of the PCG approach, which gives
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significant reductions in the number of PCG iterations needed, and the level-shifting of
the SCF iterations. An important feature of the LS-TRSCF method is that the level
shift is determined dynamically; without any additional effort to a common user. This
can be seen from comparison of RH/DIIS and LS-TRSCF calculations on some selected
difficult cases. The RH/DIIS shows at times erratic behavior without the adding of a
level-shift, whereas the LS-TRSCF scheme converges in all cases. Finally, linear scaling
is demonstrated using sparse-matrix algebra for polyalanine peptides including up to

119 alanine residues.

6.3 Augmented Roothaan-Hall

The standard method of optimization consists of a two-step procedure. First, in the
RH step, a new density is constructed by diagonalization of the KS matrix, or alterna-
tively, as we have outlined in the previous section, by an energy minimization. Second,
an improved density is determined, by combining this new density with the density
matrices of the previous iterations; like in the DIIS or the TR-DSM step. Although
this two-step procedure has been very successful, it sometimes fails, either by con-
verging to a saddle point or by diverging. Whereas divergence is an obvious failure,
a convergence to a saddle point leaves the user unaware that the solution does not
represent the electronic ground state, unless a stability analysis of the stationary point
is performed. Such a stability test is rarely performed, as the computational cost is
comparable to that of the whole optimization. Previous attempts at improving the
RH-DIIS convergence, Refs. [96, 8, 9] and in Paper II and Paper V, have retained the
two-step framework, modifying the two steps separately, and have not constituted a
dramatic improvement. In Paper VI we present the augmented Roothaan-Hall (ARH)
method, in which the two step procedure is replaced a single step that fully exploits
the Hessian information from the previous iterations. At each iteration we construct a
local quadratic model of the KS energy that is exact to second order in the directions
of the previous iterations and a good approximation in the remaining directions. The
new density matrix is obtained by applying the trust-region minimization method, as
described in the previous section, thereby ensuring that the energy is lowered at each
iteration. Since the algorithm exploits information about the Hessian it converges by
design to a minimum. Like the LS-TRSCF method is does not rely upon diagonal-
ization and is based on matrix multiplications which enables linear scaling for large

systems when the sparsity of the matrices is exploited.
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6.3.1 The augmented Roothaan-Hall energy function

Assuming that we have carried out n iterations, in which we have generated sequences
of density matrices Dy, Do, ..., D, and KS matrices Fq,Fy, ..., F,, with F; = F(D;).
Expanding the KS energy to second order about D,, gives

EXS(D) = E(D,) + (D — D,|EY(D,)) + %(D -D,E¥(D,)D-D,), (6.39)

where (A|B) = Tr(ATB). Ignoring the second order term we retain the RH energy of
Eq. (6.11) with the constant offset £(D,,)—(D,,|E(D,,)). Therefore, the minimization
of Eq. (6.39), with the second order term removed, is identical to the minimization of
the RH energy. To make better use of the information in the density-matrix subspace
spanned by the n former density matrices, we retain the second order term of Eq. (6.39)
by invoking the quasi-Newton condition. First, the new density matrix is expanded
using the exponential parameterization D(X) of Eq. (6.5) around the current density
matrix D,,. In an orthonormal basis this gives, by ignoring third and higher order

terms,
E*S(X) = E(D,) + ([D,,, X]|EM(D,,))
+ 5D, X). X)EV(D,) (6.40)
+ %([Dn X] |E[2] (Dn)HDnv X])

Note that both EM(D) and E?(D) still are the variations with respect to the density

matrix elements, not the elements of X.

6.3.2 The augmented Roothaan-Hall Netwon equaitons
The Newton equations are obtained by differentiating Eq. (6.40) with respect to X,
yielding

l m 1] pR(2
5 ([[Ds, X], X BN (D)) + ([Dn, X [EP(D,,)|[Dn, X]) (6.41)

= ([D,,, X]*[EM(D,)),

where the superscript ; denotes differentiation with respect to X, of X. The left-hand
side represents a multiplication of the Hessian with X and the right-hand side the
gradient.

When the Newton equations are solved iteratively, each new trial vector is trans-

formed by the Hessian. The first Hessian contribution of Eq. (6.41) is easy to evaluate,
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whereas the second contribution requires a revaluation of both the Coulomb and the
exchange-correlation contribution. We retain an approximation to the second order

term of Eq. (6.39) by invoking the quasi-Newton condition

EP(D,)(D; - D,) = EY(D;) - EM(D,)

(6.42)

and restrict EP/(D,,) in the second Hessian term in Eq. (6.41) to operate only on the
density-matrix subspace. This is achieved by the introduction of the density-subspace

projector

Pn = Z Din) [T i (Djnl,  Tij = (Din|Djan) (6.43)
i,j=1
with D;, = D; — D,,, which gives the ARH approximation to the Hessian trial-vector

transformation

([Ds, X]"[EP/(D,,)P,|[D,, X))

=2 Z<[D"" XJH[Fon) [T~ (DD, X1) (6.4

An explicit expression for the non-redundant ARH quasi-Newton equations is given by

(FVV _ FOO)X + X(FVV _ on)
+ Z Fo —F)[T ]UT (Djn[Dn, X]) (6.45)

__ Twvo ov
7Fn —F.

The above expression is equal to the RH Newton equations of Eq. (6.25), in an orthog-
onal basis, except for the addition of the third term. This additional contribution to
the product of the Hessian with the trial vector goes beyond the RH Hessian. Within
the density-matrix subspace the Hessian becomes exact to within the finite-difference
error of the quasi-Newton condition, whereas in the orthogonal complement of the
density-matrix subspace, the ARH Hessian reverts to the RH Hessian. The RH Hes-
sian is in itself quite accurate, except in the directions that represents orbitals of similar
energies. Since the density-matrix subspace spans primarily such directions, the ARH
Hessian constitute a good approximation to the true KS Hessian. Similarly to the
LS-TRSCF method we can straightforwardly apply the trust-region method also for
the ARH method.
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6.3.3 Concluding remarks

The presented calculations of Paper VI clearly demonstrates the benefits of the ARH
method. Foremost, for difficult cases where the RH/DIIS converge to a saddlepoint,
the ARH method locates the minimum. Second, the ARH exhibit fast convergence due
to the benefits of the second order approximation, noting that with an exact Hessian

quadratic convergence is obtained.
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Chapter 7
Linear response theory

In section 3.4 we gave a brief introduction to response theory in the exact case. Re-
sponse theory has been implemented for various approximate methods including HF,
CC and DFT, traditionally in the MO basis. Recently, AO-based response theory has
been explored by several authors.

Linear-scaling AO-based evaluation of static molecular properties has previously
been considered by Ochsenfeld and Head Gordon [97], where the idempotency is taken
care of by replacing the density-matrix by its McWeeny-purified counterpart [98]. Using
this approach, Ochsenfeld et. al have reported a linear-scaling implementation of NMR
shifts for linear alkanes and presented results for three-dimensional systems with more
than 1000 atoms [99]. A linearly scaling time-independent response theory had also
been presented by Niklasson and co-workers [100, 101] within a purification framework.

Larsen et al. [102] presented in 2000 an AO-based parameterization of HF and KS
response-function theory. In paper Paper VII we used the derivation of Larsen et al.
to obtain and implement a linear-scaling algorithm for solving the response eigenvalue
and linear equations and for evaluating frequency-dependent second-order molecular
properties, which we will discuss in the following. In 2007 Kussmann and Ochsen-
feld [103] have also reported time-dependent Hartree-Fock and Kohn-Sham calculations
of the frequency-dependent polarizability and hyper-polarizability using a linear-scaling

framework.

7.1 Linear-scaling response theory

Here we start by giving a brief introduction to the time dependent AO based re-

sponse functional formulation of Ref. [102], and then describe the linear-scaling linear-
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response-function implementation of Paper VII.

7.1.1 AOQO-based SCF linear response theory
In the AO basis the linear response function of Eq. (3.58) can be written as [102]
(4: B))., = Tr [AMX(w) ()
with the corresponding response equation
(EP — wSPhvec X (w) = —vec BIY, (7.2)

which can be compared to the linear response equation of Eq. (3.56). Here M is the
property gradient
Ml = SDM — MDS = P'M — MP,, (7.3)

of the operator M represented by the AO matrix M, with elements
My, = {a|M|b). (7.4)

As in Paper II and Paper VI, the generalized Hessian matrix E® and the metric
matrix S are not needed explicitly, but may instead be defined in terms of their

linear transformations on a trial vector vecb [102],

o = EB(b) = Py [FD,S — SD,F + G(D,)DS — SDG(D,)]

(7.5)
p = SP(b) = —P;[SD,S],

with the Fock/KS matrix given by

F =h+ G(D). (7.6)

Here G(D) includes the Coulomb, the exact exchange and the exchange-correlation

contributions, and where we have introduced, in analogy with Eq. (6.3),
Pr(M) = PIMP, + PIMP,, (7.7)
and with the transformed density matrix
D, = [P(b),D], = P([b,D],) = P.,bP! — P ,bPT. (7.8)

Under the assumption that P(b) = b, we may also write the linear transformations of
Eq. (7.5) in the form
o =EP(b) = (FY — F*)bS + Sb(F"¥ — F*°) + G*°(b) — G*(b)

(7.9)
p =SB (b) = —S"bS> + S*bS".
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The excitation energies wyo from the ground state |0) to the excited state |n) are the

eigenvalues of the generalized eigenvalue problem
(E¥ — w,0SPvec X, = 0. (7.10)

The corresponding transition moment of A is obtained from the residue of the linear
response function

(0] Aln) = Tr[AX,,). (7.11)
7.1.2 TIterative solution of response equations

Noting that

[EFI(b)]" = EF (b")

(7.12)
[SE(b)]T = —S®(bT),

it follows that if the transformations of Eq. (7.9) are known for a given trial matrix b;,

(7.13)
Pi = S[Q](bi),
they are also known for the transposed trial matrix b},
ol = EBF (b
' ' (7.14)
ol = SEbT),

Since the transformations of b; and b} are related in such a simple manner, new trial
matrices are always added in pairs.

Similarly to the solution of the level-shifted RH Newton equation of Eq. (6.25),
the solution to the response and generalized equation of Eq. (7.2), and the gen-
eralized eigenvalue equation for the excitation energies of Eq. (7.10), are obtained
in the reduced space formed by the basis of the paired orthonormal trial matrices
{b17 bl by, bl,... b, bl }, satisfying the projection relation b; = P(b;). The basis
of trial matrices and their transformed counterparts, given by Eqgs. (7.13) and (7.14),

are used to set up both the response equations
(B - wS{)Xr(w) = -By, (7.15)
and the generalized eigenvalue equation for the excitation energies

(BE — w08 Xk, = 0. (7.16)
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in a reduced space R of dimension 2n. In the PCG approach, the residual is used to
obtain the next conjugate vector. To accelerate convergence the residuals R and R,,,
of Egs. (7.2) and (7.10), given by

R = E¥(X) — ws?(X) + BY (7.17)
and
R, = E¥(X,) — w,0SH(X,), (7.18)

are preconditioned as will be discussed in the next subsection.

7.1.3 Preconditioning

The preconditioner M should be a good approximation to the response matrix, in the
sense that the condition number of M~ (EP! — wSP) should be significantly smaller

than that of E® — wSP. Moreover, the cost of solving the preconditioning equation
MvecR,, = vecR, (7.19)

should be significantly smaller than the cost of solving the response equations Eq. (7.2).
The most expensive step in the solution of the response equations is the evaluation of
G(D), corresponding to the two last terms of Eq. (7.9). Since these two terms are

small compared to the other terms in Eq. (7.9), a good preconditioner is given by
M =EZ — ws?, (7.20)

where Eg] is an approximation to E[ with the two last terms in Eq. (7.9) neglected. In
the AO basis, the solution to the preconditioning equation Eq. (7.19) is difficult since
the condition number of EE] — wSk is large. The conditioning number may be greatly
reduced by a transformation to an orthogonal AO (OAQ) basis, like the Cholesky and
Lowdin bases, in the same fashion as for the TRSCF approach of Paper II. In the OAO

basis the linear transformations of Eq (7.5), take the form
(v = (BY ~ F?)X" + XV (FY ~ FY) (720
pv=DXY - XVVV, '

in notation according to Eq. (6.27). The preconditioning of the residual for the response
equations Eq. (7.2) is performed in the OAO basis, using a diagonal preconditioner,

with elements
Mogap = (FY — F)aa + (FY = FY) g5 — w [(DY)aa — (DV)gs (7.22)

The preconditioning of the residual of the eigenvalue equations may be carried out in

the same manner but with the frequency w replaced by the excitation energy wyq.
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7.1.4 Initial vectors for the response equations

When solving the preconditioned response equations, the property gradient —BM! is
straightforwardly taken as the trial conjugate vector for the PCG approach. For the
eigenvalue equations however, another starting guess must be adopted. In the MO
basis, the initial guess of an excitation vector has previously been successfully obtained

as the solution to the simplified response eigenvalue equations

Ac 0 Lo Yo = 0 7.23
0o ac) “\o —r)| T n (7.23)

with Aes; = €4 — €. The left-hand side matrix of Eq. (7.23) is the simplified response

matrix Myo = (Eg])MO — w(SP)y0, and the solution matrix

0 Y,
Yvo = , (7.24)
Y, O

has zero elements in the Y, and Y,, blocks except for a unit element in Y, corre-
sponding to the considered orbital-energy difference €4 — ;.

In the OAO basis, the initial vector becomes Yoao = CYpoCT with elements
(Yoa0)as = CuaChr. The eigenvectors C of the Fock/KS matrix in OAO basis, can be
obtained using iterative techniques for the highest occupied and lowest virtual orbitals,

to form the initial guesses for the excitation vectors.

7.1.5 Results and considerations

Calculations of frequency-dependent polarizabilities and excitation energies were car-
ried out for polyalanine peptides of increasing size. The largest peptide considered
contained 1392 atoms, demonstrating the efficiency and robustness of the presented
algorithm. As for the optimization of HF and KS density matrices, the solution of
the response equations is dominated by the construction of the Fock/KS matrix, once
in each iteration of the subspace algorithm, with performance similar to that in the
MO basis. Important features include the paired-structure of the trial vectors, a non-
diagonal preconditioner and good start vectors. The solution of the preconditioning
equations is dominated by matrix multiplications, for which sparse-matrix algebra is
applied to approach linear scaling. The preconditioning is carried out in the Lowdin

basis.



86

CHAPTER 7. LINEAR RESPONSE THEORY



Chapter 8
Concluding remarks

The further development of quantum-chemical methods is important, as they help
understanding complicated chemical processes and provide important qualitative and
quantitative information. Of the different quantum-chemical methods available, the
DFT approach constitutes a good compromise between cost and accuracy. In this thesis

we have investigated several strategies to improve the existing DFT methodologies:

e We have presented a novel integral evaluation scheme (Paper I), in which the
solid-harmonic Gaussian are expanded in Hermite rather than Cartesian Gaus-
sians. The presented scheme simplifies the evaluation of derivative integrals since
differentiation merely increments the quantum numbers of the Hermite integrals.
Consequently, the differentiation can be carried out to arbitrary order using the
same code as for the undifferentiated integrals. Moreover, the presented scheme
simplifies the evaluation of two- and three-center integrals, bypassing the time-

consuming transformation to Cartesian basis.

e We have developed a boxed density-fitting scheme (Paper II) that corrects the
fitted Coulomb energy to first order, for linear-scaling density-fitted Coulomb
matrix evaluation. This approach is both efficient and accurate, and has been
applied to molecular energy optimizations (Paper II) and to the calculation of
frequency-dependent molecular response properties for polyalanine peptides con-

taining up to 1400 atoms (Paper VII).

e We have presented a robust variational density-fitting formulation for the fit-
ting of four-center two-electron integrals, applied to the density-fitted Coulomb
and exchange matrix constructions, by solving the fitting equation in local met-

rics instead of the traditional Coulomb metric (Paper III). The reported results
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demonstrate that local metrics can be used for linear-scaling density-fitting devel-
opments, without jeopardizing the accuracy of the calculations. The formalism is
suitable for the extension to molecular properties and to other quantum-chemistry
methods involving four-center two-electron integrals. The errors of performing
the fitting in the overlap metric are, for benchmark calculations, shown to be
only factor 1.5 — 2.0 larger than in the traditional Coulomb metric, rather than

the order of magnitude larger errors reported previously.

An efficient evaluation of the molecular forces has been developed and applied to
systems containing up to 500 atoms (Paper IV). The different contributions to the
density-fitted Coulomb force is demonstrated to scale linearly with system size by
combining screening with multipole moment far-field interactions. The evaluation
of the near-field is particularly effective, using the novel integration scheme of
Paper 1. The forces have further been applied to the geometry optimization of

systems containing up to 400 atoms.

We have further implemented an efficient linear-scaling AO-based SCF optimiza-
tion scheme, the TRSCF approach (Paper II), based on the exponential pa-
rameterization of the AO density matrix. The RH energy is minimized in each
SCF through a series of preconditioned conjugate-gradient iterations, using the
Lowdin orthogonal AO basis, bypassing the traditional cubic-scaling diagonal-
ization step, and combined with the trust-region DSM approach for density av-
eraging. By automating step size criteria, based on the trust-region approach,
the TRSCF approach can be used in a black-box manner (i.e. without the need
for a common user to manually set a level-shift or damping parameter), and is
further demonstrated to be more robust than the traditional RH/DIIS approach.
Linear-scaling SCF optimization is reported for polyalanine peptides containing

up to 1200 atoms.

In the linear-scaling ARH approach (Paper VI), a local quadratic model of the KS
energy, that is exact to second order in the subspace of the previous density matri-
ces and constitute a good approximation in other directions, is minimized using
the trust-region approach. The method differs from previous KS optimization
methods in that it does not involve two separate steps, such as the RH diago-
nalization followed by the DIIS averaging. Instead, one single step is performed
that exploits the curvature information spanned by the previous density matrices.

Since the ARH contains information about the electronic Hessian, the method
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both enhances performance and converges by design to a minimum, resulting in a
robust and efficient optimization scheme. This is demonstrated by sample calcu-
lations where the ARH approach finds a minimum and the traditional RH/DIIS

approach either diverges or converges to a saddle-point.

e We have finally presented a linear-scaling AO-based linear response implementa-
tion for HF and DFT (Paper VII). The response equations are solved iteratively
in a subspace of paired trial vectors. The used of paired trial vectors preserve
the algebraic structure of the response equations, both enhancing convergence
and avoiding complex eigenvalues. A non-diagonal preconditioner combined with
good initial guesses allows performance comparable with canonical MO theory,
with typically five to ten iterations needed for convergence. The computational
time is dominated by the construction of the effective Fock/KS matrices, as in
the canonical case, but with linear complexity achieved using sparse-matrix alge-
bra. Linear scaling, and robust convergence is demonstrated for the calculation of
frequency-dependent polarizabilities and excitation energies of polyalanine pep-

tides containing up to 1400 atoms.

To briefly summarize, we have explored different approaches to improve the DFT
methodology. The improvements include 1) enhancing computational performance,
2) reducing scaling behavior, 3) development of black-box methods and 4) extending
the applicability of existing methodology.

The developments have been carried out in a development branch of the quantum
chemistry package DALTON, in a collaboration including many developers. My main
contribution has been associated with reducing the computational prefactor of the
DFT method, by the development and implementation of efficient integral evaluation
schemes combined with linear-scaling and density-fitting developments. Significant
effort has also been directed at code optimizations. The combined efforts by myself
and my co-workers have resulted in orders of magnitude speed-ups for the evaluation
of the Coulomb and XC contributions, compared to the available code when I started
my thesis in 2004.

During the course of this thesis, it has become apparent that we would benefit
from a new integral driver tailored for large systems, and we have implemented a new
integral driver the last year of my thesis. The flexibility of the new driver will allow
us to explore different approaches for efficient integral evaluation more easily. There
are several approaches I would like to explore in the future. As demonstrated by Pa-

per IV, the evaluation of the density-fitted Coulomb contribution is dominated by the



FF evaluation. It is therefore natural to explore different approaches for the efficient
evaluation of the FF density-fitting Coulomb contributions. Possible improvements
include the splitting of the Coulomb interaction into classical and non-classical contri-
butions [45], which allows for efficient FF evaluation through FMM rather than CFFM
and with possible extensions for tailoring the FMM approach for the density-fitting ap-
proach. Additionally, the implementation of the Poisson density-fitting approach [73]
will reduce the number of Coulomb interactions to be treated with FFM. The Pois-
son density-fitting approach can also be used for the efficient NF evaluation and for
density-fitting exchange developments.

The main computational bottleneck in the current implementation is the exact
exchange, evaluated using the LinK scheme [54]. The exact exchange is particularly
important in the DFT treatment of large systems, as the pure functionals tend to
underestimate the HOMO-LUMO gaps, resulting in density optimization difficulties, in
addition to a poor description of for example long range excitations and polarizabilities.
Therefore the efficient evaluation of exact exchange is important. Efficient density-
fitted exchange evaluation has been developed as part of this thesis for small to medium
sized systems, and I would like to extend these development for an efficient linear-
scaling approach by combining linear-scaling density-fitting approaches with the LinK
scheme. The main computational challenge for efficient density-fitting treatment of the
exact exchange for larger systems, is the number of auxiliary basis functions included in
the fitting expansion of the charge distributions - due to the long decaying nature of the
fitting coefficients. Highly local fitting schemes will reduce the prefactor of the different
transformation and contraction steps involved, and one way forward may be the di-
atomic fitting [104] in combination with a robust variational density-fitting formulation
as the one presented in Paper III. Such developments can also prove important for
correlated treatments, like for the RI-MP2 approach [74].

The developments for efficient integral evaluation schemes is not fruitful without
efficient and reliable density optimization and response solver methodology. Therefore
the continued collaboration with colleagues in these fields is important, and I hope
to broaden my scope through such collaboration in the future. Naturally, developed
methodology for integral evaluation also needs to be extended to allow efficient property

evaluations.
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Utilizing the fact that solid-harmonic combinations of Cartesian and Hermite Gaussian atomic
orbitals are identical, a new scheme for the evaluation of molecular integrals over solid-harmonic
atomic orbitals is presented, where the integration is carried out over Hermite rather than
Cartesian atomic orbitals. Since Hermite Gaussians are defined as derivatives of spherical
Gaussians, the corresponding molecular integrals become the derivatives of integrals over
spherical Gaussians, whose transformation to the solid-harmonic basis is performed in the same
manner as for integrals over Cartesian Gaussians, using the same expansion coefficients. The
presented solid-harmonic Hermite scheme simplifies the evaluation of derivative molecular
integrals, since differentiation by nuclear coordinates merely increments the Hermite quantum
numbers, thereby providing a unified scheme for undifferentiated and differentiated four-center
molecular integrals. For two- and three-center two-electron integrals, the solid-harmonic Hermite
scheme is particularly efficient, significantly reducing the cost relative to the Cartesian scheme.

1. Introduction

In molecular electronic-structure theory, an essential step is
the evaluation of molecular one- and two-electron integrals
over one-electron basis functions, which are typically taken
to be linear combinations of solid-harmonic Gaussians.
Over the years, several efficient schemes have been developed
for the evaluation of such integrals: the Rys scheme,' the
McMurchie-Davidson scheme,? the Obara—Saika scheme,’ as
well as modifications to these schemes.*> In all these schemes,
the integration is carried out over Cartesian Gaussians, fol-
lowed by a transformation to the solid-harmonic basis (or by a
series of partial transformations to this basis, in the course of
the integration). A disadvantage of this approach is that
derivatives of Cartesian Gaussians with respect to the orbital
centers are linear combinations of undifferentiated Gaussians,
making the evaluation of derivative integrals cumbersome.
In the present paper, we observe that solid-harmonic com-
binations of Cartesian Gaussian atomic orbitals are in fact
identical to the corresponding combinations of Hermite Gaus-
sians, generated by differentiation of spherical Gaussians with
respect to the orbital center. Based on this observation, we
propose to evaluate molecular integrals over Hermite rather
than Cartesian Gaussians or, equivalently, to generate mole-
cular integrals by differentiation of integrals over spherical
Gaussians. In this manner, we obtain derivative integrals
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(as needed for the evaluation of molecular gradients and
Hessians) and integrals involving the momentum operator
(as needed for the kinetic energy and for kinetically-balanced
small components in relativistic theory) by a simple modifica-
tion of the scheme for undifferentiated integrals, consisting
only in the raising of the Hermite quantum numbers. As a
bonus, the use of Hermite rather than Cartesian Gaussians
simplifies the evaluation of two- and three-center integrals
significantly, relative to the scheme based on Cartesian
Gaussians.® Zivkovi¢ and Maksi¢ have considered the use of
Hermite Gaussian basis functions but not in solid-harmonic
form.”

The remainder of this paper consists of four sections. First,
in Section 2, we demonstrate that solid-harmonic Gaussians
may be expanded in Hermite Gaussians, using the same
expansion coefficients as for the Cartesian Gaussians. Next,
in Section 3, we expand molecular integrals over solid-harmo-
nic Gaussians in terms of two-, three- and four-center Hermite
integrals, whose evaluation by the Obara—Saika and
McMurchie-Davidson schemes is described in Section 4.
Section 5 contains some concluding remarks.

2. Solid-harmonic Gaussians

In the present section, we discuss solid-harmonic Gaussian
functions, noting that these may be constructed equally well
from Cartesian and Hermite Gaussians, using the same solid-
harmonic expansion coefficients. The properties of the Carte-
sian and Hermite Gaussians are compared and it is pointed
out that Hermite Gaussians, defined as (scaled) derivatives of
spherical Gaussians, are better suited than Cartesian Gaus-
sians in applications where orbital derivatives are needed—for
example, in calculations of molecular gradients and Hessians
and in relativistic calculations where the small-component

This journal is © the Owner Societies 2007
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functions are obtained from the large-component ones by
differentiation.

2.1 Solid-harmonic Gaussians expanded in Cartesian
Gaussians

In this paper, we consider the evaluation of molecular integrals
over solid-harmonic Gaussians of the form

Glm(rs aaA) = S/m(r,;)exp(—ari) (l)

where ¢ > 0 is the Gaussian exponent, ry = r — A is the
position of the electron r relative to the center of the Gaussian
A, and Sj,,(ry) with 0 < |m| < [ is a real-valued solid-
harmonic function of r,. The real-valued solid-harmonic
functions satisfy Laplace’s equation and are eigenfunctions
of the total angular momentum and (when linearly combined)
of the projected angular momentum:®

VZS[,” (ra)=0 (2)
L’ SIm("A) = /(/ + 1) S/m(rA) (3)

L[S (ra) +1S1,-m(ra)] = m[Sim(ra) +iS1—m(rs)]  (4)

In atomic units, the angular-momentum operators about 4 are
as usual given by

D=L+ +12 (5)

. d d
L. = _1<XAd}—’A_yAE> (6)

and similarly for L, and L,. Rewriting the operator for the
total angular momentum about A4 in the form

L= =PV 4 (1 - V) 414V (7)

and invoking eqn (2), we find that the solid harmonics satisfy
the eigenvalue equation

(rA . V) Sim ("A) =1Spm ("A) <8)

Since the eigenfunctions of r - V belonging to the eigenvalue /
are the set of homogeneous polynomials of degree / in r,, we
conclude that the solid harmonics Sj,,(r4) are homogeneous
polynomials of degree / in r4:

Sin(lra) = ' Sulra) )

Consequently, we may expand the solid harmonics in Carte-
sian monomials in the form
Sim(ra) = Z Sl[/nlleAyi‘iZ,/; (10)
iHjth=1

where all terms vanish except those for which i + j + k = L
An explicit expression for this expansion is given in ref. 8 and 9
but is not needed for the present development.

In the calculation of one- and two-electron molecular
integrals over solid-harmonic Gaussians eqn (1), the integra-
tion is commonly performed over Cartesian Gaussians

G (r,a, A) = ¥,y 25 exp(—ar?), (11)

with “quantum numbers” i > 0, > 0, k& > 0, using for
example the Rys scheme,' the McMurchie-Davidson scheme,?

or the Obara—Saika scheme® followed by a transformation to
solid-harmonic form

Gnlr,a,d) = Y SjGi(r,a,4) (12)

i+jt+h=l

Here, we shall consider an alternative approach, where the
integration is first performed over the Hermite Gaussians

Ot ** exp(—ar?)

Hy(r,a,A) = ——F——2— 13
wlry,4) (2a) T 941 0.4} 0.4k (13)

followed by the transformation
Gu(r,a,A) =Y SHHy(r,a,4) (14)

i+j+k=1

using the same coefficients as in eqn (12). In Subsection 2.2, we
shall demonstrate that the resulting functions eqn (14) are in
fact identical to the standard solid-harmonic Gaussians eqn
(12). Consequently, we may choose for our integration those
functions that are best suited to the task: the Cartesian
Gaussians eqn (11) or the Hermite Gaussians eqn (13).

Let us briefly compare the properties of the Cartesian and
Hermite Gaussians eqns (11) and (13). Both functions may be
factorized in the Cartesian directions

Gi/‘k("a a7A> = G,'(X, a, A.\) Gi(}’aavAy) Gk(Z, a, Az) (15)

Hipe(r,a, ) = Hi(x, a, A) Hj(y, a, 4y) Hi(z,a,4:)  (16)
where the x components are given by

Gi(x,a, Ay) = X' exp(—ax?) (17)

d"exp(—ax?)

Hi<x7“a Ax) = (2a)idAi

(18)
and likewise for the other components. We also note that the
Cartesian Gaussians satisfy the recurrence relations

x4Gi(x,a,Ay) = Gy (x,a, Ay) (19)

dGi(x,a, 4,)

A, =2aGiy(x,a,Ay) — iGi1(x,a,Ay)  (20)

whereas the corresponding relations for the Hermite Gaus-
sians are given by
i
gHi—l(x»(LAx) (21)

X Hi(x,a,Ac) = Hipi(x,a,4y) +
dH;(x,a,Ay)
dA,

where eqn (21) follows from [(d/dA.) x4 = —i(d/dx,)~".
Note that the first (incremented) term is the same in the
Cartesian and Hermite recurrence relations eqns (19)—(22).
The only difference occurs in the second (decremented) term,
which vanishes upon multiplication by x4 in the Cartesian
Gaussian and upon differentiation by A4, in the Hermite
Gaussian.

Because of eqn (22), the Hermite Gaussians are particularly
well suited to integration over differentiated solid-harmonic
functions since differentiation of eqn (14) merely raises the

= 2aH;y (x,a, 4,) (22)

4772 | Phys. Chem. Chem. Phys., 2007, 9, 4771-4779

This journal is © the Owner Societies 2007



quantum numbers of the Hermite Gaussians:

'K Gy, (r,a, A) 1+ J+K Z

AT DA JAK o Hir gk k (v a, A)
dAXdA,V ()A-' i+j+k=1

(23)

whereas differentiation of the Cartesian Gaussians produces
linear combinations of Gaussians eqn (20). Thus, provided
the solid-harmonic Gaussians are expanded in Hermite
Gaussians, there is no need for a special derivative code, to
any order in differentiation. We shall also see that Hermite
Gaussians are better suited than Cartesian Gaussians to
integration over charge distributions consisting of linear
combinations of single Gaussians rather than product
Gaussians, as occur, for example, in the evaluation of
Coulomb energies by density fitting.'™ "' Special methods
for two- and three-center Coulomb integrals have previously
been considered by Koster® (for Hermite functions) and by
Ahlrichs.'?

2.2 Solid-harmonic Gaussians expanded in Hermite Gaussians

In Subsection 2.1, we expressed the solid-harmonic function
Sin(r4) as a homogeneous polynomial of degree / in x4, y 4,
and z 4, see eqn (10). We shall now establish the equivalence of
the real solid-harmonic functions expressed as linear combina-
tions of either Hermite or Cartesian Gaussians. For this
purpose, consider the transformed solid harmonics

Fnlta) = 3 SUA A GNHG)  (24)

i+j+k=I

where the coefficients S”Z are the same as in eqn (10) but where
the monomial x’; of degree 7 has been replaced by the Hermite
polynomial of the same degree:

i

Hixa) = (<) FEA

exp(x%) exp(—x%) (25)
and likewise for )’y and zﬁ. As seen by induction on the
Rodrigues expression eqn (25), the Hermite polynomials
may be generated recursively as

Hin(x4) :xAJ//[(XA)*i%i—I(xA> (26)

2
beginning with #o(x,4) = 1. Note that we have normalized the
Hermite polynomials such that the leading term is equal to x's:
1, x4, x4 — 4, x3 —3x,, and so on.

Clearly, the transformed solid harmonics eqn (24) have the
same leading terms as the standard solid harmonics eqn (10).
Therefore, since the standard solid harmonics are homoge-
neous eqn (9) (which means that all terms are leading terms),
the equivalence of the standard and transformed solid
harmonics eqns (10) and (24) is established if we can show
that the transformed solid harmonics eqn (24) are also
homogeneous. For this purpose, we introduce the differential
operator

1 d2 ) 1 d2k
D-"*e*p(*@)*% yaay

which commutes with d/dx, and satisfies the commutator
relation
1 d

[x4,Dy] :EEDN (28)

Using this relation, we find that

DXl = xyD.X, — ['xA,D,\.]xi1
=x4Dx, — %D,\,x;" (29)

Comparing with eqn (26) and noting that D1 = 1, we
conclude that the operator D,, when applied to x’;, generates
the Hermite polynomial #(x ) of eqn (25):

Hi(x4) = DX, (30)

Next, introducing this relation and the corresponding rela-
tions for »/; and & in eqn (24), we find that the transformed
and standard solid harmonics are related in the following
manner:

7),,“ rA Z SI[;ZD vA }yA "A
i+j+k=I
= D.\‘DJ*D:Slm(rA) (31)

Finally, applying r,-V to the transformed solid harmonics
eqn (31), we obtain

(ra - V) Lin(ra) = (ra
V) Sim(ra) +

= DXD)‘D:ISIW<VA) + %DXD_\'D:VZSIWO'A)

-V)DD,D-Sp(r4)

= D.VD)»D:(VA [“A : v-, D.‘(DI’DZ]Slm(rA)

(32)

= ID.\‘D,VD:SIM("A) = l'f/lm(rA)

where we have used the homogeneity of the solid harmonics
eqn (8), the commutator relation eqn (28), and Laplace’s
equation eqn (2), thereby demonstrating that the S,,,(r4) are
homogeneous polynomials of degree /. Since the standard
and transformed solid harmonics are homogeneous polyno-
mials with the same leading terms, they must be identical. We
may therefore write the solid harmonics in the form

= Y SEA ) A ya) H k(24) (33)
i+j+k=1

Slm "A

which differs from the standard expression eqn (10) in the
replacement of x%, ), and z& by #ix,), H(y4), and
A 1z 4), respectively.

Combining eqns (1) and (33), we may now express the solid-
harmonic Gaussians as

RN S (Vaxa) Hi(Vaya) Hi(Vaza)

itj k=l

Gi(r,a,A) =a

x exp(—ar?}) (34)

where the homogeneity of the solid harmonics ensures that the
coordinate scaling is canceled by the prefactor a />
a =M% Substituting x4 by /ax, in eqn (25) and multi-
plying the resulting equation from the left by exp(—ax?), we
obtain:?

Hi(Vaxy) exp( —axy) = (2ya)”" (diA)l exp(—axy)  (35)
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Using this result in eqn (34), we arrive at eqn (14), where we
have introduced the Hermite Gaussians eqn (13). Thus, we
may globally replace the Cartesian Gaussians eqn (11) by the
Hermite Gaussians eqn (13) in the expansion of the solid
harmonics eqn (12).

3. Molecular integrals over solid-harmonic
Gaussians

In this section, we demonstrate how integrals over solid-
harmonic Gaussians can be expanded in integrals over
Hermite Gaussians, expressed as scaled derivatives of integrals
over spherical Gaussians. The evaluation of these Hermite
integrals is discussed in Section 4.

3.1 Overlap and multipole-moment integrals

Consider the multipole-moment integrals about M between
two solid-harmonic Gaussians at 4 and B expanded in
Hermite Gaussians eqn (14):

ky k.
/ Glum, (r,a, A) Giym, ("a b, B) x//(\/}yMZ{;/} dr

N dama Qlpmy, ab
=SSy (36)

7

k
Mah7

An important special case is the overlap integral S,, = MY,
The Hermite multipole-moment integrals mi}'," are given by

mj;z :/Hi(r, a,A) Hj(r,b, B) xﬁ;‘yﬁ,‘,zﬁ;’, dr

o (37)
_ oY [exp(—ary) exp(—bry) Xy ke dr

(2aDAL)™ - - (2bDB.)"

We have here inserted the Hermite Gaussians eqn (13) and
used the Leibniz integral rule to take the differential operators
outside the integration sign, noting that the integration limits
are independent of the Gaussian coordinates.>” For brevity,
we have introduced the notation i = (iy, i), i.) and i = i, + i,
+ i, (and likewise for j and k); we also adopt the convention of
denoting integrals over solid-harmonic Gaussians eqn (36) by
uppercase letters M%, and the corresponding Hermite integrals
eqn (37) by lowercase letters mf-‘j[](. Invoking the Gaussian
product rule'?

exp(—ary) exp(—bry) = exp(—uR’p) exp(—pry)  (38)
with

p=a+b, u=@,

P:aA+bB
p

Ris=A— B,
(39)

we find that the integral over the product of spherical Gaus-
sians eqn (38) is given by

[ exp(-art) exp(-br) ity 4 dr = exp(-1Rsy) Mo, Rea)
(40)

We have here introduced the multipole-moment integral

ky -
M(p. Rons) = / il exp(-p)dr  (a1)

which depends on p and Rpy, = P — M, with the special value
Mo(p, Rpry) = (n/p)*?. Inserting this result into eqn (37), we
obtain the following Hermite multipole-moment integral

ab _ 9™ exp( — HR%«u;) Mi(p, RPM)
ik (2a0A,)" - - - (2bOB.Y"

(42)

whose recursive evaluation is discussed in Section 4. However,
we note here that the overlap integral may be expressed as a
scaled Hermite Gaussian eqn (13) in R, with exponent u:”

5 5 S\ b\ (@)
=y =0 (5) 7 (2) (4 tstano) 39

Since odd-order Hermite Gaussians vanish at the origin, the
overlap integrals vanish for odd i, + j. if 4, = B, (and
likewise for the y and z directions).

The integrals discussed above were evaluated over a two-
center overlap distribution, generated by a product of two
Gaussians. Sometimes, we are interested in integrals over one-
center overlap distributions—in particular, in density-fitting
methods. Let us therefore consider the one-center overlap
integrals

S = [ G (o0 ) ar = 3 5175, (44)
t

where, by convention, we use p and P for one-center overlap
distributions, with the Hermite quantum numbers t = (1, t,,
t.). Proceeding as for two-center overlap distributions

eqn (37), we find that
o\ 32
S‘f = (;) N (45)

where 1 = 1. + 1, + f., in agreement with the fact that
integration over a single solid-harmonic Gaussian gives zero
except in the totally symmetric case [, = m, = 0.

3.2 Integrals over differential operators

In the Hermite scheme, one-electron integrals over differential
operators are easily obtained from the overlap integrals:

okx v o=
Dy = [ G .0, 4) (25) (250) (22) Gy, 1, b, B)
_ Z S;a’”u S]{h'ﬂh dgz (46)

where the Hermite integrals may be calculated in a variety of
equivalent ways, such as

’ k k a

dq’/’i = (2a) Si:}zkj = (=2b) S§;+k (47)
As an important special case, the kinetic-energy integral is
given by

Tap = —5(D3° + D° + DY) (48)

and is thus easily obtained from overlap integrals with in-
cremented quantum numbers.

3.3 One-electron Coulomb integrals

For the one-electron Coulomb integrals, we follow the same
approach as for the multipole-moment integrals in Subsection

4774 | Phys. Chem. Chem. Phys., 2007, 9, 4771-4779
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3.1, expanding in Hermite integrals

Vi = // Gl"m"(r’ 4 A) G,”mh <I'7 b, B) dr = Z Sl{“mu S’]{/;Vll/v V;}b

rc 7

(49)
where the Leibniz rule gives

O [exp(—
(2adA)"™ - -

ar’y) exp(—bry) rtdr
(2b0B. )"
(50)

Hi(r,a, A)Hj(r,b, B
i [[HadtesD),

Following Boys, we next invoke the Gaussian product rule eqn
(38), obtaining

exp(—ar?) exp(—br5 2n
[ SRR gy - B — k) Falpc)
(51)
where we have introduced the Boys function'?
1
Fy(x) = /0 exp( — x2)*"dr (52)

Inserting eqn (51) in eqn (50), we find that the two-center
one-electron Coulomb integrals are scaled derivatives of
exp(—uR% 5)Fo(pR5¢) with respect to A4 and B:

b — 2n Iexp(— : Rip) FU(PR%)(‘) (53)
Y p (2a04.)"--- (2b0B.)"

Unlike the multipole-moment integral eqn (42), it cannot be
factorized in the Cartesian directions. For the corresponding
one-center Coulomb integrals, we obtain

v, :/ Giymy 1, 25 F) (r,p, P d _ Z S[,,m,, (54)

. [H{rpP) 2 OF(pRy)
i _/ =7 (2p0Py)" -+ (2pOP:)" (53)

Comparing with the two-center case eqn (53), we note the
expected absence of the exponential exp(—uR? ), greatly sim-
plifying its evaluation, as discussed in Section 4.

3.4 Two-electron Coulomb integrals

The four-center two-electron repulsion integrals over solid-
harmonic Gaussians

drydr,

(56)

Glama (1@, A) Gy (11, b, B) Gl (12, ¢, €) Gy, (12,d, D)
Gabed = P

and the corresponding two- and three-center integrals G,
Gu 4 and G, ., may be treated in the same way as the one-
electron integrals in Subsection 3.3. Substituting the expan-
sions of the solid-harmonic functions eqn (14) in Hermite

Gaussians, we obtain

Guped = ”; S'{“’”“ Sj{fv””v S;“'m‘ S;d”h/gzlnd (57)
O UZ" S'{M”U Sl{hw S‘/‘q m‘,g;}ﬁq (58)
Gped = %l: S:’””"Si‘m‘ S;‘,m,,g,ry;;‘v;l (59)

Goy = 3 S5l (@)

where the Hermite integrals are denoted by gini”, g, ghiss

and g/, As for the one-electron integrals, we substitute the
Hermite Gaussians eqn (13) in the Hermite integrals, invoke
the Leibniz rule and apply the Gaussian product rule eqn (38),
introducing the exponents and coordinates eqn (39) for the

first electron and

g=c+d, v="2, Rep=C-D,
61)
¢cC+dD (
0="—""""
q
for the second one. Finally, using the result of Boys'?
exp(—prip) exp(— qraQ> o 5
dridr, = oR
// e e = T Reo)
(62)
with
Pq
=1 Rp=P-Q 63
Ptq 0 (63)

we find that the two-electron Hermite integrals are given by

gihed _ 232 O exp(— iR’ ) exp(—vREp) Fo(aRjg)
M gt a (2adA,)" - - (2dOD.)"

(64)
g‘ib’(/ _ 2715/2 BHH’I exp(f”Ri{B) FO(aR%’Q) (65)

P payp+a o (2a04,)" - (240Q.)"
ea _ 20" 9"+ exp(—vRgp) Fo(xRpy) (66)

M pgpFa (2p0P)™ - (2dOD.)"

2 5/2 81+11F OLRZ

pq T 0( PQ) (67)

" paVp 4 (2pOP)" - (2900:)"

to be compared with the multipole-moment integrals eqn (42)
and the one-electron Coulomb integrals eqns (53) and (595).
The two- and three-center two-electron integrals are easier to
calculate than the four-center integrals, not only because there
are fewer differentiations to be carried out but also since the
functions to be differentiated are simpler. In Section 4, we shall
consider the evaluation of the Hermite Coulomb integrals.
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3.5 Differentiated molecular integrals

Let us consider the evaluation of integrals over the differen-
tiated solid-harmonic Gaussians

v +1+12 .
_ ohrhT ~G’a'ﬂn<'7avA)

G a, 4
(e 4) oAk 4% 04

lamq

(68)

Substituting here the expansion of solid-harmonic Gaussians
in Hermite Gaussians eqn (14) and noting that the expansion
coeflicients are independent of 4, we obtain

G, (ra,A) = (2a) Z S Hyy1(r,a, A) (69)

i

where I = (I, I,, I) and I = I, + I, + L. Letting Gi5r
denote the two-electron integral evaluated over such functions,
we obtain

GHKE =(2a)" (2b) (20)% (2a)"

damy Qlpmy Gleme glamy _abed
X E S S S S G Ty ke L
ikl

(70)

as a generalization of eqn (57). The same result applies to all
other integrals evaluated in terms of Hermite Gaussians.
Molecular integrals over differentiated solid-harmonic Gaus-
sians are thus obtained in the same manner as undifferentiated
integrals, by incrementing the quantum numbers of the Her-
mite Gaussians eqn (69). A code written for general angular
momentum is therefore also a code for general geometrical
derivatives.

Assume that we wish to calculate the nth-order Cartesian
derivatives arising from of an orbital shell of angular momen-
tum /o (which we may take to be the first of four orbital shells
in a two-electron integral). There are (n + 1)(n + 2)/2
independent Cartesian derivatives of each of the 2/, +1
solid-harmonic Gaussians in this shell. In the Hermite scheme,
we begin by calculating all integrals arising from this shell with
the angular momentum increased from / to [y + n. Next, the
resulting (o + n + 1)(ly + n + 2)/2 Hermite components are
combined to differentiated solid harmonics, using eqn (69). By
contrast, in the Cartesian scheme, we first calculate all inte-
grals with angular momentum max(0, ly —n) </ < Iy + non
the first orbital. The number of such components is propor-
tional to 2n + n’/3. Subsequently, these Cartesian integrals
are transformed to the derivative solid-harmonic basis, each
transformation of which is more expensive than that from the
Hermite basis.'* Clearly, in this case, it is advantageous to use
Hermite rather than Cartesian integrals as intermediates, as
their number depends quadratically rather than cubically on 7.

The advantages of the Hermite scheme become less pro-
nounced when all derivatives in a given range 0 < 1 < Ny
are needed—we then need Hermite integrals with /[, < / < [,
+ Nmax, compared with max(0, ly — fmay) < [ < Iy + Hpax in
the Cartesian case. The Hermite scheme is still preferable,
however, since the subsequent transformation to the derivative
solid harmonics is simpler, the same number of Hermite
Gaussians contributing to each solid-harmonic function, for
all orders of differentiation n.

4. Evaluation of Hermite integrals

In Section 3, we expanded molecular integrals over solid-
harmonic Gaussians in integrals over Hermite Gaussians,
expressed as derivatives of a generating function—see eqn
(42) for multipole-moment integrals, eqns (53) and (55) for
one-electron Coulomb integrals, and eqns (64)—(67) for two-
electron Coulomb integrals. In the present section, we consider
the evaluation of these Hermite integrals, using the Obara—
Saika scheme® in Subsection 4.1 and the McMurchie—
Davidson scheme® in Subsection 4.2. Zivkovi¢ and Maksi¢
have given expressions for integrals over Hermite functions,
without the use of recurrence relations.”

4.1 The Obara—Saika scheme for Hermite integrals

In the Obara—Saika scheme, the integrals are calculated from
recurrence relations between integrals of different Hermite
quantum numbers. Consider first the multipole-moment inte-
grals eqn (42), which may be factorized in the three Cartesian
directions, yielding the x component:

mb = Oexp(—uX7p) Mi(p, Xpu)
o (2a0A.) (2b0B,Y

()

in the short-hand notation i, j and k for i,, j, and k,,
respectively. The function M (p, Xpc), which is the x factor
of eqn (41), satisfies the relations

T
Milp Xow) = |7 (72
k
M1 (p, Xpum) = XemrMi(p, Xpur) + EMI(—I(I% Xear) (73)
OM(p, Xp;
OMi(p Xeu) _ kMi_1(p, Xpar) (74)
OP,
Incrementing the three indices, we obtain after a little algebra
1
My gk = Xeamiy + 5= (iwapm®, ;i +jmS_ -+ kmi ) (75)

ijk 2p i

1
a ab . ab — ab
mij, = Xppmyg, + 2% (i, i+ gwean]_y g+ kil _y)  (76)

ik i i,

1
mﬁ",?.k- | = Xpumily + 2% (""1('”71,/./< +J'm§l,[; 1k k’"{'?k D7)

where we have introduced the factor

b
Wap = — ; (78)

From these ”vertical” recurrence relations (which increment
the highest i + j + k ), we may generate the full set of
integrals, beginning with mg,. For example, we may first
generate the overlap integrals using the first two recurrences
eqns (75) and (76), followed by the generation of the multi-
pole-moment integrals from the overlap integrals using
eqn (77). We also note the “horizontal” recurrence relation

ab ab  _oab
2amfy ;o + 2bm, | o= km (79)

which follows from translational invariance and conserves the
highest i + j + k.
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The same approach can be applied to the Coulomb inte-
grals. Because of the presence of the Boys function, the
integrals can no longer be factorized into Cartesian factors,
although the recurrence relations in the three Cartesian direc-
tions are still independent. In the following, we therefore
consider only increments in the x direction. Introducing the
auxiliary functions

29" exp(—pRp) (=2p)" Fu(pR}c)

e = . - 80
Yoo (2ad4,) (2bDB.Y (80)
5/2
@7,1/ = L X
pavp +4q )
o 81
O H exp(—pR% ) exp(—vREp)(—20)" Fy(aR3y)
(2adA.) (2bOB,) (2¢0C,) (24D, )’
and using F,,/(x) = —F,+ 1(x), we obtain the following vertical
recurrence relations
1. .
@7+1J = Xpa @],1/ + E (lwab@;l,u +_/@7,j71)
1 1
+—XP<'@:-1,-H +_(i@’i1jll,/' +j@’i1./tll> (82)

2p 4p?

’ L. y .
0711,k =XpPaOlpyy + 2% (Wab Oy iy +7O7;_1 41)

1 | .
+ 2% Xpo @;"f;/l + el (’@?jll./',kj +./9i”,/tll )

1
“ g (k@}’,ﬂ,,_, + /97.,&1_/71)

(83)

and likewise for increments in j, k and /. Beginning from O,
with 0 < n < max(i + j) or @fopo With0 < n < max(i + j + k
+ /), we may thus generate the full set of Hermite Coulomb
integrals V%’o?,’oo = @2» and g%ﬁ;‘/{)g'/\oo‘/oo = @?,»,(/. Note that the
one-electron Coulomb recurrence relations eqn (82) are iden-
tical to the two-electron relations eqn (83) except for the
replacement of Xpp by Xpc and the absence of the last two
terms; also, the first three terms in eqns (82) and (83) are the
same as for the multipole-moment integral eqn (75).

The Obara—Saika recurrence relations for Hermite Cou-
lomb integrals eqns (82) and (83) resemble closely those for
Cartesian integrals,>® to which they reduce if we arbitrarily set
wa = 1. As in the Cartesian case, it may be advantageous to
use additional recurrence relations. From eqn (21), we obtain
the horizontal recurrence relations

1

n _on n
O jitis = Ot jrg + XanOfy + 2a

n
] i—1yj.k,l

J
% O 1k (84)
which differ from the Cartesian recurrences” by the presence of
the two last terms. Finally, from the translational invariance of
the integrals, we obtain the electron-transfer relations

bX4p+dXcp Wap
k10 = R Oloro + 2 1040
kw[d V4
2% k10— 66;11,0./«0 (85)

which differ from to the corresponding relations for Cartesian
Gaussians'>'® only in the presence of the w,, and w,y factors.
Using these relations, we may simplify the evaluation of
integrals by using a reduced Obara—Saika recurrence eqn
(83) to generate all @7, ;x4 000, followed by use of the
electron-transfer relation eqn (85) to generate all @; ;o + 0.
In the final step, we use the horizontal recurrences eqn (84) to
generate the final integrals @ ;.

The Coulomb recurrence relations given above eqns (82)
and (83) are for two-center overlap distributions. The corre-
sponding relations for integrals with one-center distributions
eqn (55) and eqns (65)—(67) are obtained by settinga = b = p,
A =B = P,andi + j = tfor the first electron and ¢ = d = ¢,
C =D = Q,and k + [ = u for the second electron. For
example, for two-center two-electron Coulomb integrals, we
obtain from eqn (83) the recursion

y 1 nl L ontl u 1
@tIH.,u:ﬂXPQ@;: +472@ff1,u*%97$1 (86)

where the first three terms of eqn (83) vanish and the pairs of
terms in parentheses collapse into single terms, reducing the
total number of terms from eight to three. By further rewriting
the intermediate integrals in the form

e, = (2p) '(—29) "0}, (87)

0" = (~20)" 2w OFi(xRyg)
! pavp+q  OP.

. . . . . 2
we obtain the even simpler McMurchie-Davidson recursion:~

(83)

07y = Xpo0) ™ + 102 (89)

and similarly for the y and z directions. We have thus reduced
the Obara—Saika recurrence relations from eight to two terms.
No such reduction is possible in the Cartesian basis.

Finally, we note that it is possible to set up a scheme for the
Hermite integrals eqn (64), where we first calculate the deri-
vatives of the three factors F& = 0" exp(—uR%p)/0A4", F¢ =
0" exp(—VREp)[OCY, and Ry = " Fy(Rpp)/OP", after which
the Hermite integrals are assembled by binomial expansion, as
done by Zivkovi¢ and Maksié.”

4.2 The McMurchie-Davidson scheme for Hermite integrals

In the Obara—Saika scheme, molecular integrals are generated
recursively, using different sets of recurrence relations for one-
and two-center overlap distributions, as discussed in Subsec-
tion 4.1. In the McMurchie-Davidson scheme, we take a
different approach, expanding two-center overlap distribu-
tions in one-center overlap distributions. In this way, all
four-center two-electron Coulomb integrals are reduced to
two-center Coulomb integrals, which are evaluated using the
same recurrence relations as in the Obara—Saika scheme.
Consider the overlap distribution generated by the Hermite
Gaussians Hyry, a, A) and Hyr,, b, B):
Q;i(r,a,A,b, B) = Hi(r,a,A) Hi(r,b, B) (90)

In the McMurchie-Davidson scheme, this two-center distribu-
tion is expanded in Hermite Gaussians about the product

This journal is © the Owner Societies 2007

Phys. Chem. Chem. Phys., 2007, 9, 4771-4779 | 4777



center P:

i+j

> rla

noting that the expansion coefficients depend only on the
relative positions of the Gaussians. Substituting eqn (91) in
eqn (37) and using eqn (45), we obtain for the overlap integrals

s ZF,”&” Fish (92)

Q;i(ra,A,b,B) = b, R4p)H,(r,p, P) 91)

For the two-center one-electron Coulomb integrals eqn (50),
substitution of eqn (91) yields

uh Z Fl] vﬂ (93)

where the one-center integral is given by eqn (55). Finally, for
the two-electron Coulomb integrals of Subsection 3.4, eqn (91)
and a similar expansion of Qu(r, ¢, C, d, D) yield

gl = ZF” : (94)
& = Zg';:F:’ (95)
i’ = D Fle k! (96)

where the basic two-center integrals g/ are given by eqn (67).
In the original Cartesian-based McMurchie-Davidson
scheme,” also one-center overlap distributions are expanded
in Hermite orbitals according to eqn (96). In the purely
Hermite scheme presented here, only two-center distributions
are expanded, greatly simplifying the evaluation of few-center
integrals. The Hermite integrals 14/ and g7 are evaluated using
eqns (87)—(89).2

It only remains to discuss the evaluation of the expansion
coefficients of eqn (91). Factorizing the expansion in the
Cartesian directions and introducing the following short-hand
notation for the x direction

Q=) F/H, 97)
t

we obtain
2aQi41, +2bQ 01 =2p ZFferJrl (98)
t
where we have applied /04, + 0/0B, = 0/0P, and then eqn
(22) on both sides of the equation. Inserting eqn (97) on the

left-hand side and collecting terms, we arrive at the horizontal
recurrence relation

af{"" - bF = pF (99)
Next, we rewrite each term in eqn (98) using eqn (21), yielding
2pxpQy — iQi 1 — jQij1 = 2pxp ZF,'"H,

t
- ZF;/’Hz—l
t

where we have used the relation ax, + axz = pxp on the left-
hand side. Canceling the first term on each side and rearran-

(100)

ging, we obtain the vertical recurrence relation

iFY 4 FT = (0 1) FY (101)

However, this relation can only be used to increment the upper
indices ij for F/ with ¢+ > 0. Different vertical recurrences are

obtained by incrementing the first index of Q;, yielding
i
Qip1j = x4Q5 — ZQi—l,/‘
= XpaQy + ZF/\PHz 2 QL 1)
i i
= XpaQy + ZF Hpy + ZF] H[ 1 *%Qifl:/
(102)

where we have first used eqn (21) for orbital a, then expanded
x4 = xp + Xpy, followed by the application of eqn (21) for
orbital p. Collecting terms, we obtain

+1FU 7LF’FIJ

FY =B 3

L+ XpaFl 4 (103)
A similar set of recurrence relations may be derived for
increments in the second index j. However, the most efficient
scheme for the evaluation of the full set of expansion coeffi-
cients is to use the following combination of eqns (99), (101)
and (103):

) o P
Ft+l.0 - X FIO FtO _ 1—1,0 104
0 paly +2p [ (104)
Fit _QFM,/ (105)

o =35
Fi :fF’ "+]Ffj;‘, (>0 (106)

beginning with F§’ = exp(—uX%z). The recurrence relations of
the Hermite Gaussians are therefore no more complicated
than those for the Cartesian Gaussians.>® We note, however,
that our definition of Hermite Gaussians eqn (13) differs from
that of McMurchie and Davidson,” who use
Ae(r,p, P) = (2p)~ " = H,(r,p, P). We have therefore here
denoted the expansion coefficients in eqn (91) by F¥ rather
than by E7 as in ref. 2.

5. Conclusions

We have presented a scheme for the evaluation of molecular
integrals over solid-harmonic Gaussians, in which the integra-
tion is carried out over Hermite Gaussians rather than over
Cartesian Gaussians, based on the observation that solid-
harmonic Hermite Gaussians are identical to the correspond-
ing solid-harmonic Cartesian Gaussians. The presented
scheme simplifies the evaluation of derivative integrals (needed
for energy derivatives and in relativistic theory) since differ-
entiation with respect to nuclear coordinates merely incre-
ments the quantum numbers of the Hermite integrals, in the
same way as when the angular momentum is increased.
Consequently, the differentiation can be carried out to arbi-
trary order using the same code as for undifferentiated
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integrals. Moreover, the presented Hermite-based scheme
simplifies the evaluation of two- and three-center two-electron
integrals, of importance in density-fitting schemes, bypassing
the traditional time-consuming transformation to Cartesian
basis.

Note added in proof

After this article had been accepted for publication, we became
aware of the general theory of spherical tensor gradient
operators, as reviewed by Weniger.!” From this theory, the
equivalence of the expansions of solid-harmonic Gaussians in
Cartesian and Hermite Gaussians follows as a special result.
For further details and references, we refer the reader to this
work. However, it is proper here to mention the work of
Dunlap'®2° and of Ishida,”' who have used spherical tensor
gradient theory to develop integration techniques based on
angular-momentum recoupling, bypassing the evaluation of
integrals over Cartesian and Hermite Gaussians entirely. We
would also like to draw attention to the work of Fortunelli and
Salvetti,”> where two-electron integrals over Hermite functions
are considered within the Obara—Saika scheme.
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A linear-scaling implementation of Hartree-Fock and Kohn-Sham self-consistent field (SCF)
theories is presented and illustrated with applications to molecules consisting of more than 1000
atoms. The diagonalization bottleneck of traditional SCF methods is avoided by carrying out a
minimization of the Roothaan-Hall (RH) energy function and solving the Newton equations using
the preconditioned conjugate-gradient (PCG) method. For rapid PCG convergence, the Lowdin
orthogonal atomic orbital basis is used. The resulting linear-scaling trust-region Roothaan-Hall
(LS-TRRH) method works by the introduction of a level-shift parameter in the RH Newton
equations. A great advantage of the LS-TRRH method is that the optimal level shift can be
determined at no extra cost, ensuring fast and robust convergence of both the SCF iterations and the
level-shifted Newton equations. For density averaging, the authors use the trust-region
density-subspace minimization (TRDSM) method, which, unlike the traditional direct inversion in
the iterative subspace (DIIS) scheme, is firmly based on the principle of energy minimization. When
combined with a linear-scaling evaluation of the Fock/Kohn-Sham matrix (including a boxed fitting
of the electron density), LS-TRRH and TRDSM methods constitute the linear-scaling trust-region
SCF (LS-TRSCF) method. The LS-TRSCF method compares favorably with the traditional SCF/
DIIS scheme, converging smoothly and reliably in cases where the latter method fails. In one case
where the LS-TRSCF method converges smoothly to a minimum, the SCF/DIIS method converges

to a saddle point. © 2007 American Institute of Physics. [DOIL: 10.1063/1.2464111]

I. INTRODUCTION

During the last decade, much effort has been directed
towards the development and implementation of Hartree-
Fock (HF) and Kohn-Sham (KS) self-consistent field (SCF)
theories in such a manner that, for sufficiently large systems,
the cost of the calculations scales linearly with system size
O(N), where N may be taken as the number of atoms in the
molecule. To achieve linear scaling, two bottlenecks must be
overcome: first, the construction of the Fock/KS matrix F in
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the atomic-orbital (AO) basis, which conventionally scales
as O(N?); second, the generation of a new density matrix
from a given Fock/KS matrix, which is conventionally
achieved by an O(N?) diagonalization step FC=SCe, where
S is the AO overlap matrix. Over the years, many strategies
have been proposed to make the cost of these key steps scale
linearly with system size.

To remove the diagonalization bottleneck, many meth-
ods have been suggested—see Refs. 1 and 2 for an overview.
We focus here on the density-matrix methods,' which may be
subdivided into two categories:2 the Fermi-operator expan-
sion (FOE) methods and the density-matrix minimization
(DMM) methods. The FOE methods include rational-
function, polynomial, or recursive-polynomial expansions to
compute the density matrix, of which the canonical-
purification method of Palser and Manolopoulos,3 the
puril‘ication‘l‘5 of McWeeny and the Chebyshev expansion("7
of Baer and Head-Gordon serve as examples. Alternatively,
the DMM methods use the fact that the density matrix ob-
tained from a Fock/KS matrix diagonalization represents the

© 2007 American Institute of Physics
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global minimum of the Roothaan-Hall (RH) energy function
ERM=Tr DF (with F fixed),*’ thereby replacing the diagonal-
ization by a minimization, suitably constrained so as to sat-
isfy the idempotency condition DSD=D. Li et al. proposed
to deal with the idempotency constraint by replacing the den-
sity matrix in the optimization by its McWeeny-purified
counterpart, noting that the variations are then idempotent to
first order;'” their approach was further developed by Millam
and Scuseria'' and by Challacombe.'? Alternatively, the
idempotency condition may be incorporated into the param-
etrization of the density matrix D(X)=exp(-XS)D exp(SX)
with X antisymmetric, as described by Helgaker and
co-workers.**'* The first attempts to use this parametriza-
tion to minimize ERY employed a sequence of Newton itera-
tions but encountered difficulties in the solution of the New-
ton linear f:quations.14 Subsequently, these difficulties were
solved by Shao et al. 15 in their curvy-step method by trans-
forming the Newton equations to the Cholesky basis, where
the Hessian has a smaller condition number and is more di-
agonally dominant than in the AO basis. We discuss here
improvements to the algorithm of Shao et al.' using the
Lowdin or principal square-root basis rather than the
Cholesky basis for the following reasons. First, the conver-
gence of the Newton equations is marginally better in the
Lowdin basis than in the Cholesky basis; second, the Lowdin
basis is the orthogonal AO basis that resembles most closely
the original AO basis,' ensuring that locality is preserved to
the greatest possible extent; and third, the transformation to
the Lowdin basis can be performed straightforwardly within
a linear-scaling framework."’

In setting up the SCF iterations, we note that the RH
energy ERN(X)=Tr D(X)F constitutes a rather crude model
of the true SCF energy Egcp. In particular, at the expansion
point X=0, ERM has the same gradient as Egcp but only an
approximate Hessian. A global minimization of ERH (as tra-
ditionally accomplished by diagonalization of the Fock/KS
matrix) may therefore lead to steps that are too long and
therefore unreliable. To avoid such problems, we impose in
the trust-region RH (TRRH) method the condition that steps
should not be taken outside the trust region, that is, outside
the region where ERM is a good approximation to Egcp. We
have previously implemented the TRRH method in conjunc-
tion with the diagonalization of the Fock/KS matrix.'*'* In
the present paper, we describe how the TRRH method may
be implemented without diagonalization, making it suitable
for linear-scaling SCF calculations. We denote the obtained
algorithm the linear-scaling TRRH (LS-TRRH) method.

The information in the density and Fock/KS matrices
(gradients) D; and F; that have been generated during an SCF
optimization may be used to accelerate the convergence of
the SCF iterations. Traditionally, this is accomplished by Pu-
lay’s method of direct inversion in the iterative subspace
(DIS),” where an improved density matrix is obtained in
the subspace of the previous density matrices by minimizing
the norm of the gradient. As an alternative to DIIS, we re-
cently introduced the trust-region density-subspace minimi-
zation (TRDSM) algorithm,lx’w where a local energy model
EPSM s set up in the subspace of the previous density matri-
ces D,. Disregarding the idempotency conditions, the
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TRDSM algorithm reduces to the energy-DIIS (EDIIS) algo-
rithm of Kudin ef al.”' A disadvantage of the EDIIS algo-
rithm is that, even at the expansion point, the EDIIS gradient
is not equal to the SCF gradient. By contrast, the EPSM en-
ergy of the TRDSM algorithm constitutes an accurate repre-
sentation of the true energy Egcp in the subspace of previous
density matrices D;; consequently, a trust-region optimiza-
tion may be safely performed on EPSM to obtain the im-
proved density matrix.

Combining the LS-TRRH and TRDSM algorithms, we
obtain the linear-scaling trust-region SCF (LS-TRSCF)
method. In the LS-TRSCF calculations, sparse-matrix alge-
bra is used both in the LS-TRRH part and in the TRDSM
part of the optimization to achieve linear scaling. Sample
calculations are reported on polyalanine peptides containing
up to 119 alanine residues to demonstrate linear scaling. The
LS-TRSCF convergence is also examined and compared
with the convergence of conventional SCF/DIIS calculations,
that is, diagonalization without level shifting, improved by
the DIIS algorithm. The calculations demonstrate that the
LS-TRSCEF algorithm constitutes an efficient and robust al-
gorithm for optimizing SCF wave functions.

For the Fock/KS matrix evaluation to scale linearly, a
number of techniques have been introduced for the different
contributions to F: the fast multipole method (FMM) for the
Coulomb contribution;zz’% the order-N exchange method
and the linear exchange K (LinK) method for the exact HF
exchange contribution,ﬂ’32 and efficient numerical-
quadrature methods for the exchange-correlation (XC)
contribution.””™ Our SCF code uses FMM combined with
boxed density fitting for the Coulomb contribution, LinK for
the exact-exchange contribution, and linear-scaling numeri-
cal quadrature for the XC contribution.

The remainder of this paper contains three sections. We
begin by discussing the optimization of the RH energy in
Sec. II. Section III contains some illustrative calculations,
whereas Sec. IV contains conclusions.

Il. OPTIMIZATION OF THE ROOTHAAN-HALL
ENERGY

A. Parametrization of the density matrix

Let D be a valid KS density matrix of an N-electron
system, which together with the AO overlap matrix S satis-
fies the following relations:

D'=D, (1)
TrDS=N, ()
DSD =D. (3)

Introducing the projectors P, and P, onto the occupied and
virtual orbital spaces

P,=DS, (4)
P,=1-DS, (5)

we may, from the reference density matrix D, generate any
other valid density matrix by the transformation”®
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D(X) = exp[- P(X)SID exp[SP(X)], (6)
where X is an antisymmetric matrix and where we have in-
troduced the notation

P(X) =P XP! +P XP!. (7)

The matrix exponential is evaluated as
o (XS)"
exp(XS) =2 ——. ®)
n=0 T

In an orthonormalized AO basis, such as will be discussed in
Sec. II E, simplifications and a typically faster convergence
follow from the fact that S=1I.

The density matrix D(X) may be expanded in orders of
X as

D(X) =D +[D.PX)]s + ,[[D. PX)]s. PX)Js + -+
©)
where we have introduced the S commutator
[A,B]s=ASB - BSA. (10)

We shall here in particular be concerned with expansions of
the type Tr[MD(X)], where M is symmetric. Inserting the S
commutator expansion of the density matrix D(X), we obtain

Ti{MD(X)] = Tr(MD) + Tr(MP_XP! - MP XP"
+ 3Te(MP XPISP XP!
- 2MP XPISP XP!
+MP_XPISP XP)) + -, (11)
where we have made repeated use of the idempotency rela-
tions P2=P, and P2=P, and of the orthogonality relations
P,P,=P,P,=0 and P'SP,=P'SP =0. Introducing the short-
hand notation
M® =PIMP,, (12)
this result may be written compactly as
Tr[MD(X)] = Tr(MD) + Tr(M*°X — M°'X)
+ Tr(M°XS"'X - M XSX) + ---.
(13)
Note that, whereas the off-diagonal blocks M®' and M"° of

M contribute to the terms linear in X, the diagonal blocks
M°®® and M"Y contribute to the quadratic terms.

B. The Roothaan-Hall Newton equations

In an SCF optimization, diagonalization of the Fock/KS
matrix F is equivalent to minimization of the RH energys’()

ERH(X) = T{FD(X)] (14)

in the sense that both approaches yield the same density ma-
trix. However, ERY is only a crude model of the true SCF
energy function Egcp, having the correct gradient but an ap-
proximate Hessian at the point of expansion; this can be
understood from the observation that, whereas ERH depends
linearly on D(X), the true energy Escr depends nonlinearly
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on D(X). Therefore, a complete minimization of ERY (as
achieved, for example, by diagonalization of the Fock/KS
matrix) may give steps that are too long to be trusted, in-
creasing, for example, rather than decreasing the total SCF
energy. We therefore impose on the minimization the condi-
tion that the new occupied space does not differ appreciably
from the old occupied space. Noting that D(X)S and DS are
projectors onto the new and old occupied spaces, respec-
tively, we require that

ID(X) - DI} = Tr{[D(X) - DIS[D(X) - D]S}
=2N -2 Ti[DSD(X)S] (15)

is equal to some real parameter & that characterizes the trust
region of ERH,

When the trust-region algorithm® is used for ERH, the
Newton step is taken only if the Hessian is positive definite
and the Newton step is inside the trust region; otherwise, the
minimum is determined on the boundary of the trust region
of the second-order Taylor expansion of ERM(X). This is
achieved by setting up the Lagrangian where the step-size
constraint in Eq. (15) is added, multiplied by an undeter-
mined multiplier w:

LY(X) = T[FD(X)] - 2u{N — T{[DSD(X)S] - 6}. (16)
Expanding this Lagrangian in orders of X, we obtain
LR(X) = Tr(FD) + Tr(F*°X - F°*X)
+ Tr(F°XS"'X - FY'XS°°X)
+2u[Tr(S°XS"'X) - 8] + O(X3). (17)

To obtain Eq. (17), we have used Eq. (13) where M is re-
placed by F and SDS, respectively, for the first and second
terms of Eq. (16), recognizing that the only nonzero compo-
nent of SDS is PESDSP():S‘“’. Differentiating this Lagrang-
ian with respect to the elements X, we obtain

ALRH(X) )
= F()\ - FVO — SVVXF()O — F()OXSVV + FVVXS()()
JX
+ SOOXFVV — ZM(SVVXSOO + SOOXSVV) 4 e N
(18)
where we have used the relation
JTr(AX
L - AT. (19)
JX

Since X"=-X, the right-hand side of Eq. (18) is antisymmet-
ric. Finally, setting the right-hand side equal to zero and ig-
noring higher-order contributions, we obtain the matrix equa-
tion

FYVXS% — FO°XSYY + S°XF"Y — SVVXF° — 2[L(SVVXSO0
+ S()()XSVV) —F'° _ oY (20)

for the stationary point of the RH energy function.

We note that for each nonredundant solution X=7P(X),
Eq. (20) has redundant solutions X+ Xy, where Xy contains
only redundant elements, that is, P(Xg)=0. Restricting our-
selves to the nonredundant solutions and introducing the no-
tation
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G=F"_ FVO, (2 1)
H(w) =F" -F* - uS (22)

for the RH gradient and level-shifted Hessian, we may write
these matrix equations more compactly as

H()XS + SXH(u) = -G, (23)

where it is assumed that X is a pure matrix in the sense that
X=P(X). These equations are solved iteratively, in a manner
to be discussed shortly, so as to minimize the RH energy [Eq.
(14)] subject to the constraint [D(X)—D||g=&. In passing, we
note that the RH Newton equations [Eq. (23)] may be viewed
as a special case of the generalized Lyapunov equation of
control theory AXB+BXA=Q, where X is (anti)symmetric
for (anti)symmetric Q.

C. Vectorization transformation of the Roothaan-Hall
Newton equations

In discussing the solution of the RH Newton matrix
equations [Eq. (23)], it is instructive to rewrite it in a differ-
ent form. For this purpose, we introduce the vec operator,
which vectorizes a matrix by stacking its columns, for ex-
ample,

ap

ap dap a)
vec( = . (24)

s dxp ap

an

For three arbitrary, conformable matrices A, B, and C, we
note the relationship

vec(ABC) = (CT ® A)vec B. (25)

Applying the vec operator to both sides of Eq. (23), we ar-
rive at the RH Newton linear equations

H(uw)vee X =—vec G, (26)

with a level-shifted Hessian matrix given by

H(u)=H(u) ® S+S @ H(w). 27)

The Newton matrix equations [Eq. (23)] for X are thus
equivalent to the Newton linear equations for vec X. We em-
phasize, however, that in practice the more compact matrix
form [Eq. (23)] is used rather than the linear equations [Eq.

(26)].

D. The transformed preconditioned conjugate-gradient
method

For large dimensions, linear equations such as Eq. (26)
are typically solved iteratively using the conjugate-gradient
(CG) method, the convergence depending critically on the
condition number of the level-shifted Hessian «[7(u)],
where «(A) is the condition number of A. To accelerate con-
vergence, the preconditioned CG (PCG) method is used, re-
placing the linear equations [Eq. (26)] by the preconditioned
equations
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W‘“}-t(,u)vecf(:—W'1 vec G, (28)

where WV is a symmetric, positive-definite matrix that ap-
proximates () but is easy to invert. We can now solve the
linear equations more quickly with the CG method provided
that il W'"H(u)]<«[H(n)]. A disadvantage of this ap-
proach is that WM (w) is, in general, neither symmetric
nor positive definite, even for symmetric and positive-
definite VW and H(u). To avoid this problem, we factorize
the preconditioner

w=V"Vy, (29)

where the positive-definite matrix V may or may not be
symmetric. Inserting Eq. (29) into Eq. (28) and rearranging,
we obtain the similarity-transformed linear equation

IVTH(wWV ' TV vecX]=- VT vec G, (30)

which constitutes the basis for the transformed PCG method.

Returning to the matrix equations [Eq. (23)], we write
the preconditioner factor V in Eq. (29) as a Kronecker prod-
uct

V=VeV (31)
and we find

VTA@B)V'=A,®B,, (32)

VvecA=vecAY, (33)

VTvecA=vecAy, (34)

where we have used Eq. (25) and introduced the notation
Ay=VTAV, (35)
AV=VAV". (36)

We may therefore write the preconditioned RH Newton ma-
trix equations as

Hy(w)X"Sy +SyX Hy(1) = - Gy, (37)
where

Gy=F) -Fy, (38)

Hy(u) =Fy' —Fy — uSy. (39)

The application of the transformed PCG method for the
Newton equations is thus equivalent to carrying out similar-
ity transformations of the Fock/KS and overlap matrices with
V-1, Our task now is to identify a useful preconditioner V.

E. Choice of preconditioner

For large values of the level-shift parameter w, the ma-
trix Newton equations [Eq. (37)] take the form uSyX'Sy
=Gy, suggesting that a suitable preconditioner V is obtained
by factorizing the (positive-definite) overlap matrix
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S=V'vy, (40)

since then Sy=I in Eq. (37). Such a factorization may be
accomplished in infinitely many ways, for example, by intro-
ducing a Cholesky factorization’’ (Vi) or the Lowdin
decomposition38 (V,, also called the principal square root)

VC=U, (41)

V=52, 42)

where U is an upper triangular nonsingular matrix and where
S'2 is a positive-definite symmetric matrix. With these pre-
conditioners, the RH Newton equations [Eq. (37)] take the
form

Hy(wX"+X Hy(w) =- Gy, S=V'V, (43)
where
Hy(w) =FY - F - ul. (44)

These matrix equations, which are a special case of the con-
tinuous Lyapunov equation AX+XAT=Q, are equivalent to
the following Newton linear equations:

Hy(w)veec XV == vec Gy, (45)

Hy(pw) =Hy(p) @ I+1® Hy(u), (46)

which are the orthonormal counterpart of Eq. (26). A further
improvement is possible by extracting the diagonal part of
the similarity-transformed RH Hessian:

Vi =diag([Hy(w) ]} 7. [Hy (w15, ... )V, 47

which is trivially set up, requiring only the extraction of the
diagonal elements of the Hessian

[(Hvlapap=[FV = FV oo+ [FV - FYlge— 2, (48)

where we have assumed an orthonormal basis.

The Cholesky and symmetric (square-root) precondition-
ers are equivalent in the sense that they yield the same con-
dition number k[ W' (u)]. Indeed, since the structures of
F and S are broadly similar (with similar eigenvalues), these
preconditioners typically reduce the condition number by
several orders of magnitude, greatly improving CG conver-
gence and reducing the overall computational effort. In pass-
ing, we note that, in any orthonormalized AO basis, the con-
dition number of the RH Newton equations is the same as the
condition number in the canonical orbital basis, to which it is
related by an (condition-number conserving) orthonormal
transformation.

An advantage of the Lowdin preconditioner over the
Cholesky preconditioner is that it is often more diagonally
dominant, as we shall see in some of the examples in Sec.
III. Moreover, among all possible orthogonal bases, the Low-
din basis is the one that most closely resembles the original
(local) AO basis, ensuring that locality is preserved to the
greatest possible extent.'® A possible misgiving about the
Lowdin preconditioner is the practicality of generating S'’2
and S~'2 in linear time. However, in Ref. 17, we demonstrate
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that S¥2 and S™2 can always be calculated at linear cost, in
an iterative manner. Unless otherwise specified, we use the
Lowdin basis in our calculations.

We conclude this section by noting that the use of an
orthonormal Lowdin or Cholesky AO basis also simplifies
the evaluation of the matrix exponential [Eq. (8)] to

exp(X) = E Xf (49)

n=0 1

However, this series converges rapidly only for small X. To
accelerate convergence for large arguments, we can use the
relation

exp(X) = [exp2*X) T, (50)

where on the right-hand side X is scaled by some suitably
small parameter 27% such that the Frobenius norm of X is
small enough for Eq. (49) to be rapidly convergent. In this
way, the transformed density matrix can be evaluated in
about ten matrix multiplications, regardless of the magnitude
of X. Furthermore, since X is antisymmetric, exp(—X) is
given by [exp(X)]".

F. The level-shifted Newton equations in the canonical
molecular-orbital basis

To gain insight into the convergence of the PCG algo-
rithm and, in particular, to understand how the level-shift
parameter should be chosen, it is instructive to express Eq.
(37) in the unoptimized canonical molecular-orbital (MO)
basis. In this basis, the Fock/KS matrix has diagonal
occupied-occupied and virtual-virtual blocks with the
pseudo-orbital energies €p on the diagonal, whereas the
occupied-virtual and virtual-occupied blocks are nonzero.
The level-shifted Hessian elements are then given by (using
indices A, B, C, and D for virtual MOs and 1, J, K, and L for
occupied MOs)

H /() = Spp0y(€a— €= 1), (51)
and the virtual-occupied elements of Eq. (37) become
(€4~ €= wWXar=Far, (52)

where X, is the solution vector in the canonical MO basis.
The step-length function

F2
DUEDY A

a1 (=€~ #)2 3)

has k+1 branches, where k is the number of eigenvalues
€,— ¢ of the (unshifted) Hessian (see Fig. 1). The function is
positive for all u with asymptotes at the eigenvalues. For
w<min(e,—¢;), the RH energy is lowered to both first and
second orders.** In the trust-region formalism, the step
length is taken to be the stationary point that corresponds to
the minimum on the boundary of the trust region. The sta-
tionary point is therefore given by the intersection marked by
a cross in Fig. 1.

In the canonical MO basis, the Hessian is diagonal and
the solution to the level-shifted Newton equations is trivial.
In the AO basis, by contrast, the Hessian is not diagonal and



114110-6 Salek et al.

3.0 T

2.5 F

2.0

15 : .

L0 Fn ;

s S AN,
1 " 1 NN NN

0.0
-10 -5 0 5 10

X1l

FIG. 1. The step length in Eq. (52) as a function of the level-shift parameter.
The asymptotes indicated by vertical dashed lines occur at the eigenvalues
of the Hessian for the RH energy. The trust region (/) is marked by the
horizontal dotted line. The crossing between the dotted line and the step
length function marked with a cross represents the chosen level shift.

the equations must be solved iteratively. The PCG conver-
gence is then critically dependent on the judicious choice of
preconditioner.

G. The level-shifted Newton equation as an eigenvalue
problem

The solution to the level-shifted Newton equations [Eq.
(45)] may alternatively be found by solving the eigenvalue
problem™

1 1
A(a) (~ > = /L(~ ) (54)
X X

where we have introduced the short-hand notation

X=vecX, (55)
gv=vec Gy, (56)
and where the dimension of the augmented Hessian
0 agz,
Ala) = ( (57)
agy Hy(0)

is one larger than that of the Hessian 7y (u). To see that the
solution of Eq. (54) determines the solution to the level-
shifted Newton equations, we write the second component of
Eq. (54) as

Hy(0)X + agy = uX, (58)
or equivalently,
Hy(wa'%=-gy. (59)

Thus, the solution to the Newton equations [Eq. (45)] with
the level-shift parameter w is given by a'X, where (1,%)7 is
the eigenvector that belongs to the eigenvalue u of the
augmented-Hessian eigenvalue problem [Eq. (54)]. Since the
dimension of the augmented Hessian A(«) in Eq. (57) is one
larger than that of F{y(u), the Hylleraas-Undheim theorem™
predicts that the lowest eigenvalue of A(a) is lower than the
lowest eigenvalue of Hy(w). Therefore, by selecting the
lowest eigenvalue of Eq. (54), we generate a step in the
left-hand branch of Fig. 1. Moreover, by adjusting « so that
o '%|P~h?, we generate a step to the minimum on the
boundary of the trust region with trust radius 4.
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The augmented-Hessian eigenvalue problem [Eq. (54)]
may be solved iteratively, updating « in the course of the
iterations to give a step of length 4. Assume that, during the
iterative procedure, we have obtained a set of n+1 trial vec-

tors
1 0 0 0
WMo G)- ()

where the b;=vec B; are orthonormal

b/b;=Tr(BB) = &, (61)
and where b, is the normalized gradient vector

b =lgvll'gv. (62)

The augmented-Hessian eigenvalue problem [Eq. (54)] for
the lowest eigenvalue may be set up in the basis of the n
+1 trial vectors

A (i“im ) - MR(iRta) ) ’ ()
where

Ajy(@) =0, (64)

Afj(@) = Af(a) = abgy = dfgy]. (65)

Af(@) = Afi(a) =0 (i>1), (66)

Aj(@) =bja;, (67)

and o; is the linearly transformed vector
a;=Hy(0)b;. (68)

The first component in the reduced eigenvalue problem [Eq.
(63)] spans the augmented dimension and is normalized to 1
according to Eq. (54). The solution to the level-shifted New-
ton equations [Eq. (45)] with u=uR is given by a'%R ex-
panded in the basis of the trial vectors. By adjusting a so as
to satisfy

llo %[> = 1, (69)

we obtain a step of length /4 in the reduced space. When the
lowest eigenvalue of Eq. (54) is determined iteratively, we
may straightforwardly adjust « until it satisfies Eq. (69).
Storing AR(1) with a=1, we obtain AR(a) for a#1 by a
simple scaling of AN (1) and A%, (1) according to Eq. (65).

To solve the augmented-Hessian eigenvalue problem, we
may use the Davidson algorithm.43 When the lowest eigen-
value is determined in the reduced space, & may be dynami-
cally updated. In this manner, the minimum on the boundary
of the trust region may be determined in the same number of
iterations as required for solving the eigenvalue equation
with a fixed a parameter.

To determine the lowest eigenvalue of the augmented
Hessian efficiently, a good initial guess is required. However,
since the augmented Hessian is not strongly diagonally
dominant, such a guess is usually not readily available. In
practice, therefore, we use the augmented-Hessian eigen-
value equation only to update «, so as to ensure that the level
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shift is in the proper interval and of the correct size. The
improved trial vectors are themselves obtained by solving
the level-shifted Newton equations in the same reduced
space {b;,b,,...,b,} as for the eigenvalue equation but with
an updated level-shift parameter. Essentially, we perform a
sequence of PCG iterations, dynamically updating the level-
shift parameter in the subspace generated by the PCG itera-
tions.

In the PCG minimization, we first determine a solution
with the step-size constraint |XV[=0.6, where |[XV]| is the
Frobenius norm. Next, the subspace generated during this
minimization is utilized as the starting point for a subsequent
minimization, now with the step-size constraint X¥3X=O.35,
where XY, is the largest component of XV. Unlike the con-
straint on ||X"], the constraint on XY, _is size-intensive. The
algorithm is not sensitive to the choice of the |XV| param-
eter, whereas XY should be chosen carefully. We have

max
found [[XV[=0.6 and X\, =0.35 to be suitable parameters.

The first level shift is obtained by solving the
augmented-Hessian ~ eigenvalue problem in a two-
dimensional subspace, corresponding to a reduced space
containing only one trial vector, namely, the normalized gra-
dient in Eq. (62). The PCG iterations are terminated when
the level shift has converged and when the residual has been
reduced by a factor of 100 relative to the residual in the
two-dimensional reduced space.

The RH SCF iterations are continued until the gradient
norm ||gy| is smaller than some preset threshold. However,
just like [XV||, the norm ||gy]| is an extensive property. Indeed
for two noninteracting, identical systems, the total squared
norm is equal to twice the norm of each subsystem:

lg**IP = 2 (617 + X (¢7) = g + g™ (70)

i

A size-intensive requirement on the SCF convergence is thus
to use the gradient norm divided by the square root of the
number of electrons [g"||/VN.

H. Diagonalization of the level-shifted Fock/KS matrix
by Newton’s method

The minimum of the RH energy subject to the step-size
constraint [Eq. (15)] may alternatively be determined by us-
ing the MO coefficients as variational parameters. In this
parametrization, the density matrix may be expressed as

D(X) = C,..C! (71)

oce?
where the coefficients of the occupied MOs C, satisfy the
orthonormality constraint

Cr SC,.=1. (72)

occ'

Imposing this orthonormality constraint simultaneously with
the step-size constraint [Eq. (15)] on the energy ERY, we
obtain the Lagrangian

LRY(C,.) = TITFD(X)] - u{2N - 2 TI{DSD(X)S] - &}
—Tr MCESCoec - I). (73)

Differentiation of this Lagrangian with respect to the MO
coefficients gives
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(F = uSDS)C () = SCoc(p) (1), (74)

where N(u) is chosen to be diagonal [€(u)] since the energy
is invariant with respect to rotations among the occupied
MOs. The density matrix for the new RH iteration becomes

D (1) = Cooe i) Coe( ). (75)

where C,..(u) are the eigenvectors of the generalized eigen-
value problem [Eq. (74)] with the level-shifted Fock/KS ma-
trix F—uSDS.

In the local part of the RH SCF optimization, where
=0 and X is small, the solution of the Newton matrix equa-
tions [Eq. (23)] and the diagonalization of the Fock matrix
[Eq. (74)] give essentially the same step and the same den-
sity matrix. To first order in X, the solution of the Newton
equations then corresponds to a diagonalization of the
Fock/KS matrix. By contrast, in the global part of the RH
SCF optimization, where X is larger, the steps obtained by
diagonalizing the Fock/KS matrix [Eq. (74)] and by solving
the Newton equations [Eq. (23)] differ.

In our implementation, the Newton step is always taken
in the local region, where u=0. In the global region, each
SCF iteration begins by solving the Newton eigenvalue
equation [Eq. (54)] to determine the level-shift parameter
Mmax DY requiring that the largest step-length component is
equal to Xx,dx. The minimization of

Eﬁ'm{ﬂx =Tr(F - e SDS)D(X) (76)

is represented by the solution of the Fock/KS eigenvalue
equation [Eq. (74)] with p= .« The solution of the level-
shifted Newton equations with level-shift parameter g,
then represents a first-order diagonalization of the level-
shifted Fock/KS matrix in Eq. (74), whereas the full minimi-
zation of Ei:“ requires a complete diagonalization and may
be accomplisfled by a sequence of level-shifted Newton it-
erations with w= .. In practice, a partial rather than exact
minimization of EiH’ is sufficient in the global region. Thus,
in our implementatilga, no more than one or two level-shifted
Newton iterations [Eq. (23)] with =g,y are taken since,
after two iterations, the Newton steps have become so small
that they no longer affect the global SCF convergence. In-
deed, our standard procedure is to take only one level-shifted
Newton step although we also report some calculations
where two level-shifted Newton steps are taken at each SCF
iteration.

I. Evaluation of the Coulomb contribution

The Coulomb contributions to the Fock/KS matrix and
the energy are given by

Jap=(ablp), (77)

J=1(plp), (78)

in terms of the one-electron density
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p(r) = 2 X (1) x4(X)Dey. (79) > (alw|B)eg= (alwlp) + N(a), (83)
cd B

In density ﬁtting,’”’45 the computational cost is significantly

reduced by evaluating these contributions as

Jup=(ablp), (80)

T=(plp) - 33lp) = - 5(p—Blp—P) (81)

from an approximate density p expanded in an atom-centered
auxiliary basis:

B(r) =X &,(r)c,. (82)

We determine the ¢, by minimizing the fitting error (p
—plw|p—p) with metric w subject to the charge-conserving
constraint [p(r)dr=N,, leading to the linear equation

where the one-center overlaps are given by (a)=[§&,(r)dr,
and with

_ Ne=Zug(@)alwlB) (Blo)
Zsla)(alwlB)(B)

From Eq. (81), we see that the fitted Coulomb repulsion
energy is always lower than the regular repulsion energy. The
smallest fitting error is obtained by an unconstrained mini-
mization A=0 in the Coulomb metric w=r7, in Eq. (83). The
use of constraints or of a non-Coulomb metric increases the
error, lowering the Coulomb energy.

With density fitting, large speedups are observed, but
scaling becomes a problem for large systems—the inversion
[Eq. (83)] scales cubically in time, whereas the memory re-
quirements for the («|B) matrix scale quadratically. To
achieve linear scaling, there are two main strategies. One is
to fit the density in a metric different from the long-range
Coulomb metric, so that (ajw|B) of Eq. (83) becomes

(84)
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spa.rse.“s’47 Alternatively, the density is partitioned into lo-
calized parts, which are fitted separately.“’50 We use an ap-
proach similar to that of Ref. 48. The system is divided into
localized parts i using the density paﬂitioningSI of Yang and
Lee

p(r) = 2 p(r) = 2 X xu(r)x,(r)D 0, (85)
i i ab

where x b—l for both @ and b in i, x b—1/2 for either a or b
in i, and x( =0 otherwise. With this decomposition, some of
the overlap distributions belonging to subsystem i may in
fact be centered outside this subsystem (by the Gaussian
product rule), but these decay exponentially with the square
of the separation between the two Gaussian functions.

Each subsystem density p*) is fitted using auxiliary func-
tions located within an extended subsystem i, comprising the
original subsystem i padded with a buffer zone &; around the
subsystem

> (@)= E<a|cd D) -\ (). (86)

Bei+d;

The multipliers are given by

0" =Sapcins(@)(alp)” (Blp(‘))
A= (87)
Eaﬁewﬁ(a)(aLB
with the subsystem charge
o= f p()dr =2 8,,D ). (88)
ab

The cost of solving Eq. (86) depends on the size of the sub-
system rather than on the size of the full system. Given that
the number of subsystems increases linearly with system
size, the full density is fitted in linear time. In our calcula-
tions, the total system is put in a rectangular box, which is
recursively bisected until no subbox contains more than 5000
auxiliary basis functions. In the fitting, a buffer zone of width
5 Bohr is used. In the applications presented here, we used
the optimized basis set developed by Eichkorn et al’>> with
no charge constraints imposed on the fitted density.

lll. SAMPLE CALCULATIONS

In the HF and KS calculations reported here, we use the
LS-TRSCF method, combining the LS-TRRH algorithm for
the RH iterations of Sec. II B with the TRDSM algorithm for
density averaging [implemented in a local version of DALTON



114110-10  Salek et al.

J. Chem. Phys. 126, 114110 (2007)

10000 T T T T T T

Energy error / Hartree
)
<2

T

0.0001

1e-08

T T
Rh complex —+—

Cd complex ---x---

Water, stretched ---:
Polysaccharide -
Polyalanine, 99 units — -

1e-08 L
0

FIG. 4. The error in the energy in B3LYP KS LS-

1e+08 T T T T T T

10000

100

0.01

Energy error / Hartree

0.0001

1e-06

ﬁk oorr\p\e;il —_—

Cd complex ---x---

Water, stretched ---#:
Polysaccharide - g
Polyalanine, 99 units —-m-—

TRSCF (top) and SCF/DIIS (bottom) optimizations.

1e-08
0

Iterations

(Ref. 54)]. First, in Sec. IIl A, we compare the LS-TRSCF
scheme with the traditional SCF/DIIS scheme. Next, in Sec.
III B, we examine the CG solution of the RH Newton equa-
tions [Eq. (45)]. Finally, in Sec. Il C, we consider the cost of
the LS-TRRH optimization, demonstrating that linear scaling
may be obtained within this framework.

A. Convergence of the LS-TRSCF method

To compare the LS-TRSCF and SCF/DIIS methods, we
use the following five molecules which represent a variety of
bonding situations: the water molecule in the d-aug-pVTZ
basis with the bonds stretched to twice their equilibrium
value; the rhodium complex of Ref. 19, with the STO-3G
basis for rhodium and the Ahlrichs VDZ basis for the other
atoms;55 the cadmium-imidazole complex of Ref. 18 in the
3-21G basis; a 438-atom polysaccharide in the 6-31G basis;
and a 992-atom polypeptide of 99 alanine residues in the
6-31G basis. For all systems, we have carried out calcula-
tions at the HF and KS levels of theory, using the local
density approximation (LDA) and B3LYP functionals. As

initial guesses for the optimization, we used the one-electron
core Hamiltonian for water and for the metal complexes,
while the Hiickel model was used for the large polysaccha-
ride and polypeptide molecules. Unless otherwise indicated,
only one Newton step is taken in each TRRH iteration. In the
DIIS and TRDSM density-averaging steps, a maximum of
eight density matrices and Fock/KS matrices are used. In
Figs. 2, 3, and 4, we have plotted the error in the energy (on
a logarithmic scale) at each SCF iteration for the HF model,
the LDA model, and the B3LYP model, respectively.

In the LS-TRSCF calculations, we observe a smooth
convergence to an error of 107 a.u. in 10-30 iterations. The
only exceptions are the the KS rhodium calculations, where a
significant energy lowering is observed in the first few itera-
tions, followed by a large number of iterations with no ap-
parent progress, in particular, for the LDA functional. Even-
tually, the local region is reached and fast convergence is
established. In Fig. 3, we have also included plots for LDA
calculations that take two Newton steps in each SCF itera-
tion. In general, there is little difference between the one-
and two-step calculations, but a striking improvement is ob-
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TABLE 1. H,O stretched, LDA/d-aug-cc-pVTZ. SCF convergence and
number of microiterations needed to get the new density in the Lowdin and
Cholesky bases, respectively.

Iteration Energy Gradient norm  n; Lowdin n; Cholesky
1 —60.17332947753  17.278 869
2 =71.778 669 28689  12.938 274 10 9
3 —-75.418 45151091 3.170 448 16 15
4 -74.23463983642  11.774 826 22 18
5 —75.549 995 553 04 2.278 892 21 14
6 —75.539701417 42 2.994 470 17 19
7 —75.562 908 067 61 2.070 197 13 17
8 —75.579 986 850 34 0.903 419 16 18
9 —75.583 777493 19 0.093 106 17 21
10 —75.583 817 470 68 0.004 338 18 17
11 —75.583 817 561 34 0.000 448 14 20
12 —75.583 81756231 0.000 051 18 19
13 —75.583 81756233 0.000 008 13 18

served for the rhodium complex. This improvement is not yet
understood (it may be accidental), and we continue to use
one Newton iteration as the default in our optimizations.

A comparison of the SCF/DIIS plots with the LS-TRSCF
plots in Figs. 2—4 clearly reveals the poorer SCF/DIIS per-
formance, in particular, for the KS calculations. However,
some differences are also observed in the HF calculations—
unlike the LS-TRSCF method, the SCF/DIIS method di-
verges for the rhodium complex and performs erratically in
the global part of the polyalanine optimization. In general,
we note that the SCF/DIIS and LS-TRSCF differences are
largest in the global region, where the SCF/DIIS scheme
suffers from the fact that it is not based on the principles of
energy minimization and step-size control, sometimes lead-
ing to an erratic behavior. In the local region, size constraints
become irrelevant, since both methods use the quasi-Newton
condition to speed up the local convergence, which becomes
very similar for the two methods.

The SCF/DIIS LDA calculations in Fig. 3 show a strik-
ingly erratic behavior. The cadmium and polyalanine calcu-

J. Chem. Phys. 126, 114110 (2007)

lations both diverge; for the polysaccharide, no convergence
is observed until iteration 25. Surprisingly, the LDA calcula-
tion on the rhodium complex converges, unlike the Hartree-
Fock calculation. Finally, concerning the B3LYP functional
in Fig. 4, we note that the SCF/DIIS polyalanine optimiza-
tion diverges. Interestingly, for the cadmium complex, the
horizontal line that begins at iteration 10 indicates conver-
gence to a stationary point of higher energy than that ob-
tained with the LS-TRSCF algorithm. Indeed, a closer ex-
amination of this stationary point reveals that it is a saddle
point with the lowest Hessian eigenvalue of —0.0147 a.u.
From an inspection of the corresponding LS-TRSCF curve, it
appears that the LS-TRSCF approaches the same saddle
point in iterations 15-20. At iteration 17, however, TRDSM
detects a negative Hessian eigenvalue, and from iteration 20,
convergence is established towards the minimum (lowest
Hessian eigenvalue of 0.0275 a.u.), which is reached in 32
iterations.

B. The solution of the Roothaan-Hall Newton equations

To examine the convergence of the RH Newton equa-
tions, we consider the stretched water molecule of Sec. III A
at the LDA/d-aug-cc-pVTZ level of theory, solving Eq. (45)
in the Cholesky and Lowdin bases with and without the di-
agonal preconditioner [Eq. (48)]. Although small, this ex-
ample is representative of the present calculations. We begin
by noting that the SCF convergence illustrated in Fig. 3 is the
same in the Cholesky and Lowdin bases. In both cases, the
electronic gradient is reduced to less than 10~ a.u. after 13
SCF iterations—see Table I, where we have also listed the
number of PCG iterations required to solve a set of RH New-
ton equations at each SCF iteration. Typically, 10-20 PCG
iterations are needed to solve the Newton equations, with an
average number of 17 iterations needed in the Cholesky basis
and 16 iterations in the Lowdin basis.

To understand better the performance of the CG method
in the Cholesky and Lowdin bases, we have selected for
closer examination one level-shifted SCF iteration in the glo-

TABLE II. Global H,0O LDA/d-aug-cc-pVTZ convergence, second SCF iteration. Convergence of the RH
Newton equations [Eq. (43)] in the Cholesky basis with and without a diagonal preconditioner. The constrained

step-size parameter is marked with an asterisk.

No preconditioner

Diagonal preconditioner

Iteration IR w Xin X IR w Xinax X
1 3.31 -9.51 0.190 0.592" 3.31 -9.51 0.190 0.592"
2 1.09 -11.78 0.174 0.562" 0.34 -11.85 0.163 0.573"
3 0.28 -11.47 0.175 0.590" 0.17 —11.48 0.179 0.592"
4 0.06 -12.23 0.171 0.557" 0.05 -12.23 0.170 0.558"
5 0.02 -11.83 0.176 0.576 0.01 -11.83 0.176 0.576
6 0.13 —-6.68 0315 1.048 0.18 —6.05 0.346" 1.193
7 0.08 -6.48 0.323" 1.091 0.06 —6.42 0.323" 1.104
8 0.06 -6.28 0.332" 1.137 0.03 -6.22 0.336" 1.151
9 0.06 -6.09 0.344" 1.186 0.02 —6.60 0.314" 1.065

10 0.02 -6.46 0.322" 1.096
11 0.02 -6.26 0.334" 1.142
12 0.02 -6.07 0.347" 1.192
13 0.01 —-6.44 0.324" 1.100
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TABLE III. Local H,0O LDA/d-aug-cc-pVTZ convergence, seventh SCF iteration. Convergence of the RH
Newton equations [Eq. (43)] in the Cholesky basis with and without a diagonal preconditioner.

No preconditioner

Diagonal preconditioner

Iteration IR Xinax X1 (IR Xinax Xl
1 0.163 0.014 0.076 0.089 0.006 0.036
2 0.138 0.025 0.132 0.081 0.020 0.103
3 0.138 0.043 0.214 0.049 0.034 0.160
4 0.127 0.053 0.259 0.040 0.041 0.181
5 0.120 0.065 0.309 0.029 0.044 0.194
6 0.090 0.072 0.338 0.023 0.046 0.204
7 0.078 0.080 0.367 0.019 0.047 0.212
8 0.080 0.085 0.384 0.015 0.050 0.217
9 0.047 0.092 0.407 0.015 0.052 0.220

10 0.055 0.096 0.416 0.011 0.055 0.224
11 0.028 0.103 0.430 0.007 0.058 0.226
12 0.040 0.106 0.435 0.007 0.059 0.228
13 0.027 0.111 0.441 0.005 0.060 0.228
14 0.031 0.115 0.447 0.003 0.061 0.229
15 0.020 0.117 0.449 0.002 0.061 0.229
16 0.023 0.121 0.454 0.001 0.061 0.230
17 0.018 0.123 0.455 0.001 0.061 0.230
18 0.019 0.124 0.457
19 0.018 0.126 0.459
20 0.013 0.127 0.461
21 0.019 0.129 0.463
22 0.011 0.130 0.465
23 0.016 0.131 0.466
24 0.009 0.132 0.468
25 0.010 0.133 0.468
26 0.005 0.133 0.469
27 0.007 0.134 0.469
28 0.004 0.134 0.470
29 0.005 0.134 0.470
30 0.003 0.134 0.470
31 0.003 0.134 0.470
32 0.002 0.134 0.470

bal region (iteration 2) and one unshifted SCF iteration in the
local region (iteration 7); see Tables II-V, each of which
contains the following information on each (P)CG iteration
needed for the solution of the RH Newton equations: the
residual |[RIl, the level-shift value u, the largest component
XY and the norm X"l of the current solution vector X".

In the global SCF iteration of Table II, we first solve the
RH Newton equations [Eq. (45)] in the Cholesky basis with
the constraint [IXV]|=0.6 imposed, followed by solution with
the new constraint XY, =0.35. The level shift that gives a
total step length of about 0.6 (uw=-11.8) is quickly estab-
lished, as is subsequently the shift that gives the final step
XV  with the largest component of about 0.35
(u=-6.6). Note how the step size increases as we change the
constraint from IIX VIl to X, .. The reason that we determine a
step of total length 0.6 before attempting a step with the
largest component 0.35 is that it gives a more robust algo-
rithm. In a small subspace, the individual components of XV
may change strongly in the first few iterations, making the
identification of u difficult; after a few iterations where [X"|
is determined to be equal 0.6, the individual components
become more stable and the application of the constraint on

the individual components more straightforward.

The CG iterations are terminated when the residual has
been reduced by a factor of 100 in the |X"|-constrained
search and by a factor of 50 in the anx—constrained search.
The overall SCF convergence is not sensitive to the choice of
these convergence thresholds. At each iteration, only one ma-
trix multiplication is required to carry out the linear transfor-
mation [Eq. (45)]. When using a diagonal preconditioner,
two additional multiplications are needed for projection of
each trial vector, giving a total of three matrix multiplica-
tions in each iteration.

From Table II, we see that the use of a diagonal precon-
ditioner improves the convergence in the global SCF itera-
tion slightly, reducing the number of iterations from 13 to 10.
In the local iteration of the same SCF optimization in Table
111, the preconditioner is even more effective, almost halving
the number of iterations. Clearly, the best strategy for solving
the RH equations is to always apply a diagonal precondi-
tioner, giving a more robust CG algorithm at the modest cost
of a single projection. In passing, we note that the optimiza-
tion in the left-hand column of Table III corresponds to the
curvy-step method of Shao et al. ' where the unshifted New-
ton equations are solved in the Cholesky basis without a
diagonal preconditioner.
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TABLE 1V. Global H,O LDA/d-aug-cc-pVTZ convergence, second SCF iteration. Convergence of the RH
Newton equations [Eq. (43)] in the Lowdin basis with and without a diagonal preconditioner. The constrained
step-size parameter is marked with an asterisk.

No preconditioner Diagonal preconditioner
Iteration IR Iz Xinn X IR w Xinax X

1 331 -9.51 0.198 0.592" 331 -9.51 0.198 0.592"
2 1.09 -11.78 0.188 0.562" 0.49 -11.85 0.189 0.571"
3 0.28 -11.47 0.199 0.590" 0.15 —11.48 0.197 0.593"
4 0.06 -12.23 0.184 0.557" 0.04 -12.23 0.183 0.558"
5 0.02 -11.83 0.190 0.576 0.00 -11.83 0.190 0.576
6 0.13 -6.68 0.324" 1.04 0.16 —6.68 0.325" 1.04
7 0.07 -6.48 0.334" 1.09 0.07 —6.48 0.333" 1.09

8 0.06 -6.28 0.343" 1.13 0.03 —6.28 0.344" 1.13

9 0.03 -6.67 0.326" 1.05 0.02 —6.67 0.325" 1.05
10 0.02 -6.46 0.336" 1.09 0.01 —6.46 0.335" 1.09
11 0.02 -6.26 0.345" 1.14
12 0.01 -6.65 0.326" 1.05

Tables IV and V contain the same information as do slightly faster in the Lowdin basis than in the Cholesky basis.
Tables II and III, respectively, but for the Lowdin rather than In the following, we use the Lowdin basis with a diagonal
Cholesky basis. The convergence is similar to that observed  preconditioner.
in the Cholesky basis. Again, the preconditioned iterations
converge faster—especially in the local SCF iteration, where
we save more than 50% of the CG iterations by precondi- To demonstrate that linear scaling is obtained with the
tioning. Also, in this SCF iteration, the CG convergence is LS-TRSCF algorithm, we here carry out polyalanine peptide

C. Linear scaling using the TRSCF algorithm

TABLE V. Local H,O LDA/d-aug-cc-pVTZ convergence, seventh SCF iteration. Convergence of the RH
Newton equations [Eq. (43)] in the Lowdin basis with and without a diagonal preconditioner.

No preconditioner Diagonal preconditioner
Iteration R X (X R X (X
1 0.0381 0.0012 0.007 0.0331 0.001 0.006
2 0.0279 0.0018 0.011 0.0263 0.003 0.018
3 0.0344 0.0029 0.018 0.0227 0.005 0.032
4 0.0206 0.0036 0.023 0.0172 0.009 0.047
5 0.0316 0.0047 0.029 0.0142 0.011 0.057
6 0.0220 0.0068 0.038 0.0088 0.013 0.063
7 0.0204 0.0079 0.043 0.0064 0.014 0.066
8 0.0175 0.0089 0.047 0.0050 0.015 0.068
9 0.0174 0.0111 0.055 0.0023 0.015 0.068
10 0.0171 0.0122 0.059 0.0018 0.015 0.069
11 0.0120 0.0138 0.065 0.0008 0.015 0.069
12 0.0132 0.0144 0.067 0.0004 0.015 0.069
13 0.0072 0.0150 0.069 0.0003 0.015 0.069
14 0.0102 0.0154 0.071
15 0.0048 0.0159 0.072
16 0.0054 0.0160 0.073
17 0.0032 0.0163 0.074
18 0.0027 0.0164 0.074
19 0.0018 0.0164 0.074
20 0.0018 0.0164 0.074
21 0.0013 0.0164 0.074
22 0.0008 0.0164 0.074
23 0.0009 0.0164 0.074
24 0.0006 0.0164 0.074
25 0.0009 0.0164 0.074
26 0.0003 0.0164 0.074
27 0.0005 0.0164 0.074
28 0.0003 0.0164 0.074
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calculations with up to 119 alanine residues (1192 atoms)
using the HF and B3LYP models in the 6-31G basis. Each
SCF optimization converges as the 99-residue calculations in
Figs. 2 and 4.

In Fig. 5, we have plotted the CPU times spent in the
different parts of the LS-TRSCF algorithm in the Hartree-
Fock/6-31G calculations using sparse-matrix algebra. The
timings are obtained using a single processor on an IBM
RS6000 pSeries 690 (1.3 GHz). Except for the DSM step,
the timings in this and later plots are for the first local SCF
iteration. However, since the time spent in the DSM step
depends on the number of density matrices included in the
density subspace, the DSM timings are always given for an
SCF iteration where the subspace contains the maximum
number of density matrices (eight).

The CPU times for the Coulomb and exchange parts of
the Fock matrix in Fig. 5 both increase linearly with system
size, but with a slight kink as the system increases from 1000
to 1200 atoms. The exchange part is about four times more
expensive than the Coulomb part. The LS-TRRH and
TRDSM optimization steps are dominated by matrix multi-
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1000

plications. The linearity of the LS-TRRH and TRDSM tim-
ings in Fig. 5 therefore indicates that sparsity is exploited
efficiently in the matrix multiplications. The importance of
efficient sparse-matrix algebra is evident in Fig. 6, where we
compare the timings of Fig. 5 with those obtained with
dense-matrix algebra. The different behaviors of sparse-
matrix algebra (linear scaling) and dense-matrix algebra (cu-
bical scaling) are well illustrated. Some fluctuations are ob-
served in these plots since the LS-TRRH and TRDSM steps
both involve iterations, whose number may vary slightly
from system to system. The benefits of sparse-matrix algebra
are first noticed for TRDSM, since each TRDSM step con-
tains more matrix multiplications than does each LS-TRRH
step.

Finally, Fig. 7 shows the CPU timings for B3LYP opti-
mizations with sparse-matrix algebra. This figure differs
from Fig. 5 in that it also contains contributions from the KS
exchange-correlation potential. In these calculations, the
exchange-correlation step is about twice as expensive as the
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FIG. 7. Timings for the first local iteration of B3LYP
calculations on polyalanine peptides. The timings given
are for the Coulomb (Kohn-Sham J), exchange (Kohn-
Sham X), and exchange-correlation (Kohn-Sham XC)
parts of the KS matrix and for the LS-TRRH and
TRDSM parts (sparse-matrix algebra.)

Coulomb step and about half as expensive as the exact-
exchange step. The cost of the exchange-correlation step
clearly scales linearly with system size.

IV. CONCLUSIONS

We have described a linear-scaling implementation of
the trust-region self-consistent field (LS-TRSCF) method. In
the LS-TRSCF method, each iteration consists of a minimi-
zation of the RH energy (equivalent to a minimization of the
sum of the orbital energies in canonical HF theory) to gen-
erate a new AO density matrix in the trust-region RH (LS-
TRRH) step, followed by the determination of an improved
averaged density matrix in the subspace of the current and
previous density matrices using the trust-region density-
subspace minimization (TRDSM) algorithm. A linear-scaling
algorithm is obtained by using iterative methods to solve the
level-shifted Newton equations and by exploiting the sparsity
of the involved matrices.

In the solution of the RH Newton matrix equations, we
have shown that the Lowdin and Cholesky orthonormaliza-
tions yield similar performances, with a slight preference for
the Lowdin orthonormalization since it resembles most
closely the original AO basis set (preserving sparsity to the
largest possible extent) and since it leads to marginally fewer
CG iterations than the Cholesky orthonormalization. We
have, moreover, demonstrated that, in the Lowdin and
Cholesky bases, use of a diagonal preconditioner signifi-
cantly improves convergence, typically reducing the number
of CG iterations by a factor of 2 in the local SCF iterations.
In each LS-TRRH step, a single Newton step is sufficient for
the minimization of the RH energy, although we have ob-
served one case where two Newton steps give (perhaps for-
tuitously) a significantly improved SCF convergence.

‘When comparing LS-TRRH to the curvy-step method of
Shao ez al."” the main differences are the diagonal precondi-
tioning of the CG iterations and the level shifting of the SCF
iterations. Without a diagonal CG preconditioner, the conver-
gence of the level-shifted Newton equations is at best much
slower than the solution of the preconditioned equations; of-

ten, the equations do not converge without preconditioning.
Indeed, the latter is almost always the case for molecules
with an electronic structure more complicated than those of
water clusters or linear alkanes, typically used as test cases.
For robust and fast convergence of the SCF and Newton
iterations, it is essential to choose a level shift that is neither
too small (which will introduce wrong directions and cause
divergence) nor too large (which will cause very slow con-
vergence). An important feature of the LS-TRRH algorithm
is that the optimal level shift is determined dynamically at no
extra cost.

We have demonstrated that the LS-TRSCF method
yields a smooth and robust convergence for small and large
systems, often converging where the traditional SCF/DIIS
scheme fails. For small systems, a TRSCF implementation
based on an explicit diagonalization of the Fock/KS matrix
may be more efficient. However, since the time spent in the
optimization of such systems is insignificant compared with
the time spent constructing the Fock/KS matrix, we recom-
mend the LS-TRSCF method as the standard method for
systems of all sizes.
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Density fitting is an important method for speeding up quantum-chemical calculations.
Linear-scaling developments in Hartree—Fock and density-functional theories have highlighted the
need for linear-scaling density-fitting schemes. In this paper, we present a robust variational
density-fitting scheme that allows for solving the fitting equations in local metrics instead of the
traditional Coulomb metric, as required for linear scaling. Results of fitting four-center two-electron
integrals in the overlap and the attenuated Gaussian damped Coulomb metric are presented, and we
conclude that density fitting can be performed in local metrics at little loss of chemical accuracy. We
further propose to use this theory in linear-scaling density-fitting developments. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2956507]

I. INTRODUCTION

In molecular electronic-structure theory, an essential step
is the evaluation of two-electron integrals over one-electron
basis functions, typically taken to be linear combinations of
atomic orbitals or other local or semilocal basis functions.
Examples of such semilocal basis functions are Gaussian-
type orbitals (GTOs) and Slater-type orbitals (STOs). The
expansion coefficients are found by applying the variation
principle, which ensures that all first-order variations in the
energy with respect to the variations in the density are zero.
Although a finite basis-set expansion may introduce quite
large absolute errors, the variational property leads to high
accuracy in the calculated chemical properties.

In a similar fashion, the product of two such basis func-
tions may again be expanded in one-center auxiliary orbitals.
Such density-fitting or resolution-of-the-identity (RI) ap-
proximations are introduced to speed up calculations involv-
ing four-center two-electron integrals, the traditional bottle-
neck of ab initio and density-functional calculations. In
effect, the evaluation of four-center two-electron integrals is
replaced by the evaluation of two- and three-center two-
electron integrals and the solution of a set of linear equa-
tions. The speed-up resulting from this approach depends on
the system studied and the basis set used; typically, a
speed-up by a factor of 3-30 is observed.! The auxiliary
basis sets introduced for density fitting are about three times
larger than the regular basis set, while the errors introduced
by the auxiliary basis are about two orders of magnitude
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Permanent address: Lundbeck Foundation Center for Theoretical Chemis-
try, Department of Chemistry, University of Arhus, DK-800 Arhus C,
Denmark.
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smaller than the errors introduced by the regular basis. In this
paper, we employ the auxiliary basis sets developed in
Refs. 2 and 3.

The next section gives an introduction to density fitting.
Next, in Sec. III, we present a robust variational scheme for
approximating four-center two-electron integrals in a non-
Coulomb metric, demonstrating how it can be used for the
two-electron Coulomb and exchange contributions appearing
in Hartree-Fock (HF) theory and Kohn-Sham (KS) density-
functional theory. Implementational details are given in
Sec. 1V, whereas results are presented and discussed in
Sec. V. Section VI contains some concluding remarks.

Il. DENSITY FITTING

Density fitting was introduced independently in the Cou-
lomb metric by Whitten” and in the overlap metric by Baer-
ends et al.’ Tn Ref. 4, Whitten established bounds on indi-
vidual integrals, and later Jafri and Whitten® applied density
fitting in self-consistent field (SCF) calculations, where indi-
vidual integrals are either fitted or calculated directly de-
pending on whether the predicted error in the fit is below a
certain threshold or not. In the paper by Baerends et al.)’ the
electron density p(r) is approximated by an expansion in
atom-centered auxiliary basis functions &,(r),

p(r) = 2 Dpxa(r) ()
ab
= 2 Dabﬂab(r) = ﬁ(l’)
ab

N,

aux

= D) c d(r). (1)

© 2008 American Institute of Physics
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Here tilde denotes a density-fitted quantity, the D, are the
matrix elements of the electron density expanded in the
atomic orbitals (AOs) x,(r), Q,(r) is the product (overlap
distribution) between y,(r) and x,(r), and c, are the fitting

coefficients. The fitted density p(r) is used to construct an
approximate Coulomb potential

Vel(ry) =J p(rZ)drz = ‘76(1‘1) =J ﬁ(rZ)dl‘z, ()
T2 12

r

which is in turn used for the construction of the Coulomb
part of the Fock or KS matrix

~ ~ 1
Jap= f Q(r)Ve(r)dr = f Qab(rl)jﬁ(rZ)drldrz- (3)
r

Baerends et al. obtained the fitting coefficients ¢, by mini-
mizing the fitting error

D, ={p~plwlp-p), @)

in the overlap metric, w(r;,r,)=48(r;—r,). We here use the
notation

(fiwlgy = Jf(rl)w(rl7r2)g(r2)dr1dr2- (5)
The fitted density is further constrained to conserve charge,
fp(r)dr:f’p‘(r)dr:N(,, (6)

where N, is the number of electrons, leading to the following
set of linear equations for the fitting coefficients

2 (alw|B)cs= 2 (alwled)D 4+ (@)X, (7
B cd

with the Lagrange multiplier

_ Ne=Supl@)(alB)'Blp)

ARSI ETRERI ®
We use the notation (f|g)=(f|1/rp,|g).

(flg) = J f(rl)ig(rz)drldrz 9
and

(@)= f &a(r)dr. (10)

The density-fitting scheme of Baerends er al. was further
developed by Dunlap et al.,”® who replaced the overlap op-
erator, &(r;—r,), with the Coulomb operator, 1/r,. In these
two papers, Dunlap et al. established that the Coulomb met-
ric is superior to the overlap metric, noting that the error in
the energy is about one order of magnitude smaller in the
Coulomb metric than in the overlap metric.

A. Linear-scaling density fitting

Density fitting offers significant speed-ups for the calcu-
lation of four-center integrals at little loss of accuracy. Re-
cent developments toward large systems have highlighted the
need for a linear-scaling density-fitting scheme. We note that

J. Chem. Phys. 129, 104101 (2008)

the fitting equations [Eq. (7)] in the Coulomb metric cannot
be solved straightforwardly for large systems, as the compu-
tational time scales cubically with system size. In this sec-
tion, we give a brief overview of different linear-scaling
density-fitting schemes presented in the literature. We first
discuss methods based on the spatial partitioning of electron
density; next, we consider methods based on the use of a
local metric.

The partitioning approach has been explored by several
authors; ”'" all of them effectively enforce sparsity of the
solved fitting equations in different ways. In the paper by
Gallant and St-Amant,” the density is partitioned using
Yang’s scheme.'? Each of these densities is fitted separately
by including fitting functions within some predefined vicinity
of the density. The fitted density is further constrained to
preserve charge. The resulting errors are small, but the fitted
density is not variational and the procedure does not provide
a continuous potential energy surface. The same is true for
the method presented by Salek er al. in Ref. 10, although
here the energy is correct to second order.

In the partitioning approach by Fonseca Guerra et al."
the density is partitioned into diatomic densities, generated
by overlaps between basis functions centered on two atoms.
The diatomic densities are fitted in the overlap metric subject
to charge conservation. The resulting energy is neither varia-
tional nor correct to second order. It is worth noting that
STOs are used rather than GTOs and that the fitted density is
used to build an approximate Coulomb potential that is in-
cluded in the numerical evaluation together with the
exchange-correlation contribution.

In the partitioning approach known as local atomic den-
sity fitting (LADF) or atomic resolution of the identity
(ARI), Sodt et al." partition the density into atomic regions
by localizing the individual product overlaps between two
basis functions to one of the two atoms that the basis func-
tions originate from. These atomic densities are fitted indi-
vidually by including fitting functions in some predefined
vicinity of the atom and by introducing a bump function on
the boundary to turn off smoothly which fitting functions to
include. The bump function is important in order for the
potential energy surface to be continuous. By including
first-order Dunlap corrections,” the fitted energy is made
variational.

Of the above partitioning schemes, the LADF scheme
offers the most elegant and balanced way to obtain the fitted
density, although the bump function does represent an arti-
fact. Clearly, in all partitioning schemes, some cutoff scheme
must be adopted. A criticism of these partitioning schemes is
that impact of the fitting error on the calculated energies is
difficult to predict.

We now turn our attention to fitting methods based on
the use of a local metric.>'*" In the approach of Baerends
et al.,” the electron density is fitted in the overlap metric,
giving errors one order of magnitude greater than in the Cou-
lomb metric.” This result was confirmed by Vahtras et al.,"
who compare three different ways of fitting the four-center
integrals in the overlap metric to the corresponding fit in the
Coulomb metric. In the paper by Jung et al.,"” the expansion
coefficients obtained in the Coulomb metric, the overlap
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metric, and the complementary error-function attenuated
metric w(r;,r,)=erfc(wry,)/r, are compared. The attenu-
ated metric bridges the Coulomb and the overlap metrics by
varying the value of the damping parameter w. The coeffi-
cients obtained in the overlap metric decay more or less ex-
ponentially with distance, whereas the coefficients obtained
in the Coulomb metric decay more slowly at long distances.
For a one-dimensional test system studied in that paper, the
fitting coefficients decay as ~r~'?° in the Coulomb metric,
with a faster decay observed for two- and three-dimensional
systems. The authors further provide statistics on atomization
energies for the G2 benchmark set using RI second-order
Mgller—Plesset perturbation theory in the cc-pVDZ basis, re-
porting errors six to seven times larger in the overlap metric
than in the Coulomb metric.

The scheme of Jung et al.” is neither robust nor varia-
tional. In Sec. I D, we present an extended scheme that is
both robust and variational, providing an accurate and reli-
able linear-scaling density-fitting alternative to the LADF
scheme by Sodt et al'

B. Density-fitting exchange

Density fitting was originally introduced to approximate
the full density p(r) and in this way accelerate Coulomb
evaluation. Similar methodology can be used in the exchange
part and is also here termed density-fitting or RI approxima-
tions.

The exact-exchange matrix is given by

K= 2 (aclbd)Doy= 2, (ailbi). (11)
cd i

Subscript i here denotes an occupied molecular orbital (MO)
¢,(r), expanded in AOs with coefficients C;,

#i(1) = 2 Cuxa(r). (12)

The density-matrix elements D,, are related to the MO
coefficients according to

D=2, CoiCly. (13)
- bi

Density fitting of the exact exchange was introduced by
Weigend.2 In this paper, the exchange matrix of Eq. (11) was
approximated as

Kyp=2 2 (acla)(a] )7 (Blbd)D,,

cd ap

= > (acla’)(a'|bd)D,q, (14)
cd ’

@

where the last step constitutes a transformation to an or-
thogonal auxiliary basis

£w(n) =2 (@'|@)72,(r). (15)
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C. Linear-scaling density fitting of exchange

Linear-scaling aspects of density fitting in the evaluation
of exchange contribution were first considered by Polly
et al.'® The fitted exchange matrix,

K= (aila)c, (16)

i

is computed in linear time. This is achieved using localized
orbitals y,(r) and ¢,(r) that interact with auxiliary functions
&,(r) only in some local domain. Localization of the MOs is
achieved through the Pipek—Mezey localization."” The
density-fitted exchange energy,

K=2 2 (ijle)ci, (17
ij «a

is computed without use of local fitting domains. It is argued
that the fitted exchange energy depends sensitively on the
size of the fitting domains, whereas the optimized MO coef-
ficients do not—reported errors are in the microhartree
range. In effect the MOs are not optimized variationally, al-
though the energy is corrected through first order. It should
be noted that the final step of Eq. (17) does not scale linearly
with system size, i.e., without the use of local fitting
domains.

The ARI exchange method (ARI-K) of Sodt et al.'®is an
extension of the LADF or ARI approach of Ref. 1, applied to
the exchange rather than the Coulomb contribution. In this
approach, the product overlaps (),(r) are approximated by
auxiliary basis functions &,(r) in the local domain [A] near
the parent atom of AO y,(r),

Q)= 2 g, (r), (18)
aelA]
with
=2 (B (Blai). (19)
BelA]

As in the LADF scheme, continuity of the potential energy
surface is ensured by the use of individual inverses («| ,B)AT]
associated with the centers A (see Ref. 18 for details). The
exchange matrix of Eq. (11) is further approximated accord-
ing to
- 1 . .
Rp=3Z( 2 cilaoi+ 3 @ilpieg). o)
i \aelA] BelB]
We note that this approach is nonvariational, which is justi-
fied by reporting errors in energies using Eq. (20) that are
typically only twice those of regular density fitting of
exchange.

D. Local robust and variational fitting of four-center
integrals

Let us consider the robust and variational fitting of the
two-electron integrals (ab|cd) in a general metric. We denote
the fitted overlap distributions and their (negative) errors by

{ab|=3 c¢™al, (Aab|=(ab| - {ab], @1)
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ledy=2 ¢§1B),  |Acd) = |cd) - |cd). (22)
B

Following Dunlap,]3 a robust integral fitting is given by
(abled) = (ablcd) + (abled) ~ (abled)
= (ab|cd) - (Aab|Acd), (23)
which is manifestly quadratic in the fitting errors. The fitting

coefficients c‘;h are obtained by minimizing the self-
interaction energy of the fitting errors,

vea = (Aablw|Acd), (24)

in a metric w, possibly different from the Coulomb metric,
leading to the linear equations

(Aab|w|By=0, (alw]|Acd)=0. (25)

These equations are sparse when local metric and basis func-
tions are used, allowing for an iterative solution in time pro-
portional to system size. To make the integral [Eq. (23)]
variational in the fitting coefficients, we use Lagrange’s
method of undetermined multipliers, treating Eq. (25) as
constraints on the integral. Multiplying these constraints by
E‘C”b and E};‘I and adding the resulting expressions to Eq. (23),
we obtain

(abled) = (abled) + (abled) - (ablcd) - (ablw|Acd)
—(Aablw|cd), (26)
in the notation

(ab| =2 a

. ledy=2318). 7
B

Differentiating Eq. (26) with respect to the fitting coefficients
and setting the result equal to zero, we obtain the following
linear equations for the multipliers:

(ab|w|B) = (Aab|B), (alwlcd) = (a]Acd), (28)

that must be solved to make the integrals variational in all
parameters. Because of Eq. (25), these terms do not make a
contribution to the unperturbed integrals [Eq. (26)]. How-
ever, they do become important for the calculation of mo-
lecular properties, as discussed in Sec. III, where we consider
the linear-scaling evaluation of the two-electron contribu-
tions to molecular gradients.

Ill. LOCAL FITTING OF COULOMB AND EXACT
EXCHANGE

The variational fitting of four-center integrals [Eq. (26)]
can be applied to all ab initio methods. We here establish
explicit expressions for this approach applied to the two-
electron Coulomb and exact-exchange contributions in HF
and KS theories. The developed theory allows for linear
scaling robust variational density fitting of these two contri-
butions in local metrics. We further show how this theory
applies to molecular properties.

A. Coulomb energy and the Coulomb matrix

In the notation

J. Chem. Phys. 129, 104101 (2008)
|p) = X Dyslab), (29)
ab
the Coulomb repulsion energy is given by
1 1
=52 Dylabled)Dq= > (plp). (30)
2abcd 2

To obtain the corresponding expression with fitted integrals,
we replace the integrals (ab|cd) by (ab|cd) of Eq. (26) and
obtain

~ 1 ~ 1

J=5 2 Daylabled)D.g=(p|p) = S (71P) = (plwlAp),
abed

(31)
where |Ap)=|p)—|p) and

‘ﬁ>=2Dah%=E Ca‘a>s CQ=E ngbDab’ (32)
ab @ ab

)= 2 Dalab) =X e @), Eu=2eDy.  (33)
ab a ab

In Eq. (31), the last term vanishes by Eq. (25) but it is re-
tained to obtain a variational expression for the fitted two-
electron Coulomb repulsion energy, which is important for
the calculation of, for example, molecular gradients.

The Fock/KS matrix is the first derivative of the HF/KS
energy with respect to the density matrix elements. There-
fore, the two-electron Coulomb contribution to the Fock/KS
matrix, the Coulomb matrix, is given by

Jup= 11D, = (ablp). (34)

We get the fitted Coulomb matrix by differentiation of the
approximate Coulomb repulsion energy of Eq. (31) or simply
by replacing the four-center integrals of Eq. (34) with the
approximate integrals [Eq. (26)], giving

Tup= 071D, = (ab|p) + (abp) - (ab]p), (35)

where we have omitted the w terms, which do not contribute.
The fitted Coulomb matrix can be calculated in linear time
by standard direct integral evaluation routines, using
Cauchy—Schwarz screening and the continuous fast multiple
method (see, for example, Ref. 19 and references therein). A
linear-scaling implementation also requires that the coeffi-
cients cg” are determined as accurately as possible, with a
resource usage proportional to system size, as can be
achieved by solving Eq. (25) in a local metric.

B. Exchange energy and exchange contribution
to Fock/KS matrix

We now turn our attention to exchange. The exchange
energy is given as
1 1 oce
K =22 Dyfaclbd)D o= >3 (ilif). (36)
abced 2 ij
where i and j denote the occupied MOs. Proceeding as for
the Coulomb energy, we obtain
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1 ~
= 2 Dyylaclbd)D,
2 abed

K=
1
=2 2 26T - T - 24 wlaip], (37)

where we have introduced |Aij)y=]ij)=]ijy and

p=2clla), =23 c%C,Cy). (38)
«@ ab

i) =2 clla), &l=28"C,Ch (39)
@ ab

As for the Coulomb energy [Eq. (31)], the last term in
Eq. (37) is zero but is retained since it contributes to gradi-
ents. The exchange matrix is the derivative of the exchange
energy [Eq. (36)] with respect to the density-matrix elements
Dab’

occ

Ko, = dKI3D = >, (aclbd)D 4= >, (ailbi). (40)
cd i

In the same manner as for the Coulomb energy, we obtain the

density-fitted expressions for the exchange energy and
matrix,

K, = dKIdD,,

= (a’CF’/d)Dm/
cd
= > [(ailbi) + {@lbi) - @ilbi)], (41)

where the notation for [aiy and [ai) is analogous to that of
Egs. (38) and (39). When the fitting coefficients c’;" are ob-
tained in the Coulomb metric, the last two terms vanish to
give the expression of the fitted exchange matrix of Polly
et al.'® given by Eq. (16).

The density-matrix elements couple basis functions on
the two electrons. This coupling, together with screening, is
exploited for insulators in the order-N exchangezo and in the
linear-scaling exchangezl (LinK) algorithms to achieve linear
scaling with system size in Eq. (40). An alternative approach
is to use localized molecular orbitals (LMOs) (see Ref. 22
and references therein). Linear scaling then follows by using
these LMOs and Cauchy—Schwarz screening since, provided
that the AOs x, and Y, are sufficiently far away from each
other, a given LMO will not overlap with both AOs. To see
this, we apply the Cauchy—Schwarz inequality twice,

|(ailbi)| < (ai]ai)V (bi]bi)
< {2 \CC,-N(ac\ac)][z |Ct‘i|\c“‘(bc|bc)}, (42)

where we have used

J. Chem. Phys. 129, 104101 (2008)
(ailai) = > C,,Cylaclad)
cd
= Ed |CullCal\(aclac)\(ad|ad)
o
= [2 |cc;|v“mr, (43)
¢

and so on.

For insulators, linear-scaling density-fitted exchange-
matrix construction can be achieved in a local metric by
following the same arguments as for the regular exchange
matrix and by pretabulating which three-center Coulomb re-
pulsion integrals (ab|a) [or (ai|@)] to calculate. First, we
note that, in a local metric, the number of fitting coefficients
cfx" scales linearly with system size, as auxiliary basis func-
tions &,(r) sufficiently far away from the product overlaps
Q,,(r) do not contribute to the fitted product overlap
Q,(r)."” Second, since D,, couple basis functions on two
different electrons, y,(r;) and y,(r,), we can neglect all in-
tegrals (ac|bd) where the density-matrix elements become
sufficiently small for example, using Cauchy-Schwarz
screening

[(ac|bd)D 4| < (aclac)\(bd|bd)|D.4. (44)

Therefore, the fitted integrals (ac|bd) of (ac|bd) need only
be calculated whenever

V(aclac)V(bd|bd)|D 4| = e, (45)

for a given threshold e. For insulators, the density-matrix
elements decrease in magnitude with increasing distance,
which means, for instance, that (,.(r;) only interact with
Q,,(r,) provided that y.(r;) and y,(r,) are within some fi-
nite distance of each other. As a result, y,(r;) and x,(r,)
must also be close to each other. The same argument applies
to the fitting functions since £,(r,), included in {,,(r,), have
a limited extent from the center of (),,(r,), from which
Q,,4(r,) originates. The combined effects of locality in the
density matrix and locality in the fit imply that the number of
contributing three-center integrals (ac| a) scales linearly with
system size. The same argument holds for the two-center
integrals appearing in the last term of Eq. (41).

C. Contributions to gradient

To conclude this section, we make a note on how to
achieve linear scaling for the exchange contribution when
calculating properties (such as the molecular gradient) that
involve explicit differentiation of the four-center integrals
(ac\bd). Let 7 denote some variable, for example, a nuclear
coordinate. Differentiation of the fitted exchange energy of
Eq. (37) with respect to n gives

dK . . _
e 2 DI+ 2 DK+ 2 DK, (46)
7 ab ab ab

with
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Initialization
Non-Coulombic metric w
Construct Gy, = /(abjwlab) and Gy =

Normalize {£,} in metric w (i.e. division with G¥)

(afwla)

1
Construct {a|w]8) and decompose to (a|w\,8)i§
Construct (ablwla) > GGy = Gy
Orthogonalize the auxiliary basis according to d;b: (ablw|e/) =

Coulombic metric

Construct Ggp= +/(ablab) and Gq = v/(ala)

Yo (ablwla) (awla’) ™2
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Construct {abler) > GGy
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j({b 3 @y

Fitted exchange matriz Ky

Compute intermediate .féb =

Construct Jy, =

FIG. 1. Outline of the algorithm employed for fitting
the Coulomb and exchange matrices in local metrics.

Construct Cholesky MO’s by Cholesky decomposition of density matrix, Dyp = 37 LasLy;

MO half-transform according to L‘::, = Zbc‘gﬁLﬁ ,and (aile’) = 34 Ly, (ablo’)

Build intermediate R{{b = Zm,(ai]a’)cb",

Build intermediate Kgg: chb+ > ar(bl\a )

i
- T |8

Finalize fitted exchange matrix Kqy= Jrord b

dD,,
o= dn (47)

and

cd

k=3 ( S (achpcy+ 2 cz:(aﬂlAbd))Dm, (48)
and the term including the Lagrangian multipliers

Kn=> (E NT(a?w|Abd) + <a|WHAbd}ﬂ>]>Dm-

cd \ «a

(49)

In the last two equations the superscript 7 denotes differen-
tiation with respect to 7, so that, for example,

déu(ry)

{a"|w|Abd) = f = w(ry, 1) (Qy(r3)

- ﬁbd(rz))dr,drz. (50)

Linear scaling of the two first terms of Eq. (46) follows the
same arguments as for the undifferentiated case, whereas
linear scaling of the third term requires insertion of the
expression for the Lagrangian multipliers of Eq. (28),

k=3 (Z (Aacla)(afw|B)™[(B7Iw|Abd)

cd \ aB

+(ﬁ|W|{Abd}”>])Dm~ (51)

Linear scaling can be achieved by letting the inverse
(alw|B)~' matrix work to the right rather than the left—
thereby bypassing explicitly solving for the Lagrangian
multipliers.

IV. IMPLEMENTATION DETAILS

Figure 1 outlines the algorithm employed in this paper
for the construction of the fitted Coulomb and exchange ma-
trices following Egs. (35) and (41), respectively. To condi-
tion the linear set of equations optimally, we orthonormalize
the auxiliary basis functions—that is, we normalize in metric
w using g%=1/(a/w|a) and orthogonalize by multiplication of
the inverse square root of the auxiliary two-center integrals
v,

Vi g={alw|B). (52)

The inverse square root (V**)™? is obtained with the scheme
presented in Ref. 23. In the orthogonal basis &,
=3 Elalw|a’y1?, we thus have



104101-7 Density fitting of four-center two-electron integrals

Vo g ={'|W|B")
=2 (a'|wlay X alw|BX Blw] B') 1
afB

=0y pr- (53)

The three center integrals are calculated using Cauchy—
Schwarz screening,

Kalwlab)| < gu8%- (54)

with

g =Gl (55)
More specifically, we only calculate the three-center integrals
(alw|ab) if g,,= /g% for a given threshold 7. Furthermore,
the three-center integrals are packed in triangular form to
exploit the symmetry of the integrals {a|w|ab)=(a|w|ba). We
do not, in the current implementation, exploit the sparsity
obtained in a local metric, although, in Sec. V, we report this
sparsity for a selected system.

In the orthogonal basis, the fitting coefficients of
Eq. (25) reduce to the three-center integrals,

c‘:f= a'|wlab). (56)
The construction of the fitted Coulomb and exchange matri-
ces, given by Egs. (35) and (41), respectively, follows
straightforwardly by contracting the fitting coefficients with
the three-center integrals (@' |ab) and (a’|B’). However, to

speed up the construction of the fitted exchange matrix, we
first MO half-transform both the fitting coefficients,

i b
Cl:y = E CZrLb,w (57)
b
and the three-center Coulomb repulsion integrals,

(aila’) = 2 (abla’)Ly;, (58)
b

using the localized Cholesky MO coefficients L,; obtained by
the incomplete Cholesky decomposition of the density
matrix,22

Fo(YRpg)
Y(2mexp(= YRpo)

W(7.Rpg) = ~
PO Fo(yR2) = VoF(yoR3,)

J. Chem. Phys. 129, 104101 (2008)

Dy =2 LuiLy;. (59)

A. Integral evaluation

In this subsection, we provide a brief overview on how
we evaluate the molecular integrals in the different metrics
w(r|,r;) used to determine the fitting coefficients of
Eq. (25). Several general integration schemes are available in
literature (see, for instance, Ref. 24). The current implemen-
tation is part of a development version of DALTON, in which
the McMurchie-Davidson scheme forms the basis for inte-
gral evaluation.”> In the McMurchie—Davidson scheme, the
product overlap distribution between two (spherical-
harmonic) basis functions is expanded in Hermite Gaussian
primitives A?, (r), according to

2
UV PP

ab AP P
Qab(r) = % EtuvAtuv(r)’ Aruv(r) = W’

(60)
with p=a+b, and P=(aA+bB)/p (see Ref. 24 for details).

The two electron integral between two such overlap
distributions is, in metric w(r,,r,), given by

272
{ablw|cd) = “%E E;’,f’v
PINp + q mw

X E (_ 1 ) T+V+(/)E:.—i¢wt+ TJH»V,U+¢( Y- RPQ) 5
TV
(4

(61)

with y=pq/(p+q) and where Rp, refers to the distance be-
tween the two overlap distributions. In this expression, only
the Hermite two-electron integral,

I W(y,Rpp)
W, , (7, Rpp) = ———r—ro) 62
(7 Rg) PP GP (62

depends on the metric w(r;,r,) with, for example,

for w(r,,r,) =1/rp,
for w(r),ry) = &(r; —ry)

for w(r,r,) = erfc(wry)/r,

(63)

KFO(KnyJQ)exp(— KwR?,Q) for w(r,,ry) = exp(— wriy)/ry.

Here 8=w?/(y+w0), k=v/(y+w), Fy(x) is the zeroth order
Boys function, and w is the attenuation parameter. The
Hermite two-electron integral W, , (v, Rp() can be found by
reccurence.”*® Note that for both the attenuated Coulomb
metrics of Eq. (63), the complementary error-function
Coulomb metric erfc(wry)/ry,, and the Gaussian damped

Coulomb metric exp(-wr?,)/ry,, we retain the Coulomb in-
tegrals in the limit w— 0, whereas in the limit w — %, we get
scaled overlap integrals (with prefactors 7/’ and 27/ w,
respectively). Also note that the auxiliary basis functions
used for density fitting may, similarly to the expansion of the
overlap distributions Eq. (60), be expanded in Hermite
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FIG. 2. Average value and standard deviations for the fitting errors in
Coulomb 8J, exchange 8K, and total energy SE as computed for the bench-
mark molecule set as a function of varying attenuation strength w. The
basis-set combination cc-pVTZ(df-pVTZ) was used. Errors are computed
per nonhydrogen atom, and results were obtained using the Gaussian
damped Coulomb metric exp(—wr?,)/ry,. Maximal and minimal deviations
are marked with bars.

Gaussians. Therefore, the arguments given in this subsection
also apply to two-electron integrals involving auxiliary basis
functions. Finally note that to speed up the integral evalua-
tion, we use Hermite instead of Cartesian primitive functions
for the auxiliary basis functions according to Ref. 27.

V. RESULTS AND DISCUSSION

To assess the presented method with respect to accuracy,
we shall now examine the errors introduced in the calculated
energies, atomization energies, and reaction enthalpies for a
set of test systems. We demonstrate that local density fitting
can be applied to molecular energies, at little cost of accu-
racy. We also take a look at energy differences, presenting
results for both atomization energies and reaction enthalpies.
The errors in energy differences are more sensitive than the
errors in molecular energies when making the transition from
Coulomb to overlap density fitting. Although the density-
fitting errors are still small, compared to, for example, orbital
basis-set errors, the somewhat larger errors for energy differ-
ences may constitute a criticism of the presented method. We
therefore discuss these issues in greater detail. We finally
make a note on computation performance as well as on the
sparsity for different screening thresholds.

A. Molecular errors

Figures 2 and 3 display the effect of attenuation on
Coulomb, exchange, and total energies at different levels of
attenuation w. Results are for the benchmark set of Ref. 28 at
the B3LYP/cc-pVTZ(df-pVTZ) and B3LYP/6-31G(df-def2)

J. Chem. Phys. 129, 104101 (2008)
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FIG. 3. Average value and standard deviations for the fitting errors in
Coulomb &J, exchange 8K, and total energy SE as computed for the bench-
mark molecule set as a function of varying attenuation strength w. The
basis-set combination 6-31G(df-def2) was used. Errors are computed per
nonhydrogen atom, and results were obtained using the Gaussian damped
Coulomb metric exp(—wry,)/r,. Maximal and minimal deviations are
marked with bars.

levels of theory. The auxiliary basis sets used for density
fitting are given in parentheses; df-pVTZ is the triple-zeta
valence plus polarization basis set of Ref. 2 and df-def2 is
the standard “RI-JK auxiliary basis set” of Ref. 3. Mean
errors in the Coulomb 8J, exchange K, and total energies
SE for the full benchmark set are plotted together with the
corresponding standard deviations, maximum errors, and
minimum errors. The plots were obtained using the Gaussian
damped Coulomb metric exp(—wri,)/ry,. The limit of a
small o corresponds to Coulomb fitting, while a large attenu-
ation factor w approaches overlap fitting. Concerning the
choice of a local metric, we note that the performance of the
Gaussian and error-function damping is similar with respect
to size of the errors. Since Gaussian damping gives rise to
more sparsity, it is recommended over error-function damp-
ing for large systems.
Inserting Eq. (23) into Egs. (31) and (37), we obtain

J=J+8]=J-3(Ap|Ap), (64)

~ 1

K=K+ ok=K- 3 (AijlAij), (65)
ij

and conclude that the density-fitting errors in the Coulomb
and exchange energies are both negative. The sign of the
total fitting error SE=6J— 6K therefore depends on the rela-
tion between the Coulomb &/ and the exchange JK errors.
In the B3LYP calculations examined here, the density-
fitting error in the Coulomb contribution is larger than the
error in the exchange contribution. In Hartree—Fock calcula-
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FIG. 4. Total density-fitting error 6E obtained for hydrogen, carbon, nitro-
gen, oxygen, and chlorine atoms at B3LYP density-functional level as a
function of Gaussian attenuation strength w. Top panel displays the fitting
error obtained for 6-31G(df-def2) basis-set combination—bottom panel for
cc-pVTZ(df-pVTZ) combination. Error for hydrogen and 6-31G(df-def2)
combination was scaled down five times.

tions, where the contribution from exact exchange is five
times larger than in the B3LYP calculations, the exchange
error is two to three times larger than the Coulomb error.
Since the Coulomb and exchange errors are both negative,
the total error is never larger than the error in one of the
contributions. As seen from Figs. 2 and 3, attenuation in-
creases the molecular fitting errors but never by more than
50%. Since the fitting errors are much smaller than the basis-
set error, we conclude that attenuated local fitting can be
used instead of Coulomb fitting, in molecular calculations,
without adversely affecting the resulting total energies.

B. Atomic errors

In this section we address both atomic and atomization
density-fitting energies. These two quantities are more sensi-
tive than molecular energies to the transition from Coulomb
to overlap density fitting. We attribute this to an auxiliary
basis-set superposition error.

In Fig. 4, we have plotted the density-fitting error as a

J. Chem. Phys. 129, 104101 (2008)

TABLE 1. Errors in atomization energies (uhartree) arising from Coulomb
and overlap density fitting for N, and CO at the B3LYP/cc-pVTZ(df-pVTZ)
level of theory, with and without use of the CP correction. The calculations
have been carried out at the experimental bond distances of 109.768 pm for
N, and 112.8323 pm for CO.

Coulomb Overlap
Molecule No CP Cp No CP Cp
N, 21 20 46 26
co 22 20 52 1

function of attenuation parameter w for the atoms in the
benchmark set.”® Clearly, the atomic calculations behave dif-
ferently from the molecular ones. In the atomic calculations,
the transition from the Coulomb to the overlap metric in-
creases the fitting error by up to a factor of 8. Moreover, the
atomic errors do not increase monotonically as we approach
the overlap metric. Instead, the largest fitting error occurs for
some intermediate value of w. Clearly, the attenuation error
depends strongly on the auxiliary basis set.

In molecules, auxiliary basis functions on neighboring
atoms help to lower the fitting error. These additional func-
tions are unavailable in atomic calculations, giving an unbal-
anced description of atomic and molecular systems and an
associated basis-set superposition error (BSSE) in the ener-
gies. The BSSE can, at least to some extent, be corrected for
by application of the counterpoise (CP) correction of Ref. 29.

In the case of density fitting such a BSSE effect would
be prominent due to limited flexibility of the auxiliary basis
set. To examine the BSSE associated with the auxiliary basis
set, we have applied the CP correction to atomization-energy
calculations on N, and CO. The results in Table I show that
auxiliary BSSE is more prominent in the overlap metric than
in the Coulomb metric. In the Coulomb metric, the CP cor-
rection has little effect on the atomization energies, whereas
overlap  density-fitting errors are reduced from
46 to 26 whartrees for N, and from 52 to 1 uhartree for CO.
Clearly, the latter value is an example of a fortuitous cancel-
lation of errors.

20 T T T T

10

SE [uH]

Ny

N
N (+ghost fitting) H

FIG. 5. Variation of the total density-fitting error SE
with the attenuation parameter w for the N, molecule
and the N atom at B3LYP/cc-pVTZ(df-pVTZ) level of
4 theory. The experimental bond length of 109.768 pm
was used for N,. Results were obtained using the
Gaussian damped metric exp(-wr3,)/ry,. The atomic
calculations labeled “ghost fitting” involve regular (or-
bital) basis functions for one of the atoms and auxiliary
1 basis functions at the positions of both atoms.
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FIG. 6. Variation of the total density-fitting error 6E
with the attenuation parameter o for the CO molecule
and the C and O atoms at B3LYP/cc-pVTZ(df-pVTZ)
level of theory. The experimental bond length of
112.8323 pm was used for CO. Results were obtained
using the Gaussian damped metric exp(-wr,)/ . The
atomic calculations labeled “ghost fitting” involve regu-
lar (orbital) basis functions for the atom in question and
1 auxiliary basis functions at the positions of both atoms.

40}
50} cQ ]
C (+ghost fitting) -
6 O (+ghost fitting) i ; i
0.001 0.01 0.1 1 10 100 1000 10000

attenuation parameter

Figures 5 and 6 show the B3LYP/cc-pVTZ(df-pVTZ)
density-fitting errors at different levels of attenuation for the
two molecules, as well as atomic energies calculated with
and without ghost fitting functions at the positions of the
bonding partners. The atomic fitting errors are reduced sub-
stantially once the flexibility of the auxiliary basis set is en-
hanced. In particular, for the oxygen atom, the ratio between
the overlap and Coulomb density-fitting errors is reduced
from 7.7 to 2.7 when the ghost fitting functions are included.
Moreover, with ghost functions in the atomic calculations,
the dependency of the fitting errors of the attenuation param-
eter is less pronounced, as seen from the reduced slope of the
corresponding curves in Figs. 5 and 6.

In summary, the BSSE is more pronounced in the attenu-
ated and overlap metrics than in the Coulomb metric. How-
ever, we note that the auxiliary basis set used in this inves-
tigation were optimized with respect to density fitting in the

100000

Coulomb metric. The use of auxiliary basis sets optimized in
the overlap metric may reduce the BSSE. However, even
with the standard auxiliary basis sets used here, the density-
fitting error is small compared with the orbital basis-set error.

C. Reaction energies

From a chemical point of view, relative energies are
more important than total energies. To obtain reliable reac-
tion energies for a given method, the errors of products and
reactants must be balanced. We tested our approach on 11
reaction energies (A-K) at the B3LYP/6-31G(df-def2) level
of theory (see Table II). The test set includes isomerization
reactions (A—C), bond-breaking reactions leading to closed-
shell species (D-G), and bond-breaking reactions leading to
open-shell species (H-K). The geometries for all species

TABLE II. Densit-fitting errors SE (uhartree) of reaction energies for reactions A-K in the overlap and
Coulomb metris. Also listed are the sum of the density-fitting error of the reactants JE,.,. and of the products
OE oq- Calculations were carried out at the B3LYP/6-31G(df-def2) level of theory.

OF OF reac SE prod

Over. Coul. Over. Coul. Over. Coul.
A: C,Hy, (1) —CpLH,, (2) 66 17 268 -144 202 -127
B: Cp,H,, (1) —CH,, 3) 13 25 268 -144 254  -119
C: (CH;);CC(CH,); —n—CgHyg -33 -21 113 -103  -146 -124
D: n—C¢H,4+4 CH, 5 C,H, 37 3 287  -199 250  -195
E: n—CgH,5+6 CH, —7 CH,g 59 5 410 280  -350 273
F: adamantane —3 C,Hy+2 C,H, -90 -8 -132 -117 222 -125
G: bicyclo[2.2.2]octane  —3 C,H,+C,H, -63 -8 -133  -101  -195  -109
H: CH;OCH, —CH;0+CH, 29* & —101° —59¢ -72¢ =55
I: CH;0CH,CH, —CH;0+CH,CH, 18* & 140 70! -87°  —66
J: CH;0CH(CH,), —CH;0+CH(CH;), 22* & 1210 83 —99° 78"
K: CH;0C(CHj); —CH;0+C(CH;); 34* 10°  -135° 95 —100° -85

“SE using cc-pVTZ(df-pVTZ) for H, L, J, K: 18, 17, 0.4, and -6, respectively.

°SE using cc-pVTZ(df-pVTZ) for H, 1, J, K: =3, -0.4, 3, and 4, respectively.
“OE eqe using cc-pVTZ(df-pVTZ) for H, I, J, K: =61, =72, =71, and -71, respectively.
48E ey using cc-pVTZ(df-pVTZ) for H, 1, J, K: =31, =39, —47, and —53, respectively.
OE roq using cc-pVTZ(df-pVTZ) for H, 1, J, K: =43, =54, =71, and 77, respectively.
'($Epmd using cc-pVTZ(df-pVTZ) for H, 1, J, K: =34, =39, —44, and —49, respectively.
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FIG. 7. Structures of three different isomers of C;,H5: 1, 2, and 3.

were taken from Ref. 30. Figure 7 shows the three isomers
1-3 of C|,H, considered in reactions A and B.

The absolute values of the overlap density-fitting errors
of the reaction energies are between 13 and 90 uhartrees, to
be compared with the Coulomb density-fitting errors be-
tween 3 and 25 phartrees. Moreover, the fitting errors in
reaction energies are typically one order of magnitude
smaller than the total fitting errors of the products and reac-
tants. A comparison of the fitting errors in the overlap and
Coulomb metric reveals that both approaches differ less for
isomerization reactions than for bond-breaking reactions, as
expected from the interpretation that the fitting error in the
overlap metric suffers from BSSE. A reduction in the abso-
lute value of the fitting error is observed when switching
from the small 6-31G(df-def2) to the large cc-pVTZ(df-
pVTZ) basis set. The very small overlap fitting errors for
reaction I (0.4 uhartree) and the Coulomb fitting error for
reaction J (—0.4 phartree) at B3LYP/cc-pVTZ(df-pVTZ)
level of theory arise from error cancellation.

To test for auxiliary BSSE, we corrected the interaction
energies of H, I, and K at the B3LYP/cc-pVTZ(df-pVTZ)
level of theory by applying the CP correction. Interaction
energies are defined as the difference between a molecular
energy and the sum of the fragment energies with the frag-
ments at the same geometries as in the molecule. Interaction
energies thus differ from reaction energies in that the frag-
ment geometries are not relaxed.

For reactions H and I, the fitting errors in the overlap
metric of the resulting CP-corrected interaction energies are
reduced from 18 to 0.6 uhartree and from 17 to
—2 phartree, respectively. By contrast, for reaction K, the
fitting error increases slightly in magnitude, from 11 to
—14 phartree, when the CP correction is included. Thus,
when density fitting is performed in the overlap metric, the
auxiliary BSSE clearly influences the quality of reaction en-
ergies, in agreement with the discussion of the atomization
energies. We stress that specifically tuned auxiliary basis sets
are expected to reduce the effect of BSSE. Even with the
auxiliary basis sets used here, the absolute error in the reac-
tion energies because of density fitting in the overlap metric
does not exceed 90 whartrees.

TABLE III. Timings for a complete HF/cc-pVTZ(df-pVTZ) calculation of
the naphthalene molecule. The calculation converged in 14 SCF iterations.

Coulomb  exchange
Method Initialization (s) (sfiter) (s/iter)
J-engine+LinK 408 1394
Coulomb and exchange fitting 269 12 33.1

J. Chem. Phys. 129, 104101 (2008)

TABLE IV. Sparsity of fitting integrals in the overlap and Coulomb metrics
at different thresholds 7 for the acene-5 molecule of Ref. 28 in the
cc-pVTZ(df-pVTZ) basis. Also listed is the ratio between the sparsities of
the overlap and Coulomb integrals. The prime on the auxiliary basis-set
index denote an orthogonal basis.

Integral =100 =107% =10"°
(«|p) 52% 52% 47%
(aP) 16% 14% 1%
Ratio (aB)/(a|B) 0.31 0.27 0.23
(ab|a) 26% 21% 15%
(aba) 7.5% 5.4% 3.2%
c=(abB)(Ba)! 25% 20% 13%
Ratio {(aba)/(ab|a) 0.29 0.25 0.22
Ratio ¢/ (ab|a) 0.95 0.93 0.86
(ab|a’) 26% 21% 15%
¢ =(aba’) 21% 14% 6.4%
Ratio {(aba')/(ab|a') 0.80 0.64 0.42

D. Timings and sparsity

The purpose of this paper is mainly to show that it is
possible to perform density fitting in local metrics rather than
than in nonlocal Coulomb metric. However, to illustrate that
this method is indeed practicable; we present some timings
and sparsity results.

As is well known, the application of integral fitting to
the calculation of Coulomb and exchange matrices provides
a dramatic speed-up of the calculations. Table III contains
timings for a B3LYP/cc-pVTZ(df-pVTZ) calculation on
naphthalene, with and without density fitting, using a devel-
opment version of DALTON 2! The calculation was carried out
on a 2200 MHz SUN X2200 AMD Opteron machine, and the
code was compiled with ifort 9.0 linked with mkl-libraries
(version 8.1). For both Coulomb and exchange matrices, the
evaluation is accelerated by almost a factor of 30. The ini-
tialization step of 269 s consists of the following main con-
tributions: three-center integral evaluation (ab|a) (89 s), cal-
culation of the inverse square root («|B)™%° (12s), and
transformation to the orthonormal basis (164 s). The remain-
ing 5 s consists of calculating gl=/(a|a), g,=\(ab|ab),
and, after renormalization of the auxiliary basis, the (af\ﬁ)
integrals.

Table IV lists the sparsity of two- and three-center inte-
grals for acene (n=5) of Ref. 28, in the Coulomb and the
overlap metrics. Sparsity is listed at different screening
thresholds (7). Also listed are the ratios between the number
of integrals in the overlap and Coulomb metrics. The num-
bers of significant two- and three-center integrals are reduced
by a factor of 3—4 in the overlap metric compared to the
Coulomb metric. The fitting coefficients ¢’ as obtained in
the overlap metric show only a slow onset of sparsity in the
nonorthogonal auxiliary basis, reducing the number of sig-
nificant fitting coefficients in the overlap metric by 5%—-14%,
for thresholds in range of 107'°—107° hartree. In the orthogo-
nal basis, the sparsity in the fitting coefficients c‘;'f is main-
tained, reducing the number of significant fitting coefficients
by 20%—-58%.
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VI. CONCLUSIONS AND OUTLOOK

In this paper, we have studied the variational density-
fitting technique for the calculation of Coulomb and ex-
change matrices, with emphasis on the locality of the fitting
metric. Such local metrics yield a sparse linear set of equa-
tions for the fitting coefficients, allowing for their determi-
nation in time proportional to the system size. We have
shown that local metrics can be chosen such that the accu-
racy of the calculation does not suffer as demonstrated by
our test implementation. In the derivation of the formulas,
we have paid special attention to aspects of density fitting
relevant for property calculations (variation principle, etc.).
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Abstract: A linear scaling implementation of the trust-region self-consistent field (LS-
TRSCF) method for the Hartree-Fock and Kohn-Sham calculations is described. The con-
vergence of the method is smooth and robust and of equal quality for small and large sys-
tems. The LS-TRSCF calculations converge in several cases where conventional DIIS cal-
culations diverge. The LS-TRSCF method may be recommended as the standard method
for both small and large molecular systems.

Keywords: Linear scaling SCF, Hartree-Fock optimization, Kohn-Sham optimization,
trust-region method
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1 Introduction

In Hartree-Fock (HF) and Kohn-Sham (KS) density functional theory (DFT), the electronic energy
FEgscr is minimized with respect to the density matrix of a single-determinantal wave function. In its
original formulation, the minimization was carried out using the self-consistent field (SCF) method
consisting of a sequence of Roothaan-Hall iterations. At each iteration, the Fock/KS matrix F is
constructed from the current atomic-orbital (AO) density matrix D; next, the Fock/KS matrix is
diagonalized and finally an improved AO density matrix is determined from the molecular orbitals
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(MOs) obtained by this diagonalization. Unfortunately, this simple SCF scheme converges only in
simple cases.

To improve upon the convergence, the optimization is modified by constructing the Fock/KS
matrix not directly from the AO density matrix of the last iteration, but rather from an averaged
density matrix, obtained as a linear combination of the density matrices of the current and previous
iterations. Typically, the averaged density matrix is obtained using the DIIS method of Pulay [1],
by minimizing the norm of the linear combination of the gradients. The SCF/DIIS method has
been implemented in most electronic-structure programs and has been successfully used to obtain
optimized HF /KS energies. However, in some cases the DIIS procedure fails to converge.

During the last decade, much effort has been directed towards developing linear scaling SCF
methods. In particular, the computational scaling for the evaluation of the Fock/KS matrix has
been successfully reduced by use of the fast multipole method (FMM) for the Coulomb contribution
[2]-]6], the order-N exchange (ONX) method and the linear exchange K (LinK) method for the
exact (Hartree-Fock) exchange contribution [7]-[12], and efficient numerical quadrature methods
for the exchange-correlation (XC) contribution [13]-[15]. Our SCF code uses FMM combined with
density fitting for the Coulomb contribution, LinK for the exact exchange contribution, and linear-
scaling numerical quadrature for the XC contribution. In the optimization of the SCF energy,
the diagonalization of the Fock/KS matrix, which scales cubically with the system size (N3), may
therefore become the time dominating step for large molecules. In this paper, we discuss how the
SCF method with DIIS may be improved upon by using an algorithm where the diagonalization
of the Fock/KS matrix is avoided in favour of a method of linear complexity.

In the SCF/DIIS method, the minimization of the energy is carried out in two separate steps:
the diagonalization of the Fock/KS matrix and the averaging of the density matrix. In neither step
an energy lowering is enforced on Egcp. It is simply hoped that, at the end of the SCF iterations,
an optimized state is determined. We discuss improvements to both the diagonalization and
the density matrix averaging, where a lowering of the energy Egcr is enforced at each iteration.
For both steps, we construct a local energy model to Egcp with the current density matrix as
the expansion point. At the expansion point, these models have the true gradient, but only an
approximate Hessian. They are therefore valid only in a restricted region about the expansion
point - the trust region. When these local models are used, it is essential that steps are only
generated within the trust region, as otherwise no energy lowering is guaranteed.

Diagonalization may be avoided by recognizing that the density matrix obtained by diagonal-
izing the Fock/KS matrix represents the global minimum of the Roothaan-Hall energy function
ERY = Tr FD (with fixed F) [16, 17]. The diagonalization may therefore be replaced by a mini-
mization of ER’Y. However, since E® is only a crude model of the true energy Fscr, a complete
minimization of E®Y (as obtained for example by diagonalization) may give steps that are too long
to be trusted. When minimizing ERY| we require the steps to be inside the trust region, solving a
set of level shifted Newton equations where the level shift controls the size of the steps. The level
shifted Newton equations may be solved using iterative algorithms where the time-dominating step
is the multiplication of the Hessian by trialvectors. Linear complexity therefore may be obtained by
using sparse matrix algebra. The obtained algorithm will be denoted the linear scaling trust-region
Roothaan-Hall (LS-TRRH) method.

To improve on the DIIS scheme we construct an energy function where the expansion coefficients
of the averaged density matrix are the variational parameters. Carrying out a second-order expan-
sion of this energy, using the quasi-Newton condition and neglecting terms that require evaluation
of new Fock/KS matrices, we arrive at the density subspace minimization (DSM) approximation
to the energy FPSM [18, 19]. At the expansion point, EPSM has the same gradient as Fscp and
a good approximation to the Hessian. Again, trust-region optimization may be used to determine
the optimal expansion coefficients, ensuring also an energy lowering at this step of the iterative
procedure. The obtained algorithm is denoted the trust-region density subspace minimization



Black-box optimization of HF and DF'T 3

(TRDSM) method. Combining the LS-TRRH and TRDSM amethods we obtain the LS-TRSCF
method.

In the next section we describe the LS-TRRH algorithm while in section 3 the TRDSM al-
gorithm is discussed. Section 4 contains numerical results which demonstrate the convergence
of LS-TRSCF calculations and that linear scaling is obtained. The last section contains some
concluding remarks.

2 Optimization of the Roothaan—Hall energy

2.1 Parametrization of the density matrix

Let D be a valid Kohn-Sham density matrix of an N-electron system, which together with the
AO overlap matrix S satisfies the symmetry, trace and idempotency relations:

DT=D (1)
TrDS = N (2)
DSD =D (3)

Introducing the projectors P, and P on the occupied and virtual spaces

P, = DS (4)
P,=1-DS (5)

we may, from the reference density matrix D, generate any other valid density matrix by the
transformation [17, 21, 22]

D(X) = exp [-P(X)S] D exp [SP(X)] (6)
where X is an anti-Hermitian matrix and where
P(X) = P,XPT + P,XPT (7

projects out the redundant occupied-occupied and virtual-virtual components of X.
The density matrix D(X) may be expanded in orders of X as

D(X) =D +[D, P(X)]s + 5 [D, P(X)ls , P(X)]g + - (8)
where we have introduced the S commutator

(A, B], = ASB — BSA 9)

2.2 The Roothaan—Hall Newton equations in the AO basis

In an SCF optimization, the diagonalization of the Fock/KS matrix F is equivalent to the mini-
mization of the Roothaan-Hall energy [17]

ERM(X) = Tr [FD(X))] (10)

in the sense that both approaches yield the same density matrix. Inserting the S-commutator
expansion of the density matrix D(X), we obtain
Tr[FD(X)] = Tr (FD) + Tr (F°X — F*'X)
+ Tr (F°XS"WX — FVWXS°X) 4 - - - (11)
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where we have made repeated use of the idempotency relations P2 = P, and P2 = P, and of
the orthogonality relations P,P, = P,P, = 0 and POTSPV = P:,FSPO = 0 and introduced the
short-hand notation

F** = PIFP, (12)

Note that, whereas the off-diagonal projections F°V and F¥° of F contribute to the terms linear in
X, the diagonal projections F°° and F" contribute to the quadratic terms.

The Roothaan-Hall energy ERH is only a crude model of the true HF /KS energy Fscr, having
the correct gradient but an approximate Hessian at the point of expansion; this can be understood
from the observation that E®H depends linearly on D(X), whereas the true energy Fscr depends
quadratically on D(X). Therefore, a complete minimization of ER®H (as achieved, for example,
by diagonalization of the Fock/KS matrix), may give steps that are too long to be trusted. Such
steps may, for example, increase rather than decrease the total SCF energy. We therefore impose
on the energy minimization the constraint that the new occupied space does not differ appreciably
from the old occupied space. The step must therefore be inside or on the boundary of the trust
region of ERM which we define as a hypersphere with radius i around the density at the current
expansion point. In the S metric norm, the length of the step

IIP(X)[[% = Tr[P(X)SP(X)S] (13)

is thus restricted to h2. To satisfy this constraint, we introduce an undetermined multiplier 1 and
set up the Lagrangian

1
LE(X) = Tr [FD(X)] - H (Tx[P(X)SXS] — 1?) (14)
Expanding this Lagrangian to second order in X using Eq. (11), we obtain
LR(X) = Tr (FD) + Tr (F*°X — F*X)

+ Tr (F°XS"X — FYWXS°X) + 11 | Tr (S°°XS"X) — %fﬂ - (15)

Differentiating this function with respect to the elements of X, we obtain

LX) _ s o g X PSS 4 SUXEY
— p(SVVXS 4 89°XS8YY) + - - - (16)
where we have used the relation
0 Tg(;zX) _ AT (17)

Finally, setting the right-hand side equal to zero and ignoring higher-order contributions, we obtain
the matrix equation

FYWXS9° — F°XSYY + S°°XFYY — SVVXF°°
— (vaxsou + SUOXSVV) — FYo _ Fov (18)

for the stationary points on the trust sphere of the Roothaan—Hall energy function.
Eq. (18) is equivalent to a level shifted set of Newton equations

H-pM)x =G (19)
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where
H=F"®S° _F°®S" 4+ 8°gF" - SV g F°°
M — SVV ® SOO _ SOO ® SVV
G = Vec(F'° — F%)
x = VecX

2.3 The Roothaan—Hall Newton equations in an orthonormal basis

The conditioning number of the level shifted Hessian matrix in Eq. (19) is greatly reduced by
transforming the equation to an orthogonal basis. We consider transformations based on the
factorization of the overlap in the form

s=vTv (24)

Such a factorization may be accomplished in infinitely many ways — for example, by introducing a
Cholesky factor (as employed by Shao et al. [23] in the curvy step method) or the principal square
root
V.=U (25)
V, =82 (26)
where U is an nonsingular upper triangular matrix and where S/2 is a positive-definite symmetric
matrix. In the chosen orthonormal basis, the Roothaan-Hall Newton equations Eq. (18) take the
form
(B — F — puD)XY + XV (Y — B — ul) = FYY — By (27)
where we have introduced the notation
Ay =v-Tav—! (28)
AV =VAVT (29)

and where we have further assumed that XV contains only non-redundant components.
Eq. (27) represents the solution of a level shifted Newton set of linear equations

(Hy — uD)x" = Gy (30)
where
Hy = (FY - FY) I+ 1@ (F{Y - FY) (31)
xV = VecXV (32)
Gy = Vec(Fy? — FYY) (33)

When solving Eq. (30) by the conjugate gradient method, it is advantageous to use a diagonal
preconditioner.

In the global region of an SCF optimization, the boundary of the trust region is represented
by X = k, where X is the largest component of XV and k is 0.35. Unlike || XV||g, X ig
size-intensive.

To ensure that the minimum is determined on the boundary of the trust region, the level shift
must be restricted to the interval —oo < p < €min Where enin is the lowest eigenvalue of the
Hessian Eq. (31). In principle, the lowest Hessian eigenvalue should therefore be determined and
a line search carried out in the interval —oco < i < €yin to find the level shift ;o with X3 = 0.35.
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However, a simpler strategy is obtained by recognizing that the solution of the level shifted Newton
equations can be determined from the eigenvectors of the augmented Hessian eigenvalue equation
[24, 25, 26]. If the solution with the lowest eigenvalue is determined, the level shift is restricted to
the interval —oo < p < €min-

The level shifted Newton equations may be solved using an iterative procedure where the
reduced space Hessians and gradients are set up in each iteration. At each iteration, the augmented
Hessian may therefore also be set up in the subspace at essentially no cost and the lowest eigenvalue
determined. Consequently the level shift may be updated by solving the reduced space augmented
Hessian eigenvalue problem at no extra cost. With the updated level shift, a new Newton iteration
may be carried out and the iterations continued until convergence is obtained with respect to level
shift and the residual of the Newton equations (see Ref. [27]).

When the level shifted Newton equations are solved using iterative algorithms, the time con-
suming step is the linear transformation of the Hessian matrix on trial vectors. Using sparse matrix
algebra, linear scaling may be obtained in these linear transformations.

3 The density subspace minimization (DSM) algorithm

After a sequence of Roothaan—Hall iterations, we have determined a set of density matrices D;
and a corresponding set of Fock/KS matrices F; = F(D;). We now discuss how to make the best
use of the information contained in these matrices.
3.1 Parametrization of the DSM density matrix
Using Dy as the reference density matrix, the improved density matrix may be expressed as a
linear combination of the current and previous density matrices [18, 19]
n
D=Dg+ ) eD;. (34)
i=0

Ideally D should satisfy the symmetry, trace and idempotency conditions Eqgs. (1-3). The symmetry
condition Eq. (1) is trivially satisfied while the trace condition Eq. (2) holds only if

Ccop = — i()i. (35)
i=1

Using ¢; with 1 <i < n as independent parameters the density matrix D may be expressed as

D=Dy+D,, (36)
where we have introduced the notation
n
D, = Z ¢iDio, (37a)
i=1
Djo = D; — Do. (37b)

While D satisfies the symmetry and trace conditions Eqs. (1) and (2), the idempotency condition
Eq. (3) is not fulfilled. A smaller idempotency error may be obtained using the purified density
matrix of McWeeny (20, 28]

D = 3DSD — 2DSDSD. (38)
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Emphasizing that Dy is the reference density matrix, the first-order purified density matrix may
be expressed as _
D =D¢ + D, + Ds. (39)

where we have introduced the idempotency correction

D;=D-D. (40)

3.2 Construction of the DSM energy function

Expanding the energy for the purified averaged density matrix, Eq. (39), around the reference
density matrix Dy, we obtain to second order

~ 1
E(D) = E(Dy) + (D +Dy)" EY + 0 (D, +Dy)" EFY (D + Dy) (41)

To evaluate the terms containing E((Jl) and E((f) , we first recall that the Fock/KS matrix is defined
as

E{" = 2F, (42)
Next we carry out an expansion of Egl) with Dg as expansion point
EY —E" + E (D, - Dy) + O(D; — Dy)* (43)
Neglecting terms of order O(Di - DO)2 we obtain the quasi-Newton condition
E{(?(D; — Do) = 2F; — 2F, = 2F,, (44)
which may be used to obtain
E{'D,; =2F, + O(D?), (45)
where we have generalized the notation Eq. (37a) to the Fock/KS matrix
n
F+ = Z CiFiO (46)
i=1
Using Eq. (42) and Eq. (45) and ignoring the terms quadratic in Ds in Eq. (41) and quadratic in
D in Eq. (45), we then obtain the DSM energy
EPSM(c) = E(Dg) + 2Tr D, Fo 4+ Tr D, F, + 2TrDsFy 4 2 Tr D;F .. (47)

Note that EPSM(c) is expressed solely in terms of the density and Fock/KS matrices of the current
and previous iterations. For a more compact notation, we introduce the weighted Fock/KS matrix

F=Fo+F, =Fo+)» c;Fip (48)
i=1
and find that the DSM energy may be written in the form

EPSM(¢) = E(D) + 2 Tr DsF, (49)
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where the first term is quadratic in the expansion coefficients ¢;
E(D)=EDy) +2TrD Fy+ Tt D,F., (50)
and the second (idempotency correction) term is quartic in these coefficients:
2 Tr DsF = Tr(6DSD — 4DSDSD — 2D)F. (51)

The derivatives of FPSM(c) are straightforwardly obtained by inserting the expansions of F and D,
using the independent parameter representation and the minimization of EPSM(c) may straight-
forwardly be carried out using the trust-region method.

4 Numerical Illustrations

4.1 Convergence of test calculations

We now describe the convergence of test calculations for Hartree-Fock and DFT LDA using the
LS-TRSCF algorithm where the level shifted Newton equations are solved in the basis defined by
the principal square root in Eq. (26). For comparison, the convergence of the standard SCF/DIIS
calculations (diagonalization + DIIS, no level shift) will also be reported. In both DIIS and
TRDSM a maximum of eight densities and Fock/KS matrices are stored.

In Fig. 1 we display the convergence (the difference between the energy of a given iteration and
the converged energy) of Hartree-Fock calculations using LS-TRSCF (left panel) and SCF/DIIS
(right panel) on six molecules representing different types of chemical compounds: 1). Water,
stretched: HoO where the O—H bond is twice its equilibrium value (d-aug-pVTZ basis). 2). Rh
complex: The rhodium complex of Ref. [18] (AhlrichsVDZ basis [29], STO-3G on Rh). 3). Cd
complex: The cadmium-imidazole complex of Ref. [19] (3-21G basis). 4). Zn complex: The
zinc-EDDS complex of Ref. [19] (6-31G basis). 5). Polysaccharide: A polysaccharide containing
438 atoms (6-31G basis). 6). Polyalanine, 24 units: A polypeptide containing 24 alanine residues
(6-31G basis). As initial guess we have used H1 core for molecules 1-3 and Hiickel for molecules
4-6. Smooth convergence to 1078 a.u. is obtained in all LS-TRSCF calculations. Convergence
is obtained in 12-30 iterations. The convergence is very similar for the SCF/DIIS and the LS-
TRSCF calculations except for the rhodium complex, where the SCF/DIIS calculation diverges
while smooth convergence is obtained using the LS-TRSCF algorithm. The local convergence
is very similar for SCF/DIIS and LS-TRSCF reflecting that in both DIIS and DSM, the local
convergence is determined by the fact that the quasi-Newton condition is satisfied [19]. In Fig. 2,
we report calculations similar to those in Fig. 1 but where the Hartree-Fock model is replaced by
LDA. The convergence of the LS-TRSCF Hartree-Fock and LDA calculations is very similar with
the exception of the Rh complex where the LDA calculation has a rather erratic behaviour from
about iteration 20 to 80 after which fast convergence is obtained. The SCF/DIIS LDA calculations
in the left panel in Fig. 2 show a rather erratic convergence behaviour in particular for the Cd
complex and polyalanine where the calculations diverge, and for the polysaccharide calculation
in the initial 25 iterations. The erratic behaviour which in general is observed in the initial
iterations of SCF/DIIS calculations reflects that energy lowering is not an issue in the SCF/DIIS
scheme. Surprisingly, the SCF/DIIS LDA calculation on the rhodium complex converges, while
the corresponding Hartree-Fock calculation diverges.

To sum it up, similar convergence is seen in Hartree-Fock SCF/DIIS and the LS-TRSCF cal-
culations, whereas for LDA, a much more smooth and robust convergence is obtained by using the
LS-TRSCF scheme. Particularly in the initial iterations, a more erratic behaviour is seen with the
SCF/DIIS algorithm. In several cases the LS-TRSCF calculations converge, where the SCF/DIIS
calculations diverge.
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4.2 Linear scaling using the LS-TRSCF algorithm

In this subsection, we will illustrate that linear scaling is obtained using the LS-TRSCF algorithm.
We consider calculations on a polyalanine peptide where we extend the number of alanine residues.
We consider both Hartree-Fock and B3LYP calculations in the 6-31G basis. The largest alanine
peptide contains 119 alanine residues (a total of 1192 atoms). The convergence of the alanines is
similar to the one for the 24 residue peptide given in Figs. 1-2.

In Fig. 3 we have shown the CPU time used in the different parts of the LS-TRSCEF algorithm
for the Hartree-Fock calculations using sparse matrix algebra In all figures, the timings are for the
first iteration in the local region, except for the DSM time, which is dependent on the number of
previous densities. Therefore, the DSM time is always given for iteration 8, where we have the
maximum number of previous densities involved. The timings are given for the evaluation of the
Coulomb (Fock J) and exchange (Fock X) parts of the Fock matrix, respectively, and for the LS-
TRRH step and for the TRDSM step. The curve for the most expensive step — the exchange part of
the Fock matrix — has a bend probably due to an N2 scaling sorting routine. For both the LS-TRRH
and TRDSM steps, the time consuming part consists of matrix multiplications. Both LS-TRRH
and TRDSM scale linearly with system size in the calculations in Fig. 3, showing that sparsity is
efficiently exploited in the matrix multiplications. The benefits from exploiting the sparsity of the

80000

50000

40000

30000

CPU time | seconds

20000

10000

o 200 400 600 800 1000 1200

Figure 3: CPU timings for one iteration of a Hartree-Fock calculation using a 6-31G basis plotted
as a function of the number of atoms in a polyalanine peptide. The considered contributions are
the exchange (X) and Coulomb (J) contributions to Fock matrix in addition to the LS-TRRH and
TRDSM optimization steps where sparse matrix algebra is used.

involved matrices are evident from Fig. 4, where we have plotted the CPU times for the LS-TRRH
and TRDSM steps from Fig. 3 in combination with timings for calculations where the matrix
multiplications involve full (dense) matrices. The timings for full matrix representations increase
with system size in accorcance with cubic scaling, but become linear when sparsity is exploited.
As seen on the figure, the advantage of going to the sparse matrix representation has an earlier
onset for TRDSM than for LS-TRRH, because TRDSM contains more matrix multiplications
than LS-TRRH. Fig. 5 shows the CPU timings for the B3LYP calculations in the sparse matrix
representation. The timings shown are the same as in Fig. 3, with the addition of the timing
for the exchange-correlation (Kohn-Sham XC) contribution. Like the other contributions to the
KS matrix (Coulomb and exchange), the exchange-correlation contribution has reached the linear
scaling regime. In general, the behaviour of the B3LYP curves is similar to the one observed for
the Hartree-Fock curves.
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Figure 4: CPU timings for one iteration of a Hartree-Fock calculation using a 6-31G basis for the

LS-TRRH and TRDSM steps for sparse and dense matrices plotted as a function of the number
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Figure 5: CPU timings for one iteration of a B3LYP calculation using a 6-31G basis plotted as a
function of the number of atoms in a polyalanine peptide. The same contributions as in Fig. 3 are
considered, in addition to the exchange correlation (XC) contribution.
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5 Conclusion

We have described a linear scaling implementation of the trust-region self-consistent field (LS-
TRSCF) method. In the LS-TRSCF method, each iteration consists of a incomplete optimization
of the Roothaan-Hall energy giving a new density matrix (see Section 2.3) followed by the determi-
nation of an improved density matrix in the subspace containing the current and previous density
matrices. A linear scaling algorithm is obtained using iterative methods to solve the level shifted
Newton equations and sparse matrix algebra.

The convergence of the LS-TRSCF method is examined and for comparison the convergence
of conventional SCF/DIIS calculations have been reported. The LS-TRSCF calculations show
smooth and robust convergence, and in several cases the LS-TRSCF calculations converge where
the SCF/DIIS calculations diverge. The convergence of the LS-TRSCF method is in general
equally good for small and large systems. For small systems, a TRSCF implementation based
on an explicit diagonalization of the Fock/KS matrix may be more efficient. However, for small
systems the computational time for optimizing the density matrix is insignificant compared to
the computational time for setting up the Fock/KS matrix. Consequently we recommend using
LS-TRSCF as standard method for calculations on both small and large systems.
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A linear-scaling implementation of Hartree-Fock and Kohn-Sham self-consistent field theories for
the calculation of frequency-dependent molecular response properties and excitation energies is
presented, based on a nonredundant exponential parametrization of the one-electron density matrix
in the atomic-orbital basis, avoiding the use of canonical orbitals. The response equations are solved
iteratively, by an atomic-orbital subspace method equivalent to that of molecular-orbital theory.
Important features of the subspace method are the use of paired trial vectors (to preserve the
algebraic structure of the response equations), a nondiagonal preconditioner (for rapid convergence),
and the generation of good initial guesses (for robust solution). As a result, the performance of the
iterative method is the same as in canonical molecular-orbital theory, with five to ten iterations
needed for convergence. As in traditional direct Hartree-Fock and Kohn-Sham theories, the
calculations are dominated by the construction of the effective Fock/Kohn-Sham matrix, once in
each iteration. Linear complexity is achieved by using sparse-matrix algebra, as illustrated in
calculations of excitation energies and frequency-dependent polarizabilities of polyalanine peptides

containing up to 1400 atoms. © 2007 American Institute of Physics. [DOL: 10.1063/1.2715568]

I. INTRODUCTION

Quantum chemistry has evolved in a spectacular fashion
during the last two decades. Using quantum-chemical meth-
ods, it is nowadays possible to investigate a large number of
molecular properties of increasing complexity, from compu-
tationally simple energy differences such as reaction enthal-
pies to more involved high-order frequency-dependent polar-
izabilities and multiphoton strengths, with control over the
accuracy of the results.” Molecular properties are fundamen-
tal quantities underlying the macroscopic behavior of matter
and their determination constitutes one of the most fruitful
areas of interplay between experiment and theory.2

A difficulty in the application of quantum chemistry to
compute molecular properties is the restriction on the size of
systems that can be treated by current technology. Even with
the recent dramatic improvements in computer technology
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and introduction of Kohn-Sham theory, the routine study of
systems such as myoglobin, containing 150 amino acids, is
still beyond our capabilities. This situation is particularly un-
fortunate in view of the considerable academic and industrial
interest in macromolecules containing thousands of atoms
such as polymers, proteins, enzymes, and nucleic acids.

The bottleneck for quantum-mechanical methods in their
application to large systems is the scaling of the cost—in
other words, the increase of CPU usage with increasing sys-
tem size. Formally, Hartree-Fock and Kohn-Sham self-
consistent field (SCF) methods scale as O(N*), where N re-
fers to the system size. Moreover, wave-function-based
correlated methods typically scale as O(N°) or higher. With
such a steep scaling, advances in computer hardware alone
will never allow us to treat large systems such as myoglobin.
During the last decade, a large effort has been directed to-
wards the development of new algorithms with a better
scaling—see, for instance, Refs. 3-5 and references therein.
The goal is to develop “linear-scaling” methods—that is,
methods where the computational cost scales linearly with
the system size, O(N).

In Hartree-Fock and Kohn-Sham theories, the two major
obstacles for the optimization of the energy have now been
eliminated—namely, the construction of the Fock/Kohn-

© 2007 American Institute of Physics
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Sham (KS) matrix and the generation of a new density ma-
trix from the current Fock/KS matrix, see Ref. 3 for a recent
overview. With these obstacles removed, it has become ap-
propriate to address the problem of calculating molecular
properties at linear cost.

In this paper, we describe a linear-scaling method for the
calculation of molecular properties that may be expressed in
terms of frequency-dependent response functions and their
poles and residues. In particular, we consider properties cal-
culated from the linear response function such as frequency-
dependent polarizabilities, excitation energies, and one-
photon transition moments. Molecular properties that are
expressed in terms of higher-order response functions® can
be obtained by a straightforward extension of the presented
scheme.

In our linear-scaling response implementation, the ex-
pressions for the response functions are derived using a non-
redundant exponential parametrization of the density matrix
in the atomic-orbital (AO) basis. The formal derivation of the
response functions and their residues is given in Refs. 7-9;
for perturbation-dependent basis sets (used to calculate geo-
metrical derivatives with atom-fixed AOs and magnetic prop-
erties with London AOs), the theory is given in Ref. 8. In this
paper, we only discuss computational aspects that exclu-
sively refer to property calculations; the strategy adopted for
linear-scaling energy optimizations is described in Ref. 3.

Since all key computational steps of response theory pre-
sented here consist of multiplications of density, Fock/KS,
and property matrices in the AO basis, matrix sparsity must
be explored to achieve linear scaling. First, the response ei-
genvalue equations and linear sets of equations are solved.
Their solution constitutes the major challenge with respect to
linear scaling. We describe here how this may be achieved
with iterative AO techniques, generalizing the algorithm pre-
viously developed to solve the response equations in the
molecular-orbital (MO) basis at various levels of theory.lo’ll

An important feature of the response solver is that it
maintains the paired structure of the response generalized
Hessian and metric matrices. By adding trial vectors in pairs,
the solver imposes the paired structure of the full-space re-
sponse equations on the reduced-space equations, ensuring
that complex eigenvalues do not arise during their solution.
Furthermore, monotonic convergence is ensured towards the
lowest eigenvalues. Another important feature of our algo-
rithm is that we take over, in the AO basis, the preconditioner
that has been so successfully employed in the MO basis.
However, this preconditioner cannot be applied directly in
the AO basis as the generalized AO Hessian has a large con-
dition number and is not diagonally dominant. Rather, it is
applied in an orthogonalized AO basis such as those defined
by the Cholesky or Lowdin symmetric decomposition of the
overlap matrix. In such a basis, the generalized Hessian be-
comes diagonally dominant and the condition number is sig-
nificantly reduced. For the optimization of Hartree-Fock and
Kohn-Sham energies, the Newton equations have previously
been successfully solved when transformed from the AO ba-
sis to the Lowdin basis® or the Cholesky basis. >

The evaluation of static molecular properties within a
linear-scaling framework has previously been considered by
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Ochsenfeld and Head-Gordon, " adopting a parametrization
of the density matrix where idempotency is taken care of by
replacing the density matrix with its McWeeny-purified
counterpart,14 as suggested by Li er al.” Using this ap-
proach, Ochsenfeld et al. have reported a linear-scaling
implementation of NMR shifts for linear alkanes and pre-
sented results for three-dimensional systems with more than
1000 atoms.'® An alternative strategy for static molecular
properties, based on a purification of the density matrix, has
recently been proposed by Weber et al”’

The remainder of this paper is divided into three main
sections. In Sec. II, we present the theory and implementa-
tion of linear-scaling SCF linear response theory. Section III
contains some numerical examples of calculations of
frequency-dependent polarizabilities and excitation energies.
Finally, Sec. IV contains some concluding remarks.

Il. THEORY

The present section consists of four parts. First, in Sec.
I A, the basic expressions of AO-based linear response
theory are given, in a manner suitable for linear-scaling
implementation. In Sec. II B we discuss the iterative algo-
rithm used for solving the response equations. Finally, in
Secs. I C and II D, respectively, we describe preconditioning
and initial guesses of the iterative algorithm.

A. AO-based SCF linear response theory

In Hartree-Fock and Kohn-Sham theories, response
functions may be efficiently calculated in the AO basis, ex-

pressing the AO density matrix in the exponential
form 182!

D(X) = exp(— XS)D exp(SX), (1)

where S is the AO overlap matrix and X is an anti-Hermitian
matrix that contains the variational parameters, with the re-
dundant parameters projected out:

X =P(X). (2)

We have here introduced the projection operator on a matrix
M,

P(M) = P,MP} + P MP., 3)
where P, and P, are projectors onto the occupied and virtual
orbital spaces, respectively,

P,=DS, 4)

P,=1-DS, Q)
fulfilling the idempotency (Pg:P0 and P%:PV) and orthogo-
nality relations (P,P,=P,P,=0 and PISP,=PISP =0). Us-
ing the above exponential parametrization of the AO density
matrix, the linear response function associated with the time-
independent operators A and B becomes’

(A;B)),, = Ti{AIINB(w)], (6)
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(E® - wSvee NB(w) = — vec BM', (7)

where M(! is the property gradient of the operator M repre-
sented by the AO matrix M’

M('= SDM - MDS = P'M - MP, . (®)

In Eq. (7), the vec operator transforms a matrix M into a
column vector vec M by stacking its columns. Since the lin-
ear equations are solved iteratively, the generalized Hessian
matrix E?! and the metric matrix S!?! are not needed explic-
itly but may instead be defined in terms of their linear trans-
formations of an arbitrary trial vector vecb. Thus, in the
notations

vec E2l(b) = E! vec b, 9)

vee S2I(b) =S vec b, (10)
the Hessian and metric linear transformations are given by7

a=EZ(b)

(1)
=P;[FD,S - SD,F + G(D,)DS — SDG(Dy)],
p=SPl(b) = - P(SDS). (12)
Here the Fock/KS matrix takes the form
F=h+G(D), (13)

where G(D) denotes the Coulomb and exact-exchange con-
tributions. In Kohn-Sham theory, there is an additional con-
tribution from the exchange-correlation potential, not in-
cluded here. All formulas, however, are equally valid for
Kohn-Sham theory. We have furthermore introduced the pro-
jector

Pr(M) = PIMP, + PTMP, (14)
by analogy with Eq. (3) and the transformed density matrix
D, =[P(b),D]s = P([b,D]s) = P,bP! — P bPT (15)

in terms of the S commutator [M,N]g=MSN-NSM. As-
suming that P(b)=b, we may also write the linear transfor-
mations Eqgs. (11) and (12) in the form

E[Z](b) — (Fvv _ Foo)bs + Sb(FW _ Foo) + Gvo(Db)
-G™(Dy), (16)

S[Z](b) =—S"VhS°° + Soobsvv, (17)
where we have introduced the notation
M™ =PI MP,, (18)

noting that S¥°=S°"=0.

Excitation energies—that is, the poles of the linear re-
sponse function in Eq. (6)—are the eigenvalues of the gen-
eralized eigenvalue problem

(EP1 - 0,08 )vec X, = 0, (19)

where ) is the excitation energy from the ground state |0)
to the excited state |n). The corresponding transition moment
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of A is obtained from the residue of the linear response func-
tion

(0|A]|ny = Tr{AX ] (20)

In this paper, we describe how linear response functions,
excitation energies, and transition moments (one-photon
transition strengths) may be evaluated at a cost that, for suf-
ficiently large systems, scales linearly with system size.

In iterative algorithms, which are here used to solve the
response equations, the Hessian and metric linear transfor-
mations Egs. (11) and (12) require the AO overlap matrix S,
the AO density matrix D, and the AO Fock/KS matrix F, all
of which are also needed for the (linear-scaling) AO-based
optimization of the energy.3 The additional contribution from
G(Dy) in Eq. (11), which is not needed for energy optimiza-
tions, can also be calculated at linear cost. The transforma-
tions Egs. (11) and (12) consist entirely of sparse-matrix al-
gebra and may for sufficiently large systems be carried out in
linear time. We now turn our attention to the linear-scaling
iterative solution of the linear set of equations Eq. (7) and the
eigenvalue problem Eq. (19). Once their solutions have been
found, molecular properties are straightforwardly obtained as
the trace of sparse matrices Eqgs. (6) and (20).

B. Iterative solution of response equations

Before describing the iterative algorithm, we note the
relations

[ER(b)]" = ER)(bT), @21
[SP(b)]" = - SP(b™). (22)

Therefore, if the transformations Eqgs. (11) and (12) are
known for a given trial matrix b,

o, =EP(b), (23)

pi=Sb), (24)
they are also known for the transposed trial matrix,

o =ERb)), (25)

-pi =SEb)). (26)

Since the transformations of b; and b} are related to each
other in such a simple manner, new trial matrices are always
added in pairs b; and b;r.

Let us now assume that we solve the response equations
Eq. (7) iteratively and that, in the course of the iterations, n
pairs of trial matrices have been generated. These matrices
constitute a 2n-dimensional reduced basis:

b ={b,,b,b,,b], ....b,,bI}. (27)
We assume that the trial matrices are orthonormal,

Tr(bb)) = Tr(b/b]) = 5. (28)

Tr(b;b)) =Tr(bb]) =0, (29)

and that they satisfy the projection relation
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b;=P(b,). (30)

The transformed trial matrices o;=E2!(b,) and p,=S!(b))
are then given by

0'2”={a'1,a']T,0'2,¢r§, ,a',l,a'I}, (31)

P ={p1= PL-P1= P3P Do} 32)

The basis of trial matrices and their transformed counterparts
are then used to set up the response equations in a reduced
space of dimension 2n:

(ER! - SR X = - BYY, (33)
where the reduced-space gradient elements are given as
(BRY; =i (™)), (34)

whereas the reduced-space generalized Hessian and metric
matrices become

(ERY;=Tr (b 07"], (35)

(SR =Ti (62" Tp2"]. (36)

The reduced equations Eq. (33) are easily solved since the
dimension 27 is small.

From the solution to the reduced problem Eq. (33), we
may expand the current optimal solution matrix X as

2n
X =2 (Xp)b?", (37
i=1

whereas the residual is evaluated from the transformed ma-
trices Egs. (31) and (32):

R = EP(X) - 0SP(X) + B!

(38)
2n

:2 (XR),‘(O'?H - a)pl.z”) + B
i=1

To accelerate convergence, this residual is preconditioned as
M vec R, = vecR, (39)

where the preconditioner M is an easily constructed approxi-
mation to E?)— S as discussed in the next section. From
the projected preconditioned residual P(R,), a new pair of
trial matrices b,,,; and bLl is generated by orthogonalization
against the previous basis matrices Eq. (27), ensuring that the
new vector pair is normalized and orthogonal,

Tr(b,; b)) =1, Tr(by,b,.) =0, (40)

These iterations are continued until the residual is smaller
than some preset threshold, using the right-hand side BMJ of
Eq. (7) as an initial guess.

The eigenvalue problem Eq. (19) is solved in the same
manner as the response equations, setting up the reduced
equations in the space of the 2n trial vectors Eq. (27):

(R - o SP)Xg, = 0. (41)

These low-dimensional equations may be solved straightfor-
wardly, yielding an optimal excitation energy wﬁo and eigen-

vector Xg ,. The corresponding residual is given by
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R=EP(X,) - o} SP(X,), (42)

where X, is the expansion of the reduced-space eigenvector
Xg,, in the trial vectors Eq. (37). This residual may be pre-
conditioned as in Eq. (39) (with w}) replacing w in M) to
generate the new pair of trial vectors b,,; and bL], and the
iterations are continued until convergence. We discuss below
how the initial guess of the excitation vector is obtained.

The strategy of adding trial vectors in conjugate pairs
(rather than one at a time) not only accelerates the solution
by adding two vectors at the cost of one. More importantly, it
imposes the correct paired structure on Eg] and SEJ, thereby
avoiding complex eigenvalues and ensuring monotonic con-
vergence.

C. Preconditioning
1. The AO basis

The preconditioner M in Eq. (39) should be a good ap-
proximation to the response matrix in the sense that the con-
dition number of M~'(E1-wS[?)) should be significantly
smaller than that of E[Z—wS[2. Moreover, the cost of solv-
ing the preconditioning equation Eq. (39) should be signifi-
cantly smaller than that of solving the original response
equation Eq. (7). The most expensive step in the solution of
Eq. (7) is the evaluation of G(Dy), which contributes to the
two last terms in Eq. (11). Since these terms are small com-
pared with the other terms in Eq. (11), a good preconditioner
is given by

M = E} - w8, (43)

where E[fz] is an approximation to E2 with the last two
terms in Eq. (11) neglected:

o= E2(b) = P(FD,S - SD,F). (44)

The equations for the preconditioned residual R, Eq. (39)
may be solved iteratively in the same manner that we solved
the response equations Eq. (7).

In solving the response eigenvalue problem Eq. (16), the
residual Eq. (42) may be preconditioned as in Eq. (39), using
Eq. (43) with @ replaced by w}fo. However, the solution of
the preconditioning equation Eq. (39),

(E[Fz] - wEOS[Z])vec R, =vecR, (45)

in the AO basis is difficult since the condition number of
E%z]—wnROS[z] is large. For a solution to this problem, we ex-
amine in the next section the preconditioner in the MO basis.

2. The MO basis

An iterative algorithm for solving response eigenvalue
and linear equations similar to that presented for the AO
basis above has been successfully used in the MO basis,m’]l
where E[?! and S are diagonally dominant. In the MO ba-
sis, the preconditioner Eq. (43) becomes diagonal,
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Ae 0 I 0
Myo = (Ef o — 0(8)yo = ( 0 Ae) - w<0 _1 ) ,

(46)

where the diagonal matrix Ae contains the differences be-
tween virtual and occupied orbital energies,

A€yra= €4~ € (47)

In the MO basis, therefore, the preconditioning may be car-
ried out in a simple manner, dividing the residual R by the
diagonal elements of Eq. (46).

In the AO basis, by contrast, neither EE_?] nor S are
dia%onally dominant. Furthermore, the condition number of
EE is significantly larger in the AO basis than in the MO
basis, making the iterative solution of Eq. (39) difficult.
Since the condition number of a matrix is unaffected by a
similarity transformation, we may dramatically improve the
conditioning of the equations (reducing the condition number
to that of the MO basis) by transforming them to an orthogo-
nal AO basis (OAO) such as the Cholesky basis or the Low-
din basis. Furthermore, in the OAO basis, the preconditioner
Moo is much more diagonally dominant than in the original
AO basis. In Sec. IT C 3, we consider how the preconditioned
equations may be solved in the OAO basis. However, we
first discuss here how an initial guess of an excitation vector
may be obtained.

In the MO basis, the initial guess of an excitation vector
has previously been successfully obtained as the solution to
the simplified response eigenvalue equations

[
0 ae/” o -1/)\y,, /)" “8)

where we recognize the simplified response matrix of Eq.
(46). In Eq. (48), Y,, and Y, are the virtual-occupied and
occupied-virtual blocks, respectively, of the matrix

Y_(o YVO) 49
“\y. o/ (49)

The solution of Eq. (48) has zero elements in Y,, and Y,
except for a unit element in Y, corresponding to the con-
sidered orbital-energy difference €4,—¢;. In Sec. IID, we
shall discuss how an equivalent initial vector may be set up
in the OAO basis.

3. The orthogonal AO basis
In the OAO basis, the AO overlap matrix is factorized as
S=VTy, (50)

where V is either an upper triangular matrix U (in the
Cholesky basis) or the principal square-root matrix $'? (in
the Lowdin basis):

Ve=U, (51)

V. =S (52)

In Ref. 3, we found that both schemes give diagonally domi-
nant Hessians, with a slight preference for the Lowdin basis.
An advantage of the Lowdin basis is that, among all possible
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orthogonal bases, it resembles most closely the original AO
basis, ensuring that locality is preserved to the greatest pos-
sible extent. Furthermore, the transformation to the Lowdin
basis can be performed straightforwardly within a linear-
scaling framework.” Except as noted, we use the Lowdin
basis in our calculations.

In the OAO basis defined by Eq. (50), the linear trans-
formations entering Eq. (39) become

(op)y = (FY —F))XY + XV(FY - FY), (53)

py=D'XV XDV, (54)
where we have used the notations

Ay=VTAV (55)

AV=VAVT, (56)

The preconditioning of the residual for the response equa-
tions Eq. (39) is performed in the OAO basis and the
conjugate-gradient algorithm may be used with the diagonal
preconditioner

Maﬁ,aﬁ = (F{/v - F(\)lo)aa + (FVVV - F%O)ﬁﬂ
= a[(DY) 40— (DY) ggl. (57)

The preconditioning of the residual of the eigenvalue equa-
tions may be carried out in the same manner but with the
frequency w replaced by the excitation energy w,'fo.

D. Initial vectors for the response eigenvalue equation

In the MO basis, the Y matrix in Eq. (49) has been
successfully used to obtain an initial guess of the excitation
vector in the iterative solution of the response eigenvalue
equations. The Y matrix is zero except for a unit element Y,
corresponding to the considered orbital-energy difference
€,—€;. If the lowest excitation energy is determined, the low-
est orbital energy difference [i.e., the highest occupied mo-
lecular orbital (HOMO)-lowest unoccupied molecular or-
bital (LUMO) gap] is considered and similarly for higher
excited states. In the OAO basis of Eq. (50), the initial vector
becomes

Yor0=CYyoC", (58)

where C contains the eigenvectors of the Fock/KS matrix in
the OAO basis,

FyC=eC. (59)

For an initial guess that is represented by a unit element Y,
in the MO basis, the OAO initial vector becomes

(YOAO);;,V = C;LACVI! (60)

where indices u and v refer to OAO basis. In this basis, the
projectors onto the occupied and virtual spaces become

POAO =DV, (61)
POA9=1-DV. (62)

The Fock/KS eigenvalue equation in Eq. (59) may then be
written as
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(POACF POAC 4 POAOF, POAO)C = €C, (63)

since POACF, POAO=POAOR, P40 () for an optimized state.
Projecting Eq. (63) onto the occupied and virtual spaces, we
obtain

PYAOFPOACC = €POAOC, (64)

POAOF POAOC = ePO1OC, (65)

demonstrating that the orbital energies and eigenvectors of
the occupied and virtual spaces can be obtained from Egs.
(64) and (65), respectively. Using iterative techniques, we
may thus determine the eigenvectors of the highest occupied
orbitals from Eq. (64) and of the lowest virtual orbitals from
Eq. (65). Subsequently, Eq. (60) may be used to generate
start vectors in the OAO basis.

Ill. ILLUSTRATIVE RESULTS

In this subsection, we report calculations of excitation
energies and frequency-dependent polarizabilities for poly-
alanine peptides of increasing size. The polyalanines are one-
dimensional systems and thus ideal systems for demonstrat-
ing that linear scaling is approached. The largest peptide
contains 139 alanine residues and 1392 atoms. We use CAM-
B3LYP/6-31G to calculate the lowest excitation energy and
Hartree-Fock/6-31G to calculate the frequency-dependent
polarizability at a frequency of 0.1 a.u. The CAM-B3LYP
(Ref. 23) functional is chosen because it gives significantly
improved molecular properties compared with the B3LYP
functional.”* For each type of property calculation, we ana-
lyze both the scaling with respect to increasing molecular
size and the convergence characteristics of the algorithm on
one selected peptide—namely, ALA119 (containing 119 ala-
nine residues) for the frequency-dependent polarizability and
ALAS9 for the excitation energy calculation. The SCF con-
vergence is similar to that described for the ALA99 calcula-
tions in Ref. 3. All calculations have been carried out using a
local version of DALTON.” The timings are obtained using a
single processor on a SUN Fire X4600 (Opteron, 2.6 GHz).

A. The frequency-dependent polarizability
of a peptide with 119 alanine residues

In this section, we describe a typical frequency-
dependent polarizability calculation using ALA119 as an ex-
ample. First, the response equations Eq. (7) are solved at a
frequency of 0.1 a.u., after which the polarizability is ob-
tained as the trace of the property gradient and the solution
matrix according to Eq. (6). The linear equations are solved
in the AO basis, using the iterative algorithm of Sec. II B. At
each iteration, the residual is transformed to the Lowdin ba-
sis and preconditioned as described in Sec. II C. As initial
trial vector for the response equations, the property gradient
is used.

In Table I, we have listed the residual at each iteration in
the solution of the linear equations Eq. (7). Convergence to a
Frobenius norm of 1072 of the residual is obtained in ten
iterations. At each linear-response iteration, the residual is
preconditioned by solving the linear equations Eq. (39) with
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TABLE 1. The residual norm ||R| and the number of preconditioning itera-
tions . for the calculation of the frequency-dependent polarizability at
w=0.1 a.u. of ALA119 at the Hartree-Fock/6-31G level of theory.

=

R

X
<
a

28.10
12.71
3.967
1.776
0.746
0.326
0.125
0.060
0.027
0.011

N-RECCRES e LY I NN USRS
B S N IR BEN RN N RN

S

M given in Eq. (43) in the Lowdin basis, using the linear
transformations Egs. (53) and (54) and the diagonal precon-
ditioner Eq. (57). The iterations are terminated when the re-
sidual of Eq. (39) (in the Lowdin basis) has been reduced by
a factor of 100 (the overall convergence of the response
equations is not sensitive to the choice of this threshold.) As
seen from Table I, for all response iterations, the precondi-
tioning equations converge in seven iterations, which is the
case in all polarizability calculations presented here.

We now consider in more detail the preconditioning of
the first trial vector of the ALA119 calculation. In Table II,
we have listed the residual of the preconditioning equations
Eq. (39), with and without the diagonal preconditioner Eq.
(57). Although the diagonal preconditioner dramatically im-
proves convergence, its use requires that the trial vectors are
projected, since the preconditioning introduces redundant
components. The projection requires four additional matrix

TABLE II. Convergence of the preconditioning equations in the first re-
sponse iteration of the Hartree-Fock/6-31G calculation of the frequency-
dependent polarizability w=0.1 a.u. of ALA119. The residual norms are
given in the Léwdin and Cholesky bases, with and without diagonal precon-
ditioning.

Lowdin basis Cholesky basis

It. No. prec. Dia. prec. No. prec. Dia. prec.
1 82.20 82.20 82.20 82.20
2 42.15 19.39 41.94 19.27
3 41.16 7.36 41.12 9.11
4 27.82 5.04 27.96 5.56
5 13.47 2.26 13.19 2.68
6 18.05 0.98 18.05 1.24
7 8.44 0.43 8.41 0.59
8 6.59 6.61

9 7.18 7.16

10 3.87 3.88

11 2.90 2.89

12 2.19 2.19

13 1.48 1.48

14 1.29 1.29

15 0.82 0.81

16 0.56
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multiplications per iteration, making preconditioning less at-
tractive. We nevertheless recommend its use since otherwise
the equations sometimes do not converge.

We use the Lowdin OAO basis by default but have also
included in Table II information about convergence in the
Cholesky basis. Although the Lowdin basis sometimes gives
faster convergence than the Cholesky basis, the situation il-
lustrated in Table II is fairly typical, with a nearly identical
behavior in the two bases.

The convergence of the response equations reported here
is typical of polarizability calculations and similar to that of
the standard MO-based iterative algorithm of Ref. 11 [imple-
mented in DALTON (Ref. 25)]. Any difference in convergence
arises because the preconditioning equations are terminated
when the residual has been reduced by a factor of 100. If the
preconditioning equations were converged to full accuracy,
identical results would be obtained in the AO and MO bases.

1000 1200

B. Linear-scaling frequency-dependent polarizability
calculations

In Fig. 1, the frequency-dependent dipole longitudinal
polarizability a,(w) at @=0.1 a.u. is plotted as a function of
the number of atoms in polyalanine peptides, calculated at
the Hartree-Fock/6-31G level of theory. As expected, the lon-
gitudinal polarizability depends linearly on the number of
atoms. In Fig. 2, we have plotted the CPU times of the dif-
ferent parts of the polarizability calculations, using the block
sparse-matrix scheme described by Rubensson and Satek in
Ref. 26. The timings are for the following contributions in
the first response iteration: the Coulomb part (“Fock J”) and
the exchange part (“Fock X”) of the G(D,) contribution to
the linear transformation Eq. (11), the remainder of the linear
transformations Egs. (11) and (12) (“Lintra”), and the pre-
conditioning of the trial vectors (“Precond”).
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30000 |- 4 1
,Xl/
8 25000 | R
5 L FIG. 2. Timings for the different parts
% N of a Hartree-Fock/6-31G response it-
2 20000 - e 7 eration in a frequency-dependent po-
= o larizability calculation (w=0.1 a.u.)
5 45000 | J for Polyalanines. Sparse-matrix alge-
X bra is used.
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TABLE III. The residual norm ||R]| X 10* and the number of preconditioning
iterations n,y, for the calculation of the lowest excitation energy of ALA59
at the CAM-B3LYP/6-31G level of theory (full-matrix algebra).

It. [IR]|x 103 e
1 0.197 20
2 0.057 20
3 0.066 20
4 0.014 20
5 0.008 20

The Hartree-Fock polarizability calculations are domi-
nated by the exchange contribution to the linear transforma-
tion, whose calculation approaches linearity for systems con-
taining more than 600 atoms. The Coulomb evaluation (by
density fitting) is several times faster than the exchange
evaluation. For the remaining two contributions in Fig. 2, the
time-consuming parts consist of matrix multiplications and
scale linearly with system size, showing that matrix sparsity
is efficiently exploited in our calculations.

C. The lowest excitation energy for a peptide
with 59 alanine residues

In this section, we consider the calculation of excitation
energies for large systems using ALAS9 in full-matrix alge-
bra as an example. Excitation energies are eigenvalues of the
response eigenvalue problem Eq. (19), which is solved in the
AO basis using the iterative algorithm of Sec. II B. At each
iteration, the residual is transformed to the Lowdin basis and
preconditioned as described in Sec. IT C. As an initial eigen-
vector guess, we use Eq. (60), where the eigenvectors of the
Fock/KS matrix in the occupied and virtual spaces are deter-
mined from Egs. (64) and (65), respectively.

In Table III, we have listed the residual at each iteration
of the solution of the response eigenvalue problem Eq. (19).
The response iterations are terminated when the residual
norm has been reduced by a factor of 100, which is obtained
in five iterations. At each iteration, the residual is precondi-
tioned by solving the simplified response equations Eq. (45)
in the Lowdin basis, using the linear transformations of Eqgs.
(53) and (54) and the diagonal preconditioner Eq. (57). The
preconditioning iterations are also terminated when the re-
sidual of Eq. (45) (in the Lowdin basis) has been reduced by
a factor of 100 or after a maximum of 20 iterations. As
indicated in Table III, the preconditioning equations always
terminated at the maximum number of iterations, which is
true for all excitation energy calculations presented here.

We now consider in more detail the preconditioning of
the first trial vector of the ALAS9 calculation. Full-matrix
rather than sparse-matrix algebra was used in this calcula-
tion, since the residual is very small already in the first re-
sponse iteration, and the efficiency of the preconditioner be-
comes blurred by numerical noise when sparse-matrix
algebra is used. In Table IV, we have listed the residual of
the preconditioning equations Eq. (45), with and without the
diagonal preconditioner Eq. (57). Without preconditioning,
the equations do not converge. With preconditioning, the re-
sidual decreases slowly until, after the maximum number of
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TABLE IV. Convergence of the preconditioning equations in the first re-
sponse iteration of the CAM-B3LYP/6-31G calculation of the lowest exci-
tation energy of ALAS59 (full-matrix algebra). The residual norms are given
with and without diagonal preconditioning

|IR][x 10
It. No prec. Dia. prec.
1 0.309 0.309
2 0.364 0.253
3 0.235 0.349
4 0.413 0.303
5 0.368 0.262
6 0.276 0.249
7 0.429 0.201
8 0.272 0.161
9 0.335 0.135
10 0.321 0.135
11 0.230 0.122
12 0.370 0.122
13 0.258 0.118
14 0.241 0.107
15 0.368 0.091
16 0.201 0.073
17 0.230 0.060
18 0.226 0.047
19 0.153 0.042

allowed iterations, it has been reduced by about an order of
magnitude. Clearly, it is much more difficult to converge the
preconditioning equations for the response eigenvalue equa-
tions than for the response linear equations.

To understand this difference between the response lin-
ear and eigenvalue equations, consider the carrier matrix Eq.
(43) for the preconditioning equations E%zJ—wS[z], where @
is either the frequency of the applied field (linear equations)
or a reduced-space eigenvalue (eigenvalue eq[uations). The
approximate generalized electronic Hessian EFZ] is positive
definite provided the optimized Hartree-Fock or Kohn-Sham
energy is a minimum—it is a well-behaved matrix that
(when preconditioned) has a relatively small condition num-
ber. Consequently, rapid convergence is observed when the
linear equations are solved in the static limit; moreover, since
the applied frequency is typically small (0.1 a.u. in Sec.
IIT A), the addition of —wS® o EF2] does not affect the con-
vergence of the linear equations.

By contrast, in the solution of the response eigenvalue
problem, the addition of wNS changes the structure
of the carrier matrix, making EE]—wEOSm nearly singular
and ill conditioned. As a result, the preconditioning equa-
tions are much more difficult to converge for the response
eigenvalue equations than for the linear equations. However,
as seen from Table III, the eigenvalue equations can never-
theless be converged in a few iterations, because of the good
starting guess of Eq. (60). When the Cholesky rather than the
Lowdin basis is used for the preconditioning equations, the
convergence is similar to that in the Lowdin basis.

D. Linear-scaling calculations of excitation energies

In Fig. 3, the lowest excitation energy, the lowest Hes-
sian eigenvalue, and the HOMO-LUMO gap are plotted as



J. Chem. Phys. 126, 154108 (2007)

154108-9 Linear-scaling implementation
0.13 T
HOMO-LUMO gap —+—
Lowest Hessian eigenvalue ---x---
0125 - Lowest excitation energy -8
012 i
0.115 4
@
I
£ odtf
I
5
g 0105 F
=
i}
01+ 4
0.095 - \ i
0.08 -
0.085 L L L 1

1 FIG. 3. The HOMO-LUMO gap, the
lowest Hessian eigenvalue, and the
J lowest excitation energy for polyala-
nines, calculated at the CAM-B3LYP/
6-31G level of theory.

200 400 600 800

functions of the number of atoms in polyalanine peptides at
the CAM-B3LYP/6-31G level of theory. As expected, the
excitation energy decreases with increasing system size.
More surprisingly, the lowest Hessian eigenvalue and the
lowest excitation energy are equal to the number of signifi-
cant digits. To understand this behavior, consider the evalu-
ation of excitation energies in the MO basis, where the re-
sponse eigenvalue equation in a notation similar to that of
Eq. (48) becomes

26 G

The B matrix contains Hamiltonian matrix elements between
the Kohn-Sham determinant and a doubly excited configura-
tion. If it vanishes, the eigenvalues w of Eq. (66) become
equal to the eigenvalues of the electronic Hessian A—B. The
exact exchange in CAM-B3LYP gives a nonzero B matrix
contribution but is too small to be detected. The HOMO-
LUMO gap is slightly above the calculated excitation ener-

gies, as expected from the form of the A matrix, which con-
tains the orbital-energy difference of Eq. (48) with Coulomb
and exchange-correlation contributions subtracted.

In Fig. 4, we have plotted the CPU times of excitation-
energy calculations when sparse-matrix algebra is used, for
the following contributions to the first response iteration: the
Coulomb contribution to the linear transformation Eq. (11)
(“Kohn-Sham J”), the exact-exchange contribution (“Kohn-
Sham X”), the exchange-correlation contribution (“Kohn-
Sham XC”), the remainder of the linear transformations Egs.
(11) and (12) (“Lintra”), and the preconditioning of the trial
vectors (“Precond”).

The excitation energy calculations are dominated by the
exchange-correlation contribution. Comparing with the
Hartree-Fock polarizability calculations in Fig. 2, we note
that the evaluation of the Coulomb and exact-exchange con-
tributions is much faster in the Kohn-Sham excitation energy
calculations in Fig. 4. The difference arises since the timings
are given for the first response iteration, for which the start-
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ing guess for excitation energies is more sparse than the one
for polarizabilities. Also, preconditioning is more expensive
for excitation energies than for polarizabilities since about
three times more iterations are needed. As a result, precon-
ditioning becomes more expensive than the evaluation of the
Coulomb and exact-exchange contributions.

As seen from Fig. 4, the cost of the exchange-correlation
contribution to the linear transformation scales linearly with
system size. The same is true for the Coulomb contribution,
while the evaluation of exact exchange is nonlinear, at least
for small systems. For the Lintra and Precond contributions
to the response equations, the time-consuming parts consist
of matrix-matrix multiplications. The scaling of these contri-
butions shows that sparsity is efficiently exploited, although
the Precond contribution shows signs of nonlinear scaling.
Investigation of the time spent in the preconditioning shows
that the matrices involved in the linear transformation have
not yet reached the regime of linear scaling in the number of
nonzero elements. The benefits of sparse-matrix algebra are
nevertheless evident from Fig. 5, where we compare the Lin-
tra and Precond timings of Fig. 4 with those obtained using
full-matrix algebra. Whereas the cost increases cubically
when full-matrix algebra is used, linear scaling is approached
with sparse-matrix algebra.

IV. CONCLUSIONS

Using the nonredundant exponential parametrization of
the density matrix introduced in Refs. 1 and 18, we have
presented a linear-scaling implementation of excitation ener-
gies and frequency-dependent second-order molecular prop-
erties. The response eigenvalue and linear equations are
solved using an iterative subspace method equivalent to the
one that has been successfully used in the MO basis. Impor-
tant features of the subspace method are the use of paired
trial vectors (to preserve the structure of the full equations in
the reduced space), a nondiagonal preconditioning (for rapid
convergence), and good start vectors (for robust and fast so-
lution). The performance is similar to that in the MO basis,
with five to ten iterations needed for convergence. The pre-

conditioning is carried out in the Lowdin basis, solving a
simplified version of the response equations with an iterative
method similar to the one used for the full response equa-
tions. To reduce the residual of the preconditioning equations
by a factor of 100, less than ten iterations are typically
needed for the response linear equations. For the response
eigenvalue equations, the preconditioning equations are more
difficult to converge, easily requiring 20 iterations.

As for the optimization of the Hartree-Fock and KS den-
sity matrices, the solution of the response equations is domi-
nated by the construction of the Fock/KS matrix, once at
each iteration of the subspace algorithm. The solution of the
preconditioning equations is dominated by matrix-matrix
multiplications, for which linear scaling is approached by
using sparse-matrix algebra. Calculations of the frequency-
dependent polarizability at w=0.1 a.u. and of the lowest ex-
citation energy have been presented for polyalanine peptides
containing up to 1400 atoms, demonstrating the efficiency
and robustness of the presented algorithm and that linear
scaling can be obtained in such calculations.
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